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Editorial on the Research Topic

Inducing Plant ResistanceAgainst InsectsUsing Exogenous Bioactive Chemicals: KeyAdvances

and Future Perspectives

Due to the constraints and hazards of using insecticides such as development of insect resistance,
severe decline in availability of conventional pesticides and off-target effects on beneficial insects
(Desneux et al., 2007), there is an urgent need to develop the underpinning science to protect crop
harvests from insect pests in the face of rising demand for food (Savary et al., 2019). Given the recent
advances in our understanding of plant-insect interactions, it is proposed that boosting the overall
plant immunity could provide novel alternative control tactics. Constitutively increasing defense
could have a negative trade-off with growth or yield (Huot et al., 2014) and therefore inducing
resistance could be a more attractive prospect.

During their coevolution with insects, plants have evolved a complex arsenal of defense
mechanisms against antagonistic herbivores while also attracting beneficial insects (Bruce, 2015).
Some plant defenses are constitutive (i.e., always present in the plants) while others are induced
after plant perception of stimuli associated with insect herbivory (Erb et al., 2012). Such inducible
defenses against insect herbivores are regulated by the signaling of two major phytohormones, i.e.
salicylic acid (SA) and jasmonic acid (JA) (Thaler et al., 2012). Typically, JA is associated plant
defenses against chewing insects while SA induces resistance against piercing/sucking insects but
there is considerable variation between different insect-plant systems (Erb et al., 2012).

The induction of both JA and SA pathways can also be achieved by applying bioactive
chemicals that act as inducers of plant resistance against herbivores (Pickett and Poppy, 2001). An
accumulated body of studies, from the last three decades, has explored inducing plant defense via
the application of bioactive chemicals as a sustainable and ecologically sound approach to control
insect pests in agriculture (Stout et al., 2002; Sobhy et al., 2014). Even though there has been
mounting attention to the potential of using defense inducers, their exploitation in agricultural
practice is still at its infant stage and therefore further development is required (Yassin et al., 2021).
Given that, the objective of this Research Topic is to highlight recent progress, key advances, and
future perspectives in manipulating plant defense against insect pests using bioactive chemicals.
Fourteen articles were published in this Research Topic, and from these we only focus our editorial
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on ten papers covering the following research themes: (1) defense
inducers impact on plant growth and yield; (2) dual effect of plant
inducers on pathogen and insect pests; (3) genotypic variation in
elicitor -induced defense; and (4) exploiting these chemicals as
defense inducing or priming agents.

Little is still known about the possible negative trade-off
effects of defense inducers on plant growth and yield under field
conditions (Yassin et al., 2021). Four papers in the Research
Topic address the impact of defense inducers on plant growth
and yield. Bhavanam and Stout found that when seed treatment
with JA andmethyl jasmonate (MeJA) enhanced resistance of rice
plants to rice water weevils but also reduced seedling emergence,
plant height, and filled grain mass. Under field conditions,
Yoshida et al. observed that whereas Japanese radish treatment
with Prohydrojasmon (PDJ) induced direct and indirect defense
against several insect pest species (e.g., aphids, leaf-mining
fly larvae, vegetable weevils, and thrips), the biomass of both
aboveground and belowground parts of PDJ treated plants was
significantly lower than untreated plants. Similarly, Chen et al.
provide another field evidence that MeJA significantly slowed
down the growth of Conifer seedling relative to control. In
contrast, Mouden et al. reported that strawberry growth was
not affected by MeJA application as were fruit yield and quality
whereas leaf damage by thrips was lower on treated plants. These
four papers therefore support the idea that negative impact on
plant overall growth may impede agricultural exploitation of
plant defense inducers (Walters and Heil, 2007).

To prioritize one response over the other, plants under natural
conditions exhibit a crosstalk between plant hormonal signaling
pathways which may result in either synergistic or antagonistic
effects (Spoel and Dong, 2008). Exogenous application of elicitors
of pathogen resistance could lead to increased susceptibility
to one or more attacking herbivores due to negative crosstalk
between the SA and JA pathways (Sobhy et al., 2012; Thaler
et al., 2012). Two papers in the Research Topic address SA and
JA crosstalk following plant treatment with defense elicitors.
Puentes et al. found that MeJA treatment not only increased
resistance to the pine weevil Hylobius abietis but also enhanced
the Norway spruce (Picea abies) resistance to the necrotrophic
blue-stain fungus Endoconidiophora polonica. Using a trophic
system comprising of cranberries, the phytoplasma that causes
false blossom disease, and two herbivores—the blunt-nosed
leafhopper (Limotettix vaccinii), the vector of false blossom
disease, and the non-vector gypsy moth (Lymantria dispar),
Rodriguez-Saona et al. evaluated the treatment effect of four
commercial elicitors, including three that activate mainly SA-
related plant defenses (Actigard, LifeGard, and Regalia) and one
activator of JA-related defenses (Blush) on cranberries defense
induction. They found that phytoplasma infection and elicitor
treatment had positive effects on L. vaccinii and L. dispar
performance in cranberries, likely via enhancement of plant
nutrition and changes in phytohormone profiles, suggesting that
the studied elicitors did not improve herbivore resistance or
reduce phytoplasma infection in cranberries.

To advance practical use of defense activators, more consistent
and repeatable responses to treatment are required. Plant
responses to elicitor chemicals are variable due to differences in

plant genotypes and environmental conditions they are deployed
in, which is a main reason why it is challenging to use them
widely in agriculture (Bruce, 2014). In this article collection,
when Puentes et al. examined genotypic variation between nine
clones of P. abies in MeJA-induced responses, they found that
MeJA treatment increased resistance to H. abietis damage and
E. polonica infection, but effects varied among clones depending
on their constitutive resistance levels. In addition, using a
model system comprising the generalist herbivore fall armyworm
(FAW) Spodoptera frugiperda and three economically important
plant species with differential ability to uptake silicon: tomato
(non-Si accumulator), soybean, and maize (Si-accumulators),
Acevedo et al. found that FAW herbivory and Si supply increased
peroxidase (POX) activity and trichome density in tomato, and
the concentration of phenolics in soybean suggesting variations
in defense inducibility between plant species. The same pattern
was also reported by Ali et al. who investigated the effect of
treating a range of Brassica cultivars with the defense activators
cis-Jasmone (CJ) on tritrophic interactions with Myzus persicae
aphids and their parasitoid Diaeretiella rapae. They found that
CJ treatment made plants less attractive to and less suitable
for M. persicae but more attractive to D. rapae in certain
brassica cultivars due to variation of emitted volatile profiles
upon CJ treatment.

Defense priming allows plants to deploy induced defenses
more rapidly and robustly when subsequently challenged by
future insect attacks (Conrath et al., 2015) and can be
triggered using certain compounds called priming agents (Sobhy
et al., 2018). In this collection, two papers addressed this
phenomenon under greenhouse and field conditions. Shiojiri
et al. conducted a field experiment for 2 years in which rice
seedlings were exposed to artificially damaged weed volatiles
and then leaf damage was observed. They found that total
number of damaged leaves in volatile-exposed plants was
significantly lower but their grain weight per bunch was
significantly higher, indicating a significant increase of grain
numbers and thereby yield production. Testing another cereal
plant, Ninkovic et al. exposed barley plants to methyl salicylate
(MeSA) and then investigated its biological effects on the
bird cherry-oat aphid Rhopalosiphum padi after different time
intervals. They found that aphid settlement and behavior
were negatively affected on MeSA-exposed plants due to
subsequent metabolic changes in the released volatiles and
phloem content.

In conclusion, this Research Topic identifies possible
reasons why practical application of defense inducers, on
farms for crop protection, is still low and highlights that
more research under field conditions is still needed in
future to further develop defense inducers. This would
facilitate their adoption in IPM programs as environmentally
safe and IPM-compatible agrochemicals to manage insect
pests. The demand for alternatives is increasing due to
restrictions in availability of conventional pesticides. To this
end, the effects of defense inducers on (i) plant growth,
productivity and yield, (ii) multiple plant antagonists, and (iii)
effectiveness across a range of crop germplasm, still needs to
be explored.
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Silicon (Si) is a beneficial mineral that enhances plant protection against abiotic and

biotic stresses, including insect herbivores. Si increases mechanical and biochemical

defenses in a variety of plant species. However, the use of Si in agriculture remains

poorly adopted despite its widely documented benefits in plant health. In this study, we

tested the effect of Si supplementation on the induction of plant resistance against a

chewing herbivore in crops with differential ability to accumulate this element. Our model

system comprised the generalist herbivore fall armyworm (FAW) Spodoptera frugiperda

and three economically important plant species with differential ability to uptake silicon:

tomato (non-Si accumulator), soybean, and maize (Si-accumulators). We investigated

the effects of Si supply and insect herbivory on the induction of physical and biochemical

plant defenses, and herbivore growth using potted plants in greenhouse conditions.

Herbivory and Si supply increased peroxidase (POX) activity and trichome density in

tomato, and the concentration of phenolics in soybean. Si supplementation increased

leaf Si concentration in all plants. Previous herbivory affected FAW larval weight gain in

all plants tested, and the Si treatment further reduced weight gain of larvae fed on Si

accumulator plants. Notably, our results strongly suggest that non-glandular trichomes

are important reservoirs of Si in maize and may increase plant resistance to chewing

herbivores. We conclude that Si offers transient resistance to FAW in soybean, and

a more lasting resistance in maize. Si supply is a promising strategy in management

programs of chewing herbivores in Si-accumulator plants.

Keywords: silicon, plant resistance, plant defenses, Spodoptera frugiperda, tomato, maize, soybean

INTRODUCTION

Silicon (Si), one of the most abundant elements on earth is ubiquitously present in the soil, but
mainly in forms unavailable for plant uptake (Tubaña and Heckman, 2015). Si in the form of silicic
acid is absorbed by a diverse number of plant families and stored as hydrated silica (SiO2nH2O) in
roots and shoots (Hodson et al., 2005; Trembath-Reichert et al., 2015). All rooted plants interact
with Si in the soil, but there is great variation in their ability to accumulate Si in their tissues. The
concentration of Si in shoots can range from 0.1 to 10% of dry weight among different plant species
(Ma and Yamaji, 2015). A large number of studies have reported the benefits of Si in alleviating the
effects of a stunning number of plant biotic and abiotic stresses, including drought, salinity, metal
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toxicity, nutrient deficiency, heat, cold, pathogens, and
insect herbivores (Cooke and Leishman, 2016; Imtiaz et al.,
2016; Debona et al., 2017; Luyckx et al., 2017; Etesami and
Jeong, 2018; Hall et al., 2019; Zhu et al., 2019; Singh et al.,
2020; Vaculík et al., 2020). Evidence that Si ameliorates
diverse stresses in plants led to its classification as a
beneficial substance by the International Plant Nutrition
Institute (IPNI) in 2015 (http://www.ipni.net/publication/
nutrifacts-na.nsf/0/A7B4AB4D35C153BF85257ECE006E0E34/
\protect\T1\textdollarFILE/NutriFacts-NA-14.pdf). However,
Si is still considered a non-essential element because it is not
involved in plant metabolism (Vaculík et al., 2020). Despite the
documented benefits of Si in plants, its use in agriculture remains
poorly adopted.

Based on their ability to accumulate Si, plants have
been empirically classified as low, intermediate and high Si
accumulators. However, this classification has changed due to the
discovery of Si transporters that provided a better understanding
of the mechanisms by which plants accumulate Si (Ma et al.,
2007). Si uptake by the roots is mediated by aquaporin-like
channels named LSi (Ma et al., 2007; Gaur et al., 2020). In
rice, LSi1 is involved in the passive transport of Si from the
soil to the root plant cells; the element is then moved inside
the plant by the efflux transporter LSi2 and deposited in the
form of silica in various plant structures (Ma et al., 2007; Ma
and Yamaji, 2015). Furthermore, there is a specific number and
amino acid sequences in aquaporin proteins necessary for Si
permeability and plant uptake (Deshmukh et al., 2015). Based
on these discoveries, Deshmukh et al. (2015) proposed a new
classification of plants as either Si accumulators or Si excluders.
More recently, Coskun et al. (2019) proposed that plants could
be classified as accumulators or non-accumulators based on
the presence of Si-specific aquaporin channels with functional
Si permeability (Mitani and Ma, 2005; Deshmukh et al., 2015;
Ma and Yamaji, 2015). The physical deposition of Si in plants
has been linked with protection against insects and pathogens
(Singh et al., 2020). However, Si supplementation also enhances
physical and biochemical defenses in Si-accumulators and non-
Si-accumulator plants (Alhousari and Greger, 2018; Singh et al.,
2020).

Plants have a variety of defense mechanisms to protect
themselves against herbivores; these defenses are classified as
physical or chemical, which can be constitutive or inducible (War
et al., 2018). Physical defenses are trichomes, thorns, lignin, waxes
tough leaves, laticifers (latex), and mineral depositions (War
et al., 2012). Chemical defenses include secondary metabolites
(e.g., terpenes, phenols, alkaloids, sulfur, and nitrogen-containing
compounds), antinutritional proteins, and enzymes (polyphenol
oxidase, peroxidase, protease inhibitors, etc) (Mithöfer and
Boland, 2012). Plant physical and chemical defenses may
be constitutively expressed or induced by herbivory (War
et al., 2018). Herbivore-induced defenses begin with the plant’s
recognition of damage, herbivore, and/or microbe-associated
molecular patterns (DAMPS, HAMPS, MAMPS, respectively)
followed by the activation of downstream reactions that occur
within hours of initial herbivory (Fürstenberg-Hägg et al., 2013;
Santamaria et al., 2018). Early recognition events lead to the

biosynthesis of plant hormones that may include jasmonic
acid (JA), salicylic acid (SA), and/or ethylene (ET), and the
upregulation of gene transcripts involved in the synthesis of
defensive compounds (Santamaria et al., 2018). The expression
of late defense genes coding for proteinase inhibitors is activated
by hydrogen peroxide and the antinutritional products are
accumulated in plant tissues within days of initial herbivore
damage (Fürstenberg-Hägg et al., 2013). Yet another set of late
defense responses are changes in trichome density and leaf
mineral accumulation that often occur in newly grown leaves
several days or weeks after herbivory (Massey et al., 2007; Dalin
et al., 2008). However, studies on the model grass, Brachypodium
distachyon suggest that Si deposition in leaves starts as early as 6 h
upon treatment with methyl jasmonate (Waterman et al., 2020).
Plant defenses can affect herbivores directly by compromising
their survival, growth, development, reproduction, oviposition,
and behavior, etc. (Howe and Schaller, 2008). Biochemical
defenses in the form of volatile blends and extrafloral nectar
can also affect herbivores indirectly by attracting natural enemies
(Karban, 2011; War et al., 2018).

Silica depositions increase the strength and rigidity of plant
tissues and constitute a physical barrier for insect feeding (Bowen
et al., 1992; Massey et al., 2007; Ma and Yamaji, 2015). Si
accumulation enhances the abrasiveness of plant tissues causing
wear of insect mouthparts and may reduce food intake and
digestibility (Massey and Hartley, 2009; Leroy et al., 2019). Si can
also increase callose deposition reducing food intake by sucking
insects (Hao et al., 2008; Yang et al., 2018). In addition to the
mechanical protection, upon damage, Si may enhance host plant
resistance by increasing production of secondary metabolites and
defensive proteins and enzymes in some plant species (Reynolds
et al., 2016; Alhousari and Greger, 2018). Si also modifies
the production of plant volatiles and enhances recruitment of
herbivores’ natural enemies (Kvedaras et al., 2010; Liu et al.,
2017; Leroy et al., 2019). Insects exposed to Si-treated plants have
exhibited reduced growth and development (Frew et al., 2017;
Yang et al., 2018), alterations of feeding behavior (Assis et al.,
2013), changes in oviposition preference (Peixoto et al., 2011),
increasedmortality (Han et al., 2015), lower fecundity (Alvarenga
et al., 2017), and increased susceptibility to insecticides (Wang
et al., 2020).

Induced defenses are key in host plant resistance against
herbivores (Karban, 2011) but often have a metabolic cost. Plants
may allocate resources to defenses that would otherwise be used
for growth and other processes (Cipollini et al., 2014). It is known
that Si enhances herbivore-induced defenses in different plant
species, but the majority of studies have been done in wild and
cultivated Poaceae plants (Alhousari and Greger, 2018; Singh
et al., 2020). Moreover, most studies have measured defense
responses at a single time point. It is currently unknown if the
plant defense boots mediated by Si supplementation is transient
or long-lasting. The temporality of plant defense induction has
implications for plant resistance and possibly fitness due to the
metabolic cost of those defenses. In this study, we investigated
the effects of Si supplementation and insect herbivory on the
induction of physical and biochemical plant defenses, foliar
Si accumulation, and herbivore growth at early and late time
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points after initial herbivore exposure. We hypothesized that
(a) Si supplementation enhances herbivore-induced defenses and
foliar Si deposition in crops that accumulate different amounts
of Si; (b) the timing and duration of herbivore-induced plant
defenses varies for different plant species; and (c) herbivore
growth is reduced when feeding on Si-supplemented plants
previously exposed to herbivores. To test these hypotheses, we
used the generalist herbivore fall armyworm (FAW) Spodoptera
frugiperda and three crop species with differential ability to
uptake Si: tomato (non-Si accumulator), soybean, and maize (Si-
accumulators) as our model system. The results of this study
contribute to a better understanding of the beneficial effects of
Si in plant protection.

MATERIALS AND METHODS

Plants
Tomato (Solanum lycopersicum, cv Better boy), and soybean
(Glycine max cv FS HiSOY R© HS33A14-98SB132B) plants were
grown in Promix potting soil (Premier Horticulture, Quaker-
town, PA, U.S.A.). Seeds were first germinated and then
transplanted into individual 10 cm square pots (Dillen, Griffin
Greenhouse Supplies, Morgantown PA, USA). Each plant was
fertilized once with 3 g of the slow-release fertilizer Osmocote
plus (15–9-12, Scotts, Marysville, OH, USA) at the moment
of transplant. Subsequently, plants were watered every other
day with a 50ml aqueous solution of either 5mM potassium
silicate (SiO2K2O, Alfa AesarTM) or 5mM potassium chloride
(KCl, EMD millipore) (pH. 6.8). Each plant received a total
of 500ml of either solution. KCl was used to replenish the
amount of potassium in non-Si-supplemented control plants.
Tomato and soybean plants were exposed to insect herbivory
when their 5th leaf was fully extended. Maize (Zea mays) seeds
of the herbivore susceptible genotype TX601 (inbred line) were
obtained from W. P. Williams from Mississippi State University
and the USDA-ARS, (Mississippi State, MS), and germinated
in Promix potting soil (Premier Horticulture Quakertown, PA,
USA). The seedlings were transplanted 10 d after germination
into 3.78-l pots (C400 Nursery Supplies Inc. Chambersburg, PA,
USA) containing Hagerstown loam soil and Promix potting soil
mixed in relation 2:1. Each 3.78-l pot contained either 3 g of
calcium silicate (CaSiO3, Alfa Aesar

TM) or 3 g of lime (Ca (OH)2,
Alfa AesarTM) mixed with the soil. Lime was used to replenish
the amount of calcium in control plants. The amounts of calcium
silicate and lime applied to the soil mixture were calculated to
raise the pH to 6.0–6.5 which is considered appropriate for maize
growth (Unagwu et al., 2013). Maize plants were fertilized once
with 3 g of Osmocote plus at the moment of transplant and were
exposed to herbivory at their V7–V8 physiological stage (7–8 leaf
collar). All plants were grown under glasshouse conditions (14 h
light: 10 h dark) at the Pennsylvania State University, University
Park, PA.

Insects
Fall armyworm, S. frugiperda eggs were purchased from Benzon
Research (Carlisle, PA, USA) and reared in laboratory at 25◦C
in 16:8 light:dark conditions. Larvae were reared individually in

30ml cups (DART 100PC,Mason, MI, USA) containing∼5ml of
a wheat germ and casein-based artificial diet (Chippendale, 1970;
Peiffer and Felton, 2005).

Herbivore Treatment and Plant Defense
Responses
Herbivore-induced plant defense responses were measured
by quantifying the activity of plant defensive proteins, the
expression of plant defensive genes, the concentration of total
phenolics, and the number of trichomes in leaves. In tomato
and soybean, we measured the enzymatic activities of three
known herbivore-induced antinutritional proteins: polyphenol
oxidase (PPO), peroxidase (POX), and trypsin protease inhibitor
(trypsin PI). PPO and POX were measured at early (48 h in
tomato, and 72 h in soybean) and late (15 d) time points
following FAW herbivory, whereas trypsin PI was only measured
at the early time points. In maize plants, the expression of a
maize proteinase inhibitor gene (mpi) was measured 24 h (early
time point) after FAW exposure. The concentration of total
phenolics, the number of trichomes, and foliar Si content were
quantified 15 d after FAW herbivory in tomato, soybean, and
maize plants.

For early time point experiments, a set of plants supplemented
and non-supplemented with Si were exposed to actively feeding
last-instar FAW larvae enclosed in click cages (polypropylene
with metallic micromesh screen, 23mm diameter and 18mm
height) to standardize the amount of damage between
treatments. FAW larvae were randomly assigned to the
treatments and removed from plants after consuming the entire
415.48 mm2 of leaf tissue contained in the cage. The plant
tissue surrounding the feeding sites was harvested 24, 48, and
72 h later for maize, tomato, and soybean, respectively. For late
time point experiments, a separate set of Si-supplemented and
non-Si-supplemented plants were exposed to heavy defoliation
by FAW. Each tomato and soybean plant were exposed to three
last-instar FAW larvae individually enclosed in cages (5.5 cm
diameter, 1.5 cm high, 23.76 cm2 area) built with two plastic petri
dish bottoms (60 × 15mm, VWR, West Chester, PA, USA) held
together with aluminum hair clips (Acevedo et al., 2018). These
cages allowed larvae to feed on leaves attached to plants while
preventing their spread in the greenhouse. The cages also helped
standardize the amount of damage to about 90% per plant. Each
maize plant was infested with one FAW larva placed at the whorl
and allowed to eat freely for 3 days. Fifteen days after herbivore
exposure, the new regrowth leaves were harvested for analyses.
The fresh tissue excised from plants at early and late time points
was immediately weighed, frozen in liquid nitrogen, and stored
at −80◦C for further analyses. We collected 50mg of fresh tissue
for enzymatic assays, 20mg for quantification of phenolics, and
70mg for RNA extractions. The remaining leaves were used for
quantification of trichomes and for larval bioassays. Leaves from
the late time point were also used for Si quantification; these were
placed inside paper bags, dried at 60◦C until constant weight,
and ground to powder in a Udy cyclone mill (Thomas Scientific,
Swedesboro, NJ. USA).

Frontiers in Plant Science | www.frontiersin.org 3 February 2021 | Volume 12 | Article 63182410

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


Acevedo et al. Silicon Boosts Plant Herbivore Resistance

Activity of Defensive Enzymes
The activities of PPO and trypsin PI were measured following
the procedure described by Chung and Felton (2011). Trypsin
PI activity was calculated as described previously (Acevedo
et al., 2017). POX activity assays followed a previously described
protocol (Acevedo et al., 2017). The activity values from the
enzymatic assays were normalized by the amount of protein
(mg/ml) contained in each sample.

Concentration of Phenolics
The concentration of total phenolics in leaf samples was
quantified following the Folin-Ciocalteu protocol (Ainsworth
and Gillespie, 2007). The content of phenolics was expressed as
mM of gallic acid equivalents per gram of fresh tissue.

Proteinase Inhibitor (mpi) Gene Expression
The procedures for RNA extraction, cDNA synthesis, and
quantitative qPCR were carried out as previously described
(Acevedo et al., 2017).

Density of Leaf Trichomes
Fifteen days after plants were exposed to insect herbivory, the
newer fully expanded leaf was harvested from each plant to
count the number of trichomes under a dissecting stereoscope
(Olympus SZ30). In tomato, we counted the number of glandular
trichomes type VI in an area of 0.24 mm2. In soybean, we
registered the number of non-glandular type V trichomes in a 16
mm2 area. For maize, the number of non-glandular macro hairs
or long trichomes was counted in an area of 2.84 cm2. For each
plant species, two samples were taken per leaf, and their average
number of trichomes was used for the statistical analyses. For
imaging, leaf pieces of 0.24 mm2 were excised and immersed in
a fixative solution (2.5% glutaraldehyde, 1.5% formaldehyde in
0.1M sodium cacodylate buffer pH. 7.4) for 48 h; subsequently,
the samples were dehydrated through ethanol series and critical
point dried with liquid CO2. The samples were then mounted
in aluminum stubs with carbon tape and imaged in a Scanning
ElectronMicroscope (SEM) at the Penn StateMicroscopy Facility
(University Park, PA). The type VI trichomes in tomato are
characterized for having four glandular cells connected to a short
stalk, whereas the type V trichomes in soybean consist of a hollow
long stalk cell with a multicellular base (Glas et al., 2012; Li et al.,
2018). Maize macro hairs are long single cell stalks present in
the adaxial epidermis of the leaves (Nelson et al., 2002). These
trichome types are abundant, relatively easy to count and some
have been associated with plant herbivore resistance (Glas et al.,
2012).

Si Quantification
Total Si was extracted with hydrofluoric acid (HF) and quantified
with the molybdenum blue method reported by Diogo and
Wydra (2007). Briefly, 30 milligrams of grounded tissue were
placed in a 2ml plastic tube to which 1ml of extraction solution
(1.5M HF, 0.6M HCl) was added; these tubes were then agitated
overnight inside a fume hood. Samples were then centrifuged
at 10,000 g for 10min. Twenty microliters of the supernatant
were transferred into a new 1.5ml tube to which 230 µl of 3.2%

boric acid (H3BO3) were added; tubes were agitated overnight.
Subsequently, 250 µl of the color solution [1:1 mixture of 0.08M
H2SO4 and 20 mg/ml of (NH4)6 Mo∗7 4H2O] were added and
incubated for 30min. Then, 250 µl of 33 mg/ml of tartaric acid
and 250 µl of 4 mg/ml of ascorbic acid were added. Lastly, 200
µl of the mixture were used to measure absorbance at 811 nm
in a spectrophotometer (SpectraMax 190, Molecular Devices,
San Jose, CA, USA). The amount of Si in the samples was
determined using a blank-corrected standard curve constructed
with different concentrations of a commercial Si [(NH4)2SiF6]
standard (Cat. # 10M50-4F, High-Purity standards, Charleston,
SC, USA).

Si Quantification in Maize Trichomes
To quantify the amount of Si deposited in maize macro hairs
(trichomes), we excised leaves from either Si-supplemented or
non-Si-supplemented plants. Those leaves were immediately
taken to the lab and frozen in liquid nitrogen; long trichomes
were extracted from frozen leaves using a scalpel (# 10). The
trichomes were dried to constant weight for Si extraction and
quantification following the procedure described in section Si
Quantification. The deposition of Si in these trichomes was
also analyzed with Energy Dispersive x-ray Spectroscopy (EDS)
following the procedure below.

Energy Dispersive X-Ray Spectroscopy and

Elemental Mapping
For microscopic observation of Si bodies, leaf pieces of 0.24 mm2

were excised and dehydrated in serially diluted ethanol solutions.
These samples were critical point dried with liquid CO2 and
mounted in aluminum stubs with carbon tape. Backscattered
electron images (BSE), and EDS were carried out at the Penn
State Materials Research Institute (University Park, PA) in an
FEI Quanta 200 ESEM equipped with a 10mm Si drift detector
and the Aztec software version 2.3 (Oxford Instruments). The
instrument was operated under low vacuum conditions of 70 Pa,
at a voltage of 20 kV, and a working distance of 12.5 mm.

Bioassays
Effect of Plant Si Supplementation and Insect

Herbivory on Larval Weight Gain
FAW larval neonates were fed on detached leaves from
either tomato, soybean or maize untreated plants until their
second or third instar. Afterwards, larvae were weighed on
a precision scale (Sartorius BP 61S, precision: 0.1mg) to
obtain their “initial weight” before being exposed to the
corresponding treatments. Each larva was then individualized
in 30ml plastic cups (DART 100PC, Mason, MI, USA)
containing detached leaves from either tomato, soybean or maize
plants previously exposed to the different soil amendments
(potassium silicate/potassium chloride or calcium silicate/lime)
and herbivore treatments (FAW larval fed or undamaged control
plants) described in the sections of Plants and Herbivore
treatment and plant defense responses. Each cup had a 3ml
bottom layer of 2% agar to prevent dehydration of the leaves.
Larvae were grown under laboratory conditions (25◦C, 75%
RH, and photoperiod of 16 h light: 8 dark) with constant
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food supply for 4–5 d, time at which their “final weight” was
obtained. Larval weight gain was calculated as the difference
between their final and their initial weights. Larvae were
randomly assigned to each of the treatments in a complete
randomized design.

Effect of Si on Larval Weight Gain and Mandible Wear
To test the effect of Si on FAW larval weight gain, freshly
hatched neonates were individually placed inside 30ml plastic
cups (DART 100PC) containing a wheat germ and casein-
based artificial diet (Chippendale, 1970; Peiffer and Felton, 2005)
supplemented with either 0, 0.5, 1, 2, 5 or 10% Si dioxide (SiO2,
SIGMA). Larvae were weighed 5 days later on a precision scale
(Sartorius BP 61S). Thirty larvae were randomly assigned to each
of the Si concentrations in a complete randomized design. To
investigate the effect of Si on mandible wear, larvae from FAW
were grown on non-Si-supplemented artificial diet (described in
section Insects), for their first five instars. Newlymolted six-instar
larvae were then transferred to new cups containing the same
type of diet supplemented with either 0, 2.5 or 5% Si dioxide
(SiO2, SIGMA). After 3 d of feeding, the larval mandibles were
dissected and placed in fixative solution (2.5% glutaraldehyde,
1.5% formaldehyde in 0.1M sodium cacodylate buffer pH. 7.4).
The samples were then washed with 0.1M sodium cacodylate
buffer, dehydrated through ethanol series and critical point dried
with liquid CO2. The samples were mounted in aluminum stubs
with carbon tape and imaged in an SEM at the Penn State
Microscopy Facility.

Effect of Maize Trichomes on Larval Weight Gain
Leaves from maize plants (V7-V8) supplemented with Si, as
indicated in section Plants, were detached and taken to the lab.
The mid-portion of the leaves was cut out, the midvein was
removed, and the non-glandular macro-hairs from one side (left
or right from the midrib) of each leaf were excised using a razor
blade under a stereoscope. The other side of the leaf was left
intact. The leaf pieces with or without trichomes were used to
feed FAW larvae. FAW neonates were grown on wheat germ diet
(described in section Effect of Si on Larval Weight Gain and
Mandible Wear) until they reached an average of 27mg. Then,
larvae (n= 20) were weighed and placed individually inside 30ml
plastic cups containing leaf pieces with or without trichomes.
Two days later, the larvae were re-weighed to determine their
weight gain. Each cup had a 3ml bottom layer of 2% agar to
prevent dehydration of the leaves. To determine if trichomes
would break down in the larval gut, frass pellets from larvae fed
on leaves with trichomes were placed in fixative solution, critical
point dried, and photographed in an SEM.

Experimental Design and Statistical
Analyses
We used a two-factor factorial design that combined two Si
treatments (Si treated and Si untreated) with two herbivore
treatments (insect-fed and undamaged controls). The
experimental units (either plants or insects) used in our
experiments were randomly assigned to each of the treatments
in a complete randomized design. We used two-way ANOVA

for testing the effects of Si (Si supplemented vs. non-Si-
supplemented plants) and herbivore treatments (larval fed
vs. undamaged controls) on the activity of defensive enzymes
(PPO, POX, and trypsin PI), the concentration of phenolics,
the expression of mpi, the density of trichomes, larva weight
gain, and the amount of Si in leaves. When the interaction
factor was significant, a one-way ANOVA was used to elucidate
the differences among treatment combinations. Differences
between treatment means were obtained using either the Tukey’s
Honestly Significant Difference (HSD) test or the Tukey-Kramer
test (for balance and unbalance replications, respectively) at
alpha = 0.05; when needed, data were transformed to meet
the assumptions of normality and equal variance before doing
ANOVA. A two-sample t-test was used to identify differences in
the amount of Si deposited in maize trichomes, and the effect
of siliceous trichomes in larva weight gain. One-way ANOVA
was used to test for differences in larva weight gain grown in
diet supplemented with Si. ANOVAs and t-tests were conducted
using the software Minitab 18 (Minitab Inc., State College, PA,
USA). All graphs were generated in R version 3.6.6 (Foundation
for Statistical Computing, Vienna, Austria).

RESULTS

Si Supplementation and Insect Herbivory
Induced Defense Responses in
Si-Accumulator and Non-Si-Accumulator
Plants
In tomato, the enzymatic activities of polyphenol oxidase (PPO),
peroxidase (POX), and trypsin protease inhibitor (trypsin PI)
were greater in insect-fed plants compared with undamaged
controls 48 h after larval exposure irrespective of the Si treatment
(P < 0.05; Figure 1; Table 1). At this early time point, the activity
of POX was higher in Si-supplemented plants compared with
non-Si-supplemented controls (Figure 1B; Tukey HSD t = 3.72,
P = 0.001). Fifteen days after larval damage, the activity of
PPO was greater in plants exposed to herbivory compared with
the undamaged controls [ANOVA F(3,36) = 19.06, P = 0.00],
irrespective of the Si treatment (Figure 1D). The effects of the
herbivory and Si treatments on PPO activity at 15 d were analyzed
with a one-way ANOVA due to the significance of the interaction
factor obtained in the two-way ANOVA (Table 1). At this late
time point, the activity of POX and the concentration of total
phenolics were not different among treatments (Figures 1E,F).
The number of glandular trichomes in leaves was higher in
plants supplemented with Si and exposed to insect herbivory
compared with undamaged controls and non-Si-supplemented
plants [Figure 2A; ANOVA F(3,20) = 34.23, P= 0.00]. The effects
of the herbivory and Si treatments on the number of trichomes
were analyzed with a one-way ANOVA due to the significance of
the interaction factor obtained in the two-way ANOVA (Table 1).

In soybean, the enzymatic activities of POX and Trypsin PI,
and the concentration of total phenolics were affected by insect
feeding and Si treatment (Figure 3). The activity of POX was
higher in both Si-supplemented and non-Si-supplemented plants
fed on by FAW within 72 h of larval exposure compared with
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FIGURE 1 | Herbivore-induced defense responses in tomato plants supplemented with either silicon (5mM K2SiO3 ) or potassium chloride (5mM KCl) and exposed to

fall armyworm herbivory. Early and late defense responses are those measured 48 h and 15 d after herbivore exposure, respectively. The activity of plant defensive

enzymes is represented in: (A,D) polyphenol oxidase (PPO), (B,E) peroxidase (POX), and (C) trypsin protease inhibitor (Trypsin PI). (F) The concentration of total

phenolics is expressed as mM of gallic acid equivalents per gram of fresh tissue. Bar values are untransformed means ± SEM; different letters indicate significant

differences obtained with ANOVA following Tukey tests at α = 0.05. Capital letters represent differences between the Si treatment and potassium chloride while

lowercase letters indicate differences between treatments of herbivory and undamaged controls. In (D), letters denote differences among treatment means obtained

with the Tukey HSD test after one-way ANOVA.

undamaged controls (Figure 3B). However, 15 d after insect
treatment, the activity of POX had an opposite trend being
greater in undamaged controls when compared with insect-
fed plants (Tukey-Kramer t = −2.11, P = 0.042); no effect of
the Si treatment was found at this late time point (Figure 3E).
The activity of Trypsin PI was higher in Si-supplemented
plants exposed to herbivory compared with Si-supplemented
undamaged controls and non-Si supplemented larval fed plants
[Figure 3C; ANOVA F(3,35) = 5.77, P = 0.003]. The effects of the
herbivory and Si treatments on Trypsin PI activity were analyzed
with a one-way ANOVA due to the significance of the interaction
factor obtained in the two-way ANOVA (Table 1). Fifteen days
after insect treatment, the concentration of total phenolics was
higher in plants supplemented with Si compared with non-Si-
supplemented controls; their concentration was also greater in
undamaged controls compared with larval fed plants (Figure 3F;
Table 1). The activity of PPO was not different among treatments
in either early or late time points (Figures 3A,D). The number of

trichomes was higher in soybean plants exposed to herbivory, but
there was no effect of the Si-treatment (Table 1; Figure 2B).

In maize, the gene expression of maize proteinase inhibitor
(mpi) was greater in insect-fed plants 24 h after herbivory
compared with undamaged controls (Figure 4A). Likewise, the
concentration of total phenolics in maize was higher in insect-
fed plants 15 d after herbivory compared with intact controls
(Figure 4B; Table 1). There was no effect of Si supplementation
on either mpi expression or total phenolics (Figure 4). The
density of long trichomes in maize plants was not affected by
the treatments of herbivory or Si supplementation (Table 1;
Figure 2C).

Si Supplementation and Herbivory Affected
Leaf Si Accumulation
All Si-supplemented plants accumulated greater amount of this
element in their tissues than non-Si-supplemented controls
(Figure 5). Tomato plants treated with Si had on average 0.72
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TABLE 1 | Two way ANOVA results of the effects of silicon (Si) (Si/KCl) and insect treatments (fed/undamaged controls) on the enzymatic activities of polyphenol oxidase

(PPO), peroxidase (POX), and trypsin protease inhibitor (Trypsin PI) in tomato and soybean plants.

Plant Variable Time Effect df (trt, error) F p-value Figures

Tomato PPO Early Si treatment 1,38 3.02 0.09 1A

Insect treatment 1,38 117.19 0.000*

Interaction 1,38 3.02 0.09

Late Si treatment 1,36 0.62 0.437 1D

Insect treatment 1,36 51.14 0.000*

Interaction 1,36 5.42 0.026*

POX Early Si treatment 1,42 13.84 0.001* 1B

Insect treatment 1,42 73 0.000*

Interaction 1,42 1.81 0.186

Latea Si treatment 1,36 0.48 0.492 1E

Insect treatment 1,36 0.17 0.680

Interaction 1,36 0.05 0.826

Trypsin PI Earlya Si treatment 1,37 0.64 0.428 1C

Insect treatment 1,37 67.62 0.000*

Interaction 1,37 0.32 0.573

Total phenolics Late Si treatment 1,36 0.11 0.738 1F

Insect treatment 1,36 1.31 0.260

Interaction 1,36 0.50 0.484

Number of glandular trichomes Late Si treatment 1,20 16.5 0.001* 2A

Insect treatment 1,20 57.09 0.000*

Interaction 1,20 29.10 0.000*

Leaf Si content Late Si treatment 1,23 50.95 0.000* 5A

Insect treatment 1,23 1.7 0.205

Interaction 1,23 0.98 0.333

Larval weight gain Earlya Si treatment 1,42 0.2 0.654 7A

Insect treatment 1,42 401.66 0.000*

Interaction 1,42 0.83 0.367

Late Si treatment 1,74 0.37 0.546 7D

Insect treatment 1,74 18.15 0.000*

Interaction 1,74 0.13 0.723

Soybean PPO Early Si treatment 1,26 0.87 0.360 3A

Insect treatment 1,26 0.85 0.365

Interaction 1,26 6.25 0.019

Lateb Si treatment 1,26 0.06 0.805 3D

Insect treatment 1,26 0.18 0.672

Interaction 1,26 1.46 0.237

POX Early Si treatment 1,31 0.02 0.882 3B

Insect treatment 1,31 19.74 0.000*

Interaction 1,31 0.63 0.434

Late Si treatment 1,35 0.11 0.743 3E

Insect treatment 1,35 4.47 0.042*

Interaction 1,35 0.00 0.962

Trypsin PI Early Si treatment 1,35 5.27 0.028* 3C

Insect treatment 1,35 0.18 0.675

Interaction 1,35 12.14 0.001*

Total phenolics Late Si treatment 1,36 21.68 0.000* 3F

Insect treatment 1,36 38.72 0.000*

Interaction 1,36 0.12 0.732

Number of trichomes Late Si treatment 1,20 0.64 0.434 2B

Insect treatment 1,20 12.53 0.002*

Interaction 1,20 4.22 0.053

(Continued)
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TABLE 1 | Continued

Plant Variable Time Effect df (trt, error) F p-value Figures

Leaf Si content Late Si treatment 1,24 234 0.000* 5B

Insect treatment 1,24 24.99 0.000*

Interaction 1,24 2.13 0.157

Larval weight gain Early Si treatment 1,36 4.18 0.048* 7B

Insect treatment 1,36 15.14 0.000*

Interaction 1,36 0.42 0.519

Late Si treatment 1,103 0.31 0.576 7E

Insect treatment 1,103 12.62 0.001*

Interaction 1,103 1.04 0.310

Maize mpi gene expression Earlyb Si treatment 1,20 2.21 0.153 4A

Insect treatment 1,20 129.47 0.000*

Interaction 1,20 3.15 0.091

Total phenolics Latea Si treatment 1,32 0.69 0.411 4B

Insect treatment 1,32 18.17 0.000*

Interaction 1,32 3.76 0.061

Number of long macro hairs Late Si treatment 1,19 2.53 0.128 2C

Insect treatment 1,19 1.14 0.298

Interaction 1,19 1.43 0.246

Leaf Si content Late Si treatment 1,24 211.84 0.000* 5C

Insect treatment 1,24 5.50 0.028*

Interaction 1,24 0.36 0.556

Larval weight gain Earlya Si treatment 1,46 53.28 0.000* 7C

Insect treatment 1,46 16.31 0.000*

Interaction 1,46 0.17 0.682

Late Si treatment 1,32 7.51 0.010* 7F

Insect treatment 1,32 0.08 0.783

Interaction 1,32 0.45 0.509

The table also depicts the results of the effects of Si and insect treatments on the relative expression of a maize proteinase inhibitor gen (mpi), and on the concentration of total phenolics,

the number of trichomes, leaf Si content, and larval weight gain in tomato, soybean, and maize plants. The effects of Si and insect treatments on plant defensive compounds and larval

weight gain were tested at different time points for each plant species: 48 h (early response) and 15 d after treatment (late response) in tomato; 72 h (early response) and 15 d after

treatment (late response) in soybean; and 24 h (early response) and 15 d after treatment (late response) in maize plants. Asterisks denote significant p-values (*) at α = 0.05. df, degrees

of freedom; trt, treatment.
aSquared root transformed.
bLog transformed.

± 0.022 (95% CI) mg/g (dry tissue) of leaf Si content, whereas
non-Si treated plants contained 0.52± 0.05 mg/g of this element.
The foliar Si concentrations in soybean were 2.6 ± 0.18 and
1.42 ± 0.11 mg/g in Si-supplemented and non-Si-supplemented
plants, respectively. In maize, there was 4.77 ± 0.36 mg/g of
Si in Si-treated plants, and 2.05 ± 0.15 mg/g in Si-untreated
controls. Herbivory also influenced the accumulation of Si
in soybean and maize plants, but not in tomato (Figure 5).
Soybean plants fed on by fall armyworm larvae accumulated
less Si than undamaged controls (Figure 5B). In contrast, fall
armyworm herbivory induced higher accumulation of Si inmaize
plants non-supplemented with Si but growing in soil with Si
content (Figure 5C). Si-supplemented tomato plants had higher
Si content than non-Si supplemented controls (Figure 5A), but
we were unable to detect Si structures in leaves through BSE
or EDS (Figures 5D,G). Si accumulation in soybean was found
in trichomes and leaf epidermal compartments at the base of
those trichomes (Figures 5E,H). Maize plants accumulated Si

in trichomes and silica cells (Figures 5F,I, 6). Although the
density of long trichomes in maize leaves was not affected by Si-
supplementation or insect herbivory (Figure 2C), the amount of
Si contained in those trichomes was higher in Si-supplemented
plants compared to non-Si-supplemented controls (Figure 6A; t
= −9.85, P = 0.000, n = 4). In maize, Si deposition occurred in
the whole trichome from base to tip (Figures 6B,C).

Bioassays
Plant Si Supplementation and Former Insect

Herbivory Affected Larval Weight Gain
Larvae fed on tomato plants previously exposed to herbivory
gained less weight at the early and late time points than those fed
on undamaged controls; plant Si-Supplementation did not affect
larva weight gain (Table 1; Figures 7A,D). In soybean, former
herbivory influenced larval weight gain at early and late time
points, but Si-supplementation only had an effect at the early
time point (Table 1). Larvae fed on soybean leaves detached from
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FIGURE 2 | Number of trichomes in tomato (A), soybean (B), and maize (C) plants either supplemented with silicon or non-supplemented controls exposed and

non-exposed to fall armyworm herbivory. Scanning electron images (SEM) of tomato (D), soybean (E), and maize (F) trichomes; white arrows indicate the type of

trichomes counted in this study. Bar values are untransformed means ± SEM; different letters indicate significant differences obtained with ANOVA following Tukey

tests at α = 0.05. Capital letters represent differences between Si treated and Si-untreated plants while lowercase letters indicate differences between treatments of

herbivory and undamaged controls. In (A), letters represent differences among treatment means obtained with the Tukey HSD test after one-way ANOVA.

plants exposed to herbivory 72 h earlier gained less weight than
those fed on undamaged plants (Figure 7B). Conversely, young
FAW larvae gained more weight when fed on leaves detached
from soybean plants exposed to herbivory 15 d earlier than
those fed on undamaged control plants (Figure 7E). In maize,
the Si treatment resulted in lower larval weight gain at both
early and late time points, whereas previous herbivory reduced
larval weight gain only at the early time point (24 h) (Table 1;
Figures 7C,F).

Si-Supplemented Artificial Diet Induced Larval

Mandible Wear but Did Not Affect Weight Gain
Si-containing diets enhanced larval mandible wear. FAW
larvae fed on the artificial diet supplemented with SiO2 had
greater mandible wear than larvae fed on the diet without
Si. Greater mandible wear was observed in larvae fed on
the diet supplemented with 5% SiO2 than in those fed with
2.5% of Si (Figure 8). Contrarily, Si-supplemented diet had
no effect on larval weight gain [F(5,172) = 0.77, P = 0.570;
n= 28–30].

Siliceous Maize Macro-Hairs Reduced FAW Larval

Weight
FAW larvae fed on maize leaves with macro hairs gained
less weight than those fed on leaves from which trichomes
were removed (Figure 9A; t = 2.18, df = 35, P = 0,036,
n = 20). Trichomes did not break down in the larval
gut; rather they appear to have been excreted almost
intact (Figure 9B).

DISCUSSION

In this study, we investigated if Si supplementation would
increase herbivore resistance in crop plants with differential
ability to accumulate this element. Our results show that
herbivory and Si supply augmented the levels of some
plant biochemical and physical defenses at early and late
time points in a species-specific manner. Additionally, Si
supplementation increased leaf Si content in all plants. Former
herbivory affected FAW larval weight gain in all plants
tested, and the Si treatment further reduced weight gain of
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FIGURE 3 | Herbivore-induced defense responses in soybean plants supplemented with either silicon (5mM K2SiO3 ) or potassium chloride (5mM KCl) and exposed

to fall armyworm herbivory. Early and late defense responses are those measured 72 h and 15 d after herbivore exposure, respectively. The activity of plant defensive

enzymes is represented in: (A,D) polyphenol oxidase (PPO), (B,E) peroxidase (POX), and (C) trypsin protease inhibitor (Trypsin PI). (F) The concentration of total

phenolics is expressed as mM of gallic acid equivalents per gram of fresh tissue. Bar values are untransformed means ± SEM; different letters indicate significant

differences obtained with ANOVA following Tukey tests at α = 0.05. Capital letters represent differences between the Si treatment and potassium chloride while

lowercase letters indicate differences between treatments of herbivory and undamaged controls. In (C), letters represent differences among treatment means obtained

with the Tukey-Kramer test after one-way ANOVA.

larvae fed on Si accumulator plants. Notably, our results
strongly suggest that non-glandular trichomes are important
reservoirs of Si in maize and may increase plant resistance to
chewing herbivores.

Si Supplementation and Insect Herbivory
Influence Plant Defense Responses
In tomato plants, FAW herbivory increased PPO, POX, and
trypsin PI activities within 48 h of larval exposure (Figure 10).
The Si treatment further enhanced POX activity at this early
time point (Figure 1B). PPO was still upregulated 15 d after
herbivore exposure, but POX and total phenolics were not
different among treatments at the late time point. Furthermore,
the herbivore treatment combined with Si supplementation
increased the number of glandular trichomes in tomato leaves

15 d after herbivory (Figure 2A). The effect of Si on herbivore-
induced defenses in tomato has been scarcely studied, but
induction of plant resistance has been reported (Faraone et al.,
2020). There is also evidence that Si enhances resistance of
tomato plants against pathogens. For example, Diogo and
Wydra (2007) found less incidence of the bacterial wilt
disease, Ralstonia solanacearum in tomato plants treated with
Si. This enhancement of resistance appears to be correlated
with higher activities of the defensive proteins POX, PPO,
phenylalanine ammonia lyase (PAL), and lipoxygenase as well
as higher total soluble phenolics (Jiang et al., 2019). Likewise,
the Si treatment reduced the severity of soil-borne diseases
in tomato caused by Fusarium oxysporum (Huang et al.,
2011). Previous studies have demonstrated that insect feeding
induces the number of glandular trichomes in tomato plants
(Tian et al., 2012); interestingly, our results indicate that
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FIGURE 4 | Herbivore-induced defense responses in maize plants

supplemented with either silicon (3 g Ca2SiO4 ) or lime [3 g Ca (OH) 2] and

exposed to fall armyworm herbivory. Early and late defense responses are

those measured 24 h and 15 d after herbivore exposure, respectively. (A)

Relative expression of a maize proteinase inhibitor gene (mpi), and (B)

concentration of total phenolics is expressed as mM of gallic acid equivalents

per gram of fresh tissue. Bar values are untransformed means ± SEM;

different letters indicate significant differences obtained with ANOVA following

Tukey tests at α = 0.05. Capital letters represent differences between Si

treated and Si-untreated plants while lowercase letters indicate differences

between treatments of herbivory and undamaged controls.

the number of trichomes is enhanced by Si supplementation
in the presence of herbivory. These results suggest that
Si supplementation enhances some biochemical and physical
defenses in tomato despite the low capability of this species to
accumulate Si.

In soybean, insect feeding induced greater production of
trichomes irrespective of the Si treatment (Figure 2B; Table 1).
The combination of Si and FAW herbivory induced higher
activity of trypsin PI at 72 h compared with undamaged
Si-supplemented controls and herbivore-treated plants not
supplemented with Si (Figure 3C). The Si treatment induced
greater accumulation of total phenolics than those found in non-
Si-supplemented plants 15 d after herbivore exposure (Figure 3F;
Table 1). In contrast to our results, a previous study reported
a decrease in total phenolics in non-insect infested soybean
plants treated with Si (Ferreira et al., 2011). The discrepancy
of these results may be explained by differences in herbivore
treatments and sampling time points between studies or genetic
variation among soybean cultivars. FAW herbivory induced
higher activity of POX 72 h after treatment. But 15 d later, the
POX activity levels and the concentration of total phenolics
were downregulated in herbivore-treated plants with respect to
untreated controls. Shifts in the activity patterns of defensive
enzymes in response to herbivory have been previously reported
in soybean. Locateli et al. (2019) found higher activity of PAL in
soybean plants 96 h after treatment with Bemisia tabaci, but at
168 h the PAL activity was lower than that of untreated controls.
Speculatively, it may be possible that herbivore-derived effectors

change the initial plant response over time. Si supplementation
appears to enhance some biochemical defense responses in this
plant species.

In maize, FAW feeding induced early (mpi expression) and
late defense responses (total phenolics). But Si addition
did not affect the expression of mpi, the concentration
of total phenolics or the density of leaf macro hairs in
maize plants (Figures 2C, 4, 10). Si-mediated increase in
maize resistance to herbivores has been reported previously
(Sétamou et al., 1993; Boer et al., 2019; Moise et al., 2019)
but the mechanisms have not been elucidated. Further
RNA-seq or quantitative proteomic studies may help
reveal the means by which Si enhances herbivore resistance
in maize.

Si Supplementation Enhances Si
Accumulation in Plants
The Si treatment increased foliar Si content in Si-accumulators
and non-Si accumulator plants regardless of herbivory. Si
supplementation in tomato, soybean, and maize increased
the foliar content of this element by 38.4, 83, and 132.7%,
correspondingly, with respect to the Si content in non-Si-
supplemented plants (Figure 5). Increase in shoot Si content
in response to Si supply has been previously reported in these
plant species (Huang et al., 2011; Boer et al., 2019; Johnson
et al., 2020b). Some studies have also shown that herbivory
induces Si deposition in Si-accumulator plants (Massey et al.,
2007; Johnson et al., 2020b); in our studies, there was a slight
significant increase of Si in maize plants exposed to FAW
herbivory but not in tomato or soybean. The Si content was
higher in maize leaves followed by soybean and tomato which
can be explained by the differential ability of these plants to
uptake Si (Deshmukh et al., 2015; Coskun et al., 2019). Maize
and soybean contain functional influx and efflux transporters,
whereas tomato only contains Si influx, but not functional Si
efflux transporters (Deshmukh et al., 2015; Sun et al., 2020).
Variable Si accumulation in maize and soybean plants may also
be associated with differences in the density and possibly size
of silica cells and non-glandular trichomes. Si-containing cells
are present in row arrangements as well as spread out in the
leaf epidermis of maize and other grasses, whereas in soybean,
silica was found in the basal cells of non-glandular trichomes
(Figures 5E–I). Moreover, the maize genotype used in this
study contained three times more macro-hairs per squared mm
than soybean (Figures 2B,C). Notably, non-glandular trichomes
appear to be important structures for Si deposition, leaf macro-
hairs extracted from Si-supplemented maize plants had 116.5%
more Si than those extracted from non-Si supplemented controls
(Figure 6). Accumulation of Si in the tips of trichomes has been
observed in grasses, but there are no previous reports of their
actual Si concentration (deMelo et al., 2010; Andama et al., 2020).
Si may increase the rigidity of trichomes and physically harm
the digestive system of chewing herbivores. Trichomes are often
ingested along with leaf tissue and excreted almost intact in larval
frass (Figure 9).
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FIGURE 5 | Silicon accumulation in: (A) tomato, (B) soybean, and (C) maize leaves; plants were either supplemented with silicon or non-supplemented controls

exposed and non-exposed to fall armyworm herbivory. Bar values are untransformed means ± SEM; different letters indicate significant differences obtained with

ANOVA following Tukey tests at α = 0.05. Capital letters represent differences between Si treated and Si-untreated plants while lowercase letters indicate differences

between treatments of herbivory and undamaged controls. Backscattered electron images (BSE) of tomato (D), soybean (E), and maize (F) leaves show mineral

deposition in leaf epidermis and trichomes (white structures). Si distribution in tomato (G), soybean (H), and maize (I) leaves obtained with energy-dispersive X-ray

spectroscopy (EDS).

Si Supplementation and Insect Herbivory
Influence FAW Larval Weight Gain
Larval weight gain was affected by the Si and herbivore
treatments in a specific way for each plant species. FAW larvae
gained less weight when fed on tomato, soybean, and maize
plants previously exposed to herbivory (Figure 7). In tomato,
reduction in larval weight gain at early and late time points was
exclusively associated with former herbivory and was negatively
correlated with higher activity levels of PPO. In soybean, former

herbivory and the Si treatment reduced larval weight gain at

the early time point, but there was no correlation with the
activity of defensive enzymes measured in this study. Contrarily,

at the late time point, FAW larvae gained more weight when
fed on soybean plants previously exposed to herbivory; this was

negatively correlated with POX activity and the concentration of

total phenolics. Si supplementation to soybean plants has been
shown to reduce the growth of Helicoverpa punctigera larvae

within 6 days of herbivore exposure, and to increase mortality
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FIGURE 6 | (A) Si content in maize trichomes extracted from plants supplemented with either Si (3 g Ca2SiO4 ) or lime [3 g Ca (OH)2]. (B) Backscattered electron

(BSE) images of long macro hairs extracted from maize leaves. (C) Si distribution in maize trichomes obtained with energy-dispersive X-ray spectroscopy (EDS), the

purple coloration represents accumulation of Si.

FIGURE 7 | Weight gain of fall armyworm (FAW) larvae fed on tomato (A,D), soybean (B,E), and maize (C,F) plants either supplemented or non-supplemented with Si

with or without previous exposure to herbivory. Early and late, correspond to different time points at which the effects of Si plant supplementation and previous insect

herbivory were tested on FAW larval weight gain. For tomato, early represents 48 h, and late represents 15 d after plants were treated with FAW larvae. In Soybean,

early and late refers to 72 h and 15 d after herbivore treatment, respectively. For maize, early denotes 24 h whereas late indicates 15 d after herbivory. Bar values are

untransformed means ± SEM; different letters indicate significant differences obtained with ANOVA following Tukey tests at α = 0.05. Capital letters represent

differences between Si treated and Si-untreated plants while lowercase letters indicate differences between treatments of herbivory and undamaged controls.
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FIGURE 8 | Backscattered electron images of six-instar fall armyworm (FAW) mandibles extracted from larvae fed on artificial diet containing various amounts of

silicon dioxide: (A) 0% SiO2, (B) 2.5% SiO2, and (C) 5% of SiO2. White areas represent the distribution of mineral accumulation (mainly zinc).

of whitefly nymphs fed on intact plants (Ferreira et al., 2011;
Johnson et al., 2020b). Therefore, the potential of Si to enhance
plant protection may differ with time and depend on specific
herbivore-plant interactions. In Maize, there was a decrease in
larval weight gain associated with previous herbivory and Si
treatments at the early time point. But the reduction in larval
weight at the late time point was only present in Si-treated maize
plants which may be negatively correlated with the presence of
tougher trichomes. Si, by itself, did not decrease herbivore weight,
but trichomes with higher Si content appear to affect larval
growth (Figure 9). Indeed, other studies have shown that leaf
macro hairs reduce the relative growth rate of chewing herbivores
(Johnson et al., 2020a). Si is also likely to affect other herbivore
parameters not measured in this study. For example, Si treatment
of maize plants reduced fecundity of FAW moths (Alvarenga
et al., 2017), reduced growth rate of the stemborer Busseola fusca
(Juma et al., 2015), and increased mortality of the lepidopteran
larvae Pseudaletia unipuncta and Sesamia calamistis (Sétamou
et al., 1993; Moise et al., 2019). Herbivory and Si treatments
are likely to trigger various plant responses, including changes
in gene expression, protein abundance, and nutritional quality.
Although our ability to draw conclusions are limited to the
plant responses tested in this study, the topic deserves further
investigation using more comprehensive omics techniques.

Mechanisms of Si-Mediated Plant
Resistance Against Insect Herbivores
Si increases resistance to herbivores through physical and
biochemical mechanisms (Alhousari and Greger, 2018). The
role that physical depositions of Si (e.g., increase in toughness
and abrasiveness) play on plant protection against herbivores
is widely accepted, but the mechanisms by which Si mediates
induction of biochemical defenses is currently under debate.
Biochemical compounds that confer resistance to herbivory are
regulated by plant hormones such as JA, SA, and ET (War
et al., 2012). Some studies have reported an increase in JA in
response to Si treatment, but others have found lower levels
of this hormone (Hall et al., 2019). Due to the inability of
Si to interact biochemically with the cell machinery, Coskun
et al. (2019) proposed the so-called “apoplastic obstruction
hypothesis.” In addition to the mechanical protection conferred

FIGURE 9 | (A) Weight gain of fall armyworm (FAW) larvae fed on maize leaves

without (–Trichomes) or with (+Trichomes) siliceous macro hairs. (B) Frass

pellet from FAW larvae fed on leaves with macro hairs. White arrows point to

trichomes that appear to be intact after their passage through the larval gut.

by silica deposition in plant tissues, this model proposes
that Si protection against herbivores is attributed to the
physical movement obstruction of herbivore effectors within
cells mediated by Si deposition in the cell apoplast. Although
compelling, this argument contradicts numerous reports of
systemic induction of plant biochemical responses triggered
by herbivores in Si-treated plants. Alternatively, Si physical
deposition may increase plant stress and result in upregulation
of defensive pathways (Ye et al., 2013; Hall et al., 2019).
In this case, upregulation of plant defenses would also be
found in plants not exposed to herbivory. In line with the
physical role of Si in mediating plant protection, Hall et al.
(2019) proposed that Si-accumulator plants with constitutive
antiherbivore defenses exhibit lower JA levels because of
their existing physical protection. Our results indicate that Si
enhances physical plant defenses in the form of Si accumulation
in leaves and trichomes, and augment some JA-dependent
biochemical defenses. The proposed models aim to promote
further investigation to identify the underlying mechanism by
which Si confer plant resistance to biotic and abiotic stresses
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FIGURE 10 | Summary of the effects of Si supplementation and insect

herbivory on plant defense responses and larval weight gain at early and late

time points in tomato, soybean, and maize. Upward arrows represent a

significant increase, downward arrows represent significant reduction,

hyphens represent no significant effects, and question marks indicate that the

effect was not tested. Arrows enclosed in circles indicate that the combination

of both Si supplementation and insect herbivory had a significant effect. Early

effects were measured 24, 48, and 72 hrs after treatment in maize, soybean,

and tomato, respectively; late effects were measured 15 d after treatment in all

plant species.

(Coskun et al., 2019; Hall et al., 2019). These mechanisms may
vary based on the plant’ ability to accumulate Si and the nature of
the stress.

Conclusions
Our results show that FAW herbivory induces production
of biochemical and physical defenses in tomato, soybean,
and maize plants. The Si treatment enhanced some of these
defenses, but resistance to herbivory measured as a reduction
in larva weight gain was only observed in soybean at the
early time point and in maize at early and late time points
(Figure 10). Si alone did not reduce larva weight gain, but

Si deposited in non-glandular trichomes did reduce weight
gain. This study and others (Andama et al., 2020; Johnson
et al., 2020a) emphasize the potential role of silicified trichomes
in increasing plant resistance against chewing herbivores.
We conclude that Si offers transient resistance to FAW in
soybean and a longer duration of resistance in maize. Further
studies are needed to assess the effect of transient and long-
term defense responses in plant fitness under single and
multiple herbivore events. Si supply appears to be a promising
strategy in management programs of chewing herbivores in Si-
accumulator plants.
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An essential component of plant defense is the change that occurs from a constitutive
to an induced state following damage or infection. Exogenous application of the
plant hormone methyl jasmonate (MeJA) has shown great potential to be used as
a defense inducer prior to pest exposure, and could be used as a plant protection
measure. Here, we examined (1) the importance of MeJA-mediated induction for
Norway spruce (Picea abies) resistance against damage by the pine weevil Hylobius
abietis, which poses a threat to seedling survival, and infection by the spruce bark
beetle-associated blue-stain fungus Endoconidiophora polonica, (2) genotypic variation
in MeJA-induced defense (terpene chemistry), and (3) correlations among resistance to
each pest. In a semi-field experiment, we exposed rooted-cuttings from nine different
Norway spruce clones to insect damage and fungal infection separately. Plants were
treated with 0, 25, or 50 mM MeJA, and planted in blocks where only pine weevils
were released, or in a separate block in which plants were fungus-inoculated or not
(control group). As measures of resistance, stem area debarked and fungal lesion
lengths were assessed, and as a measure of defensive capacity, terpene chemistry
was examined. We found that MeJA treatment increased resistance to H. abietis and
E. polonica, but effects varied with clone. Norway spruce clones that exhibited high
constitutive resistance did not show large changes in area debarked or lesion length
when MeJA-treated, and vice versa. Moreover, insect damage negatively correlated
with fungal infection. Clones receiving little pine weevil damage experienced larger lesion
lengths, and vice versa, both in the constitutive and induced states. Changes in absolute
terpene concentrations occurred with MeJA treatment (but not on proportional terpene
concentrations), however, variation in chemistry was mostly explained by differences
between clones. We conclude that MeJA can enhance protection against H. abietis and
E. polonica, but the extent of protection will depend on the importance of constitutive
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and induced resistance for the Norway spruce clone in question. Trade-offs among
resistances do not necessarily hinder the use of MeJA, as clones that are constitutively
more resistant to either pest, should show greater MeJA-induced resistance against
the other.

Keywords: Ceratocystis polonica, conifer resistance, Endoconidiophora polonica, forest pest, genetic
correlations, Hylobius abietis, resistance trade-offs, terpene chemistry

INTRODUCTION

Plant resistance to biotic threats is mediated through defensive
traits that are present at all times (constitutive defense), but also
through those triggered once damage or infection is perceived
(induced defense). Constitutive defenses provide a first line
of protection that can deter or stop attackers, while induced
defenses strengthen these effects making plants unsuitable hosts
and decrease the likelihood of further attack (Karban and Myers,
1989; Agrawal, 1999). In conifers, quantitative and qualitative
changes to constitutive conditions are rapidly initiated upon
mechanical wounding, insect feeding and fungal infection.
Interestingly, defenses can even be mobilized earlier and prior to
damage, as for example recently shown for the effects of insect
egg deposition on Pinus sylvestris (Bittner et al., 2019). These
responses include secondary resin production and traumatic
resin duct formation, synthesis of new phenolics, lignification
of fibers, and initiation of wound periderm (Franceschi et al.,
2005). The difference between the constitutive and induced
state is referred to as “inducibility,” and represents a key
functional trait of defensive investment and effective resistance to
specific enemies (Cipollini and Heil, 2010). Indeed, the essential
contribution of induced responses to effective conifer resistance
has been demonstrated for bark-beetle-fungi complexes (e.g.,
Krokene, 2015; Raffa et al., 2017), infection by fungal pathogens
(e.g., Danielsson et al., 2011; Ganthaler et al., 2017) as
well as weevil pests (e.g., Zas et al., 2014; Whitehill et al.,
2019). Host colonization by many of these attackers impairs
water and nutrient transport, and result in tree death if
induced responses fail to hamper damage levels (Kolosova and
Bohlmann, 2012). Thus, understanding the extent of inducibility
is essential for improving tree survival, for example within forest
protection, and to reveal ecologically-relevant tree properties that
mediate interactions.

The extent of effective resistance against coniferous pests,
achieved through constitutive and/or induced resistance, has
been largely examined separately for most pest organisms without
consideration on how they affect each other. Resistant individuals
are those that can stop or deter attackers, and thus effectively
reduce their damage or infection levels relative to susceptible
individuals. In particular, little is known about the relationship
between resistance to insects and fungal pathogens that are
not mutually associated (i.e., those that do not co-occur and
depend on each other for host colonization), and if the relative
importance of defense components varies or shifts with respect to
each pest species (Eyles et al., 2010; Raffa et al., 2020). Given that
effective resistance against fungal and insect pests may or may not
involve different defense pathways (e.g., jasmonic acid or salicylic

acid signaling pathways), the consequences of responses induced
by these pests can be antagonistic or complementary to each other
(Rostás et al., 2003; Beckers and Spoel, 2006; Eyles et al., 2007).
For example, responses to feeding by the jack pine budworm
(Choristoneura pinus pinus) have been shown to also mediate
effective resistance against a fungal pathogen (Grosmannia
clavigera) in Pinus banksiana (Colgan and Erbilgin, 2010). On
the other hand, attack by the silver fir wooly adelgid (Dreyfusia
nordmannianae) makes Abies nordmanniana more susceptible
to infection by the fungus Neonectria neomacrospora (Xu et al.,
2018). Thus, identifying potential correlations among defense
components to different pests is essential to understanding the
outcome of interactions.

The presence or absence of trade-offs among defense
components against specific pests, and the consequences for
effective resistance, can vary depending on plant genotype or
species in question (e.g., Koricheva et al., 2004; Erb et al.,
2011; Moreira et al., 2014; Hahn and Maron, 2016; Shikano
et al., 2017). For instance, not all genotypes respond equally
to attack by the same pest in conifers, as they can vary,
e.g., in their allocation to constitutive and induced defense
(e.g., Ott et al., 2011; Sampedro et al., 2011; Villari et al.,
2014; Moreira et al., 2016; Pimentel et al., 2017; Reglinski
et al., 2019). Moreover, the relative importance of constitutive
and induced defense is also dependent on whether the
species examined is fast- or slow-growing, or its degree of
competitive ability (Endara and Coley, 2011; Kempel et al.,
2011; Moreira et al., 2014). Differences in allocation to defense
strategies can result in trade-offs among constitutive and
induced resistance (e.g., Rasmann et al., 2011). Depending on
which strategy is most important for deterring the attacker
in question, this could in turn result in negative correlations
among resistances to each pest. Understanding such variation
in resistance trade-offs is especially important for conifer
breeding programs and novel plant protection tools aimed at
enhancing intrinsic tree defenses. Without knowledge of such
correlations, breeding may select for genotypes that exhibit
opposing susceptibility to, e.g., fungal and insect pests. Thus,
uncovering genetic relationships among defenses is crucial to
producing improved tree material that can effectively resist
various pests (Telford et al., 2015).

From a plant protection perspective, exogenous application
of phytohormones such as jasmonic acid and its methyl
ester (methyl jasmonate) has been proposed as a tool to
prime or induce defenses associated with conifer resistance
to insects and fungal pests (Holopainen et al., 2009; Zas
et al., 2014; Mageroy et al., 2020a). Treatment with methyl
jasmonate (MeJA), for example, induces the formation of
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traumatic resin ducts and synthesis of terpene and phenolic-
based compounds (Krokene et al., 2008; López-Villamor et al.,
2020). These MeJA-mediated changes have been shown to
increase resistance against bark-feeding insect pests like the
pine weevil Hylobius abietis (Heijari et al., 2005; Zas et al.,
2014; Fedderwitz et al., 2016; Chen Y. et al., 2020), and the
spruce bark beetle-blue stain fungus complex Ips typographus-
Endoconidiophora polonica (Zhao et al., 2011; Schiebe et al.,
2012). However, responses to MeJA can vary with plant genotype
(Zeneli et al., 2006; Moreira et al., 2013; López-Goldar et al.,
2018), with some genotypes showing greater or lesser levels
of inducibility relative to their constitutive state. Therefore,
to tackle challenges posed by multiple pests it is not only of
interest to identify trade-offs in defense, but also those genotypes
that respond strongly to elicitors such as MeJA and effectively
increase their resistance. This knowledge allows us to better
predict and understand the outcome of conifer interactions with
various pests, and implement long-lasting and sustainable plant
protection strategies.

In this study, we conducted an experiment to examine
genotypic variation in defense inducibility, in terms of terpene
chemistry, and the importance of induction for insect and
fungal pathogen resistance in Norway spruce (Picea abies).
We examined variation between clones in MeJA-induced
responses, and to damage by the pine weevil (H. abietis)
and a virulent blue-stain fungus (E. polonica) associated with
the spruce bark beetle. The pine weevil represents the main
threat to newly planted conifer plants in Europe (Långström
and Day, 2004) as it can feed on the phloem and bark
of seedlings, causing stem girdling and high mortality rates.
The necrotrophic blue-stain fungus E. polonica plays a key
role in mediating tree death following spruce bark beetle
attacks, which are a major threat to mature Norway spruce
in Europe (Krokene, 2015; Hlásny et al., 2019). Thus, the
pine weevil and blue-stain fungus pose large threats to tree
survival but at different developmental stages. Resistance to these
economically-important threats has been examined separately,
and the relationship among resistance to insect damage and
fungal infection is not known. Being resistant to the pine weevil
early in life, for example, could come at the cost of being
susceptible to fungal infection later in life and vice versa. Such
trade-offs are important from an ecological perspective, but also
from a plant breeding perspective as there are ongoing efforts
to produce genetically improved tree material that is resistant
to various pests. Here, we aimed to investigate the correlation
among constitutive and induced resistance to an herbivorous
insect and a pathogenic fungus. More specifically, we aimed to
answer:

1. Does MeJA treatment influence the terpene chemistry of
Norway spruce and its resistance against the pine weevil
H. abietis and the blue-stain fungus E. polonica?

2. Does the effect of MeJA treatment on terpene chemistry
and resistance against H. abietis and E. polonica vary among
different clones of Norway spruce?

3. Does resistance against the pine weevil H. abietis and blue-
stain fungus E. polonica exhibit trade-offs?

To answer these questions, we used a clonal set-up where we
compared chemical defenses (terpenes) and resistance of MeJA-
induced and non-induced plants of the same Norway spruce
clones. Resistance to the insect and fungus pests were investigated
separately (in different individuals of the same clones) in a semi-
field experiment. We quantified stem area debarked by the pine
weevil and fungal growth (lesion length) as measures of plant
resistance, with resistant plants being those receiving little to no
insect damage or shorter lesion lengths. We quantified terpene
chemistry as a measure of defense, and refer to it as defense
or defensive chemistry throughout. The use of clones facilitates
correlations among resistances to be estimated, and to tease apart
the relative importance of constitutive and induced resistance
against each attacker.

MATERIALS AND METHODS

Plant Material and Methyl Jasmonate
Treatments
In August 2011, cuttings were made from nine clones (clone
identification numbers: 1 to 9 hereafter) of Norway spruce
[P. abies (L.) Karst.]. These clones originated from the clonal
archive material produced by The Forestry Research Institute of
Sweden (Skogforsk, series S21K0420-), as part of their breeding
trials for Norway spruce. Cuttings were individually planted in
6.5 cm-sized pots, and allowed to grow at the growing facilities in
Skogforsk (Ekebo, 55.9◦N; outside of Svalöv in southern Sweden)
first, and later at the Swedish University of Agricultural Sciences
(SLU, Uppsala, 59◦49′N, Sweden) until the start of the experiment
in the summer of 2014. By then, plants had reached an average
height of 32.6 cm (standard error: ±0.4), and a diameter of
6.3 mm (±0.08; Supplementary Figure 2).

To examine constitutive and MeJA-induced responses in
Norway spruce clones, plants from each clone were assigned
to either a control or a MeJA treatment group. According to
the Krutzsch index (Krutzsch, 1973), clones were at a similar
developmental stage (between 0 and 3, Supplementary Table 1)
when MeJA was applied. We chose two concentrations of MeJA
(25 and 50 mM) based on previous studies in our group and
on the size of the plants. Smaller Norway spruce plants (average
height: 20 cm, average diameter: 3 mm) have often been treated
with concentrations ranging from 5 to 15 mM MeJA (Fedderwitz
et al., 2019; Chen Y. et al., 2020). Larger and thicker plants
(average heights above 25 cm, and diameters above 5 mm) as
those used in our experiment, have been treated with higher
concentrations (25 mM MeJA, Lundborg et al., 2016b; 50 mM
MeJA, Fedderwitz et al., 2016). For the pine weevil experiment,
20 replicates per clone (n = 9 clones) were included in each of
the three treatments (0, 25 and 50 mM MeJA). However, clone
number 5 had three individuals less than all the other clones from
the beginning, and plants in the 50 mM MeJA treatment for clone
number 1 were not planted in the field (see Semi-field experiment
description). The total sample sizes for 0, 25, and 50 mM MeJA
treatments were 180, 177, and 160 plants, respectively. For the
fungus-inoculation experiment, 5 plants per clone were included
in each of the three treatments. Clone numbers 3 and 6 had
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one less plant, and clones 4 and 7 had two less plants from the
beginning, and for clone number 1 plants in the 50 mM MeJA
were not planted in the field. The total sample sizes for 0, 25, and
50 mM MeJA treatments were 43, 45, and 36 plants, respectively.

Treatment of Norway spruce plants with MeJA followed
Zas et al. (2014). Briefly, MeJA (95%, Sigma-Aldrich, ref.
392707) was first dissolved in ethanol, then deionized water was
added to this mixture to achieve a final ethanol concentration
of 2.5% (v:v). The solution was shaken vigorously until a
uniform milky emulsion was obtained, and then transferred
to a spraying bottle (0.5 L plastic bottle; Part No. 62526011,
Canyon, United Kingdom). Spraying was conducted so that the
solution reached and covered the entire plant in each pot. Each
plant received approximately 1 ml of either 25 or 50 mM MeJA
solution. The control group (0 mM MeJA) was treated in the same
way but only with carrier solution (deionized water and ethanol).
Plants were treated twice, once on April 28th and then again
on May 14th, 2014. To avoid any potential defense induction
of neighboring non-treated controls, MeJA-treated and control
plants were kept separately from the first application of MeJA
until planting occurred.

Semi-Field Experiment
To examine constitutive and MeJA-induced resistance against the
pine weevil and the blue-stain fungus, a semi-field experiment
was set up. On May 21st, 2014 plants were planted on a 1-
year-old clear-cut situated in a forest dominated by Scots pine
(P. sylvestris), located near Uppsala, Sweden. The plants were
randomly assigned to positions in rows with a spacing of 0.1 m
between the plants in the same row, and 0.1 m between the rows.
Planting was done all in 1 day and plants were planted with their
entire soil plug in the clear-cut (see Supplementary Figure 1 for
the soil plug). Planting was done using a standard cylindrical
planting tube (Pottiputki, Finland, 75 mm). To minimize planting
stress, we kept soil plugs in a bucket with water before planting
them. Once the planting hole was made with the planting tube,
we poured water into the hole to moisten the soil and minimize
the risk of drought stress. Plants in all treatments and enclosures
were treated the same way.

Plants intended for exposure to pine weevils were planted
separately from plants intended for fungal inoculations. In the
same clear-cut, four enclosures (see description below) were built
for the pine weevil experiment, enclosing 127, 130, 130, and
130 plants each, and one enclosure with two sub-plots for the
250 plants included in the fungal inoculation experiment. All
MeJA treatment × clone combinations were represented in each
enclosure, but replicate numbers for each combination varied
across enclosures. However, the plants from the 50 mM treatment
of clone 1 were never included in the experiment due to MeJA-
treatment-related damage, i.e., needles turning brown before the
start of the field experiment. Plant height, basal stem diameter
and top shoot length were measured for each plant before the
start of the experiments.

Pine Weevil Experiment
To investigate resistance to pine weevil damage, weevils were
released in the enclosures containing the group of plants intended

for this purpose. Approximately 300 pine weevils were released
on July 1st, 2014 in each of the four enclosures (48 days
after the second MeJA treatment occurred). The enclosures
were about 0.2 m high, and prevented pine weevils from
escaping and reaching the experimental plants intended for
fungal inoculations. Each enclosure consisted of a wooden
framework placed around each group of plants (but open across
the top). The inner edges of the wooden enclosure were covered
with a plastic film, and this plastic film was painted with
polytetrafluoroethylene (Fluon R©, Blades Biological Ltd., Cowden
Edenbridge, Kent, United Kingdom). This created a slippery
surface preventing the weevils from climbing over the enclosure.
The pine weevils that were released into these enclosures had
been collected at the same clear-cut earlier in the spring, and kept
in rearing boxes with access to food (freshly-cut conifer branches)
and water until the start of the experiment. After release, damage
inflicted by pine weevils on each plant was measured as the stem
area debarked (cm2), and was recorded during July 23rd–24th,
2014. Area debarked was measured as the sum of the areas of
each wound inflicted by the pine weevil. A template with different
area sizes illustrated on millimeter paper, was used for calculating
the area of each wound. Only the area, and not the depth of the
wound, was measured. Enclosures were included as blocks in the
statistical analyses.

Blue-Stain Fungus Experiment
The strain of the blue stain fungus E. polonica, which was
used for inoculations, was NFLI 1993–208/115. It was obtained
from the culture collection of the Norwegian Institute for
Bioeconomy Research in Ås, Norway. The strain was isolated
from a Norway spruce log inoculated with the bark beetle
Polygraphus poligraphus L. (Krokene and Solheim, 1996). This
E. polonica isolate has been used in many of our previous studies
(e.g., Zhao et al., 2010, 2011; Axelsson et al., 2020), it grows well
on Norway spruce and has shown consistent virulence across
our studies. The fungal strain was maintained on malt agar (2%
malt, 1.5% agar) at 4◦C, and transferred to fresh malt agar and
cultivated at 25◦C in darkness for 7-10 days, before the start
of the experiment.

To investigate resistance against the blue-stain fungus, plants
in the different MeJA treatments (0, 25 or 50 mM) were further
assigned to two treatments: fungal or no fungal inoculation
(control) group. On July 1st and 2nd, 2014 (48-49 days after
the second MeJA treatment occurred) the lower part of the stem
of plants in the fungal inoculation group was inoculated with
E. polonica. Using a 4 mm cork borer, a phloem plug (about 1.5-
2.0 mm in depth) was removed from each plant and an agar plug
with E. polonica inoculum was in turn introduced. For plants in
the control group, an agar plug not containing E. polonica was
introduced instead. The E. polonica inoculum or the non-infected
agar plug was fixed to the stem with Parafilm R©. On August 29th,
2014 plants were harvested for analyses, i.e., about 8 weeks after
the inoculation. The blue-stain fungus experiment was ended at
a later date than the pine weevil experiment, given that the insect
feeds at a faster pace than fungal lesions occur. Lesion lengths of
E. polonica in the phloem were assessed by removing the outer
bark upward from the inoculation point. A surgical knife was
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used for the removal of the bark and the length of the lesions
was measured using a ruler. Only for plants in the 0 and 50 mM
MeJA treatments, we cut the plants into parts and kept only ten
centimeters of the entire stem (which included the inoculated
area), and froze these stem pieces in an −80◦C freezer until
chemical analyses were conducted.

Chemical Analyses
The terpene chemistry of plants in the blue-stain fungus
experiment (E. polonica-inoculated and control group) which
had received 0 and 50 mM MeJA treatment, was quantified to
investigate the effect of MeJA on plants’ terpene production. Note
that for clone 1, plants in the 50 mM were never included in the
experiment, so for this clone plants in the 25 mM MeJA treatment
were used instead. No plants in the insect enclosure experiment
were harvested for chemical analyses.

Stem pieces were taken from the freezer after 5 months, and
two phloem samples were removed from stems using a surgical
knife. To examine the chemical effects of the MeJA treatment
per se (non-fungus inoculated MeJA treated vs. untreated plants),
phloem was collected from a “control zone” located 5 cm below
and on the opposite side of the stem from the “reaction zone”
(inoculation area). Further, to also be able to analyze the induced
defense caused by fungus inoculation, phloem was collected from
directly below the inoculation area. This method of comparing
tissue from the “inoculation area” and a “control area” from the
opposite side of the stem, is usually used in older trees with
thicker trunks (e.g., Axelsson et al., 2020). Since we used thinner
trees in our experiment, we cannot be completely sure that fungal
infection does not affect the opposite side of the stem bark.
Samples of approx. 1.5 cm2 in size were chopped into smaller
pieces (following standard protocol as described in Persson
et al., 1993; Axelsson et al., 2020), and each was immediately
placed (using tweezers) in a 2-ml glass vial with solvent. Phloem
samples were extracted in 0.5 mL n-hexane (VWR, Ref no.
601-037-00-0) containing 0.05 mg mL−1 of internal standard
(pentadecane; Lancaster synthesis, Alfa Aesar). Extraction time
was 48 h, and after this time, extracts were transferred to new 2-
ml glass vials. These were stored at −30◦C until analysis using a
gas chromatograph-mass spectrometer (GC-MS) was conducted.
The dry weight of the extracted phloem pieces was measured after
5 h at 80◦C.

The separation and identification of volatiles was made on a
2DGC-MS Agilent instrument (7890A GC; 5975C MS), equipped
with a DB-5 column followed by a Cyclodextrin-β column (both
Agilent; 30 m, ID 0.25 mm, and film thickness 0.25 µm). Samples
were injected splitless into an injector temperature of 250◦C,
isothermal, and with a purge time of 1 min. The GC oven
program started at 40◦C, and was kept isothermal for 3 min,
followed by a temperature ramp of 3◦C min−1, up to 100◦C,
followed by a second ramp of 5◦C min−1 up to 250◦C, and then
isothermal for 1 min. The transfer line temperature to the second
GC was isothermal at 40◦C.

The temperature program in the second GC was isothermal at
58◦C for 50 min, then ramped from 100◦C min−1 up to 200◦C,
and kept for 3.5 min. On the second column, the enantiomers
of α-pinene, β-pinene and limonene were separated. The first

two substances were cut from the first to the second column
between 8 and 14 min, and evaluated on m/z 93 (their most
abundant fragment). On the first column, the coeluting limonene
and β-phellandrene were quantified on the amount of m/z 68
compared to limonene standard (β-phellandrene does not give
this fragment). These were in the same run as the other chiral
compounds, cut from 15 to 18 min on GC1, for limonene to be
evaluated on m/z 68 on GC2.

The terpene hydrocarbons were identified by comparing
retention times and mass spectra with available authentic
standards, or by comparing retention indexes (RIs) and mass
spectra with Massfinder 3 (Hochmuth Scientific Consulting,
Germany) and the reference libraries of NIST (National Institute
of Standards and Technology, United States). The absolute
amounts of terpenes were calculated relative to the internal
standards, and expressed as µg g−1 dry wt. The relative amounts
of terpenes were calculated as the ratio of the area of each peak to
the sum of all the areas of terpene hydrocarbons in a defined GC
fraction, and expressed as percentages.

Statistical Analyses
All analyses were conducted in R version 4.0.0 (R Core Team,
2020) using R studio version 1.1.463 (RStudio Team, 2020), and
figures were plotted using ggplot2 (Wickham, 2016). To examine
constitutive and MeJA-induced defense and resistance against
H. abietis and E. polonica, and if this varies among clones, we
fitted various linear models using either the lm (The R stats
package, R Core Team, 2020) or the glmmTMB functions in R
(glmmTMB package, Brooks et al., 2017). For pine weevil damage
(response variable: stem area debarked), we fitted a glmmTMB
model with a negative binomial distribution that included MeJA
treatment (3 levels: 0, 25, and 50 mM), clone (n = 8, since
clone 1 had no individuals in the 50 mM MeJA treatment),
and the interaction of MeJA and clone, with enclosure (n = 4)
and plant height (continuous covariate) as fixed factors. Model
fit was explored with the DHARMa package (Hartig, 2020) and
no data transformations were necessary. Significance of main
effects and interactions was tested using analysis of deviance with
the Anova function (car package, Fox and Weisberg, 2019). For
fungal infection (response variable: lesion length), an lm model
that included MeJA treatment (3 levels: 0, 25, and 50 mM), clone
(n = 8), the interaction of MeJA and clone, and sub-plot (n = 2)
within one enclosure as fixed factors. Lesion length was log-
transformed to meet model assumptions. Significance of main
effects and interactions was tested using an F-test with the Anova
function. Contrasts among treatment means were conducted
using the emmeans function (emmeans package, Lenth et al.,
2020). Note, however, that we present visually results for models
that include only two MeJA levels (0 and 50 mM, and 0 and
25 mM for clone 1, n = 9 clones) for both area debarked and lesion
length (see motivation in Results section).

To examine any potential trade-offs between resistance to
insect and fungal damage, we conducted Pearson’s product-
moment correlations using the cor.test function in R (The R
stats package, R Core Team, 2020). To examine the correlation
between constitutive resistances, we correlated estimated means
for each clone (from the models described above) for area
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debarked and lesion length in the control group (0 mM MeJA).
To examine the correlation in MeJA-induced resistance, we
correlated the coefficients of the change between 0 and 50 mM
(i.e., slope of the reaction norms) for each clone, from the
models described above for area debarked and lesion length.
Using these estimates, we also conducted Pearson’s product-
moment correlations between terpene compounds and insect
damage or fungal infection. Mean estimates of area debarked
or lesion length were correlated to the average absolute terpene
amounts of each compound (or the sum of all terpenes) per
clone, both under the constitutive and induced state and (0 and
50 mM MeJA respectively) but without fungal inoculation. These
bivariate correlations were conducted separately for each terpene
compound and area debarked or lesion length.

For analysis of the chemical data, terpenes were selected with
a 2% limit in relative amounts, in at least 3 replicates and then
normalized to 100%. In our experiment, Norway spruce clones
previously treated with 0 or 50 mM MeJA were subsequently
inoculated with an agar plug (no fungus) or E. polonica. Thus,
both MeJA treatments are represented in the agar and fungus-
inoculated plant groups. Since we were interested in examining
the effect of MeJA separately from that of fungal infection
on terpene chemistry, we conducted individual analyses for
those plants receiving an agar plug or E. polonica. The analyses
described below were conducted for each of these two plant
groups. The effects of MeJA treatment (0 or 50 mM), Norway
spruce clone (n = 9), and their interaction, were examined with
a multivariate analysis of variance (MANOVA; adonis function,
vegan package version 2.5-6, Oksanen et al., 2019) on the
absolute amounts of terpene compounds. We also fitted the
same model but using instead relative amounts as a response
variable (amount of each terpene compound was divided by
the sum of total terpenes for that sample). In other words, this
model examined proportional changes in terpene chemistry. To
visualize the effect of treatment and clone on the chemical profile,
dimensions of the dataset acquired from the GC-MS analysis
were reduced by Principal Component Analysis (PCA), also
using the vegan package in R. Loadings were obtained to examine
the contribution of each compound to the PCAs first and second
axes of variation.

RESULTS

We found that MeJA treatment decreased the extent of pine
weevil damage and blue-stain fungus infection on Norway
spruce clones, which were separately exposed to these two pests.
Plants treated with 25 or 50 mM MeJA showed significantly
lower levels of insect damage and shorter lesion lengths relative
to control plants (Supplementary Table 2). However, clones
responded similarly to 25 and 50 mM MeJA, with no significant
differences among these treatments for insect or fungal damage
(Supplementary Table 2). Given this lack of difference and that
samples for terpene chemistry were only taken from Norway
spruce clones receiving 0 and 50 mM MeJA, we present results
based on models that included only these two levels of MeJA.
Note that for Norway spruce clone number 1, plants in the 50 mM

FIGURE 1 | Reaction norms depicting the change in (A) area debarked (mm2)
by pine weevils (H. abietis) and (B) lesion lengths (mm) inflicted by the
blue-stain fungus (E. polonica) on Norway spruce (P. abies) clones (1–9)
treated with 0 or 50 mM methyl jasmonate (MeJA). Estimated means (from
models presented in Table 1) for each clone are shown. For clone 1, plants in
the 50 mM were not included in the experiment (see section “Materials and
Methods”), so results for the 25 mM MeJA treatment are presented instead.
The order in which each clone’s reaction norm appears in the graph is
reflected in the clone number legend for each panel. Estimates ± standard
error for area debarked and lesion length, per clone and treatment
combination, can be found in Supplementary Table 3.

MeJA group were never planted in the field experiment due to
needle browning (see section “Materials and Methods”), so results
for the 25 mM MeJA treatment are presented instead.

Norway spruce plants that were treated with 50 mM
MeJA received on average 76% less pine weevil damage, and
experienced 55% shorter lesion lengths compared to those in the
control group (Figure 1). However, the decrease in insect damage
and fungal infection observed for plants in the MeJA treatment
tended to differ among clones (Figure 1). For area debarked,
there was a statistically significant MeJA × clone interaction
(Table 1), while for lesion length it was close to significant at the
P< 0.1 level (Table 1). Overall, there was greater variation among
clones in the amount of pine weevil damage and fungal infection
when plants were not induced (0 mM MeJA) relative to when they
were MeJA-induced, especially for lesion length (Figures 1A,B,
compare 50 mM MeJA for the two variables). In other words,
clones responded more similarly to MeJA treatment in terms of
lesion length than area debarked. Nonetheless, some clones such
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TABLE 1 | Analysis of deviance (Chisq, Chi-square Wald statistic; DF, degrees of freedom; and P, p-value) and Analysis of variance (SS, Sum of Squares; DF, degrees of
freedom; F, F-value; and P, p-value) results from models examining the effects of MeJA (MJ: 0, 50 mM) on area debarked (mm2) by pine weevils (H. abietis) or lesion
lengths (mm) inflicted by the blue-stain fungus (E. polonica) on Norway spruce (P. abies) clones.

Variable Source Chisq DF P Variable Source SS DF F P

Area debarked (mm2) MJ 101.3 1 <0.0001 Lesion length (mm) MJ 10.8 1 50.1 <0.0001

Clone 39.2 8 <0.0001 Clone 5.8 8 3.4 0.003

MJ × clone 18.5 8 0.02 MJ × clone 3.1 8 1.8 0.08

Plant height 11.9 1 0.0006 Block 0.1 1 0.5 0.5

Block 52.6 3 <0.0001 Residuals 13.9 65

Models included the main effect and interaction of MeJA (MJ) and clone, experimental enclosure or sub-plot for lesion length (Block), and plant height as a continuous
covariate (for area debarked only). Significant effects are in bold (P < 0.05).

as numbers 2 and 7 showed little change in lesion length when
treated with MeJA (Figure 1B).

We also found that insect damage and fungal infection
exhibited a negative relationship to each other, when estimates
for each clone were compared. For plants that were not induced
(0 mM MeJA), mean estimates of area debarked and lesion length
for each clone negatively correlated with each other (Figure 2A;
Pearson’s product-moment correlation coefficient: −0.71, 95%
Confidence intervals: −0.93, −0.08, t = −2.7, DF = 7, and
P = 0.033). Likewise, we found a negative correlation between
the effect of MeJA treatment on lesion length and area debarked
(Figure 2B; Pearson’s product-moment correlation coefficient:
−0.70, 95% Confidence intervals: −0.93, −0.06, t = −2.6,
DF = 7, and P = 0.037). In other words, we found a negative
relationship between the estimates of the change in area debarked
and lesion length that occured from the 0 to the 50 mM
MeJA treatment (reaction norms observed in Figure 1). Norway
spruce clones showing the largest reduction in area debarked
following MeJA treatment, showed a smaller reduction in lesion
length and viceversa. We also found a few negative bivariate
correlations between mean area debarked per clone and each
teperne compound, but only when plants had been treated
with 50 mM MeJA (Supplementary Table 7). Moreover, mean
estimates of lesion lengths per clone positively correlated with
some terpene compounds, but only in the constitutive state
(0 mM MeJA) (Supplementary Table 7). In line with other
studies, we found that MeJA negatively affected plant growth
in terms of apical shoot length, total plant height and stem
diameter (Supplementary Figure 2 and Supplementary Table 4).
On average, the the apical (top) shoot length decreased with 22%,
the total plant height with 3%, and the stem diameter with 2%
when plants were MeJA-treated relative to controls.

In addition to changes in resistance to pine weevil damage
and blue-stain fungus infection, we also found differences in
terpene chemistry among non-treated and MeJA-treated plants.
A total of 15 terpene compounds were identified, including
monoterpenes [(+)-α-pinene, (−)-α-pinene, (−)-β-pinene, (+)-
β-pinene, (+)-3-carene, (−)-β-phellandrene, (−)-limonene, (+)-
limonene, camphene, and myrcene], sesquiterpenes (calarene)
and a few diterpenes (neocembrene, thunbergene, thunbergol,
and geranyllinalool). Total terpene chemistry (absolute amounts)
was significantly different between plants treated with 0 and
50 mM MeJA (Table 2). Treatment with MeJA shifted terpene
chemistry mostly across the first axis of variation (PC 1),

FIGURE 2 | Relationship between (A) estimated means (from models
presented in Table 1) for area debarked (mm2) by pine weevils (H. abietis) and
lesion lengths (mm) inflicted by the blue-stain fungus (E. polonica) on Norway
spruce (P. abies) clones (1–9) treated with 0 mM methyl jasmonate (MeJA),
and (B) the change in area debarked (log mm2) and lesion length (log mm;
i.e., slope coefficients of reaction norms) that occurred for each clone
between the 0 and 50 mM MeJA treatments. Clones in the 0 mM MeJA that
received little pine weevil damage experienced longer fungal lesion lengths,
and vice versa [panel (A)]. Clones that exhibited a minor difference (i.e.,
decrease) in area debarked between the 0 and 50 mM MeJA treatment,
experienced a greater change (i.e., decrease) in fungal lesion lengths between
these two treatments [panel (B)]. For clone 1, plants in the 50 mM were not
included the experiment (see section “Materials and Methods”), so results for
the 25 mM MeJA treatment are presented instead. Estimates ± standard
error for area debarked and lesion length, per clone and treatment
combination, can be found in Supplementary Table 3.

with larger increases in the amounts of compounds such
as (−)-α-pinene, (−)-β-pinene, (+)-limonene, β-phellandrene,
camphene, myrcene, and calarene (Figure 3 and Table 3). An
increase in (+)-3-carene was observed across the second axis
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TABLE 2 | Multivariate analysis of variance (MANOVA) results (DF, degrees of freedom; SS, Sum of Squares; MS, Mean Squares; F, F-value; R2, adjusted R-squared;
and P, p-value).

Source DF SS MSS F R2 P

No fungus exposure MJ 1 31.83 31.83 3.37 0.02 0.01

Clone 8 584.64 68.58 7.25 0.42 0.001

MJ × clone 8 62.44 7.80 0.83 0.05 0.7

Residuals 70 662.08 9.46 0.51

Total 87 1305.00 1.00

Exposed to fungus MJ 1 33.92 33.92 3.50 0.03 0.01

Clone 8 501.60 62.70 6.48 0.39 0.001

MJ × clone 8 86.44 10.81 1.12 0.07 0.28

Residuals 69 668.06 9.68 0.52

Total 86 1290.00 1.00

Models examined the effect of Norway spruce (P. abies) clone, MeJA treatment (MJ: 0, 50 mM) and their interaction, on absolute terpene amounts when plants had not
been (No fungus exposure) or had been exposed to E. polonica (Exposed to fungus) following MeJA treatment. Significant effects are in bold (P < 0.05).

FIGURE 3 | Principal component analysis (PCA) biplots (for non-fungus inoculated plants) of total absolute terpene amounts. Variation along the two main axes of
variation (PC 1, PC 2; % variation explained by each axis) is shown for methyl jasmonate-treated (50 mM MeJA, blue filled triangles) and non-treated (0 mM MeJA,
orange filled circles) clones of Norway spruce (P. abies). Mean PCA score values ± standard error for each clone (1–9) are shown, as well as the direction and
distance of change (black arrows) in terpene chemistry between the two MeJA treatments. The position of terpenes indicates PCA loadings (vectors), which illustrate
each compound’s correlation with the two axes of variation (see Table 3 for loading values).

of variation for some clones (e.g., clones 6 and 9, Figure 3).
MeJA resulted mostly in quantitative rather than qualitative
changes in terpene chemistry, as it had a non-significant effect on
the relative proportions of terpene compounds (Supplementary
Figure 3 and Supplementary Tables 5, 6). Even though changes

in chemistry following MeJA treatment were similar among
clones (non-significant MeJA × clone interaction, Table 2
and Supplementary Table 5), total terpene levels differed
significantly among clones irrespective of treatment (Figure 3,
Supplementary Figure 3, Table 2, and Supplementary Table 5).
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Among-clone differences explained most of the variation in
terpene chemistry rather than MeJA treatment (Table 2 and
Supplementary Table 5).

We conducted the same analyses as described above also for
plants that had received inoculation with E. polonica. Treatment
with MeJA had a signficant effect on the total concentration
of terpenes (Table 2), and it influenced the clones’ positions
along the axes of variation differently than when plants were
not inoculated with the fungus (Figures 3, 4). Both increases
and decreases along PC1 and PC2 were observed depending
on the clone. Similar to those not inoculated with the fungus,
compounds like (−)-α-pinene, (−)-β-pinene and myrcene
increased following MeJA, but changes in compounds such as
geranyllinalool and (+)-3-carene were more important for plants
responses to the fungus (Figure 4 and Table 3). Again, differences
among clones explained most of the variation in terpene
chemistry (Table 2). Unlike the effects observed when MeJA
occurred alone (without fungal inoculation, Supplementary
Figure 3), fungal infection caused qualitative changes in terpene
chemistry as indicated by changes in the relative amounts
of terpenes (Supplementary Figure 4 and Supplementary
Table 5). These relative changes varied per treatment and clone
(MeJA× clone interaction, Supplementary Table 5).

DISCUSSION

Our study showed that treatment with the plant hormone methyl
jasmonate (MeJA) increased the resistance of Norway spruce
(P. abies) clones that were separately exposed to pine weevil
(H. abietis) damage and blue-stain fungus (E. polonica) infection.

TABLE 3 | Loadings for each compound in Principal components 1 and 2 (PC 1,
PC 2) from the PCAs that examined variation in total absolute terpene chemistry
(see Figures 3, 4) among Norway spruce (P. abies) clones treated with
0 and 50 mM MeJA.

Compound No fungus exposure Exposure to fungus

PC1 PC2 PC1 PC2

(−)-α-Pinene 0.31 −0.20 0.33 −0.15

(+)-α-Pinene 0.24 −0.04 0.22 −0.13

Camphene 0.28 −0.16 0.22 −0.14

(+)-β-Pinene 0.04 −0.14 0.06 0.33

(−)-β-Pinene 0.28 −0.14 0.31 −0.05

Myrcene 0.34 0.03 0.34 −0.09

(+)-3-Carene 0.10 −0.48 0.22 −0.27

(−)-Limonene 0.20 −0.27 0.26 −0.18

(+)-Limonene 0.28 −0.35 0.31 −0.27

β-Phellandrene 0.29 −0.15 0.31 −0.05

Thunbergene 0.31 0.32 0.26 0.47

Calarene 0.32 0.32 0.27 0.34

Neocembrene 0.29 0.38 0.19 0.36

Geranyllinalool 0.08 −0.04 0.06 0.40

Thunbergol 0.27 0.32 0.29 0.10

Separate analyses were conducted for plants not exposed (No fungus exposure)
and those exposed to E. polonica (Exposure to fungus).

Treatment with MeJA also changed the terpene chemistry of
plants relative to those that were untreated, however, most
of the variation in chemistry was explained by differences
between Norway spruce clones. Most interestingly, we found that
resistance against the pine weevil and blue-stain fungus exhibited
a trade-off when comparing the estimates of area debarked and
lesion lengths for each clone. Clones that received little pine
weevil damage exhibited larger fungal lesion lengths, and vice
versa, both constitutively and when treated with MeJA. To our
knowledge, this is the first report of such a trade-off.

Treatment with MeJA enhanced Norway spruce resistance to
insect and fungal damage when clones were separately exposed
to these two pests. On average, plants treated with 50 mM
MeJA received 76% less H. abietis damage and experienced 55%
shorter E. polonica lesion lengths relative to untreated control
plants. Clones receiving 25 mM MeJA also experienced similar
reductions (78% less pine weevil damage and 56% shorter lesion
lengths compared to controls). Our results are in line with
previous studies on MeJA-induced resistance in P. abies and
other conifers species. Decreases in pine weevil damage ranging
from 50 to 70%, for example, have been shown to occur after
consecutive treatment with 10 mM MeJA in Norway spruce
seedlings (Chen Y. et al., 2020). For other species such as Pinus
pinaster, pine weevil damage was reduced by 80% after treatment
with 100 mM MeJA (Moreira et al., 2009), and reduced by 30–
60% for P. pinaster, P. radiata, P. sylvestris, and P. abies seedlings
treated with 25 mM MeJA (Zas et al., 2014). MeJA can change the
pattern of pine weevil feeding, with weevils inflicting fewer and
smaller scars on induced seedlings (Fedderwitz et al., 2016), and
resulting in less damage overall. Similarly, treatment with 10 mM
MeJA has also been shown to reduce feeding by the bark-feeding
beetle Monochamus alternatus in Pinus massoniana roughly by
half compared to non-treated plants (Chen R. et al., 2020). For
E. polonica, Norway spruce seedlings treated with 100 mM MeJA
have been reported to experience 51% shorter lesion lengths than
control plants (Krokene et al., 2008). Even mature trees treated
with 50 mM MeJA have shown decreased blue-staining of the
sapwood (caused by E. polonica infection) compared to non-
treated trees (15% vs. 70% staining, respectively; Zeneli et al.,
2006). Plant resistance to other pathogens, such as Sphaeropsis
sapinea and Pythium ultimum in P. radiata and P. abies,
respectively, has also been shown to be enhanced by exogenous
application of MeJA (Kozlowski et al., 1999; Gould et al., 2008).

Even though overall plant resistance was improved, we
found that MeJA-mediated changes in resistance occurred to a
greater or lesser extent depending on the Norway spruce clone
examined. Some clones exhibited high levels of resistance (i.e.,
received less insect damage or fungal infection) constitutively
(0 mM MeJA), and for these clones, MeJA treatment did not
result in a large change in area debarked or lesion length
(flatter reaction norms from 0 to 50 mM MeJA in Figure 2).
Likewise, clones that were less resistant (i.e., received greater
insect damage or fungal infection) constitutively, experienced
large reductions in pine weevil feeding and shorter fungal
lesions (i.e., became more resistant) when treated with MeJA
(steeper reaction norms in Figure 2). Thus, not all clones
responded equally to MeJA treatment and their degree of
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FIGURE 4 | Principal component analysis (PCA) biplots (for E. polonica-inoculated plants) of total absolute terpene amounts. Variation along the two main axes of
variation (PC 1, PC 2; % variation explained by each axis) is shown for methyl jasmonate-treated (50 mM MeJA, blue filled triangles) and non-treated (0 mM MeJA,
orange filled circles) clones of Norway spruce (P. abies). Mean PCA score values ± standard error for each clone (1–9) are shown, as well as the direction and
distance of change (black arrows) in terpene chemistry between the two MeJA treatments. The position of terpenes indicates PCA loadings (vectors), which illustrate
each compound’s correlation with the two axes of variation (see Table 3 for loading values).

MeJA-mediated inducibility differed. In line with these findings,
other studies have also found that conifer clones, genotypes,
families, provenances, and even different species can vary in
their responses to MeJA (Zeneli et al., 2006; Heijari et al., 2008;
Semiz et al., 2012; Moreira et al., 2013, 2014; López-Goldar
et al., 2018). However, a recent meta-analysis (Howe et al.,
2020) found that inverse relationships between constitutive and
inducible levels of defense (i.e., individuals with high constitutive
defense do not show large changes when induced) against bark
beetle damage are often detected at the genotype/family level
in common gardens, yet these relationships do not hold at
the forest population level. Thus, the scale at which genetic
correlations are examined is relevant for their detection and
implications. If MeJA is to be implemented as a tool in
plant protection, it is important that this variability among
individuals or genotypes is considered and quantified. For
example, screening for variation in the degree of inducibility
in material from tree breeding populations or from various
provenances, should be conducted.

In addition to the effects of MeJA treatment on overall
resistance, its effect on terpene chemistry was also investigated.

Plants treated with MeJA exhibited an increase in the amounts of
terpenes such as α-pinene, β-pinene, limonene, β-phellandrene,
camphene, calarene, myrcene and even (+)-3-carene. Terpene
accumulation following MeJA treatment has been previously
described to occur in Norway spruce (Franceschi et al., 2002;
Martin et al., 2002; Erbilgin et al., 2006; Zulak et al., 2009; Zhao
et al., 2010), and also in other conifer species (e.g., Hudgins et al.,
2003; Erbilgin and Colgan, 2012; Pham et al., 2014; Lundborg
et al., 2019; Chen R. et al., 2020). In line with our findings,
Zhao et al. (2010) and Lundborg et al. (2016b) found that α-
pinene and limonene respond strongly to treatment with MeJA
in Norway spruce. Similarly, myrcene and β-pinene have been
shown to increase after treatment with MeJA in mature Jack
pine trees (Pinus banksiana) and Chinese white pine (Pinus
armandi) saplings (Erbilgin and Colgan, 2012; Pham et al., 2014).
We also found that MeJA treatment resulted in changes in
absolute terpene amounts, but did not have a significant effect
on their relative proportions (Supplementary Table 5). Thus,
MeJA resulted in quantitative rather than qualitative changes in
terpene chemistry, which is also in line with previous findings
(Zhao et al., 2010).
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For plants that were inoculated with E. polonica instead
of an uninfected agar plug, we observed similar effects of
MeJA treatment, yet more variation in responses among clones
(Figure 4). Also, qualitative changes in terpene chemistry
occurred (Supplementary Table 5). Compounds such as (+)-3-
carene and geranyllinalool varied more strongly among clones
(across the first axis of variation) when MeJA treatment and
fungal infection co-occurred. This is consistent with previous
studies which have found that (+)-3-carene is often induced
following fungal infection (Croteau et al., 1987; Fäldt et al., 2006;
Zhao et al., 2010), and that both compounds appear to play a
role in differential susceptibility of Norway spruce to E. polonica
and Heterobasidion parviporum infection (Danielsson et al., 2011;
Axelsson et al., 2020). Moreover, (+)-3-carene has also been
associated with conifer resistance against insects. For example, it
is important for Sitka spruce (Picea sitchensis) resistance against
the white pine weevil (Pissodes strobi; Robert et al., 2010), in
P. sylvestris against the pine sawfly Diprion pini (Pasquier-Barre
et al., 2001), and in lodgepole pine (Pinus contorta) against
the Douglas-fir pitch moth (Synanthedon novaroensis; Rocchini
et al., 2000). Lundborg et al. (2016b) also found that (+)-3-carene
appears to be a feeding deterrent to the pine weevil (H. abietis),
however, it seems to be induced by MeJA to a lesser extent in
P. abies compared to P. sylvestris (Lundborg et al., 2016a). Overall,
the changes we observed in terpene chemistry are consistent
with ours and others’ previous work, and corroborate that MeJA
induces changes in defensive chemistry that likely influence
Norway spruce resistance to insect damage and fungal infection.

Despite the significant effect of MeJA on terpene compounds,
treatment explained little variation in plant defensive chemistry
relative to clone (2% vs. 42%, respectively, Table 2). Norway
spruce clones responded in a similar way to MeJA treatment
(non-significant MeJA × clone interaction, Table 2), however,
differences among clones were most important for determining
terpene composition. This in contrast to the study by López-
Goldar et al. (2018) where MeJA treatment explained 31% of the
variation in defensive compounds, while family explained 2%, in
P. pinaster. Yet, it is in line with other studies in which variation
in defensive chemistry has been to a large extent explained by
among family (or genotype/clone) differences (e.g., Havill and
Raffa, 1999; Ott et al., 2011; Axelsson et al., 2020). Our results
from terpene chemistry analyses are consistent with our results
on insect damage and fungal lesion lengths, for which we also
found that differences among clones had a strong effect on
the response variables (Table 1). All in all, if MeJA is to be
implemented as a plant protection tool, these findings reiterate
firstly the importance of quantifying among-clone (or family)
variation in defensive responses. And secondly, evaluating the
relative importance of constitutive and MeJA-induced responses
among clones, and the relationship with actual resistance (i.e.,
change in damage or infection levels).

Lastly, but most interestingly, we also found that damage
by H. abietis negatively correlated with fungal infection by
E. polonica both when treated with 0 and 50 mM MeJA. Clones
that were constitutively more resistant to H. abietis, exhibited
lower resistance against E. polonica and vice versa when clones
were separately exposed to these two pests. Likewise, those

genotypes showing a high degree of MeJA-inducibility for insect
damage (greatest change in area debarked from 0 to 50 mM
MeJA) showed little change in fungal infection when induced.
Thus, there is a trade-off between resistance to E. polonica and
H. abietis. Few studies have examined the relationship between
resistance to both insect and fungal pests in conifers, and using
the same clones. To our knowledge, this is the first time a
trade-off between pine weevil damage and a fungal infection has
been reported. Relationships among different fungal pathogens
are more often studied, and in these studies resistance or
susceptibility to fungal infection have been shown to correlate
positively or negatively with each other (e.g., Bonello et al., 2008;
Xu et al., 2018; Hurel et al., 2019). For instance, infection by
Heterobasidion annosum in the basal stem of Pinus pinea reduced
the concentration of total terpenoids in the shoots in response
to Diplodia pinea inoculation relative to those found in healthy
shoots (Bonello et al., 2008). Lower concentrations of terpenes
were found in shoots more susceptible to D. pinea (i.e., those
with greater lesion sizes), indicating that higher resistance to
H. annosum came at the cost of resistance to D. pinea (Bonello
et al., 2008). In our study, MeJA treatment increased resistance
to both insect and fungal damage, thus it is less likely that a
negative correlation among resistances is due to different defense
pathways being involved. Also, as described above, many of
the terpene compounds that reduce fungal infection have also
been shown to play a role in deterring insect feeding (e.g., Zhao
et al., 2010; Lundborg et al., 2016b). Note, however, that we
evaluated resistance to each pest separately in clonal individuals
(i.e., infection and pine weevil damage did not co-occur). It is
possible that the clones examined differed in other unmeasured
traits (morphological, physiological or chemical), which confer
high constitutive resistance to insect or fungal damage. We are
currently unable to discern underlying mechanisms behind this
trade-off, but it certainly deserves further attention.

Even though pine weevil damage and infection by E. polonica
do not co-occur naturally, a negative correlation among
resistance to each of these pests could potentially constrain the
availability of suitable Norway spruce genotypes for tree breeding
programs. Current breeding programs in Sweden and other
Nordic countries are interested in identifying clones or families
with resistance to pine weevil damage, but also resistance to
attack by the spruce bark beetle and infection by E. polonica
(Steffenrem et al., 2016; Zas et al., 2017; Puentes et al., 2018;
Axelsson et al., 2020). Yet, the negative correlation documented
in our study does not necessarily pose a hinder for selection
of such families. Clones that are constitutively more resistant
to E. polonica should show high MeJA-induced resistance to
H. abietis damage and vice versa. In other words, Norway spruce
clones that are constitutively more resistant to one of the pests,
should show greater induced resistance against the other. One
alternative could be the selection of clones/families that exhibit
high MeJA-mediated resistance against pine weevil damage and
are constitutively more resistant to fungal infection. Protection
against pine weevil damage is necessary for only a few years
after planting, since pine weevils cause high mortality only at
the seedling stage. In terms of applicability, several studies have
shown that treating seedlings with MeJA can be compatible with
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nursery practices (Fedderwitz et al., 2019; Chen Y. et al., 2020).
Infection by E. polonica occurs when mature trees are attacked
by the spruce bark beetle, and it would be important for these
trees to be constitutively more resistant to infection. Note that
we have identified this negative correlation among resistances
at an early plant stage, in separate clonal individuals and with
a limited number of clones. This relationship could, thus, be
different for mature Norway spruce trees that were damaged early
in life by pine weevils and later become infected by E. polonica.
Nonetheless, if breeding for increased resistance is of interest, this
trade-off should be taken into consideration.

So far, we have discussed our results assuming that MeJA acts
as an elicitor that results in defense induction, which has been
supported by previous studies (e.g., Hudgins et al., 2003; Krokene
et al., 2008). It is important to note that recently, MeJA was also
found to be able to act as a priming stimulus and need not always
result in full direct induction of defenses. Mature Norway spruce
trees treated with MeJA did not show any change in terpene levels
14 days after treatment, yet they experienced increased resistance
to spruce bark beetle attack relative to untreated controls, 65 days
after treatment (Mageroy et al., 2020a). MeJA treatment can
lead to the formation of an immunological-like memory, and a
second stimulus (wounding, feeding, and infection) allows plants
to recall this memory and super-induce defenses (Mageroy et al.,
2020a,b). In our study, we observed both changes in terpene
chemistry and enhanced resistance following MeJA treatment.
Treatment occurred in April/May and plants were exposed to the
insects/fungus in July, while samples for chemical analyses were
taken in August. The effects of MeJA on terpenes and resistance
can change with time, but can still be observed at 1 month and
even 1 year after treatment (Martin et al., 2002; Miller et al., 2005;
Zhao et al., 2010; Zas et al., 2014). Thus, our experimental timings
are in line with when effects can be detected. However, since
our study design was not intended for discerning the underlying
mechanisms of MeJA treatment, we are unable to say whether
priming or direct induction of defenses occurred.

MAIN CONCLUSION

We conclude that MeJA treatment can change Norway spruce
terpene chemistry, and increase resistance to insect damage by
H. abietis and fungal infection by E. polonica. However, for
Norway spruce genotypes that are constitutively more resistant
to insect damage or fungal infection, treatment with MeJA may
not result in larger additional changes in resistance. Differences
among clones appear to be most important for changes in
defensive chemistry and degree of MeJA-mediated responses.
Interestingly, we also found a trade-off between resistance to
insect and fungal damage when examining estimates per clone,
but this does not necessarily entail negative consequences for
overall plant defense or hinder selection of the most resistant
trees. Norway spruce clones that are constitutively more resistant

to one of the pests, should show greater induced resistance against
the other. Thus, treatment with MeJA should result in enhanced
resistance to one of the pests, without compromising resistance to
the other. Future studies should quantify the relative importance
of constitutive vs. induced responses to various types of pests, and
examine the generality of negative correlations among resistances
in a larger number of clones, as well as in other conifer species.
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Elicitor Application in Strawberry
Results in Long-Term Increase of
Plant Resilience Without Yield Loss
Sanae Mouden 1†, Johanna A. Bac-Molenaar 1*†, Iris F. Kappers 2, Ellen A. M. Beerling 1 and

Kirsten A. Leiss 1

1 Plant Health Team, Business Unit Greenhouse Horticulture, Plant Science Group, Wageningen University and Research,

Wageningen, Netherlands, 2 Laboratory of Plant Physiology, Plant Science Group, Wageningen University, Wageningen,

Netherlands

For a first step integrating elicitor applications into the current IPM strategy increasing

plant resilience against pests, we investigated repeated elicitor treatments in a strawberry

everbearer nursery and cropping cycle under glass. During nursery methyl-jasmonate

(MeJA), testing induction of defenses with plant bioassays was applied every 3 weeks.

Thrips damage and reproduction by spider mites, whitefly and aphids were strongly

reduced upon elicitor treatment. Subsequently, we applied MeJA every 3 weeks or based

on scouting pests during a whole cropping cycle. Thrips leaf bioassays and LC-MS leaf

metabolomics were applied to investigate the induction of defenses. Leaf damage by

thrips was lower for both MeJA application schemes compared to the control except for

the last weeks. While elicitor treatments after scouting also reduced damage, its effect did

not last. Thrips damage decreased from vegetative to mature plants during the cropping

cycle. At the end of the nursery phase, plants in the elicitor treatment were smaller.

Surprisingly, growth during production was not affected byMeJA application, as were fruit

yield and quality. LC-MS leaf metabolomics showed strong induction of vegetative plants

decreasing during the maturation of plants toward the end of cultivation. Concurrently,

no increase in the JA-inducible marker PPO was observed when measured toward the

end of cultivation. Mostly flavonoid and phenolic glycosides known as plant defense

compounds were induced upon MeJA application. While induced defense decreased

with the maturation of plants, constitutive defense increased as measured in the leaf

metabolome of control plants. Our data propose that young, relatively small plant stages

lack constitutive defense necessitating an active JA defense response. As plants, mature

constitutive defense metabolites seem to accumulate, providing a higher level of basal

resistance. Our results have important implications for but are not limited to strawberry

cultivation. We demonstrated that repeated elicitor application could be deployed as part

of an integrated approach for sustainable crop protection by vertical integration with other

management tactics and horizontal integration to control multiple pests concurrently. This

approach forms a promising potential for long-term crop protection in greenhouses.

Keywords: induced defense, metabolomics, thrips, methyl-jasmonate, greenhouse horticulture, strawberry

cultivation, everbearer
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INTRODUCTION

Strawberry production has globally increased over the last 10
years, both in acreage and yield per hectare [Mezzetti et al., 2018;
FAOstat (http://www.fao.org/faostat/en/#search/strawberries)].
However, cultivation is under pressure in nurseries and fruit
production due to stricter regulations increasingly restraining
pesticide use, demanding new ways of pest and disease
control. Integrated pest management (IPM) using different pest
management approaches compatible with each other is adamant.
A promising way in this regard is developing resistant cultivars
(Mangandi et al., 2017). However, this remains a challenge in
a polyploid crop like strawberry and requires a substantial time
investment of at least several years (Mezzetti et al., 2018). Instead,
using the natural potential of plants to defend themselves appears
a promising way forward. By inducing their defense, plants
become more resilient, making it more difficult for pests and
diseases to establish and develop in the crop.

In Northern Europe, strawberries are increasingly cultivated
under glass, allowing year-round, high-quality fruits (Mezzetti
et al., 2018). Besides, the production of strawberries in tabletops
protected with rain covers is quite popular. Strawberry nurseries
are mostly outside still, but the most innovative frontrunner-
growers are starting to experiment with protected plant nurseries
under glass. Protected cultivation indoors or on covered tabletops
is greatly advantageous for pest control. While keeping out pests
and diseases allows for the introduction of natural enemies,
both preventive and curative. The use of biological control
in greenhouses is quite successful in practice but still has
some challenges, particularly in the cultivation of strawberries
requiring a relatively low-temperature regime compared to other
greenhouse crops. This, together with the low amount of natural
light in winter, hampers the establishment of the population and
the development of most natural enemies (Sampson and Kirk,
2016; Clymans et al., 2017; Vervoort et al., 2017; Sampson, 2018).
On the other hand, relatively high temperatures in summer
allow for the rapid development of pest populations in the
outdoor tabletops so that natural enemies cannot always keep
up. This is especially true for strawberry summer-bearers with
a relatively short cropping cycle. Induction of plant defenses
may overcome these problems supporting and maintaining an
equilibrium between pests and natural enemies (Pappas et al.,
2017).

The induction of plant defense is regulated through plant
hormones (Pieterse et al., 2012). Jasmonic acid and ethylene are
generally associated with activation of defenses against pests,
necrotrophic pathogens, and nematodes (Turner et al., 2002;
War et al., 2012; Okada et al., 2015), while salicylic acid is
associated with the activation of defenses against biotrophic
pathogens (Palmer et al., 2017). Jasmonic acid is an important
regulator of plant defenses. However, an important hurdle is the
growth–defense trade-off (Koo, 2018). Increased plant defense
usually comes at a fitness cost to growth. Nevertheless, in
a recent meta-analysis of different studies, it appeared that
induction through herbivore infestation reduced plant growth,
photosynthesis, and reproduction upon feeding various insect

guilds, but this depended on the plant development stage (Garcia
et al., 2021). Negative effects on plant growth and development
were only reported in the vegetative plant stage compared with
the reproductive one.

Exogenous application of the active form of jasmonic acid,

methyl jasmonate (MeJA), is known to induce plant defenses,

resulting in increased plant resilience against herbivorous insect

pests (Yu et al., 2018). In strawberry fruits, such application, at

pre- and postharvest, resulted in accelerated fruit ripening as well

as changes in levels of primary metabolites such as sugars and

secondary metabolites such as anthocyanins and polyphenols,

leading to improved fruit quality and shelf life (Giné-Bordonaba
and Terry, 2016; Saavedra et al., 2016; Han et al., 2019; Zuñiga
et al., 2020). Strawberry fruits infected with Botrytis cinerea
experienced an up-regulation of marker genes associated with
the induction of defenses (Valenzuela-Riffo et al., 2020). Less is
known about the metabolome of strawberry leaves. So far, only
total phenol content, antioxidant capacity, and organic acids have
been described for some cultivars (Giné-Bordonaba and Terry,
2016). Concerning plant defense, strawberry leaf phenols were
associated with lower feeding rates of spider mites (Luczynski
et al., 1990; Wang and Lin, 2000), whereby elevated levels of
phenols were reported to be observed upon feeding of this pest
on strawberry leaves (Golan et al., 2017). Induction of defenses
holds great potential as part of integrated pest management
(IPM) strategy by enhancing the natural ability of a plant to
defend itself against pests and diseases, i.e., plant resilience.
However, little is known about the practicality of modulating
plant resilience by elicitors during the whole strawberry
cultivation cycle.

Therefore, this study investigated the induction of plant
defenses, using the elicitor MeJA, against pests during the
entire cropping cycle of greenhouse cultivated strawberries in
a practice-like setting. We primarily focused on western flower
thrips (WFT, Frankliniella occidentalis), one of the major pests in
strawberry cultivation worldwide (Rahman et al., 2010; Sampson
and Kirk, 2013; Strzyzewski et al., 2021). Moreover, we evaluated
the potential ofMeJA to induce plant defenses against spider mite
as another cell-feeder and against phloem-feeding whiteflies and
aphids. In general, direct thrips damage on leaves can potentially
cause loss of photosynthetic capacity and crop yield in heavy
infestations and indirect damage of virus transmission (Reitz
et al., 2020). Specifically, in strawberries, thrips cause leaf and
flower damage and bronzing and russeting of strawberry fruits
leading to diminished shelf-life and fruit appearance (Rahman
et al., 2010; Sampson and Kirk, 2013). Furthermore, the potential
to modulate plant defenses by inducing host plant resistance
to thrips has been stressed by Mouden and Leiss (2021).
Therefore, to avoid thrips damage, it is important to inhibit
thrips population build-up early in the vegetative leaf stages.
We, therefore, concentrated on induced leaf defense, particularly
looking into the following questions:

1. Does the exogenous application of MeJA induce plant leaf
defense in both vegetative plants during nursery and mature
plants during the production phase?

Frontiers in Plant Science | www.frontiersin.org 2 July 2021 | Volume 12 | Article 69590841

http://www.fao.org/faostat/en/#search/strawberries
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Mouden et al. Plant Resilience in Strawberry

2. If so, is the application of MeJA concerning increased pest
risk, as recorded by regular scouting, sufficient to decrease
thrips damage?

3. Does induced leaf defense cause trade-offs such as reduced
plant biomass, diminished fruit yield, and quality?

4. Which leaf metabolites are related to induction of defense
by MeJA?

5. Which leaf metabolites are related to constitutive defense?

MATERIALS AND METHODS

Effect of MeJA Application on Plant
Resilience in the Plant Nursery,
Greenhouse Experiment 2019
Cultivation
Strawberry seeds from the cultivars Delizzimo, Rowena, and
Elan (ABZ Seeds, Andijk, The Netherlands) were germinated
and grown in rockwool plugs at Beekenkamp Plants (Maasdijk,
The Netherlands) until the two-leaf stage. Then, plugs were
transferred to a greenhouse compartment at the experimental
site of Wageningen University in Bleiswijk on the 29th of
March. Upon arrival, plugs were transferred into nutrient
solution saturated rockwool blocks (4 × 4 × 4 cm). When
blocks reached 50% of the fully saturated weight, blocks were
saturated again with nutrient solution applied from the bottom
(eb-flood system).

One week after the experiment, plants were sprayed
preventatively against mildew with Serenade [Bacillus
amyloliquefaciens (str. QST 713)].

The climate conditions, such as temperature and
relative humidity, realized during nursery are described in
Supplementary Data 1.

Plant Resilience Treatments and Measurement of

Plant Development and Growth
Plants were randomly assigned to three blocks. Per cultivar,
blocks contained an equal number of plants. For each cultivar
in each block, half of the plants were treated with MeJA (Sigma-
Aldrich; 1mM in 1% EtOH), the other half, as control, was mock-
treated with 1% EtOHwithoutMeJA Solutions were sprayed onto
the plants until small droplets were visible on all leaves. Spraying
was applied in the 1st, 2nd, and 3rd weeks of the experiment.
In the 4th week, part of the plants was used to determine
growth parameters, like length of the longest leaf stem, fresh and
dry weight of the canopy. Another part was used to perform
leaf bioassays with thrips (Frankliniella occidentalis), and the
remaining plants were transferred to cages to perform whole-
plant bioassays with thrips, spider mites (Tetranychus urticae),
greenhouse whiteflies (Trialeurodes vaporariorum), or Buckthorn
aphids (Aphis nasturtii). Each cage contained eight MeJA-treated
and eight control plants of the same cultivars randomly placed.

Bioassays
Thrips, spider mites, and whiteflies were taken from our standard
rearing on chrysanthemums, cucumber, and tomatoes. Rearing
has occurred in small greenhouse compartments. Additional
lighting (son-T) was given on dark days, but the day length was

not extended. Relative humidity was set at 70%. Compartments
were heated when the temperature dropped below 18◦C.
Compartments did not have windows, so cooling was not
possible. Rearing of aphids occurred on strawberry plants in
cages placed in the compartment used for the strawberry nursery
(climate conditions in Supplementary Data 1). For each rearing,
host plants were refreshed regularly.

The whole plant bioassay with thrips was conducted with 10
adult thrips per plant released into each cage. After 1 week, thrips
damage on the leaves was visually evaluated using a score from 0
to 5; with 0: no thrips damage, 1: small spot on one leaf, 2; several
spots on one leaf, 3 several spots on several leaves, 4 large spots,
several leaves; 5 severe damage, all leaves with thrips damage
(Bac-Molenaar et al., 2019).

The whole plant bioassay with spider mites was performed,
attaching a piece of cucumber leaf with seven adult female spider
mites to the largest leaf of each strawberry plant. After 1 week,
the number of eggs was counted on all leaves of the plant using a
binocular microscope.

The whole plant bioassay with whiteflies was executed by
releasing five adults per plant into the cage. No sex was
determined for these individuals, but in our rearing, most
whiteflies are female. After 3 weeks, the number of eggs and
number of larvae/nymphs (all stages together) was determined
per plant.

The whole plant bioassay with aphids was conducted,
attaching a piece of a leaf containing 10 aphids (mix of life
stages) to the largest leaf of each strawberry plant. After 2 weeks
number of individuals (all life stages) was counted on each
plant. The establishment of aphids was only successful on the
cultivar Delizzimo.

For the detached thrips leaf bioassay, the protocol was adapted
from the dual-choice assay (Leiss et al., 2009a). A leaflet of a
fully developed leaf from the middle of the strawberry foliage
was placed on 1% water-agar in a pot with its abaxial surface up.
After adding 10 adult thrips, the pot was closed with a lid partly
containing a fine-mesh to prevent condensation. Thrips feeding
damage was visually assessed inmm2. Per treatment, 10 replicates
were used.

Repeated Application of MeJA During
Cropping Cycle—Greenhouse Experiment
2019–2020
Cultivation
Elicitor treatments to increase plant resilience of the everbearer
strawberry cultivar Delizzimo, were evaluated during a
whole cropping cycle (Figure 1) in 2019–2020. Although
the dimensions of our trial compartment were relatively small in
comparison to commercial greenhouses in the Netherlands, we
aimed at achieving conditions as close as possible to real practice.
Strawberry seeds were germinated on the 11th of November
2019 (week 46) as described above, transferred and transplanted
in 5 × 5 × 5 cm rockwool blocks in week 51 with a density of
100 plants per m2. On the 30th of January 2020 (week 5), plants
were transplanted in larger rockwool blocks (10 × 10 × 10 cm)
with a density of 25 plants per m2. Until week nine, runners
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FIGURE 1 | Strawberry cropping cycle 2019–2020.

and trusses were removed regularly. On the 3rd of March
2020 (week 10), selected plants in comparable developmental
stages were transferred to the production greenhouse. These
five plants per running meter were placed, with a distance
between two gutters of 1.20m, resulting in a plant density of
4.5 plants per m2. Additional light (120 µmol/m2/s, Son-T) was
provided until week 25 to obtain a day-length of 16 h and reduce
differences in perceived light between the left and right sides
of the compartment due to shadowing from the neighboring
compartments. The climate conditions, such as temperature
and relative humidity, realized during the cropping cycle are
described in Supplementary Data 1.

A standing army of preventatively introduced natural enemies
was chosen as a basis pest management strategy. Plants were
scouted weekly to optimize pest management. A list of natural
enemies that were released in the greenhouse is presented in
Supplementary Data 2. In addition, we had to use Xentari (active
compound, Bacillus thuringiensis, Bayer, Germany) once against
caterpillars of the Turkish moth (Chrysodeixis chalcites). Also,
diseases were scouted weekly. We applied several products to
control powdery mildew. A list of products applied is provided
in Supplementary Data 2.

Measuring Plant Development and Growth
In week 10, at the end of the nursery phase, 10 plants per block
were sampled for destructive measurements. We determined
the number of leaves for each plant, the number of trusses,
length of the longest leaf stem, total leaf area using a leaf
area meter, and plant dry weight after 36 h of drying at 50◦C.
The root index was established as a score of the amount
of roots at the bottom of the rockwool on a scale from 0
to 5.

Light interception, as an approximation of photosynthesis
and plant growth during the cultivation cycle, was measured

three times each in weeks 18, 25, and 29. These measurements
were performed on cloudy days, ensuring small variation in light
intensity over time.

Measuring Fruit Production, Fruit Shelf Life, and Fruit

Taste
The first fruits were harvested on the 6th of April (week 15).
From then on, fruits were harvested twice a week until the 19th
of August (week 34). Each harvested fruit was classified according
to quality: Class I large: diameter >27mm, good shape, no fungi.
Class I small diameter <27mm, good shape, no fungi. All other
fruits which did not have any fungi and were of reasonable size
were categorized as Class II. Fruits with fungi were discarded.
In weeks 22, 27, 30, and 33, fruit shelf life was determined by
storing Class I fruits for 4 days of 4◦C and an additional day
at room temperature. One box of fruits was stored for each
block, resulting in 8 boxes per treatment. After storage, fruit
quality was determined by scoring fruit damage and fruit rot in
each box. In weeks 21, 24, 29, and 31 taste of the strawberries
was determined as the two most important components for
sweetness: soluble solids concentration (◦Brix) and acid contents
(titratable acidity) in the juice of strawberry fruits. In week 21,
fruits of all blocks of the same treatment were pooled. In the
other weeks, two pools were made for each treatment, each
containing fruits from different blocks per treatment. A hand
refractometer was used to determine the total soluble solids
in each sample of blended pulp and is reported as the mean
value of triplicate analyses. To determine the total titratable
acidity levels, the potentiometric endpoint titration was applied.
The blended pulp (5 g fresh weight) and distilled water (50mL)
were added to titrate with aqueous NaOH (0.1M) to obtain pH
8.2. Total acid content was determined in mmol H3O

+/100 g
fresh weight.
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FIGURE 2 | Effect of MeJA treatment on plant resilience against the four major pests during strawberry plant nursery as measured in whole-plant bioassays. (A)

Thrips (Frankliniella occidentalis) leaf damage, scale score: 0 (no damage) to 5 (severe damage), (B) spider mite (Tetranychus urticae) reproduction (number of eggs

per plant), (C) greenhouse whitefly (Trialeurodes vaporariorum) reproduction (number of eggs and number of larvae/nymphs per plant), (D) Buckthorn aphids (Aphis

nasturtii) reproduction (number of individuals (all stages) per plant). Data present mean ± SEM (n = 8). Significant differences are indicated as *p ≤ 0.01, **p ≤ 0.001,

based on GLM using a Wald chi-squared test.

Elicitor Treatments Inducing Plant Resilience
A completely random block design was used to study the effect
of MeJA on plant resilience. Plant nursery was carried out on
six tables. Each table was divided into three blocks, labeled
“Control,” “Scouting,” and “MeJA.” In the production phase, each
gutter (eight in total) was divided into three blocks, which were
treated accordingly. Plants in each block were sprayed every 3
weeks (starting week 51 of 2019) as first observations pointed
out that the effect of MeJA lasted about 3 weeks. “MeJA”-blocks
were sprayed with 1mM MeJA dissolved in 1% EtOH whereas
plants in “Control”-blocks were sprayed with the corresponding
mock solution of 1% EtOH. Blocks labeled as “Scouting” were
sprayed with 1mM MeJA upon scouting when pest pressure
was increasing and not yet in balance with its natural enemies
(Supplementary Data 1). This occurred in weeks 2, 5, 23, and
26. In the remaining weeks, plants in the “Scouting”-blocks were
sprayed with the mock solution.

Bioassays
Starting in week 3, 1 week after each spraying, we performed a
detached leaf bio-assay with thrips in the way described above
with slight modifications: The leaflet was rinsed in MilliQ water
and, upon drying, carefully checked for the presence of natural
enemies and eggs of Amblyseius limonicus and cucumeris to
avoid thrips predation. Subsequently, each leaflet was embedded
in 1% water agar and infested with five adult thrips. For each
treatment, 10 replicates were used. Thrips feeding damage was
visually assessed in mm2 after 5 days. In weeks 19, 24, and 33,
detached leaf bio-assays were also performed for Botrytis cinerea.

The fungus was reared from a frozen stock culture of the strain
BC 700 on a half-strength potato dextrose agar medium. For
the bioassay, the same leaflet for the thrips bioassay was used,
using 10 replicates per treatment. Two drops of 4 uL spore
suspension containing 10−6 spores were placed at both sides of
the main leaf vein ∼2 cm apart from each other. The diameter
of the developing lesions was determined after 6 d, averaging the
diameters of both spots.

In weeks 9, 15, and 24, leaf material was sampled for
metabolomics by flash-freezing it in liquid nitrogen and storage
at −80◦C. Since leaves of strawberry are composed of three
leaflets, one leaflet each was used for the thrips and botrytis
bioassays described above and one for metabolite analysis. In
addition, a leaflet of an equivalent leaf was used for the analysis
of polyphenol oxidase (PPO), a jasmonic acid defense-related
marker protein (Mouden et al., 2020).

Polyphenol Oxidase (PPO)
Polyphenol oxidase (PPO) activity was determined toward the
end of cultivation in week 24, as previously described byMouden
et al. (2020). One week after spray applications, 150mg of fresh
leaf material was sampled, flash-frozen in liquid nitrogen, and
stored at −80◦C until analysis. Leaf material was ground to
a fine powder and extracted with 1.25mL ice-cold potassium
phosphate buffer (0.1M, pH 6.8) containing 7% (w:v) polyvinyl
polypyridine. To this homogenate, 0.4mL of a 10% solution
of Triton X-100 was added. Plant extracts were vortexed for
2min and centrifuged at 11,000× g for 10min at 4◦C. The
resulting supernatant was used directly as an enzyme source
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FIGURE 3 | Effect of MeJA treatment on plant resilience at the end of a

strawberry nursery measured by a thrips (Frankliniella occidentalis) detached

leaf bioassay. Damage was visually estimated in mm2. Data present mean ±

SEM (n = 10). Significant differences are indicated as *p ≤ 0.01, **p ≤ 0.001,

based on GLM using a Wald chi-squared test.

using chlorogenic acid as a substrate. The reaction mixture
consisted of 5 µL enzyme extract and 1mL of 2.92mM
chlorogenic acid dissolved in 0.1M potassium phosphate buffer
at pH 8.0. The rate of change of absorbance of this mixture
was spectrophotometrically measured at 470 nm for 1min (UV-
1800 UV–VIS spectrophotometer, Shimadzu Europe GmbH,
Duisburg, Germany). PPO activities were calculated from the
linear slope and reported as changes in absorbance values per
min per gram of fresh weight. Per treatment, 10 replicates
were used.

Statistical Analyses
Most data collected on plant growth, plant development, plant
resilience, fruit quality, fruit shelve life, and fruit taste was
ordinal or continuous, in most cases not normally distributed,
even after transformation. Therefore, if one grouping factor
was tested, we used a non-parametric Kruskal–Wallis test with
subsequent pairwise comparisons by a Mann–Whitney U test.
If two factors were tested, we performed generalized linear
models (GLM) using Wald chi-squared tests with subsequent
Mann–Whitney U post hoc tests. All statistical analyses were
conducted with SPSS v. 26 software (IBM; SPSS Inc., Chicago, IL,
United States).

Metabolomics of Endogenous Semi-polar
Metabolites
For untargeted analysis of semi-polar leaf metabolites, 20mg of
lyophilized leaf tissue was extracted with 500 µL 75% MeOH
[0.125% formic acid (FA)] according to De Vos et al. (2007).
After sonication and centrifugation, 10 µL aliquots were taken
from each sample and combined for quality control (QC)
sample analyzed multiple times throughout the randomized
sample sequence.

Extracts were analyzed by accurate mass LC-MS as described
previously by Jeon et al. (2021) with minor adaptations. An
UltiMate 3000 U-HPLC system (Dionex, Sunnyvale, CA, USA)
was used to create a 45min linear gradient of 5–75% acetonitrile
in a 0.1% FA water a flow rate of 0.19mL min−1. Of each
extract, 5 µL was injected, and compounds were separated on a

Luna C18 column (2.0 × 150mm, 3µm; Phenomenex) at 40◦C.
A Q-Exactive plus-Orbitrap FTMS mass spectrometer (Thermo
Fisher Scientific), operating at a resolution of 35.000 with scan-
to-scan switching between negative (2.5 kV) and positive (3.5 kV)
electrospray ionization (ESI) mode both over the m/z range 95–
1,350, was used to detect eluting compounds. The QC sample
was also analyzed in MSMS mode, in positive and negative
mode, respectively.

Raw data files of –ESI mode LCMS analysis were subsequently
processed in an untargeted manner using XCMS (https://
xcmsonline/scripts.edu), including unbiased peak picking,
alignment, and assembling of mass signals likely derived from
the same metabolite. This unbiased processing resulted in
putative compounds characterized by a specific in-source mass
spectrum, including the putative molecular ion, isotope(s), and
possible adducts and in-source fragments, at a specific retention
time. All masses in the in-source spectra were searched for the
presence of the calculated exact masses of the molecular ions
[M–H]− of all possible target compounds and their hexose and
malonyl-hexose conjugates, allowing a mass deviation of 7 ppm.
Annotation of selected compounds was performed manually by
checking the relative intensities and accurate mass differences
between m/z signals in the reconstructed full scan ESI-MS
spectra. Processed mass signals were kept for further analysis
when they were present in at least five out of six biological
replicates per treatment.

Multivariate Analysis
We used six biological replicates for each treatment/time.
Each biological replicate consisted of a pool of five plants.
The preprocessed data were log-transformed, scaled and
a one-way ANOVA per single metabolite was carried out
using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/)
determine which metabolites were different between conditions.
Metabolites showing significance in the one-way ANOVA test
were followed up by a Tukey’s HSD post hoc test (alpha= 0.05)
and used to perform principal component analysis (PCA) and
hierarchical cluster analysis (HCA), reducing the dimensionality
of the data to explore specific patterns of change in the
metabolome as a result of plant developmental stage and
MeJA applications. The HCA was performed using Pearson’s
correlation coefficient and Unweighted Pair Group Method with
Arithmetic Mean (UPGMA). In addition, partial Least Squares
Discriminant Analysis (PLS-DA) models were generated for
each developmental stage to identify variable importance in
projection (VIP) metabolites.

Metabolite Identification
Annotation of differentially regulated metabolites was
performed based on matching the accurate masses of selected
pseudomolecule ions to compound libraries, including
Metlin (http://metlin.scripps.edu/), Metabolomics Japan
(www.metabolomics.jp), the Dictionary of Natural Products
(http://dnp.chemnetbase.com), and KNApSAcK (http://kanaya.
naist.jp/KNApSAcK), using a maximum deviation of observed
mass from the calculated mass of 15 ppm.
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FIGURE 4 | Plant resilience during the strawberry cropping cycle. (A) Thrips damage and (B) Botrytis lesions in detached leaf bioassays. Plant resilience against thrips

was evaluated every 3 weeks. Plant resilience against Botrytis was evaluated in weeks 10, 24, and 33. Control: leaves from mock-treated plants, Scouting: leaves

from plants treated with 1mM MeJA when this was deemed necessary based on scouting, occurring in weeks 2, 5, 23, and 26. MeJA: leaves from plants that were

treated with MeJA every 3 weeks. Upward arrows (↑) indicate that plants received MeJA treatment in the previous week. Data present mean ± SEM (n = 10).

Significant differences are indicated as p ≤ 0.05 * based on a Kruskal–Wallis test.

RESULTS

MeJA Negatively Impacts the Performance
of the Four Major Pests in Strawberry
Cultivation
The elicitor effect of MeJA on plant resilience against pests of
different feeding guilds was evaluated in different strawberry
cultivars in the nursery phase. While there was a significant
cultivar effect (p ≤ 0.05) for thrips and spider mites, indicating
that cultivars differed in their susceptibility to these pests, MeJA
treatment affected all cultivars (p≤ 0.01). Thrips and spidermites
as cell feeders and greenhouse whiteflies and Buckthorn aphid as
phloem feeders were negatively affected by MeJA treatment. In
a whole-plant bioassay, thrips damage was 5 to 10 times lower
in MeJA treated plants than the control plants (Figure 2A). The
number of eggs laid by spider mites was 34–50% reduced inMeJA
treated plants concerning the control (Figure 2B). Settlement of
greenhouse whiteflies on MeJA treated plants was significantly
lower (p≤ 0.05) than the control, although the standard errors in
the control treatment were relatively high (Figure 2C). Especially
oviposition was strongly decreased. The aphid population on
control plants showed a significantly stronger (p ≤ 0.05) 7-fold
increase (from 10 to 77 individuals) in contrast to MeJA treated
plants with a doubled population (from 10 to 21 individuals)
(Figure 2D).

We used a detached leaf bioassay to obtain data on plant
resilience at the end of the nursery phase. In agreement with
the whole plant assay, a significant effect (p ≤ 0.01) of MeJA
treatment was observed for the three cultivars, leading to a more
than 80% reduction of thrips damage compared to the control
(Figure 3).

Repeated Application of MeJA Results in
Long Term Increase of Plant Resilience
Plant resilience was evaluated every 3 weeks during the cropping
cycle using detached leaf bioassays. Significantly fewer thrips
damage (p ≤ 0.05) was observed for the “MeJA” treatments
compared to the “Control” for all bioassays except the last
three (Figure 4A). Thrips damage strongly increased in week 9,
whereafter it steadily declined toward the end of the cropping
cycle. In treatment “Scouting,” MeJA was applied when this was
deemed necessary based on pest pressure. Thrips damage on
leaves from “Scouting” plants was significantly lower (p ≤ 0.05)
than “Control” plants in weeks 6, 15, and 18. In weeks 9 and
12, the same trend was observed but was not significant. As a
marker of JA plant defense responses, the polyphenol oxidase
(PPO) activity was measured in week 24. One week before,
plants had been treated with MeJA, and we observed a significant
reduction in thrips feeding damage (p ≤ 0.05). However, this
response was not accompanied by an increase in PPO levels
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FIGURE 5 | Effect of MeJA treatment on plant growth and development traits at the end of the nursery phase of the strawberry cropping cycle. (A) The dry weight of

aboveground plant parts; (B) total leaf area; (C) root index. Score of the amount of roots at the bottom of the rockwool block on a scale from 0 to 5; (D) number of

trusses; (E) number of leaves; (F) length of the stem of the longest leaf. Data present mean ± SEM (n = 10). Letters indicate significant differences between

treatments at p ≤ 0.05 based on Kruskal–Wallis and subsequent pairwise comparisons using as Mann–Whitney U test.

(Supplementary Figure 1). Detached leaf bioassays with Botrytis
did show less fungal growth on leaves of plants treated with
“MeJA” or “Scouting,” but significance levels were not reached
(Figure 4B).

An Increase in Plant Resilience Does
Influence Growth, but Not Production
At the end of the nursery phase, plant growth and development
were determined. No differences between treatments for
aboveground dry-weight (Figure 5A) nor leaf area (Figure 5B)
or number of leaves (Figure 5E) were observed. The length of the
stem of the longest leaf was shorter (p≤ 0.05), and the number of
trusses was lower (p ≤ 0.05) for the MeJA treatment compared
with the control (Figures 5D,F). The root index was lower
(p ≤ 0.05) for plants in both treatments, “MeJA” and “Scouting”
concerning control plants (Figure 5C). Thus, fewer roots grew
through the rockwool block, reaching the bottom. Although light
interception was increasing over time, no significant differences
were observed between treatments (Figure 6).

The weekly production of fruits did not differ between
treatments. Also, the numbers of first and second-class fruits
and their weight were not different between treatments
(Figures 7A,B). Fruit damage (p< 0.05) was increasing over time
(Figure 8A), and fruit rot was lower in weeks 27 and week 30
compared to week 33 (Figure 8B). While no differences between
treatments were observed concerning fruit rot, fruit damage was
significantly increased (p ≤ 0.05) in the scouting treatment,

FIGURE 6 | Light interception (%) during the strawberry production phase as

determined in weeks 18, 25, and 29. Data present mean ± SEM (n = 3).

but the control did not differ from MeJA treatment. Brix and
acidity, objective determinants of fruit sweetness, increased
over time (p ≤ 0.01) (Figures 8C,D). Acidity did not differ
between treatments (Figure 8D), but fruits of the “Scouting”
treatment showed lower Brix levels than the other treatments
(Figure 8C). However, the Brix of MeJA treated fruits did
not differ from control fruits. These observations indicate that
repeated application of MeJA did not affect fruit production, fruit
quality, or fruit taste.

Leaf Metabolome Is Changed During Plant
Development
To obtain an overall view of adaptations of the leaf metabolomes
upon MeJA treatment, we choose to use an unbiased LC-MS

Frontiers in Plant Science | www.frontiersin.org 8 July 2021 | Volume 12 | Article 69590847

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


Mouden et al. Plant Resilience in Strawberry

FIGURE 7 | Strawberry fruit production over time. Cumulative weight of (A) first class and (B) second class fruits per week.

FIGURE 8 | Shelf lives and tastes of harvested strawberry fruits during the production period. Shelf life was scored (A) fruit damage and (B) fruit rot. Scores are three:

not acceptable, five: acceptable, seven: good. Data present mean ± SEM (n = 8). Taste was evaluated by determining the two most important components for

sweetness (C) Brix (◦) and (D) acidity (titratable acid in mmol/100 g fresh weight). Data present mean ± SEM (taste n = 1 for week 21 (mix of fruits of all eight blocks

per treatment), n = 2 for weeks 24, 29, 31 (mix of fruits of 4 blocks per treatment). Significant differences are indicated as *p ≤ 0.05, **p ≤ 0.01, based on GLM using

a Wald chi-squared test.

approach being inherently more sensitive above NMR, as we
expected that changes in specific metabolite abundances might
be small. LC-MS data were processed for negative and positive
ionization mode separately, resulting in 1,627 and 378 mass
signals. Technical reproducibility was high as Quality Control
(QC) samples showed low variation. As biological variation
within replicates was smaller than between experimental groups,
we considered six replicates sufficient to capture a proper view of
the metabolomes (Supplementary Figure 2).

Leaf metabolomes of strawberry plants differed during the
developmental stage as visualized by unbiased PCA based on
all detected mass signals normalized to the sum and log2
transformed (Figure 9). About 30–40% of the total variation
in the dataset could be explained by the first two PCs for
negative and positive ionization mode, respectively, separating
leaf metabolomes from 9-week-old and 24-week-old plants

among the first PC, while the second PC was additionally
distinguishing 9-week-old plants from 15-week-old ones.

MeJA Induced Impact on the Strawberry
Leaf Metabolome Is Associated With
Changes in Phenolics and Flavonoids
Content
Considering the developmental variations in the leaf
metabolomes of strawberry plants, we investigated the effect of
MeJA applications on leaf metabolomes in weeks 9, 15, and 24
separately. The data were subjected to ANOVA with correction
for multiple testing (Benjamini–Hochberg), and metabolites
that were significantly different (P < 0.05 and fold change >2)
between at least two treatments within each developmental stage
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FIGURE 9 | Leaf metabolomes of strawberry plants in week 9 (triangles), 15 (squares), and 24 (circles). Principal Component Analysis (PCA) of mass signals obtained

in positive ionization mode (A) and negative ionization mode (B). Bar diagrams show the variance that can be explained by the first five components (PCs) for positive

(C) and negative (D) ionization mode. Gray symbols: mock-treated control plants; green symbols: MeJA-treated every 3 weeks; yellow symbols: MeJA treatment

upon scouting.

TABLE 1 | Number of mass features included in the PLS-DA models and the qualitative descriptors of the PLS-DA models in Figure 10.

# features [P < 0.05; >2-fold] ANOVA (% of total features) # components for max accuracy R2 Q2

Week 9 1683 258 (15.33%) 5 0.99 0.89

Week 15 897 5 (0.56%) 2 0.98 0.73

Week 24 1200 13 (1.08%) 4 0.98 0.81

were used to generate partial least squares discriminant analysis
(PLS-DA) models (Table 1).

Of the 8,685 features detected by LC-MS, 3,780 (43.5%)
were significantly different between at least two treatments in
either developmental stage. A PLS-DA model of the selected
metabolites present in 9-week-old plants demonstrated distinct
clustering of the samples based on MeJA application, with
latent variables 1 and 2 explaining 38.3% of the total variation
(Figure 10A). Similarly, PLS-DA models for metabolomes of 15-
week and 24-week-old plants indicated 29.1 and 24.2% of the
variation, respectively, could be explained by the two dominant
latent variables (Figures 10B,C).

Next, we selected the features that contributed to the variables
in projection for each of the PLS-DA models with a cut-
off value >1.5 and used these to create a heatmap using
Z-scores (Figure 11). Cluster features were associated with
sample differences due to metabolites that were intrinsically
more abundant in MeJA treated plants, while cluster II
features were more abundant in mock-treated control plants.
After removing adducts, tentative metabolite identification

(Supplementary Table 1) showed that metabolites that were
more abundant inMeJA treated plants thanmock-treated control
plants predominantly included glycosylated compounds derived
from the phenylpropanoid pathway, including phenolic acids and
flavonoid compounds such as flavanes, flavanones, isoflavones,
and anthocyanidins. The most induced compound was a
hepta-methoxy-flavanone ([M-H]− 433.1508; MetLIN ID 53117)
which was 111-fold more abundant in MeJA-treated leaves
than control leaves. Also, catechin 3-O-rutinoside (flavan-3-
ol) and pelargonidin 3-(6

′′
-caffeylglucoside) ([M-H]− 593.1305;

MetLIN ID 46799, anthocyanidin) were significantly induced
in MeJA-treated leaves compared to non-treated control leaves
(Supplementary Table 1). Furthermore, multiple glycosylated
phenolic acid compounds were more abundant in MeJA-
treated leaves.

Leaf Metabolites Related to Constitutive
Defense Increase With Plant Maturity
A PLS-DA model based on all detected metabolite features
constitutively present in control plants of different ages
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FIGURE 10 | Partial least squares discriminant analysis (PLS-DA) based on methyl jasmonate-mediated changes in leaf secondary metabolites in strawberry plants in

different developmental stages. (A) 9-week-old leaf metabolomes; (B) 15-weeks old; (C) 24-weeks. Gray symbols: mock-treated control plants; green symbols:

MeJA-treated every 3 weeks; yellow symbols: MeJA treatment upon scouting. Cross-validation of the models: Q2 = 0.8, 0.75, and 0.75, respectively.

FIGURE 11 | Hierarchical cluster analysis of selected (ANOVA, P < 0.05; fold

change > 2) semi-polar metabolites in strawberry leaf metabolomes. A

color-coded matrix represents the Z-score of the metabolite intensity in six

biological replicates of strawberry leaves. I and II represent clusters of mass

features induced (I) or reduced (II) upon MeJA application. Characteristics of

the underlying metabolites are presented in Supplementary Table 2. Gray:

mock-treated plants; green: MeJA-treated every 3 weeks; yellow: MeJA

treatment upon scouting.

demonstrated distinct clustering of the samples, and latent
variables one and two explained 36% of the total variation
(Figure 12A). Of the 25 metabolites that were most explanatory
for the model (high variable in projection score), 18 showed
increased abundance during development (Figure 12B).
Metabolites relating to the developmental stage originate from
different biochemical classes, including some flavonoid- and
diterpene glycosides (Supplementary Table 2).

DISCUSSION

Modulation of plant defenses to increase host plant resistance
becomes increasingly important within IPM (Mouden and
Leiss, 2021). However, despite an extensive knowledge base,
not much of existing basic research on natural plant defense
strategies have been translated into applications that have been
put into agricultural practice. To make the first step toward
integrating elicitor application in current IPM practice, methyl
jasmonate (MeJA) was either applied every 3 weeks or based
on scouting of pests during the cultivation cycle of a strawberry
everbearer. The present study is the first to report repeated pre-
harvest foliar applications with the elicitor MeJA enhanced plant
resilience against thrips and against the remaining major pests
in strawberry: spider mite, whitefly, and aphids. Notably, we
demonstrated that during production, these applications did not
constrain fruit yield nor quality.

Artificial manipulation of Jasmonic acid (JA)-associated
defenses has been reported to increase resistance against
herbivores of multiple arthropod taxa and has been described
extensively in several agri- and horticulturally important species
(Dicke and Hilker, 2003; Miyazaki et al., 2014; Escobar-Bravo
et al., 2017; Chen et al., 2018; Warabieda et al., 2020). While
MeJA application has been described to induce resistance
against the two-spotted spider mite (Warabieda et al., 2005),
most studies concerning elicitor use in the Rosaceae family
frequently evaluated postharvest effects of elicitor treatments
rather than defense responses during cultivation. Congruent with
the reported effects of JA-mediated plant-induced defenses on
thrips in tomato (Chen et al., 2018, 2020) and chrysanthemum
(Escobar-Bravo et al., 2017) showed that thrips feeding damage
was significantly reduced upon repeated MeJA foliar sprays
during the nursery phase. The three commercial cultivars varied
inherently in thrips susceptibility, with the cultivar Delizzimo
beingmore susceptible than the cultivars Elan or Rowena. Similar
results were observed for spider mites where MeJA negatively
affected reproduction. Moreover, MeJA sprays significantly
reduced whitefly as well as aphid reproduction in comparison
to control plants. Based on their feeding guild, spider mite and
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FIGURE 12 | Leaf metabolome changes of control plants during development. (A) Partial least squares discriminant analysis (PLS-DA) based on secondary

metabolites in control treatments of strawberry leaves at different developmental stages. Triangles 9-week-old leaf metabolomes; squares, 15-week-old; circles

24-week-old. Cross-validation of the model: Q2 = 0.9. (B) Relative abundance of metabolite features with highest variable in projection (VIP) score. White bars

abundance in 9-week-old leaves; light-gray bars 15-week-old; dark-gray bars 24-week-old. Bars represent log2 values of means ± SD N = 6. Letters indicate

different compounds, for details see Supplementary Table 3.

thrips are considered cell-content feeders whereas, aphids and
whiteflies are phloem suckers. We thus demonstrated that both
feeding types were negatively influenced by MeJA application
in strawberries. While it is generally stated that insects activate
the JA defense pathway, there are arguments that different
insect feeding guilds elicit different plant hormonal signaling
pathways, mediated by the phytohormones salicylic acid (SA)
or JA. Chewing and cell-content feeding insects such as thrips
predominantly induce JA-mediated defenses, whereas the SA-
signaling pathway is induced by phloem-feeding insects (Pieterse
et al., 2012; Lazebnik et al., 2014). The SA-pathway is considered
to be the predominant signaling pathway during green peach
aphid (Myzus persicae) infestation (Rodriguez et al., 2014),
while JA-responsive genes were repressed (Kerchev et al., 2013).
However, several authors suggest a role for both pathways in
activating defenses against aphids (Cooper et al., 2004; Boughton
et al., 2005; Selig et al., 2016). Similarly, the whitefly Bemisia
tabaci has been shown to promote induction of SA-defenses while
suppressing JA defense responses (Zarate et al., 2007; Walling,
2008; Estrada-Hernández et al., 2009; Puthoff et al., 2010). It is
plausible that the antagonistic or synergistic function of the JA
and SA defense pathways depends on the timing and level of
the interaction between host plant and aphid species (Pieterse
et al., 2009; Cao et al., 2014). Nonetheless, exogenously applied
JA has been reported to decrease reproduction in whitefly (Shi
et al., 2017; Esmaeily et al., 2020) and even virus transmission
(Escobar-Bravo et al., 2016).

While JA treatment is known to induce defenses against
necrotrophic fungi such as Botrytis in tomato (Bruce et al., 2017;
Courbier et al., 2020), we did not observe any such effect in
our leaf bioassays. However, although using lower concentrations
compared to the ones we used, the effects described in the
literature were obtained for 3-week-old vegetative plants and
seedlings, respectively, while our first botrytis bioassay involved
plants already 10 weeks old. Thus, MeJA application in older
strawberry plants was not effective in inducing plant defenses
against Botrytis. Young plants or tissues are frequently more

responsive to defense elicitors than older plants or tissues
(Cipollini and Redman, 1999; Köhler et al., 2015; Chen et al.,
2018).

On the contrary, induction of plant defenses led to reduction
of thrips damage of young plants in the nursery phase and
older plants in the production phase, when MeJA was applied
every 3 weeks. Also, incidental MeJA application after scouting
reduced thrips feeding damage in the cultivation cycle. The
positive effect, however, diminished over time when these plants
were not repeatedly sprayed. In order to maintain durable
protection, repeatedMeJA applications during the cropping cycle
are required.We observed a long-term increase of plant resilience
from plant nursery until week 24 in the production. A long-
term increase of plant resilience is particularly important in
greenhouse horticulture, with usually relatively long cultivation
cycles. Intriguingly, for an unknown reason, we observed a
reduction in thrips feeding damage in non-treated scouting
plants in weeks 15 and 18 while only plants from MeJA-
plots were elicited. Moreover, we observed that thrips feeding
symptoms were significantly higher in week 9 and decreased
over time. From week 9 onwards first trusses became visible,
indicating that the plant switched from the vegetative to the
generative phase. In the generative phase, trusses, flowers, and
fruits demand relatively many assimilates, possibly rendering
plants more nutritious to thrips. Sugars may stimulate thrips
feeding in plants (Scott Brown et al., 2002).

Strikingly, during the last 6 weeks of the production phase,
no increase in plant resilience could be detected anymore. We
assume that this may be the result of the age-dependent effects
of the MeJA application. Induced plant responses have been
reported to decline with age (Mao et al., 2017). Flower and fruit
production over a longer period requires a substantial request for
resources. Investment in growth comes at the expense of plant
defense, as expressed by the growth-defense trade-off theory
(Koo, 2018). At the same time, we showed that repeated elicitor
applications resulted in shorter leaf length and less plant dry
weight in the nursery. No reduction of plant growth nor fruit
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yield, or quality during production was observed. This is in line
with the conclusions of a meta-analysis of induced defense costs
by Garcia et al. (2021) stating that negative effects on growth
occur during the vegetative but not during the reproductive
plant stages. It is hypothesized that when the reproductive stage
is reached, the plant prioritizes growth against the defense to
guarantee a proper seed set.We didmeasure a decrease in defense
metabolites induction from vegetative plants at the beginning
to mature plants at the end of the cropping cycle. This is in
line with our observation that polyphenol oxidase (PPO), an
important JA-inducible marker, did not increase after MeJA
application in week 24. Doan et al. (2004) also reported that
PPO induction by foliar application of JA depended on plant
developmental stage, indicating active defense of young tissues
and potential shifts in defensive strategy during plant transition
from growth to reproduction. However, we did not observe
a concurrent increase in susceptibility to thrips. It has been
proposed that in the early plant stages, when plants have relatively
little biomass and potentially insufficient amounts of constitutive
defense compounds, and active JA response is required for
defense. As plants mature, constitutive defense metabolites seem
to accumulate, providing a higher level of basal resistance (Barton
and Koricheva, 2010; Mao et al., 2017). Indeed, the metabolome
of the control plants embodying constitutive defenses present
was significantly different between young and mature plants, as
revealed by PLS-DA analysis. Changes were mainly dominated
by increased abundance in flavonoids and diterpene glycosides,
supporting a role in the reprogramming of constitutive leaf-
based resistance in control plants over time. Indeed, diterpene
glycosides (capsianosides) were negatively correlated with thrips
preference and damage in an untargeted metabolomic profiling
approach in Capsicum (Macel et al., 2019; van Haperen et al.,
2021). Nevertheless, from week 25 onwards, we experienced
caterpillar damage by the Turkishmoth at the end of the cropping
cycle—the only incidence during the whole cropping cycle we
had to use insecticides. Concurrently, plants were infected with
powdery mildew. It is generally stated that the two main plant
defense pathways, JA and SA, work antagonistically (Pieterse
et al., 2012). Thus, mildew infection in the MeJA treatment may
be expected to be more severe. However, no differences in the
percentage of infected fruits between treatments were observed
(Supplementary Figure 3).

Exogenous application of MeJA has frequently been shown
to alter the metabolome of plants by increasing the production
of secondary metabolites, often in a defense-related context
(Tugizimana et al., 2018). Partial Least Square-Discriminant
analysis (PLS-DA) permitted to classify of leaf metabolomes
based on MeJA treatment, exploring the effects per given
timepoint. Heat map analysis of the differential metabolites
revealed two clusters containing metabolites that were either
induced or repressed upon foliar treatment with MeJA.
Treatment with MeJA showed strong induction of metabolites
compared to both scouting plants that were only incidentally
treated with MeJA and control plants. Furthermore, multiple
sugar-conjugated phenolic acid compounds were more abundant
in MeJA-treated leaves, suggesting that treatment with MeJA
shifted the glycosylation patterns of flavonoids. Many plant

secondary metabolites in nature occur as glycosides (Bartnik
and Facey, 2017). In general, glycosylation is known to affect
the stability, storage, transport, availability, reactivity, and
bioactivity of sugar acceptors. More importantly, glycosylation
plays an important role in reducing phenylpropanoid toxicity,
explaining the widespread occurrence in plant development and
resistance/tolerance to major biotic and abiotic stresses (Bowles
et al., 2005; Le Roy et al., 2016).

We tentatively identified 30 major potential metabolites
induced upon MeJA application. Accordingly, main compound
groups induced by MeJA were attributed to phenylpropanoid
biosynthesis and included several flavonoid groups such as
flavanes, flavanones, isoflavones, and anthocyanidins well as
phenolic acids. Phenolic secondary metabolites are a major group
directly involved in host plant resistance to insects and pathogens
(Daayf et al., 2012; Mouden et al., 2017). In addition, they are
involved in host plant resistance to thrips in different hosts such
as carrot (Leiss et al., 2013) and tomato (Bac-Molenaar et al.,
2019) as vegetables and chrysanthemum as an ornamental (Leiss
et al., 2009b).

Among these metabolites, MeJA-triggered metabolic changes
were largely characterized by a significant increase in levels of the
annotated flavonoids, catechin 3-O-rutinoside, and pelargonidin

3-(6
′′
-caffeylglucoside). The most abundant glycosylated forms

in plants occur commonly as O-glycosides (Bartnik and Facey,
2017). The flavan-3-ol, catechin 3-O-rutinoside contains a
rutinoside (6-O-α-L-rhamnosyl-D-glucosides) linkage bond via
oxygen. Catechin itself is the major antioxidant compound
in strawberry leaves (Buričová et al., 2011) and is considered
among the major end products of the biosynthetic pathway
in many plant species (Dixon et al., 2004). Catechins have
been shown to play an important role in inducible defenses
against foliar pathogen infection (Ullah et al., 2017; Wang
et al., 2017) as well as herbivory (Kundu et al., 2018). In
strawberry specifically, catechins are known to play a role in both
constitutive (Yamamoto et al., 2000) and induced resistance to
foliar pathogens (Feucht et al., 1992). Moreover, in buckwheat,
catechins have also been reported to be induced upon JA
treatment (Park et al., 2019). Pelargonidin 3-(6

′′
-caffeylglucoside)

belongs to a common class of organic anthocyanidins. Besides
their role as natural pigments, glucoside derivatives which
have putatively been implied as resistance related secondary
metabolites (Karre et al., 2019). Another discriminatory marker
with increased abundance in response to MeJA treatment
was hepta-methoxy-flavanone. Although this poly methoxylated
flavanone has not been previously linked to plant defenses,
Roland et al. (2014) reported that six-methoxyflavanone acted as
an antagonist of dietary bitter compounds.

CONCLUSIONS

Integration of repeated application of methyl jasmonate in
an IPM strategy, thus vertical integration of pest control
measures, enabled increased plant resilience during a complete
strawberry cropping cycle under glass, controlling thrips without
reduction in fruit yield nor quality. In addition, reducing spider
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mites, whitefly and aphids indicates the potential of horizontal
integration of elicitor application, controlling several different
pests concurrently. While induced defense decreased with the
maturation of plants during the cropping cycle, constitutive
defense increased as measured in the leaf metabolome of control
plants. Our data propose that when plants are relatively small
in the early plant stages, a potential lack of constitutive defense
compounds necessitates an active JA response for defense.
As plants, mature constitutive defense metabolites seem to
accumulate, providing a higher level of basal resistance. The
results obtained have important implications for the cultivation
of strawberry and other long-term cultivation crops in practice,
showing that regular application of methyl jasmonate and
potentially other elicitors during the crop cycle forms a very
promising management tool for pest control a sustainable IPM
strategy in the production greenhouses in general.
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It is known that undamaged plants that have been exposed to volatiles from damaged
con- or heterospecific plants become more resistant against herbivores. This is one
of the plants’ induced resistant responses against herbivores. To test whether this
response can be used for rice production, we conducted the following experiments
over 2 years (2012 and 2013). Rice seedlings were first planted in the rice seedling bed
for 2 weeks in early May. There, half of the rice seedlings were exposed to artificially
damaged weed volatiles three times for 12 days (treated plants). Weeds were randomly
collected from the areas that were >100 m away from the seedling bed and the rice
paddy fields. The remaining seedlings were not exposed (control plants). In the middle
of May, bunches (ca. three seedlings per bunch) were transplanted to the rice paddy
field. In July, leaf damage was observed. The total number of leaves in the treated and
control plants was not significantly different. In contrast, the total number of damaged
leaves in the treated plants was significantly lower than that in the control plants. In
September, rice grains were harvested. The average weight of a rice grain from the
treated and control plants was not significantly different. However, the weight of grains
per bunch of treated plants was significantly higher than that of control plants; this
indicated a significant increase of the number of grains by 23% in 2012 and by 18%
in 2013 in the treated plants compared to that in the control plants. The volatiles
emitted from the weeds included monoterpenoids (40.4% in total), green leaf volatiles
(46.5%), short-chain alcohols (5.3%), short-chain ketone (5.4%), short-chain acetate
(0.5%), short-chain aldehyde (1.1%), and hydrocarbon (0.7%). These results suggest
that exposure of volatiles from artificially damaged weeds to rice seedlings has the
potential to increase rice production.

Keywords: rice, artificially damaged plant volatiles, weeding, green leaf volatiles, terpenoids, Oryza sativa subsp.
japonica

INTRODUCTION

In response to damages caused by herbivorous arthropods, plants start emitting herbivory-induced
plant volatiles (HIPVs) (Takabayashi and Shiojiri, 2019). When uninfested conspecific plants
received HIPVs, they become more defensive against herbivores [for review see Karban et al. (2014)
and Yoneya and Takabayashi (2016)]. Besides responding to HIPVs, plants also respond to volatiles

Frontiers in Plant Science | www.frontiersin.org 1 July 2021 | Volume 12 | Article 69292456

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.692924
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.692924
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.692924&domain=pdf&date_stamp=2021-07-12
https://www.frontiersin.org/articles/10.3389/fpls.2021.692924/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-692924 July 9, 2021 Time: 12:57 # 2

Shiojiri et al. Weeding Protect Rice Plant

from artificially damaged plants. These phenomena are called
“priming of plant resistant by plant volatiles.” Under laboratory
conditions, green leaf volatiles (GLVs), which are one of
the common volatiles emitted from herbivore-damaged and
artificially damaged plants, have been shown to induce resistant
responses in Arabidopsis thaliana, Citrus jambhiri (rough lemon),
Zea mays (corn), and Nicotiana attenuata (wild tobacco)
(Bate and Rothstein, 1998; Gomi et al., 2003; Engelberth
et al., 2004; Farag et al., 2005; Kishimoto et al., 2005,
2006; Paschold et al., 2006; Yamauchi et al., 2018). When
undamaged pyrethrum plants (Chrysanthemum cinerariifolium)
were exposed to a blend of volatiles (GLVs and a sesquiterpene)
emitted from artificially damaged conspecific leaves, the amount
of pyrethrin in the exposed plants increased significantly
compared to that in plants that were not exposed (Kikuta
et al., 2011). Under field conditions, sagebrush plants (Artemisia
tridentata) exposed to volatiles from artificially damaged
conspecific plants suffered less damage compared to unexposed
conspecifics (Karban et al., 2006). The priming is also
observed between heterospecific plants (Farmer and Ryan,
1990; Oudejans and Bruin, 1995; Karban et al., 2003). Under
laboratory conditions, exposure of undamaged cucumber plants
(Cucumis sativus) to HIPVs from spider mite-infested Lima
bean (Phaseolus lunatus) plants resulted in the attraction of
predatory mites that preyed on spider mites (Oudejans and
Bruin, 1995). Under field conditions, Karban et al. (2003)
showed an induced resistance in tobacco when sagebrush
neighbors were clipped either with scissors or damaged
with herbivores.

Weeding is a common practice in agricultural fields. During
this practice, a large amount of artificially damaged weed volatiles
is spread over the surrounding areas, including agricultural fields,
thus exposing the surrounding crops to artificially damaged weed
volatiles. After weeding, the exposed crops are expected to be
more resistant than non-exposed crops to herbivores (priming of
plant resistance by volatiles from heterospecific plants). Recently,
this possibility was demonstrated in field-grown black soybeans
and yellow soybeans (Glycine max); when young soybean plants
were exposed to artificially damaged goldenrod volatiles, both
plants and their grains became more resistant against herbivores
(Shiojiri et al., 2017, 2020).

Sticky rice (Oryza sativa subsp. japonica) is an important food
source worldwide. In Japan, weeding around rice paddy fields
is conducted in spring to remove Gramineae weeds, which host
many insect pests of rice plants. This weeding results in the
rice seedlings being exposed to weeding-related volatiles. In the
present study, we investigated whether such exposure affected
rice grain production in pesticide-free rice paddy fields. We
discussed the potential of using weeding-related volatiles in yield
control in rice production.

MATERIALS AND METHODS

Experimental Conditions
Field experiments were carried out during 2012 and 2013 in
pesticide-free commercial rice paddy fields owned by a farmer in

Makino, Shiga, Japan. Rice plants (O. sativa subsp. japonica var.
Koshihikari) were cultivated in eight paddy fields. Approximately
15,000 rice bunches (2–3 plants per bunch) were planted in
each paddy field (20 m × 50 m). Four paddy fields (A, B,
C, and D) were set together, while the other four (E, F, G,
and H) were set at another site; the two sites were located
ca. 200 m away from each other. At each site, we established
treatment and control fields. A seedling bed (1 m × 15 m)
was used to grow rice seedlings before transplanting them to
the paddy fields.

Odor Sources
Several species of weeds growing in areas that were >100 m
away from the rice paddy fields and from the rice seedling bed
were used as odor sources. In both years, we observed weeds
belonging to more than six families (including Asteraceae,
Equisetaceae, Caryophyllaceae, Fabaceae, Poaceae, and
others) and identified the following four major species:
Picris hieracioides var. glabrescens (Asteraceae; Cichorieae),
Artemisia indica Willd. var. maximowiczii (Asteraceae),
Equisetum arvense (Equisetaceae), and Trifolium repens
(Fabaceae; Trifolieae). We randomly collected weeds (5 kg)
in the areas and divided them equally into ten portions. Each
portion was placed in a mesh bag (45 cm × 35 cm). The
composition of weed species used for the experiments was
the same during the 2-year experiments. The used weeds
were perennial plants and no herbicides were used in two
consecutive years.

Experimental Procedures
To facilitate the exposure experiments, we conducted
experiments in a rice seedling bed, because plant defenses
for future growth are often developed at the seedling stage
(Barton and Koricheva, 2010). We divided the seedling bed
into two parts (the control area and the exposed area) with a
polycarbonate board (ca. 1 m high and 2 m long) to prevent
weed volatiles from reaching the untreated seedlings. When the
seedlings in the bed were ca. 3–5 cm high, half of them (ca.
150,000 seedlings) were exposed to weeding-related volatiles.
Ten mesh bags containing cut weeds (ca. 500 g per bag) were
hung equidistantly in the exposed area of the seedling bed. The
cut weeds were replaced with new ones every 4 days for 12 days.
In 2012, after the exposure, the treated and control rice seedlings
(ca. 10 cm high) were transplanted into rice paddy fields: the
exposed seedlings were planted in A and H fields, and the control
seedlings were placed in D and E fields. B, C, F, and G fields were
used for other experiments. In 2013, the exposed seedlings were
placed in B, D, E, and G fields, and the control seedlings were
placed in A, C, F, and H fields.

Approximately 50 days after the transplantation, we collected
the leaves from 15 treated and 15 control rice bunches randomly
selected [except for field B (treated) in 2013, N = 14] to evaluate
the number of damaged leaves on each paddy field.

In the rice paddy field used in this study, we observed
commonly found herbivorous arthropods, such as rice leaf beetles
(Oulema oryzae), rice leaf folders (Cnaphalocrocis medinalis),
rice green caterpillars (Naranga aenescens), and Japanese
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grasshoppers (Oxya yezoensis). Rice leaf beetles and rice leaf
folders made similar fed-edge leaving leaf veins after herbivory.
Rice green caterpillars and Japanese grasshoppers made different
fed-edge because they did not leave leaf veins. In the field
observation, we could not identify the herbivore species based on
the fed-edges on damaged leaves. The two types of fed-edges were
evaluated together as damaged leaves.

After harvest, we measured the weight of rice grains from
15 treated, and 15 control rice bunches randomly selected.
We weighted 100 grains per bunch. Because each bunch had
approximately 8,000–10,000 grains, we were unable to count the
number of grains per bunches on site. The detailed procedure of
the experiments is presented in Supplementary Table 1.

Chemical Analysis
On May 12, 2013, in order to analyze the chemical structure
of weeding-related volatiles, we used ca. 100 g of cut weeds

per mesh bag from five randomly selected mesh bags that were
used for the exposure experiments. After volatile collection, we
returned them to the mesh bag. We placed the samples in
polyethylene terephthalate (PET) bags (180 mm × 250 mm)
(Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan). To
collect volatiles, we sent air (100 mL/min airflow) into each
PET bag containing weeds. At the outlet of each bag, we set a
tube containing Tenax-TA (3.0 mm internal diameter, 160 mm
long with 100 mg, GL Sciences Inc., Tokyo, Japan) to collect
volatiles for 1 h. We analyzed the collected volatiles by gas
chromatography/mass spectrometry (GC/MS) (GC: Agilent 6890
with an HP-5MS capillary column: 30 m long, 0.25-mm i.d.,
and 0.25-µm film thickness; MS: Agilent 5973 mass selective
detector, 70 eV with helium as the carrier gas; Agilent, Santa
Clara, CA, United States) equipped with a thermal desorption
cold trap injector (TCT; CP4010; Chrompack, Middelburg,
Netherlands). We programmed the oven temperature of the

FIGURE 1 | (A) Comparison between the total number of leaves in a treated bunch and that in a control bunch (treatment P = 0.3147, year P = 0.0001,
treatment × year P = 0.7884), and (B) the comparison between the total number of damaged leaves in a treated bunch and that in a control bunch (treatment
P = 0.0468, year P = 0.0003, treatment × year P = 0.8564). The effects of treatment, year, and their interaction on the number of leaves were analyzed with the least
square mixed model after Box-Cox transformation. N = 15, except for the data of one field in 2013 (N = 14).
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FIGURE 2 | Comparison between the rice grain weight (mean ± SE) from a
treated bunch and that from a control bunch (treatment P = 0.0073, year
P < 0.0001, treatment × year P = 0.9126). The effects of treatment, year, and
their interaction on grain weight per bunch were analyzed with the least
square mixed model after Box-Cox transformation. N = 15, except for the
data of one field in 2013 (N = 14).

gas chromatograph to increase from 40◦C (5 min hold) to
280◦C at 15◦C/min. We identified the compounds by comparing
their mass spectra with those of compounds from the Wiley7N
database (John Wiley & Sons Inc., Hoboken, NJ, United States)
and their retention times and mass spectra with those of
synthetic compounds.

Statistical Analyses
The effects of treatment, year, and their interaction on the
number of leaves and grain weight per bunch were analyzed with
the least square mixed model after Box-Cox transformation in
JMP version 14.2.0 (SAS Institute, 2018). The rice paddy field
was a random effect in all models. The weight of 100 grains was
analyzed with a t-test in JMP version 14.2.0.

RESULTS

Leaf Damage
We found that the treatment and the interaction of
treatment × year did not significantly influence the total
number of leaves per bunch (treatment: df = 1, 159.6, F = 1.0171,
P = 0.3147; interaction: df = 1, 7.138, F = 0.0777, P = 0.7884),
whereas the year had highly significant influence on the total
number of leaves per bunch (df = 1, 159.6, F = 15.2639,
P = 0.0001) (Figure 1A). In contrast, we found that the treatment
and year had significant influence on the number of damaged
leaves per bunch (treatment: df = 1, 173.2, F = 4.008, P = 0.0468,
year: df = 1, 173.2, F = 13.3238, P = 0.0003), whereas their
interaction did not (df = 1, 6.763, F = 0.0354, P = 0.8564). These
results indicated that over 2 years, the number of damaged
leaves was significantly lower in the exposed rice plants than
in the control rice plants (Figure 1). The relative decrease
of the damaged leaves in the exposed plants compared to

that in control plants of respective year was 11.1% in 2012
and 9.8% in 2013.

Grain Weight
We found that the treatment and year had significant influence
on the grain weight per bunch (treatment: df = 1, 174,
F = 7.3799, P = 0.0073, year: df = 1, 174, F = 16.2277,
P < 0.0001), whereas their interaction did not (df = 1, 5.838,
F = 0.0131, P = 0.9126) (Figure 2). In addition, we measured
the weight of 100 grains to obtain the weight of one rice grain.
In both years, the weight of a grain from treated bunches
(mean ± SE) was not significantly different from that from the
control bunches (2012: the control bunch = 2.683 ± 0.026; the
treated bunch = 2.659 ± 0.028, P = 0.476; 2013: the control
bunch = 2.684 ± 0.024; the treated bunch = 2.633 ± 0.033,
P = 0.251). These results indicated that over 2 years, the
weight of rice grains per bunch was significantly higher in
the treated rice plants than in the control rice plants. The
increase in grain weight per bunch was explained by the
increase of the number of grains. The relative increase of the
number of grains in the exposed plants were 23% in 2012
and 15.9% in 2013 compared to that in control rice plants of
respective year.

Chemical Analyses
The headspace of volatiles emitted from the five odor sources
was analyzed separately. We found 26 compounds in all the
odor sources (Table 1). The compounds were classified into
monoterpenoids (12 compounds, 40.4% in total), green leaf
volatiles (eight compounds, 46.5%), short-chain (C5) alcohols
(two compounds, 5.3%), short-chain (C5) ketone (5.4%), short-
chain (C5) acetate (0.5%), short-chain (C9) aldehyde (1.1%), and
hydrocarbon (0.7%). The major compounds were (Z)-3-hexen-
1-ol, (Z)-3-hexenyl acetate, α-pinene, camphene, β-pinene,
β-myrcene, 1,8-cyneole, and pentene-3-one.

DISCUSSION

Artificially damaged weeds set in the seedling bed emitted
26 volatile compounds, including green leaf volatiles (GLVs),
monoterpenoids, short-chain (C5) alcohol/ketone/acetate, a
short-chain (C9) aldehyde, and a hydrocarbon (Table 1). The
exposure of rice seedlings to these volatiles resulted in a
significant increase in the number of rice grains (23% increase
in 2012 and 18% increase in 2013 compared to that in control
rice plants). It is important to note that the exposure was
only three times with an interval of 4 days at the seedling
stage (from ca. 5 cm to ca. 10 cm plant height), indicating
that the exposure at the rice seedling stage affected the rice
grain production.

One of the possible reasons for the increase would be the
reduction of the leaf damages in the exposed plants. Although
the damaged leaves of the exposed rice plants were significantly
lower than that of the control rice plants, the differences were
relatively small (11.1% reduction in 2012 and 9.8% reduction
in 2013). In this study, we did not evaluate the behavior of
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TABLE 1 | The volatile organic compounds in the headspace of
artificially damaged weed.

Compounds Peak area/gFW (× 10−3)

Alcohols

1-penten-3-ol 3, 086 ± 244

(Z)-2-penten-l-ol 492 ± 60

(Z)-3-hexen-l-ol 14, 963 ± 1, 381

(E)-2-hexen-l-ol 2, 146 ± 598

hexan-1-ol 1, 004 ± 109

Aldehydes

(Z)-3-hexanal 3, 760 ± 800

Hexanal 713 ± 44

(E)-2-hexenal 1486 ± 414

nonanal 731 ± 126

Acetates

(Z)-2-penten-1-yl acetate 364 ± 39

(Z)-3-hexen-1-yl acetate 6, 692 ± 634

(E)-2-hexen-l-yl acetate 722 ± 95

Terpenoids

tricyclene 538 ± 155

α-thujene 373 ± 52

α-pinene 6, 336 ± 1, 222

camphene 5, 408 ± 1, 368

β-pinene 5, 975 ± 1, 570

β-myrcene 2, 280 ± 557

α-phellandrene 534 ± 250

α-terpinene 826 ± 175

limonene 1, 478 ± 284

1,8-cineole 2, 300 ± 830

γ-terpinene 955 ± 463

terpinolene 357 ± 69

Others

pentan-3-one 3, 670 ± 429

1-octene 494 ± 216

Data are represented by mean ± standard error.

the herbivorous insects observed in the rice paddy fields. The
mechanisms involved in the reduction of the damage made by
herbivores insects remains necessary.

The differences in the rice grain production between the
control and treated plants might also be explained by other
factors, such as effects of fungi/viruses, growth, nutrition intake,
photosynthesis, which might be affected by the volatiles either
positively or negatively. As we did not find disease symptoms
on leaves, and the farmer did not mention to us disease
problems during the experimental periods, the involvement of
fungi and viruses was unlikely. Whether other factors were
involved in the increase of performance in rice plants is
worth evaluating, as previous studies showed that volatiles
affect plant physiology. (E)-2-Hexenal acts as signal chemicals
that strongly induce the gene expression of abiotic-related
transcription factors in Arabidopsis (Yamauchi et al., 2015).
Inhibitory effects on the growth of volatile compounds have
been reported in Arabidopsis, for example, on root length in
Arabidopsis (Bate and Rothstein, 1998; Mirabella et al., 2008;

Scala et al., 2017). Horiuchi et al. (2007) also reported that
monoterpenoids, borneol, and bornyl acetate reduced the root
length of Arabidopsis.

The origins and the principal compounds involved in the
increased rice grain production remained unknown. Among
them, GLVs are commonly found in green plants whose leaves
underwent mechanical damage. GLVs have been reported as
signaling molecules in the elicitation of priming in several
plant species (Bate and Rothstein, 1998; Gomi et al., 2003;
Engelberth et al., 2004; Farag et al., 2005; Kishimoto et al.,
2005, 2006; Paschold et al., 2006; Yamauchi et al., 2018). Volatile
terpenoids are also involved in the priming. Soybean plants
previously exposed to a blend of α-pinene, β-myrcene, and
limonene became more defensive against common cutworms
(Spodoptera litura larvae) (Shiojiri et al., 2017). 1.8-Cineol,
constitutively released from mint plants (Mentha × piperita),
was suggested to be one of the signaling molecules that
induce resistant responses in soybean plants (Sukegawa et al.,
2018). Riedlmeier et al. (2017) reported that a mixture
of α-pinene and β-pinene induced resistant responses in
Arabidopsis.

Detailed studies on the relationship between the effects of the
volatile exposure to rice seedlings and the increased production
of rice grains, especially focusing on the mechanism involved in
the long-lasting effects, are needed. The effects of the timing of
the exposure (i.e., which growth stages are most effective) should
also be considered. Further, for achieving an effective exposure-
related increase of rice grain production, it is worthwhile to
evaluate whether specific weed groups (specific families or
genera) are needed for the exposure, or if any weeds in the areas
surrounding rice paddy fields can be used for the exposure. Thus,
our findings suggest that exposure of volatiles from mechanically
damaged weeds to rice seedlings has the potential to increase
rice production.
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Exogenous application of the plant hormone methyl jasmonate (MeJA) can trigger
induced plant defenses against herbivores, and has been shown to provide protection
against insect herbivory in conifer seedlings. Other methods, such as mechanical
damage to seedlings, can also induce plant defenses, yet few have been compared
to MeJA and most studies lack subsequent herbivory feeding tests. We conducted
two lab experiments to: (1) compare the efficacy of MeJA to mechanical damage
treatments that could also induce seedling resistance, (2) examine if subsequent insect
damage differs depending on the time since induction treatments occurred, and (3)
assess if these induction methods affect plant growth. We compared Scots pine (Pinus
sylvestris) seedlings sprayed with MeJA (10 or 15 mM) to seedlings subjected to four
different mechanical bark damage treatments (two different bark wound sizes, needle-
piercing damage, root damage) and previous pine weevil (Hylobius abietis) damage
as a reference treatment. The seedlings were exposed to pine weevils 12 or 32 days
after treatments (early and late exposure, hereafter), and resistance was measured as
the amount of damage received by plants. At early exposure, seedlings treated with
needle-piercing damage received significantly more subsequent pine weevil feeding
damage than those treated with MeJA. Seedlings treated with MeJA and needle-
piercing damage received 84% less and 250% more pine weevil feeding, respectively,
relative to control seedlings. The other treatments did not differ statistically from control
or MeJA in terms of subsequent pine weevil damage. For the late exposure group,
plants in all induction treatments tended to receive less pine weevil feeding (yet this was
not statistically significant) compared to control seedlings. On the other hand, MeJA
significantly slowed down seedling growth relative to control and all other induction
treatments. Overall, the mechanical damage treatments appeared to have no or variable
effects on seedling resistance. One of the treatments, needle-piercing damage, actually
increased pine weevil feeding at early exposure. These results therefore suggest that
mechanical damage shows little potential as a plant protection measure to reduce
feeding by a bark-chewing insect.

Keywords: simulated herbivory, root damage, methyl jasmonate, forest regeneration, true insect herbivory,
wounding
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INTRODUCTION

Induced plant defenses can be triggered experimentally by
exogenous application of methyl jasmonate (MeJA), a hormone
naturally present in plants. MeJA is a methyl ester of jasmonic
acid (JA), which is involved in one of three signaling pathways
mediating stress responses in plants. These pathways are (1)
the octadecanoid pathway, which relies on JA, (2) the shikimate
pathway which mainly involves salicylic acid (SA), and (3) the
ethylene pathway, which relies on ethylene molecules (Dicke
and van Poecke, 2002; Kant et al., 2015). The octadecanoid
pathway is most important for defense responses following insect
damage (McConn et al., 1997; Kahl et al., 2000). In particular,
MeJA has been shown to be involved in several plant processes
such as root growth, damage signaling, and promoting plant
defenses against chewing herbivores and necrotrophic pathogens
(Creelman and Mullet, 1995; Thaler et al., 2012). Given its role
in defense induction, exogenous MeJA application is increasingly
being proposed as a plant protection strategy against various
insect pests and pathogens (Moreira et al., 2012b; Zas et al., 2014;
Yu et al., 2019). Inducing defenses with MeJA prior to exposure
to pests has been shown to reduce levels of damage, negatively
affect herbivores and increase the likelihood of plant survival.
These effects have been found to occur not only in crops such
as rice and soybean (Chen et al., 2018; Senthil-Nathan, 2019),
but also in conifer seedlings (Zas et al., 2014; Jiang et al., 2016).
Thus, it has great potential to become a practical tool within
pest management and a sustainable alternative to insecticides in
conifer plant protection.

Before MeJA can be promoted as a practical plant protection
measure, it is necessary to consider how the use of MeJA
compares to other methods of plant defense induction. Other
methods to trigger plant induced defenses include previous
insect feeding and mechanical damage (Mattiacci et al., 1994);
but little is known on whether these responses are comparable
to those induced by MeJA (Moreira et al., 2012b). Simulated
herbivory, mainly by mechanical wounding and true insect
herbivory, has been shown to cause defense-related responses
in several plants, e.g., Nicotiana sylvestris, Pinus resinosa, and
Arabidopsis thaliana (Baldwin, 1988; Mattiacci et al., 1994;
Lombardero et al., 2006; Herde et al., 2013), and could potentially
be used as a method of induction. Moreira et al. (2012b)
showed that exogenous application of MeJA, mechanical stem
wounding and real herbivory by the pine weevil Hylobius
abietis, resulted in chemical defensive responses that were
quantitatively similar in Maritime pine (Pinus pinaster) seedlings.
Likewise, insect herbivory caused chemical and anatomical
changes related to increased defense in Sitka spruce (Picea
sitchensis) (Miller et al., 2005). In some plants, these defensive
responses do not only happen in the damaged area, but
also in undamaged parts (Wu and Baldwin, 2009). A few
other studies have investigated the role of root damage on
aboveground induced defenses. For example, in a study with
oilseed rape (Brassica napus), belowground insect herbivory
or mechanical damage to roots increased the proportion of
indole glucosinolates in the leaves (Griffiths et al., 1994). Indole
glucosinolates are defensive compounds that accumulate after

damage in e.g., A. thaliana and other Brassicacea (Agerbirk
et al., 2008). In general, less is known about the defense
induction effects following belowground simulated herbivory
(Erb et al., 2012).

Depending on the type and strength of the damage stimulus,
plants can also be primed, so that once attack happens defense
responses can occur more quickly and stronger (Wilkinson et al.,
2019). Thus, it has been suggested that mechanical damage and
previous insect herbivory can also serve as methods of defense
induction to increase protection against insect pests. Regardless
of the defense induction method used, most studies have focused
on the extent of defensive chemical responses following induction
(Miller et al., 2005; Moreira et al., 2012a), but very few have
actually examined subsequent herbivory to corroborate that
the induction method indeed provides efficient protection. To
determine whether a method is suitable for plant protection
against insect pests, a herbivore damage test following induction
treatment is necessary.

Aside from its protective effects, induction methods that
enhance plant resistance (such as MeJA) can result in a
negative effect on growth. This trade-off can occur because
plants have limited resources to be allocated among defense,
growth, development and reproduction. Thus, when a plant
invests more resources in defense, it is expected that less
resources are available for other purposes (Herms and Mattson,
1992). Some studies have shown that application of MeJA/JA
results in fewer fruits and seeds in tomato plants, and
growth reductions in young conifers (Redman et al., 2001;
Gould et al., 2009; Sampedro et al., 2011). In the case of
tomatoes, however, fruits from JA-treated plants were larger
than those from control plants (Redman et al., 2001). Thus,
even if MeJA can result in a trade-off, a loss in growth or
reproduction could be compensated by other benefits such
as larger fruits or increased survival in the case of conifer
seedlings (Redman et al., 2001; Zas et al., 2014). The effects
of other induction methods on growth are less known, thus it
would be of interest to investigate how such effects compare
to those of MeJA.

Here, we examined and compared the efficacy of MeJA to
other plant-resistance inducing methods, i.e., various kinds of
mechanical damage and true insect herbivory, in providing
plant protection against a bark-chewing insect. As a model
system, we used the pine weevil-conifer seedling system as
different studies have shown that application of MeJA enhances
resistance of conifer seedlings against this herbivore (Zas et al.,
2014; Fedderwitz et al., 2016; López-Goldar et al., 2020).
Moreover, a study in Pinus pinaster examined chemical responses
following mechanical stem damage, true insect herbivory and
MeJA treatment, and the results showed that these induction
methods all increased chemical responses to an equivalent
magnitude (Moreira et al., 2012a). It would be interesting to
test whether those observed changes in defensive chemistry
eventually result in less insect feeding. The pine weevil, H. abietis
(Coleoptera: Curculionidae), is an important pest of planted
conifer seedlings at regeneration sites where forest stands are
clear-cut. Adult pine weevils are attracted to these sites, because
they use conifer stumps as breeding substrate. If seedlings are
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planted during the first 3 years after clear-cutting, the parental
generation and their adult offspring will feed on the stem bark
of these seedlings. The feeding can cause seedling deformations,
reduced growth, and high seedling mortality (Leather et al.,
1999). Given increasing restrictions on the use of insecticides
due to environmental and human health issues (Lalík et al.,
2020), there is timely incentive to explore methods of plant
protection based on plants’ intrinsic defenses and how they
compare to each other.

Another factor that could be essential, yet rarely addressed
in other studies, is the time interval from induction stimulus
to exposure of plants to the insect pest. Various time intervals
between MeJA treatment and exposure to the insect have
been used in the pine weevil-conifer seedling system, with
less pine weevil damage being observed a week, 1 month
or even longer after MeJA treatment (Heijari et al., 2005;
Sampedro et al., 2010; Fedderwitz et al., 2016; Chen et al.,
2020). Several studies examining defensive chemical changes in
conifer seedlings showed increased concentration of terpenes
or resin 2 weeks, 4 weeks, or up to 1 month after MeJA
treatment (Martin et al., 2002; Miller et al., 2005; Zas et al.,
2014). Thus, time is also an important factor to consider when
examining induced resistance responses after using different
induction methods. For example, in a study with Loblolly pine
(Pinus taeda), decreased resin flow was observed 1 day after
wounding treatment but resin levels were higher than normal
30 days after mechanical treatment (Knebel et al., 2008). Thus,
examining resistance at various time periods after induction
stimulus could provide more comprehensive insight into how
and when to apply these stimuli to achieve the greatest effect on
plant resistance.

The purpose of the study was to investigate and compare
how MeJA and other potential mechanical defense induction
methods affect subsequent damage to conifer seedlings by the
pine weevil. Resistance to pine weevil damage was used as a
measure of the extent of induced resistance, with plants that
were less damaged being considered to have experienced a greater
induction following treatment. Additionally, we investigated if
these effects depend on the time between induction stimulus
(i.e., damage treatment) and exposure to weevils, and how the
different treatments affect the growth of Scots pine seedlings.
We chose two time intervals (12 and 32 days after stimulus)
based on a pilot study and our previous studies on MeJA
(e.g., Fedderwitz et al., 2016; Chen et al., 2020). Mechanical
bark damage treatments (rectangular scars of different sizes
inflicted on the stem, stem needle-piercing bark damage, and root
damage) were chosen based on the types of damage that seedlings
may encounter naturally, but exclude any chemical or microbial
stimuli from the insect feeding. True insect herbivory was also
included as a reference treatment. We intended to answer the
following questions:

(1) How does bark mechanical damage and previous herbivory
treatments influence the levels of pine weevil damage to
seedlings, relative to treatment with MeJA?

(2) Do the effects of these treatments on pine weevil
damage to seedlings differ depending on the time since

induction occurred? More specifically, 12 and 32 days after
treatment?

(3) How is seedling growth affected following these non-MeJA
treatments relative to when MeJA is used?

MATERIALS AND METHODS

Insect Material
To examine the induced resistance of seedlings following
different treatments, we conducted two experiments where we
subsequently exposed treated and control seedlings to pine
weevils. The experiments were conducted in 2017 and 2020. The
pine weevils used in these experiments were collected on May
27, 2017 and May 31, 2020, respectively, at the same sawmill
(Balungstrands Sågverk AB, Enviken, Sweden) during their yearly
migration. Before experiments, the weevils were kept in wooden
rearing boxes in constant darkness at a room temperature of
10◦C. Stems and branches from young Scots pine trees, and water
tubes were placed inside each box; food and water were replaced
once every month.

One week before the experiment, the pine weevils were
brought for acclimatization from the cool dark room to the
lab, where feeding tests were conducted (light-dark cycle 16 L/8
D, room temperature). The weevils were placed in plastic
buckets with ventilated lids, and supplied with water and Scots
pine branches. Female pine weevils were selected and placed
individually in a Petri dish with a small Scots pine branch
piece for 24 h. Those that fed on the branch during this period
were selected and placed all together in a bucket, supplied
only with water, in order to starve for 48 h before each
feeding test.

Experiment 1: Plant Induction Treatments and
Subsequent Feeding Tests at One Time Point
In order to test differences in resistance against pine weevils using
different potential defense induction methods, six treatments
(and undamaged controls) were applied to plants in order to
trigger the induced defense of Scots pine seedlings. Since our
regular nursery did not have enough seedlings, two provenances
of Scots pine seedlings, known as Hade (plant height: 6–
8 cm, Stora Enso Plantor AB, Sör Amsberg, Sweden) and
Gotthardsberg (plant height: 7.8–13.5 cm, Stora Enso Plantor AB,
Sjögränd, Sweden), were obtained from two nurseries instead.
On July 17, 2017, seedlings were planted in round plastic pots
(diameter: 14 cm) with commercial standard gardening soil
(S-Jord, Hasselfors garden, Sweden) and kept in a greenhouse
(light-dark cycle 16L/8D, temperature 20/16◦C) for 1 month until
the different treatments were applied. These two provenances
were sown approximately at the same time of the year, and
plants were 1-year-old when they were used in the experiment.
However, Gotthardsberg has its origin further south in Sweden
relative to Hade, and was larger in size when they were
delivered to the lab.

After inflicting different potential induction treatments, area
debarked by pine weevils in a feeding test was used as an inverse
measure of induced resistance (seedlings receiving less damage
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were those considered to exhibit higher induced resistance). The
following treatments were inflicted on plants 12 days before
exposing them to pine weevils:

(1) Control (C): These seedlings (n = 34 for each provenance)
received no damage at all.

(2) Methyl jasmonate treatment (MeJA): Seedlings (n = 34
for each provenance) were sprayed with MeJA. The
concentration of MeJA (10 mM) was created by mixing
MeJA (Sigma-Aldrich 95%, Ref. No. 392707) with a carrier
solution of 2.5% (v:v) ethanol. Spraying was conducted
once with a plastic bottle equipped with a spraying nozzle
(Free-Syringe PC 1.5 liter, Jape Products AB, Hässleholm,
Sweden), in a laboratory fume hood. The spraying bottle
was pumped to reach the inner air pressure limit (2.5
bar) and shaken vigorously to mix the MeJA and carrier
solution before each spraying occasion. Seedlings were
placed in a row and the spraying nozzle was aimed
horizontally at about 40 cm from the seedlings. The
spraying bottle was moved manually along the seedling
row, and the pots were turned 180◦ to spray the other side
of the plants. Each seedling got approximately one second
of spraying on each side, and all aboveground parts were
moistened with the solution.

(3) Previous weevil feeding (WF): Seedlings (n = 34 for
each provenance) were wounded by pine weevil feeding.
One pine weevil was allowed to feed restrictively using a
small custom-made cage with a transparent plastic tube
(diameter: 10 mm; 25 mm long; and the top of the tube was
sealed with holed plastic foil). A small opening was carved
with a scalpel on each cage, to allow the pine weevil to feed
on the area of the stem where the cage was attached. The
cage and the pine weevil were removed when the insect
had fed on about 50% of the circumference, with a vertical
length of about 0.5 cm. The average scar area inflicted by
the pine weevil (± standard error) was 32.2± 3.1 mm2.

(4) Piercing-needle damage to the stem bark (P): Seedlings
(n = 34 for each provenance) were needle-pierced with a
handmade tool consisting of a row of five insect pins (No.
00, diameter 0.3 mm). The five pins were fixed on a 1 cm
long straight line, with a 2∼4 mm gap between pins on an
eraser. With the tool, five vertical holes could be created
simultaneously in the stem bark. The depth of each hole
reached the xylem of the stem. Fifty holes were created by
ten repeated piercings right below where the lowest needles
grow, and these were evenly spread out around the stem
circumference. The piercing damage area was ∼14 mm2

(area of each hole (0.32
× 3.14)× 50 holes). This treatment

imitates sap-sucking insect damage.
(5) Root bark damage (RD): Seedlings (n = 34 for each

provenance) were wounded with a scalpel on the root bark.
A rectangular scar was created on the main root bark right
below the soil surface. The width of the scar was about
50% of the main root circumference, and the length was
0.5 cm. All phloem tissue was removed and the xylem was
exposed within the scar. This treatment imitates damage by
root-bark feeding insects such as Hylastes sp. beetles.

(6) Small stem window (WinS): A rectangular scar was
inflicted on the stem of each individual seedling (n = 17
for each provenance) with a scalpel, and was located about
1 cm above the soil or right below where the lowest needles
grow. The width of the scar was about 50% of the stem
circumference and the vertical length was 0.5 cm. All
phloem tissue was removed, and the xylem was exposed
within the scar. The average scar area (± standard error)
inflicted was 16.9 ± 4.2 mm2. This treatment imitates
pine weevil damage.

(7) Large stem window (WinL): A rectangular scar was
inflicted on the stem of each individual seedling (n = 17
for each provenance) as described for the WinS treatment
above, but the vertical length of the scar was 1 cm.
The average scar area (± standard error) inflicted was
23.3 ± 4.2 mm2. We originally intended to include
only one treatment with one stem scar/window, but we
considered that the wound may be too small to trigger
induced resistance, and thus inflicted a larger scar on half of
the seedlings (thus n = 17 for each stem window treatment
per provenance).

Twelve days after the treatments, 288 seedlings in total
were exposed to pine weevils in feeding tests. Each treatment
included 48 seedlings (24 for each provenance), except treatment
WinL and WinS which each included 24 seedlings (12 for
each provenance). The remaining seedlings in each group
were monitored for their height and diameter growth without
exposure to pine weevils (see description below). Each seedling
was exposed to one female pine weevil for 48 h. Potted seedlings
and the corresponding pine weevil were enclosed by a plastic
transparent cylinder with mesh net at the top to allow air flow,
but prevent insects from escaping. After the feeding test, the
number of feeding scars was recorded for each seedling, and
the length and width of each feeding scar were measured using
millimeter paper. Areas of all scars were added together to
obtain the total stem area debarked per seedling. The number
of girdled (when an entire ring of stem bark around the
circumference is removed) seedlings were recorded as well. Due
to limited lab space, the plant treatments and corresponding
feeding tests were replicated in time and thus conducted in
four consecutive rounds (two rounds per week). Each round
consisted of 72 seedlings. Pine weevil individuals were not reused
after each test.

A total of 120 seedlings were used to compare plant growth
among treatments. For each treatment, 20 seedlings (10 for each
provenance) were kept in a greenhouse for growth measurements
[except treatment WinL and WinS which each included 10
seedlings (5 for each provenance)]. The settings in the greenhouse
were 16 h light/8 h dark, and day/night temperature was
20/16◦C. The aboveground height and basal diameter of seedlings
was measured once a week for three consecutive weeks from
August 15 to September 4, 2017. The first measurements of
height and diameter were conducted 1 day before the different
treatments were applied. The average height (± standard error)
and diameter (± standard error) of the provenance Hade (height:
14.82 ± 0.24 cm; diameter: 2.18 ± 0.04 mm) was significantly
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lower than that of Gotthardsberg (height: 21.92 ± 0.47 cm;
diameter: 2.46± 0.04 mm).

Experiment 2: Plant Induction Treatments and
Subsequent Feeding Tests at Two Time Points
To further investigate if Scots pine resistance to weevils differed
depending on the time since induction treatments were applied,
we conducted a follow-up experiment. In this experiment, we
examined five induction methods (in addition to non-damaged
controls) and evaluated their effect on seedling resistance to
pine weevil damage at two time points after treatment, 12 and
32 days. We included needle-piercing (P) of the stem bark and
stem window damage (treatments P and WinS in experiment
1, respectively; average scar area Win S ± standard error:
17.8± 3.3 mm2), previous pine weevil feeding (WF in experiment
1; average scar area ± standard error: 29.0 ± 3.7 mm2),
MeJA treatment (two levels: 10 mM and 15 mM) and an
undamaged control group (C). The greenhouse settings and
experimental set-up were the same as for experiment 1, except
that only seedlings of the Hade provenance (average height:
13.21 ± 0.13 cm, diameter: 2.36 ± 0.02 mm; Stora Enso
Plantor AB, Sör Amsberg, Sweden) were used. On July 16,
2020 (roughly a month earlier in the season relative to when
experiment 1 was conducted), damage treatments were inflicted
after seedlings had grown for 28 days in the greenhouse
(planted on June 18, 2020). Seedlings were kept in this same
greenhouse until it was time to expose them to pine weevils
and evaluate induced resistance. The pine weevil exposure
feeding tests were conducted 12 days after damage treatments
(July 29, 2020, referred to as early exposure hereafter) for 5
of the treatments (8 seedlings × 5 treatments: C, 10 mM
MeJA, 15 mM MeJA, WinS and Piercing), and 32 days
after damage treatments (August 17, 2020, referred to as late
exposure hereafter) for all six treatments (12 seedlings × 6
treatments: C, WF, 10 mM MeJA, 15 mM MeJA, WinS,
and Piercing). Due to logistical challenges of restricting the
amount of previous pine weevil damage (WF treatment) on
seedlings and the limited number of seedlings available, we
included this treatment only at late exposure. Each seedling
was exposed to a starved female pine weevil for 48 h in
the lab (light-dark cycle 16L/8D, room temperature), and
damage inflicted was measured as described in experiment 1.
Seedling height and basal diameter were measured once a week
since they were planted. The room temperature during the
feeding test was not recorded. However, data from the Swedish
Meteorological and Hydrological Institute showed a different
average air temperature for Uppsala, Sweden of 16.2 and 21.2◦C,
respectively, for feeding tests that happened in the early and late
exposure groups.

Statistical Analyses
All statistical analyses were conducted in R software version 3.6.3
(R Core team, 2020) using R studio 1.2.5042 (RStudio Team,
2020), and graphs were generated using the ggplot2 package
(Wickham, 2016). Model fit was checked by visualizing residuals
vs. predicted values using the plot command in R, and we found
that models fitted well.

Experiment 1: Plant Induction
Treatments and Subsequent Feeding
Tests at One Time Point
We examined the effect of all treatments on area debarked by
pine weevils, by fitting a linear mixed model (lmer command
from lme4 package, Bates et al., 2015). The model included
treatment (C, MeJA, P, RD, WF, WinL, and WinS), plant
provenance (Gotthardsberg, Hade), and their interaction, as
fixed explanatory variables, round (n = 4, due to limited
laboratory space the experiment was replicated in time with a
total of four consecutive rounds) as a random variable, and
seedling height (measured before pine weevil exposure) as a
continuous covariate. A generalized linear mixed-effects model
(glmer command from lme4 package) was used to analyze the
effect of treatment on number of scars (family = Poisson) and
girdling (family = binomial) including the same explanatory
variables as for area debarked. To analyze the effect of treatment
on seedling height and diameter increment, a linear model (lm
command from the base R stats package, R Core team, 2020)
was used. Explanatory variables included treatment, provenance,
the interaction of treatment and provenance, and seedling initial
height (from the beginning of the growth observation period)
as a covariate. After model fitting, significance of main effects
and interactions was tested with analysis of deviance using the
ANOVA command from the car package (Fox and Weisberg,
2019). When main effects were significant (P < 0.05), treatment
means were compared using a Dunnett’s test from the contrast
command in the emmeans package (Lenth, 2020) and using
treatment C and MeJA as reference levels.

Experiment 2: Plant Defense Induction
Treatments and Subsequent Feeding
Tests at Two Time Points
We examined the effects of treatment and the timing of exposure
to pine weevils on seedling resistance by fitting several models.
A general least square model (gls command from the nlme
package, Pinheiro et al., 2020), which allows for heterogeneous
error variance, was fitted with area debarked and the number
of feeding scars as response variables. The explanatory variables
in the models were treatment (C, MeJA 10 mM and 15 mM,
P, WinS), timing of exposure (12 or 32 days) and their
interaction as fixed explanatory variables, and plant height as
a continuous covariate. The variance function varIdent() in the
weights = argument was used to specify heterogeneous error
variance for the two fixed variables.

As the number of treatments was different for the two time
points (early and late exposure), we also examined the effect of
treatment on seedling resistance separately for each time point.
To examine differences in pine weevil area debarked and number
of feeding scars at early exposure, we fitted a general least square
model (gls command from the nlme package, Pinheiro et al.,
2020) for each variable separately. The model included treatment
(C, MeJA 10 mM and 15 mM, WinS, and P) and seedling height as
explanatory fixed variables, and the variance function varIdent()
in the weights = argument was used to specify heterogeneous
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error variance for treatments. After model fitting, treatment
estimated means were calculated by using emmeans command in
the emmeans package (Lenth, 2020).

To examine differences in area debarked by pine weevils at
late exposure, a linear model (lm command from the default
stats package, R Core team, 2020) was fitted with area debarked
being square-root transformed. The model included treatment
(C, MeJA 10 mM and 15 mM, P, WF, WinS) and seedling height
(measured before pine weevil exposure) as explanatory variables.
A negative binomial generalized linear model (glm.nb command
from the MASS package, Venables and Ripley, 2002) was used
when analyzing the effect of treatment on number of scars, and
this included the same explanatory variables as for area debarked.

The effect of treatment on seedling height increment and basal
diameter increment (increment = last measurement–the first
measurement for each individual) were analyzed with a linear
model (lm command from the default stats package, R Core team,
2020). In this model, the explanatory variables were treatment
(C, MeJA 10 mM and 15 mM, P, WF, WinS) and plant initial
height as a covariate.

After model fitting, significance of main effects and
interactions were tested with analysis of deviance using the
ANOVA command from the car package (Fox and Weisberg,
2019). When main effects were significant (P < 0.05), differences
among treatment levels were examined using emmeans
command in the emmeans package (Lenth, 2020). If main effects
were not significant, estimated means were still obtained using
the emmeans command and used for plotting figures.

RESULTS

Experiment 1: Plant Induction
Treatments and Subsequent Feeding
Tests at One Time Point
Area debarked by pine weevils did not differ among Scots
pine seedlings exposed to different induction treatments
(Table 1 and Figure 1A), and these effects were consistent
for the two seedling provenances examined (non-significant
treatment× provenance interaction, Table 1 and Supplementary

Figures 1A,B). Likewise, the number of pine weevil feeding
scars was not significantly affected by induction treatments
(Table 1 and Figure 1B). However, a significant interaction
between treatment and provenance with respect to the number
of feeding scars was found, with Hade receiving overall
fewer scars (Supplementary Figures 1C,D). Moreover, Hade
showed a significantly higher girdling rate than Gotthardsberg
(21% vs. 14% of seedlings were girdled, respectively) in the
feeding test (Table 1 and Supplementary Figure 2). Seedlings
in the piercing treatment were 22% more debarked in area
than control seedlings, and significantly more debarked than
seedlings with MeJA treatment (Dunnett’s test, df = 248,
t-ratio = 2.68, P = 0.040). All seedlings receiving previous pine
weevil feeding (WF), and mechanical stem windows (WinL
and WinS) were fed upon by pine weevils in the feeding
tests, while a few seedlings from other treatments remained
undamaged (Supplementary Figure 2). Moreover, previous
pine weevil feeding (WF) and small stem window (WinS)
resulted in similar levels of debarked area and number of scars
compared to seedlings in the MeJA treatment (Figures 1A,B).
In addition, seedlings in the MeJA, WF, and WinS treatments
experienced reductions in area debarked of 18, 12, and 22%,
respectively, compared to controls. Among the three treatments
for which seedlings experienced slightly less debarked area
compared to controls, seedlings with previous pine weevil
feeding (WF) were more girdled than those in the MeJA and
WinS treatments (girdling rate 37, 13, and 13% respectively)
(Supplementary Figure 2).

In contrast to results from feeding tests, the growth of Scots
pine seedlings varied significantly among induction treatments
(Table 2). Multiple comparisons indicated that MeJA treated
seedlings had a significantly lower height growth than seedlings
in all other treatments (Figures 2A,C). The non-significant
interaction of provenance and treatment indicated that height
growth patterns were similar for the two provenances across
treatments (Supplementary Figures 3A,B and 4). Diameter
growth was also significantly affected by the different defense
induction treatments (Table 2), and it differed for the two
provenances (Supplementary Figures 3C,D). Overall, seedlings
treated with MeJA, and those that received root damage (RD),
previous weevil feeding (WF), and small stem window (WinS)

TABLE 1 | Results of analysis of deviance (df: degrees of freedom; χ2: Chi-square value; LR χ2: likelihood ratio Chi-square value; P: P value) from several models
examining the effect of treatment on subsequent pine weevil damage in experiment 1.

Debarked area Number of feeding scars Girdling rate

Source of variance df χ2 P df χ2 P df LR χ2 P

Treatment 6 11.32 0.08 6 4.75 0.58 6 6.40 0.38

Provenance 1 6.38 0.01 1 26.28 <0.01 1 5.30 0.02

Height 1 2.23 0.15 1 0.41 0.52 1 0.10 0.75

Treatment × Provenance 6 × 1 8.23 0.22 6 × 1 20.04 <0.01 6 × 1 5.92 0.43

More specifically, these models examined the effect of different plant defense induction treatments [Large stem window damage (WinL), small stem window damage
(WinS), needle-piercing damage to the stem bark (P), root bark damage (RD), previous weevil feeding damage (WF), 10 mM MeJA (MeJA), and undamaged seedlings as
controls (C)] on levels of damage (area debarked, mm2), number of feeding scars, and girdling rate by pine weevils (H. abietis) in Scots pine (P. sylvestris) seedlings for
experiment 1 (Insect feeding tests were conducted at one time point, 12 days post-treatment).
The models included the fixed variables: treatment, provenance (Hade, Gotthardsberg), their interaction, and seedling height (cm, measured a day before feeding test) as
a continuous covariate.
Significant effects (P < 0.05) are in bold.
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FIGURE 1 | Pine weevil damage to Scots pine (P. sylvestris) seedlings in experiment 1 (Insect feeding tests were conducted at one time point, 12 days
post-treatment) after receiving different induction treatments [Undamaged seedlings as controls (C), 10 mM MeJA (MeJA), needle-piercing damage to the stem bark
(P), root bark damage (RD), previous weevil feeding damage (WF), large stem window damage (WinL), and small stem window damage (WinS)]. (A) Estimated mean
debarked area (±95% confidence intervals), and (B) Estimated mean number of feeding scars (±95% confidence intervals) for each treatment. Sample sizes (n) used
in the statistical analyses are also shown. Different letters above means indicate statistically significant differences (P < 0.05) between mean estimates.

did not differ in diameter growth. Yet, seedlings receiving
needle-piercing damage (P) or a large stem window (WinL)
grew significantly more in diameter than MeJA treated seedlings
(Figures 2B,D).

Experiment 2: Plant Induction
Treatments and Subsequent Feeding
Tests at Two Time Points
Pine weevil damage to Scots pine seedlings differed among
treatments, and between the two time points at which seedlings
were subsequently exposed to pine weevils. Overall, seedlings
were significantly more damaged at late exposure, than at
early exposure (Table 3). At early exposure, seedlings in the
needle-piercing treatment (P) received significantly more feeding
damage (both in terms of debarked area and feeding scars) than
seedlings in the MeJA treatment (15 mM), and it was the only
group receiving 250% more damage by pine weevils relative
to control seedlings (Table 3 and Figures 3A,B). Seedlings in
the MeJA treatments experienced a non-statistically significant
reduction in area debarked (46% less for 10 mM, and 84%
less for 15 mM) compared to control seedlings; while, seedlings
in the WinS treatment received similar damage to controls
(Figure 3A and Supplementary Figure 5A). Although not
statistically significant, seedlings in the piercing and WinS
treatments received 110 and 87% more feeding scars, respectively,
than controls; while MeJA treated (10 mM MeJA and 15 mM
MeJA) seedlings received 38 and 85% less scars, respectively,
than controls (Figure 3B and Supplementary Figure 5B).
In addition, many plants were not damaged at all at the
early exposure, especially for seedlings that were treated with
15 mM MeJA, which had only one seedling damaged by
pine weevil, while seedlings with needle-piercing had only
one seedling undamaged. More than half of the seedlings
treated with 10 mM and control seedlings were undamaged
(Supplementary Figure 6A).

At late exposure, area debarked and number of feeding
scars did not differ significantly among treatments (Table 3
and Figures 3A,B). Seedlings in the control group, nonetheless,
tended to receive the most pine weevil damage in terms of
debarked area. Seedlings in the 10 mM MeJA, 15 mM MeJA,
P, WF, and WinS treatments had 27, 32, 12, 17, and 23% less
damage, respectively, than control seedlings (Figure 3A and
Supplementary Figure 5A). The number of feeding scars was
quite similar among treatments, and only seedlings with the
previous pine weevil feeding (WF) and 15 mM MeJA treatments
showed a 24 and 4% reduction, respectively, compared to
controls. On the other hand, seedlings in the 10 mM MeJA,
P, and WinS treatments received 15, 14, and 15% more scars
than controls (Figure 3B and Supplementary Figure 5B).
Across all treatment, the number of undamaged seedlings
was lower, compared to those in the early exposure group
(Supplementary Figure 6).

Similar to experiment 1, we found that different induction
treatments significantly affected plant height and diameter
growth (Table 2). Only seedlings treated with 15 mM MeJA
grew significantly less (42% lower) in height than control
seedlings. Seedlings treated with 10 mM MeJA and 15 mM
MeJA grew significantly less (37 and 49%, respectively) in
height than seedlings induced by previous pine weevil feeding
(WF) (Figure 4A and Supplementary Figure 7A). For diameter
growth, only seedlings treated with 15 mM MeJA grew
significantly less (60%) than control seedlings. Seedlings receiving
needle-piercing (P), previous pine weevil feeding (WF), and
small window damage (WinS) treatments grew slightly more
in diameter (21, 10, and 15% more, respectively) than control
seedlings. Seedlings in these three treatments grew significantly
more than seedlings treated with MeJA (10 and 15 mM)
(Figure 4B and Supplementary Figure 7B). We also noted that
wounds created by the different induction treatments had healed
completely, or healed to at least half the original damaged area,
by the time of late exposure (Supplementary Figures 8A–C).
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TABLE 2 | Results of analysis of variance (ANOVA) (df: degrees of freedom; F:
F-value; P: P-value) from several linear models examining the effect of treatments
on plant growth in experiments 1 and 2.

Height increment Diameter increment

Source of
variance

df F P df F P

Experiment 1 Provenance 1 18.86 <0.01 1 0.28 0.61

Treatment 6 15.36 <0.01 6 3.02 <0.01

Initial height 1 5.46 0.02 1 14.33 <0.01

Treatment ×
Provenance

6 1.72 0.10 6 3.28 <0.01

Residuals 102 101

Experiment 2 Treatment 5 4.63 <0.01 5 9.18 <0.01

Initial height 1 0.22 0.64

Initial diameter 1 0.036 0.85

Residuals 63 65

More specifically, these models examined the effect of different plant defense
induction treatments [Large stem window damage (WinL), small stem window
damage (WinS), needle-piercing damage to the stem bark (P), root bark damage
(RD), previous weevil feeding damage (WF), 10 mM MeJA (MeJA), and undamaged
seedlings as controls (C)] for experiment 1 (Insect feeding tests were conducted at
one time point, 12 days post-treatment), and [Small stem window damage (WinS),
needle-piercing damage to the stem bark (P), previous weevil feeding damage
(WF), 10 mM MeJA, 15 mM MeJA, and undamaged seedlings as controls (C)]
for experiment 2 (Insect feeding tests were conducted at two time points, 12 and
32 post-treatment) on growth (height increment, cm, and diameter increment, mm)
in Scots pine (P. sylvestris) seedlings.
The models included as explanatory variables: treatment, provenance (only
included in experiment 1, Hade and Gotthardsberg), their interaction, and initial
seedling height (cm) or initial seedling diameter (mm) (both were measured on the
day of planting) as a continuous covariate.
Significant effects (P < 0.05) are in bold.

DISCUSSION

Our study showed that simulated bark damage as treatments
for potential plant defense induction can affect levels of pine
weevil damage to Scots pine seedlings. However, these effects
varied depending on the type of damage inflicted and when
plants were exposed to the insects after induction stimulus
occurred. We found that none of the mechanical induction
methods increased seedling resistance to a greater extent than
MeJA, and that a shorter time between the induction stimulus
and exposure to pine weevils resulted in lower damage levels. One
type of stem damage, needle-piercing, even increased subsequent
feeding by pine weevils to very high levels relative to all other
treatments. In terms of growth, only MeJA negatively affected
seedling height growth and diameter relative to the control group,
in line with previous studies. All in all, our results indicate
that the previous damage treatments evaluated in this study do
not provide enhanced seedling resistance to bark-feeding insect
damage. We discuss our findings below.

Even though studies on other conifer plants have shown that
both mechanical wounding and insect herbivory can trigger
induced defensive responses (Miller et al., 2005; Moreira et al.,
2012a), our bark damage treatments did not result in significantly
greater seedling resistance. One explanation could be that even
if defensive chemistry is enhanced or altered, these changes are

not enough to sufficiently deter pine weevil feeding. Previous
studies have not exposed mechanically damaged plants to
subsequent insect feeding, and have assumed that increased
defensive chemistry responses will result in less feeding (i.e.,
greater resistance). Our results show that this assumption may
not always be true. Exposure to the pest after induction stimulus
is essential if these methods are being evaluated for use within
plant protection. Our study directly examined the extent of
protection provided by previous mechanical damage, and we
find that it is not sufficient against damage by a bark-chewing
insect. Another factor that could also be important is the extent
of damage or tissue loss. A recent study on tobacco (Nicotiana
tabacum) plants showed that the amount of leaf tissue loss is
important for the level of defense induction (Lin and Felton,
2020). The authors found higher levels of trypsin protease
inhibitors (which result in anti-nutritive effects and reduced
insect herbivore growth) in plants subjected to whole leaf removal
relative to partial leaf damage (Lin and Felton, 2020). On the
other hand, a study with 1-year old Scots pine seedlings found
that moderate and severe mechanical stem damage resulted in
similar negative effects on plant morphology and physiology
(Bansal et al., 2013). Seedlings received either one (moderate
damage) or two (severe damage) window-like stem bark scars
(inflicted with a scalpel), and each scar was about 10 mm in
length and covering 1/3 of the stem circumference (Bansal et al.,
2013). These scars are similar and even slightly greater in total
area to our WinS and WinL treatments, for which we inflicted
scars of 5 or 10 mm in length, respectively, across 1/2 of the
stem circumference. The authors found that both treatments
significantly reduced photosynthesis, needle mass and needle area
relative to undamaged controls (Bansal et al., 2013). In our study,
seedlings in the WinS treatment received similar pine weevil
damage to those in the MeJA treatment, and even received less
damage (albeit non-statistically significant) than those with larger
window wounds (experiment 1, WinS and WinL, Figure 1A).
Our results and those of Bansal et al. (2013) suggest that greater
tissue loss or damage may instead be detrimental for the plants,
and would not necessarily result in greater enhanced resistance
to subsequent insect feeding. However, evaluation of a broader
range of stem damage levels may be needed to conclusively
elucidate if the extent of tissue loss plays a role.

In addition to stem bark damage, root herbivory has also been
shown to trigger subsequent defensive responses in aboveground
plant tissues, e.g., in cotton Gossypium herbaceum (Bezemer
et al., 2004) and tobacco N. tabacum (Kaplan et al., 2008b).
After belowground damage occurs, it has been observed that
a reduction in herbivore growth rate, body size and food
consumption of aboveground herbivores can occur (Bezemer
et al., 2003; Soler et al., 2005; Van Dam et al., 2005). Thus, root
herbivory has the potential to decrease overall plant damage
levels of aboveground herbivores. However, there are also cases
where it has not resulted in increased resistance aboveground.
The magnitude of defensive responses in aboveground tissue
may not be large or effective enough to decrease herbivore
damage, as in the case of cotton G. herbaceum (Bezemer
et al., 2004). Moreover, some aboveground herbivores may even
benefit from belowground herbivory and inflict more damage
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FIGURE 2 | Growth increment of Scots pine (P. sylvestris) seedlings and treatment mean comparisons using Dunnett’s test among different plant defense induction
treatments [Undamaged seedlings as controls (C), 10 mM MeJA (MeJA), needle-piercing damage to the stem bark (P), root bark damage (RD), previous weevil
feeding damage (WF), large stem window damage (WinL), and small stem window damage (WinS)] in experiment 1. Insect feeding tests were conducted at one time
point, 12 days post-treatment. The growth of seedlings was followed for 21 days post-treatment. Sample sizes (n) used in the statistical analyses are also shown.
(A) Estimated mean plant height increment (cm ± 95% confidence intervals), (B) estimated mean basal diameter increment (mm ± 95% confidence intervals), (C)
differences between treatments in estimated mean height increments (cm ± 95% confidence intervals), and (D) differences between treatments in estimated mean
diameter increments (mm ± 95% confidence intervals). If an interval does not include zero, the difference between estimated means is considered to be statistically
significant.

(Soler et al., 2007; Kaplan et al., 2008a). In our study, we found
that root-damaged seedlings tended to grow more (15% more
in seedling height increment and 33% more in basal diameter
increment) and received 7% less weevil damage (debarked area)
compared to control seedlings, but this difference was not
statistically significant. This result suggests that the extent of
root tissue loss may not have been large enough to trigger
aboveground defensive responses that affected the pine weevils.

In contrast to all other induction treatments, seedlings in the
needle-piercing treatment received much greater damage levels
(as extreme as 250% more damage) than controls. Pine weevils
are known to be attracted to the odors or compounds emitted
by recently damaged seedlings (Nordlander, 1991). Given the
multiple wounds that the needle piercing treatment inflicted on
the stem, it could be possible that it stimulated their feeding.

Even though two other treatments also inflicted large wounds
(WinS and WinL), increased damage levels to the extent of
those receiving piercing damage, were not observed for seedlings
in these treatments. This indicates that patterns of damage
are also relevant and can differentially influence pine weevil
feeding behavior. However, we noted in experiment 2 that needle-
piercing wounds had healed by the late exposure and at this time
point, seedlings received somewhat less pine weevil damage than
controls. This suggests that the cues emitted by freshly damaged
seedlings could stimulate feeding, but decrease with time.

Although none of the previous damage treatments enhanced
seedling resistance to a greater extent than MeJA, treatment
with MeJA was also not as significantly effective as reported
in previous studies. Only seedlings treated with a higher
MeJA concentration (15 mM) were significantly less damaged
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TABLE 3 | Results of analysis of deviance (df: degrees of freedom; χ2: Chi-square
value; LR χ2: likelihood ratio Chi-square value; P: P-value) from several models
examining the effect of treatment on subsequent pine weevil damage
in experiment 2.

Source of
variance

Debarked area Number of
feeding scars

df F/χ2 P df LR χ2 P

Both time points Time point 1 82.36 <0.01 1 88.83 <0.01

Treatment 4 13.05 0.01 4 22.07 <0.01

Height 1 0.36 0.55 1 1.13 0.29

Time point ×
Treatment

4 2.88 0.72 4 1.24 0.87

12 days after induction
treatment

Treatment 4 12.53 0.01 4 18.85 <0.01

Height 1 0.24 0.62 0.23 0.63

32 days after induction
treatment

Treatment 5 0.29 0.92 5 6.67 0.25

Height 1 1.41 0.24 1 8.06 <0.01

More specifically, these models examined the effect of different plant defense
induction treatments and time point of exposure to pine weevils since induction,
on area debarked (mm2) and number of scars in experiment 2 (Insect feeding tests
were conducted at two time points, 12 and 32 days post-treatment).
Models included treatments [Small stem window damage (WinS), needle-piercing
damage to the stem bark (P), previous weevil feeding damage (WF), 10 mM MeJA,
15 mM MeJA and undamaged seedlings as controls (C); previous weevil feeding
damage (WF) was not included at 12 days after induction], time point (12 or 32 days
after induction), their interaction and plant height as a continuous covariate.
Significant effects (P < 0.05) are in bold.

compared to seedlings in the piercing-needle treatment after
early exposure. It could be that the dose (the net amount and
frequency of MeJA treatment) we used could partly explain our
results. The effect of MeJA treatment on pine weevil damage

has been shown to be dose dependent (Moreira et al., 2009;
Zas et al., 2014). In one of our previous experiments, a higher
dose of MeJA (three consecutive sprayings of 10 mM MeJA)
resulted in greater Norway spruce resistance to pine weevil
damage relative to plants receiving a lower dose (one spraying
of 10 mM MeJA) (Chen et al., 2020). The low dose of MeJA
in our previous study on Norway spruce was the same as
the low dose used in this study on Scots pine seedlings, and
the amount of debarked area received by these two conifer
species were similar in both studies. Other studies have also
used higher doses and concentrations, which have resulted in
greater resistance to pine weevil damage. For example, MeJA
concentrations of 100, 40, and 22 mM were used on Maritime
pine (P. pinaster) (Moreira et al., 2009; Moreira et al., 2012a,b),
50 mM MeJA on Norway spruce (Fedderwitz et al., 2016), and
25 mM MeJA on Maritime pine, Monterrey pine (Pinus radiata),
Scots pine and Norway spruce (Zas et al., 2014). Therefore, it
appears that the MeJA dose in this study was not enough to
significantly reduce pine weevil damage. Moreover, it seems that
induced resistance can be better achieved by several sprayings
of MeJA at lower concentrations instead of one application
with a higher concentration. Concentrations higher than 10 mM
can be detrimental to seedlings, and result in treatment-related
damage (e.g., loss of needles, needle browning in Norway
spruce; Fedderwitz et al., 2019), and we indeed observed
some needle-browning in seedlings treated with 15 mM MeJA
(Supplementary Figure 8D). Our results are thus, an important
contribution to development of methods for optimum use MeJA
as a seedling protection tool. Finding the MeJA treatment
concentration and frequency that provides effective resistance,
minimizes phytotoxicity and is compatible with nursery needs

FIGURE 3 | Pine weevil damage to Scots pine (P. sylvestris) seedlings after receiving different induction treatments [10 mM MeJA, 15 mM MeJA, undamaged
seedlings as controls (C), needle-piercing damage to the stem bark (P), small stem window damage (WinS), and previous weevil feeding damage (WF, not included in
the weevil exposure test conducted 12 days post-treatment)] in experiment 2. Plants that were exposed to pine weevils 12 days after induction treatments are
referred to as early exposure, and those that were exposed 32 days after, are referred to as late exposure in the main text. (A) Estimated mean debarked area
(mm2

± standard error), and (B) Estimated mean number of feeding scars (±standard error). Sample size (n) is equal to 8 for all other treatments, except that the
Control group (C) is equal to 7 for the early exposure, and n = 12 for all treatments for the late exposure. Different letters above means indicate statistically significant
differences (P < 0.05) between mean estimates.

Frontiers in Plant Science | www.frontiersin.org 10 July 2021 | Volume 12 | Article 69586771

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


fpls-12-695867 July 14, 2021 Time: 18:26 # 11

Chen et al. Comparing Potential Defense Induction Methods

FIGURE 4 | Growth increment of Scots pine (P. sylvestris) seedlings receiving different plant defense induction treatments [10 mM MeJA, 15 mM MeJA, undamaged
seedlings as controls (C), needle-piercing damage to the stem bark (P), small stem window damage (WinS), and previous weevil feeding damage (WF)] in experiment
2 (n = 12 per treatment, insect feeding tests were conducted at two time points, 12 and 32 days post-treatment). The growth of seedlings was followed for 32 days
post-treatment. (A) Estimated mean height increment (cm ± standard error), and (B) Estimated mean diameter growth (mm ± standard error). Different letters above
means indicate statistically significant differences (P < 0.05) between mean estimates.

and practices is essential for MeJA implementation (Fedderwitz
et al., 2019, Chen et al., 2020).

Timing since induction stimulus is also an essential factor in
development of plant protection strategies aimed at increasing
seedling resistance prior to pest exposure. We found that the
effect of previous damage and MeJA on triggering seedling
resistance to pine weevils differed depending on the time since
treatment. Overall, we found that plants exposed early to pine
weevils (12 days after treatment) received less damage relative
to those in the late exposure group (32 days after treatment).
These results could indicate that treatment effects were short-
lasting and tended to lose their efficacy with time. As discussed
in previous paragraphs, an explanation could be that the extent
of tissue loss/damage could play a role and that MeJA doses used
were not enough to induce effective resistance. We observed that
seedlings in the 10 mM and 15 mM MeJA groups, were often
not eaten by weevils at all (Supplementary Figure 6) or received
considerably less pine weevil feeding damage at 12 days relative
to 32 days after MeJA application. Seedlings in other induction
treatments also showed a similar tendency, with less damage at
12 days relative to 32 days but not as pronounced as for those in
the MeJA group. Thus, if a peak in induced resistance occurs, this
peak is likely closer to 12 days rather than 32 days after treatment.

Another potential cause for the different damage levels
at these two time points could be that pine weevil feeding
behavior differed. The average air temperature in Uppsala,
Sweden at the time when the late exposure occurred (average
air temperature: 21.2◦C) was 5◦C higher than during the early
exposure (average air temperature: 16.2◦C), according to data
from Swedish Meteorological and Hydrological Institute (station
97510 Uppsala Aut, 59◦50′50′′N, 17◦37′55′′E, SMHI, 2020). The
weevils were acclimatized in the lab for a week before the feeding

test, thus, weevils in the late exposure group might have been
affected by the warmer room temperature compared to those
in the early exposure group. Pine weevils have been shown to
consume almost four times more bark of Scots pine twigs at
20◦C compared to 15◦C (Leather et al., 1994). The behavior of
pine weevils may thus, have been affected by a higher room
temperature and resulted in increased feeding at the late exposure
time point. All in all, from a plant protection perspective, our
results on the timing of induction suggest that it may be better
if the treatment stimulus occurs closer rather than further from
pest exposure. However, additional studies where temperature is
controlled for, and different levels of tissue loss and other time
points since treatment are included, would help to tease apart
their effect on seedling resistance.

We were also interested in examining any potential cost
of induction treatments with respect to plant growth. As
documented in other studies on MeJA-induced plant defense
(Heijari et al., 2005; Vivas et al., 2012), we observed a
significant growth reduction in seedlings receiving MeJA
treatment compared to the control seedlings. Such a trade-off
between growth and defense has indeed been found for seedlings
of several coniferous species, e.g., Maritime pine (Moreira et al.,
2012b), Monterrey pine (Gould et al., 2008), and Norway spruce
(Chen et al., 2020). Also, in line with other studies, we found that
growth was even more reduced for plants receiving the higher
concentration of MeJA (15 mM). This suggests that resources
were diverted away from growth and presumably invested in
defense, yet it only resulted in a slight reduction in area debarked
relative to seedlings in the control group.

Some of the non-MeJA treatments also exhibited different
relationships between growth and resistance. For example,
seedlings in the piercing treatment (P) and large window (WinL)
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treatments received relatively higher subsequent pine weevil
damage compared to all other treatments in experiment 1. Yet,
there was a slight reduction in height growth and even a tendency
to grow more in diameter compared to the control group. This
is in line with another study that Scots pine seedlings with stem
bark damage had significantly more radial growth compared to
undamaged controls (Bansal et al., 2013). Moreover, seedlings
with root damage showed a tendency to grow more in height,
compared to control seedlings. A study on field corn Zea mays
showed that plant dry weight was greater for plants damaged
by the western corn rootworm (Diabrotica virgifera) relative to
those not experiencing any root damage (Godfrey et al., 1993).
It is also possible that the non-MeJA treatments do not induce
but instead “prime” seedling defenses, which is much less costly
compared to fully inducing defenses (Wilkinson et al., 2019). We
observed, for example, a slight reduction in debarked area for
seedlings in other non-MeJA induction methods after the late
exposure, but no growth reduction compared to controls. This is
in contrast to plants receiving MeJA treatments, especially at the
high concentration, which exhibited distinct growth reductions,
and only a reduction of 20–30% in area debarked compared to
control seedlings. However, we are not able to discern from our
study which of these mechanisms was involved.

CONCLUSION

Our study showed that bark damage induction treatments and
a low dose of MeJA did not effectively increase the resistance
of Scots pine seedlings. Induction methods that include needle-
piercing stem wounding can even be detrimental for seedlings, as
we found that this type of damage resulted in even more damage
by pine weevils relative to all other treatments. Apart from
MeJA treatments, none of the damage treatments had negative
effects on seedling growth in terms of height and diameter. All
in all, our results suggest that mechanical damage may not be
sufficient to trigger induced resistance responses that provide
adequate seedling protection. Thus, these methods of induction
would not be suitable for larger scale implementation to protect
conifer seedlings. Instead, improving the use of MeJA and finding
optimal concentrations that enhance resistance but minimize
negative effects, remains as a promising alternative. Nonetheless,
further studies varying the degree of tissue loss as well as the
time period between induction treatment and insect exposure,
would be of interest. In addition, studies that examine the levels

of chemical defense in seedlings following the treatments and
subsequent exposure to insect feeding in both lab and the field,
are needed to enhance our knowledge on the mechanisms of
induced defense in conifer seedlings.
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Plant nutrition status is closely associated with plant defense against insect herbivores.
However, the way nitrogen supply regulates rice anti-herbivore is not clear. This study
investigated the effects of low (LN, 0.3 mM) and high (HN, 3 mM) nitrate levels on
rice resistance against the striped stem borer Chilo suppressalis (SSB), one of the
major destructive rice pests. Seven-day-old rice seedlings were cultured with different
nitrate levels for 30 days and then inoculated with third instars of SSB. LN significantly
enhanced rice anti-herbivore defense and lowered the total nitrogen content in the
plants, but increased the content of free amino acids after SSB infestation. Additionally,
LN significantly increased the accumulation of phenolic acids and flavonoids, especially
lignin, resulting in enhanced constitutive defense in SSB-infested plants. SSB feeding
led to a rapid accumulation of secondary metabolites. HN application led to the
accumulation of metabolites derived from cinnamic acid, p-coumaric acid, p-coumaric
CoA, feruloyl CoA, and apigenin, while LN led to the accumulation of metabolites derived
from 3-dehydroquinic acid, phenylalanine, acetyl CoA, and aspartic acid. Collectively,
our finding suggests that nitrogen deficiency enhances rice anti-herbivore defense via
constitutive defense by the accumulation of phenolic acids and flavonoids.

Keywords: constitutive defense, induced defense, jasmonic acid, lignin, metabolome, nitrate, rice, striped stem
borer

INTRODUCTION

In response to herbivore attacks, plants have evolved a wide spectrum of strategies to defend
themselves against herbivores, such as constitutive defense and induced defense (Tiffin, 2000).
Constitutive defense is always expressed, whereas induced defense is activated only after plants are
attacked by herbivores (Kempel et al., 2011). Many evolutionary models of induced defense treat
it as being derived from constitutive defense, the presumed ancestral state (Thaler and Karban,
1997). Trade-offs between constitutive defense and induced defense with and among species are
likely to be beneficial to plants (Morris et al., 2006; Zhang et al., 2008). The constitutive defense and
induced defense are both influenced by environmental factors and closely associated with plant
physiological characteristics, nutritional status, and the accumulation of secondary metabolites.
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Plants produce a tremendous number of secondary
metabolites to defend against herbivores (Mumm and Hilker,
2006). Herbivory by Helicoverpa zea induced great changes
in precursor amino acids in the shikimate pathway in tomato
(Steinbrenner et al., 2011). Shikimate-derived amino acids and
simple phenylpropanoids are precursors for many secondary
metabolites (Herrmann and Weaver, 1999). In these compounds,
flavonoids and phenolics are known to be effective defensive
compounds against herbivores (Sampedro et al., 2011). Toxins
such as flavonoids are considered primarily effective against
generalist pests (Diaz Napal et al., 2010). Putative phenolic
acid derivatives were also identified as important metabolites
produced by plants during antibacterial defense mechanisms
(Luzzatto et al., 2007).

Lignin is one of the most important phenolic acids, providing
plants with physical and chemical defense mechanisms against
herbivores (Liu Q. et al., 2018). Lignin serves as an important
barrier that protects plants against herbivory. In rice, treatment
with an insect-specific toxin peptide LqhIT2 enhanced the lignin
content, leading to enhanced resistance to leafroller (Tianpei
et al., 2015). In the pre-ingestion phase, host plants can limit
food supplies to insects via physical barriers such as the cell
wall fortification. Lignin and other phenolics can strengthen
cell walls against digestion (Brodeur-Campbell et al., 2006;
Schroeder et al., 2006). In addition, increased lignin deposition
might have additional negative effects on insect fitness because
phenoloxidase enzymes are involved in lignin polymerization as
well as in the generation of toxic by-products such as reactive
oxygen species, quinones, and peroxides (Felton et al., 1989;
Stevenson et al., 1993).

Plants grown with limited resources may produce more
phenolic compounds but show slow growth (Wilkens et al., 1996).
Nitrogen is an essential macronutrient and a major limiting factor
of plant growth and development. Besides, nitrogen can also
impact the ability of plants to cope with biotic stress (Ballini
et al., 2013). For example, high nitrogen fertilization enhances
Botrytis cinerea in strawberry (Daugaard et al., 2003), while
it reduces susceptibility to this fungus in tomato (Vega et al.,
2015). Additionally, the form of nitrogen available can also
determine the effect of nitrogen supply on plant response to biotic
stress. For instance, ammonium supply reduces the resistance
to Pseudomonas syringae, while nitrate supply enhances plant
resistance to this bacterium (Mur et al., 2017).

Nitrogen content and form play a vital role in defensive
primary and secondary metabolism. It can influence defense via
amino acid metabolism and hormone production. Nitrogen may
have negative effects on physical defenses and the production of
phytoalexins, but positive effects on defense-related enzymes and
proteins to affect local and systemic defense mechanisms (Sun Y.
et al., 2020). In most of the rice-growing areas, the increasing
populations of major insect pests of rice are closely related to the
long-term excessive application of nitrogen fertilizers (Lu et al.,
2007). Increased numbers of both adult and immature whiteflies
occurred with increasing amounts of applied nitrogen (Bi et al.,
2001). Increased nitrogen availability in a tomato leads to a
decreased allocation to defenses and increased preference of two-
spotted spider mite (Tetranychus urticae) females (Hoffland et al.,

2000). However, the molecular mechanism and the alteration
of metabolism during the interaction between plants and insect
herbivores under different nitrogen supply are still unclear. Rice
(Oryza sativa L.) is an important food crop. The striped stem
borer (SSB), Chilo suppressalis (Walker), is one of the most
economically important and destructive rice pests, which is
widely distributed in rice-production countries, leading to huge
rice yield losses, particularly in China (Sun et al., 2018). This
study aimed to examine how nitrogen supply level affects anti-
herbivore defense against SSB and metabolome responses to
insect herbivory in rice plants.

MATERIALS AND METHODS

Plant Cultivation
Rice (Oryza sativa L. cv. Ishikari-shiroge) seeds were surface-
sterilized with 10% (v/v) H2O2 for 15 min and rinsed with
distilled water three times. The sterilized seeds were pre-imbibed
in distilled water for 1 day in darkness and then transferred to
seedling tray for 7 days. After germination, the seedlings were
cultured with modified Kimura B nutrient solution containing
two concentrations of KNO3 (Li et al., 2016). For LN treatment,
the nitrogen concentration in nutrient solution was 0.3 mM
KNO3. For HN treatment, 3 mM KNO3 was added in Kimura
B nutrient solution. Given the important role of potassium in
plant defense and growth, the same concentration of potassium
was added in LN group to replenish potassium. The plants were
cultured in a growth chamber with a day: night temperature
regime of 28◦C (14 h): 22◦C (10 h) and a light intensity of 30,000
lux for 30 days.

Striped Stem Borer Treatment
The original eggs of SSB were provided by the State Key
Laboratory for Biology of Plant Diseases and Insect Pests, Chinese
Academy of Agricultural Sciences. All cultures were kept under
the conditions of 27 ± 1◦C, a photoperiod of 16:8 (L:D) h, and
70–80% RH, except for adult mating and oviposition at 85–90%
RH (Han et al., 2012). Plants cultured for 30 days were infested
with third instars of SSB for biochemical analysis or bioassays.
The moment the larva started to chew a hole was defined as time
point zero for time course experiments. The stems around 3 cm
of the entry hole were harvested at different time points after
SSB attack (Hu et al., 2018). For the determination of feeding
preference of SSB, each group contained 120 plants, and each
plant was inoculated with one third-instar larva of SSB. The
feeding was counted as the larva chewed a hole on the stem. The
number of feeding SSB was recorded every 30 min in the first 4 h
(Tong et al., 2012).

Measurement of Leaf Chlorophyll and
Plant Total Nitrogen
The relative chlorophyll content of rice leaves was measured by a
chlorophyll meter SPAD-plus 502 (Konica Minolta Camera Co.,
Ltd., Japan) according to the method previously described by Sun
et al. (2019). For the determination of total nitrogen, the plant

Frontiers in Plant Science | www.frontiersin.org 2 July 2021 | Volume 12 | Article 69129277

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


fpls-12-691292 July 26, 2021 Time: 16:30 # 3

Zheng et al. N Level Affects Rice Defense

samples were oven-dried for at least 24 h at 65◦C and weighed;
then the material was ground. The total nitrogen content of rice
seedlings (mg N per g dry weight) was analyzed using a Foss
Kjeltec 8400 analyzer (Kjeltec Analyzer Unit, Foss Tecator AB,
Hoganas, Sweden) (Liu J. et al., 2018).

Determination of Free Amino Acids and
Soluble Sugars
Total free amino acids (FAAs) were determined using the
ninhydrin colorimetric method (Rosen, 1957). Briefly, the total
FAAs from rice seedlings were extracted in ethanol/NaAc buffer
(pH 5.4) and then measured using a colorimetric assay at 570 nm.
The FAA content was calculated on the basis of a calibration
curve by 1-Leu. The contents of soluble sugar in rice seedling
were determined according to the methods described in the
study by Dubois et al. (1951). Briefly, approximately 100 mg
of the oven-dried sample was ground and then extracted with
water at 95◦C for 10 min. The solution was then centrifuged
at 8,000 g at 25◦C for 10 min. The resulting supernatants were
combined and analyzed using the anthrone–sulfuric acid method
(Kuang et al., 2017).

Plant Hormone Analysis
Rice seedlings were cultured with different concentrations of
nitrates for 30 days. Stems were harvested at 0, 3, 9 or 24 h
after SSB infestation. Samples were immediately immersed in
liquid nitrogen and stored at −80◦C. For each time interval, five
plants were sampled. JA, JA-Ile, SA, and abscisic acid (ABA) were
extracted for LC-MS analysis using labeled internal standards as
described in the study by Pan et al. (2010).

Determination of Peroxidase and
Polyphenol Oxidase Activities
Two defense-related enzymes, namely, determination of
peroxidase (POD) (EC 1.11.1.7) and Polyphenol Oxidase (PPO)
(EC1.10.3.1), were analyzed. Leaf samples (0.1 g fresh weight)
were ground in liquid nitrogen and homogenized in 0.05 M
phosphate buffer (pH 7.2 for POD, pH 7.8 for PPO) containing
1% (w/v) polyvinylpyrrolidone (PVP). The supernatant after
12,000 g centrifugation for 15 min at 4◦C was used for enzyme
assays. Activities of POD and PPO were spectrophotometrically
determined according to the previous study (Song et al., 2014).
For POD and PPO, the change in absorbance at 470/525 nm
by 0.005/0.01 was an enzyme activity unit per minute per
gram of tissue in each mL of the reaction system. Three
independent biological replicates for each treatment were used
for enzyme assays.

Determination of Lignin Content and
Phloroglucinol Staining
Quantitative determination of lignin was measured by the
method of Fukushima and Hatfield (2004). Acetyl bromide was
analyzed according to the study by Foster et al. (2010). Lignin in
the stem was stained as described in the previous study using the
Wiesner reagent test (Shan et al., 2008). Stem near the feeding
site (2 cm length) was used for staining. Each stem was cut into

slices horizontally of 101 µm thickness and then stained in 1%
(w/v) phloroglucinol liquor for 5 min. Slices were then mounted
on slides and a few drop of HCl (18%, v/v) were added. The extent
of staining was examined by a Leica microscope.

Determination the Activity of
4-Coumarate: CoA Ligase and Cinnamyl
Alcohol Dehydrogenase
The activity of 4-Coumarate: CoA Ligase (4CL) was examined by
the increase in A333 with p-coumarate as substrate. The reaction
mixture contained crude enzyme, 0.2 mM p-coumarate, 0.8 mM
ATP, 7.5 mM magnesium chloride anhydrous, and 38 µM CoA in
100 mM TES (pH 7.6). Protein concentrations were determined
by the approach of Bradford (1976). 4CL activity was expressed as
0.01 1OD333/mg protein (Knobloch and Hahlbrock, 1977; Shan
et al., 2008).

For the determination of CAD activity, the crude enzyme was
incubated with 2 mM NADP and 1 mM trans-cinnamic acid at
37◦C for 30 min and then terminated by adding 1 M HCl. One
unit of CAD was defined as the amount of enzyme that caused
a change of 0.01 in absorbance per milligram protein at 37◦C
(Liu et al., 2014).

Quantitative Real-Time PCR Analysis
Differential expression of selected genes was verified by
quantitative real-time PCR (qRT-PCR) (Liu et al., 2016). Total
RNA from the treated stem and leaves was extracted with
EastepTM Total RNA Extraction Kit (Progema). First-strand
cDNA was synthesized from 1 µg of RNA using GoScriptTM

Reverse Transcription system (Promega). qPCR amplification
was carried out using OsActin as endogenous control. SYBR
Green probes for each gene were used. The primers are listed
in Supplementary Tables 1, 2. Real-time PCRs proceeded with
5 µl of the 2 × UltraSYBR Mixture, 0.2 µl (0.2 µM) of each
specific primer, and 1 µl of cDNA, and the final volume was
adjusted to 10 µl with RNase-free water. The thermal cycle
reaction condition was as follows: initial denaturation at 95◦C for
10 min, 40 cycles of 95◦C for 15 s and 60–64◦C for 1 min. The
specificity of amplicons was verified by the melting curve analysis.
Three independent biological replicates for each treatment were
used for qRT-PCR analyses.

Metabolome Analysis
Rice seedlings were treated with different nitrate levels for 30 days
and then infected with SSB for 3 days. The feeding stem (3 cm
from feeding sites) was collected and then stored at −80◦C.
For LC-MS analysis, frozen stem was ground in liquid N2 and
lyophilized overnight. A mixture of methanol and H2O (70:30,
1.2 mL) was added to 100 mg of lyophilized tissue, shaken per 2–
3 h overnight, and centrifuged for 10 min at 12,000 g. Aliquots of
supernatant were transferred to clean tubes; the clear supernatant
was filtered into glass LC autosampler vials using a PVDF filter
and stored at −20◦C until analyzed. Samples were analyzed
by UPLC-MS/MS (ultra-performance liquid chromatography–
tandem mass spectrometry). Extraction for UPLC-MS analysis
was adapted from the study by Fraga et al. (2010).
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RNA-Seq
Plants cultured for 30 days were infested with third instars of
SSB for 24 h and then sampled for total RNA extraction with
mirVana miRNA isolation kit (Ambion). The required fragments
were sequenced using Illumina HiSeq 2500 instrument, with
default quality parameters, at Oebiotech (Shanghai, China). The
reference genome was obtained according to the previous study
(Kim et al., 2015). Both portals were included in this study to
allow a complete analysis of the genome. NGS QC Toolkit was
used for quality control of the raw reads and then aligned to the
reference genome (Patel and Jain, 2012). The software R package
of DESeq was employed to capture the differentially expressed
genes (DEGs) (Anders and Huber, 2012). All unigenes were
annotated with gene ontology (GO) and KEGG pathway analysis.

Data Analysis
SPSS 22.0 (SPSS, Chicago, IL, United States) was used for
statistical analysis. Data were assessed by three-way ANOVA,
two-way ANOVA, one-way ANOVA, and independent-sample
t-test, using Tukey’s test for differences between means.

RESULTS

Low Nitrate Supply Enhances Rice
Anti-herbivore Defense
To investigate the effects of nitrogen levels on rice defense
against herbivore, rice seedlings were cultured with modified
Kimura B nutrient solution containing different concentration
of KNO3 (0.3 mM for LN and 3 mM for HN) for 30 days
and then infested with third instars of SSB for 3 days. Long
LN treatment decreased seedling height and aboveground dry
weight, while it increased the root length and underground dry
weight, compared with HN treatment (Supplementary Figure 1).
Additionally, 55.54 and 153.8% increases in SSB mass gain were
found in the larvae fed on plants cultured with LN and HN,
respectively (Figure 1A and Supplementary Figure 2). It seems
that LN could enhance rice defense against SSB infestation.
The feeding preference of SSB larvae was significantly different
between rice plants cultured under LN and HN supply 1.5 h
after larval inoculation. SSB preferred to HN-cultured plants
(Figure 1B). Moreover, the plants cultured with LN exhibited
an enhanced activity of PPO and POD compared with those
with HN (Figures 1C,D). Collectively, the nitrate supply could
regulate seedling anti-herbivore defense, and LN enhanced plant
defense compared with that in HN treatment.

Nitrate Supply Alters Rice Primary
Metabolism and Chlorophyll Metabolism
Under SSB Infestation
To investigate the effect of nitrate supply on metabolism, total
nitrogen content, total FAA content, and soluble sugar content
were determined. To be consistent with the treated nitrogen
concentration, the plants cultured with HN exhibited higher
total nitrogen content LN regardless of SSB inoculation or not
(Figure 2A). In the first 24 h of infestation, free amino acid

content was decreased. Intriguingly, the content of free amino
acid in plants cultured with LN was higher than that with
HN independent of SSB inoculation (Figure 2B). However, no
significant difference in soluble sugar was found between HN
and LN treatments under SSB infestation (Figure 2C). Moreover,
chlorophyll content was decreased after SSB inoculation, and
chlorophyll content in the plants cultured with HN was
significantly higher than that in LN (Figure 2D). qPCR analysis
showed that the expression of gene (NYC1, PAO) involved in
chlorophyll degradation was upregulated under SSB infestation,
and the effect was more obvious in LN than that in HN
(Supplementary Figures 3A,C and Supplementary Table 1). The
results show that nitrate supply levels alter primary metabolism
and chlorophyll metabolism in SSB-infested rice plants.

Nitrate Supply Alters the Primary and
Secondary Metabolism, as Well as
Constitutive Defense
Metabolome analysis was conducted to investigate the effect
of nitrate supply on rice cell metabolism. The quality control
for metabolome was shown as PCA (Supplementary Figure 4).
KEGG pathway enrichment analysis was used to study the
signaling pathways of all detectable metabolites (Kanehisa et al.,
2008). It was shown that differentially accumulated compounds
(DACs) were significantly enriched in the biosynthesis of
secondary metabolites (Figure 3A). Further analysis showed that
low nitrate significantly increased the production of phenolic
acids, flavonoids, saccharides, and alcohols (others), while high
nitrate significantly increased the accumulation of amino acids
and their derivatives, alkaloids and terpenoids (Figure 3B). Each
metabolite group of the phenolic acids, flavonoids, saccharides,
and alcohols is shown in Figures 3C–E, respectively.

To further evaluate the effects of the transcriptome change
on the metabolome, RNA-Seq was taken. The RNA-Seq metrics
for quality control was shown as PCA, correlation analysis of
differential genes (Supplementary Figure 5). Additionally, the
transcriptomes were also validated through quantitative PCR
(qPCR) analysis of selected genes over the treatment, including
β-actin as an endogenous control (Supplementary Table 2).
The results of RNA-Seq were consistent with those of qPCR.
The overview of differential genes under nitrogen treatment is
shown in Supplementary Figure 5C (P < 0.05, fold change > 2,
FPKM≥ 5), 1,217 DEGs were found in data between LN and HN
treatments, while 638 DEGs were between LNSBB and HNSSB
treatments. About 164 DEGs were co-expressed between LN and
HN, and LNSSB and HNSSB (Supplementary Figure 5D).

The DEGs and DACs were incorporated in the KEGG pathway
(Figure 4A). Additionally, the effects of transcriptome change
on the secondary metabolites were also evaluated (Figure 4B).
The great changes occurred in cell wall, sugar, and lignin
pathway in LN. Genome-wide connection network between
phenylpropanoid metabolism-associated genes and metabolites
was analyzed in Figure 4C. Caffeic acid and coniferyl alcohol
are two important intermediate metabolites of lignin biosynthesis
(Zhao and Dixon, 2011). Four of six genes associated with caffeic
acid metabolism and all three genes associated with coniferyl
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FIGURE 1 | Larval performance of the striped stem borer (SSB) and defensive enzyme activities in rice plants cultivated with different concentrations (0.3 and 3 mM)
of nitrate. (A) Mass gain of SSB larvae fed on rice plants cultured with different concentrations of nitrogen. Seven-day-old seedlings were transplanted to nutrient
solution containing 0.3 mM KNO3 (LN) or 3 mM KNO3 (HN) and cultured for 30 days. In low nitrogen treatment, potassium chloride was used to replenish
potassium. Larvae at the third-instar stage were used for bioassays. The individual larvae were measured 3 days after inoculation, and the mean percentage of mass
gain was calculated. Values are mean ± SE (n = 20). Asterisks (**) indicate Student’s t-test significance at P < 0.01 versus the indicated samples. (B) Feeding
preference of SSB on rice plants cultured under nitrogen supply. The number of SSB larvae fed on rice plants was recorded at 0.5, 1.5, 2.5, and 3.5 h after SSB
inoculation. Each data is the mean ± SE of five replicates. Different letters indicate statistically significant differences between treatments (Tukey’s multiple range test:
P < 0.05). Enzyme activity of POD (C) and PPO (D) in the stems of rice plants cultivated with different concentrations (0.3 and 3 mM) of nitrate and inoculated with
the striped stem borer (SSB). Values are mean ± SE of three replicates. Asterisks (*) indicate Student’s t-test significance at P < 0.05 versus the indicated samples,
and ns means no significant difference.

alcohol metabolism were upregulated under low nitrate regime
(Figures 4D,E). The activity of 4CL and CAD, which are involved
in the lignin biosynthesis, were upregulated under low nitrate
supply (Figures 4G,H), resulting in the accumulation of lignin
(Figure 4F). These results indicated that low nitrate supply
might regulate rice defense against insect herbivory through
lignin deposition.

Metabolism Alteration Under SSB
Infestation Induced by Nitrate Supply
For the combination of nitrogen and SSB treatment, the
metabolites in rice plants were divided into 12 classes according
to the tendency of changes (Supplementary Figure 6). KEGG
pathway-enrichment analysis was also used to determine the
involved signaling pathways of the DACs under SSB infestation.
Most of DACs were significantly enriched in the biosynthesis
of secondary metabolites and metabolic pathways under LN
(Figure 5A) and HN (Figure 5B) supply. Moreover, the

first two enriched pathways were phenylalanine metabolism
and phenylpropanoid biosynthesis in HNSSB compared with
LNSSB (Figure 5C).

To examine the effects of nitrogen supply on primary and
secondary metabolism in induced defense, the DACs were further
divided into three classes (Figure 5D): (1) The metabolites were
upregulated after SSB infestation both in LNSSB and in HNSSB
group and the metabolites in LNSSB group were less than those
in HNSSB group (red marked in Figure 5D); (2) the metabolites
were upregulated after SSB infestation both in LNSSB and in
HNSSB group and the metabolites in LNSSB group were more
than those in HNSSB group (light green marked in Figure 5D);
(3) the metabolites were downregulated after SSB infestation both
in LNSSB and in HNSSB group but the metabolites in LNSSB
group were more than those in HNSSB group (dark green marked
in Figure 5D).

The source of red marked compounds were approximately
divided into five classes: cinnamic acid, p-coumaric acid,
p-coumaric CoA, feruloyl CoA and apigenin. The light green
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FIGURE 2 | Changes in nitrogen contents, primary metabolite, and chlorophyll metabolism in rice plants cultivated with different concentrations (0.3 and 3 mM) of
nitrate and inoculated with the striped stem borer (SSB). Seven-day-old seedlings were transplanted to nutrient solution containing 0.3 mM (LN) or 3 mM KNO3 (HN)
and cultured for 30 days. (A) Total nitrogen content was determined at 48 h after SSB inoculation. The contents of soluble sugar content (B) and free amino acid
content (C) were determined at 0, 9, and 24 h after SSB inoculation. (D) Total chlorophyll content was determined at 24 h after SSB inoculation. Data are the
mean ± SE of three replicates (A–C) and 12 replicates (D). Different letters indicate statistically significant differences between treatments (Tukey’s multiple range
test: P < 0.05). Asterisks (*) indicate Student’s t-test significance at P < 0.05 versus the indicated samples, and ns means no significant difference.

marked compounds were screened by Venn diagram analysis
(Figure 6A). And they were almost derived from four
compounds: 3-dehydroquinic acid, phenylalanine, acetyl CoA,
and aspartic acid. Each content of the compounds is shown in
Figure 6B. The dark green marked compounds were derived
from about three compounds: sinapyl CoA, apigenin, and
luteolin. These compounds were screened (Figure 6C), and the
content of the compounds are shown in heatmap (Figure 6D).

Additionally, Venn diagram analysis showed that six
metabolites were induced by both nitrate and SSB, and the
content of induced metabolites in LNSSB group was more than
that in HNSSB group (Figure 7A). These metabolites were 3-O-p-
coumaroylquinic acid O-glucoside, 5-O-p-coumaroylquinic acid
O-glucoside, D-xylonic acid, D-(-)-arabinose, D-sedoheptulose
7-phosphate, and glucarate O-phosphoric acid (Figure 7B).

Alteration of Lignin Content Under
Nitrate and SSB Treatment
Before SSB inoculation, the lignin content in LN-
cultured plants was higher than that in HN-cultured
plants (Figure 4F). The vast majority of compounds
involved in lignin biosynthesis were upregulated by
SSB feeding (Supplementary Figure 7A). Interestingly,

after SSB infestation, lignin accumulation was higher
(Supplementary Figure 7B) and faster in HN-cultured plants
(Supplementary Figure 7C).

Effect of Nitrate Supply on
Phytohormone Level Under SSB
Infestation
To determine the effects of nitrogen levels on phytohormones
possibly involved in plant defense against herbivores, LC-MS
analysis was performed to quantify phytohormone levels
of JA, JA-Ile, SA, and ABA in rice plants cultivated with
different concentrations (0.3 and 3 mM) of nitrate and
inoculated with the SSB. Phytohormone standard curve
is shown in Supplementary Figure 8. Higher contents of
JA and JA-Ile were found in LN-cultured plants before
SSB inoculation. However, no significant difference in JA
and JA-Ile contents was detected between LN- and HN-
cultured plants 3 h after SSB inoculation (Figures 8A,B).
However, constantly higher content of SA was found in
LN-cultured plants either before or after SSB inoculation
(Figure 8C). The changes in ABA contents were similar to
those in JA and JA-Ile (Figure 8D). To further determine the
role of JA signaling in rice defense against SSB infestation
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FIGURE 3 | Metabolome profiling of the stems of rice plants cultivated with different concentrations (0.3 and 3 mM) of nitrate and inoculated with the striped stem
borer (SSB). Seven-day-old seedlings were transplanted to nutrient solution containing 0.3 mM (LN) or 3 mM KNO3 (HN) and cultured for 30 days for sampling for
metabolome analysis. (A) KEGG enrichment analysis of difference in metabolites between LN and HN treatments. Heatmap analysis of differentially accumulated
metabolites (B), phenolic acids (C), flavonoids (D), and saccharides and alcohols (E) between LN and HN treatments. In order to facilitate comparison, the relative
content of metabolites was normalized.

under different regimes of nitrogen, two rice RNAi lines
aos RNAi and coil RNAi of the JA signaling pathway were
used. The two transgenic lines were obtained by silencing
the expression of allene oxide synthase (OsAOS; active
in JA biosynthesis) and CORONATINE INSENSITIVE1
(OsCOI1; active in JA perception) genes in rice plants
via RNAi (Ye et al., 2012). Silencing either OsAOS or
OsCOI1 enhanced rice susceptibility to SSB infestation.
Increased nitrogen supply decreased rice resistance to
SSB regardless of the genotypes (Supplementary Figure 9),

suggesting independence of JA signaling in nitrogen-mediated
anti-herbivore defense in rice plants.

DISCUSSION

Nutrient status plays a key role in plant defense against insect
herbivores. Fertilization management may serve as an important
approach to manage insect pests in sustainable agriculture. In
this study, low nitrogen treatment for 4 weeks significantly
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FIGURE 4 | Joint analysis of transcriptome and metabolome of the stems of rice plants cultivated with different concentrations (0.3 and 3 mM) of nitrate and
inoculated with the striped stem borer (SSB). Seven-day-old seedlings were transplanted to nutrient solution containing 0.3 mM (LN) or 3 mM KNO3 (HN) and
cultured for 30 days for sampling. The overview of differential metabolites (A) and differential secondary metabolites (B). Red means HN upregulated, while green
means HN downregulated. (C) Joint analysis of the correlation network associated with phenylpropanoids pathway. Relative expression levels of genes involved in
the biosynthesis of caffeic acid (D) and coniferyl alcohol (E). Quantitative evaluation of lignin content (F) and activity of 4CL (G) and CAD (H). Asterisks (*) indicate
Student’s t-test significance at P < 0.05. To facilitate comparison, normalize gene expression levels. 4CL, 4-Coumarate: CoA ligase, CAD, Cinnamyl alcohol
dehydrogenase.

enhanced rice defense against SSB (Figure 1), one of the most
destructive rice pests. Nitrogen deficiency changed both primary
and secondary metabolism of rice, especially phenylpropanoid
metabolism (Figures 2–4), leading to differential metabolic
bypass in rice defense against SSB herbivory.

Trade-Off Between Growth and Defense
Induced by Plant Nutrition
In plants, trade-offs exist between growth and resistance to
herbivory because secondary metabolism and physical defenses
divert resources from plant growth (Herms and Mattson, 1992;
Huot et al., 2014; Züst and Agrawal, 2017). Immune-triggered

diminished growth is a strategy to avoid starvation of essential
metabolic intermediates, which is generally consistent with
the acclimatory response hypothesis, i.e., diminished growth
may optimize the temporal and spatial expression of defense
compounds without compromising other critical roles in central
metabolism (Guo et al., 2018).

Previous studies have revealed that nutrient availability could
regulate plant trade-offs between growth and defense. Increased
nitrogen availability decreased plant resistance to the three
herbivores in cranberry, regardless of genotypes (de Lange et al.,
2019). Nitrogen fertilizer affects ecological fitness of herbivores,
such as selection to host plants, survival, growth, development,
fecundity, and population dynamics (Lu et al., 2007). Nutrient
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FIGURE 5 | Overview of metabolism changes in the stems of rice plants cultivated with different concentrations of nitrate and inoculated with the striped stem borer
(SSB). Seven-day-old seedlings were transplanted to nutrient solution containing 0.3 mM (LN) or 3 mM KNO3 (HN) and cultured for 30 days for sampling. KEGG
enrichment analysis of differential metabolites in rice between LN and LNSSB treatments (A), HN and HNSSB treatments (B), and LNSSB and HNSSB treatments
(C). (D) Alteration of metabolites involved in shikimic acid and TCA pathways under nitrogen and SSB treatment. Red means that the metabolites were upregulated
after SSB infestation both in LN and in HN treatment and the metabolites in LNSSB group were less than those in HNSSB group. Light green means that the
metabolites were upregulated after SSB infestation both in LN and in HN treatment and the metabolites in LNSSB group were more than those in HNSSB group.
Dark green means that the metabolites were downregulated after SSB infestation both in LN and in HN treatment but the metabolites in LNSSB group were more
than those in HNSSB group. LNSSB, 0.3 mM KNO3 cultured for 30 days, then infected by SSB for 3 days; HNSSB, 3 mM KNO3 cultured for 30 days, then infected
by SSB for 3 days. Single solid arrow means the established biosynthesis steps, two solid arrows means the involvement of multiple enzymatic reactions, while
broken arrows represent the unestablished biosynthesis steps. DHQ, 3-dehydroquinate dehydratase; SDH, shikimate dehydrogenase; AS, anthranilate synthase;
ICS, isochorismate synthase; IPL, isochorismate pyruvate lyase; BA2H, benzoic acid 2-hydroxylase; SAGT, salicylic acid glucosyltransferase; S5H, salicylate
5-hydroxylase; AST, aspartate aminotransferase; ASS, asparagine synthase; CS, citrate synthase; ACC, acetyl-CoA carboxylase; PAL, phenylalanine ammonia lyase;
C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate: CoA ligase; CCR, cinnamoyl-CoA reductase; HCT, hydroxycinnamoyl-CoA: Shikimate/quinate
hydroxycinnamoyl-transferase; C3H, ρ-coumarate 3-hydroxylase; CCoAOMT, caffeoyl-CoA O-methyltransferase; F5H, ferulate 5-hydroxylase; CSE, caffeoyl
shikimate esterase; COMT, caffeic acid O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase; UGT, UDP-glycosyltransferase; CHS, chalcone synthase; CHI,
chalcone isomerase; FNS, flavonoid synthase; F6H, flavanone-6-hydroxylase; OMT, O-methyltransferase; C5′H, dihydroflavonol-5′-hydroxylase; F2H,
flavanone-2-hydroxylase; SI, isovitexin beta-glucosyltransferase.
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FIGURE 6 | Metabolites involved in rice responses to nitrogen deficiency and insect herbivory by the striped stem borer (SSB). LN, HN, and LNSSB are the control in
the group LN vs. LNSSB, HN vs. HNSSB, and LNSSB vs. HNSSB, respectively. (A) Venn diagram analysis of differential metabolites under treatment from induced
defense, which was upregulated after SSB infestation both in LN and in HN treatment, and the content of that in LNSSB group is more than that in HNSSB group.
(B) Heatmap analysis of differential metabolites shared under treatment from induced defense (24). (C) Venn diagram analysis of differential metabolites under
treatment from anti-defense, which was downregulated after SSB infestation both in LN and in HN treatment, and the content of that in LNSSB group is more than
that in HNSSB group. (D) Heatmap analysis of differential metabolites shared under treatment from anti-defense (13). Gray square indicates no significant differences
between metabolites. LN, 0.3 mM KNO3 cultured for 30 days; HN, 3 mM KNO3 cultured for 30 days; LNSSB, 0.3 mM KNO3 treatment for 30 days, then infected by
SSB for 3 days; HNSSB, 3 mM KNO3 treatment for 30 days, then infected by SSB for 3 days.

availability can influence plant resistance to herbivores in various
ways, such as by altering plant quality as a food source or by
changing levels of secondary metabolites (Bryant et al., 1987;
Altieri and Nicholls, 2003). Increasing nutrient availability may
alter plant carbon allocation to chemical defensive compounds
(Guo et al., 2018). Meanwhile, it also modify carbon allocation to
structural defensive compounds to achieve their physical defense
strategies in response to nutrient enrichment (Scalbert, 1991;
Close and McArthur, 2002).

Metabolites Adjustment Induced by
Nitrate in Rice Anti-herbivore Defense
Metabolome change is a strategy used by plants to cope with
changes in the external environment. However, there are few
related reports on priming mechanisms at the metabolome level.

Under SSB infestation, the content of chlorophyll was
decreased independent of nitrogen supply (Figure 2D), which
might be resulted in the reduced photosynthetic activity.
Therefore, plants could face increased energetic and carbon
demands to support inducible defenses. In comparison with
rice with replete nitrate, nitrogen deficiency induced the
accumulation of saccharides in the stem before SSB infection
(Figure 3E). Once rice was infected by SSB, nitrogen deficiency
promotes the degradation of saccharides; it is just the opposite
for HN treatment. Therefore, rice cultured with nitrate deficiency
could provide more energy from local catabolism of saccharides.
Besides, the accumulation of pentoses (such as melibiose) in
nitrate-deficient rice stem was also linked to the production of
phenolic molecules (Gardiner, 1966).

In response to stress environments, such as drought, plants
produce more phenolic compounds to serve as enzymatic
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FIGURE 7 | Priming metabolites possibly involved in defense under low nitrogen and insect herbivory by the striped stem borer (SSB). LN, LN, HN, and LNSSB are
the control in the group LN vs. HN, LN vs. LNSSB, HN vs. HNSSB, and LNSSB vs. HNSSB, respectively. (A) Venn diagram analysis of differential metabolites under
treatment, which was the content of that in LN group more than that in HN group before SSB infestation, and the content of that in LNSSB group is more than that in
HNSSB group after SSB infestation. (B) Heatmap analysis of differential metabolites shared under treatment (six). LN, 0.3 mM KNO3 cultured for 30 days; HN, 3 mM
KNO3 cultured for 30 days; LNSSB, 0.3 mM KNO3 cultured for 30 days, then infected by SSB for 3 days; HNSSB, 3 mM KNO3 cultured for 30 days, then infected
by SSB for 3 days.

FIGURE 8 | Levels of phytohormones in rice plants cultivated with different concentrations (0.3 and 3 mM) of nitrate and inoculated with the striped stem borer
(SSB). Seven-day-old seedlings were transplanted to nutrient solution containing 0.3 mM KNO3 or 3 mM KNO3 for 30 days. The contents of JA (A), JA-Ile (B), SA
(C), and ABA (D) were determined by LC-MS at 0, 3, 9, and 24 h after SSB inoculation under nitrogen supply. Each bar is the mean ± SE of three replicates.
Asterisks (*) indicate Student’s t-test significant at P < 0.05 versus the indicated samples, and ns means no significant difference.

antioxidants to scavenge excess ROS (Hatier and Gould, 2008;
Agati and Tattini, 2010). Additionally, phenolic acid is also a
leading indicator of grain resistance or susceptibility to insects

(Classen et al., 1990). Previous studies have been revealed that
nitrogen fertilization decreased the levels of phenolic compounds
in corn (Ren et al., 2013) and tomato (Stout et al., 1998), as well
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FIGURE 9 | Model for metabolome responses to nitrogen deficiency and insect herbivory by the striped stem borer (SSB) in rice plants.

as the levels of other defensive compounds in tomato (Hoffland
et al., 2000; Larbat et al., 2016), peach (Prunus persica) (Sauge
et al., 2010), and cotton (Chen et al., 2008). In this study, we
also found that nitrate deficiency induced the accumulation of
phenolic acids and flavonoids (Figures 3C,D), which might be
resulted in the increase of constitutive defense.

The former study has been revealed that nitrogen deficiency
leads to a marked shift from the nitrogen-containing alkaloid
nicotine to carbon-rich phenylpropanoids (Fritz et al., 2006).
The analysis of metabolome under nitrogen supply was also
shown that the phenylpropanoid pathway was significantly
different between HN group and LN group under SSB infestation
(Figure 5C). The phenylpropanoid pathway is essential in plants,
providing precursors for numerous secondary metabolites,
including monolignols, flavonoids, and coumarins (Fraser and
Chapple, 2011). The stimulation of phenylpropanoid metabolism
is triggered by changes of nitrogen, which is mediated by
the induction of a set of enzymes in the early steps of the
phenylpropanoid biosynthetic pathway (such as 4CL). The
differential nitrogen supply also leads to the flux of carbon

into phenylpropanoids metabolism in different route under SSB
infestation (Figure 5D).

Nitrogen deficiency promoted the accumulation of specific
organic acids, phenolic acids, and saccharides before SSB
infestation (Figures 3B,C,E). Organic acids are a unique group
of metabolites, which are intermediate metabolites of critical
metabolic pathways, such as the Krebs cycle, carbohydrate
metabolism, ketone body metabolism, fatty acid β-oxidation,
neurotransmitters turnover, and protein metabolism (Tsoukalas
et al., 2017). Saccharides are omnipresent and important
components for general metabolism. Recent studies show that
sugars can act as critical signaling molecules in regulation
of cellular metabolism in response to biotic and abiotic
stress (Sheen et al., 1999; Smeekens and Hellmann, 2014).
Interestingly, organic acids (such as D-xylonic acid), phenolic
acids (such as 3-O-p-coumaroylquinic acid O-glucoside and 5-
O-p-coumaroylquinic acid O-glucoside), and saccharides [such
as D-(-)-arabinose, D-sedoheptulose 7-phosphate, and glucarate
O-phosphoric acid] might have a similar priming mechanism
effect under SSB infestation (Figure 7). Priming is operative
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through a complex network of signaling pathways. The advantage
of priming is that it offers the plant an enhanced protection
without the costs of constitutively expressing their defense genes.

The Differential Regulation of Lignin
Under Nitrogen Supply in Constitutive
and Inducible Defense
Lignin is important for terrestrial plants by providing a structural
support for the upward growth of plants and enabling the long-
distance water transportation (Humphreys and Chapple, 2002).
However, increased lignin accumulation is also harmful for
plant growth. In plants, there are two major steps to produce
lignin: monolignol biosynthesis and monolignol polymerization
via free radical coupling. Previous study has been revealed that
the levels of nitrate supplied in solution influenced the lignin
production (Fritz et al., 2006; Comadira et al., 2015). In our
system, we also found that low nitrate levels resulted in an
increase in lignin in rice stem (Figure 4F). High content of
lignin could make plants less palatable to herbivores, which can
decrease litter decomposability and the rates of nutrient cycling
concomitantly (Ostrander and Coors, 1997; Hideki and Takayuki,
2011). Additionally, secondary cell walls consisted of lignin
also play a key role as a passive barrier in the defense against
SSB infestation. Therefore, the higher accumulation of lignin in
nitrate-deficient rice could promote the constitutive defense.

It is worth noting that the content of lignin in nitrate-replete
rice was more than that in nitrate-deficient rice under SSB
infestation for 3 days (Supplementary Figure 7). Plants cells
possess various types of sensors at the plasma membrane (and
possibly in the cell wall) that can probe mechanical deformations
or changes in cell wall structure or composition by a rapid
growth inhibition coupled with the production of ROS, ACC,
and jasmonate (Wolf et al., 2012). The more injured cell wall
in nitrate-replete rice might induce more deposition of lignin to
reinforce their cell walls.

Phytohormone in Low-Nitrogen-Induced
Priming Against SSB Infestation
Jasmonic acid is one of the most important hormones involved
in the response of plants to herbivory-induced wounding,
controlling the majority of insect-regulated genes in Arabidopsis
leaves (Acosta and Farmer, 2010). The level of plant nutrition
was closely related to the ability of rice anti-herbivore defense at
least partially by regulating phytohormone signal. Previous study
had revealed that Pi deficiency induced JA pathway and triggered
increased resistance to Spodoptera littoralis in Arabidopsis,
tomato, and Nicotiana benthamiana (Khan et al., 2016). Here, it
was revealed that JA content was higher in LN group than that
in HN group before SSB infection (Figure 8A). Previous study
revealed that JA signal could regulate the production of volatile
compounds, resulting in the difference in insect selectivity (Paré
and Tumlinson, 1999), which was consistent with our results
that the number of feeding SSB in LN group was more than
that in HN group in the initial feeding time analyzed by feeding
preference (Figure 1B). However, whether the regulation of JA

signal on insect selectivity was affected by nitrate supply should
be investigated in the future.

Additionally, we also found that there was no significant
difference between LN and HN group after 3-h infection with
SSB (Figure 8A). And the knockdown of JA signal did not
significantly change the feeding of SSB under nitrate supply
(Supplementary Figure 9). It seems that nitrate deficiency is
not the same as Pi deficiency in rice defense against chewing
herbivore infestation. Previous study has been revealed the
complex signaling networks arising from cell wall alterations
and leading to the upregulation of JA biosynthesis (Mielke and
Gasperini, 2019). MeJA treatment prevents isoxaben-induced
lignification in Arabidopsis in a concentration-dependent
manner (Denness et al., 2011). Meanwhile, cell wall-degrading
enzymes and cell wall fragments play a major role as triggers
of the JA pathway (Ellis et al., 2002; Bömer et al., 2018).
The accumulation of lignin in LN group might inhibit the
initialization of JA signal in the process of rice defense against
SSB infestation. Additionally, it was also found that SA levels
in LN group were always higher than those in HN group
in 1-day infestation by SSB (Figure 8C). Generally, JA signal
was antagonized by SA signal in rice defense against chewing
herbivore infestation, which also might lead to the similar levels
of JA content in LN and HN groups after 3-h inoculation by SSB.

Besides, other phytohormones might also be involved in rice
defense against SSB infestation under nitrogen supply. Previous
study has revealed that LN could induce the accumulation of
auxin in plant (Krouk, 2016; Sun X. et al., 2020). And herbivory-
induced auxin promotes the production of anthocyanins and
phenolamides in Nicotiana attenuate (Machado et al., 2016).
Additionally, recent research has also revealed that auxin and
ABA signals have a synergistic effect in plant response to drought
stress. It seems that auxin could also play a positive role in
stress response (Zhang et al., 2012; Wang et al., 2019). Auxin,
ethylene (ET), and ABA are stress-related phytohormones that
are induced upon herbivory and are well-established modulators
of plant resistance to herbivores. Unfortunately, ABA content
in LN group was no significantly different from that in HN
group under SSB infestation (Figure 8D). However, previous
study has revealed that auxin could promote the transduction
of ET signal (Fei et al., 2017; Yue et al., 2020). Therefore, the
relationship between auxin and ET signals in rice defense against
SSB herbivory should be investigated in the future.

Strategy Adjustment of Nitrogen
Application-Cost Less but Defense More
The expression of fitness costs depends on environmental
conditions such as nutrient availability. Slow-growing
plant species, which typically evolved in resource-limited
environments, are less able to replace the lost tissue than fast-
growing plant species from more competitive environments and
should therefore invest in constitutive rather than in induced
defense (Kempel et al., 2011). In this study, we found that nitrate
deficiency promotes the accumulation of specific organic acids,
phenolic acids, saccharides, and lignin, which might be involved
in priming of rice defense against SSB infestation. Generally,
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the benefits of priming outweigh its costs when stress occurs.
Therefore, priming is a fine economic solution to the trade-off
dilemma between plant defense protection and costs involved in
enhancing defense responses (Conrath et al., 2006). The large
amount of energy invested in lignin and its precursors has
the potential to compensate the costly expenditure of defense,
which consequently would mitigate the trade-off between
growth and defense.

In conclusion, our results showed that nitrogen deficiency
enhanced rice resistance to SSB. Nitrogen deficiency and
sufficiency motivated the accumulation of different metabolites
outlined in Figure 9. Nitrogen deficiency promoted the
accumulation of phenolic acids, flavonoids, saccharides, and
alcohols and, in particular, promoted the accumulation of
lignin, while nitrogen sufficiency promoted the accumulation of
amino acids and derivatives, as well as N-contained alkaloids.
Upon insect herbivory, nitrogen deficiency may tend to initiate
plant constitutive defense by the accumulation of phenolic
acids and flavonoids.
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Entomopathogenic fungi are gaining acceptance in Integrated Pest Management (IPM)

systems as effective and environmental safety biological control agents to protect a

great variety of crops against pest insects. Many of these insect-pathogenic fungi can

establish themselves as endophytes and thereby may induce the plant immune system.

The activation of plant defenses by the fungal endophytic colonization can have a direct

impact on herbivores and plant pathogens. An integral component of many plant defense

responses is also the release of volatile organic compounds, which may serve as an

indirect defense by attracting the natural enemies of herbivores. Here we investigated the

effect of endophytic colonization by the entomopathogenic fungus Beauveria bassiana

on the volatile emission by melon and cotton plants, either unharmed or after being

damaged by sap-sucking aphids or leaf chewing caterpillars. We found that when the

plants are colonized by B. bassiana they emit a different blend of volatile compounds

compared to uncolonized control plants. Some of the emitted compounds have been

reported previously to be released in response to herbivory and have been implicated in

natural enemy attraction. Several of the compounds are also known to have antimicrobial

properties. Therefore, endophytic colonization by B. bassiana might help to not only

direct control insect pests but also increase the resistance of plants against agronomically

important pests and phytopathogens.

Keywords: endophyte, volatile organic compounds, plant-mediated interaction, Spodoptera littoralis, Spodoptera

frugiperda, Aphis gossypii, cotton, melon
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INTRODUCTION

Entomopathogenic fungi represent a large group of fungal species
whose special feature is that they naturally infect and control
insect populations (Lovett and St. Leger, 2017). They are gaining
acceptance in Integrated Pest Management (IPM) systems, where
they can serve as effective and environmental safety biological
control agents of a great variety of crop pests (Zimmermann,
2007; Lacey and Shapiro-Ilan, 2008; Lacey et al., 2015; Quesada-
Moraga, 2020). Besides their main habitats, soil and insect
cadavers, they have recently been found to establish interesting
plant associations (Meyling and Eilenberg, 2007; Vega et al., 2009;
Quesada-Moraga, 2020). They can be found in the phylloplane,
rhizosphere and as endophytes (Meyling and Eilenberg, 2006;
Vega et al., 2008; Hu and Bidochka, 2019; Quesada-Moraga,
2020). These recent discoveries have been exploited in biological
control, protecting systemically the plants from chewing and sap-
sucking insects (Resquín-Romero et al., 2016; Garrido-Jurado
et al., 2017; Jaber and Ownley, 2018; Vega, 2018). Moreover, these
endophytic colonizations often have the additional benefit of
protecting plants against several phytopathogens and promoting
plant growth (Jaber and Ownley, 2018; Vega, 2018; Dara,
2019). This is explained by the fact that endophytes induce the
plant immune system and activate plant defenses, as has been
confirmed by different physiological plant changes observed in
several studies (Gualandi et al., 2014; Shrivastava et al., 2015;
Rondot and Reineke, 2019). An integral component of many
plant defense responses is the production and release of volatile
organic compounds (VOCs) in response to insect attack (Dicke
and Baldwin, 2010; Heil, 2014; Turlings and Erb, 2018), but also
pathogen infections (Ton et al., 2007; Howe and Jander, 2008;
Sobhy et al., 2017; Hijri et al., 2018). In fact, certain endophytic
fungi have been reported to emit VOCs that promote growth and
influence the defense responses of their host plants (Strobel et al.,
2011; Li et al., 2014; Shikano et al., 2017).

Several studies have demonstrated the plant-mediated effects
of endophytic colonization by entomopathogenic fungi on
insects and their natural enemies (Akutse et al., 2014; Gathage
et al., 2016; Sword et al., 2017; Jaber and Araj, 2018; González-
Mas et al., 2019a,b), but little is known about the identity
and importance of volatiles that are directly emitted by the
fungus or result from the endophytic colonization (González-
Mas et al., 2019b; Moloinyane and Nchu, 2019; Fingu-Mabola
et al., 2020). A recent study looked at the volatiles emitted by
leaves from melon plants that had been inoculated with different
strains of the entomopathogenic fungi Beauveria bassiana
(Bals.) Vuill. or Metarhizum brunneum (Petch) (Ascomycota:
Hypocreales) (González-Mas et al., 2019b). When these plants
were subsequently infested by aphids, they showed qualitative
and quantitative differences depending on the entomopathogenic
fungus that had colonized the leaves, which in all cases were
different from control plants (González-Mas et al., 2019b).
Whether the spectrum of volatile compounds changes when
plants are endophytically colonized by entomopathogenic fungi
is as yet unknown. Likewise, it remains unknown if these
differences in the volatile profile of endophytically colonized
plants is also observed when entomopathogenic fungi colonized

other plant families or if the kind of emitted volatile changes
when they are infested by insects with chewing feeding behavior.
If so, this could have important consequences for the plants’
interactions with their biotic environment.

In the current study, we addressed the effect of the endophytic
colonization by the entomopathogenic fungus B. bassiana on
the volatile emission at different time points after colonization
of melon and cotton plants, and how these emissions further
changed after the plants were damaged by sap-sucking aphids
and leaf chewing caterpillars. We used a non-targeted approach
based on metabolomic techniques and multivariate statistical
analyses to reveal the potential volatile markers emitted after the
endophytic colonization.

MATERIALS AND METHODS

Biological Material: Plants, Insect
Populations, and Fungal Strain
Melon seeds (Cucumis melo L. var. Galia) were surface-sterilized
in 2% sodium hypochlorite (Sigma-Aldrich, MO, USA) for
2min, rinsed twice with sterile Mili-Q water and dried in a
laminar-flow hood under sterile conditions. The soil substrate
(Floragard, Germany) was also sterilized twice in an autoclave for
20min at 121◦C with a 24-h interval between each sterilization
process. Surface-sterilized seeds were germinated in 400ml pots
containing a mixture of equal parts of vermiculite (No. 3,
Asfaltex S.A., Barcelona, Spain) and the sterilized soil substrate.
Germinated seeds weremaintained in an environmental chamber
under controlled conditions: 25± 2◦C and a 16-h light: 8-h dark
regime. A nutritional complex of 20:20:20 (N:P:K) Nutrichem
60 fertilizer (Miller Chemical & Fertilizer Corp., PE, USA) was
added to the irrigation water at a rate of 1 g l−1 three times a
week. Wild cotton seeds (Gossypium hirsutum L.) were collected
in 2016 from a wild population in Puerto Escondido (Oaxaca,
Mexico). Most research on direct defenses in cotton comes from
studies with domesticated varieties, and this could be the cause
of the different volatiles found in this study. It has been observed
that cotton emissions are time dependent (Loughrin et al., 1994)
starting with constitutive and then moving to also de novo
inducible volatiles and DMNT and TMTT belong to the second
category. These seeds were scratched with sandpaper to improve
germination and pregerminated on cotton wool moistened with
sterile water. After that, germinated seeds were transferred to
200ml pots using sterilized soil substrate (COOP, Switzerland)
and maintained in an environmental chamber set at 23◦C and
a 16:8 h light:dark regime. Plants were fertirrigated three times
a week.

Aphid colonies were obtained from a virus-free laboratory
population of Aphis gossypii Glover (Homoptera: Aphididae)
provided by the Institute of Agricultural Sciences (ICA) CSIC
(Madrid, Spain) for use in the assays. The aphids weremaintained
in rearing cages on melon plants (Cucumis melo L. var. Galia)
for several generations in an environmental growth chamber
under controlled conditions: 25 ± 2◦C, 16:8 h light:dark regime,
and 70% RH. For each experiment, newly emerged apterous
adult females (24–72 h after last molt) were collected from the
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rearing cages using a camel-hair brush and used immediately
in experiments. The caterpillars Spodoptera littoralis (Boisduval)
and Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae)
were reared as described by Maag et al. (2014). Briefly, S. littoralis
larvae were reared from eggs provided by Syngenta (Stein,
Switzerland). The eggs were kept in an incubator (25◦C and
LD 16: 8 h) and, after emergence, larvae were placed on a
wheat germ-based artificial diet at room temperature. Larvae
of S. frugiperda were obtained from a colony established at
the University of Neuchâtel. They were reared on a chickpea
flour-based artificial diet in plastic boxes under artificial light
conditions and at ambient temperature. For the experiments,
second-instar larvae were collected and placed on the cotton
plants to induce the production of volatiles. Although differences
exist in the quantities of plant volatiles that they may induce,
both species induce a volatile blend of similar composition. Also,
application of regurgitant of both species to wounded plants, as a
means of artificial induction of defenses, results in the emission
of similar blends of volatiles (De Lange et al., 2020).

Beauveria bassiana strain EABb 01/33-Su was used in all the
bioassays. The endophytic ability of this strain when inoculated
onto melon and cotton plants has been demonstrated previously,
as has its ability to cause mortality in chewing and sap-sucking
insects when endophytic (Resquín-Romero et al., 2016; Garrido-
Jurado et al., 2017; González-Mas et al., 2019b). EABb 01/33-
Su was originally isolated from soil from El Bosque (Cádiz)
and deposited at the University of Córdoba Entomopathogenic
Fungi Collection, Córdoba, Spain and at the Spanish Collection
of Culture Types (CECT), University of Valencia, with accession
n◦. CECT 21149. Nucleotide sequences for the ITS and mtDNA
intergenic regions of EABb 01/33-Su can be found in the Gen-
Bank database (EF115310 and FJ972969 for the ITS region;
FJ973025 for intergenic region nad3-atp9; and FJ972914 for the
intergenic region atp6-rns). For all bioassays, the EABb 01/33-
Su strain was grown on potato dextrose agar (PDA) in Petri
dishes for 15 days at 25◦C in darkness. A cellophane film was
placed on the agar prior to inoculation to prevent nutrients
transferring to the conidial suspension at the time of harvest.
Conidial suspensions were prepared by scraping conidia from the
dishes into an aqueous sterile solution of 0.01% Tween 80. The
resulting conidial suspension was filtered through several layers
of sterile cheesecloth to remove mycelia, and sonicated for 5min
to homogenize the inoculum. Conidial concentrations were
determined using a haemocytometer and appropriate dilutions
made in 0.01% Tween 80 to achieve a concentration of 108

conidia ml−1 for experiments. Prior to experimentation conidial
viability was determined on liquid Czapek-Dox broth plus 1%
(w/v) yeast extract medium and only suspensions with >97.0%
germination after 24 h were used.

Inoculation of Plants With
Entomopathogenic Fungi and Verification
of Endophytic Colonization
For each experiment, replicate groups of five-leaf-stage melon
and cotton plants were treated. Two leaves per plant were sprayed
with 2ml of the fungal suspension with an aerograph 27085

(piston compressor of 23 l min−1, 15–50 PSI and a 0.3mm nozzle
diameter, China). During application the remaining leaves were
protected from the spray with a transparent plastic sheet and
remained uninoculated. After inoculation, all plants were covered
by another plastic sheet to promote fungal growth for 24 h.
Control plants were treated in the same way but only sprayed
with sterile water with 0.01% Tween 80. Before the plants were
transferred to the vessels to analyze their emitted volatile profile,
the sprayed leaves and the soil were covered with aluminum foil
to avoid the emission of volatiles from the fungal inoculum from
the surface of the leaf and from the soil. This cover also avoided
the insect access to the sprayed leaves.

To confirm endophytic colonization, samples of leaves from
fungal sprayed and control plants were collected when each
experiment had finished to avoid damaging the plant and
triggering plant defenses, which may have confounded the
results. Inoculated and uninoculated leaves were sampled from
each replicate plant, surface-sterilized with 1% NaOCl for 2min,
rinsed twice in sterile distilled water, and dried on sterile filter
paper. Sections of ∼2 cm2 were cut with a sterile scalpel from
each leaf and plated out independently in Petri dishes containing
selective culture medium to determine the percentage colonized
endophytically; the medium contained: 20 g of Agar Sabouraud
Glucose Chloramphenicol (Cultimed Panreac, Spain), 500mg l−1

streptomycin sulfate (Sigma-Aldrich Chemie, China), 500mg l−1

ampicillin (Intron biotechnology, China) and 500mg l−1 dodine
65 WP (Barcelona, Spain). We also plated out the last rinse
water from each leaf separately to confirm the effectiveness of the
surface-sterilization procedure. All plates were incubated at 25◦C
in darkness until fungal growth was observed.

Analysis of Volatile Compounds From
Caterpillar-Infested,
Endophytically-Colonized Plants
Wild cotton plants were grown and treated as described above.
Volatiles emitted by control and treated plants were trapped at
three different time points: (T0) Immediately after the treatment
with the fungal suspension or the control solution, when the
fungal colonization had not yet started; (T1) 48 h after the
treatment, when the endophytic colonization was established in
the plants treated with the fungal suspension; (T2) 72 h after the
treatment and 24 h after the plants were damaged by caterpillars.
The leaf damage treatment to induce plants to emit plant volatiles
consisted in exposing each cotton plant to 10 s-instar larvae of
S. frugiperda or S. littoralis were placed on each plant. Plants
were infested 48 h after fungal treatment, once the collection of
volatiles at T1 time was performed and the evening before the
day collecting at T2 time.

These insects have been considered representative for
assessing plant-induced responses to herbivory by chewing
insects as they have been shown to induce chemical defenses in
both wild and cultivated cotton (Chappuis and Egger, 2016).

Plants were placed in hermetic vessels and a Hayesep-Q
adsorbent filter trap (25mg, 80–100 mesh; Sigma, Switzerland)
was attached to the horizontal port at the top of each odor source
vessel. Volatile collection was performed during 1 h as adapted
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from Turlings et al. (1998). Purified air entered the bottles at
a rate of 1 L min−1 inflow, and air carrying the volatiles was
pulled through each trap at a rate of 0.9 L min−1 outflow.
Subsequently, filters were eluted with 100 µL dichloromethane
(Super solvent; Merck, Dietikon, Switzerland), the elute was
then spiked with 10 µL internal standards solution (n-octane
and nonyl-acetate, [20 ng/µL] each). Samples were analyzed on
a gas chromatograph (GC Agilent 6890N) coupled to a mass
spectrometer detector (MSD Agilent 5973). A 2 µL aliquot of
each sample was injected in pulsed splitless mode onto an Agilent
HP-5MS column (30m length × 250µm diameter and 0.25µm
film thickness). After injection, temperature was maintained
at 40◦C for 3min, increased to 100◦C at a rate of 8◦C per
min and subsequently to 200◦C at a rate of 5◦C per min
followed by a post run of 3min at 250◦C. Helium was used as
carrier gas and kept at constant flow of 1.1ml min−1. Volatile
compounds were identified at different levels of confidence
on the basis of the proposed minimum criteria defined by
the metabolomics standard initiative (Goodacre et al., 2007).
Metabolites were definitive annotated (level 1) by comparing the
MS spectra and linear retention index (LRI) against available
standards purchased from Sigma-Aldrich-Merck [heptane, (E)-
2-hexenal, (Z)-tridec-3-ene, acetic acid; hex-4-en-1-ol, ethyl
heptanoate, nonanal, decanal, 2-ethylhexan-1-ol, benzaldehyde,
3,7-dimethylocta-1,6-dien-3-ol (linalool)]. Putative (or tentative)
identifications (levels 2 and 3) were considered by comparing the
MS spectra and LRI against existing databases. Metabolites for
which MS spectra and LRI were not available in bibliography
were labeled as “unknown” (level 4). Volatile compounds
increases were expressed as fold-change.

There were six replicate plants for each treatment and each
plant was measured at the abovementioned time points. The
experiment was repeated three times using six new replicate
plants, caterpillars and fungal inoculum each time, for a
total of 18 plants two of these repetitions were performed
using S. frugiperda larvae while the last one was performed
with S. littoralis.

Analysis of Volatile Compounds From
Aphid-Infested, Endophytically-Colonized
Plants
Melon plants were grown and treated as described above. In this
assay, volatiles emitted by control and treated plants were also
trapped at three different time points: (T0) Immediately after
the treatment with the fungal suspension or the control solution,
when the fungal colonization had not yet started; (T1) 48 h after
the treatment, when the endophytic colonization had established
in the fungal treated plants; (T2) 7 days after the treatment and 6
days after the plants were damaged by aphids, a last sampling was
realized 21 days after the treatment and 20 days after the plants
were damaged by the aphids (T3). Each melon plant was infested
with ten adult A. gossypii aphids. Plants were infested 48 h after
fungal treatment, once the collection of volatiles at T1 time was
performed. These insects have been considered representative for
assessing plant-induced responses to herbivory by sap-sucking

insects due to they have been shown to induce chemical defenses
(Hegde et al., 2012).

Plants were transferred in a vessel covered by a plastic bag
and placed in a bath heated to 30◦C and allowed to equilibrate
for 10min. Volatile compounds were collected during 50min
using a solid-phase microextraction (SPME) fiber (50/30µm
DVB/CAR/PDMS Stableflex 23Ga, Autosampler, SUPELCO,
Bellefonte, PA, USA) that was introduced into the top of
the plastic bag. Once the volatiles were collected, they were
analyzed using a High-Resolution Gas Chromatograph with
Triple Quadrupole systems Mass Spectrometry (HR-GC-TQ
MS) (Bruker model Scion 456-GC-TQ MS system; Bruker,
Massachusetts, USA). Method parameters were set based on
previous works (Sánchez-Ortiz et al., 2013; González-Mas et al.,
2019b). Desorption of volatile compounds was done directly into
the GC injector at 250◦C for 5min. A Supelcowax 10 capillary
column (30m× 0.25mm, 0.25µm, Sigma-Aldrich Co. LLC) was
used with the following parameters: Helium as the carrier gas;
injector was set at 250◦C; column held for 5min at 40◦C and then
the temperature programed to increase at a rate of 4◦C min−1

until it reached 200◦C.
The MS method was as follows: EI mode (70 eV), ion

source and transfer line temperatures were all fixed at 250◦C.
Mass spectra were obtained in full scan mode in the 30–250
mass-to-charge ratio range at a scanning speed of 7 scan/s.
Chromatograms and spectra were recorded and processed using
the Bruker MS Workstation version 8.2 (Bruker, Massachusetts,
USA). Volatile compounds were identified at different levels
of confidence on the basis of the proposed minimum criteria
defined by the metabolomics standard initiative (Goodacre
et al., 2007). Metabolites were identified as describe above for
cotton plants.

There were five replicate plants for each treatment and each
plant was measured at the abovementioned time points. The
experiment was repeated twice using five new plants, aphids and
fungal inoculum each time, for a total of 10 plants.

GC-MS Pre-processing
Raw chromatograms were converted into international ANDI file
format (.cdf) by means of the open source software OpenChrom.
Deconvolution of the data was carried out using PARAllel
FACtor analysis2 (PARAFAC2), since a minimal number of
hyperparameter have to be set and it allows to handle complex
chromatograms displaying coelutions, low signal-to-noise (S/N)
ratios and shifts in retention times (Amigo et al., 2008).
Chromatograms were divided in subintervals and independent
models were performed to reduce the complexity. A total
of 8 components were considered for each model, and the
optimum number was optimized on the basis of the core
consistency, comparison of the resolved mass spectral against
raw profiles, retention times, distribution of residuals and model
fit (%). Afterwards, all the deconvoluted peaks were manually
inspected. The PARAFAC2 mass resolved mass spectrum was
compared against the NIST (version 2.0, NIST, USA) for
putative identification as described in the previous section. The
freely available software PARADISe v.3.88 was used for this
deconvolution procedure.
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Statistical Analysis
Data on volatile compounds were analyzed using Kolmogorov–
Smirnov and Levene’s tests to evaluate parametricity of the
data (normality and homogeneity of variance), and variables
failing one of these linear model assumptions were Box-Cox
transformed. Then, analysis of variance (ANOVA) was applied
at a significance level of 0.05. The Tukey’s HSD test was
used for pairwise comparisons. Mixed models were analyzed
with proc GLIMMIX-SAS 9.3; Pearson Chi-square, Kaplan
Meier and linear models were analyzed with SPSS 24.0. Due
to the nature of this study, we may expect a high intrinsic
variability between plant replicates. Therefore, we first evaluated
the variability in the repetitions to decide whether to pool
them or evaluate it by separate to avoid misleading results.
On this basis, the data from melon plants were pooled, since
statistically significant repetition-related differences were not
observed. However, the data from cotton plants were more
heterogeneous across the three repetitions and we decided to
separately assess each experiment.

Multivariate data analysis was performed to unravel the
structure of the GC-MS data. Principal Component analysis
(PCA) was built to look for trends and variability patterns.
Subsequently, the most relevant metabolites (potential markers)
were selected by means of an iterative procedure based
on Variable Importance in Projection (VIP) scores from
Partial Least Squares Discriminant Analysis (PLS-DA) and
described in Muñoz-Redondo et al. (2019). Afterwards, the
most discriminative metabolites were used to fit PLS-DA models
double cross-validated using k-fold resampling method in the
outer loop and leave-one-out in the inner loop (Szymańska
et al., 2012). The PLS-DA models were validated by means of a
permutation test based on balanced error rate (BER), number
of misclassified (NMC) and area under the operating receiver
curve (AUROC). We used N = 1,000 since it was large enough
to sample the tails of the distribution and to attain a p-value up
to 0.001.

When there was no statistically significant difference in the
results from the repetitions on which each experiment was done
the data were pooled, analyzed together, and presented as a single
table. In addition, when no statistically significant difference in
the results from the different sampling timepoints at the volatiles
were measured, the data were pooled as well.

RESULTS

Endophytic Colonization of Melon and
Cotton Plants
Microbiological techniques confirmed endophytic fungal
colonization by the entomopathogenic fungus B. bassiana in
100% of the leaves that had received fungal sprays directly, but
in only 20–40% of the unsprayed leaves (33.33 ± 17.64% for
cotton plants and 56.67 ± 0.00% for melon plants) from plants
that also had sprayed leaves. Individual plants were considered
as positive for endophytic colonization based on detection of
fungus within any of the leaves sampled on that plant. On the

contrary, B. bassiana colonization was not observed in any of the
samples from the control plants.

Effect of Endophytic Colonization on
Volatile Compounds Emitted From
Caterpillar-Infested Cotton Plants
A total of 101 volatile compounds were tentatively identified
(Supplementary Table 1) including plant-derived compounds,
herbivore-induced volatiles and fungal-derived compounds.
To assess the impact of the endophytic colonization on volatile
compounds emitted from caterpillar plants before and after
infestation, two PLS-DA models were independently fitted to
differentiate (i) control plants (cot-cnt) from treated plants
(cot+endo) and (ii) infested control plants (cot+cat) from
endophytic colonized infested plants (cot+endo+cat). An
iterative procedure based on partial least squares discriminant
analysis (PLS-DA) was used to select for the most relevant
metabolites, which were further used to construct a final
PLS-DA model shown in Figure 1. Satisfactory classification
performances were achieved for both models optimized for four
components with a BER of 0.18 ± 0.05 (i) and 0.16 ± 0.04 (ii),
as it is shown in Supplementary Table 2. The main variation
sources in the samples were explained by the first two principal
components. In model (i) the first two principal components
explained around the 68% of the total variance of samples.
In component 1, the volatile metabolites 62 (unknown), 53
(unknown), 43 (unknown), 63 (2,7,10-trimethyldodecane),
21 (4-methyloctane), 67 (2,6-dimethyldecane), 22 [(E)-
hex-2-en-1-ol], 73 (isothiocyanatocyclohexane), and 5
(3-chloro-3-methylpentane) were selected as potential markers
for the endophytic colonization before the infestation due an
overall increase in their concentrations (Figure 1). The different
starting levels and the high variability of the volatiles emitted
by caterpillar plants in the three experimental assays did not
allow to clearly establish this behavior using the ANOVA
statistic (Supplementary Table 1). Therefore, these results
support the use of multivariate beside the univariate statistical
techniques to reveal trends in complex datasets. Other relevant
volatiles selected on component 2 were the metabolites 93
[2,2,6-trimethyl-9,10-dioxatricyclo(6.2.2.01,6)dodecan-3-ol],
44 (5-ethyl-2,2,3-trimethylheptane), and 90 [(3-hydroxy-
2,4,4-trimethylpentyl)2-methylpropanoate], displaying higher
levels in treated plants, and metabolite 36 [2,2-dimethyl-3-
methylidenebicyclo(2.2.1)heptane], which was found to be
increased in control plants. The lower explained variance
on component 2 (12% compared to the 56% of component
1), suggests slighter changes on these compounds due to the
effect of the endophytic colonization before the infestation.
Meanwhile, the impact of the endophytic colonization after
infestation of caterpillar plants was addressed in model
(ii). The first two principal components explained around
the 66% of the total variance found in samples, which
made it possible to separate cot+cat from cot+endo+cat
plants. An overall increase of the selected markers, which
were quite different to the former approach, was again
observed in treated plants. Only the volatile metabolite 90
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FIGURE 1 | Graphical outputs of the two Partial Least Squares Discriminant Analyses (PLS-DA) performed on volatile compounds emitted from endophytically

colonized and control cotton plants before (A–C) and after (D–F) caterpillar infestation. (A) Scores plot for the component 1 and 2 (X-variate 1 and X variate 2); (B)

loading contribution barplot on component 1; (C) loading contribution barplot on component 2. (D) Scores plot for the component 1 and 2 (X-variate 1 and X variate

2); (E) loading contribution barplot on component 1; (F) loading contribution barplot on component 2. Color indicates the class for which the compound has a

maximal mean value. Bar length represents the multivariate regression coefficient with either a positive or negative sign for that particular feature on each component,

i.e., the importance of each variable in the model. Cot-cnt: control at T0+T1, cot+cat: control and caterpillar-infested at T2, cot+endo: treated at T0+T1,

cot+endo+cat: treated and caterpillar-infested at T2.
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was selected in both comparisons, but displaying an opposite
trend, as it can be seen in component 2 of both models
(Figure 1). This compound diminished its concentration in
cot+endo plants before infestation but increased in the same
samples after the infestation. The most important volatiles
selected on component 1 were the metabolites 54 [(5R)-1-
methyl-5-prop-1-en-2-ylcyclohexene), 41 (benzaldehyde),
79 (3-[(E)-dodec-2-enyl]oxolane-2,5-dione), 107 (diethyl
benzene-1,2-dicarboxylate), 73 (isothiocyanatocyclohexane),
56 (unknown)], 85 (cyclohex-3-en-1-ylbenzene) and 108
[(2Z,13E)-octadeca-2,13-dien-1-ol] with overall increased in
TT-P plants and metabolites 4 (3-chloro-3-methylpentane),
23 (1,1,2-trimethyl-3-(2-methylpropyl)cyclopropane] and
with overall lower levels in these samples. In the same line
than model (i), the wide variance explained by component
1 highlights their main contribution to discriminate both
labeled groups. Meanwhile, markers selected on component
2 corresponded to metabolites 90 [(3-hydroxy-2,4,4-
trimethylpentyl) 2-methylpropanoate], 28 (heptanal), 89
(2-Methylpropyl 3-hydroxy-2,2,4-trimethylpentanoate), 68 (2-
ethenyl-1,1-dimethyl-3-methylidenecyclohexane), 49 (octanal),
and 82 (nonyl acetate), which were found in higher overall
concentrations in cot+endo+cat samples.

In addition, they have been identified several compounds
usually found in cotton plants. For example, (Z)-hex-3-en-1-ol
(metabolite 18), 2,6,6-Trimethylbicyclo[3.1.1]hept-2-
ene (metabolite 33) known as “α-pinene,” 1H-indole
(metabolite 78), (1R,4E,9S)-4,11,11-Trimethyl-8-
methylidenebicyclo[7.2.0]undec-4-ene (metabolite 95),
and (1E,4E,8E)-2,6,6,9-Tetramethylcycloundeca-1,4,8-triene
(metabolite 97), known as “caryophyllene” and “α-caryophyllene
or humulene” have been found by Sobhy et al. (2014) in
S. littoralis damaged plants. 1H-indole (metabolite 78) has
been showed to increase in infested plants, and endophytically
colonized caterpillar infested plants emitted in highest quantities.
Caryophyllene (metabolite 95) was found in higher contents
in treated cotton plants than in the control, dramatically
reducing the emission in endophytically colonized caterpillar
infested plants. Finally, α-caryophyllene (metabolite 97) and
decanal were found in general in less quantity in caterpillar-
infested plants than in non-infested plants taking into account
all the treatments. However, if non-infested are compared,
endophytically colonized plants emitted in higher quantities
than in the control ones.

It is noteworthy that the samples showed considerable
differences among the three experimental assays. The endophytic
colonization in the first and third assays impacted much stronger
on several compounds, especially for metabolites 16 [(E)-
hex-2-enal], 17 [(NZ)-N-(2-methylbutylidene)hydroxylamine],
18 [(Z)-hex-3-en-1-ol], 57 (3,7,7-trimethylbicyclo[4.1.0]hept-3-
ene), 68 (2-ethenyl-1,1-dimethyl-3-methylidenecyclohexane), 78
(1H-indole), 87 (methyl anthranilate), 105 (isocaryophillene) and
107 (diethyl benzene-1,2-dicarboxylate) with increases ranging
from 5 to more than 5000-fold the initial levels of the control
plants (Supplementary Table 1). The contrary or soft variations
of these compounds observed in the second experimental assay
could have been prevented these metabolites to be selected as

markers for the endophytic colonization during the variable
reduction procedure. These differences could be due to in the
assays they were used three different batches of plants grown
in different time periods. In addition, despite no differences
were found in other studies when the volatiles released by the
two species of caterpillars were compared, it could have had an
effect in this work due to the presence of the entomopathogenic
fungal endophyte.

Effect of Endophytic Colonization on
Volatile Compounds Emitted From
Aphid-Infested Melon Plants
Just as for the cotton plants, to assess the impact of fungal
colonization on the volatile emission of melon plants aphid-
infested and non-infested, a wide range of volatile compounds
in terms of its chemical nature were tentatively identified. In a
similar fashion as the caterpillar-infested plants, the final models
were fitted with the most relevant metabolites (Figure 2). Four
clusters of samples were considered, corresponding to control
(mel-cnt), control-infested (mel+aph), treated (mel+endo)
and treated-infested (mel+endo+aph) and a model with a
satisfactory balanced error rate (BER) of 0.14± 0.07 was obtained
(Supplementary Table 4). Disclosing by groups, it was observed
a slightly higher prediction accuracy for mel+endo+aph samples
with a low mean error class of 0.12, due to wrong assignments
to mel+aph samples during the cross-validation. While the
worst prediction abilities were attained for the samples mel+aph
(0.24 of mean class error) mainly driven by mislabeling as
mel+endo+aph plants (Supplementary Table 4). The model
was optimized for four components, which accounted for a high
87% of the total variability found in the plant samples. This
high percentage of variability explained in the model supports
the robustness of this study, taken into account the inherent
variability in the volatile emission of different plants and the
potential experimental errors. The subspace spanned by the
first three principal components explained the most interesting
information and revealed well-defined clusters of the target
classes (Figure 2). A clear trend toward more positive values
of the X-variate 1 (component 1) due to the infestation of the
plants was observed, i.e., from mel-cnt to mel+aph and from
mel+endo to mel+endo+aph. This trend was partially explained
by an increase on levels of the metabolites 41 (2-butyloctan-1-ol),
33 (ethyl heptanoate), 37 (3-methyltridecane), 36 (hexadecan-
4-yl 2,2,2-trifluoroacetate) and 1 (heptane) in mel+aph and
mel+endo+aph. Variations on these compounds are expressed
as foldchange in relation to the mel-cnt samples in the ANOVA
of Supplementary Table 3. A strong increase for up to 15-fold
was recorded for levels of the metabolite 41 after infestation
of control plants. A similar response was observed in plants
treated with the entomopathogenic fungus B. bassiana but even
before to infestation. The metabolites 33 (ethyl heptanoate) and
36 (hexadecan-4-yl 2,2,2-trifluoroacetate) displayed the same
behavior with a softer response, reaching no more than 2-fold
the initial levels of the control plants. Aphid-infested plants gave
rise to significant increases in Metabolite 37 (3-methyltridecane)
which an average of three times over control plants. The
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FIGURE 2 | Graphical outputs of the Partial Least Squares Discriminant Analysis (PLS-DA) performed on volatile compounds emitted from endophytically colonized

and control melon plants before and after aphid infestation (A) Scores plot for the component 1 and 2 (X-variate 1 and X variate 2); (B) Scores plot for the component

1 and 3 (X-variate 1 and X variate 3); (C) loading contribution barplot on component 1; (D) loading contribution barplot on component 2; (E) loading contribution

barplot on component 3. Color indicates the class for which the compound has a maximal mean value. Bar length represents the multivariate regression coefficient

with either a positive or negative sign for that feature on each component, i.e., the importance of each variable in the model. Mel-cnt: control at T0+T1, mel+aph:

control and aphid-infested at T2+T3, mel+endo:treated at T0+T1, mel+endo+aph: treated and aphid-infested at T2+T3.

behavior of metabolite 1 (heptane) was quite interesting,
since its only significant variation along the experiment was
observed in mel+endo-t3, growing up to 12-fold in this point
(Supplementary Table 3; of note the high standard deviation
due to a soft response in one plant assay). In addition, the
trend noted on X-variate 1 was also driven by a strong decrease,
ranging from 90 to 94%, on metabolite 47 (2-ethylhexan-1-ol)
contents, which was particularly acute for the plants treated with
B. bassiana (Supplementary Table 3). Component 2 revealed a
different behavior between control and treated plants related to
the infestation. While the controls did not show a clear variation
on the direction of component 2, the plants treated with B.
bassiana moved toward more negative values after infestation.
This behavior was mainly explained by a decrease on certain
metabolites. Specially, for metabolites 44 (unknown), 51 (oxolan-
2-one) and 53 (phenyl carbamate), these decreases were of similar

magnitude, between 30 and 50% in mel+endo+aph-t3 plants.
The response of metabolite 51 in control and treated plants
was similar, although the changes were softer in the first case.
The rest of addressed metabolites displayed a reduction in its
emission before aphids contact (mel-cnt and mel+endo) and
a change of positive trends after aphid infested (mel+aph and
mel+endo+aph) (Supplementary Table 3). Finally, component
3 explained new hidden information in previous components,
which could be just related to the treatment effect of B. bassiana
endophytic colonization, since both mel-cnt and mel+aph on
one side and mel+endo and mel+endo+aph on the other side
were between, but not within, separated. The metabolite 21
(2-ethyldecan-1-ol) was the main responsible explaining this
behavior, since it was found to be decreased in plants treated with
B. bassiana for around the 50% in mel+endo+aph-t3 compared
to mel+aph-t3.
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DISCUSSION

It is well-documented that microbes can significantly affect
and contribute to the release of specific volatiles by plants
(Pineda et al., 2010; Kanchiswamy et al., 2015), but to the
best of our knowledge, ours is the first study to measure the
volatile emissions from plants that have been colonized by an
entomopathogenic fungus.Wemeasure the emissions at different
time points after fungal inoculation and determined how they
changed after the plants were damaged by sap-sucking and
chewing herbivores.

It has been proposed that the effectiveness of microbial
control agents can be enhanced by manipulating or enhancing
the release of VOCs, as this may boost the plants’ repellence
to insect herbivores and/or the attraction of other important
biological control agents, such as entomophagous insects (Sword
et al., 2017; Brilli et al., 2019; González-Mas et al., 2019a;
Moloinyane and Nchu, 2019). In fact, several studies on
endophytic entomopathogenic fungi have demonstrated that
they can enhance insect plant resistance, but also a surprising
increase in the plants’ attractiveness to generalist predators (Vega,
2018; González-Mas et al., 2019a). A possibility is that the blend
of volatiles emitted by endophytcally colonized plants could be
involved in this attractiveness of plants for insects, though further
research is needed to confirm this. A previous study on volatiles
from processed leaves from melon plants found several changes
in the blend of volatile emissions after a plant is colonized by
entomopathogenic fungi and subsequently infested by aphids, in
comparison to uncolonized aphid-infested plants (González-Mas
et al., 2019b). The present study was motivated by the question
whether what was observed using processed melon leaves is also
true for intact plants. We studied this here for cotton, as well as
melon plants. Results seem to indicate a regulatory effect specific
on the pathway of biosynthesis of volatile compounds emitted
by plants.

In general, in the assay with wild cotton plants considerably
larger amounts of volatile compounds were detected as compared
to melon plants, but it should be noted that different extraction
methods were used. The wild cotton plants constitutively emitted
various monoterpenes and sesquiterpenes such as myrcene,
β-caryophellene and α-humulene, while the volatile blend
of melon plants contained short chain aldehydes, alcohols,
acids, acetates and their derivatives, as previously reported
for this cucurbitaceous crop (Hou et al., 1997). Besides that,
it was confirmed in the present research that colonization
by the entomopathogenic fungus B. bassiana resulted in
the emission of a different blend of volatile compounds as
compared to control plants. In previous works it has been
demonstrated that endophytic microorganisms and related
plant strengtheners can strongly affect the herbivore-induced
volatile blends and has been shown to render the plants
considerably more attractive to natural enemies (Rostás and
Turlings, 2008; D’Alessandro et al., 2014; Sobhy et al., 2018).
One possible explanation for the changes in the volatile
blends is that defense responses are triggered in fungally
challenged plants, which involve volatile releases (Rivas-Franco
et al., 2020). This has been observed for plants that were

treated with methyl jasmonate or cis-jasmone, increasing the
production of defense compounds and simultaneously changing
the emission of VOCs (Brunissen et al., 2010; Sobhy et al.,
2017).

Regarding cotton, several of the compounds that were found
to be released in larger amounts after colonization by B. bassiana
EABb 01/33-Su strain are known to attract natural enemies,
which could explain the enhanced attractiveness of colonized
plants to them observed in previous studies (González-Mas et al.,
2019a), whereas it will need further research to determine if
the volatiles released by endophytically colonized plants are in
fact involved in attractiveness of plants for insects. Indeed, the
aromatic compound benzaldehyde (metabolite 41) was identified
here as a potential marker for caterpillar-infested B. bassiana
endophytically colonized wild cotton plants (Figure 1;
Supplementary Table 1) and is known to cause a strong
response in herbivore natural enemies (Han and Chen, 2002).
Similarly, we found 4-methyl-octane (metabolite 21), (E)-hex-2-
en-1-ol (metabolite 22), and α-caryophyllene (metabolite 97) to
be released by B. bassiana colonized wild cotton plants (Figure 1;
Supplementary Table 1), which have been previously identified
as potential attractants to natural enemies (Dickens, 1989, 1999;
Han and Chen, 2002; Reddy and Guerrero, 2004). We also found
that decanal (metabolite 71) and caryophyllene (metabolite 95)
were released in larger quantities by endophytically colonized
cotton plants than by control plants, whereas this effect of the
fungal colonization was neutralized by caterpillar infestation
(Supplementary Table 1). These two compounds are often
emitted after herbivore damage and they have been reported
as plant synomones that attract natural enemies (Gouinguen
et al., 2001; Degen et al., 2004; Rasmann et al., 2005; Zhang et al.,
2020). Furthermore, decanal (metabolite 71) and caryophyllene
(metabolite 95), together with α-caryophyllene (metabolite 97)
have also been reported as key plant compounds contributing to
the attraction of natural enemies by cotton plants damaged by
insect pests (Morawo and Fadamiro, 2016), whereas the role of
these compounds in our multitrophic system remains unknown
and will need a deeper study.

The emission of 2,6,6-trimethylbicyclo[3.1.1]hept-2-ene (=
α-pinene) (metabolite 33) and 1H-indole (metabolite 78)
have also previously been shown to increase upon caterpillar
infestation of cotton plants (Sobhy et al., 2014); here we
show that indole emission is higher in fungally challenged
caterpillar infested plants (Supplementary Table 1). Indole does
not have the above-mentioned synomone-like effect, and is
considered a general insect repellent (Han and Chen, 2002;
Schröder et al., 2015).

Regarding melon, we provide first evidence that 2-ethylhexyl
nonyl sulfite (metabolite 14) can serve as a biomarker for
endophytically colonized melon plants that are simultaneously
infested by the cotton aphid. This compound has never
previously been reported to be emitted by plants or fungi.
Similar organic esters of sulfurous acids, more particularly
mixed sulfite diesters of aliphatic or aromatic monohydroxy
compounds and glycol ethers, are known as useful insecticides,
particularly for mite control (Covey et al., 1969). A next
step of the present research will explore whether or not

Frontiers in Plant Science | www.frontiersin.org 9 July 2021 | Volume 12 | Article 660460100

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


González-Mas et al. Beauveria Bassiana Affects Volatile Emissions

the emission of this kind of compounds by B. bassiana
endophytically colonized and pest-infested plants could have an
insecticidal effect on pests together with the possible role of 6-
Methyl-octadecane (metabolite 50), which was more emitted by
endophytically colonized melon plants, as a herbivore-induced
plant volatile, that my serve as herbivore repellent and natural
enemy attractant (Turlings and Ton, 2006; Nisha and Kennedy,
2017).

Some other compounds that were found to be enhanced
by B. bassiana endophytic colonization have previously been
reported to play different roles mediating tritrophic interactions
insect-plants-natural enemies. For instance, benzaldehyde is
an ancestral and common compound emitted by plants
and insects that has been reported also to act as a sex
pheromone, aggregation pheromone, alarm pheromone, and
is used as defense secretion in several insect taxa (Schiestl,
2010). Another compound found in caterpillar-infested and
endophytically colonized wild cotton plants that has been
reported as insect sex pheromone is (2Z,13E)-octadeca-2,13-
dien-1-ol (metabolite 108) (Tonini et al., 1986; Islam et al.,
2007; Yang et al., 2009; Ubaid et al., 2016). We found 1-iodo-
2-methylundecane (metabolite 34), as dominant compounds
in VOC blends of colonized melon plants that were not also
infested by aphids, it has previously been identified as a floral
volatile with potential impact on insect visitation (Wang et al.,
2014).

We also identified several volatile compounds with
known antifungal and antimicrobial activity. For instance,
benzahaldehyde (metabolite 41) and (2Z,13E)-octadeca-2,13-
dien-1-ol (metabolite 108), which were found mainly for wild
cotton plants that were caterpillar-infested, as well as colonized
by the fungus, are known to have antimicrobial activity in other
systems (Schulz et al., 1995; Wilson et al., 1999; Teles et al.,
2006; Wang et al., 2006; Li et al., 2008; Shao et al., 2009; Lin
et al., 2012; Sun et al., 2014; Ullah et al., 2015; Zhou et al.,
2016; de Amorim et al., 2019). For example, benzahaldehyde
has a negative impact on conidial germination, fungal growth
speed, and conidial production of the entomopathogenic fungus
Lecanicillium lecanii (Zimm.) Zare & W. Gams (Lin et al.,
2017). Moreover, the compounds 1-iodo-2-methylundecane
(metabolite 34) and oxolan-2-one (metabolite 51), which
we found in higher quantities in colonized melon plants,
have been proposed to play a functional role in the chemical
defense against microbial invasion (Cazar et al., 2005; Manilal
and Idhayadhulla, 2014; Leena et al., 2016; Li et al., 2019).
Hexadecan-4-yl 2,2,2-trifluoroacetate (metabolite 36) found
in endophytically colonized melon plants with aphids, has
been linked to antimicrobial activity against several bacterial
and fungal species (Sarada et al., 2011; Managamuri et al.,
2017; Mannaa and Kim, 2018). Finally, 6-methyl-octadecane
(metabolite 50), identified in colonized melon plants, my provide
resistance against phytopathogenic nematodes (Seenivasan,
2018). Both 1-iodo-2-methylundecane (metabolite 34) and
6-methyl-octadecane (metabolite 50) are bioactive compounds
emitted by the entomopathogenic fungus Paecilomyces lilacinus
(Thom) Samson (Ansari, 2019).

The enhanced production of the above compounds could
be a possible explanation of the observed resistance against
several plant phytopathogens when the plants are colonized by
entomopathogenic fungi (Jaber and Ownley, 2018). It implies
that endophytic entomopathogenic fungi produce or cause the
production of secondary metabolites with inhibitory activity
against mycelial growth, conidial germination, and germ-tube
elongation of phytopathogenic fungi, as well as against plant virus
replication and accumulation (Ownley et al., 2008, 2010; Jaber
and Ownley, 2018).

In our experimental system, compounds previously reported
to posse allelopathic effects on several weed species have been
detected, whereas their specific origin and function in our
multitrophic systems remains unraveled. This is the case for
2,7,10-trimethyldodecane (metabolite 63) that has been found
to be related colonized wild cotton plants and melon plants
infested with aphids (Li et al., 2016). In contrast, 6-methyl-
octadecane (metabolite 50), found in colonized melon plants, has
been related to the induction of seed germination (Vanitharani
and Pandian, 2012; Vanitharani, 2014).

Some of the compounds found in the caterpillar-infested
and endophytically colonized cotton plants had not previously
been identified from plants, insects or microorganisms.
This is the case for 1,1,2-trimethyl-3-(2-methylpropyl)-
cyclopropane (metabolite 23) and which displayed higher overall
concentrations in caterpillar-infested control plants compared
to the caterpillar-infested colonized plants. Their effect on
plant-insect interactions and plant-pathogen interactions should
be investigated in future research. Indeed, it would also be
interesting to see what effects the inducible volatile emissions
may have on neighboring plants. Enhanced plant resistance
mediated by VOCs will have further implications for crop
protection (Brilli et al., 2019).

In summary, the present study confirms that the endophytic
colonization of melon and wild cotton plants by the
entomopathogenic fungus B. bassiana causes significant
changes in the blend of volatile compounds emitted by the
plants, also when they are infested by chewing or sap-sucking
insects. These findings indicate an even greater potential of the
use of entomopathogenic fungi as an ecologically safe strategy of
biological pest control, as the enhanced volatile emissions may
for example boost natural enemy attraction in agroecosystems,
though further research is needed to address such a hypothesis.
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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
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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.
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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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Application of Plant Defense Elicitors 
Fails to Enhance Herbivore Resistance 
or Mitigate Phytoplasma Infection 
in Cranberries
Cesar Rodriguez-Saona 1*  †, James J. Polashock 2†, Vera Kyryczenko-Roth 1, 
Robert Holdcraft 1, Giovanna Jimenez-Gonzalez 3, Consuelo M. De Moraes 4† 
and Mark C. Mescher 4†

1 P.E. Marucci Center, Rutgers University, Lake Oswego, Chatsworth, NJ, United States, 2 Genetic Improvement of Fruits 
and Vegetables Lab, United States Department of Agriculture-Agricultural Research Service, Chatsworth, NJ, United States, 
3 Escuela de Ciencias Agrícolas, Pecuarias y del Medio Ambiente (ECAPMA), Universidad Nacional Abierta y a Distancia 
(UNAD), Bogotá, Colombia, 4 Department of Environmental Systems Science, ETH Zürich, Zürich, Switzerland

Synthetic elicitors of the salicylic acid (SA) and jasmonic acid (JA) plant defense pathways 
can be used to increase crop protection against herbivores and pathogens. In this study, 
we tested the hypothesis that elicitors of plant defenses interact with pathogen infection 
to influence crop resistance against vector and nonvector herbivores. To do so, 
we employed a trophic system comprising of cranberries (Vaccinium macrocarpon), the 
phytoplasma that causes false blossom disease, and two herbivores—the blunt-nosed 
leafhopper (Limotettix vaccinii), the vector of false blossom disease, and the nonvector 
gypsy moth (Lymantria dispar). We tested four commercial elicitors, including three that 
activate mainly SA-related plant defenses (Actigard, LifeGard, and Regalia) and one 
activator of JA-related defenses (Blush). A greenhouse experiment in which phytoplasma-
infected and uninfected plants received repeated exposure to elicitors revealed that both 
phytoplasma infection and elicitor treatment individually improved L. vaccinii and L. dispar 
mass compared to uninfected, untreated controls; however, SA-based elicitor treatments 
reduced L. vaccinii mass on infected plants. Regalia also improved L. vaccinii survival. 
Phytoplasma infection reduced plant size and mass, increased levels of nitrogen (N) and 
SA, and lowered carbon/nitrogen (C/N) ratios compared to uninfected plants, irrespective 
of elicitor treatment. Although none of our elicitor treatments influenced transcript levels 
of a phytoplasma-specific marker gene, all of them increased N and reduced C/N levels; 
the three SA activators also reduced JA levels. Taken together, our findings reveal positive 
effects of both phytoplasma infection and elicitor treatment on the performance of 
L. vaccinii and L. dispar in cranberries, likely via enhancement of plant nutrition and 
changes in phytohormone profiles, specifically increases in SA levels and corresponding 
decreases in levels of JA. Thus, we found no evidence that the tested elicitors of plant 
defenses increase resistance to insect herbivores or reduce disease incidence in cranberries.

Keywords: false blossom disease, blunt-nosed leafhoppers, gypsy moth, carbon/nitrogen ratios, phytohormones, 
plant-phytoplasma-herbivore interactions
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INTRODUCTION

Plants respond to biotic antagonists via immune responses 
that are modulated by phytohormone signaling (Verhage et  al., 
2010; Pieterse et  al., 2012). In particular, the phytohormones 
salicylic acid (SA) and jasmonic acid (JA) play a critical role 
in a plant’s response to attack by pathogens and herbivores 
(Howe and Jander, 2008; Robert-Seilaniantz et  al., 2011). The 
SA pathway is mostly associated with resistance against biotrophic 
pathogens (Thomma et  al., 1998) as well as defenses against 
piercing/sucking insects (War et  al., 2012), whereas the JA 
pathway is often induced after herbivore feeding, particularly 
those with chewing mouthparts, and against necrotrophic 
pathogens (Ballaré, 2011). Plants that have been domesticated 
for high yield may, however, have weakened immune defenses 
compared to their wild ancestors (Lindig-Cisneros et  al., 2002; 
Rodriguez-Saona et  al., 2011; Szczepaniec et  al., 2013; Chen 
et  al., 2015; Gaillard et  al., 2018). To boost the defenses of 
domesticated plants, synthetic elicitors can be  used to enhance 
the activation of the SA and JA defensive pathways and thus 
protect plants against both pathogens and insect herbivores 
(Stout et  al., 2002; Holopainen et  al., 2009; Pickett et  al., 2014; 
Sobhy et  al., 2014; Bektas and Eulgem, 2015).

Four synthetic elicitors of plant defenses commercially available 
at present include Regalia®, LifeGard® WG Biological Plant 
Activator, Actigard® 50WG Plant Activator, and Blush® 2X. 
Regalia, LifeGard, and Actigard are biofungicides that induce 
plant resistance to several fungal and bacterial diseases, likely 
through activation of the SA defense pathway and production 
of pathogenesis-related proteins, indicators of systemic acquired 
resistance (Cole, 1999; Ziadi et  al., 2001; Bargabus et  al., 2002; 
Darolt et  al., 2020; Margaritopoulou et  al., 2020). Conversely, 
the active ingredient in Blush is a synthetically produced 
jasmonate that acts as an analog of JA in plants and increases 
plant resistance against herbivores (Mandour et al., 2013; Uefune 
et  al., 2014; Sobhy et  al., 2015) and pathogens (Yoshida et  al., 
2010). Despite considerable evidence that such elicitors can 
provide protection against pathogens and herbivores, there is 
also reason to suspect that exogenous application of these 
elicitors could lead to increased plant susceptibility to one or 
more attackers due to potential cross talk between the SA 
and JA pathways (Inbar et  al., 1998; Koornneef and Pieterse, 
2008; Thaler et  al., 2012).

Such cross talk between defense pathways might have 
particular relevance in the case of vector-borne plant pathogens, 
such as phytoplasmas. Phytoplasmas are cell-wall-less plant 
pathogenic bacteria belonging to the class Mollicutes (Phylum 
Tenericutes), which are transmitted by phloem-feeding insects 
(Hemiptera), including leafhoppers (Ciccadellidae), planthoppers 
(Fulgoroidea), and psyllids (Psyllidae; Weintraub and Beanland, 
2005; Hogenhout et al., 2008; Gross et al., 2021). In cranberries 
(Vaccinium macrocarpon Aiton, Ericaceae), false blossom disease 
is caused by Candidatus phytoplasma sp. subgroup  16SrIII-Y 
(Lee et  al., 2014; Polashock et  al., 2017). False blossom disease 
symptoms include the formation of a witches’ broom that 
causes several branches to appear at the internode and a 
malformation of flowers (Dobroscky, 1931). Blunt-nosed 

leafhoppers, Limotettix vaccinii Van Duzee (Hemiptera: 
Cicadellidae), are the only known vectors of this disease in 
cranberries (Beckwith and Hutton, 1929; Dobroscky, 1931; 
Chen, 1971; De Lange and Rodriguez-Saona, 2015; Polashock 
et  al., 2017). A recent study by Pradit et  al. (2020) found that 
L. vaccinii adults grew larger when developing on phytoplasma-
infected cranberry plants relative to uninfected controls, but 
that females nevertheless laid more eggs on uninfected plants. 
Another study (Pradit et al., 2019a) showed that three nonvector 
herbivores of cranberries, spotted fireworm (Choristoneura 
parallela Robinson), Sparganothis fruitworm (Sparganothis 
sulfureana Clemens; both Lepidoptera: Tortricidae), and gypsy 
moth (Lymantria dispar L.; Lepidoptera: Erebidae), also grew 
larger and damaged more leaves on phytoplasma-infected than 
on uninfected cranberries. The latter results were found to 
correlate with an increase in nitrogen (N) levels and reduced 
levels of defensive proanthocyanidins (a class of polyphenolic 
compounds important in plant defense against pathogens and 
herbivores; Fisk, 1980; Bernays, 1981; Treutter, 2006) in infected 
cranberry plants (Pradit et  al., 2019a).

These previous findings (Pradit et  al., 2019a, 2020) suggest 
that the phytoplasma causing false blossom may manipulate 
cranberry plants by increasing their nutritional quality and 
reducing defenses, likely for its own benefit but also benefitting 
vector and nonvector herbivores (at least in the short term). 
Here, we  asked whether this host-plant manipulation by the 
pathogen affects the efficacy of synthetic elicitors against insect 
herbivores. We  hypothesized that the effects of these elicitors 
on vector and nonvector herbivore performance differ between 
uninfected and infected cranberry plants. To test this hypothesis, 
we examined how the four elicitors of plant defenses described 
above (i.e., Regalia, LifeGard, Actigard, and Blush) interact 
with phytoplasma infection itself to influence the performance 
(survival and growth) of the false blossom vector L. vaccinii, 
as well as the nonvector herbivore L. dispar (gypsy moth). 
In addition, we  measured effects on several plant traits, 
including size, mass, and nutrient (i.e., N) and phytohormone 
(i.e., JA and SA) levels, that may provide insight into 
possible mechanisms.

MATERIALS AND METHODS

Plant Material
Phytoplasma-infected and uninfected cranberries, V. macrocarpon 
(cv. Crimson Queen), were collected in the fall 2018 from a 
commercial cranberry farm located in Chatsworth (New Jersey, 
United  States) and placed in a coldframe at ~10°C until 
propagation in February 2019. For propagation, stem cuttings 
(~7.5 cm) from uninfected and infected plants were transferred 
to individual 4  ×  4-cm cells in 96-cell plug trays and placed 
in a greenhouse [23  ±  2°C, 70  ±  10% relative humidity (RH), 
and 14:10 light:dark (L:D)] under high-pressure sodium lights 
for rooting. After root development, cuttings were transplanted 
to single pots (10 × 10 cm2). Plants were grown in the greenhouse 
until use in experiments in a 50:50  v/v peat:sand mix, 
were  fertilized once a month (from March until June) with 
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Jack’s Professional Water Soluble 20-20-20 N-P-K General 
Purpose fertilizer (J.R. Peters Inc., Allentown, Pennsylvania, 
United  States) at a rate of 12.3  g per 7  L of water, and were 
watered weekly as needed. Each of these plants (from individual 
cuttings) was considered a replicate, and the numbers of plants 
used for each experiment are provided below.

Prior to experiments, 10 random plants (five infected and 
five uninfected) were tested using a nested PCR assay (Lee 
et  al., 2014) to confirm phytoplasma infection only in infected 
plants. Only infected plants tested positive for the presence 
of phytoplasma. Furthermore, only the phytoplasma-infected 
plants showed symptoms associated with false blossom disease 
(e.g., short and straight uprights). All plants were at the vegetative 
stage when used in experiments.

Insects
We used the following two herbivore species: the blunt-nosed 
leafhopper L. vaccinii, a vector of the phytoplasma that causes 
false blossom, and the nonvector herbivore L. dispar (gypsy 
moth). Both herbivores are pests of cranberries in the northeastern 
United  States (Averill and Sylvia, 1998), with immatures that 
feed on cranberries in the spring during new growth development. 
Therefore, we synchronized crop phenology with the time when 
immatures of these herbivores are active. Limotettix vaccinii 
nymphs, mostly second instars, were collected at the end of 
May 2019 via sweep net sampling of commercial cranberry 
beds (Chatsworth, New Jersey), showing no signs of false 
blossom disease. To check whether these field-collected nymphs 
had the phytoplasma, we tested 20 randomly selected individuals 
for phytoplasma infection using a nested PCR assay (Lee et al., 
2014) and found that most (70%) of them were free of 
phytoplasma. Limotettix vaccinii nymphs were used in the 
experiments on the same date of collection.

Egg masses of L. dispar were sourced from the USDA APHIS 
Otis Laboratory (Buzzards Bay, Massachusetts, United  States) 
in early June 2019 and placed in an environmental chamber 
at 25  ±  1°C, 65% RH, and 14:10  L:D. Neonates were used 
for all experiments.

Experimental Design and Treatments
An experiment was conducted to test two infection levels (i.e., 
phytoplasma-infected and uninfected plants) and five treatments: 
four commercial elicitors of plant defenses and a distilled-water 
control, in a 2  ×  5 factorial design. The plant elicitors tested 
and their application rates are shown in Table  1. Application 
rates were based on the maximum recommended label rate 
and did not to exceed the maximum amount allowed per ha 
per season. All applications were mixed with water to reach 
467  L/ha of spray. Plants in pots were treated three times 
(once a month) with one of the four elicitors or were treated 
with distilled water only (control). Elicitors were applied on 
April 15, May 13, and June 10, 2019 (Figure  1), using 236-ml 
spray bottles (Goody Products, Inc., Atlanta, Georgia, 
United  States; ~0.5  ml per pot), which were held ~20  cm 
above the cranberry canopy; different bottles were used for 
each treatment. The treatments were initiated as soon as new 

growth started and continued for 3  months to maximize 
treatment effects while avoiding phytotoxicity. No phytotoxicity 
symptoms were detected.

Plant Growth
To quantify growth differences of phytoplasma-infected and 
uninfected plants across treatments, the size of 10 randomly 
selected plants from each infection/treatment combination 
(n  =  2 infection levels  ×  5 treatments  ×  10 replicates  =  100 
plants) was determined by measuring the length (in cm) of 
all vines per plant on June 19, 2019 (Figure  1). The length 
of all the vines was averaged to obtain one value for each 
plant. Fresh and dry plant mass (in g) were also measured 
on July 09 and July 19, 2019, respectively (Figure  1). For this, 
all vines from the same plants used to assess plant size were 
cut aboveground and weighed on a Mettler Toledo AE 50 
analytical balance (Mettler Toledo, Columbus, Ohio, 
United  States). To attain the dry mass, after determining the 
fresh mass, plants were oven-dried at 70°C for at least 48  h 
and reweighed.

Performance Assays
Blunt-Nosed Leafhopper (Limotettix vaccinii)
To investigate the survival and growth of the vector L. vaccinii 
on phytoplasma-infected and uninfected cranberry plants treated 
with the elicitors, a portion (12-cm length) of plants (n  =  2 
infection levels  ×  5 treatments  ×  10 replicates  =  100 plants) 
containing 2–3 vines was enclosed in a plastic dialysis tube 
cage (2.5-cm diameter  ×  18-cm length), with the ends of each 
cage closed by cylindrical sponges (2.5-cm diameter  ×  2.5-cm 
length) to prevent the leafhoppers from escaping. Each cage 
was considered a replicate, and a total of 10 cages were set 
up for each infection/treatment combination. Four L. vaccinii 
nymphs (second instars) of similar size were placed in each 
tube cage on May 28, 2019 (n  =  40 nymphs per infection/
treatment combination; total of 400 nymphs used for entire 
experiment). This experiment was conducted in a greenhouse 
under 23  ±  2°C, 70  ±  10% RH, and 15:9  L:D conditions for 
20  days. After 20  days (on June 17, 2019, 1  week after the 
last elicitor application; Figure  1), L. vaccinii mortality was 
recorded, the number of live nymphs and adults was counted, 
and their body mass was measured using a high precision 
balance (Sartorius BP211D; Göttingen, Germany). These growth 
and developmental parameters were used as proxy for L. vaccinii 
performance on cranberry plants since a previous study showed 
that they were influenced by phytoplasma infection (Pradit 
et  al., 2020). The ratio of adults to nymphs was calculated as 
a measure of stage development, with a higher proportion of 
adults indicating faster development (reflected in an older 
population stage structure). We  also checked to determine 
whether leafhoppers acquired the phytoplasma after feeding 
on infected plants by randomly collecting three leafhoppers 
from each elicitor treatment of infected plants (n  =  15) and 
conducting a nested PCR assay (Lee et  al., 2014); we  found 
that most (93%) of the leafhoppers were infected by the end 
of the experiment.

120

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


Rodriguez-Saona et al. Plant Elicitors on Plant-Phytoplasma-Herbivore Interactions

Frontiers in Plant Science | www.frontiersin.org 4 August 2021 | Volume 12 | Article 700242

FIGURE 1 | Timeline showing the dates of elicitor applications, insect performance assays, and plant measurements and tissue sampling.

Gypsy Moth (Lymantria dispar)
To assess the larval performance of the nonvector L. dispar 
on phytoplasma-infected and uninfected cranberry leaves treated 
with the elicitors, we  conducted a separate experiment in the 
same greenhouse described above. One hundred plants (two 
infection levels × 5 treatments × 10 replicates) were individually 
covered with 6-L (50  ×  61  ×  19  cm) Super-Aire fiber plant 
sleeves (A-ROO Company, Strongsville, Ohio, United  States). 
Each plant then received three L. dispar neonates (n  =  30 
neonates per infection/treatment combination; total of 300 
neonates used for entire experiment). Each plant was considered 
a replicate, and each infection/treatment combination was 
replicated 10 times. The experiment was set up on June 17, 
2019 (a week after the last elicitor application), and larval 
mortality and mass (using a Sartorius BP211D balance) were 
assessed after 7  days (on June 24, 2019; Figure  1); a previous 
study by Pradit et al. (2019a) showed that phytoplasma infection 
can positively affect larval mortality and mass of nonvector 
insects, including L. dispar, in cranberries.

Plant Water and Nutrient Analysis
Data from fresh and dry mass were used to calculate water 
content (g) by subtracting dry plant mass from fresh mass. 

To determine the interactive effects of phytoplasma infection 
and elicitor treatments on plant carbon (C) and N, all 
vines were taken from three randomly selected plants from 
each infection/treatment combination on June 17, 2019 
(Figure  1; n  =  2 infection levels  ×  5 treatments  ×  3 
replicates  =  30 plants). Vines from each plant were kept 
in separate paper bags and allowed to dry. The dried samples 
(1.5 g) were weighed using a Mettler Toledo AE 50 analytical 
balance and then analyzed for total C and N by combustion 
with an Elementar Vario Max N/C analyzer (Pella, 1990; 
Horneck and Miller, 1998) by the Penn State University 
Agricultural Analytical Service Laboratory.1 Percent N and 
C/N ratios are reported based on plant sample dry mass. 
C and N were used as proxy for changes in host nutritional 
quality since a previous study showed positive effects 
of  phytoplasma infection on N levels in cranberries 
(Pradit  et  al., 2019a).

Gene Expression Analysis
To test whether the four synthetic elicitors of plant defenses 
reduce expression of a phytoplasma-specific marker gene, leaves 

1 http://agsci.psu.edu/aasl

TABLE 1 | List of product trade names, active ingredients, rates/concentrations, and manufacturers of the elicitors of plant defenses used in this study.

Product trade name Active ingredient Rate1 Concentration Manufacturer

Regalia®
Giant knotweed (Reynoutria 
sachalinensis)

4.75 L/ha 1.0%
Marrone Bio Innovations, Inc., Davis, California, 
United States

LifeGard® WG Biological Plant Activator Bacterium Bacillus mycoides isolate J 160 g/ha 0.07%
Certis USA L.L.C., Columbia, Maryland, 
United States

Actigard® 50WG Plant Activator Acibenzolar-S-methyl (BTH) 53.25 g/ha 0.012% Syngenta, Basel, Switzerland

Blush® 2X PGR
Prohydrojasmon (propyl-3-oxo-2-
pentylcyclo-pentylacetate)

11.5 L/ha 0.99%
Fine Americas, Inc., Walnut Creek, California, 
United States

1Based on maximum label rates allowed per ha per season.
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from vines were taken from three randomly selected elicitor-
treated and untreated plants on June 17, 2019 (Figure 1; n = 5 
treatments  ×  3 replicates  =  15 plants) and stored at −80°C 
until used for real-time quantitative PCR (RT-qPCR) analysis. 
Total RNA was extracted from the leaves immediately after 
harvest via previously described methods (Rodriguez-Saona 
et  al., 2013; De Lange et  al., 2019; Pradit et  al., 2019b). The 
total RNA extract was treated with Optizyme DNase I  (Fisher 
Scientific, Hampton, New Hampshire, United States) to remove 
any residual DNA, suspended in 50  μl RNAse-free water, and 
quantified using a ND-1000 NanoDrop spectrophotometer. The 
quality of the RNA was assessed by gel electrophoresis; then, 
cDNA was synthesized using 100  ng of RNA per reaction and 
the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher 
Scientific, Waltham, Massachusetts, United  States) according 
to the manufacturer’s (Invitrogen) protocol.

The target gene (“UnkPhyto”) was selected based on previous 
transcriptome data and RT-qPCR data showing that this gene 
is stable and expressed only in cranberry leaves infected by 
phytoplasma (Pradit et  al., 2019b). The primer used for the 
target gene is listed in Table  2. The expression of actin was 
used as the endogenous control (Rodriguez-Saona et  al., 2013; 
De Lange et  al., 2019; Pradit et  al., 2019b). The primers of 
the target gene and endogenous control were designed using 
PrimerQuest (Integrated DNA Technologies Inc., Skokie, Illinois, 
United  States).

Real-time quantitative PCR reactions were set up using the 
Power SYBR Green PCR Master Mix (Applied Biosystem, Foster 
City, California, United States) according to the manufacturer’s 
directions and run on a QuantStudio 5 RT-qPCR System 
(Applied Biosystems) under the following conditions: 50°C for 
2  min, 95°C for 10  min, and 40  cycles at 95°C for 15  s and 
58°C for 1  min, with the melting curve set at 95°C for 15  s, 
60°C for 1  min, and 95°C for 1  s. We  used 500  ng of cDNA 
per reaction. There were three biological replicates (individual 
plants) of each sample, and three technical replicates were run 
for each biological replicate. The technical replicates for each 
biological replicate were averaged. The expression level of the 
target gene relative to the endogenous control gene was calculated 
and compared among elicitor-treated and untreated phytoplasma-
infected plants with the ∆∆CT method using the QuantStudio 
Design & Analysis Software version 1.4.3 (Applied Biosystems).

Phytohormone Analysis
We assessed the interactive effects of phytoplasma infection 
and elicitor treatment on JA and SA, two key defensive 

phytohormones (Schmelz et  al., 2003). All vines from four 
plants of each phytoplasma/treatment combination were collected 
on June 17, 2019 (Figure  1; n  =  2 infection levels  ×  5 
treatments  ×  4 replicates  =  40 plants) and stored at −20°C 
before analysis. Phytohormone levels in the leaves were analyzed 
by liquid chromatography-mass spectrometry (LC-MS) at the 
Department of Environmental Systems Science at ETH Zürich 
(Zürich, Switzerland), as described in Pradit et  al. (2020). 
Freeze-dried samples (10–20 mg) were placed in a 2-ml round-
bottom Eppendorf tube and frozen in liquid nitrogen. Frozen 
samples were ground to powder using the Genogrinder and 
a 100-μl extraction solution (80:20 isopropanol:methanol) 
supplemented with isotopically labeled standards of the 
phytohormones (4 ng/μl). The samples were vortexed and then 
sonicated in a water bath for 30 min. After sonication, samples 
were centrifuged at 10,000  rpm at 4°C for 15  min, and the 
supernatant was transferred to a 2-ml Eppendorf tube. The 
remaining sample was extracted via the same process mentioned 
above two more times, using 40  μl of the extraction solution 
each time. The combined supernatant (approximately 180  μl) 
was centrifuged at 13,000  rpm for 30  min to remove any 
solids. After centrifugation, the supernatant was transferred to 
a vial for LC-MS analysis. The amount of phytohormone was 
calculated using the Masshunter Quantitative analysis software 
(Agilent, Santa Clara, California, United  States).

For LC-MS analysis, separation was done with ultra-high-
performance liquid chromatographs equipped with a Zorbax 
SB-C18 column (1.8  μm, 2.1  ×  100  mm; Agilent). The analysis 
of phytohormones was done with Quadrupole Time-of-Flight 
LC-MS (Agilent) with positive and negative ion modes. In the 
positive ion mode, water +0.1% formic acid was used as solvent 
A and acetonitrile +0.1% formic acid was used as solvent B. 
In the negative ion mode, water +5  mm ammonium formate 
was used as solvent A and acetonitrile as solvent B. The elution 
gradient in the positive ion mode was 99.5% A/0.5% B at 1 min, 
97.0% A/3.0% B at 5  min, and 1.0% A/99.0% B at 15  min and 
17  min, whereas the elution gradient in the negative ion mode 
was 99.5% A/0.5% B at 1  min, 97.0% A/3.0% B at 5  min, 1.0% 
A/99.0% B at 15  min, and 0.2% A/99.8% B at 17  min. The 
flow rate was 0.6  ml/min, and the injection volume was 5  μl. 
The column temperature was 50°C. The diode-array detector 
detected UV wavelengths between 190 and 640  nm.

Statistical Analysis
Data analyses for all experiments were performed using Minitab 
version 18 (Minitab Inc., State College, Pennsylvania, United States). 

TABLE 2 | Target and endogenous control genes used for real-time qPCR and primer sequences indicating the presence of a phytoplasma causing cranberry false 
blossom disease in cranberry leaves.

Target gene Real-time F primer Real-time R primer

Phytoplasma gene1 GCAAGAACGCTTTCTGAACTAAA CCTGCCTTATGAGGATACAACTC
Actin2 TTCACCACCACGGCTGAAC AGCCACGTATGCAAGCTTTTC

1Unknown “UnkPhyto” gene based on transcriptome data and RT-qPCR data from Pradit et al. (2019b).
2Endogenous control gene.
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We  tested for the main effects of elicitor treatment, phytoplasma 
infection, and the elicitor × phytoplasma interaction on herbivore 
performance traits (L. vaccinii and L. dispar mass and survival) 
by using two-way ANOVA; a significant level of α  =  0.05 was 
applied. Because each plant was considered a replicate, the mass 
and survival of L. vaccinii and L. dispar were each averaged to 
obtain a single (mean) value per plant before statistical analysis. 
The same statistical analysis was performed for all plant traits, 
i.e., size, mass, water and N content, C/N level, and phytohormone 
(JA and SA) levels. Before performing the ANOVA, data were 
checked for normality by using the Anderson-Darling test and 
for homogeneity of variances by using the Levene’s tests. Differences 
in ∆∆CT among elicitor treatments and untreated control were 
analyzed using one-way ANOVA. Nonnormal data were 
Ln-transformed to achieve normality. Percent data were arcsine 
square-root-transformed before analysis. After significant ANOVAs 
were attained, multiple comparisons were performed using Tukey’s 
honestly significant difference tests for means separation.

RESULTS

Plant Growth
Compared to uninfected plants, phytoplasma-infected cranberry 
plants were 34% lighter (mean mass  ±  SE: infected 
plants  =  1.58  ±  0.11  g; uninfected plants  =  2.38  ±  0.15  g; 
Table 3; Figure 2A) and 32% smaller (mean size ± SE: infected 
plants  =  9.09  ±  0.29  cm; uninfected plants  =  13.35  ±  0.47  cm; 
Table  3; Figure  2B). There was, however, no effect of elicitor 
treatment on plant mass or size nor an infection × treatment 
interaction (Table  3; Figure  2).

Herbivore Performance
Blunt-Nosed Leafhopper (Limotettix vaccinii)
Limotettix vaccinii mass was not affected by phytoplasma 
infection (Table  3) and was only marginally affected by 
elicitor treatment (Table  3); however, the infection and 
elicitor treatment interaction significantly affected L. vaccinii 
mass (Table  3; Figure  3A). All elicitors increased L. vaccinii 
mass on healthy plants. Phytoplasma infection also increased 
leafhopper mass by > 3-fold on untreated control plants, 
but this positive effect was attenuated in the elicitor-treated 
plants, indicating possible trade-offs in the plant’s response 
to infection and the elicitors. These differences in mass 
across treatments likely reflect differences in the proportion 
of L. vaccinii adults present. Phytoplasma infection did not 
influence the proportion of L. vaccinii adults (Table  3), but 
this proportion was significantly affected by elicitor treatment 
(Table  3) and by the infection × treatment interaction 
(Table  3; Figure  3B). Phytoplasma infection increased the 
proportion of adults by 3.4-fold in untreated control plants, 
indicative of faster development, but not in the Regalia-, 
LifeGard-, and Actigard-treated plants.

Limotettix vaccinii mortality was 30% lower on phytoplasma-
infected plants than on uninfected plants (mean % 
mortality  ±  SE: infected plants  =  23  ±  0.04%; uninfected 

plants  =  33  ±  0.03%; Table  3; Figure  3C). Elicitor treatment 
also affected L. vaccinii mortality (Table  3), with Regalia 
increasing survival by ~28% compared to the control (Figure 3C); 
however, there was no infection × treatment interaction (Table 3).

Gypsy Moth (Lymantria dispar)
Phytoplasma infection increased L. dispar larval mass by 2-fold 
(mean mass  ±  SE: infected plants  =  6.58  ±  0.4  mg; uninfected 
plants  =  3.44  ±  0.27  g; Table  3; Figure  4A). Elicitor treatment 
also positively affected L. dispar larval mass (Table  3), and 
this effect was not influenced by the interaction between elicitor 
and infection (Table  3; Figure  4A). Compared to larvae on 
untreated control plants, both Regalia and Actigard treatments 
increased larval mass.

There was no effect of infection, elicitor treatment, or their 
interaction on L. dispar mortality (Table  3). About 40% of 
larvae died across all treatments (Figure  4B).

Plant Water and Nutrient Content
Phytoplasma infection, elicitor treatment, and the interaction 
between them affected water content (Table 3). Actigard treatment 
decreased water content compared to untreated control plants, 
but this effect was ameliorated in phytoplasma-infected plants 
(Figure  5A). Phytoplasma infection increased water content 
in LifeGard-treated plants (Figure  5A).

Phytoplasma infection increased N concentrations in plants 
by 10% (mean % n  ±  SE: infected plants  =  1.033  ±  0.03%; 
uninfected plants = 0.939 ± 0.04%; Table 3; Figure 5B). Similarly, 
elicitor treatment increased N concentrations in plants by ~30% 
compared to the untreated controls (Table  3), and this was 
independent of phytoplasma infection, i.e., no infection × 
treatment interaction (Table  3; Figure  5B). As a result, 
phytoplasma infection decreased C/N ratios in plants (mean 
C/N ratio  ±  SE: infected plants  =  48.79  ±  1.58; uninfected 
plants  =  54.35  ±  2.48; Table  3; Figure  5C). Elicitor treatment 
also decreased C/N levels in plants compared to the untreated 
controls (Table  3), independently of phytoplasma infection 
(Table  3; Figure  5C).

Gene Expression
Elicitor treatment had no significant effects on the expression 
levels of our target gene (UnkPhyto) in phytoplasma-infected 
cranberry plants (mean ∆∆CT  ±  SE: Actigard  =  0.13  ±  0.04; 
LifeGard  =  0.34  ±  0.23; Regalia  =  0.68  ±  0.21; 
Blush  =  0.42  ±  0.23; Control  =  0.42  ±  0.27; F4,10  =  0.88, 
p  =  0.511), indicating that elicitors of plant defenses did not 
reduce the expression of this phytoplasma-specific gene.

Phytohormone Levels
Phytoplasma infection increased the SA concentrations in plants 
by ~4  times (Table  3; Figure  6B) but had no effect on JA 
levels (Table  3; Figure  6A). In contrast, elicitor treatment 
affected JA levels (Table  3), but this effect was influenced by 
phytoplasma infection (significant elicitor × hytoplasma 
interaction; Table 3; Figure 6A). Regalia, LifeGard, and Actigard 
reduced concentrations of JA compared to the Blush and control 
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treatments and were not affected by infection; however, infection 
did increase JA levels in the Blush treatment. Somewhat 
surprisingly, elicitor treatment had no effect on SA (Table  3) 
concentrations, and there was no elicitor × phytoplasma 
interaction on SA (Table  3; Figures  6B).

DISCUSSION

Limited options are currently available for the control of false 
blossom disease in cranberries, and the only method shown 
to effectively reduce disease incidence so far targets the disease 
vector L. vaccinii. Early breeding efforts aimed at enhancing 
plant resistance to false blossom assessed varietal resistance 
based on susceptibility to L. vaccinii feeding; in recent decades, 
however, the focus of breeding efforts has shifted toward 
increased fruit yield without regard to resistance (Vorsa 
and  Zalapa, 2020). These changes in breeding priorities came 
about due, in part, to the development, during the 1940–1950s, 

of  broad-spectrum insecticides (e.g., organophosphates and 
carbamates) that were effective at controlling L. vaccinii 
populations. However, recent restrictions on the use of these 
insecticides, including the EPA Food Quality Protection Act 
(US Environmental Protection Agency, 1996), have prompted 
the search for alternative management practices. In this study, 
we  attempted to manipulate cranberry resistance against 
L.  vaccinii, through the use of elicitors of plant defenses to 
inhibit the phytoplasma that causes false blossom disease, as 
an alternative to chemical control.

Our results revealed that phytoplasma infection causes 
significant stunting of vines, so that infected plants were 
significantly smaller and lighter than uninfected plants, as has 
been reported previously (e.g., Chen, 1971). Infection by 
phytoplasma also made cranberries more susceptible to insect 
herbivores. Previous studies have reported mixed effects of 
phytoplasma infection in plants on insect vectors, including 
negative effects on survival (e.g., Bressan et  al., 2005a, 2005b; 
D’Amelio et  al., 2008; Mayer et  al., 2011) and reproduction 

TABLE 3 | Results of two-factor ANOVA on the effects of phytoplasma infection and chemical elicitors on plant traits and insect performance.

Variables Source F df1 Value of p2

Plant growth

Mass
Infection 16.13 1, 110 <0.001
Elicitor 1.1 4, 110 0.361
Infection × Elicitor 0.3 4, 110 0.875

Size

Infection 65.19 1, 110 <0.001
Elicitor 0.7 4, 110 0.594
Infection × Elicitor 0.69 4, 110 0.598

  Limotettix vaccinii

Mass
Infection 0.09 1, 86 0.768
Elicitor 2.24 4, 86 0.071
Infection × Elicitor 14.67 4, 86 <0.001

Adult:nymph
Infection 0.35 1, 86 0.555
Elicitor 2.82 4, 86 0.03
Infection × Elicitor 5.08 4, 86 <0.001

Mortality

Infection 4.28 1, 90 0.042
Elicitor 3.09 4, 90 0.02
Infection × Elicitor 0.42 4, 90 0.797

  Lymantria dispar

Mass
Infection 40.29 1, 88 <0.001
Elicitor 3.07 4, 88 0.02
Infection × Elicitor 2.18 4, 88 0.078

Mortality

Infection 1.39 1, 100 0.241
Elicitor 1.31 4, 100 0.27
Infection × Elicitor 1.2 4, 100 0.317

Water content

Infection 5.68 1, 107 0.019
Elicitor 5.42 4, 107 0.001
Infection × Elicitor 2.96 4, 107 0.023

Nutritional content

Nitrogen
Infection 7.56 1, 20 0.012
Elicitor 8.66 4, 20 <0.001
Infection × Elicitor 1.42 4, 20 0.263

Carbon:nitrogen

Infection 9.06 1, 20 0.007
Elicitor 10.62 4, 20 <0.001
Infection × Elicitor 1.69 4, 20 0.192

Phytohormones

Salicylic acid
Infection 41.68 1, 30 <0.001
Elicitor 2.56 4, 30 0.059
Infection × Elicitor 0.55 4, 30 0.703

Jasmonic acid
Infection 2.13 1, 25 0.157
Elicitor 225.57 4, 25 <0.001
Infection × Elicitor 2.9 4, 25 0.042

1Numerator, denominator (error).
2Numbers in bold indicate statistically significance (α = 0.05).
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(e.g., Bressan et  al., 2005a, 2005b; Mayer et  al., 2011; Pradit 
et  al., 2020); positive effects on survival (e.g., Purcell, 1988; 
Beanland et  al., 2000; Ebbert and Nault, 2001; Kingdom and 
Hogenhout, 2007), growth (e.g., Pradit et  al., 2020), and 
development (e.g., Pradit et  al., 2020); or no effects (e.g., 
D’Amelio et  al., 2008; Kaul et  al., 2009). Our study agrees 
with findings by Pradit et  al. (2019a, 2020) that phytoplasma 
infection in cranberries increases the masses of the vector 
L.  vaccinii and the nonvector L. dispar. Clearly, infection by 
phytoplasma in cranberries enhances the performance of both 
vector and nonvector herbivores, at least in the short term 
(i.e., immature growth).

The observed improvement of herbivore performance on 
infected plants was associated with an increase in N levels, a 
critical nutrient for insect survival, growth, and development 
(Mattson, 1980). Correspondingly, infected cranberry plants 
had lower C/N ratios, an important parameter during insect 
food selection. Pradit et  al. (2019a) reported similar increases 
in N concentration in phytoplasma-infected cranberries, along 
with lower concentrations of defensive polyphenolics, i.e., 
proanthocyanidins. In contrast, Raiesi and Golmohammadi 
(2020) reported higher phenolics and lower N concentrations 
in Mexican lime [Citrus aurantifolia (Christm.) Swingle] infected 
by “Candidatus Phytoplasma aurantifolia,” suggesting that the 
effects of phytoplasmas on plant nutritional and biochemical 
composition depend on the specific crop-phytoplasma interaction. 
In cranberries, the current results together with previous findings 

by Pradit et al. (2019a, 2020) indicate that phytoplasma infection 
increases nutrient levels while weakening plant defenses, likely 
benefitting not only the pathogen (e.g., Mitchell et  al., 2003) 
but also vector and nonvector herbivores. This suppression of 
the plant defenses could result from the observed increase in 
SA levels in phytoplasma-infected plants. Previous studies 
examining the effects of phytoplasma infection on phytohormones 
have produced mixed results (Dermastia, 2019), with some 
showing activation of the SA pathway (Ahmad et  al., 2013; 
Prezelj et  al., 2016), while others have shown activation of 
the JA pathway (Musetti et al., 2013; Luge et al., 2014; Paolacci 
et  al., 2017). Contrary to this study, however, previous studies 
in cranberries found no effect of phytoplasma infection on 
SA concentrations (Pradit et  al., 2020) or on the expression 

A

B

C

FIGURE 3 | Effects of phytoplasma infection and elicitor treatments on 
Limotettix vaccinii mass (A), ratio of adults vs. nymphs (B), and percent 
mortality (C). Data are means ± SE. Different lowercase letters above bars 
indicate that means among elicitor treatments differ for uninfected (healthy) 
plants, and different uppercase letters show treatment differences for infected 
plants (Tukey’s HSD tests, p ≤ 0.05). Control plants did not receive any elicitor 
(i.e., treated with distilled water only). n = 10 replicates per infection/treatment 
combination.

A

B

FIGURE 2 | Effects of phytoplasma infection and elicitor treatments on fresh 
mass (A) and size (B) of cranberry plants. Data are means ± SE. Different 
letters above bars indicate that means among elicitor treatments differ for 
uninfected (healthy) and infected plants [Tukey’s honestly significant difference 
(HSD); tests, p ≤ 0.05]. Control plants did not receive any elicitor (i.e., treated 
with distilled water only). n = 10 replicates per infection/treatment 
combination.
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of SA-related genes (Pradit et  al., 2019b). Although the 
mechanisms underlying the variable effects of infection observed 
across study systems remain unclear, it is known that 
phytohormone levels can change based on plant age and growing 
conditions (Paolacci et al., 2017). Future studies should therefore 
examine the influence of abiotic and biotic factors on 
phytohormone levels in phytoplasma-infected cranberries. 
We can also not discard the possibility that other phytohormones 
besides SA and JA, such as ethylene and abscisic acid (which 
were not measured here), might play a role in interactions 
among cranberries, phytoplasma, and insect herbivores 
(Dermastia, 2019). It is worth noting that phytoplasma infection 
not only exclusively affects the plant nutritional and biochemical 
composition, but also induces morphological and physiological 
changes in their respective host plants (Gallinger et  al., 2021); 
thus, other factors not measured here could have also contributed 
to the observed improved herbivore performance.

The current results reveal that treating cranberries with 
the salicylate-based elicitors (Regalia, LifeGard, and Actigard) 
improved leafhopper (L. vaccinii) and gypsy moth caterpillar 
(L. dispar) performance, a possible indication of negative 
cross talk between the SA and JA signaling pathways (Felton 
and Korth, 2000; Koornneef and Pieterse, 2008). These 
findings agree with the previous studies showing increased 

susceptibility of tomato (Solanum lycopersicum L.) plants to 
larvae of the beet armyworm Spodoptera exigua (Hübner) 
and of cotton (Gossypium hirsutum L.) and soybean [Glycine 
max (L.) Merr.] to larvae of the fall armyworm Spodoptera 
frugiperda (J. E. Smith) when treated exogenously with 
acibenzolar-S-methyl (BTH), the active ingredient in Actigard 
(Thaler et  al., 1999; Gordy et  al., 2015). However, they 
contradict other reports indicating that Actigard provides 
protection against leafminers, Liriomyza spp. (Inbar et  al., 
1998) and the Egyptian cotton leafworm Spodoptera littoralis 
(Boisduval; Sobhy et  al., 2015) in tomatoes as well as the 
wheat stem sawfly Cephus cinctus Norton in wheat (Triticum 
aestivum L.; Shrestha et al., 2018). Acibenzolar-S-methyl also 
reduced green peach aphid, Myzus persicae (Sulzer), fecundity 
in tomatoes (Boughton et  al., 2006). Furthermore, both 

A

B

C

FIGURE 5 | Effects of phytoplasma infection and elicitor treatments on water 
(A) and nitrogen (B) content and ratio of carbon vs. nitrogen (C/N) (C) in 
cranberry plants. Data are means ± SE. Different lowercase letters above bars 
indicate that means among elicitor treatments differ for uninfected (healthy) 
plants, and different uppercase letters show treatment differences for infected 
plants (Tukey’s HSD tests, p ≤ 0.05). Control plants did not receive any elicitor 
(i.e., treated with distilled water only). n = 10 (water content) and three 
(nitrogen and C/N) replicates per infection/treatment combination.

A

B

FIGURE 4 | Effects of phytoplasma infection and elicitor treatments on 
Lymantria dispar mass (A) and percent mortality (B). Data are means ± SE. 
Different lowercase letters above bars indicate that means among elicitor 
treatments differ for uninfected (healthy) plants, and different uppercase letters 
show treatment differences for infected plants (Tukey’s HSD tests, p ≤ 0.05); 
n.s. = not significantly different (Tukey’s HSD tests, p > 0.05). Control plants 
did not receive any elicitor (i.e., treated with distilled water only). n = 10 
replicates per infection/treatment combination.
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Actigard and Regalia were found to adversely affect the 
performance of the soybean looper Chrysodeixis includens 
(Walker) in soybean (Chen et  al., 2018). In overview, these 
studies suggest that the effects of SA-based elicitors on 
herbivores are difficult to predict and likely depend on the 
specific plant-herbivore interaction (Stout et al., 2002; Gordy 
et  al., 2015). In the current study, these SA-based elicitors 
attenuated some of the positive effects of phytoplasma 
infection on L. vaccinii, but not to a level that would justify 
their use as a control tactic. SA mimics have previously 
been shown to increase the expression of pathogenesis-related 
protein genes and to reduce the incidence of several bacterial 
and fungal diseases (e.g., Inbar et  al., 1998; Thaler et  al., 
1999; Obradovic et  al., 2005; Thakur and Sohal, 2013). In 
our study, however, the application of synthetic SA mimics 
did not appear to reduce the incidence of false blossom 
disease in cranberries based on the expression levels of a 
phytoplasma-specific marker gene. Furthermore, in a previous 
study, Actigard failed to reduce early canker disease when 
sprayed on foliage throughout the season in citrus [Citrus 
paradisi Macfad. × Poncitrus trofoliata (L.) Raf.] orchards 
(Graham and Leite, 2004). In the current study, elicitor 
treatment also did not alleviate false blossom symptoms, as 
both treated and untreated infected cranberry plants had 
similar stunted growth at the end of our experiment. However, 
it should also be  noted that we  applied the elicitors as a 
potential curative treatment to plants already infected by 

the phytoplasma, and thus, it is unknown whether elicitor 
applications to healthy plants might prevent them from 
acquiring the disease.

To explore whether the effects of elicitor treatment on 
herbivore performance were mediated by chemical changes in 
cranberries, we  measured the nutritional (N and C/N) and 
phytohormone (SA and JA) levels in plants. Our results suggest 
that the improved performance of herbivores, particularly on 
plants treated with the SA-based elicitors, might be attributable, 
at least in part, to increased N concentration, lower C/N ratios, 
lower JA concentrations, or some combination of these factors. 
The finding that elicitors increased N concentration was 
unexpected, but could reflect higher N assimilation by treated 
plants because of increased metabolic (i.e., enzymatic) activity—
whether this plant N is readily available to insect herbivores 
is unknown. Elicitor treatment had no negative effects on plant 
growth, suggesting the absence of physiological costs associated 
with defense activation, but elicitor treatment did interact with 
phytoplasma infection to affect water content, via mechanisms 
that remain unclear. Elicitor treatment also did not cause any 
detectable phytotoxicity (CRS, personal observation) in 
cranberries. A surprising result of the current study was that 
the application of SA-based elicitors did not result in an increase 
in SA concentrations in either infected or uninfected plants. 
However, it is plausible that the elicitors tested in this study 
do not directly trigger SA production but instead act on 
downstream components of the SA pathway. Indeed, JA levels 
were attenuated by application of the SA mimics Regalia, 
LifeGard, and Actigard, another indicator of potential trade-
offs between these two defensive pathways together with improved 
herbivore performance in cranberries (Thaler et al., 1999; Felton 
and Korth, 2000; Koornneef and Pieterse, 2008). It is also 
possible that the production of other defensive hormones not 
measured here was induced by the elicitors (Bektas and 
Eulgem, 2015).

In summary, the results of the current study indicate that 
the exogenous application of synthetic defense elicitors had 
little effect on tripartite interactions between cranberries, a 
phytoplasma that causes false blossom disease, and insect 
herbivores (including both a vector and nonvector). In fact, 
phytoplasma infection and elicitor treatment acted independently 
to influence L. dispar performance, as well as plant traits, such 
as N, C/N, and SA levels. Only for L. vaccinii did elicitors 
interact with phytoplasma to affect growth and development. 
Furthermore, contrary to our initial expectations, none of the 
elicitors of the SA and JA defensive pathways tested here neither 
increased the plant resistance against the vector blunt-nosed 
leafhopper (L. vaccinii) or the nonvector gypsy moth (L. dispar) 
nor reduced the degree of phytoplasma infection in cranberry 
plants. On the contrary, treatment with these elicitors made 
cranberry plants more susceptible to both herbivores. While 
the mechanisms underlying this increased susceptibility are 
not entirely clear, both phytoplasma infection and elicitor 
treatment increased N levels and reduced C/N ratios, while 
infection also increased SA levels in cranberry plants, which 
might be  expected to suppress JA defenses that are thought 
to play a more important role in resistance to herbivory. 

A

B

FIGURE 6 | Effects of phytoplasma infection and elicitor treatments on levels of 
the phytohormones jasmonic acid (JA) (A) and salicylic acid (SA) (B) in cranberry 
plants. Data are means ± SE. Different lowercase letters above bars indicate that 
means among elicitor treatments differ for uninfected (healthy) plants, and 
different uppercase letters show treatment differences for infected plants (Tukey’s 
HSD tests, p ≤ 0.05). Control plants did not receive any elicitor (i.e., treated with 
distilled water only). n = 4 replicates per infection/treatment combination.
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Taken  together, these findings show that the tested elicitors 
of plant defenses failed to increase resistance to insect herbivores 
or reduce disease incidence in cranberries; consequently, their 
use for this purpose is not recommended. Because under field 
conditions there are cranberry beds with plants already infected 
by phytoplasma, in this study, we  attempted to use elicitors 
of plant defenses to prevent further infection of young, new 
growing tissues in infected plants (i.e., curative control); future 
studies are needed to determine whether these elicitors can 
be  used to “vaccinate” cranberries by protecting uninfected 
plants from acquiring this disease.
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Prohydrojasmon (PDJ), an analog of jasmonic acid (JA), was found to induce direct and
indirect defenses against herbivores in non-infested plants. To test whether PDJ can be
used for pest control in crop production, we conducted experiments in pesticide-free
Japanese radish fields from October 4 to December 12 in 2015. Twenty-four Japanese
radish plants in three plots were treated with a 100 times-diluted commercial formulation
(5%) of PDJ (treated plants), and 24 plants in three different plots were treated with water
(control plants) until November 29 every week. Throughout the observation period, the
number of aphids, leaf-mining fly larvae, vegetable weevils, and thrips was significantly
lower on the treated plants than on the control plants. In contrast, the number of
lepidopteran larvae was not significantly different between the treated and control plants
throughout the study period. Parasitized aphids (mummies) were also observed in
both plots. Poisson regression analyses showed that a significantly higher number of
mummies was recorded on the treated plants as compared to that on the control plants
when the number of aphids increased. This suggested that PDJ application to Japanese
radish plants attracted more parasitoid wasps on the treated plants than on the control
plants. We also identified eight terpenoids and methyl salicylate as the PDJ-induced
plant volatiles in the headspace of the treated plants. Some of these volatiles might
be responsible for attracting aphid-parasitoid wasps in the field. However, for other
insect pests, we did not find any natural enemies. Interestingly, the genes of the JA and
salicylic acid signaling pathways were differentially upregulated in the treated plants. We
also observed that the PDJ treatments induced the expression of the genes related to
glucosinolate biosynthesis and the subsequent isothiocyanate formation. Additionally,
the weights of both the aboveground and belowground parts of the treated plants
were significantly lower than those of the respective parts of the control plants. These
results indicated that the treatment of Japanese radish plants with a 100 times-diluted
commercial formulation of PDJ induced their direct and indirect defenses against several
insect pest species to reduce their numbers, and negatively affected their biomass.

Keywords: prohydrojasmon, Raphanus sativus L. var. hortensis Backer, aphids, parasitoids, thrips, vegetable
weevils, leaf-mining fly larvae, lepidopteran larvae
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INTRODUCTION

In response to herbivory, plants become more resistant
either directly (by decreasing their palatability to herbivores)
or indirectly (by increasing the effectiveness of carnivorous
natural enemies of herbivores). Jasmonic acid (JA), a plant
hormone, is involved in the induction of direct defenses
against herbivores in infested plants (Smith et al., 2009),
and is also involved in the production of herbivory-induced
plant volatiles, which attract the natural enemies of the
infesting herbivores (Takabayashi and Dicke, 1996; Arimura
et al., 2009; McCormick et al., 2012; Takabayashi and Shiojiri,
2019). Exogenous application of JA to non-infested plants can
induce direct defenses, making them less suitable resources
for herbivores (Farmer and Ryan, 1992; Thaler et al., 1996;
Heijari et al., 2005; Cooper and Rieske, 2008). Furthermore,
JA-treated non-infested plants become more attractive to
predators and parasitoids than untreated plants (indirect defense
induction) (Hopke et al., 1994; Dicke et al., 1999; Gols
et al., 1999; Thaler, 1999; Ozawa et al., 2000, 2004, 2008;
Lou et al., 2005).

Prohydrojasmon (PDJ) [propyl(1RS,2RS)-(3-oxo-2-
pentylcyclopentyl) acetate], an analog of JA, was first
registered as a plant growth regulator, particularly for
coloring apples and grapes (Koshiyama et al., 2006).
Subsequently, similar to JA, PDJ was found to induce
direct and indirect defenses against herbivores in non-
infested plants (Mandour et al., 2013; Uefune et al., 2014;
Sobhy et al., 2015; Matsuura et al., 2020). A report on PDJ
treatment of non-infested maize plants suggests a reduction
in the weights and survival rates of the common armyworm,
Mythimna separata (Walker), larvae and their increased
attraction to Cotesia kariyai Watanabe, a parasitoid wasp
of the herbivore (Mandour et al., 2013). Furthermore,
Uefune et al. (2014) reported that two-spotted spider mites
(Tetranychus urticae Koch) laid significantly fewer eggs
on PDJ-treated leaf disks than on control leaf disks. They
also showed that PDJ treatment of non-infested lima bean
plants induced the production of volatiles, including (E)-
β-ocimene and (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT),
which attract Phytoseiulus persimilis Athias-Henriot, a
predatory mite (Dicke et al., 1990). Moreover, under
greenhouse conditions, PDJ treatment of tomato plants
negatively affects the damage caused by thrips (Matsuura
et al., 2020). These laboratory and greenhouse studies
indicate that PDJ treatment of crops increases their direct
and indirect defenses against several insect pests under open
field conditions.

Therefore, in the present study, we investigated whether
the treatment of field-grown Japanese radish plants (Raphanus
sativus L. var. hortensis Backer) with commercially formulated
PDJ could reduce the number of insect pests throughout
the cultivation season and affect the biomass of PDJ-treated
Japanese radish plants after harvesting. We also analyzed
the volatiles emitted from, and the genes expressed in the
treated and control plants. The possible use of PDJ for pest
management was discussed.

MATERIALS AND METHODS

Prohydrojasmon
We used a 100 times-diluted commercial formulation with 5%
PDJ (Jasmonate-Ekizai R©, Meiji Seika Pharma, Tokyo, Japan) for
the experiments. This concentration was determined based on the
results of our previous studies, wherein the induction of direct
and indirect defense responses was detected at this concentration
in corn (Mandour et al., 2013) and lima bean plants (Uefune et al.,
2014). As a plant growth regulator and for controlling thrips,
1000- to 2,000-fold dilution and 500-fold dilution are suggested
by the company, respectively.

Experiments in a Common Garden
We used an open common garden (ca. 3 m × 6 m) located in Gifu
City, Gifu Prefecture, Japan for the field experiments in 2015. The
common garden was divided into 12 plots (140 cm × 60 cm).
We sowed three seeds in each spot (8 spots in two lines per
plot: Supplementary Figure 1) on September 27. Seedlings were
recognized a week after seeding (that is, October 4), and then
the seedlings in each spot were reduced to one (i.e., eight
seedling pre plot). Three each of treatment (PDJ-treated) and
control (water-treated) plots were randomly chosen using the
“RAND” function in Microsoft Excel (Supplementary Figure 1).
The observation was performed on October 4, 11, 18, and 25;
November 1, 15, 22, and 29; December 6, 13. On October 4, 11,
18, and 25; November 1, 11, 22, and 29, we sprayed the PDJ
solution. The 24 Japanese radish plants in the three treatment
plots were sprayed with 3 mL of the 100 times-diluted commercial
formulation (5%) of PDJ (treated plants), and the 24 plants in
the control plots were sprayed with water (control plants) using
a hand sprayer. In December, we did not spray PDJ (the land
owner’s request). The plants were harvested on December 20.
The weather conditions in the experimental period are shown in
Supplementary Table 1.

We counted the number of arthropods on the plants,
including insect pests and their carnivorous natural enemies,
in each plot from October 4 to December 13. The insect
pests observed in the plots were aphids, thrips, vegetable
weevils (Listroderes obliquus Klug), leaf-mining fly larvae, and
lepidopteran larvae. The major lepidopteran species were the
cabbage butterfly (Pieris rapae L.) that is a crucifer specialist,
and few species of the subfamilies Hadeninae and Plusiinae
those are not crucifer specialists. We also observed aphids
parasitized by wasps (mummies). However, the species of
aphids, aphid parasitoid wasps, leaf- mining flies, and thrips
were not identified.

During the first five observation weeks, we observed
herbivorous insects on all eight plants in each plot. We
randomly chose six and four plants per plot for the sixth-
to-eighth and the ninth weeks, respectively, to observe the
herbivorous insects.

After the harvest on December 20, we separated the
aboveground and belowground parts of all the harvested plants
from the treated and control plots, and weighed the parts to assess
the effects of PDJ treatment on the growth of the plants.
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Analyses of Headspace Volatiles of
Japanese Radish Plants
To test whether PDJ treatment resulted in the induction of
volatiles in Japanese radish plants, we cultivated the plants and
collected the headspace volatiles in the laboratory. Between 24
and 27 days after seeding, the PDJ- and water-sprayed plants were
placed in a growth chamber at 25 ± 1◦C, with an RH of 60 ± 22%,
and a 16L:8D light regimen for 24 h. Headspace volatiles from
25- to 28-day-old PDJ-treated and control Japanese radish plants
were collected using a Twister (a 10-mm long magnetic stir
bar coated with a 0.5-mm thick film of polydimethylsiloxane)
(Gerstel Twister R©, Gerstel GmbH and Co., KG, Germany).
A potted plant and 0.1 µg of n-tridecane infiltrated into a piece
of filter paper (1 cm2) were placed in a 2 L glass flask as an
internal standard. Two stir bars were then placed inside the glass
flask using magnetic rods for 2 h, and volatile collection was
replicated five times.

Headspace volatiles collected using the stir bars were
analyzed by gas chromatography-mass spectrometry (GC-
MS; GC: Agilent 6890; MS: Agilent 5973) with an HP-5MS
capillary column (Agilent Technologies Inc., United States)
equipped with a thermo-desorption system, cooled injection,
and cold trap (Gerstel GmbH and Co., KG, Germany). The
GC oven temperature was programmed to increase from 40◦C
(9 min-hold) to 280◦C at 10◦C/min. The compounds were
tentatively identified using the Wiley database and their mass-
spectra and retention times were then verified with those
of authentic compounds, except for 4-methylthio-3-butenyl
isothiocyanate, α-copaene, germacrene D, and caryophyllene
oxide. (Z)-3-Hexen-1-yl acetate and (E)-β-caryophyllene were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). Myrcene, menthol, and (E,E)-α-farnesene were purchased
from FUJIFILM Wako Chemical Co., Ltd. (Osaka, Japan);
α-Humulene was purchased from Sigma-Aldrich LLC. (St. Louis,
MO, United States). DMNT was synthesized in our laboratory.
The ion intensity of each peak was normalized by dividing the
ion intensity of each peak by that of the internal standard (n-
tridecane) and plant weights (g). The normalized data were
referred to as “relative peak areas.”

qRT-PCR Analyses
To test whether PDJ-treatment resulted in the induction
of defense-related genes in Japanese radish plants, we
cultivated the plants and conducted qRT-PCR analyses in
the laboratory. Total RNA was extracted from Japanese
radish leaves (200 mg FW) using TRIzol reagent (Invitrogen,
Carlsbad, CA, United States), and the DNA was degraded
using an AccuRT Genomic DNA Removal kit (Applied
Biological Materials, Richmond, BC, Canada). cDNA was then
synthesized from the total RNA (4 µg) using the Thermoscript
RT-PCR kit (Invitrogen, Carlsbad, CA, United States) with
oligo(dT)20 as a primer, according to the manufacturer’s
instructions. Subsequently, qRT-PCR was performed using
Power SYBR Green Master mix (Thermo Fisher Scientific,
Waltham, MA, United States) on an Applied Biosystems 7500
Real-Time PCR System (Thermo Fisher Scientific, Waltham,

MA, United States). The primers used are shown in the
Supplementary Table 2.

Statistical Analyses
We analyzed the effects of the PDJ treatment, observation week,
and their interaction on the number of aphids, mummies, thrips,
and vegetable weevils and the leaf-mining fly larvae, P. rapae, and
species of the subfamilies Hadeninae and Plusiinae on the radish
plants. For the analyses, we used generalized linear mixed models
(GLMMs) with Poisson distribution using the “glmer” function
in the “lme4” package version 1.1-21 (Bates et al., 2015) in R
version 3.3.5 (R Core Team, 2019). The identification of plants
was a random effect in all the models, and the significant values
from the GLMMs were calculated by the type II Wald chi-square
tests using the “Anova” function in the “car” package version 3.0.2
(Fox and Weisberg, 2011) in R.

When the interaction significantly affected the number of
insects, we analyzed the effect of treatment on the number in each
observation week using a GLMM with Poisson distribution using
the “glmer” function in the “lme4” package in R. Additionally,
the observation weeks with no target insect in any of the plots
were excluded from the analysis. The plots were included as
random effects in all the models, and the significant values from
the GLMMs were calculated by the likelihood ratio tests using
the “anova” function in R. In the event of convergence errors, the
models were fitted using the “bobyqa” optimizer in R.

The effect of the treatment on the weights of the aboveground
and belowground parts of the plants was analyzed using a GLMM
with Gaussian distribution using the “lmer” function in the
“lme4” package in R. The plots were included as random effects
in all the models, and the significant values from the GLMMs
were calculated using the likelihood ratio tests and the “anova”
function in R.

The emitted volatiles and the expression of genes in the radish
plants were analyzed using t-tests in JMP version 14.2.0 (SAS
Institute, 2018). The data were Box-Cox transformed in JMP
before the analyses. When a dataset had 0 values, 1 was add to
all values in the dataset before Box-Cox transformation.

To clarify whether the structure of insect community and
the blend of volatile compounds differed between treated
plants and control plants in October, November and December,
we conducted principal coordinates analysis (PCoA) and a
permutational multivariate analysis of variance (PERMANOVA;
number of permutations performed = 9999) based on the
Bray-Curtis dissimilarities of the number of insects or the
relative peak area of volatile compounds of the Japanese
radish plants. PCoA and PERMANOVA were calculated using
the functions “capscale” and “adonis” in the “vegan” package
(Oksanen et al., 2020) in R. Before PERMANOVA was conducted,
we used the “betadisper” function of PERMDISP to evaluate
whether the dispersion of the insect community structure
and volatile compound composition of treated plants differed
significantly from those of control plants. Only when no
significant difference in the dispersion is observed does a
significant difference determined by the PERMANOVA indicate
a difference in the insect community structure and the volatile
compound composition. We also identified major insects and
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volatile compounds that are responsible for the differences
between treatments via SIMPER analysis using the function
“simper.” Before PCoA, PERMANOVA, and PERMDISP were
conducted, the number of aphids and mummies was square root
transformed. The data on the radish plants with no insects were
removed from the analysis using PCoA and PERMANOVA. For
graphics, we used the “ggplot2” package (Wickham, 2016).

RESULTS

Herbivorous Arthropods Found on
Japanese Radish Plants
Aphids were observed on both the treated and control plants
from October 18 to December 13, with a gradual increase in
their number during the observation period (Figure 1A). The
effects of treatment, observation week, and their interaction
(treatment × week) on the number of aphids were significant
(treatment: P = 0.0002, week: P < 0.0001, and treatment × week:
P < 0.0001) (Figure 1A). Therefore, we compared the number
of aphids in the treatment and control plots on each observation
week using GLMM. Except for October 18 and November 1, the
incidence of aphids in the treatment plots was significantly lower
than that in the control plots.

Mummies (aphids parasitized by wasps) were also observed
on both the treated and control plants from November 15
to December 13, with a gradual increase in their number
(Figure 1B). The effects of the treatment and the observation
week were significant (treatment: P < 0.0001 and week:
P < 0.0001), while the effect of their interaction was not
significant (P = 0.45) (Figure 1B). These results indicated that the
number of wasps was always lower in the treatment plots than in
the control plots.

We then analyzed the relationship between the number of
aphids and that of mummies in the treatment and control plots
using Poisson regression analyses (Figure 1C). The effects of
the treatment, number of aphids, and the interaction between
treatment and the number of aphids on the number of mummies
were significantly different (treatment: P < 0.0001, number
of aphids: P < 0.0001, and treatment × number of aphids:
P < 0.0001).

Thrips, leaf-mining fly larvae, and vegetable weevils gradually
increased on both the treated and control plants from October 18
(October 25 for vegetable weevils) to December 13 (Figures 2A–
C). The effects of the treatment (P = 0.0029 for thrips, P < 0.0001
for leaf-mining fly larvae, and P = 0.0064 for vegetable weevil)
and the observation week (P < 0.0001 for thrips, P < 0.0001 for
leaf-mining fly larvae, and P < 0.0001 for vegetable weevil) on
their number were significant, while that of their interaction was
not (P = 0.11, P = 0.86, and P = 0.22 for thrips, leaf-mining fly
larvae, and vegetable weevil, respectively), indicating that their
incidences were always significantly lower in the treatment plots
than those in the control plots (Figures 2A–C).

The incidences of the numbers of Lepidopteran larvae
of the subfamilies Hadeninae and Plusiinae were quite low
(Supplementary Figure 2). The larvae of the cabbage butterfly
and species of the subfamily Hadeninae were observed in both

the treatment and control plots from October 18 to December
13 (Figure 2D and Supplementary Figure 2A). The effects of
treatment (P = 0.098 for cabbage butterfly larvae and P = 0.63
for Hadeninae larvae) and the interaction between the treatment
and the observation week (P = 0.60 for cabbage butterfly larvae
and P = 0.87 for Hadeninae larvae) on the number of larvae
were not significant, while that of the observation week was
significant (P < 0.0001 for the larvae of both the cabbage
butterfly and Hadeninae species), indicating that their numbers
were not significantly different between the treatment plots
and the control plots, but fluctuated significantly during the
observation period.

Larvae of the subfamily Plusiinae were observed in the
treatment and the control plots from October 4 to December
13 (Supplementary Figure 2B). The number of larvae did not
differ significantly between the treatment, the observation week,
and the treatment × week interaction (treatment: P = 0.95, week:
P = 0.16, and treatment × week: P = 0.26), indicating that the
number of larvae was not significantly different between the
treatment and control plots without significant fluctuations in
their numbers during the observation period.

To detect compositional differences, we applied a PCoA to
the insect communities on the plants treated with water and
those treated with PDJ. The first two axes (MDS1 and MDS2)
explained the difference (29.5% and 24.8% in October, 33.7%
and 13.4% in November, and 42.4% and 12.5% in December)
in composition of the insect community between plants. We
found that in November and December they were significantly
different (PERMDISP: November, P = 0.72; December, P = 0.27,
PERMANOVA: November, P = 0.0001; December, P = 0.0001,
Figures 3B,C) but in October they were not (PERMDISP:
P = 0.61, PERMANOVA: P = 0.12, Figure 3A). The insect
species that significantly contributed to the difference between
the two groups were aphids (40.1%, P = 0.0002), vegetable weevils
(10.8%, P = 0.0002), leaf mining flies (9.8%, P = 0.0002), and
thrips (8.1%, P = 0.0002) in November and aphids (52.7%,
P = 0.0001), vegetable weevils (15.9%, P = 0.0009), mummies
(8.3%, P = 0.0016), and cabbage butterflies (4.2%, P = 0.028)
in December.

Biomass of the Harvested Japanese
Radish Plants
The weights of both the aboveground and belowground parts
of the radish plants treated with PDJ were significantly lower
than those of the control plants (aboveground parts: P = 0.0032;
belowground parts: P = 0.027) (Figure 4).

Analysis of the Headspace Volatiles of
Japanese Radish Plants
Thirteen and 12 compounds were detected in the headspaces
of the treated and control plants, respectively (Table 1). To
detect compositional differences, we applied a PCoA. The
first two axes (MDS1 and MDS2) explained 90.3% and 5.3%
of the difference in volatile composition between the plants.
The blend of volatiles from the control and treated plants
were grouped in different areas with significant difference
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FIGURE 1 | Occurrences of aphids (A) and mummies (B) on Japanese radish plants in the field during the observation period. (C) Poisson regression analysis of the
relationship between the numbers of mummies and that of the aphids. NS: 0.05 < P, *0.01 < P < 0.05, **0.001 < P < 0.01, and ***P < 0.001 (GLMM).
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FIGURE 2 | Occurrences of thrips (A), leaf-mining fly larvae (B), vegetable weevils (C), and cabbage butterfly larvae (D) on Japanese radish plants in the field during
the observation period (GLMM).
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FIGURE 3 | Multidimensional scaling plot (for the first two axes) using a
principal coordinates analysis (PCoA) of a Bray–Curtis distance matrix on the
data of insect community composition on plants treated with water and those
treated with prohydrojasmon (PDJ) in October (A), November (B), and
December (C).

(PERMDISP: P = 0.1, PERMANOVA: P = 0.01, Supplementary
Figure 3). The compounds that significantly contributed to the
difference between the two groups were (E)-β-caryophyllene
(72.5%, P = 0.01), DMNT (17.3%, P = 0.0091), (E,E)-α-farnesene
(3.3%, P = 0.0091), α-humulene (3.0%, P = 0.0091), caryophyllene
oxide (1.1%, P = 0.0091), α-copaene (0.8%, P = 0.0091), methyl
salicylate (0.4%, P = 0.022), and germacrene D (0.2%, P = 0.047).
The amounts of these compounds detected in the headspace of
the treated plants were significantly higher than those of the

FIGURE 4 | Weights (g) of both the aboveground (A) and belowground (B)
parts of Japanese radish plants treated with PDJ and water (GLMM).

control plants (P < 0.001, Table 1). The amounts of (Z)-3-hexen-
1-yl acetate, 4-methylthio-3-butenyl isothiocyanate, menthol,
and an unknown terpenoid were not significantly different
between the PDJ-treated and control plants (Table 1).

qRT-PCR Analyses
We studied the effects of PDJ treatment on the expression
levels of RsLOX, and RsMYC2, which are regulated by the
JA signaling pathway, and RsPAL, RsPR1, RsPR2, and RsPR3
which are regulated by the salicylic acid (SA) signaling pathway.
The expression of RsLOX, RsMYC2, RsPR1 and RsPR3 was
significantly upregulated and that of RsPR2 was marginally
significantly upregulated when the plants had been treated

TABLE 1 | The volatiles emitted from PDJ-treated Japanese radish plants and
those emitted from water-treated conspecific plants.

Relative peak area (×10−5)

Compounds PDJ Water control

(Z)-3-Hexen-1-yl acetate 144.7 ± 36.2 133.8 ± 38.0

Methyl salicylate 108.4 ± 19.1 9.1 ± 2.3 ***

4-Methylthio-3-butenyl isothiocyanate 45.2 ± 40.2 34.0 ± 19.9

Myrcene 41.9 ± 2.2 14.0 ± 2.1 ***

(E)-4,8-dimethyl-1,3,7-nonatriene 4387.0 ± 897.0 15.9 ± 2.5 ***

Menthol 107.9 ± 5.9 95.4 ± 4.6

α-Copaene 203.8 ± 9.4 10.5 ± 1.9 ***

Germacrene D 52.4 ± 3.2 6.1 ± 1.3 ***

(E)-β-Caryophyllene 17777.2 ± 1158.9 118.8 ± 24.9 ***

α-Humulene 731.6 ± 60.5 0.0 ± 0.0 ***

(E,E)-α-Farnesene 789.7 ± 67.1 5.4 ± 1.0 ***

Caryophyllene oxide 272.8 ± 25.0 12.2 ± 3.4 ***

Unknown terpenoid 219.7 ± 32.9 370.5 ± 116.7

Data are represented by mean ± standard error.
Asterisks indicate that there is a significant difference in quantity
between treatments.
***P < 0.001 (t-test).
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with PDJ (RsLOX: P < 0.0001; RsMYC2: P < 0.0001; RsPR1:
P = 0.0043; RsPR2: P = 0.084; RsPR3: P = 0.0005). In contrast,
the expression level of RsPAL was not significantly different after
PDJ treatment (P = 0.69) (Figure 5).

We also studied the effects of PDJ treatment on the expression
levels of Rsmyb28 and Rsmyb29, the orthologs of Atmyb28 and
Atmyb29 which regulate aliphatic glucosinolate biosynthesis,
Rscyp79b2 and Rscyp79b3, orthologs of Atcyp79b2 and Atcyp79b3
which regulate indole glucosinolate biosynthesis, and RsTGG1
and RsTGG2, orthologs of myrosinase genes, AtTGG1 and
AtTGG2. The expression of Rscyp79b2, Rscyp79b3, RsTGG1a, and
RsTGG1b was significantly upregulated when the plants had been
treated with PDJ (Rscyp79b2: P < 0.0001; Rscyp79b3: P < 0.0001;
RsTGG1a: P = 0.038 and RsTGG1b: P < 0.0001). In contrast, the
expression levels of Rsmyb28 and Rsmyb29 were not significantly
different after PDJ treatment (Rsmyb28: P = 0.29 and Rsmyb29:
P = 0.13) (Figure 5).

DISCUSSION

Previous laboratory and greenhouse studies have shown that
crops treated with PDJ become more resistant against herbivores
directly or indirectly (see section “Introduction”) (Mandour
et al., 2013; Uefune et al., 2014; Sobhy et al., 2015; Matsuura
et al., 2020). These studies indicated that PDJ has the potential
to increase the defense responses in non-infested plants of
different classes (monocotyledons and dicotyledons) against
herbivores with different feeding guilds (chewing pests: common
armyworms; sucking pests: two-spotted spider mites). In the
present study, we showed that PDJ treatment was effective
in reducing the number of aphids, leaf-mining fly larvae,
vegetable weevils, and thrips, without affecting the number
of lepidopteran larvae, including those of P. rapae and few
species of the subfamilies Hadeninae and Plusiinae, under
open common garden conditions. Furthermore, PCoA analyses
revealed that the community composition on the treated plants
was significantly different from that on control plants in
November and December, but not in October. In both November
and December, aphids were the most important factor that
explained the difference in the community composition. The
other herbivores that influenced the composition were different
between these 2 months: leaf miner fly larvae and thrips
in November, and vegetable weevils, mummies, and cabbage
butterflies in December.

The number of parasitized aphids (mummies) was
significantly lower on the treated plants than on the control
plants, which could be explained by the reduction in the
number of host aphids. Poisson regression analyses revealed
that significantly higher number of mummies were recorded
on the treated plants when the number of aphids increased,
suggesting that the treated plants attracted a higher number
of aphid parasitoids than the control plants. PCoA analyses
showed that the composition of volatiles from the treated plants
and that from the control plants was significantly different,
because the treatment also resulted in the production of PDJ-
induced volatile compounds: one monoterpene (myrcene), six

sesquiterpenes, one homoterpen (DMNT), and methyl salicylate.
Some PDJ-induced volatiles from the treated plants probably
attracted the parasitoid wasps (induced indirect defense). Among
the induced volatiles, (E)-β-caryophyllene has been reported
to attract Aphidius ervi Haliday, a parasitoid of several aphid
species, including Brassica aphids (Sasso et al., 2007). However,
A. ervi did not occur in the experimental area. Additionally,
corn plants treated with PDJ have been reported to attract
parasitic wasps (see section “Introduction”) (Mandour et al.,
2013). The PDJ-induced compounds found in this study were
not recorded in the headspace of Brussels sprouts sprayed with
1 mM JA solution except (Z)-3-hexen-1-yl acetate, a common
green leaf volatile compound (Bruinsma et al., 2009). van Dam
et al. (2010) identified biologically relevant compounds involved
in the attraction of parasitoid wasps, Cotesia glomerata, in
the headspace of feral Brassica oleracea plants that are treated
with JA and host herbivory. They identified DMNT and six
monoterpenes, the latter of which were not induced in this study,
except myrcene. Qiu et al. (2012) reported that JA treatment
to shoots of feral B. oleracea resulted in increased attraction
of Cotesia glomerata, a parasitoid of cabbage white butterfly
(Pieris rapae) larvae.

We did not detect the natural enemies of the leaf-mining
fly larvae, vegetable weevils, thrips, and lepidopteran larvae
(P. rapae, Hadeninae spp. and Plusiinae spp.). Thus, we could
not evaluate the possible effects of PDJ on the indirect defenses
against these herbivores.

JA and SA signaling pathways are antagonistic to each
other (Yang et al., 2019). Under laboratory conditions, spraying
PDJ on Japanese radish plants resulted in the induction of
LOX and MYC2 (regulated by the JA signaling pathways).
Interestingly, we also observed an inconsistent induction of
genes regulated by the SA signaling pathways; PR1, PR2,
and PR3 were induced, while PAL was not. In Arabidopsis,
only the JA signaling pathway was induced in response to
PDJ treatment (H. Abe, unpublished data). Clarifying this
inconsistency, and the molecular mechanisms involved in the
difference between Japanese radish plants and Arabidopsis are
interesting. Papadopoulou et al. (2018) showed that PR1 in
Brassica rapa shoots was a unique marker gene for the SA
pathway, while B. rapa roots PR1 was induced not only by SA
treatment, but also by the treatment of ethephon that did not
affect SA levels. Thus, the widely used marker genes may not
show specific responsiveness to single hormone applications in
Japanese radish plants.

Induction of JA and SA signaling pathways results in
the induction of direct defense responses in plants (Smith
et al., 2009). Here, spraying the 100 times-diluted commercial
formulation (5%) of PDJ on Japanese radish plants differentially
activates their JA and SA signaling pathways. The induction of
these pathways would in part explain the reduction of insect pests
either directly or indirectly, except the lepidopteran larvae. In this
study, as Japanese radish plants were cultivated for commercial
purpose, we were not allowed to sample leaves to analyze JA
and/or SA-inducible secondary compounds that might confer
direct defense against aphids, thrips, vegetable weevils, and leaf-
mining fly larvae during the experiments.
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FIGURE 5 | Expression levels of RsLOX and RsMYC2, which are regulated by the jasmonic acid signaling pathways, RsPAL, RsPR1, RsPR2, and RsPR3, which are
regulated by the salicylic acid signaling pathways; Rsmyb28 and Rsmyb29, orthologs of Atmyb28 and Atmyb29 which regulated aliphatic glucosinolate biosynthesis,
Rscyp79b2 and Rscyp79b3, orthologs of Atcyp79b2 and Atcyp79b3 which regulate indole glucosinolate biosynthesis; and RsTGG1 and RsTGG2, orthologs of
myrosinase genes, AtTGG1 and AtTGG2. The number of replications for all genes was five, except for RsPR1 (n = 4) for PDJ-treated Japanese radish plants (t-test).

We also observed the effects of the PDJ treatments on the
expression of the genes related to glucosinolate biosynthesis.
The increase of Rscyp79b2, Rscyp79b3, RsTGG1a, and RsTGG1b

expression in the treated plants indicated the induction of indole
glucosinolate biosynthesis and the subsequent isothiocyanate
formation. Whether these inductions affected the community

Frontiers in Plant Science | www.frontiersin.org 9 August 2021 | Volume 12 | Article 695701139

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


fpls-12-695701 August 12, 2021 Time: 11:13 # 10

Yoshida et al. Effects of PDJ Treatment on Japanese Radish

composition on the treated plants remained unanswered. Both
aliphatic and indole glucosinolates make plants more susceptible
to attack by specialist herbivores, P. rapae and Plutella xylostella
(Müller et al., 2010). Kim et al. (2008) reported that the post-
ingestive breakdown of indole glucosinolates provides a defense
against herbivores such as aphids.

Induced defenses are suggested to have evolved to save costs in
the absence of herbivores (Agrawal et al., 1999). This mean, trade-
offs between induced defense and plant growth are expected.
In agricultural crops, these trade-offs may not be found, due
to the addition of nutrients to the system and alleviation of
competition (e.g., Siemens et al., 2002; Backmann et al., 2019).
In contrast, we found that both the weights of the aboveground
and belowground parts of the treated Japanese radish plants
were significantly lower than those of the control plants, even
though the PDJ-treated plants suffered less herbivory by aphids,
leaf-mining fly larvae, and thrips than the control plants. This
indicates that also in agricultural setting the costs of induction
may outweigh the benefits. Alternatively, the direct effects of PDJ
might explain the results. The concentration of PDJ used in this
study was 5–20 times higher than that of what farmers used. This
may have triggered a stronger response in PDJ- treated Japanese
radish plants than those grown under normal conditions, thus
leading to growth inhibition. Matsuura et al. (2020) reported
that spraying PDJ on greenhouse-grown tomato slightly inhibited
their initial growth but the fruit yield and quality were not
affected. Azis et al. (2020) reported that no significant suppressive
effect of PDJ was observed in the aerial parts of komatsuna
plants (Brassica rapa var. periviridis) and eggplant (Solanum
melongena L.), but a significant inhibitory effect was found
in the roots of both the plant species when treated with PDJ
at certain concentrations. Furthermore, in komatsuna, a lower
concentration of PDJ resulted in an increase in root weight
(Azis et al., 2020).

In conclusion, this study revealed a novel function of PDJ in
pest control under open common garden conditions. Spraying
the 100 times-diluted commercial formulation (5%) of PDJ
every week reduced the incidences of aphids, leaf-mining fly
larvae, vegetable weevils, and thrips; however, the incidences
of lepidopteran larvae (P. rapae Hadeninae spp. and Plusiinae
spp.) were not affected by the treatment. Further, the weights
of the aboveground and belowground parts of treated plants

were significantly lower than those of the control plants. These
positive and negative effects might depend on the dose of PDJ as
reported by Azis et al. (2020). Therefore, further investigations
on the effects of treating Japanese radish plants, as well as other
crops (see section “Introduction”), with different concentrations
of the formulated PDJ on their growth and defenses against
herbivores are required.
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Methyl salicylate (MeSA) is a volatile shown to act as an inducer of plant defense

against pathogens and certain herbivores, particularly aphids. It has been shown to

have potential for aphid pest management, but knowledge on its mode of action is

lacking, particularly induced plant-mediated effects. This study investigated the effects of

exposing plants to MeSA on the host searching, host acceptance and feeding behavior

of the bird cherry-oat aphid Rhopalosiphum padi. Barley plants were exposed to volatile

MeSA for 24 h, after which biological effects were tested immediately after the exposure

(Day 0), and then 1, 3 and 5 days after the end of the exposure. Aphid settling on

MeSA-exposed plants was significantly reduced on days 0, 1 and 3, but not on day

5. In olfactometer tests, aphids preferred the odor of unexposed plants on days 1 and 3,

but not on day 0 or 5. Analysis of volatiles from exposed and unexposed plants showed

higher levels of MeSA from exposed plants, most likely absorbed and re-released from

plant surfaces, but also specific changes in other plant volatiles on days 0, 1 and 3. High

doses of MeSA did not affect aphid orientation in an olfactometer, but lower doses were

repellent. Analysis of aphid feeding by Electronic penetration graph (EPG) showed that

MeSA exposure resulted in resistance factors in barley plants, including surface factors

and induced systemic factors in other tissues including the phloem. The results support

the potential of MeSA as a potential tool for management of aphid pests.

Keywords: plant defense, plant resistance, herbivores, plant volatiles, VOCs, olfactory response, semiochemicals,

methly salicylic acid

INTRODUCTION

Volatile semiochemicals are increasingly being considered as promising components of integrated
management strategies against insect pests (Smart et al., 2014). Semiochemicals may include
compounds that directly repel pests, attract natural enemies, or they may be “elicitors” that
induce defensive pathways that confer resistance in the host plant (Maffei et al., 2012). Certain
semiochemicals may potentially have more than one of these modes of action. The salicylic acid
biochemical pathway in plants, mainly activated in response to the attack of sap feeders, is generally
considered to provide defense against biotrophic pathogens, but it also appears to function against
certain herbivorous arthropods, particularly those with a piercing/sucking feeding mode (Aerts
et al., 2021). Methyl salicylate (MeSA) is a volatile compound associated with the salicylic acid
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pathway in plants. MeSA has been shown to act as a mobile
signal for systemic acquired resistance (SAR) by being converted
to salicylic acid (Park et al., 2007) and is known to promote the
expression of defense related genes in response to herbivores and
pathogens (Li et al., 2002).

MeSA may have different modes of action that can be
exploited for pest management (James, 2003; Ninkovic et al.,
2003; Byers et al., 2021). It is attractive to a range of natural
enemies of arthropod pests (Mallinger et al., 2011; Orre Gordon
et al., 2013) and possibly birds (Rubene et al., 2019), and has
shown repellency against aphids (Glinwood and Pettersson, 2000;
Prinsloo et al., 2007; Digilio et al., 2012). MeSA is often reported
as a plant volatile that is induced by insect feeding, andmay play a
role in defense signaling within (Heil and Ton, 2008) or between
plants (Shulaev et al., 1997). Thus, the compound can act as a
defense-elicitor (Heil and Ton, 2008), providing an additional
mode of action against pests.

MeSA may have particular potential against piercing/sucking
pests such as aphids. In fact, the capacity of MeSA to suppress
aphid populations in crops has been demonstrated in a number
of studies (Pettersson et al., 1994; Ninkovic et al., 2003; Prinsloo
et al., 2007; Xu et al., 2018). Outside of the attraction of natural
enemies, the mode of action of the compound is not always clear,
particularly regarding the relative importance of direct and plant-
mediated effects. This is particularly true for the bird cherry-
oat aphid, Rhopalosiphum padi L. which has been successfully
managed by releasing MeSA in cereal fields (Pettersson et al.,
1994; Ninkovic et al., 2003). R. padi alternates between a winter
host, Prunus padus L., and summer hosts including grasses and
cereals. There is evidence that MeSA is involved in this host
alternation process, and may act as an aphid feeding-induced cue
mediatingmigration fromwinter host (Glinwood and Pettersson,
2000; Pickett et al., 2017). Moreover, previous studies have shown
that the exposure of cereal plants to MeSA can reduce R. padi
host acceptance (Ninkovic et al., 2003; Glinwood et al., 2007),
suggesting that MeSA could affect this aphid both directly as
an ecological cue in the lifecycle, and indirectly by eliciting
unfavorable changes in the host plant.

Aphids find, select and colonize host plants through a step-
wise process (Pettersson et al., 2007). Initially volatile chemical
and/or visual cues mediate attraction. After landing on the plant
cues from the plant surface may be involved in the decision
to begin feeding. The feeding process is highly developed; the
stylet probes the plant tissues and navigates mostly between
cells eventually piercing the phloem sieve elements to commence
feeding. Protective effects against aphids induced by exposing
plants to MeSA could therefore be expressed at several different
stages or in different plant tissues. Thus, althoughMeSA has been
shown to suppress R. padi populations in crops, it is still unclear
how plant-mediated effects, including disruption of feeding, may
contribute to this.

R. padi is a major pest of cereals in many temperate regions
including Sweden (Wiktelius et al., 1990), with increasingly
limited options for insecticide treatment. The application
of MeSA could be promising in the development of more
sustainable approaches to control R. padi and other aphid species.
Still, the direct effects on plants and plant-mediated effects

against aphids need further attention. The aim of this study is
therefore to investigate the effect of exposing barley plants to
volatile MeSA on the behavior of R. padi related to host finding,
host acceptance and feeding. We exposed barley plants to volatile
methyl salicylate for 24 h, then investigated the dynamics of
R. padi responses to MeSA exposed plants over a number of
days including olfactory responses, host acceptance and feeding
behavior.We also analyzedMeSA-induced changes in the volatile
profiles of exposed plants.

MATERIALS AND METHODS

Aphids
Bird Cherry-oat aphid, R. padi, was reared on oat plants (Avena
sativa cv. Belinda) in multi-clonal cultures in a greenhouse at 20
± 2◦C with a L16:D8 light cycle. Apterous viviparous aphids of
larval instars 2–4 used in the all experiments were collected from
cultures immediately prior to bioassays.

Plants
Barley plants, Hordeum vulgare L. (cv. Scandium) were grown in
plastic pots (8 × 8 × 6 cm) with soil (Hasselfors Garden Special,
Sweden) with one plant/pot (apart from volatile collections where
10 plants/pot were used). Plants were grown in a greenhouse
chamber at 20±2◦C with 16D:8L light cycle with supplementary
lighting from HQIE lamps.

Chemicals
Commercially available authentic standards and other chemicals
were obtained from (Sigma-Aldrich, Sweden). Methyl salicylate
triple-deuterated on the methoxy group (D-MeSA), was
synthesized by hydrolysis of ethyl salicylate to get salicylic
acid. The second step was an acid-catalyzed (HCl) esterification
with deuterated methanol (See Supplementary Material for
spectroscopic data).

Plant Exposure to Methyl Salicylate
Barley plants were exposed to volatile MeSA inside a twin-
chamber exposure cage system (Ninkovic et al., 2002). The
system consisted of a series of clear Perspex cages divided in
to two chambers (each chamber 10 × 10 × 40 cm) connected
by an opening (Ø 7 cm) in the middle wall. Each Perspex cage
was connected to a vacuum tank pump from which the air was
removed by a fan and vented outside the greenhouse. Airflow
through the cages was 1.3 l/min. MeSA (98%, CAS no. 119-36-
8) was purchased from Sigma-Aldrich, Sweden. 10 µl MeSA was
applied to a 9 cm filter in a Petri dish placed in the front chamber,
and pots with plants were placed in the rear chamber. The mean
aerial concentration of MeSA in the exposure cages using this
method was measured in a previous study as: first 4 h 300 ng/l
(1.9 nM) (peak 625 ng/l, 4.5 nM), following 8 h 50 ng/l (0.3 nM)
(Glinwood et al., 2007).

Control plants were treated in the same way except that no
MeSA was applied to the filter papers. For each experiment,
barely plants at the two-leaf stage (11 days after sowing) were
used. Only one plant per pot was grown to avoid pseudo
replication and unplanned differences in the cage caused by
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treatment. Individual pots were watered using an automated
drop system (DGT Volmatic) without additional fertilizer. The
two-chamber cages were kept in a greenhouse chamber at
20±2◦C with 16D:8L light cycle with supplementary lighting
from HQIE lamps.

The filter papers with and without MeSA were removed from
the inducing chamber after 24 h. After filter papers were removed,
plants were used immediately in experiments (Day 0), or kept
for 1 day (Day 1), 3 days (Day 3) or 5 days (Day 5) in the
responding chambers.

Aphid Plant Acceptance
The effect of plant exposure to MeSA on aphid plant acceptance
was assessed bymeans of a no-choice settling test (Ninkovic et al.,
2002). A 50-ml polystyrene tube was placed over the second leaf
of plants at the two-leaf stage. The upper end of the tube was
covered with a net and the lower end with a plastic sponge plug
with a slit for the leaf. The tube was supported with a stick to
avoid mechanical damage to the plant. Ten aphids were placed
in the tube and the number of aphids settled (not walking) on
the leaf was recorded after 2 h, since this is sufficient time for
aphids to settle and reach the phloem with their stylets (Prado
and Tjallingii, 1997). The tests were performed on a bench in a
separate greenhouse chamber under the same conditions as the
MeSA exposures. Twenty plants per treatment were tested.

Analysis of Aphid Probing Behavior Using
Electronic Penetration Graphs
The effect of plant exposure to MeSA on aphid probing and
feeding in plant tissues was monitored using the DC-EPG
technique (Tjallingii, 1986, 1988). Four plants treated with MeSA
and four control plants were placed in a Faraday cage where
aphid probing and feeding behavior was recorded simultaneously
during 8 h for each experiment. Each pot with one plant was
placed in a Petri dish. To prevent interaction between treated
and control plants via volatiles, the Faraday cage was divided into
two chambers each with independent airflow and ventilation. The
placement of treated and control plants was alternated between
chambers and between tests.

Aphids were collected using a soft brush and then held in
place by a vacuum device to apply a small drop of conductive
water-based silver glue on the dorsum to which a thin gold
wire (20µm) electrode about 2 cm long was attached. The other
end of this electrode was attached to a 3 cm long copper wire
connected to a channel (a first stage amplifier with 1 GΩ input
resistance) (Tjallingii, 1988). Each wired insect was placed on
the abaxial side of the second leaf of a barely plant, about
1 h after collection from the aphid culture. A second electrode
(2mm in diameter and 10 cm long copper rod) was inserted
into the soil of the potted plant and connected to Giga-8 (plant
voltage output of EPG device) (Wageningen University, The
Netherland). The EPG device was connected to A/D converter
at 100Hz (DATAQ Instruments, USA) and it was in turn
connected to a computer where waveform signals of eight plants,
divided between two Faraday cage chambers, were recorded
using PROBE 3.0 software.

EPG signals were analyzed using STYLET A software
(epgsystems. eu). Identification of the waveform patterns was
made according to Tjallingii (1990). Aphid probing behavior
was divided into five main phases: the non-probing phase (np),
the probing phase (C) representing aphid stylet penetration in
plant tissues which was further divided into the pathway phases
(epidermis first stylet contact waveform A, intercellular sheath
salivation waveform B; stylet movements waveform C, and an
intracellular stylet puncture waveform pd “potential drop”), the
phloem phase (E) divided in “salivation activity” (El) and sap
ingestion (E2), stylet penetration difficulties (F) and xylem phase
(G) active sucking of water from xylem elements. A number
of variables (parameters) most relevant for aphid resistance,
comparable to those used by Marchetti et al. (2009), were derived
from the EPG signals. EPG variables were expressed in mean
numbers, total durations of waveform periods and durations of
waveform periods before or after certain events per treatment.

Collection and Identification of Plant
Volatiles
To investigate the effect of plant exposure to MeSA on barley
volatile production, volatiles were collected and identified as
described below. Pots containing 10 barley plants were exposed
to methyl salicylate as described above. Control plants were kept
inside two-chamber cages without exposure to the chemical.
Volatiles from barley plants were collected by air-entrainment
(Glinwood et al., 2011). The whole pot with 10 plants was placed
inside a polyester (PET) cooking bag (Stewart-Jones and Poppy,
2006) (60 × 55 cm, Toppits, Melitta, Sweden). A glass liner
containing 50mg of the molecular adsorbent Tenax TA (Atas GL
Intl., Veldhoven, Netherlands) was inserted through a small hole
cut in one corner of the bag. A positive pressure push–pull system
was used, with charcoal-filtered air pushed in through a Teflon
tube inserted through a small hole in the bottom of the bag, at 600
ml/min and pulled out over the adsorbent at 400 ml/min. Bags
were baked in an oven at 140◦C for 2 h immediately prior to the
entrainment. Charcoal filters and Tenax tubes were baked at 180
and 220◦C respectively under a flow of nitrogen for 16 h. At time
points Day 0, Day 1 and Day 3 (after the end of the 24 h exposure
to methyl salicylate), pots of plants were removed from exposure
cages and volatile collection was started immediately for a total
duration of 24 h. For each treatment and time point, six separate
pots of plants were entrained. Three collections were made from
plastic pots containing only soil and only volatiles appearing in
the plant samples but not in the soil controls were quantified.

Volatiles were analyzed by gas chromatography-mass
spectrometry (GC/MS) on an Agilent 7890N (Agilent
Technologies) GC coupled to an Agilent 5975C mass selective
detector (electron impact 70 eV). The GC was equipped with
an HP-1 column (100% dimethyl polysiloxane, 50m, 0.32mm
i.d. and 0.52µm film thickness, J&W Scientific, USA), and
fitted with an Optic 3 thermal desorption system (Atas GL
Intl., Veldhoven, Netherlands). The liner containing the Tenax
with absorbed volatiles was placed directly into the injector
and volatiles were thermally desorbed starting at 30◦C/0.5min,
and rising at 30◦C/s to 250◦C. The GC temperature program
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was 30◦C/4min, 5◦C/min to 150◦C/0.1min, 10◦C/min to
250◦C/15min, using helium as carrier with a flow rate of 1.3
ml/min. Volatile compounds were identified by comparison
against a commercially available library (NIST 08) and by
comparison of mass spectra and retention indices with
commercially available authentic standards (Sigma-Aldrich,
Sweden). Amounts of compounds in the samples were quantified
based on the cumulative abundances for three ions selected with
the criteria that they were typical and abundant for the target
compound. These were then compared with response curves
constructed using commercially available chemical standards
(Sigma-Aldrich, Sweden) to estimate the amount present in
the sample.

Estimation of Absorption/Re-release
Compared With De Novo Production of
MeSA in Exposed Plants
The aim was to estimate the relative contribution to the
total MeSA measured in the headspace of exposed plants by
absorption/re-release from the leaves compared with de novo
emission by the plant. Plants were exposed to deuterated-
MeSA (D-MeSA) (see Supplementary Material - Synthesis of
Deuterated MeSA), using the same method described above.

As described above, D-MeSA was removed from the exposure
cage, and pots containing 10 barley plants were used for
volatile collection (24 h) immediately (Day 0) or 1 or 3 days
after removal of D-MeSA. Volatiles were collected according to
the method described above, except that glass collection tubes
contained the adsorbent Porapak Q (50mg, mesh 50/80, Supelco,
Bellefonte, PA, USA). These tubes were prepared by rinsing with
dichloromethane and baking for 4 h at 140 ◦C under nitrogen
flow. After the volatile collection, collected volatiles were eluted
from the absorbent tubes using 500 µl dichloromethane then
concentrated to 50 µl under a low flow of nitrogen.

A 2 µL aliquot of the extracted sample was injected into an
Agilent 7890A GC (Agilent Technologies, Santa Clara, CA, USA)
equipped with a cold-on-column injector and fitted with an HP-
1 column (30m, 0.25mm i.d., and 0.25µm film thickness; J
&W Scientific, Folsom, CA, USA) coupled to an Agilent 5975C
mass selective detector (electron impact 70 eV, 230 ◦C). The GC
program was set to start at 30 ◦C for 1min, and set to rise 20
◦C/min to 250 ◦C. The carrier gas was helium with a flow rate of
1 ml/min. The mass selective detector was programed in selected
ion monitoring (SIM) mode, with the quantification ions m/z
=155 for D-MeSA and m/z = 152 for MeSA and a confirmation
ion m/z = 92. Quantifications were made using the abundances
of quantification ions in the collected samples compared
with those in an injected authentic standard of D-MeSA or
MeSA (10 ng).

Olfactometer Bioassays
The effect of plant exposure to MeSA on aphid responses to plant
volatiles was tested using a two way airflow olfactometer (Vucetic
et al., 2014). Three separate experiments were carried out:

(i) aphid olfactory response to odor from exposed and
unexposed plants. Plants used as odor sources were kept in two-
chamber cages, as described above. A two-chamber cage with

a plant previously exposed to MeSA was directly connected to
one arm of the olfactometer, and a two-chamber cage with an
unexposed plant was connected to the opposite arm.

(ii) aphid olfactory response to synthetic odor blends. Using
chemical standards, odor blend mixtures were constructed based
on the occurrence and proportions of compounds identified by
GC/MS in the plant headspace forMeSA-exposed and unexposed
plants at Day 1 (1 day after removal of MeSA from the exposure
chambers). For each treatment, five blends were constructed over
a range of different concentrations: 100×, 10×, 1×, 1/10 and
1/100 the concentration in the headspace collections. Synthetic
blends (10 µl of a solution in hexane) of MeSA-exposed and
unexposed plants were dosed onto small filter paper squares
placed in a tube connected to the arm of the olfactometer.
Chemicals were obtained from commercial suppliers: (Z)-3-
hexen-1ol (98 % purity, Sigma Aldrich Inc., St. Louis, MO,
USA), 6-methyl-5-hepten-one (99 % purity, Sigma Aldrich),
myrcene (90 % purity, Fluka, Buchs, Switzerland), (Z)-3-hexen-
1-yl acetate (99 % purity, Sigma Aldrich), linalool (97 % purity,
mixture of (S) and (R) isomers, Sigma Aldrich), methyl salicylate
(98 % purity, Sigma Aldrich), longifolene (99 % purity, ABCR
GmbH & Co., Karlsruhe, Germany).

(iii) aphid olfactory response to individual chemicals differing
significantly between profiles of MeSA-exposed and unexposed
plants. The procedure was as for (ii) above using the
same concentration range of substances, with hexane lone
as control.

Airflow in the olfactometer was 180 ml/min, measured
with a flowmeter at the arm inlets. A single aphid was
introduced into the olfactometer and, after an adaptation
period of 10min, the aphid’s position in the arena was
recorded every 3min over a 30-min period. The accumulated
number of visits in the arm zones (excluding the central
neutral zone) was regarded as one replicate. Each test was
repeated 20 times (aphids) for each treatment. Each individual
aphid was used only once. If an aphid was inactive in
the olfactometer (i.e. observed to be stationary in the same
position for three consecutive observations) it was removed
and the bioassay restarted with a fresh aphid. To account
for any positional bias the position of treatments in the
olfactometer was switched between the left and right arms in each
separate olfactometer.

Statistical Analysis
Statistical differences in aphid settling between treated and
control plants were analyzed using t-tests for independent
samples. Data for all variables were subjected to tests for
homogeneity of variances. As the EPG data were not normally
distributed, paired comparison of means of MeSA treatments
with controls was done by nonparametric Mann–Whitney U-
test. Plant volatile data followed the assumptions of normality
and were analyzed by one-way analysis of variance (ANOVA)
following SQRT transformation to reduce heteroscedasticity
when necessary. Aphid olfactory response data were analyzed by
Wilcoxon matched pairs tests. All statistical tests were performed
with the Statistica software (TIBCO Software Inc., 2018).
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RESULTS

Aphid Settling on MeSA-Exposed and
Unexposed Plants
Immediately after a 24 h exposure to MeSA (Day 0), aphid
settling was significantly reduced on exposed barley plants in
comparison to unexposed plants (p = 0.037). Aphid settling was
also significantly reduced on exposed plants at Day 1 (p= 0.0004)
and Day 3 (p = 0.01) after removing MeSA, before returning
to the same level as unexposed plants at Day 5 after removal of
MeSA (p= 0.104) (Figure 1).

Aphid Olfactory Response to Odor From
MeSA-Exposed and Unexposed Plants
Aphids were observed significantly less often in the olfactometer
arm containing odor of barley plants previously exposed to
MeSA than in the arm with odor of unexposed plants at Day
1 (Wilcoxon test, Z = 2.79, p = 0.006) and Day 3 (Wilcoxon
test, Z = 2.35, p = 0.018). These significant reductions in
aphid preference to treated plants were not observed at Day 0
(Wilcoxon test, Z =1.36, p= 0.173) or Day 5 (Wilcoxon test, Z =

1.63, p= 0.103) (Figure 2).

Volatile Profiles of MeSA-Exposed and
Unexposed Plants
Significantly more methyl salicylate was detected in the
headspace of MeSA exposed plants than of unexposed plants
(Figure 3) at Day 0 (Tukey test, p = 0.0002), Day 1 (Tukey test,
p = 0.0002) and Day 3 h (Tukey test, p = 0.013) after the end
of exposure.

Exposure to methyl salicylate resulted in significant
quantitative and qualitative changes in the occurrence of
certain volatiles in barley headspace. At Day 0 (Figure 4A),
exposed plants released significantly less of the green leaf
alcohol (Z)-3-hexen-1-ol than unexposed plants (ANOVA,
F1,10 = 9.04, p = 0.013). At Day 1 (Figure 4B), exposed plants
released significantly less (Z)-3-hexen-1ol than unexposed plants
(ANOVA, F1,10 = 15.17, p = 0.002) and significantly more of
the terpenoids myrcene (ANOVA, F1,10 = 9.33, p = 0.12) and
linalool (ANOVA, F1,10 = 13.8, p= 0.004). At Day 3 (Figure 4C),
exposed plants released the sesquiterpene (E)-β-caryophyllene,
which was not detected from unexposed plants (ANOVA, F1,10
= 20.18, p= 0.001).

Estimation of Absorption/Re-release
Compared With De Novo Production of
MeSA in Exposed Plants
The relative abundances in the headspace of deuterated MeSA
(characterized by ion m/z = 155) and undeuterated MeSA
(m/z= 152) showed that a very high proportion of the methyl
salicylate quantified in the headspace of exposed plants in the
experiments above was most likely absorbed and re-released
from the plant (98.7% at Day 0, 96.2% at Day 1, 87.7% at
Day 3) (Supplementary Table 1). The amount of deuterated
MeSA recorded was initially high at Day 0 and decreased
on Days 1 and 3 in a similar pattern to that seen with the

earlier experiment above. A higher amount of undeuterated
MeSA in the headspace of exposed compared to unexposed
plants would indicate induced de novo production, but this was
significantly higher only on Day 1 (p ≤ 0.01 Mann-Whitney
U Test).

Aphid Olfactory Response to Synthetic
Odor Blends
Aphids did not show any significant response to the synthetic
blend of MeSA-exposed barley compared with the synthetic
blend of unexposed barley (Figure 5). Aphids did discriminate
between the synthetic blends of MeSA-exposed and unexposed
barley plants when MeSA was excluded from the synthetic
blends (Figure 6). Aphids made significantly fewer visits to
the olfactometer arm containing the synthetic blend of MeSA-
exposed barley than to the arm containing the blend of
unexposed barley when solutions with concentrations of 10 ng/µl
(Wilcoxon test: Z= 2.897, p= 0.004, n= 15), 1 ng/µl (Wilcoxon
test: Z = 2.225, p = 0.026, n = 17) and 0.01 ng/µl (Wilcoxon
test: Z = 3.416, p = 0.0006, n = 20) were used as odor sources
(Figure 7).

Aphid Olfactory Response to Individual
Compounds That Differed Significantly
Between Volatile Profiles of
MeSA-Exposed and Unexposed Plants
Aphids made significantly fewer visits to the olfactometer
arm containing MeSA than to the arm containing hexane
control, but only at the two lowest concentrations tested, 0.03
ng/µl (Wilcoxon test: Z = 2.44, p = 0.015, n = 17) and
0.003 ng/µl (Wilcoxon test: Z = 3.07, p = 0.002, n = 22)
(Figure 7). Aphids did not respond to (Z)-3-hexen-1-ol or
linalool (Supplementary Figures 1, 2).

Probing Behavior of Aphids on
MeSA-Exposed and Unexposed Plants
Table 1 gives a summary of effects on aphid feeding, the
full data are presented in Supplementary Table 2. Immediately
after 24 h exposure to MeSA (Day 0), the phloem feeding
time in MeSA-exposed plants was significantly shorter than
in unexposed plants (p = 0.02) and the number of feeding
periods longer than 10 and 60 mins were significantly fewer in
MeSA-exposed compared to unexposed plants (p = 0.01; p =

0.001) (Supplementary Table 2A). The duration of pathway (C),
which represents intercellular stylet penetration from epidermis
to phloem, was not significantly different in exposed plants (p
= 0.44). There was no significant difference in the number of
short probes (< 3min) (p = 0.63) or the number of short probes
before the 1st phloem phase (p = 0.72). There was no significant
difference in salivation period (E1) between MeSA-exposed and
unexposed plants (p= 0.44).

Twenty four hours after removal of MeSA (Day 1) the
significantly longer salivation period (E1) (p = 0.03) and the
higher number of E1 (p = 0.02) and duration of all E1 fractions
(p= 0.046) in MeSA-exposed plants (Supplementary Table 2B).
Mean duration of the feeding period (E2) was shorter in
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FIGURE 1 | Settling (mean number of aphids settled ± SE) of R. padi on unexposed barley plants or on plants exposed to MeSA (directly after removal of MeSA

exposure = Day 0 and at time points 1, 3 and 5 days after removal of MeSA exposure). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 after t-tests.

FIGURE 2 | Olfactory response of R. padi (mean visits in olfactometer arm ± SE) to odor of unexposed barley plants or to plants exposed to MeSA (directly after

removal of MeSA exposure = Day 0 and at time points 1, 3 and 5 days after removal of MeSA exposure). *p ≤ 0.05; **p ≤ 0.01 after Wilcoxon matched pairs tests.

MeSA-exposed plants, but not significantly. Duration of probing
did not differ between exposed and unexposed plants (p =

0.57) but in exposed plants significantly longer time was spent
in the path period (about 40%) (p = 0.014) and less time in
the feeding period (E2) (about 29%) compared to unexposed
plants (26 and 50% respectively). Number of probes before the
1st feeding attempt (1st E1) was significantly higher in MeSA-
exposed plants (p = 0.042). The duration of the xylem feeding
period was significantly longer and the number of xylem feeding
periods (G) was significantly higher in MeSA-exposed plants (p
= 0.034; p= 0.008 respectively).

Three days after removal of MeSA (Day 3) the duration
of non-probing period was significantly longer (p = 0.024)

while probing period was shorter (p = 0.023) in MeSA-exposed
plants than unexposed (Supplementary Table 2C). The effect
was mainly due to a significantly shorter duration of feeding
period (E2) in exposed plants (p = 0.03). The number of long
sustained feeding periods (> 10 and 60 mins) was significantly
higher in unexposed plants (p = 0.037; p = 0.048). A further
indication of resistance to feeding in MeSA-exposed plants is the
longer time between the 1st E1 and 1st E12 (sustained feeding)
period (p = 0.013). This means that aphids took a longer time to
establish a successful feeding period in exposed plants.

Five days after removal ofMeSA (Day 5), the EPG results show
no significant effects of plant exposure toMeSA on aphid probing
(Supplementary Table 2D).
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FIGURE 3 | Amount of MeSA (mean ng ± SE) quantified in the headspace of unexposed barley plants or on plants exposed to MeSA (directly after removal of MeSA

exposure = Day 0 and at time points 1 and 3 days after removal of MeSA exposure). *p ≤ 0.05; ***p ≤ 0.001, after Tukey test.

DISCUSSION

This study shows that exposing plants to volatile MeSA can
impact the step-wise process of R. padi host plant selection by
affecting aphid behavior at more than one step. The findings
support the potential of MeSA as a compound that can protect
crop plants against this aphid pest by interfering with the host
selection process by different modes of action.

MeSA has been shown to act as a mobile signal for systemic
acquired resistance (SAR) via reconversion to salicylic acid
(SA) in the plant (Park et al., 2007). SA triggers defenses
and plays a critical role in plant immunity to phloem-feeding
insects, including aphids (Kaloshian and Walling, 2005; Goggin,
2007; Smith and Boyko, 2007; Spoel and Dong, 2012; van
Dam et al., 2018). Exogenous application of the SA analog
benzothiadiazole (BTH) induces plant defenses and has been
shown to disrupt aphid colonization and feeding behavior
in wheat (Cao et al., 2014) and population growth rates on
susceptible and resistant tomato cultivars (Li et al., 2002; Cooper
et al., 2004). In the current study we show that exposure
of barley to the volatile signal MeSA negatively affects aphid
host selection. We also report for the first time MeSA-induced
disruption of different stages of the aphid feeding process as
revealed by EPG. SA analogs tend to be less phytotoxic than
SA itself (Durrant and Dong, 2004; Tripathi et al., 2019),
and application of BTH reduced foliar thickness and caused
necrotic lesions on sprayed tomato leaves (Boughton et al.,
2006). The plants exposed to MeSA in the current study did
not show any visible changes during the experiment period, but
further investigation of effects on plant development and yield
are needed.

The first step in host selection by aphids involves orientation
to color and volatile cues from the host plant (Pettersson et al.,

2007). In the olfactometer, aphids avoided the odor of MeSA-
exposed plants but only 1 and 3 days after termination of
the 24 h exposure to MeSA; there was no significant aphid
response immediately after termination of exposure (Day 0)
or 5 days after termination. Exposure to MeSA did cause
significant changes in the volatile profile of barley. This suggests
that MeSA can induce changes in the biochemistry of exposed
plants. Compounds that were induced or upregulated by MeSA-
exposure were mainly terpenoids, which are known to be
involved in plant defensive responses (Mumm et al., 2008).
However, it is unclear whether these induced changes in barley
volatile profiles affected aphid behavior; an artificial volatile
blend designed to replicate that of MeSA-exposed plants at Day
1 was less attractive to aphids than the blend of unexposed
plants, but only when the blend lacked the high proportion
of MeSA itself that was recorded in the headspace. Further,
several of the volatiles that were altered in MeSA-exposed
plants did not affect aphid orientation in the olfactometer when
tested individually. Plant volatiles may have different effects
on aphid behavior when encountered alone or together with
other compounds in blends (Bruce and Pickett, 2011). For
practical reasons, our study used wingless aphid morphs for
the experiments, whereas it can be argued in nature that the
initial steps in host location and selection are carried out by
winged morphs.

Aphids were repelled by MeSA itself in the olfactometer,
but only when it was introduced at the lower concentrations
in a dose-response experiment. Thus the olfactory responses
to MeSA-exposed plants observed at Days 1 and 3 could be
due to a concentration-dependent response to MeSA in the
headspace. Repellency of MeSA has been reported for R. padi, the
Russian wheat aphid Diuraphis noxia (Glinwood and Pettersson,
2000; Prinsloo et al., 2007) and black bean aphid, Aphis fabae
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FIGURE 4 | Amounts of volatile compounds (mean ng ± SE) quantified in the headspace of unexposed barley plants and plants exposed to MeSA [directly after

removal of MeSA exposure (Day 0) (A) and at time points 1 (B) and 3 days (C) after removal]. *p ≤ 0.05; **p ≤ 0.01, after ANOVA. MeSA was analyzed in the

headspace but, due to large differences in amounts, it is shown in a separate figure (Figure 3).
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FIGURE 5 | Olfactory response of R. padi (mean visits in olfactometer arm ± SE) to different concentrations of a synthetic volatile blend resembling the headspace of

unexposed barley plants or plants exposed to methyl salicylate. (Wilcoxon matched pairs tests did not show significant differences).

FIGURE 6 | Olfactory response of R. padi (mean visits in olfactometer arm ± SE) to different concentrations of a synthetic volatile blend resembling the headspace of

unexposed barley plants or plants exposed to methyl salicylate, but with MeSA not included in the blend. *p ≤ 0.05; ***p ≤ 0.001 after Wilcoxon matched pairs tests.

(Hardie et al., 1994).The current results suggest that the R.
padi olfactory response to MeSA is dynamic and concentration-
dependent, possibly representing an adaptation to biologically-
relevant levels. Interestingly, the olfactory response of R. padi
to MeSA has also been shown to vary dynamically within
migratory aphid individuals depending on life stage (Glinwood
and Pettersson, 2000). It is probable that the olfactory response
of R. padi, a host-alternating species, to MeSA has evolved in
relation to the compound’s role in plant defense and the aphid’s
lifecycle including dispersal of apterous aphids on the summer
host plant (Glinwood and Pettersson, 2000; Pickett et al., 2017).

By exposing plants to deuterated MeSA, we attempted to
determine whether the high levels of MeSA in the headspace of

exposed plants were most likely absorbed and re-released from
the plant or produced de novo. While the results show some
de novo production, they suggest that the majority of MeSA
from exposed plants that was available to aphids as an olfactory
cue in our experiments was absorbed then re-released from the
leaves/stem. It is still unknown whether uninfested plants can
adsorb and re-releaseMeSA produced by infested neighbors, thus
gaining protection without the metabolic costs of producing the
compound. The absorption and re-release of volatiles from plant
tissues has been shown to affect arthropods and pathogens in
several systems, and this mechanism could potentially contribute
protective effects to crops in pest management (Himanen et al.,
2010; Mofikoya et al., 2019; Camacho-Coronel et al., 2020).
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FIGURE 7 | Olfactory response of R. padi (mean visits in olfactometer arm ± SE) to different concentrations of MeSA compared with control (hexane). *p ≤ 0.05; **p

≤ 0.01 after Wilcoxon matched pairs tests.

Ideally, the dynamics between re-release and de novo production
after MeSA exposure should be studied over a longer period of
plant development and in a field situation.

When aphids have contacted the host plant, they make an
assessment of host suitability before settling and initiating the
probing and feeding process (Pettersson et al., 2007). The settling
bioassay showed that after exposure to MeSA, aphid settling was
significantly reduced on exposed plants immediately following
the termination of the exposure period (Day 0). A significant
reduction in settling on exposed plants was also found at two
subsequent time points after termination of exposure Day 1 and
Day 3, but on Day 5 there was no significant difference between
settling on exposed and unexposed plants. This reduction in
settling could be partially explained by a response to MeSA
absorbed on the leaves, and the EPG data do suggest responses
to plant surface factors at Day 3. However, the settling data do
not correlate fully with the aphid’s olfactory responses, suggesting
that plant exposure to MeSA also induced systemic resistance
factors within the plant. These were investigated by the Electrical
penetration graph (EPG) study of aphid probing and feeding.

EPG has been widely used to monitor aphid stylet activities
on plants and to identify plant tissues where resistance factors
against aphids are expressed (Tjallingii, 2006). The EPG data
in the current study suggest that exposure to MeSA results
in a leaf surface resistance factor, indicated by a contact
effect on the initial probing behavior (a longer time from
the start of the EPG recording until the first probe) of R.
padi on exposed compared to unexposed plants at Day 3. A
prolonged period before the first probe reflects the effect of
repellent or deterrent surface factors (Alvarez et al., 2006).
However, this effect was not statistically significant at Day 0
and Day 1, which may indicate slow induction of systemic
resistance factors.

Probing and non-probing time, an indication of the suitability
of the plant for feeding, was not significantly different at Day
0 suggesting the absence of induced resistance factors on plant
surface and in the epidermis and mesophyll. Aphids spent less
time in the phloem phase (E12) and had a shorter first sustained
feeding period (E12) in exposed compared to unexposed plants.
Shorter feeding times and fewer long feeding periods in exposed
plants suggest that a relative short 24 h exposure to MeSA can
induce changes in barley phloem sap making the plant less
suitable for aphids.

After Day 1, there was no significant difference in probing
time and sustained phloem feeding time, but there was a
significantly longer xylem feeding time in exposed plants. It
appears that resistance factors are located in both mesophyll and
phloem sieve elements. Resistance in the mesophyll is suggested
by the significantly longer all path period (C) and significantly
higher number of probes before the first feeding attempt (1st
E1) in exposed plants. Resistance in the phloem is suggested
by significantly longer salivation (E1) period and lower mean
feeding time (E2) in exposed plants. Cao et al. (2014) suggested
that the increased salivation period is due to the fact that SA
primes phloem clogging processes. Tjallingii (2006) found the
salivation period (single E1 and all E1 fractions) was considerably
increased in frequency and duration in resistant cultivars of
melon and potato, suggesting aphids had difficulties to initiate
phloem sap ingestion. Garzo et al. (2002) suggested that a
prolonged E1 salivation and reduced E2 indicate a reduced ability
to suppress the phloem wound response in resistant cultivars.
The consequence of this is that aphids spendmore time searching
for a suitable feeding site through the mesophyll, and more time
in combating resistance factors in the sieve elements.

Resistance factors affecting R. padi outside of the phloem have
been reported in wild barley (a possible role of hydroxamic acids)
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TABLE 1 | Summary of effects of exposure of barley to MeSA on feeding behaviors of R. padi on barley plants investigated using electronic penetration graph (EPG)

directly after removal of MeSA exposure and at time points 1 and 3 days after removal.

EPG variables 24h after exposure Days after exposure

1 day 3 days 5 days

Plant surface

1. Time to 1st probe – – – –

2. Duration of all non-probing – – ++(longer) –

Epidermis and mesophyll

3. Total duration of all probes – – ++(shorter) –

4. Number of probing before 1st

E1

– ++(higher) – –

5. Total duration of all path (C) – ++(longer) – –

6. Number of all path (C) – ++(higher) – –

Xylem

6. Duration of all G – ++(longer) – –

7. Number of all G – ++(higher) – –

Phloem

8. Duration of 1st E12 period ++(shorter) – – –

8. Duration of all E12 period ++(shorter) – ++(shorter) –

10. Duration of all E1 fractions – ++(longer) – –

11. Duration between 1st E1 and

1st E12

– ++(longer) –

12. Duration between 1st E1 and

1st E12 w/o non–probing

– – ++(longer) –

13. Duration all single E1 – ++(longer) – –

14. Duration of 1st E2 fractions ++(shorter) – – –

15. Duration of all E2 fractions ++(shorter) – ++(shorter) –

16. Duration of all E ++(shorter) – ++(shorter) –

17. Number of all single E1 – ++(higher) – –

18. Number of E2 fraction more

than 10min

++(lower) – ++(lower) –

19. Number of E2 fraction more

than 60min

++(lower) – ++(lower) –

20. Duration of all E1 – ++(longer) – –

21. Number of all E12 periods – – ++(lower) –

Effects noted in the table with ++ indicate statistical significant differences between exposed and unexposed plants (see Results and Supplementary Table 2).

(Niemeyer, 1990). A high gramine content has been detected
in barley epidermis and mesophyll parenchyma cells, but not
in phloem vessels, causing R. padi to take longer to reach the
phloem in seedlings with high gramine levels (Zúñiga et al.,
1988). There is a clear correlation between the presence of
a resistance factor (hydroxamic acids) in the mesophyll and
the time cereal aphids including R. padi take to reach the
phloem. The aphids spent more time searching for a suitable
phloem vessel, with increasing frequency of probes and periods of
ingestion from xylem (Givovich and Niemeyer, 1995). In a study
on the aphid Sitobion fragariae on wheat, Ramírez and Niemeyer
(1999) concluded that a high concentration of hydroxamic acids
is associated with a delay in the time to start salivation in
the sieve elements and an increase in the process of salivation
itself, suggesting that these compounds may act both in the
epidermis/mesophyll and in the phloem.

Three days after treatment (Day 3) R. padi allocated
significantly less time in probing and more to non-probing

on MeSA-exposed plants, suggesting systemic induction of
resistance factors. Further evidence for this is the shorter
duration of phloem phase (E12) and feeding period (E2) in
exposed plants. Long feeding periods (longer than 10 and 60
mins), indicating stable, sustained feeding, were also significantly
reduced in exposed plants suggesting a resistance factor in
the phloem.

The EPG data show that exposure of barley to MeSA can
induce resistance factors against aphids that negatively affect
probing even 3 days after exposure has ended. However, 5 days
after exposure ended there were no significant effects on the first
steps in aphid host selection.

The potential of MeSA to contribute to sustainable plant
protection has been demonstrated for a number of different pests
and crops, and via different mechanisms including attraction of
natural enemies (James, 2003; Sasso et al., 2007, 2009; Mallinger
et al., 2011; Orre Gordon et al., 2013; Rubene et al., 2019;
Byers et al., 2021). Several studies have shown that releasing
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volatile MeSA in cereal crops can reduce aphid populations
(Pettersson et al., 1994; Ninkovic et al., 2003; Prinsloo et al.,
2007; Xu et al., 2018). The current study confirms this potential
against aphid pests, and suggests that MeSA may disrupt aphid
host selection at several stages, including olfactory orientation,
settling and feeding. The EPG data suggest that exposing plants
to MeSA can induce systemic resistance factors that interfere
with aphid feeding. Our results support previous hypotheses
that MeSA may play a multi-functional role in plant protection
against aphids, contributing both with a repellent olfactory
effect and an induced plant resistance effect (Pettersson et al.,
1994; Ninkovic et al., 2003; Sasso et al., 2007; Digilio et al.,
2012). The disruption of aphid host selection induced by MeSA
disappeared 5 days after the exposure had been terminated. This
suggests that to take advantage of induced plant resistance, a
continuous release of MeSA in the crop during the establishment
of aphid populations would be preferred over a short-lived
application. In fact, the studies reporting reduction of aphid
populations in crops used slow-release formulations of MeSA
(Pettersson et al., 1994; Ninkovic et al., 2003; Prinsloo et al.,
2007; Xu et al., 2018). Multiple modes of action could be
an advantage in a pest management scenario since it may
reduce the risks of aphids developing genotypes that overcome
one of the modes, and offer protection against one of the
modes being disrupted, for example by abiotic factors such as
extreme weather.

In conclusion this study has revealed new insights
into the mechanisms by which methyl salicylate can
disrupt aphid host selection and supports its potential
as a tool for sustainable management of aphid pests
in cereals. A key question for its success will be the
development of environmentally and economically sustainable
application technologies.
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When applied exogenously to plants, jasmonates [i.e., jasmonic acid (JA) and methyl 
jasmonate (MeJA)] increase plant resistance against herbivores, and their use in pest 
management has been suggested. For integration into pest management programs, the 
benefits of the resistance induced by jasmonates must outweigh the costs of jasmonates 
on plant growth and yield. A previous field study in rice found that seed treatment with 
MeJA reduced densities of the rice water weevil, Lissorhoptrus oryzophilus, but also 
reduced plant growth. Yields from MeJA plots were similar to yields from control plots. 
Because this study was conducted under field conditions with natural levels of pest 
populations, it was unclear whether effects on growth and yield were due to direct effects 
of MeJA treatment on the plant or due to lower reductions in rice water weevil densities. 
Therefore, the present study was designed to characterize the effects of JA and MeJA 
seed treatment on rice plant growth and yield in a pest-free environment under greenhouse 
conditions. Seed treatment with 2.5 mM JA and 2.5 mM MeJA enhanced resistance in 
rice plants to rice water weevils when plants were exposed to weevils 30 days after 
planting. Seed treatment with MeJA reduced seedling emergence and plant height at 4 
and 14 days after planting, respectively, compared to JA and control treatments. However, 
numbers of tillers per plant at 45 days after planting and days to heading were unaffected 
by jasmonate seed treatment. Of four yield components (panicles per plant, filled grains 
per panicle, percent unfilled grains, and filled grain mass) that were measured, only filled 
grain mass was reduced by seed treatment. Plants grown from MeJA-treated seeds 
showed 31% lower grain masses compared to plants grown from control-treated seeds. 
Thus, the effects of seed treatment with MeJA on plant growth were stronger immediately 
post-treatment and subsided over time, such that plant growth mostly recovered 6 weeks 
after treatment. At maturity, MeJA may reduce one but not all components of yield. Despite 
similar effects on rice water weevil resistance, the negative effects of JA seed treatment 
on plant growth and yield were smaller compared to MeJA seed treatment.

Keywords: plant elicitors, jasmonates, induced resistance, trade-offs, rice water weevil
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INTRODUCTION

Jasmonic acid (JA), its methylated derivative methyl jasmonate 
(MeJA) and its conjugate with isoleucine (JA-Ile), collectively 
referred to as jasmonates, are phytohormones that regulate 
several physiological and developmental processes in plants 
(Ali and Baek, 2020). Jasmonates play a critical role in plant 
resistance against insect pests, pathogens, and abiotic stresses 
(Ali and Baek, 2020). Feeding by chewing insects, necrotrophic 
pathogens, and certain types of abiotic stresses activate the 
JA signaling pathway (Raza et  al., 2020), which stimulates 
direct defense in plants through formation of morphological 
structures, such as trichomes, or biochemical responses, such 
as production of plant secondary metabolites and resistance-
related enzymes, all of which can interfere with preference 
and performance of insect pests (Walling, 2000). Moreover, 
jasmonate-induced defenses include changes in the qualitative 
and quantitative composition of plant volatile compounds that 
can directly affect herbivores and attract insect natural enemies; 
the latter can lead to increased parasitization and predation 
rates of herbivores, thereby providing indirect resistance to 
plants against herbivores (Lou et  al., 2005; Okada et  al., 2015).

Over the years, increased understanding of defense signaling 
pathways and induced resistance in plants has led to the 
development of natural or synthetic elicitors that can mimic 
responses to natural herbivory (Karban and Kuc, 1999). 
Exogenous application of JA, like feeding by chewing insects, 
rapidly increases the levels of endogenous JA, which in turn 
triggers the expression of defense-related genes (Pauwels et  al., 
2009; Benevenuto et  al., 2019). Exogenous MeJA also elicits 
JA-related responses after MeJA is demethylated to JA in plants 
(Wu et  al., 2008). Exogenous application of JA and MeJA 
through foliar sprays or soil drenching enhances resistance 
against a broad spectrum of insects in a wide range of agricultural 
crops under greenhouse and field conditions (Rodriguez-Saona 
et  al., 2001; Choh et  al., 2004; Hamm et  al., 2010; Nabity 
et  al., 2013; Gordy et  al., 2015; Haas et  al., 2018; Nouri-
Ganbalani et  al., 2018). Recently, studies have attempted to 
use application of JA or MeJA to seeds before germination to 
induce resistance in plants. Seed treatments with plant elicitors 
have mostly been investigated in tomato, Solanum lycopersicum 
L., with a few additional studies on cabbage, Brassica oleracea 
and rice, Oryza sativa L. These studies provide evidence that 
seed treatment with JA or MeJA can increase resistance against 
herbivores in plants (Worrall et  al., 2012; Paudel et  al., 2014; 
Strapasson et  al., 2014; Haas et  al., 2018; Kraus and Stout, 
2019). However, variations in JA-induced responses existed 
among cultivars within a plant species as well as among plant 
species as seeds of different varieties were not equally receptive 
to seed treatment with plant elicitors (Smart et  al., 2013; 
Mouden et  al., 2020). Moreover, unlike applications of plant 
elicitors by foliar spray or soil drench, which are usually made 
at or near the time of pest infestation, seed treatments are 
made before seeds are planted, and hence, the duration of 
induction of defenses by seed treatments is a critical consideration 
for the efficacy of seed treatments (Worrall et  al., 2012; 
Haas et  al., 2018; Kraus and Stout, 2019).

The utility of JA and MeJA as elicitors in insect pest 
management programs is potentially limited because, while 
exogenous jasmonates may induce resistance to pests, they 
may incur a cost to the plant by reducing plant growth and 
yield. These costs may occur through trade-offs in resource 
allocation; that is, plants have limited resources that can 
be invested either in growth or defense and increased allocation 
of resources to one trait limits the resources available for the 
other (Jimenez-Aleman et  al., 2017; Guo et  al., 2018). Thus, 
diversion of resources away from growth and to defense may 
have an impact on plant vegetative and reproductive growth. 
Another possible mechanism for reduced growth and yields 
in jasmonate-treated plants involves hormonal cross talk between 
JA signaling and other plant hormones (Hou et  al., 2013). 
The costs of induced resistance to plants may be  manifested 
in the form of delays in seed germination and post-germination 
seedling development, as seen in many cereal crops (Zwar 
and Hooley, 1986; Norastehnia et al., 2007; Lahuta et al., 2018) 
but not in cowpea, Vigna unguiculata (L.) Walp and soybean, 
Glycine max (L.) Merr (Muttucumaru et  al., 2013). In wild 
mustard, Brassica kaber D.C., exogenous application of JA 
increased the activities of trypsin inhibitor (TI) and peroxidase 
(POD) and the levels of glucosinolates but also increased the 
time to first flower (Cipollini and Sipe, 2001). However, JA 
and MeJA application may not always incur costs to growth 
because of increased allocation to defense (Van Dam et  al., 
2004). A few studies have shown that, after initial reductions 
in plant growth and development, applications of jasmonates 
have no effect (Worrall et al., 2012) or a positive effect (Barbosa 
et  al., 2008; Feng et  al., 2012) on plant growth and yield. To 
integrate the use of plant elicitors in pest management programs, 
further studies are needed to characterize the effects of JA 
and MeJA application on plant growth and yield parameters 
under pest-free conditions, which may facilitate the development 
of strategies to mitigate negative effects of plant elicitors on 
plant growth and reproduction.

The rice water weevil, Lissorhoptrus oryzophilus Kuschel, 
is the most important insect pest of rice in the United States 
(Villegas et  al., 2021). Adults feed on leaves of young rice 
plants leaving longitudinal scars on the leaf blades (Stout 
et  al., 2002; Zou et  al., 2004). Adult oviposition largely 
commences after flooding of rice fields (Stout et  al., 2002). 
Eggs are laid inside the tissues of submerged leaf sheaths 
(Grigarick and Beards, 1965; Bowling, 1972). Upon egg 
hatching, first instars mine the tissue of leaf sheaths for a 
period of time before moving to the root system and feed 
on roots to complete larval and pupal development (Bowling, 
1972). Pruning of roots by larvae negatively affects plant 
height, numbers of tillers and panicles, and ultimately, rice 
yields (Zou et  al., 2004). The yield losses caused by rice 
water weevil infestation can reach up to 30% in untreated 
plots in southern United States (Villegas et al., 2021). Among 
different management practices, management of rice water 
weevil by chemical insecticides is the most commonly used 
tactic by growers (Aghaee and Godfrey, 2014), probably 
because of lack of effective alternative management tactics 
(Vyavhare et  al., 2016). The use of plant elicitors to enhance 
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resistance in plants to rice water weevil may reduce pest 
damage early in the season and thereby reduce the frequent 
application of insecticides, delay development of insect 
resistance to insecticides, and reduce harmful effects on 
non-target organisms.

In a previous study, Kraus and Stout (2019) showed that, 
under field conditions, MeJA-treated rice seeds enhanced 
resistance to the rice water weevil in rice plants, leading to 
reductions in population densities of rice water weevils on 
rice roots. The resistance induced by the MeJA seed treatment 
came, however, with a cost to plant growth. Seedling emergence 
was delayed, plant biomass was reduced, and time from 
emergence to heading increased in plants treated with MeJA 
plots relative to control plots. However, yields, measured in 
terms of per-panicle grain mass, were similar in plants grown 
from MeJA-treated seeds and plants from untreated seeds. 
In addition, yields in MeJA-treated plants were lower than 
yields from plants treated with insecticide to protect them 
from rice water weevils. These yield results were observed 
despite the fact that plants grown from MeJA-treated seeds 
harbored fewer numbers of rice water weevil relative to 
controls, raising the question of whether yields were directly 
impacted by MeJA treatment. The experimental design of 
the study was not sufficient to tease apart whether reductions 
in yield in MeJA-treated plants were due to elicitor treatment 
or lower reductions in RWW densities in the MeJA treatment 
compared to the insecticide treatment. Therefore, the present 
study was designed to characterize the effects of JA and MeJA 
seed treatment on plant vegetative and reproductive traits in 
pest-free conditions in a greenhouse, while simultaneously 
confirming the JA- and MeJA-induced resistance against rice 
water weevils.

MATERIALS AND METHODS

Seed Treatment
Seeds of the rice cultivar “Cheniere,” obtained from the Louisiana 
State University (LSU) Agricultural Center Rice Research Station, 
Crowley, Louisiana, were used in all experiments. For seed 
treatments, 2.5  mM solutions of both JA (J0004-2200N-KF, 
Sigma-Aldrich, St. Louis, Missouri) and MeJA (Lot# MKCF2439, 
Sigma-Aldrich, St. Louis, Missouri) were prepared. The 
concentration of jasmonates used in this study was based on 
the results of Kraus and Stout (2019). Solutions were prepared 
by dispersing 75  μl of JA or 82  μl MeJA in 150  ml distilled 
water that contained 0.1%  v/v (150  μl) of Tween-20 (Sigma-
Aldrich, St. Louis, Missouri) in a 250  ml Erlenmeyer flask. 
The control solution included 0.1%  v/v Tween-20  in the same 
volume of distilled water. The solutions in the flasks were 
mixed thoroughly on a magnetic stirrer before adding 50  g 
of rice seeds to the solutions. The flasks containing the seeds 
and treatment solutions were covered with aluminum foil, then 
placed on an orbital shaker, and gently shaken for 24  h at 
room temperature. Following the soaking, rice seeds were 
washed three times in distilled water, dried with paper towels, 
and used immediately in experiments.

Greenhouse Experiment
A greenhouse experiment was conducted to characterize the 
effects of seed treatment on plant growth and yield while 
also verifying the induction of resistance to rice water weevil 
by seed treatments. The experiment was conducted in a 
greenhouse facility located near the campus of LSU, Baton 
Rouge, Louisiana. Plastic pots (1.9  L) that were filled with 
soil mix consisting of two parts topsoil, one part sand, and 
one part peat moss were used as the growth medium. Fifteen 
pots were prepared for each treatment (control, 2.5  mM JA, 
and 2.5  mM MeJA seed treatments) and, in each pot, five 
seeds were placed in the soil mix. Each pot was considered 
an experimental unit. Out of 15 pots prepared for each 
treatment, five pots were used to verify induction of resistance 
by the seed treatments and the remaining pots were used 
to characterize the effects of seed treatments on rice growth 
and yield. On the 14th day after planting, plants were thinned 
to one per pot and fertilized with approximately 2  g of 
13-13-13 controlled release fertilizer (Carl Pool Products, 
Gladewater, Texas). Greenhouse temperature was maintained 
between 25 and 30°C. All plants were grown under ambient 
light and watered as needed.

Five pots of each treatment were used to verify the induction 
of resistance to rice water weevils by seed treatments as previously 
reported by Kraus and Stout (2019). This experiment was 
initiated 30  days after seed treatment. By this time, plants 
possessed one tiller. Rice water weevil adults were collected 
from research plots at LSU AgCenter H. Rouse Caffey Rice 
Research Station, Crowley, LA, on the day of experiment. Adults 
were kept in a Mason jar and provided with rice leaves and 
water. Five cylindrical cages, each consisting of a frame made 
of chicken wire (46  cm diameter  ×  61  cm height) covered 
with fine mesh, were placed on a wooden basin that was lined 
with a plastic pond liner to allow flooding of basins. A single 
pot from each of the three treatments was randomly selected 
and placed inside each cage; thus, each cage contained one 
pot of each of the three treatments. The wooden basin was 
filled with water up to a height of 25  cm. Nine adult rice 
water weevils (6 females and 3 males) were introduced into 
each cage, and the cage was covered with mesh. A total of 
five cages (replicates) were established in this manner. Adults 
were allowed to feed, mate, and oviposit inside the cages for 
5  days. On day 5, the three pots inside a cage were removed 
and surviving adults found on the plants were killed. The 
plants were carefully removed from the soil, and roots were 
rinsed to remove the soil. Each plant was placed in a test 
tube that was filled with water and labelled appropriately. The 
test tubes with rice plants were brought to the lab and held 
in an environmentally-controlled room (25°C). The following 
day, each plant was vigorously shaken in the water in the test 
tube and the water was poured into a Petri dish. The numbers 
of first instar rice water weevils found in each dish were 
counted. Plants were returned to test tubes and tubes refilled 
with water. This procedure was repeated every day until no 
additional larvae were found in test tubes. The numbers of 
larvae emerging in each test tube were summed, and the sum 
was used for analyses.
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To characterize the effects of seed treatment with JA and 
MeJA on rice plant growth and yield, several agronomically 
important plant traits were measured at appropriate time points 
during plant development from the 10 replicates of each 
treatment, as follows:

 i. Seedling emergence: All pots of each treatment were observed 
for seedling emergence (visible appearance of coleoptile 
above the soil) on the fourth day after planting. For each 
pot, the number of emerged seedlings was counted and 
percent emergence was calculated using the formula,
 

Percent emergence Number of emerged seedlings
Number of see

=
dds placed in a pot

×100

 ii. Plant height: Plant height was measured on the 14th day 
after planting and before thinning. For all emerged seedlings 
in a pot, plant height from the top of the soil surface to 
the tip of the uppermost leaf was measured to the nearest 
0.1  cm. Mean plant height per pot was calculated and used 
for analysis.

 iii. Tillers: Data on numbers of tillers per plant were recorded 
on the 45th day after planting.

 iv. Days to heading: Beginning on the 55th day after planting, 
plants were observed daily for heading (panicle exertion 
from the boot). For each plant, the date of first heading 
was noted and the number of days from planting to heading 
was calculated.

 v. Yield components: At harvest (removal of grain-bearing 
panicles from the plant), several components of plant yield 
were recorded. The number of panicles on each plant was 
counted. Then, all panicles on a plant were harvested and 
each panicle was placed in a separate labelled coin envelope. 
Panicles were oven-dried at 65°C for 7  days. After drying, 
individual panicles were hand-threshed. For each panicle, 
filled grains were separated from unfilled grains and the 
number of filled and unfilled grains was recorded. The same 
procedure was followed for all panicles of a plant. The 
number of filled grains and unfilled grains of a plant was 
totaled. Filled grains per panicle were calculated as below:

 Filled grains per panicle
Total number of filled grains of a

=
  plant

Number of panicles of a plant

Percent unfilled grains were calculated as below:

 

Percentage unfilled grains

Total numbers of unfilled 
grain

=
ss of a plant

Total numbers of grains
unfilled filled of a plan+( ) tt

×100

Mass of filled grains per plant was also measured.

Laboratory Study
A separate study was conducted to assess in more detail the 
effects of JA and MeJA seed treatments on rice seed germination. 
Seeds were subjected to the three treatments described above. 
From each treatment, 20 seeds were randomly selected and 
placed in 4 rows of 5 seeds each in a square Petri dish 

(9  ×  9  cm) that was lined with double-layered moistened 
germination paper (Anchor Paper Company, St. Paul, Minnesota). 
All seeds were oriented in the same direction. Seeds were 
covered with a VWR-light duty tissue wiper (VWR International 
LLC, Pennsylvania), and lids were placed on the Petri dishes. 
Nine Petri dishes for the control treatment (0  mM) and three 
Petri dishes for each of the other two treatments (2.5  mM 
MeJA and 2.5  mM JA) were prepared. Each Petri dish was 
treated as a replicate, and three replicates of each treatment 
were placed in separate plastic boxes (36  cm length  ×  20  cm 
width  ×  12.5  cm height). In addition, three Petri dishes of 
the control treatment were placed in each of the boxes with 
the dishes of the MeJA and JA treatments. Each plastic box 
was closed with a lid. To maintain conditions of high humidity, 
a wet paper towel was placed at the bottom of each plastic 
box before Petri dishes were placed on boxes. All the plastic 
boxes were placed in an incubator kept at 27°C in dark. On 
the fourth day after seed placement, Petri dishes were removed 
from the incubator and data on seed germination and lengths 
of root and shoot were collected. For each Petri dish, germination 
percentage was calculated by dividing total number of germinated 
seeds (seeds that possessed a radicle at least 1  mm in length) 
by total number of seeds placed and multiplied by 100. In 
each Petri dish, germinated seeds were separated, and for each 
seed, length of root and shoot were measured with a ruler 
to the nearest mm. The means per Petri dish were calculated.

Statistical Analysis
To determine whether seed treatment increased plant resistance 
to rice water weevil, a generalized linear mixed model with 
Poisson distribution and log link was performed. In the model, 
the seed treatment was included as a fixed effect and cage as 
a random effect. Data on seedling emergence, plant height, 
number of tillers per plant, days to heading, panicle densities 
per plant, filled grains per panicle, percentage unfilled grains, 
and mass of filled grains per plant were analyzed using one-way 
MANOVA followed by univariate one-way ANOVA and multiple 
pairwise comparisons for each variable. MANOVA was used to 
test for overall differences among treatments because there were 
several dependent variables that may have been correlated, and 
using separate ANOVAs would have increased the risk of Type 
I  errors. However, for one of the dependent variables (mass of 
filled grains), the assumption of homogeneity of variances was 
violated even after transformation. Although MANOVA is typically 
robust enough that unequal variances can be  ignored, a 
non-parametric Welch test, which can be used in cases in which 
variances are unequal but distributions are normal, was also 
performed on filled grain mass. The dependent variable, seedling 
emergence, was not normal even after transformation, and hence, 
a Kruskal-Wallis test was conducted followed by post-hoc multiple 
comparison of means using Dunn’s test.

For the laboratory study, there were no differences in 
germination between controls placed in separate boxes and 
control dishes placed in boxes with MeJA- and JA-treated seeds, 
and hence, all the data from controls were pooled. Data on 
germination percentage, root length, and shoot length were 

159

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


Bhavanam and Stout Jasmonates-Plant Resistance and Growth

Frontiers in Plant Science | www.frontiersin.org 5 August 2021 | Volume 12 | Article 691768

analyzed using ANOVA followed by Tukey’s HSD multiple 
mean comparison test. All data were checked for normality 
and homogeneity in variances using Shapiro-Wilk’s test and 
Levene’s test, respectively. Data analyses were performed in 
RStudio version 1.4 (RStudio Team, 2021). All graphs were 
prepared in RStudio using packages “cowplot” (Wilke, 2020), 
“ggplot2” (Wickham, 2016), and “ggpur” (Kassambara, 2020).

RESULTS

Greenhouse Experiment
The numbers of first instar rice water weevils emerging from 
plants grown from seeds treated with MeJA (z  =  −2.94, 
p  =  0.009) or JA (z  =  −3.14, p  =  0.005) were lower than the 
numbers of first instars that emerged from plants grown from 
untreated seeds (Figure  1), verifying that seed treatment with 
MeJA- and JA-induced resistance to rice water weevil in rice. 
Seed treatment with MeJA and JA reduced emergence of rice 
water weevil larvae by 25 and 26%, respectively, compared to 
the control.

The results of the MANOVA revealed a significant effect 
of treatment on plant growth parameters (F16, 42 = 2.26, p = 0.02). 
Seed treatment with MeJA reduced the emergence of seedlings 
(measured at 4  days of planting) by 48% relative to control 
(χ2  =  14.34, df  =  2, p  =  0.0008; Figure  2A). The effects of 
seed treatment with MeJA were also detected on plant height 
at 14  days of planting (F2, 27  =  5.17, p  =  0.01; Figure  2B). 
Plants grown from seeds treated with MeJA were approximately 
22% shorter, on average, compared to those grown from control 
seeds. Mean numbers of tillers produced per plant at 45  days 
after planting were not affected by seed treatment with MeJA 
or JA (F2, 27  =  0.25, p  =  0.78; Figure  2C). Plants grown from 
MeJA- and JA- treated seeds took similar amounts of time to 
reach heading as plants grown from untreated seeds (F2, 27 = 0.77, 

p  =  0.47; Figure  2D). Significant effects of seed treatment 
with MeJA and JA were observed on one but not all yield-
related traits. Total numbers of panicles on plants grown from 
MeJA- and JA-treated seeds did not differ significantly from 
numbers on control plants (F2, 27  =  0.41, p  =  0.66; Figure  3A). 
There were no significant differences among treatments in 
numbers of filled grains per panicle (F2, 27  =  3.06, p  =  0.06; 
Figure  3B) and percent unfilled grains (F2, 27  =  1.32, p  =  0.28; 
Figure  3C). However, the percentages of unfilled grains were 
32% higher in the MeJA treatment and 18% higher in the JA 
treatment relative to control. The numbers of filled grains per 
panicle were reduced in plants developed from seeds treated 
with MeJA and JA by 37 and 21%, respectively. Although the 
differences in numbers of filled grains per panicle and percentage 
of unfilled grains were not statistically significant, the combination 
of reductions in these two parameters resulted in a significant 
reduction in mass of filled grains per plant in the MeJA-treated 
plants compared to JA seed-treated plants and control plants 
(F2, 27  =  3.64, p  =  0.04; Figure  3D). The mass of filled grains 
in JA-treated plants was intermediate and did not differ 
significantly from masses of filled grains in control- or MeJA-
treated plants.

Laboratory Study
Treatment of rice seeds with 2.5  mM JA and 2.5  mM MeJA 
significantly reduced percent seed germination (Table  1) at 
4 days after placing seeds on germination paper. Post-germination 
seed development (growth of roots and shoots) was significantly 
reduced by seed treatment with JA and MeJA (Table  1). The 
reductions in lengths of root and shoot were significantly greater 
in the MeJA than in the JA seed treatment.

DISCUSSION

The utility of elicitor seed treatment for a given crop will depend 
on the balance of the positive effects of elicitors (reductions 
in yield-reducing pest populations) and the negative effects of 
elicitors (reductions in yield resulting from activation of defense-
related pathways). This study was undertaken to determine the 
possible effects of jasmonate seed treatments on the growth 
and yield of rice plants in an environment lacking a major 
pest, the rice water weevil, while also investigating whether 
seed treatment with MeJA and JA enhances resistance in rice 
against rice water weevil. As reported earlier by Kraus and 
Stout (2019), the application of jasmonates to rice seeds enhanced 
the resistance of rice plants to rice water weevils when exposed 
to weevils 30  days after seed treatment, when plants were 
producing their first tiller. Seed treatment reduced the numbers 
of first instar weevils emerging from plants by about 25% relative 
to controls, a level of induction similar to that found by Kraus 
and Stout (2019) in both the greenhouse and the field. Kraus 
and Stout (2019) also reported that MeJA-induced resistance 
declined over time, with resistance stronger when plants were 
infested at 15  days after seed treatment than at 30  days after 
seed treatment (as in this study). Paudel et  al. (2014) reported 

FIGURE 1 | Mean (± SE) numbers of first instar rice water weevils, 
Lissorhoptrus oryzophilus, that emerged from plants grown from untreated 
seeds or from seeds treated with either jasmonic acid (JA; 2.5 mM) or methyl 
jasmonate (MeJA; 2.5 mM). Bars accompanied by different lowercase letters 
represent means that differed significantly (p < 0.05).
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that increased resistance by MeJA treatment in tomato plants 
decreased over time, but plants developed from MeJA-treated 
seeds were resistant to tomato fruitworm, Helicoverpa zea Boddie, 
for as long as 75  days after seed treatment.

The mechanisms of induced resistance were not investigated 
in this study, but treatment of seeds with JA and MeJA may 
have increased the activities of resistance-related enzymes or 
the production of secondary metabolites, such as phenolics, 
that in turn may have interfered with the ovipositional preference 
of female rice water weevils or the survival and emergence 
of first instar weevils from plants, or both. Elevated activities 
of plant defense enzymes after application of JA and MeJA 
have been reported in other studies. For example, Paudel et  al. 
(2014) reported higher levels of polyphenol oxidase (PPO) in 
tomato plants treated as seeds with MeJA. In larch, Larix 
olgensis Henry, treatment with JA or MeJA reduced the survival 
and pupal weight of the gypsy moth, Lymantria dispar L., and 
these increases in resistance were associated with increased 
levels of plant defense proteins, including PPO, phenylalanine 
ammonia lyase, TI, and chymotrypsin inhibitor (Jiang and Yan, 
2018). Similarly, in rice, changes in total plant phenolics and 

elevated activities of POD and PPO in response to feeding 
by the fall armyworm, Spodoptera exigua Hubner, have been 
observed (S.B., unpublished data). Further studies will be needed 
to determine the full range of resistance-related traits stimulated 
by jasmonate seed treatments in rice.

This study provided clear evidence that the induction of 
resistance to rice water weevils by jasmonate seed treatment 
was accompanied by reductions in plant growth in the absence 
of pests. These effects on plant growth were particularly severe 
immediately following treatment of seeds. In the greenhouse 
experiment, only 2% of seedlings had emerged from soil in 
the MeJA treatment at 4  days after planting, whereas 33% and 
50% of seeds had emerged in the JA and control treatments, 
respectively. In the laboratory study, >80% of seeds had 
germinated in both the JA and MeJA treatments at 4  days, 
but the germination percentage was still lower in these treatments 
relative to control (Table 1). In addition, lengths of plant roots 
(radicles) and shoots (coleoptiles) were reduced by 50–70% 
by JA and MeJA treatments, with reductions in lengths greater 
in the MeJA treatment than in the JA treatment. Taken together, 
the results of both the laboratory and greenhouse experiments 

A B

C D

FIGURE 2 | Effects of seed treatment with 2.5 mM jasmonic acid (JA), 2.5 mM methyl jasmonate (MeJA) and control (0 mM) on seedling emergence at 4 days after 
planting (A); plant height at 14 days after planting (B); numbers of tillers per plant at 45 days after planting (C); and days to heading (D). Bars represent 
means ± SE. Within each graph, different lowercase letters above the bars indicate significant difference among treatments (p < 0.05).
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indicate that JA and MeJA at the tested concentration inhibit 
or delay germination but do not ultimately reduce seed 
germination. Similarly, delays in seed germination and seedling 
emergence and decreased root and shoot growth in various 
agricultural crops due to application of MeJA or JA have been 
reported in several studies (Norastehnia et  al., 2007; Paudel 
et  al., 2014).

Although the effects of jasmonate seed treatment on the 
germination and early growth of rice plants were quite severe, 
the effects on growth appeared to erode over time. At 14  days 
after planting, plants in the MeJA treatment were significantly 
shorter than controls, but the same was not true of plants in 
the JA treatment. Reductions in plant heights may have been 
caused by delays in seedling emergence rather the costs of 
MeJA application per se. At 45 days after planting, the numbers 
of tillers per plant were unaffected by seed treatment with JA 
or MeJA. Similarly, days until exertion of the first panicle 
(heading) did not differ among treatments. Diminished effects 
of exogenous JA and MeJA over time have been observed in 
a few other crops. In corn, Feng et  al. (2012) reported that 
JA application to above- and below-ground portions of plants 
resulted in reductions in root length, root surface area, and 
root biomass but increased the levels of the plant defense 
compounds, DIMBOA, and phenolics, 2 weeks after application. 
However, the effects on plant growth were not detected 4 weeks 
after application. Moreover, 4  weeks after treatment, shoot and 
root biomasses of JA-treated plants were greater relative to 
untreated plants indicating no apparent defense allocation costs. 
Similarly, treatment of tomato seeds with JA reduced plant 

A B

C D

FIGURE 3 | Effects of seed treatment with 2.5 mM jasmonic acid (JA), 2.5 mM methyl jasmonate (MeJA) and control (0 mM) on panicle densities per plant (A); 
number of filled grains per panicle (B); percent unfilled grains (C); and filled grains mass of each plant (D). Bars represent mean ± SE. Within each graph, different 
lowercase letters above the bars indicate significant difference among treatments (p < 0.05).

TABLE 1 | Effects of seed treatment with 2.5 mM jasmonic acid (JA) and 
2.5 mM methyl jasmonate (MeJA) on seed germination and post-germination 
seed growth in rice, Oryza sativa seeds.

Treatment Germination 
percentage

Root length (cm) Shoot length 
(cm)

Control 96.11 ± 1.11a 5.36 ± 0.11a 1.74 ± 0.05a

2.5 mm JA 86.67 ± 3.33b 2.40 ± 0.15b 0.87 ± 0.03b

2.5 mm MeJA 83.33 ± 3.33b 1.43 ± 0.17c 0.50 ± 0.00c

F 12.45 218.3 122.2
df 2.12 2.12 2.12
p 0.00 <0.0001 <0.0001

The data presented in the table are means ± SE. In each column, different lowercase 
letter indicates means differ significantly among treatments (p < 0.05).
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heights but had no long-term effects on plant growth (Worrall 
et  al., 2012). Our results indicate that JA and MeJA seed 
treatment in rice had a strong inhibitory effect on plant growth 
immediately after treatment but that the effects of JA and 
MeJA diminish over time, such that growth in 6-week-old 
plants had fully recovered.

The most critical potential impacts of jasmonate treatments 
on plants are those involving negative effects on crop yield. 
In the current study, four components of yield – panicles per 
plant, total number of filled grains per panicle, percent unfilled 
grains, and mass of filled grains per plant – were measured. 
The first three yield components were not significantly affected 
by seed treatment with jasmonates, although the numbers of 
filled grains per panicle trended lower in jasmonate treatments, 
while percent unfilled grains trended higher in treated plants. 
In contrast, masses of filled grains per plant, which is a 
composite of the other three yield components, were reduced 
(p  =  0.04) in the MeJA treatment relative to JA and control 
treatments when MANOVA followed by pairwise comparisons 
was performed. The results of the non-parametric Welch test 
showed no differences in masses of filled grains among JA, 
MeJA, and control treatments. Thus, it appears that decreases 
in numbers of filled grains per panicle, increases in percent 
unfilled grains, and perhaps other effects (e.g., average grain 
weights) combined to result in marginal decreases in overall 
yields in plants treated with MeJA as seeds, with yields 
intermediate (but not significantly different from the control 
treatment) in JA-treated plants.

Constitutive expression of jasmonate-induced defenses is 
costly to plants. For example, Cipollini (2007) showed that 
overexpression of AtJMT (jasmonic acid carboxyl 
methyltransferase – an enzyme that methylates JA to MeJA) 
in Arabidopsis thaliana (L.) Heynh resulted in development 
of stunted plants and reduced seed germination and yields 
measured as total seed mass. Likewise, Kim et  al. (2009), in 
rice, showed that overexpression of JMT, which increased the 
levels of MeJA in young panicles, had a drastic effect on rice 
yield due to decreased numbers of spikelet per panicle and 
lower filling rates that ultimately resulted in lower grain masses. 
The above studies attributed decreases in plant yield/fitness to 
the overproduction of MeJA. In contrast to constitutive resistance, 
induced resistance, in which resistance-related traits are expressed 
only when plants are subjected to biotic and abiotic stresses, 
allows plants to use their limited resources for growth and 
reproduction when defenses against stresses are not needed. 
Dietrich et al. (2005) reported that given the time and resources, 
A. thaliana plants treated with the chemical elicitor BION 
[benzo (1,2,3) thiadiazole-carbothioic acid S-methylester, a 
mimic of salicylic acid and elicitor of induced resistance against 
biotrophic pathogens] were able to recover from a single 
application of chemical elicitor without losses in yield.

Other studies that have investigated the effects of application 
of MeJA and JA on plant yields have found contrasting results. 
In tomato, repeated applications of JA at 15  day intervals until 
harvest resulted in a delay in time to fruit set and reduced the 
number of fruits per plant, fruit weight, and number of seeds 
per plant (Redman et  al., 2001). Likewise, Agrawal et  al. (1999) 

reported that JA-induced responses reduced the plant fitness 
in the absence of herbivory in terms of time to first flower 
formation and number of pollen per flower but not in seed 
number and seed weight. However, Thaler (1999) reported 
that, regardless of the presence of herbivory, foliar sprays of 
JA reduced the number of flowers produced in treated plants 
relative to untreated plants but had no effect on fruit weight 
and number of fruits produced per plant. In tomato, seed 
treatment with 3  mM JA did not reduce the fruit dry weights 
(Worrall et  al., 2012). These differences in JA/MeJA effects of 
plant fitness and yield are probably due to the differences in 
concentrations of elicitors, application methods (foliar and seed 
treatment), time and frequency of elicitor application, plant 
stage, days to senescence, and levels of herbivory.

The inhibitory effects on seed germination, plant height, 
and yields were stronger in MeJA-treated plants compared to 
the JA-treated plants. One possible reason for these differences 
is that MeJA more effectively reached its target sites in the 
seed. This may have been the case because the different polarities 
of the two compounds allowed MeJA to more easily penetrate 
into rice seeds. Alternatively, because MeJA is a volatile compound 
and has a lower vapor pressure than JA, it may have penetrated 
faster and moved more quickly through plant tissues (Farmer 
and Ryan, 1990; Seo et  al., 2001) and more quickly elicited 
plant defense genes compared to JA (Jiang and Yan, 2018). 
However, it is important to note that these different effects 
on growth and yield occurred despite the fact that JA- and 
MeJA-induced resistance to rice water weevil to roughly equivalent 
extents, which suggests that different jasmonate elicitors may 
have differing effects on plant growth, yield, and defense. Qi 
et al. (2016) found that mutant osJMT1 rice plants that overexpress 
the jasmonic acid carboxyl methyltransferase gene had high 
levels of MeJA and low levels of JA and JA-Ile. The osJMT1 
rice lines were resistant to brown planthopper, Nilaparvatha 
lugens Stal nymphs, but adult females were more attracted to 
osJMT1 rice lines compared to wild types, perhaps because 
of low levels of JA. However, in osJMT1 rice lines, plant height 
and yields were reduced relative to the wild type. The authors 
suggested that MeJA might have a greater role in plant growth 
and development than in plant defense, while JA and JA-Ile 
might be more involved in defense against pathogens and insects.

Explanations for reduced growth and yields in jasmonate-
treated plants generally fall into two categories. On the one 
hand, the applications of jasmonates can result in increased 
allocation of resources to resistance-related pathways, processes, 
and metabolites at the expense of growth and reproduction 
(Walters and Heil, 2007; Guo et  al., 2018). On the other hand, 
negative effects of JA and MeJA treatment on growth and 
development could result from hormonal cross talk between 
hormones and hormonal pathways, such as those involving 
JA and gibberellic acid (GA). Upregulation of the JA signaling 
pathway has been shown to downregulate the GA pathway 
(Hou et  al., 2013). Downregulation of GA, for example, might 
have impacted rice germination and seedling growth in two 
ways in the current study. First, GA regulates the growth rate 
of plant tissues by affecting cell proliferation and expansion 
(Achard et  al., 2009; Ubeda-Tomás et  al., 2009). Second, in 
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cereal crops, upon imbibition of water, GA present in the 
seeds induces the expression of an α-amylase gene and other 
hydrolytic enzymes and proteases involved in germination 
(Sugimoto et  al., 1998). During germination, α-amylase plays 
a critical role in degradation of the insoluble starch granules 
to soluble sugars and mobilization of energy reserves to the 
plant tissues (Palmiano and Juliano, 1972), which are then 
utilized for growth and elongation of embryonic roots and 
shoots (Nomura et al., 1969; Jones and Jacobsen, 1991). Treatment 
of seeds with MeJA decreased activity of α-amylase in germinating 
seeds that led to a delay in seed germination and reduction 
in seedling root elongation in corn, Zea mays L. (Norastehnia 
et  al., 2007). Similarly, Lahuta et  al. (2018) reported that in 
triticale (Triticosecale Witmmack), reduced seed germination, 
lower fresh and dry weight of embryo and fewer root hairs 
on embryonic roots were associated with decreased starch 
degradation by α-amylase in the presence of MeJA.

The results of this current study help clarify results from 
the recently published field study (Kraus and Stout, 2019) on 
induction of resistance to rice water weevils by MeJA seed 
treatment. In this prior study, treatment of rice seeds by MeJA 
resulted in an approximately 30% reduction in densities of 
rice water weevil larvae on the roots of rice plants, but reductions 
in weevil densities by MeJA treatment were not as large as 
those obtained by treating plants multiple times with a pyrethroid. 
Reductions or delays in seedling emergence and plant growth 
resulting from MeJA seed treatment were similar to those 
observed in the current study. Yields (panicle masses) did not 
differ between untreated and MeJA-treated plants, but yields 
were higher from insecticide-treated plots than from MeJA-
treated plots. However, it was unclear whether the lower yields 
from MeJA-treated plots were the result of higher densities of 
yield-reducing weevil larvae in MeJA-treated plots relative to 
insecticide-treated plots, or from direct effects of MeJA on 
plant yield. The results of the current study, which demonstrates 
reductions in yield in MeJA-treated plants in the absence of 
weevils, suggest that the lower yields in MeJA-treated plots 
than in insecticide-treated plots in Kraus and Stout (2019) 
may have resulted partly from the direct effects of MeJA on 
plant yield. Further work will be needed to define the conditions 
under which the benefits of reduced rice water weevil densities 
in MeJA-treated plants outweigh the costs associated with the 
treatment. However, the marginal reductions in yield, including 
the non-significant effect of JA on yield, and the temporary 
nature of reductions in growth caused by jasmonate treatment 
in this study suggest that use of elicitors could be  integrated 
into management programs for pests in rice under 
certain circumstances.

Plant elicitors applied to seeds may be  advantageous as 
they are simple to implement and are not accompanied by 
the same deleterious effects on non-target organisms and the 
environment as is the use of insecticides. Further research on 
the positive effects of elicitor seed treatments on plant defense 
under field conditions is warranted, including possible activation 
of indirect defenses and defense priming mechanisms by elicitors. 
However, cost-effective methods for applying elicitors to seeds 
will need to be  developed. In addition, cultural practices (e.g., 
seeding rates) may need to be  adjusted to compensate for the 
negative effects of elicitors on plant growth. Finally, as noted 
above, further research on different crops under field conditions 
will be  needed to further define those situations in which the 
benefits accruing from reduced densities of pests outweigh 
reductions in yield resulting from activation of plant defenses, 
which are likely to be  species-specific.
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There is a need to develop new ways of protecting plants against aphid attack. Here,

we investigated the effect of a plant defence activator, cis-jasmone (CJ), in a range of

cultivars of Brassica napus, Brassica rapa and Brassica oleracea. Plants were sprayed

with cis-jasmone or blank formulation and then tested with peach potato aphids (Myzus

persicae Sulzer) (Hemiptera: Aphididae) and their parasitoid Diaeretiella rapae (M’Intosh)

(Hymenoptera: Braconidae). CJ treated plants had significantly lower aphid settlement

than control plants in a settlement bioassay. Conversely, in a foraging bioassay, D. rapae

parasitoids spent a significantly longer time foraging on CJ treated plants. Our results

reveal that CJ treatment makes plants less attractive to and less suitable for M. persicae

but more attractive to D. rapae in a range of brassica cultivars. It is likely that these effects

are due to changes in volatile emission indicating activation of defence and presence

of conspecific competitors to aphids but presence of prey to parasitoids. Increases in

volatile emission were found in CJ induced plants but varied with genotype. Among the

synthetic volatile compounds that were induced in the headspace of CJ treated brassica

cultivars, methyl isothiocyanate, methyl salicylate and cis-jasmone were most repellent

to aphids. These results build on earlier studies in Arabidopsis and show that tritrophic

interactions are influenced by CJ in a wide range of brassica germplasm. The implication

is that CJ is a promising treatment that could be used in brassica crops as part of an

integrated pest management system.

Keywords: induced defence, aphid, tritrophic interactions, biological control, crop protection

INTRODUCTION

cis-Jasmone (CJ) is a benign plant defence activator shown to have considerable promise in
enhancing plant defence against hemipteran insect pests in Arabidopsis thaliana (Bruce et al., 2008)
as well as crops such as wheat (Bruce et al., 2003a,b), maize (Oluwafemi et al., 2013), cotton (Hegde
et al., 2012), sweet pepper (Dewhirst et al., 2012) and potato (Sobhy et al., 2017, 2020). CJ was first
tested and reported as a plant defence activator by Birkett et al. (2000) after the compound was
found to be highly electrophysiologically active with aphids. It was hypothesised to have a role in
plant defence due to structural similarities with the plant hormone jasmonic acid and experimental
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evidence confirmed this hypothesis. Genes activated by CJ are,
however, different from the ones activated by jasmonic acid or
methyl jasmonate (Matthes et al., 2010).

Basic studies done in A. thaliana demonstrated that CJ makes
plants less attractive to aphids but more attractive to their
parasitoid natural enemies (Bruce et al., 2008; Matthes et al.,
2010). We hypothesised that similar effects would occur in
brassica crops, but data on this were not previously available and
there was a knowledge gap relating to this. Therefore, the current
study was designed to test the hypotheses that CJ treatment
could (1) reduce aphid performance and colonisation and (2)
increase parasitoid foraging in a range of cultivars of Brassica
napus, B. rapa and B. oleracea. Our study focused on Myzus
persicae Sulzer (Hemiptera: Aphididae), commonly known as
peach potato aphid, because it is the main aphid pest of brassica
crops (van Emden et al., 1969). Diaeretiella rapae (M’Intosh)
(Hymenoptera: Braconidae) was chosen as the parasitoid species
because a survey conducted by ADAS revealed it was the most
common parasitoid of M. persicae in the UK (Jude Bennison,
pers. comm.).

Our study is timely because there is an urgent need for new
approaches to crop protection in brassicas as Myzus persicae
aphids have evolved resistance to many insecticides (Bass et al.,
2014) and the neonicotinoid restriction in Europe has further
reduced conventional control options (Dewar, 2017).

MATERIALS AND METHODS

Insects
Myzus persicae aphids (clone O) were reared on pak choi
(Brassica rapa subsp. chinensis cv. Hanakan) in BugDorm cages
(46 × 46 × 46 cm; NHBS Ltd, Devon, UK) under controlled
environmental conditions (24◦C, 38 % RH, 16:8 photoperiod)
in the Centre of Applied Entomology and Parasitology (CAEP)
insectary at Keele University (UK). Diaeretiella rapae parasitoid
wasps were reared on surplusM. persicae infested pak choi plants
in BugDorms (46 × 46 × 46 cm) under controlled conditions
(20◦C, 40% RH, 16:8 photoperiod) in a growth chamber
(MLR-352-PE; Panasonic, The Netherlands). Both cultures were
originally obtained from Harper Adams University, UK.

Plants
Six brassica cultivars, representing a wide range of germplasm,
from three species were grown for use in experiments: Brassica
napus cultivars Samurai, Wesway, English Giant and Turnip
Rutabaga 57, Brassica oleracea cv. Warwick L9 (Chinese kale)
and Brassica rapa subsp. chinensis cv. Hanakan (pak choi)
were obtained from Warwick University, UK. The effect of CJ
treatment has not been investigated previously in these cultivars.
All plants were individually grown in 7.5 cm pots filled with
John Innes No. 2 compost (Westland Horticulture Limited,
Tyrone, UK) under controlled environment conditions (20◦C,
37 % RH, 16:8 photoperiod) in a growth chamber (MLR-352-PE;
Panasonic). Plants at BBCH growth stage 14 (i.e., five true leaves)
were used for all experiments (Meier, 1997).

Chemicals and cis-Jasmone Treatment
Chemical standards tested individually in olfactometer bioassays
were cis-3-hexenyl acetate (≥98%), methyl salicylate (≥99%),
cis-jasmone (≥97%), methyl isothiocyanate (97%), benzyl nitrile
(98%), limonene (96%), nonanal (≥98%), trans-β-farnesene (90
%), and β-elemene (≥98%). Concentrations of 100 ng/µl of each
synthetic volatile eluted in hexane (≥95%) were prepared. All
standards including hexane were purchased from Sigma Aldrich
(Gillingham, UK).

Plants were sprayed with an aqueous emulsion of cis-jasmone
(CJ) (Sigma Aldrich, Buchs, Switzerland) as described in Bruce
et al. (2003a). A stock CJ emulsion was formulated by mixing 25
µl of CJ with 100 µl of Tween 80 (Sigma Aldrich) in 100ml of
deionized water, while a blank formulation to act as a control was
formulated by mixing 100 µl of Tween 80 in 100ml of deionised
water. Spray treatment was carried out using an Oshide spray
bottle (100ml; Zhengzhou Xinrui Tongda Metal and Material
Co., Ltd. Henan Sheng, China) by applying three trigger pulls of
spray formulation (250 µl) to each plant at a distance of 30 cm.
Sprayed plants were left for 24 h and then used for experiments.
Control plants and CJ treated plants were placed in different
compartments to avoid any plant-plant interaction.

Aphid Performance Clip-Cage Bioassay
Performance ofM. persicae was assessed on the different brassica
cultivars. There were two separate series of experiments with
different plants: the first series recorded observations after 48 h
and the second recorded observations after 96 h. Fresh plants
and aphids were used in each replicate observation in each
experiment. In each replicate, 10 adult alate M. persicae were
placed in a clip cage (2.5 cm diameter, Bioquip Products Inc.,
USA), which was attached to the lower surface of plant leaves
(Sobhy et al., 2020). Two clip cages were placed on each plant.
Ten replicates (control and CJ treated) were performed for each
cultivar. To assess the survival and fecundity of aphids, plants
were left undisturbed in a controlled environment room (25◦C,
37% RH, 16:8 photoperiod). Plants were assessed after 48 h
(series 1) or 96 h (series 2). For assessment, leaves containing
the cages were cut and cages were removed without losing any
aphids. Numbers of live adults and newly larviposited nymphs
were recorded.

Aphid Settlement Bioassay
In this choice test bioassay, CJ treated and control plants were
placed in a BugDorm insect cage (60 × 60 × 60 cm; NHBS Ltd,
Devon, UK) and were kept in a controlled environment room
(25◦C, 37% RH, 16:8 photoperiod). Each BugDorm contained
four plants (two treated and two control) at alternate positions.
A vial containing 50 alate M. persicae was positioned in the
centre of the cage, opened and then the cage was left for 24 h.
Counts of settled aphids were recorded 24 h after release. Ten
replicates were done for each cultivar. The position of treatments
was alternated between replicates.

Parasitoid Foraging Bioassay
To test CJ effect on parasitoids, the foraging behaviour ofD. rapae
females was monitored. Noldus Observer 4.1 software was used
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to record the behavioural observations. In an open-fronted cage,
a single female parasitoid was released from a vial onto a plant
leaf and then its foraging behaviour was monitored by direct
observation. Time spent walking, still, and cleaning was recorded,
as well as total time spent before the parasitoid left the plant. An
observation was terminated when a parasitoid flew away from
the plant, which was considered as leaving the foraging “patch.”
Ten replicates of CJ treated and control plants were done for each
cultivar. Treated and control replicates were observed alternately.
All experiments were done between 9:00 a.m. and 2:00 p.m.

Parasitism Bioassay
Effect of CJ on the parasitism rate of D. rapae was assessed
in BugDorm (60 × 60 × 60 cm) cages as described above.
Bioassays were repeated 10 times on different experimental
days. Each plant was infested with 50 adult M. persicae that
were released 2 h prior to the release of D. rapae. Eight female
parasitoids were released into the cage following the experimental
procedure of Sun et al. (2020). After 24 h, parasitoid females
were collected from the cages and plants were kept contained
in bread bags while aphid mummies developed. Experiments
were conducted in a controlled environment room (20◦C, 37%
RH, 16:8 photoperiod). After 15 days, the number of mummified
aphids on the treated and control plants was recorded.

Volatile Collection
Plant volatiles were collected following a procedure adapted from
Agelopoulos et al. (1999) in which whole plants were contained
inside oven bags (35 × 43 cm; Bacofoil, UK). The bag was
partially sealed, so that only volatiles produced by the plants
were collected. Prior to entrainments, bags were baked in an
oven (Heraeus, Thermo Electron corporation, Mark Biosciences,
UK) at 120◦C overnight. Porapak Q philtres (0.05 g, 60/80
mesh; Supelco, Bellefonte, PA, USA) were washed with diethyl
ether and then conditioned before use. Plants were enclosed
in bags individually. Each bag was open at the bottom and
closed at the top. An outlet hole was made in the upper part
of the bag to connect the Porapak Q filter, whereas the bag
bottom was closed by attaching a rubber band around the pot.
Charcoal filtered air was pumped into bags at 600ml min−1 and
sampled air was pulled out at 400ml min−1 through a Porapak
Q filter in which the plant volatiles were trapped. To avoid
entry of unfiltered air, positive pressure was maintained using
differing air flows rates. Connections were made with 1.6mm
(i.d.) polytetrafluoroethylene (PTFE) tubing (Alltech Associates
Inc., Lancashire, UK) with Swagelok brass ferrules and fittings
(North London Valve Co., London, UK) and sealed with PTFE
tape (Gibbs & Dandy Ltd., Luton, UK). Volatile collection was
done for a 48 h period, after which the Porapak filters were eluted
with 500 µl of diethyl ether into sample vials (Supelco, 2ml,
PTFE/silicone) and stored at −20◦C in a freezer (Lec Medical,
UK) for use in olfactometer bioassays and chemical analysis.

Olfactometer Bioassay
The behavioural responses of alateM. persicae to brassica volatiles
were investigated using a Perspex 4-arm olfactometer in a
controlled environment room (24◦C, 30% RH). The central area

at the top of the olfactometer contained a hole into which a
single aphid was introduced, and which was connected to a low-
pressure air pump to remove air at a rate of 200ml min−1. PTFE
tape was used to ensure airtight seals between the olfactometer
and the Teflon tubing. Holes connected to odour source tubes
were covered with a layer of muslin to prevent aphid escape
during the bioassays. The olfactometer arena was split into five
areas; four areas by each arm (one treatment arm vs. three control
arms or two treatment and two control arms) and a central
area (Webster et al., 2010). Adult aphids were collected from
rearing cages in a separate insectary room and transferred to
the olfactometer laboratory for acclimatisation and starved for
2 h before each trial. Individual aphids were added using a 000
paintbrush. Each aphid was exposed to a test sample for 12min,
and after every 3min the position of the olfactometer was rotated
clockwise by 90◦ to eliminate directional bias. Time spent in each
arm was recorded using a software program (OLFA, F. Nazzi,
Udine, Italy). Ten replicates were done for each comparison. For
each experiment, filter paper (WhatmanNo. 1, Buckinghamshire,
UK) strips (cut to 5× 20mm)were treated with an aliquot (10µl)
of the volatile sample treatment or solvent control, applied using
a micropipette (Drummond “microcaps”; Drummond Scientific
Co., USA), and allowed to evaporate for 30 s before placing in
odour source tubes. If an aphid remained motionless for the first
2min of a replicate it was recorded as unresponsive and excluded
from analysis. All bioassays were performed between 10:00 a.m.
and 1:00 p.m.

Headspace Samples of Plant Naturally Emitted Plant

Volatile Blends
Three series of experiments were conducted with the natural
volatile blends collected from plants: (series 1) volatiles from
control plants (treated with blank formulation of water+ tween)
vs. solvent control (diethyl ether), (series 2) volatiles from CJ
treated plants (CJ + tween + water) vs. solvent control (diethyl
ether), and (series 3) a choice test with volatiles from control
plants vs. CJ treated plants vs. solvent (diethyl ether). For the first
two series experiments, one arm was assigned to the collected
volatiles from plants whereas three control arms were treated
similarly with the same volume of solvent (diethyl ether used for
eluting the plant volatiles). In the third series experiment, the
two treatments being compared were assigned to one arm each
whereas the other two opposite arms were assigned to solvent
control (diethyl ether).

Individual Synthetic Volatile Compounds
The behavioural responses of alate M. persicae to nine synthetic
chemical compounds were investigated as described above. These
volatiles were induced in the headspace of CJ treated brassica
cultivars (see below). Each synthetic chemical compound was
tested at a concentration of [100 ng/µl in hexane]. In these
experiments, similar to series 1 and 2 described above, one
arm was assigned to one synthetic volatile compound whereas
three control arms were treated similarly with the same volume
of solvent.
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Volatile Analysis
Analyses were carried out on a 7820A GC coupled to a
5977B single quad mass selective detector (Agilent Technologies,
Cheadle, UK). The GC was fitted with a non-polar HP5-
MS capillary column (30m × 0.25mm × 0.25µm film
thickness) coated with (5%-phenyl)-methylpolysiloxane (Agilent
Technologies) and used hydrogen carrier gas at a constant flow
rate of 1.2 ml/min. Automated injections of 1 µl were made
using a G4513A autosampler (Agilent Technologies) in splitless
mode (285◦C), with oven temperature programmed from 35◦C
for 5min then at 10◦C/min to 285◦C. Compounds were identified
according to their mass spectrum, linear retention index relative
to retention times of n-alkanes, and co-chromatography with
authentic compounds.

Statistical Analysis
Aphid Clip Cage Bioassay
Differences in the mean number of live aphids on control and
CJ treated plants was compared for each brassica cultivar at two
time-points (48 and 96 h) using generalised linear models (GLM)
fitted with Poisson probability distributions. Differences in the
mean number of aphid nymphs larviposited onto control and
CJ treated plants were compared for each brassica cultivar at
two time-points (48 and 96 h) using GLMs fitted with quasi-
Poisson probability distributions to account for overdispersion.
Plant treatment (i.e., control vs. CJ treated) was a fixed factor.

Aphid Settlement Bioassay
Differences in the mean number of aphids settling on control and
CJ treated plants were compared for each brassica cultivar using
GLMs with Poisson or quasi-Poisson probability distributions
depending on dispersion. Plant treatment (i.e., control vs. CJ
treated) was a fixed factor.

Parasitoid Foraging Bioassay
The total time spent by parasitoid wasps foraging on control
and CJ treated plants was first analysed for each brassica cultivar
using Shapiro-Wilk tests to determine whether the underlying
data were Gaussian. As data for this bioassay was non-Gaussian,
the response variable (i.e., time) was square root transformed and
re-analysed using Shapiro-Wilk tests to confirm that transformed
data were Gaussian. After transformation, differences in mean
total parasitoid foraging time between control and CJ treated
plants was evaluated for each brassica cultivar using two-
sample t-tests.

Parasitism Bioassay
Differences in the mean number of mummified aphids on
control and CJ treated plants were compared for each brassica
cultivar using GLMs with Poisson or quasi-Poisson probability
distributions depending on dispersion. Plant treatment (i.e.,
control vs. CJ treated) was a fixed factor.

Volatile Profiling
To visualise the overall differences in volatile profiles emitted
from the six studied brassica cultivars, a principal component
analysis (PCA) was performed using the concentrations of the
detected volatiles as dependent variables. Loading and score plots

were derived after mean-centering and log transformation of
volatile data. Average linkage hierarchical clustering based on
Ward clustering algorithm of the Euclidean distance measure
for the differentially emitted VOCs was used to construct a
heatmap displaying the concentrations of different volatiles.
Visualisation, together with hierarchical clustering of VOC data,
was done using the MetaboAnalyst online tool suite (Chong
et al., 2018). Subsequently, univariate analyses of variances
were performed to investigate whether the concentrations of
individual volatile compounds differed with and without CJ
treatment using SigmaPlot 12.3 (Systat Software Inc., USA).

Olfactometer Bioassays
The behavioural response of M. persicae was tested in two ways.
For experiments with one treated arm vs. three solvent control
treatments, data were analysed by a paired t-test. In this analysis,
the time spent by aphids in treated and solvent arms of the
four-arm olfactometer were compared. In experiments where
the response in two treatment arms vs. two arms of solvent
control was compared, data were first converted into proportions
then log-ratio transformed before analysis by one-way analysis
of variance and Holm-Sidak mean separation (Mwando et al.,
2018). Data were examined for a Gaussian distribution using the
Shapiro-Wilk test prior to analysis.

All statistical analyses were carried out using R (v 4.0.3) (R
Core Development Team, 2021).

RESULTS

Aphid Clip Cage Bioassay
After 48 h there was no significant reduction in adultM. persicae
survival on five brassica cultivars treated with CJ in clip cage
experiments (Figure 1A). However, treating the Chinese kale
cultivar with CJ reduced survival two-fold (generalised linear
model with Poisson distribution: X2 = 12.50; d.f. = 1,38;
P = 0.04). There was no significant reduction in adult M.
persicae survival on four brassica cultivars treated with CJ in
clip cage experiments after 96 h (Figure 1B). Both the Chinese
kale (generalised linear model with Poisson distribution: X2 =

40.35; d.f. = 1,38; P < 0.001) and Samurai (generalised linear
model with Poisson distribution: X2 = 12.50; d.f. = 1,38; P =

0.04) cultivars treated with CJ showed significant increases inM.
persicaemortality compared to their control (blank formulation)
treated counterparts.

There was a significant reduction in nymph production on
CJ treated plants across both time points (Figures 2A,B). Mean
larviposition on CJ treated plants of all brassica cultivars was
significantly reduced after 48 hours (Figure 2A), decreasing by
46% from 26.15 on control treated plants to 14.03 on CJ treated
plants. Larviposition was reduced most on Chinese kale (GLM
with quasi-Poisson distribution: F= 76.57; d.f.= 1,38; P < 0.001;
82 % reduction in larviposition) and the least on Samurai (GLM
with quasi-Poisson distribution: F= 33.03; d.f.= 1,38; P < 0.001;
21% reduction in larviposition). Similarly, mean larviposition on
CJ treated plants of all brassica cultivars was also significantly
reduced after 96 h (Figure 2B), decreasing by 41% from 55.80
on control plants to 32.65 on CJ treated plants. Larviposition
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FIGURE 1 | Adult Myzus persicae survival (Mean ± SE) out of the original 10 individuals after (A) 48 h and (B) 96 h in clip cages on six brassica cultivars (n = 10)

treated with cis-jasmone or blank formulation (control). Brassica cultivars capped with “ns” do not show a significant difference between control and cis-jasmone

treatment while asterisks denote differing levels of statistical significance: * < 0.05 and *** < 0.001 (generalised linear models with Poisson probability distribution).

was reduced most on Chinese kale (GLM with quasi-Poisson
distribution: F = 18.31; d.f. = 1,38; P < 0.001; 55% reduction
in larviposition) and the least on Turnip Rutabaga (GLM with
quasi-Poisson distribution: F = 9.43; d.f. = 1,38; P = 0.004; 24%
reduction in larviposition).

Aphid Settlement Bioassay
In settlement bioassays, where aphids were offered a choice
between CJ treated and control plants, a clear and statistically
significant reduction in aphid settlement was observed on CJ
treated plants (Figure 3). This effect was consistent across all
brassica cultivars tested. The preference for control over CJ
treated plants was strongest for the B. napus cultivar Wesway,
with a mean of only 7.05 aphids settling on CJ treated plants
compared to 16.2 aphids settling on control treated plants (GLM
with quasi-Poisson distribution: F = 32.39; d.f. = 1,38; P <

0.001; 30.3% of aphid settlement occurring on CJ treated plants).
Similarly, aphid settlement was significantly reduced in pak choi
(GLM with quasi-Poisson distribution: F = 98.81; d.f. = 1,38; P
< 0.001), English Giant (GLM with Poisson distribution: X2 =

86.63; d.f. = 1,38; P < 0.001), Samurai (generalised linear model

with Poisson distribution: X2 = 70.4: d.f. = 1,38; P < 0.001),
Turnip Rutabaga (GLM with Poisson distribution: X2 = 41.12;
d.f. = 1,38; P < 0.001) and Chinese kale (GLM with Poisson
distribution: X2 = 86.57; d.f. = 1,38; P < 0.001). Pooling data
across all cultivars tested, mean aphid settlement on CJ treated
plants was 1.86 times lower than on control plants.

Parasitoid Foraging Bioassay
In a foraging bioassay, parasitoid wasps spent substantially longer
on CJ treated plants than on control plants (Figure 4). There was
a 5.1× increase in the mean time spent on CJ treated pak choi
plants (two-sample t-test: Welch’s t = 3.59; d.f. = 10.21; P =

0.004), a 4.6× increase on Turnip Rutabaga (two-sample t-test:
Welch’s t = 3.67; d.f. = 17.26; P = 0.001), a 4.5× increase on
Wesway (two-sample t-test: Welch’s t = 3.89; d.f. = 15.48; P =

0.001), a 3.9× increase on Samurai (two-sample t-test: Welch’s
t = 2.84; d.f. = 14.10; P = 0.013), a 2.8× increase on English
Giant (two-sample t-test: Welch’s t = 2.22; d.f.= 17.39; P= 0.04)
and no significant increase on Chinese kale (two-sample t-test:
Welch’s t = 0.65; d.f.= 16.96; P = 0.525).
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FIGURE 2 | Myzus persicae larviposition (Mean ± SE) after (A) 48 h and (B) 96 h in clip cages on six brassica cultivars (n = 10) treated with cis-jasmone or blank

formulation (control). Asterisks denote differing levels of statistical significance: ** < 0.01 and *** < 0.001 (generalised linear models with quasi-Poisson probability

distribution).

Parasitism Bioassay
Parasitism rates were significantly increased by CJ application in
three brassica cultivars, though all six cultivars treated with CJ
showed some level of increase (Figure 5). The largest increase
in parasitism rates was observed on Samurai (generalised linear
model with quasi-Poisson distribution: F = 11.74; d.f. = 1,38;
P = 0.001; 121 % increase), though pak choi had the greatest
total number of mummified aphids. Low levels of parasitism
were observed on Chinese kale irrespective of plant treatment
(Figure 5).

Olfactometer Bioassay
Natural Volatile Blends
When presented with a choice between a solvent control (diethyl
ether; DEE) and volatiles collected from plants treated with a
blank formulation, adult aphids showed no significant preference
for either odour source in five of the tested cultivars (Figure 6A).
Aphids did, however, spend significantly less time in the treated
zone for Wesway (paired t-test: t = 4.69; d.f. = 9; P = 0.001;
Figure 6A). However, when plants were CJ treated and aphids
were presented with a choice of volatiles from a treated plant vs.

solvent control (DEE), aphids spent significantly less time in the
treated zone of the olfactometer with volatiles from CJ treated
plants for 5 out of the 6 cultivars tested (Figure 6B). Turnip
Rutabaga was the only cultivar in which volatiles from CJ-treated
plants were not repellent. CJ-treated Chinese kale and Samurai
were the most repellent. When also allowed to choose between
volatiles from CJ treated plants and untreated control plants
(Figure 6C), aphids spent significantly longer in the olfactometer
zone with volatiles from blank formulation control plants for pak
choi and the Samurai and Chinese kale cultivars.

Individual Synthetic Volatile Compounds
When presented with a choice between a solvent control (diethyl
ether) and one of the eight individual synthetic compounds, adult
aphids either showed no significant preference for either odour
source or avoided the olfactometer arms containing a synthetic
chemical (Figure 7). Aphids spent significantly less time in the
olfactometer arms containing CJ (paired t-test: t = 2.62; d.f. = 9;
P = 0.03), methyl isothiocyanate (paired t-test: t = 7.86; d.f. =
9; P < 0.001) or methyl salicylate (paired t-test: t = 2.59; d.f. =
9; P = 0.03).
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FIGURE 3 | Settlement of Myzus persicae (Mean ± SE) after 24 h on blank formulation (control) and cis-jasmone treated plants in a series of choice test bioassays (50

aphids released in each replicate; n = 10). Asterisks denote differing levels of statistical significance: ** < 0.01 and *** < 0.001 (generalised linear models with either

Poisson or quasi-Poisson probability distributions).

Volatile Analysis
GC-MS analysis of headspace collections from the six studied
brassica cultivars revealed 25 detectable VOCs in 8 functional
classes (alcohols, aldehydes, aliphatic hydrocarbons, benzenoids,
esters, ketones, N-containing compounds and terpenes). Volatile
emission was found to increase with CJ treatment in all brassica
cultivars except Chinese kale. There were both quantitative and
qualitative changes in the volatile profile of CJ treated plants
compared to control plants. Quantitative changes in total volatile
emission are shown in Figure 8. Volatile emission was increased
∼14-fold in Wesway, 5-fold in pak choi, 4-fold in Samurai and
Turnip Rutabaga, and 2-fold in English Giant but there was no
change in Chinese kale. Table 1 shows the compounds emitted.
In English Giant, nonanal, (E)-3-tetradecene, dihydrojasmone,
CJ, methyl isothiocyanate and benzyl nitrile were the main
compounds induced. In Chinese kale de novo production of
methyl isothiocyanate and benzyl nitrile was the main difference
observed with CJ treatment and there was reduced emission of
other compounds such as (E)-3-tetradecene. In pak choi there
was a large increase in green leafy volatile (Z)-3-hexenyl acetate
and 2-ethyl-1-hexanol production together with CJ, limonene,

and citronellol with CJ treatment. In Samurai, induced emission
of CJ itself was the main change, together with a smaller increase
in emission of (Z)-3-hexenyl acetate and 2-ethyl-1-hexanol. In
turnip rutabaga, the biggest changes were increases in (E,E)-α-
farnesene, 2-ethyl-1-hexanol and p-cymen-7-ol with also notable
induction of methyl salicylate (MeSA) and CJ. Finally, inWesway
there were marked increases in emission of 9 volatiles including
CJ, 2-ethyl-1-hexanol, (Z)-3-hexenyl acetate and p-cymen-7-ol.
Figure 9 provides a PCA analysis showing qualitative differences
where the first two principal components accounted for 42.3%
of the total variation in the volatile data. A clear separation
based on the first principal component (PC1) is visible between
CJ treated Samurai, Turnip Rutabaga, and Wesway plants,
whereas another separation but based on the second principal
component (PC2) is obvious for the volatile profiles of CJ treated
English Giant, pak choi and Samurai plants. In descending
order, the greatest loadings of PC1, were for β-elemene (0.218),
cis-jasmone (0.213), and (E,E)-α-farnesene (0.170), whereas the
major loadings of PC2 were for cis-jasmone (0.495), citronellol
(0.382), and dihydrojasmone (0.257). These VOCs shown to
contribute to PC1 and PC2 may impact the behaviour of M.
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FIGURE 4 | Mean total time spent foraging (Mean ± SE) by Diaeretiella rapae on blank formulation (control) and cis-jasmone treated plants (n = 10). Brassica cultivars

capped with “ns” do not show a significant difference between control and CJ treatment while asterisks denote differing levels of statistical significance: * < 0.05 and

** < 0.01 (two-sample t-tests).

persicae and D. rapae. A heatmap showed differential magnitude
of volatile emission from the six studied brassica cultivars with
and without CJ treatment (Supplementary Figure 1).

DISCUSSION

Taken together, our data show that CJ treatment of a diverse
sample of crop brassica cultivars can, as hypothesised, make
the plants less suitable and less attractive for M. persicae aphids
but more attractive to their key parasitoid, D. rapae. Aphid
survival and nymph production were reduced on CJ treated
plants and aphids avoided CJ treated plants. Conversely,D. rapae
spent longer foraging on CJ treated plants. However, this effect
was brassica cultivar dependent. This is not surprising because
any induction of plant defence triggered by a chemical elicitor
depends on the existence of an inducible defence trait(s) (Bruce,
2014). Evidence can be seen for differential response between
brassica cultivars from the volatile analysis with the biggest
changes in volatile emission inWesway and no significant change
in Chinese kale. Despite this, CJ-induced Chinese kale was the

best-performing brassica in terms of reduced aphid survival
on plants.

Interestingly, there appeared to be a difference between
cultivars in direct and indirect defence: Chinese kale (Brassica
oleracea cv. “Warwick L9”) was the only cultivar where adult
aphid survival was substantially and significantly reduced by CJ
treatment indicating that direct defence against the herbivore had
increased. In contrast, CJ treatment of Chinese kale had no effect
on parasitoid foraging or parasitism levels indicating that there
was no effect on indirect defence via tritrophic interactions with
the aphid parasitoid. In all other cultivars parasitoid foraging
time was significantly increased by CJ treatment and in three
of them (pak choi, Turnip Rutabaga and Wesway) a significant
increase in number of aphid mummies was found.

With aphids confined in clip cages in no-choice experiments,
adult survival was reduced by CJ treatment in Chinese kale
at both 48 and 96 h time intervals with approximately half as
many aphids surviving on the treated plants. There was also
a significant reduction in adult survival with CJ treatment in
Turnip Rutabaga at 96 h, but the effect size was not as large as in
Chinese kale. Aphid reproduction was affected more than adult
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FIGURE 5 | Mean number (± SE) of mummified Myzus persicae on blank formulation (control) and cis-jasmone treated plants 15 days after exposure to Diaeretiella

rapae for 2 h (n = 10). Brassica cultivars capped with “ns” do not show a significant difference between control and CJ treatment while asterisks denote differing levels

of statistical significance: * < 0.05 and ** < 0.01 (generalised linear models with either Poisson or quasi-Poisson probability distributions).

survival because a significant reduction in nymph larviposition
was found with CJ treatment in all six cultivars tested, which was
also the case for other crop plants treated with CJ (Dewhirst et al.,
2012; Sobhy et al., 2020). A reduction in larviposition would slow
down aphid population growth rates and this would be valuable
in pest management because the high reproduction rate of aphids
is one of the main reasons why they are such formidable pests
(Leather et al., 2017).

Settlement bioassays revealed that aphid colonisation of CJ
treated plants was significantly lower in all six cultivars tested.
This included Chinese kale although the effect size was lower
with this cultivar. Reduced aphid settlement would further slow
down aphid infestations because initial populations settling on
plants would also be lower with CJ treatment. Olfactometer
bioassays revealed that volatiles from CJ treated plants were
repellent to aphids in most cultivars. Surprisingly, no aphid
repellence was observed with aphids exposed to volatiles fromCJ-
treated Turnip Rutabaga although volatile analysis showed a 4-
fold increase in volatile emission with CJ treatment. This suggests
that the chemical composition or quality matters more than the
absolute quantity for aphid repellence. Also, a repellent effect

was found with Chinese kale although total volatile emission
was not increased by CJ-treatment. This again suggests the type
of volatile emitted matters. Methyl isothiocyanate and benzyl
nitrile were not detected in control Chinese kale volatiles but
were found in volatiles from CJ-treated plants and it is possible
these compounds could have caused the observed repellent
effect but further studies would be needed to confirm this. cis-
Jasmone itself was found in the volatiles of control English
Giant and Turnip Rutabaga with increased emission after CJ
treatment. It was not found in the other cultivars until after CJ
treatment and the largest amounts were found in Wesway and
Samurai. As CJ is highly volatile, was found in some control
plants and varied considerably between varieties, we interpret
this as being production of CJ by the plants themselves. The
precursor dihydrojasmone was also found in English Giant, pak
choi and Samurai.

A foraging bioassay was used to investigate how long
parasitoids spent on treated plants after being released on
them. This bioassay was used because retention of parasitoids
after arrival is more important in determining parasitism
levels than initial arrival rates (Budenberg et al., 1992).
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FIGURE 6 | Behavioural responses of Myzus persicae females to volatiles from six brassica cultivars in an olfactometer bioassay. Individual aphids were given 12min

to make a choice between (A) one arm of blank formulation treated plants (BF—tween 80 and water) vs. three solvent diethyl ether (DEE) arms, (B) one arm of

cis-jasmone treated plants (CJ) vs. three solvent control arms (DEE) and (C) two different treatment arms (BF, blank formulation treated plants and CJ, cis-jasmone

treated plants) vs. two solvent arms (DEE). The shown values are mean time spent in arm ± SE (n = 10). For (A,B), brassica cultivars capped with “ns” do not show a

significant difference between plant treatment while asterisks denote differing levels of statistical significance: * < 0.05, ** < 0.01 and *** < 0.001 (paired t-test). For

(C), different letters above bars indicate statistically significant differences between treatments (P < 0.05), based on Holm-Sidak method.

Frontiers in Plant Science | www.frontiersin.org 10 October 2021 | Volume 12 | Article 711896176

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


Ali et al. cis-Jasmone Treatment of Brassicas

FIGURE 7 | Behavioural responses of Myzus persicae females to eight synthetic chemical compounds. Individual aphids were given 12min to make a choice between

one arm containing a synthetic chemical compound vs. three solvent diethyl ether arms. The shown values are mean time spent in arm ± SE (n = 10). Synthetic

chemical compounds capped with “ns” do not show a significant difference while asterisks denote differing levels of statistical significance: * < 0.05 and *** < 0.001

(paired t-test).

FIGURE 8 | Total amount (mean nanograms plant−1 h−1 ± SE) of identified volatile organic compounds (VOCs) emitted from the six brassica cultivars with and

without CJ-treatment. Asterisks indicate statistically significant differences: *** < 0.001 and * < 0.05 (paired t-test).
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TABLE 1 | Emission (in ng; mean ± SE; n = 3) of volatiles released by cis-jasmone treated (CJ) and non-treated (Control) plants a.

Plant volatile KI English giant Chinese kale Pak choi Samurai Turnip rutabaga Wesway

Control CJ Control CJ Control CJ Control CJ Control CJ Control CJ

Alcohols

2-ethyl-1-hexanol 1030 0.6 ± 0.1 0.7 ± 0.1 0.61 ± 0.1 0.27 ± 0.01 0.34 ± 0.02 2.17 ± 0.3 0.51 ± 0.06 3.35 ± 0.4 0.97 ± 0.5 3.61 ± 0.5 0.36 ± 0.2 5.92 ± 0.9

1-octanol 1071 ND ND ND ND ND ND ND 0.31 ± 0.08 ND 0.37 ± 0.1 ND 0.67 ± 0.2

2-butyl-1-octanol 1277 0.02 ± 0.01 0.6 ± 0.2 0.16 ± 0.01 0.20 ± 0.03 ND 0.59 ± 0.2 0.06 ± 0.04 0.41 ± 0.2 0.03 ± 0.02 0.52 ± 0.1 0.05 ± 0.02 1.41 ± 0.5

Aldehydes

Nonanal 1104 0.7 ± 0.2 3.4 ± 0.4 ND ND ND 0.06 ± 0.04 0.07 ± 0.06 1.15 ± 0.2 0.43 ± 0.2 1.61 ± 0.3 0.08 ± 0.06 2.62 ± 0.6

Decanal 1206 0.03 ± 0.01 0.17 ± 0.01 ND ND ND 0.17 ± 0.06 0.05 ± 0.04 0.34 ± 0.1 0.22 ± 0.1 0.41 ± 0.02 0.04 ± 0.03 0.97 ± 0.2

Aliphatic hydrocarbons

Dodecane 1200 0.06 ± 0.05 0.13 ± 0.03 ND 0.02 ± 0.01 0.03 ± 0.01 0.07 ± 0.05 0.04 ± 0.03 0.17 ± 0.09 0.05 ± 0.04 0.18 ± 0.07 ND 0.62 ± 0.06

(E)-3-tetradecene 1385 0.4 ± 0.2 1.5 ± 0.2 0.43 ± 0.06 0.24 ± 0.12 1.16 ± 0.1 1.34 ± 0.6 0.18 ± 0.07 0.92 ± 0.6 0.13 ± 0.1 0.51 ± 0.2 ND 3.48 ± 0.9

Benzenoids

MeSA# 1192 ND ND ND ND ND ND ND ND 0.05 ± 0.04 1.57 ± 0.4 ND 2.5 ± 0.6

Benzothiazole 1229 ND ND ND ND ND 0.19 ± 0.1 ND 0.77 ± 0.3 ND 0.63 ± 0.1 ND 0.39 ± 0.3

Esters

cis-3-hexenyl acetate 1005 2.3 ± 0.3 2.9 ± 0.5 ND ND 0.43 ± 0.3 2.81 ± 1.2 0.91 ± 0.1 2.32 ± 0.2 1.05 ± 0.2 2.11 ± 0.09 1.28 ± 0.4 5.3 ± 0.8

2-ethylhexyl acetate 1129 0.17 ± 0.01 0.22 ± 0.01 ND ND 0.08 ± 0.03 ND 0.14 ± 0.07 0.19 ± 0.08 0.05 ± 0.03 0.19 ± 0.01 ND ND

Ketones

Dihydrojasmone 1369 0.10 ± 0.04 1.09 ± 0.6 ND ND ND 0.27 ± 0.03 ND 0.63 ± 0.07 ND ND ND ND

cis-Jasmone 1394 0.12 ± 0.06 1.53 ± 0.3 ND 0.11 ± 0.02 ND 1.76 ± 0.5 ND 10.9 ± 2.7 0.16 ± 0.13 1.6 ± 0.4 ND 11.7 ± 2.9

N-containing compounds

Methyl isothiocyanate 992 0.08 ± 0.06 0.5 ± 0.1 ND 0.10 ± 0.08 0.05 ± 0.04 0.09 ± 0.07 0.09 ± 0.07 0.42 ± 0.01 ND ND ND 0.23 ± 0.2

Benzyl nitrile 1144 ND 1.7 ± 0.2 ND 0.31 ± 0.07 0.04 ± 0.03 0.73 ± 0.24 ND ND ND 1.26 ± 0.3 ND 0.95 ± 0.8

Terpenes

β-phellandrene 1031 ND ND 0.18 ± 0.1 0.53 ± 0.09 ND ND ND ND ND ND ND ND

D-limonene 1030 0.2 ± 0.1 0.5 ± 0.1 0.39 ± 0.06 0.55 ± 0.06 ND 1.97 ± 1.1 0.61 ± 0.4 0.56 ± 0.2 0.41 ± 0.2 1.27 ± 0.4 ND 2.17 ± 1.1

Eucalyptol 1032 ND 0.3 ± 0.1 0.75 ± 0.03 0.51 ± 0.05 ND ND 0.07 ± 0.05 ND ND ND ND ND

Citronellol 1229 0.15 ± 0.09 0.22 ± 0.1 0.14 ± 0.1 0.31 ± 0.1 ND 1.03 ± 0.2 0.11 ± 0.08 ND ND ND ND ND

DMNT# 1116 ND ND ND ND ND ND ND ND ND 0.79 ± 0.2 ND ND

p-cymen-7-ol 1289 0.35 ± 0.2 0.54 ± 0.08 0.15 ± 0.01 0.16 ± 0.01 0.24 ± 0.12 0.85 ± 0.02 0.32 ± 0.08 0.67 ± 0.3 0.32 ± 0.1 3.31 ± 0.5 0.23 ± 0.1 4.67 ± 1.2

α-cedrene 1411 ND ND ND ND 0.06 ± 0.02 0.24 ± 0.05 ND ND ND ND ND ND

β-elemene 1391 1.41 ± 0.1 2.47 ± 0.1 0.08 ± 0.03 0.19 ± 0.04 ND ND 0.75 ± 0.1 2.79 ± 0.4 0.47 ± 0.3 7.7 ± 1.7 1.23 ± 0.4 4.75 ± 0.5

β-curcumene 1514 0.18 ± 0.02 0.38 ± 0.01 ND ND ND 0.31 ± 0.07 ND ND ND 0.36 ± 0.1 ND 0.38 ± 0.03

(E, E)-α-farnesene 1508 0.05 ± 0.04 0.69 ± 0.1 ND ND 0.12 ± 0.1 0.31 ± 0.06 0.03 ± 0.02 1.22 ± 0.03 0.68 ± 0.1 4.58 ± 0.7 0.18 ± 0.1 0.66 ± 0.06

aPlants were treated 24 h before the start of VOCs air entrainment. Under each chemical class, VOCs are ordered in accordance with their increasing retention time in a gas chromatograph and Kovats index. Bold values indicate

significant differences between treatments (t-test; P < 0.05). # [DMNT: (E)-4, 8-dimethyl-1, 3, 7-nonatriene; MeSA: Methyl salicylate; ND: Not Detected]. VOCs were tentatively identified based on spectra, Kovats retention index and

NIST 17 library matches. KI: Kovats index determined on the intermediately non polar HP5-MS column (https://webbook.nist.gov/; http://www.pherobase.com/).
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FIGURE 9 | Principal Component Analysis (PCA) of the volatile compounds

emitted by six brassica cultivars (i.e., Chinese kale, English Giant, pak choi,

Samurai, Wesway, and Turnip Rutabaga) (n = 3). Score plot visualises the

ordination of collected samples according to the first two PCs based on the

quantitative values of emitted VOCs from different brassica cultivars with and

without CJ-treatment, with the percentage of explained variation in

parentheses. The ellipses show 95% confidence regions.

Significant increases in parasitoid foraging time were found
in five out of the six cultivars tested. Earlier studies in
Arabidopsis (Bruce et al., 2008) had shown that parasitoids
spent approximately twice as long foraging on CJ treated plants
compared to control plants. For several of the crop brassica
species tested here the size of the effect was considerably
bigger, for example, on pak choi and Wesway parasitoids
spent 5 and 4.5 times longer on CJ treated plants than on
control plants. The cultivars in which there was the biggest
effect on parasitoid foraging were also the ones where the
biggest increases in volatile emission were observed. This
suggests that parasitoid foraging could be influenced by CJ-
induced volatile emission although further experiments would
be required to confirm this. A parasitism bioassay showed
that numbers of aphid mummies found was significantly
increased with CJ treatment in the cultivars pak choi, Turnip
Rutabaga, and Wesway. CJ treatment had no effect on parasitism
in Chinese kale but it is interesting to note that although
parasitism on Chinese kale was low parasitoids spent an
extended time foraging even on untreated Chinese kale. The
most likely explanation for this is that CJ-treatment not only
affected aphid survival with the direct defence effect discussed
above but also made the aphids less suitable as hosts for
the parasitoid.

Volatile analysis revealed both quantitative and qualitative
changes in the volatile profile of CJ treated plants which is
clearly illustrated by heatmap analysis. With the exception of

Chinese kale, the tested brassica cultivars exhibited higher volatile
emission, reached more than 4-fold in some cultivars, of key
volatile compounds such as CJ, methyl isothiocyanate, benzyl
nitrile, (Z)-3-hexenyl acetate, 2-ethyl-1-hexanol, nonanal, β-
elemene, (E,E)-α-farnesene, and MeSA. Concordant with this,
treating other crop plants with CJ induced the emission of
several VOCs, including MeSA (Hegde et al., 2012; Sobhy
et al., 2017, 2020), CJ (Sobhy et al., 2017, 2020), (E)-β-
farnesene (Delaney et al., 2013; Oluwafemi et al., 2013; Sobhy
et al., 2017, 2020) and (Z)-3-hexenyl acetate (Hegde et al.,
2012; Delaney et al., 2013). These induced volatiles have
been shown previously to mediate brassica/aphid/parasitoid
interactions (Bruce et al., 2008; Pope et al., 2008; Verheggen
et al., 2013). Thus, one possible interpretation for the notable
reduction in aphid settlement and survival observed on CJ
treated plants could be attributed to the higher emission of
aphid defence-related herbivore-induced plant volatiles (HIPVs)
following CJ application. Aphids may therefore perceive such
elevated volatile emissions from CJ-treated plants as signals of
a greater risk of competition from conspecifics or as a greater
risk of predation from natural enemies (Bruce and Pickett,
2011). Supporting the first assumption, a reduced settlement
(Cascone et al., 2015; Markovic et al., 2019), fecundity (Digilio
et al., 2012; Maurya et al., 2020), and feeding behaviour (Kang
et al., 2018) of several aphid species were reported when
reared on plants exposed to HIPVs. The latter scenario is
further supported by our parasitoid foraging and parasitism rate
bioassays where parasitoid females spent substantially longer
time on CJ treated plants and higher numbers of mummified
aphids were recorded on CJ treated plants. Indeed, studies have
previously shown that CJ treatment induce the plant indirect
defence increasing their attractiveness to parasitic wasps (Bruce
et al., 2008; Dewhirst et al., 2012). When individually testing
the synthetics of these elevated volatiles following CJ treatment,
methyl isothiocyanate, MeSA and CJ were most repellent to
aphids. Indeed, these VOCs are key semiochemicals in aphid
trophic interactions and are directly associated with aphid
repellency and/or attraction of aphid natural enemies (Bruce
et al., 2003a, 2008; Zhu and Park, 2005; Mallinger et al., 2011; Lin
et al., 2016).

While there was variation between cultivars, the current
results are promising because effects on aphid performance
and settlement or parasitoid foraging were found in all
cultivars. In five of the six cultivars tested, both aphid
settlement was reduced and parasitoid foraging increased. This
simultaneous “slow down” of aphid growth combined with
a “speed up” of parasitoid activity could be very valuable
in pest management because it could perhaps mean that
natural enemies are better able to keep pace with pest
population growth. Combined effects on aphids and parasitoids
would be useful in an integrated pest management framework
(Stenberg, 2017). The next step in development of CJ as a
treatment for use against aphids in brassicas is to conduct
field experiments and we have this planned for future research.
We found an increase in volatile emission from CJ treated
plants and this could perhaps explain why aphid settlement
was reduced and parasitoid foraging increased. It would be
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interesting to look at the genetics underpinning these effects in
future research.
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Soybean is a globally important crop species, which is subject to pressure by insects

and weeds causing severe substantially reduce yield and quality. Despite the success

of transgenic soybean in terms of Bacillus thuringiensis (Bt) and herbicide tolerance,

unforeseenmitigated performances have still been inspected due to climate changes that

favor the emergence of insect resistance. Therefore, there is a need to develop a biotech

soybean with elaborated gene stacking to improve insect and herbicide tolerance in the

field. In this study, new gene stacking soybean events, such as bialaphos resistance (bar)

and pesticidal crystal protein (cry)1Acmutant 2 (M#2), are being developed in Vietnamese

soybean under field condition. Five transgenic plants were extensively studied in the

herbicide effects, gene expression patterns, and insect mortality across generations.

The increase in the expression of the bar gene by 100% in the leaves of putative

transgenic plants was a determinant of herbicide tolerance. In an insect bioassay, the

cry1Ac-M#2 protein tested yielded higher than expected larval mortality (86%), reflecting

larval weight gain and weight of leaf consumed were less in the T1 generation. Similarly,

in the field tests, the expression of cry1Ac-M#2 in the transgenic soybean lines was

relatively stable from T0 to T3 generations that corresponded to a large reduction in

the rate of leaves and pods damage caused by Lamprosema indicata and Helicoverpa

armigera. The transgenic lines converged two genes, producing a soybean phenotype

that was resistant to herbicide and lepidopteran insects. Furthermore, the expression

of cry1Ac-M#2 was dominant in the T1 generation leading to the exhibit of better

phenotypic traits. These results underscored the great potential of combining bar and

cry1Ac mutation genes in transgenic soybean as pursuant of ensuring resistance to

herbicide and lepidopteran insects.

Keywords: Cry1Ac mutation 2, herbicide resistance, Lepidoptera insects, soybean transformation, VX93
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INTRODUCTION

Soybean is one of the most important oilseed crops and its
growth in many regions of the world is subject to pressure
by insects, which is the main factor affecting the yield and
quality. Insect pests cause 20–30% biomass losses in soybean
(Glycine max L.) worldwide (Bengyella et al., 2018). In the
Lepidoptera order, Helicoverpa armigera Hubner (H. armigera)
is the main insect pest of several crops such as cotton, chickpea,
and soybean (Homrich et al., 2012; Martins-Salles et al., 2017).
The application of chemical insecticides is a common measure to
control insect pests in soybean fields. However, this practice has
raised many problems in terms of the environment and human
health. Genetically modified (GM) crops could be an alternative
to minimize the application of chemical pesticides. The GM
crops express an insecticidal gene to control major lepidopteran
insects. This approach not only provides an effective alternative
tool for insect management but also addresses other issues
such as environmental protection and economic advantages to
farmers. In 2017, soybean varieties harboring insecticidal traits
stacked with herbicide tolerance were grown in ∼95.9 million
ha worldwide with an economic value of up to USD 17.6 billion
(ISAAA, 2017).

The insecticidal crystal protein (ICPs) imparts resistance
against lepidopteran insects. Synergistic activities among
different ICPs to augment insect pest resistance have hitherto
been reported (Xue et al., 2014). Due to high specificity for
exclusive receptors on the membrane of the insect gut epithelial
cells (Carroll et al., 1997; Badran et al., 2016), ICPs are shown
to be harmless to non-target insects and are compatible with
integrated pest management (IPM) systems (Naranjo, 2011).
Thus, the expression of ICPs in commercialized Bacillus
thuringiensis (Bt) soybean is a highly important agronomic
trait. However, Bt soybean varieties have not yet been fully
commercialized. Genetic engineering is an important technique
to develop Bt crops with the pesticidal crystal protein (cry)
gene (Homrich et al., 2012; Bengyella et al., 2018). The cry1Ac
gene is one of the cry genes isolated from the bacterium
Bt, and this gene codes for an insecticidal crystal protein.
There are several successful reports of genetic transformation
into soybean (Yu et al., 2013), cotton (Wei et al., 2003),
and sugarcane (Gao et al., 2016). Evidence from laboratory
bioassay (Stewart et al., 1996) and field experiments (Walker
et al., 2000) shows that transgenic soybean lines with high
expression levels of the cry1Ac gene significantly increase
larval mortality. However, Bt transgenic plants often show
variable resistance responses against insect pests because of
lower cry genes expression (Martins-Salles et al., 2017). Thus,
there is a need to develop transgenic lines with elaborated
gene stacking to limit the emergence of insect resistance.
Furthermore, recombinant fusion proteins and domain
swapping can be leveraged to protection against insects
(Nachimuthu and Kumar, 2004; Martins-Salles et al., 2017).
Hence, the challenge is to develop insect-resistant lines by
increasing and stabilizing the level of the cry1Ac gene in target
tissues or use a fusion protein to confer complete protection
against insects.

In this study, our goal was to improve the lepidopteran
insect resistance in a Vietnamese soybean, by introducing
a newly released high expression of cry1Ac mutant (M#2).
We recommended herein that bialaphos resistance (bar) and
cry1Ac-M#2 genes transferred to soybean offer an enhanced
herbicide and insect resistance. The elevated resistance was
identified by screening and analyzing plant phenotypes, cry1Ac
mutant transcriptional level, Southern blotting, and larval insect
responses in laboratory bioassays.

MATERIALS AND METHODS

Materials
The plasmids pOB, pENTRTM/D-TOPO, pCambia 3301,
and pB2GW7 were sourced from the Invitrogen (Thermo
Fisher Scientific, MA USA 02451, www.thermofisher.com).
Escherichia coli (E. coli) strain DH5α and Agrobacterium
tumefacines (A. tumefacienes) strain EHA105 were provided
by Prof. Young Soo Chung, Dong-A University, Busan,
South Korea. The cry1Ac mutants in pOB-Mutant-cry1Ac-M#2
(Supplementary Figures 1–3) were developed by a collaboration
between the Department of Biotechnology and Food Technology,
Thai Nguyen University of Agriculture and Forestry, Vietnam,
and Dong-A University and Seoul University, South Korea. The
soybean cultivar VX93 used for transformation was provided
by the Genetic Institute and Maize Research Institute, Ha
Noi, Vietnam.

Vector Construction
For the construction of binary vector, pOB-Mutant-cry1Ac was
originally derived from pIM-Mod-cry1Ac with Xba I and Bgl
II restriction enzymes for cry1Ac mutation region (821 bp).
The cry1Ac mutant gene was constructed by integrating it
into the pOB vector. The pOB vector harboring the cry1Ac

mutant gene, AcNPV 3
′
-5

′
homologous regions, and AcNPV

Polh promoter finally constructed pOB-Mut-cry1Ac (8,085 bp)
(Supplementary Figure 2). Cassettes containing the bar and
cry1Ac-M#2 genes, 35S promoter, and 35S terminator (T35S)
were digested from the pOB-Mutant-cry1Ac and pENTRTM/D-
TOPO vector using restriction enzymes, BamHI and EcoRI
(Invitrogen, USA) (Figure 7A, Supplementary Figure 3). The
expression vector pB2GW7 was digested by BamHI and EcoRI
and linked to the cassette with T4-DNA ligase containing the
cry1Ac-M#2 (Supplementary Figure 4). Themutation of cry1Ac-
M#2 was confirmed by sequencing and comparing it with the
cry1Ac gene available in GenBank (https://www.ncbi.nlm.nih.
gov/genbank) (Supplementary Figure 5; Tables 1, 2).

Genetic Transformation and Screening
Genetic transformation of soybean used the “half seed” method
described in the study by Olhoft et al. (2003), with minor
modifications. Briefly, mature soybean seeds were sterilized
with chlorine gas prepared by mixing 3.5ml of 12N HCl and
100ml bleach (5.25% sodium hypochlorite) for 24 h and the
sterilized seeds were thoroughly rinsed with sterilized water.
From a seed, one cotyledonary node was removed and cut apart
of the hypocotyl. The epicotyl was subsequently removed and
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both axillary bud and cotyledonary node were wounded by
scratching with a blade. Then, 50 explants were inoculated in
the 50ml co-cultivation (CC) A. tumefaciens suspension (OD =

0.8). Afterward, it was rapidly sonicated for 30 s and vacuumed
for 30 s. After 30min, 10 explants were placed on a solid CC
medium of Acetosyringone (0.2mM) and inoculated at 25◦C for
5 days under 16 h light period per day. After this time, excess
A. tumefaciens were removed from the explants by liquid shoot
inductionmedium (SIM) prepared by adding cefotaxime (250mg
L−1) and ticarcillin (250mg L−1). Explants were then transferred
into solidified SIM1 containing phosphinothricin (PPT) (10mg
L−1) and grown at 25◦C under fluorescence lighting 200 µmol
photons m−2 s−1 in 16/8 h light/dark cycles. After 14 days,
the newly developed shoots were sub-cultured to fresh SIM2
containing 5mg L−1 PPT for the selection of transformed shoots,
and this culture and selection process were continued up to
28 days in shoot elongation medium (SEM) containing PPT
5mg L−1. When the elongated shoot length was over 4 cm, it
was transferred to a rooting medium (RM) supplied with indol-
3-butyric acid (IBA) at the rate of 0.5mg L−1 for new root
induction. After 14 days, T0 plants were grown in the greenhouse
until maturity under natural light and 80% relative humidity at 28
± 2◦C.

Screening of Transgenic Plants Using
Herbicide Biochemical Test
Screening the glufosinate-resistant transgenic plants by leaf
painting method was carried out as described in the study of
by Paz et al. (2004). Briefly, plants with four trifoliate and R1
(early fruiting stage) were screened for putative transformants
that expressed the bar gene. The upper surface of a leaf was
painted with PPT along with the midrib using a cotton bud (Q-
tip). The concentration of active ingredient PPT 0.3, 0.5, 0.7,
and 1mg ml−1 was tested. The plant was scored based on the
tolerance of leave tissue at 3–5 days after painting.

Under field test, the transgenic and control (non-transgenic)
plants were grown in a field experiment at the Thai Nguyen
University of Agriculture and Forestry, Thai Nguyen, Vietnam

(22◦03
′
N, 106◦14

′
E). The randomized completed block design

with four blocks of 300 m2 (15 × 20m) each was used to grow
plants. Seeds were planted in eight random subsections of each
block with two transgenic lines separated by the lines of the
control plants. The plants were grown under natural temperature,
light, and humidity conditions during the season. Furthermore,
30-day-old plants were preliminarily screened using PPT 0.5mg
ml−1 and sprayed with a chemical herbicide (Basta 0.3%, Bayer,
Germany) based on a preliminary test referring to the previous
study (Paz et al., 2004). After 5 days, the occurrence of yellow
leaves and plant death were evaluated. The survival of plants
with maintaining green leaves exhibited herbicide tolerance. The
following agronomic traits were also measured: plant height,
pods per plant, seed number per plant, and thousand-seed
weight, and yield.

Insect Bioassay
An insect bioassay was conducted with Lamprosema indicata
(F.) larvae based on the previous method of using an artificial

diet (Gupta et al., 2004; Singh et al., 2016). Four-day-old L.
indicata larvae were used for assessing the feeding behavior on
leaf tissue of the selected transgenic lines. The young and tender
soybean leaflets were clipped from three transgenic lines and
non-transgenic plants (control) at 40 days old. One complete leaf
was placed on a petri dish on a moistened filter paper. For the
insect feeding bioassay, five four-day-old larvae were carefully
released on the soybean leaflet in each petri dish to assess the
sensitivity of L. indicata to the protein encoded by the transferred
cry1Ac mutant in the leaf tissue. The lids were perforated with
a paper pin to ensure air circulation in a room set at 27 ± 1◦C,
with a relative humidity of 65 ± 5% and a 16-h light/8-h dark
cycle. The percentage mortality was calculated from 72 h on daily
basis (Abedi et al., 2014). After 3 days, the remaining leaves
were evaluated to determine the amount of leaf consumed (g)
by the neonates. Similarly, the larval weight gain (g), the percent
mortality, and the weight of the leaf consumed on the 3 days
were recorded.

Confirmation of cry1Ac Gene Mutant in
Transgenic Plants by RT-PCR
Total RNA was isolated from 0.1 g young leaf of PPT- and basta-
resistance plants by using customized plant RNAiso Plus Kit
(Takara, Takara Bio Inc, Japan, https://www.takara-bio.com/).
The cDNA was synthesized using the GoScript Reverse
Transcription System (Promega, USA, https://worldwide.
promega.com). The presence of the bar and cry1Ac genes in
the putative transgenic soybean were confirmed by RT-PCR
using specific primer sequences (Supplementary Table 3). The
thermal amplification was carried out using 10X SYBR R© Premix
Ex TaqTM buffer (including Taq DNA polymerase 5U, Takara,
Takara Bio Inc, Japan, https://www.takara-bio.com/), 2.5mM
dNTP mix, 10 pM primers, in 20 µl volume. The RT-PCR
reaction condition was as follows: initial denaturation at 95◦C
for 5min, followed by 35 cycles of denaturation at 95◦C for 30 s,
annealing at 55◦C for 60 s, and extension at 72◦C for 60 s, with
a final extension at 72◦C for 2min, and finally samples were
maintained at 4◦C. Gene expression levels were quantified via
real-time PCR by using detection on a Bio-Rad system (Bio-Rad,
USA, https://www.bio-rad.com). Products were resolved on 1%
agarose gel stained with ethidium bromide in 1X TAE buffer and
images were captured by Gel Documentation system (BioRad
Gel Doc XR, US). The qPCR reaction was performed in triplicate
for each of the three independent samples. Quantification of the
relative transcript levels used the 2−11CT method (Livak and
Schmittgen, 2001).

Southern Blot Analysis
Total DNA was extracted from 0.5 g fresh leaves using the
CTAB method (Saghai-Maroof et al., 1984) and the DNA was
purified using a genomic DNA purification kit (Thermo Fisher
Scientific, USA). Southern blot analysis was undertaken following
the method of Wang (2005). To produce unique fragments for
T-DNA insertion from the pB2GW7 vector, 15 µl total DNA
was digested with restriction enzymes BamHI and EcoRI. The
products were separated on a 1.5% (w/v) agarose gel and blotted
onto Amersham HybondTM–N+ membrane (GE Healthcare
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products, Sigma-Aldrich, USA) according to the instructions of
the manufacturer. The membrane was prehybridized at 65◦C for
a minimum of 2 h in 100ml of 10X SSC solution, pH = 7 (50M
NaCl, 25mM Na3Citrat, 1% SDS) and 100ml of hybridization
solution 20X SSPE, pH = 7.7 [mM NaCl 100, 20mM NaH2PO4,
10mM EDTA, 2% (w/v) SDS]. The probes for bar- and cry1Ac-
M#2 genes-labeled dUTP-11-biotin were inoculated with the
hybridization membranes at 65◦C. After 4 h, the hybridization
membrane was washed with 10X AP solution, pH = 7.5 (40mM
Tris HCl, 25mMNaCl, 10mMMgCl2) and inoculated with 10µl
of streptavidin alkaline phosphatase (Promega MADISON, WI,
USA) in a Blocking solution (Thermo Fisher Scientific, USA)
at 37◦C for 30min, then washed again using 10X AP solution.
The expected band was detected by inoculation with 200 µl
NBT/BCIP solution and the reaction was terminated by 0.5
M EDTA.

ELISA Analysis of cry1Ac-M#2 Protein in
Transgenic Lines
The cry1Ac-M#2 protein content in putative transgenic soybean
progenies was measured by using a quantitative ELISA Kit
(Envirologix, USA) based on a double-antibody sandwich
enzyme-linked immunosorbent assay. Total soluble protein was
isolated from young leaf tissue using bicarbonate buffer [15mM
sodium carbonate, 35mM sodium bicarbonate, 0.1% TritonX
100, 0.05% Tween 20, 1% polyvinylpyrrolidone (PVP), and
1mM phenylmethanesulfonylfluoride (PMSF)]. The ELISA was
performed according to the instructions of the manufacturer
(QuliPlateTM Kit for cry1Ab/cry1Ac, Envirologix, Cat. No AP003
CRBS). Cry1Ac-M#2 specific primary antibody and second
antibody were incubated with soluble protein in each well of
ELISA plate. The absorbance of the samples was measured at
405 nm wavelength in ELISA reader (Synergy H1 Hybrid Reader,
Biotek, Korea). The quantification of the cry1Ac-M#2 protein was
based on absorbance values of these protein test samples onto the
standard curve of purified cry1Ac-M#2 protein-extracted from E.
coli DH5α.

Statistical Analysis
A randomized complete block design was used with five
replicates for field trial and sampling date. Moreover, ANOVA
was applied to all data. Duncan’s multiple range test was
employed to compare the means of separate treatments. All
statistical tests were performed using SAS 9.1 (SAS Institute
Inc., Cary, NC, USA 2002–2003, https://www.sas.com/), and the
differences at P < 0.05 were considered significant.

RESULTS

Production of Transgenic Lines Expressing
the bar and cry1Ac-M#2 Genes
In this study, we validated the ability to receive bar and
cry1Ac-M#2 genes of a commercial Vietnamese soybean variety
VX93. Cry1Ac-M#2-mediated A. tumefaciens using genetic
transformation was attempted to VX93. Cry1Ac-M#2 gene-
optimized for transformation was constructed with nucleotide
sequences that were encoded by T-DNA fragment (Figure 7A). In

this process, the construct-harbored bar- and cry1Ac-M#2 were
transferred to cotyledonary explants (Figure 1A). A total of 4,740
explants were used for transformation, of which 214 new shoots
were developed on the selection medium (Figures 1D,E), with
a transformation efficiency of 4.51% (Table 1). Eight putative
transgenic plants of T0 generation were grown in the soil
(Figures 1F,G) and tested for their PPT resistance ability. Out of
eight, five plants showed survival in the different concentrations
of PPT range from 0.3 to 1mg ml−1. The leaves of the resistant
plants maintained green color after 3 days of PPT painting
(Figure 2A). The frequency of green leaf in the putatively
transformed lines was 62.5% higher than that in the control lines
(Figures 2B,C; Table 2).

Herbicide Tolerance Revealed the
Efficiency Transformation From T1 to T3
Generations
In the field trials, the plants of T1 to T3 generations were
tested PPT and Basta, positive and exhibited stable green leaves,
whereas all the non-transgenic plants exhibited yellow leaves
followed by leaf death after 7 days of treatment (Figures 2D,E).
Similarly, T1 generation-putative transgenic plants exhibited the
highest survival with 100% plant resistance which gradually
decreased in T2 and T3 generations (Table 3).

These results are consistent with the RT-PCR and validated
that the transgenic plants induced herbicide tolerance. Bar gene
was remarkably expressed in T0 (Figure 3A), accompanied by
relative gene expression. A much higher bar gene expression was
randomly observed in the T1 generation (Figure 3E). However,
the intensity of this gene expression was largely decreased in
T2 and T3 generations (Figures 3E,F). On the other hand, locus
integration in genomic DNA digested with SacI enzyme was
detected in southern blot analysis. As expected, the cry1Ac-M#2
transgenic lines resistance to PPT was positive for hybridization
with the probe bar and cry1Ac mutant 2 genes (Figure 4A).
Notably, a single band (0.5 kb) was detected in all of the
transgenic events corresponding to homozygous in T2 and T3
generations, respectively (Figures 4B,C).

Expression of cry1Ac-M#2 Reduced the
Negative Effects of Insect
After 72 h, the detached leaf bioassay showed that the weight
of leaf consumed was lower in T1-transgenic lines than in
T2 and T3 generations (Figures 5A–E). Similarly, larval weight
gain was the lowest in the Bt-soybean transgenic line of T1
generation, i.e., 38.2% fewer larvae weight gain compared with
the non-transgenic plants (P < 0.001). Consequently, the leaf
weight consumed of T1 plants was less than that of T2 and
T3 generations (Figure 5E). In contrast, the survival of leaf
roller (L. indicata) larvae was significantly different when fed
the leaves from transgenic lines of T1 to T3 generations. Indeed,
the percentage of larval mortality was significantly increased in
transgenic plants of T1 generation with a rate of 86.5% compared
with non-transgenic plants (P < 0.001), whereas it was slightly
decreased in T2 and T3 generations (P < 0.05) (Figure 5G).
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FIGURE 1 | VX93 soybean transformation bearded bar and cry1Ac-M#2 genes. (A) Half seed inoculated Agrobacterium tumefaciens on CCM medium with Whatman

filter paper 3MM, (B) Shoots induction on SIM media, (C) The first selection shoots transgenic in SEM medium with phosphinothricin (PPT) 10mg L−1, (D) The

second selected shoot-resistance PPT 10mg L−1 in SEM medium, (E) Root induction in RM medium, (F, G) transgenic plants in soil. Values are represented as mean

± SE (n = 3).

TABLE 1 | The transformation efficiency of cry1Ac-M#2-mediated Agrobacterium tumefaciens transferred to VX93 soybean cultivar.

Soybean cultivar No of explants Percent shoot

induced

(%)

Shoots survival in

phosphinothricin

selection medium

(shoot)

Percentage selection

(%)

Transgenic line

grown in greenhouse

VX93-cry1A(c)-M#2 1,871 79.00 46 3.11 3

1,126 95.20 82 7.65 2

1,743 87.89 86 5.61 3

4,740 86.08 214 4.51 8
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FIGURE 2 | Evaluation of herbicide tolerance from T0 to T3 generation. Three days visualized the morphology of leaf response to PPT.5% following line marker and

sprayed basta 0.3% for VX93 transgenic plants in the field after 5 days. (A) T0 generation assessed PPT.5mg mL−1. (B) T0 survival. (C) T0 plants. (D–F) T1 to T3

generations tested herbicide tolerance by PPT 0.5 mg mL−1 and basta 0.3% in the field, respectively. Arrows indicate the PPT/basta resistant leaves of transgenic

plants and circles are the PPT/basta sensitive leaves of control plants. ***P < 0.001.
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TABLE 2 | Evaluation of the transformation efficiency of VX93-cry1Ac-M#2 in T0

herbicide-resistance gene (bar) by testing phosphinothricin (PPT).

T0 regeneration No. Transgenic lines phenotype response

to PPT (mg mL−1)

0.3 0.5 0.7 1.0

VX93-cry1A(c)-M#2 1 – – – –

2 – – – –

3 + + + +

4 – – – –

5 + + + +

6 + + + +

7 + + + +

8 + + + +

VX93 Non-transgenic NT – – – –

Leaf number 4 was used to test different concentrations of PPT. After 3 days, the obtained

yellow leaf is negative (–), while others keeping stable blue color leaf is positive (+).

TABLE 3 | Evaluation of the potential ability of VX93 transgenic lines to herbicide

resistance (Basta 0.3%) in T1 to T3 generations under field condition.

Progenies No. plant

resistant to

basta 0.3%

No. plant

non-resistant to

basta 0.3%

Percent of plant

resistance (%)

T1

Transgenic 84*** 0 100.0***

Non-transgenic 0 88 0.0

T2

Transgenic 873*** 54 94.2***

Non-transgenic 0 927 0.0

T3

Transgenic 456*** 121 79.0***

Non-transgenic 0 436 0.0

Asterisks indicate significant differences between the non-transgenic (control) and

transgenic plants; ***P < 0.001.

Similar to the pattern of the cry1Ac-M#2 protein content was
detected in T1 to T3 generations (Figure 5H).

Cry1Ac-M#2 Induced Insect Resistance
Under Field Conditions
Under field conditions, the rate of insect resistance observed
in T1 to T3 generations was significantly different between
transgenic and non-transgenic lines. Generally, L. indicata and
H. armigera were affected to a greater extent in the T2 and
T3 generations compared with the T1 generation (Table 4).
Transgenic plants were more resistant to L. indicata, considering
the significantly lower rate of leaf damage (P< 0.05) and less than
four-fold of the rate of plant damage in T2 (P < 0.001) compared
with non-transgenic lines. However, no significant difference
between transgenic and non-transgenic lines was observed on the
rate of plants damaged byH. armigera insect in the T1 generation,
but it was less in T2 and T3 generations.

These results were confirmed by the presence of cry1Ac
mutant expression in Bt-soybean lines. The cry1Ac expression
levels of Bt-soybean were significantly different compared with
the non-transgenic plants. The expression pattern of cry1Ac-M#2
in five transgenic plants of T1 and T2 generations was similar
(Figures 6A,B). However, the result in Southern blot digested
by BamHI and EcoRI enzymes (Figure 7A) revealed that four
transgenic lines had an expected band of 0.5 kb (Figures 7B,C).
Subsequently, the cry1Acmutant expression levels were less in the
transgenic line of T2 and T3 generations, whereas cry1Ac-M#2-4
was not detected by RT-PCR (Figures 6C–F) and Southern blot
(Figures 7C,D) in the T2 transgenic line, similar to one plant in
the T3 generation.

Agronomic Performance of Soybean
Transgenic Lines Under Field Conditions
Agronomic traits such as plant height, primary branches, pods
per plant, seed per plant, and seed weight of the T1 to T3
transgenic plant were compared with the non-transgenic plants
grown in the field (Table 5). Generally, the average height
of transgenic plants was greater than that of non-transgenic
plants. Indeed, the majority of transgenic plants in the T1
generation exhibited superior plant growth compared with
the non-transgenic line, T2, and T3 generations during the
experiment period (P < 0.05). There was no difference in the
primary branches measured in T1 to T3 generations. The yield
of mature fruit and numbers of seeds per plant were greater in
the T1 and T2 generations. Similarly, seed weight per plant of
transgenic plants in the T1 generation was significantly higher
than that of the non-transgenic plants (P < 0.05).

DISCUSSION

Transgenic soybean containing multiple Bt genes are conferred
with resistance to important insect pests (Romeis et al., 2019).
A transgenic lineage of soybean expressing the cry1Ac gene
has enhanced resistance to Lepidoptera insects (Walker et al.,
2000; Yu et al., 2013), and further research developed with
respect to maintaining insect resistance (Badran et al., 2016;
Singh et al., 2016; Romeis et al., 2019). A study showed that
Bt-soybean with cry1Ac expression provided good protection
against H. armigera, however, limited resistance efficiency was
found in transgenic soybean (Yu et al., 2013). Therefore,
determining the thresholds of regulatory expression at which
the cry1Ac gene switches from hypersensitive responses to
insect resistance and survival in transgenic soybean would
provide valuable insights into insect resistance. Accordingly,
one of the aims of the present study was to test the effect
of the cry1Ac mutants that would accelerate the resistance
of the soybean against Lepidoptera insects, because this gene
produces cry protein toxicity for this insect (Romeis et al.,
2006). Therefore, this present study assessed preferentially
relative transcriptional expression, insect mortality levels, and
inheritance of cry1Acmutant.

It has been well documented that the combination of different
traits or genes in genetically modified plants has been a trend. It
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FIGURE 3 | Bar gene expression in transgenic plants from T0 to T3 generations. Among these 3, 5, 6, 7, 8 are transgenic lines and non-transgenic plants (NT). Bar

gene expression of five plants (A–C), left to the right border, in which lane 1 (marker 1kb), lane 2 (plasmid contained pB2WG7 vector), lane 3 negative plant (VX93

non-transgenic, NT), lanes 4 to 8 T0 and T2 generation, respectively. (D) left to right border, it showed 10 plants in the T3 generation (from lanes 4 to 13), therein lane

1 is maker 1 kb, lane 2 is plasmid contained pB2WG7 vector, lane 3 is a negative plant (VX93 non-transgenic), and lanes 4 to 13 are transgenic plants. Relative gene

expression of T0 to T2 (E), and T3 (F) for each plant consistently.

FIGURE 4 | Southern blot analysis of T1 to T3 transgenic plants obtained from Agrobacterium-mediated transformation of VX93 cultivar. The DNA soybean transgenic

plant was cut by SacI enzyme. The process used the probe-bar gene expression in NBT-BCIP. The figures (A, B) indicated T1 and T2 generation (left to right), lane 1 is

pB2GW7 vector, lane 2 to 6 (five plants), lane 7 is a non-transgenic plant (NT). (C) T3 generation (left to right), lanes 1–10 (ten plants), and lane 11 is pB2GW7 vector.

Plants were chosen randomly for southern blot analysis.

is advantageous to provide desirable characteristics in genetically
modified plants, e.g., stacking multiple herbicides and insect
resistance in soybean. Among these, the bar gene is a highly
efficient selectable marker in plant genetic transformation and
attribute to plant resistance to herbicides (Gordon-Kamm et al.,
1990; Abdeen and Miki, 2009; Yun et al., 2009), which is
detoxifying by the phosphinothricin N-acetyltransferase enzyme

(Lutz et al., 2001; Yun et al., 2009; Huang et al., 2014). It has
been widely used in many plant species, including soybean,
due to its advantage in screening putative transformants (Kita
et al., 2009). Indeed, in this study, the cry1Ac mutant 2
transformation efficiency was released on bar gene expression,
because the bar gene in the T-DNA segment was harbored
with cry1Ac-M#2 (Figure 7A), accompanied to shoot induction

Frontiers in Plant Science | www.frontiersin.org 7 October 2021 | Volume 12 | Article 698882188

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


Nguyen et al. Cry1Ac Mutant Improve Soybean-Insect Resistance

B C DA

***

*
*

0

20

40

60

80

100

NT T1 T2 T3

G

M
o
rt

a
lit

y
 p

e
rc

e
n
t 
(%

)

**

*

*

0

0.01

0.02

0.03

NT T1 T2 T3

F

L
a

rv
a

l 
w

e
ig

h
t 
g

a
in

 (
g

)

***

**

*

0

0.2

0.4

0.6

0.8

NT T1 T2 T3

E

L
e
a
f 
w

e
ig

h
t 
c
o
n
s
u
m

e
d
 (

g
)

***

***

***

0

2

4

6

8

10

12

NT T1 T2 T3

H

C
ry

1
A

c
-M

#
2
 p

ro
te

in
  
  
 

(µ
g
 g

-1
F

W
)

FIGURE 5 | Insect feeding bioassay of transgenic lines No. 98. (A) Detached leaf assay in VX93 non-transgenic (A) and transgenic line (VX93-M#2) from T1 to T3

generations (B–D), respectively. (E) average leaf consumed by neonates in all transgenic lines T0 to T3 compared with non-transgenic VX93 (control). (F) Lower

average larval weight gain. (G) Significant higher percent mortality of neonates in transgenic VX93 line (T1 to T3 generations) compared to VX93 non-transgenic (NT).

(H) Cry1Ac-M#2 protein content detected by Elisa analyzing. Values are represented as mean ± SE (n = 3). Asterisks indicate significant differences between the

control and pathogen-stressed plants; *P < 0.05, **P < 0.01, ***P < 0.001.

TABLE 4 | Main insect effect of VX93 transgenic lines from T1 to T3 generations under field condition.

Progenies Lamprosema indicata Helicoverpa armigera

Rate of plant damage (%) Rate of leaves damage (%) Rate of plant damage (%) Rate of pod damage (%)

T1

Transgenic 0.00* 4.12* 1.19 3.25*

Non-transgenic 2.10 5.38 2.38 5.80

T2

Transgenic 2.00*** 5.30* 2.40** 2.10

Non-transgenic 8.00 7.05 8.33 3.03

T3

Transgenic 9.20* 4.40* 6.20* 3.00*

Non-transgenic 13.33 6.85 8.20 5.61

Asterisks indicate significant differences between the non-transgenic (control) and transgenic plants; *P < 0.05, **P < 0.01, ***P < 0.001.

survival of 4.51% (Table 1; Figure 1). Moreover, in the field
test, VX93 transgenic exhibited much greater Basta resistance
compared with the non-transgenic line (Table 3). Putative
transformants surviving in tissue culture or field trial tests could
be screened by treatment with PPT or Basta herbicide. This
procedure allowed rapid identification of positive transgenic
plants because the leaves in tissue cultures of transgenic
plants are green (Figure 1E), while non-transgenic leaves turned
yellow (Figure 1D), these symptoms were recorded similarly
the following spraying with Basta 0.3% (Figure 3). The non-
transgenic-induced hypersensitive response was accompanied by
yellow leaves and the death of leaves (Figures 3D–F). Severe
yellow leaves in the non-transgenic plants reflected no bar
gene expression. According to VX93, putative transgenic plants
from T0 to T3 generations induced PPT resistance-mediated

bar gene activity (Figures 2, 3), which in turn increased PPT-
resistance levels (Table 2). Expression of the bar phenotype was
not consistent from one generation to the next in only five lines.
In the T1 plants 5 and 7, no bar expression was detected in leaf
tissue by Southern blot (Figure 4A). However, bar expression
was segregated in the leaf of T2 and T3 plants (Figures 4B,C).
Such change in bar expression between generations has been
reported in soybean Bert (Olhoft et al., 2003) and Jack (Reddy
et al., 2003). It is possible that unstable bar expression was a result
of silencing or elimination between the generations or difference
in bar expression in the particular tissue analyzed. According to
this, several studies have reported that soybean transformation
efficiency tends to be low, because of transgene silencing or
transgene loss, in which silencing of transgene expression in the
progeny plants was reported in 10% of transgenic lines (Vain
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FIGURE 6 | Cry1Ac mutant (M#2) expression in transgenic plants from T0 to T3 generations. Among these 3, 5, 6, 7, 8 are transgenic lines and non-transgenic plants

(NT). Cry1Ac mutant (M#2) gene expression of five plants (A–C) left to the right border, in which lane 1 (marker 1kb), lane 2 (plasmid contained pB2WG7 vector), lane

3 negative plant (VX93 non-transgenic, NT), lanes 4 to 8 T0 and T2 generation for cry1Ac mutant (M#2), respectively. (D) showed 10 plants in the T3 generation (from

lanes 2 to 11), therein lane 1 is maker 1 kb, lane 12 is a negative plant (VX93 non-transgenic), and lane 13 is plasmid contained pB2WG7 vector). Relative gene

expression of T0 to T2 (E), and T3 (F).

et al., 2002; Olhoft et al., 2003). Testing the bar gene silencing
was due to transcriptional or post-transcriptional level. RT-PCR
showed that the bar gene was expressed in five transgenic lines
during T1 to T3 progenies (Figures 3B,E). This result suggested
that bar transgene silencing in these five transgenic lines may
not be due to post-transcriptional gene silencing, similar to
what was previously reported (Reddy et al., 2003; Zhang et al.,
2006; De Bolle et al., 2007), and cry1Ac transgene silencing
(Gao et al., 2016). Similarly, the study of Zhenyu et al. (2019)
reviewed that the overexpression of the Bt gene at earlier stages of
transgenic cotton plants resulted in gene regulation at the post-
transcription level and caused the gene silencing consequently.
Moreover, the increased bar gene coincided with the green leaf
mediated stable bar gene inheritance during T0 to T3 progenies
(Figure 3), which significantly reduced leaf toxicity and leaf death
(Figure 2), thereby alleviating the negative symptoms-induced
by PPT or Basta treatments. Therefore, a significant expression
of the bar gene was observed in leaves of VX93 transgenic
plants, possibly activating regulatory mechanism resistance to
PPT or Basta herbicide. Thus, stable inheritance of the bar
transgene is important to obtain commercially useful soybean
transgenic lines.

Several reviews have documented herbicide and insect
resistance in transgenic crops that are important agronomic traits
(Lutz et al., 2001; Singh et al., 2016; Martins-Salles et al., 2017;
Romeis et al., 2019). Useful genes can be introduced to crops
without leading to interference with normal plant metabolism

(Block et al., 1995; Gao et al., 2016; Gupta et al., 2020). Thus,
the simultaneous expression of the bar and cry1Ac genes has
been postulated to be a key to the resistance capabilities of
soybean (Kita et al., 2009). Numerous studies have indicated
that cry genes encoded for Bt protein can reduce the effects
of insects (Bravo et al., 2011; Lu et al., 2012). A previous
study described cry gene expression in soybean and observed
insecticidal activity, e.g., soybean Jack-Bt expressed cry1Ac gene
exhibited five times less defoliation (Walker et al., 2000), and
provided good protection against corn earworm (Yu et al.,
2013). Most studies of Bt transgenic soybean with a cry protein
coded by cry1Ac gene (Yu et al., 2013), thereby providing
a possible Bt soybean-mediated cry1Ac expression option to
regulate Lepidoptera resistance. It is well known that cry genes
produce endotoxins specific to some major insects of important
crops (Gatehouse, 2008; Yu et al., 2013). Many cry genes have
been characterized and tested against insects (Bengyella et al.,
2018). However, from the first testing of Bt crops to the present,
the development of resistance to cry toxins in insects has
remained a major concern (Tabashnik et al., 2008; Romeis et al.,
2019). The much subscribed strategy for delaying resistance
development is “high dosage/refuge” (Bates et al., 2005; Gryspeirt
and Gregoire, 2012). The success of this strategy depends on
using a refuge zone containing non-Bt plants susceptible to
the insect and Bt plants expressing a high concentration of
cry toxins. Among these, high dosage cry toxins released on
insecticidal and closely related to cry1Ac gene expression levels
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FIGURE 7 | Southern blot analysis of transgenic plant in T1 to T3 generations obtained from Agrobacterium-mediated transformation of VX93 cultivar. The DNA

soybean transgenic plant cut by cut by BamHI and EcoRI enzymes. The process used the probe-bar gene expression in NBT-BCIP. (A) T-DNA structure harbored bar

and cry1Ac-M#2 genes (TG nucleotides mutation, red color indicator). (B) T1 generation (left to right), lane 1 is pB2GW7 vector, lane 2 to 6 (five plants), lane 7 is a

non-transgenic plant (NT). (C) T2 generation (left to right), lane 1 to 5 (five plants), lane 6 is a non-transgenic plant (NT), and lane 7 is the pB2GW7 vector. (D) T3

generation (left to right), lanes 2–11 (10 plants), and lane 1 is pB2GW7 vector. Plants were chosen randomly for southern blot analysis.

TABLE 5 | Growth and development of VX93 transgenic lines from T1 to T3 generations under field condition.

Progenies Plant height (cm) Sub-branches Mature fruit per plant Seeds per plant Seeds weight per plant (g)

T1

Transgenic 100.8* 4.0 59.7 118.6 19.3*

Non-transgenic 81.0 4.0 57.4 116.0 16.1

T2

Transgenic 80.1 3.5 59.9 131.6 23.1

Non-transgenic 78.0 3.8 57.8 126.0 22.3

T3

Transgenic 87.8 4.2 58.0 119.4 21.4

Non-transgenic 86.0 3.3 60.7 121.0 20.5

Asterisks indicate significant differences between the non-transgenic (control) and transgenic plants; *P < 0.05.

(Gao et al., 2016, Singh et al., 2016). Thus, it is important
to determine the copy number of transgenes in transgenic
plants, because the copy number can affect genetic stability and
expression level. Thus, we developed transgenic events with
cry1Ac-M#2, both containing a nucleotide-modified truncated
cry1Ac gene (Supplementary Figures 1–3). Furthermore, the
expression of cry1Ac-M#2 in VX93 transgenic soybean was
remarkably increased in the T0 and T1 generations but slightly
decreased in the T2 and T3 generations (Figure 6). Meanwhile,
quantification of the bar and cry gene expression level between
Southern blotting and RT-PCR in T2 and T3 suggested a

generation-dependent pattern (Figures 3, 6), as shown in the
significant herbicide- and insect resistance (Tables 3, 4). Among
the many networks involved in insect resistance-dependent
Bt toxin gene expression in a temporal and spatial variation,
overexpression of the cry1Ac gene at the post-transcription
level leading to consequent gene silencing has also been found
(Adamczyk Jr et al., 2009). According to the study of Walker
et al. (2000), a transgenic Jack-Bt showed greater resistance than
untransformed Jack to the natural infestation of lesser cornstalk
borer. It should be noted that cry1Ac-M#2 expression levels
and the copy number of cry1Ac gene in T2 and T3 generations
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(Figures 6C,D and 7C, D) were not detected in RT-PCR and
Southern blot, which could result in co-suppression due to multi-
copy integration; thus, leading to transgene silencing. Transgenic
silencing has hitherto been reported in soybean (Olhoft et al.,
2003) and sugarcane (Zhou et al., 2018). The results of several
other studies have reported the Bt-soybean against insects in
regulating cry1Ac response, e.g., cry1Ac-activated cry protein
toxin (Walker et al., 2000; Jamil et al., 2021), involvement of
insecticidal activity-induced insect resistance (Gao et al., 2016),
and cry1Ac gene-induced Lepidoptera resistance (Yu et al., 2013;
Jamil et al., 2021). The insect bioassay revealed a significant
increase in the larval mortality rate and larval weight gain of
L. indicata (Figures 5F,G), but reduced leaf weight consumed
(Figure 5E) when compared with that of the non-transgenic
plants, as well as coincided with the expression of cry1Ac-M#2
gene (Figure 6). Indeed, the highest expression of cry1Ac-M#2 in
leaves of transgenic soybean occurred in T0 and T1 generations,
thereby alleviating the rate of damage and negative symptoms
induced by insects (Table 4; Figures 6A–D). It is worth noting
that there was a remarkable difference in the insect symptoms
of cy1Ac-M#2, e.g., leaf weight consumed and larval weight
gain, even though plants in both cry1Ac mutant expression
exhibited a significant inheritance in T0 to T3 generations.
These results demand further discussion of cry1Ac mutant
regulatory insecticidal activity involved in the integrative process
of insect resistance, and this should emphasize the most distinct
differences in the mortality of insects and cry1Ac-M#2 expression
in leaves (Figures 6A–F). The variable insect mortality level was
mostly in agreement with the cry protein-dependent intensity of
cry1Ac mutant expression levels. In addition, as far as we know,
this study provided the first report on the high expression of
cry1Ac-M#2 increased Lepidoptera resistance level. Given that the
cry1Ac mutant triggers insecticidal activity, specifically induced
transgenic soybean defense signaling, it is reasonable to conclude
that the Bt-VX93 soybean has mediated the overproduction
of cry1Ac mutant, thereby functioning as crucial regulatory
insect resistance.

In the Bt-soybean, high-level expression of the cry1Ac gene
in soybean leaves is important to obtain insect resistance (Yu
et al., 2013). In the present study, cry1Ac-M#2 expression was
highest in VX93 transgenic leaves, but not expressed in the
leaves of non-transgenic plants (Figures 5A,B). A significant
Bt soybean against Lepidoptera for cry1Ac mutant gene-
transduction insecticidal activity was evaluated in insect bioassay
(Figures 5, 7). Increasing evidence demonstrates that cry1Ac
expression is the first plant-produced insecticidal protein and
that cry1Ac is the master activator of Lepidoptera resistance
(Walker et al., 2000; Yu et al., 2013; Martins-Salles et al., 2017).
In the field evaluation, there was substantively less Lepidoptera
insect damage on plants, leaves, and pods in the transgenic
VX93 compared with non-transgenic plants (Table 4). The insect
resistance level and response to insect feeding were observed
in the insect bioassay (Figures 5A–D), which was consistent
with the pattern of the cry1Ac mutant gene (Figures 5C,D
and 6). The cry1Ac specifically responds to Lepidoptera insect,
e.g., L. indicata and H. armigera (McPherson and MacRae,
2009; Tabashnik et al., 2009; Yu et al., 2013; Martins-Salles

et al., 2017), thereby providing a venue for soybean transgenic
induced insect resistance (Figure 5; Table 4) in high cry1Ac-
M#2 expression during T1 to T3 generations. These results were
higher than that of previous studies in sugarcane (Weng et al.,
2006) and soybean (Yu et al., 2013) which were used with
normal cry1Ac. According to this study, larval mortality was
dependent on the highest cry1Ac-M#2 expression levels in Bt-
soybean leaves (Figure 5). In the feeding leaf test, the results
indicated that larval mortality exceeded 86% in the T1 generation
(Figure 5G), which is higher than cry1Ac un-mutation in Bt-
soybean MON87701 (Yu et al., 2013). Indeed, the study of Yu
et al. (2013) reported larval mortality around 76% when fed
with transgenic soybean leaves. These results demonstrated that
cry1Ac-M#2 has been proven more effective than cry1Ac non-
mutation and this gene is essential for insect control. However,
the expression of cry1Ac-M#2 in transgenic soybean was declined
consistently during the growing period, which confirmed cry1Ac-
M#2 protein level found in the leaf of transgenic lines from T1 to
T3 generations at vegetative stages (before anthesis) (Figures 5G,
6). In accordance with this, leaf weight consumed and larval
weight gain significantly increased in T2 and T3 generations
(Figures 5E,F), accompanied to the efficiency against L. indicata
in artificially infested active larval mortality (Figure 5G) and
cry1Ac-M#2 protein lower (Figure 5H). It supported that a
high degree of resistance against Lepidoptera insects dependent
cry1Ac-M#2 levels. On the other hand, the study of Weng
et al. (2006) reported a modified cry1Ac gene in sugarcane
ROC16 and YT79-177 had comprised 62% of the transgenic plant
which were resistant to stem borer damage in both greenhouse
and field trials. The resistance of Bt crops to target insects
is generally correlated with the levels of insecticidal protein
(Walker et al., 2000; Gao et al., 2016; Singh et al., 2016). In the
present study, the highest expression of cry1Ac-M#2 in transgenic
leaves was detected in the vegetative stage (before anthesis),
as well as the reduced rate of L. indicata and H. armingera
insects damage (Table 4). Thus, transgenic soybean lines revealed
efficacy against these insects feeding in the field. Significant
reductions in the larval populations of L. indicata and H.
armingera were observed in transgenic soybean lines expressing
cry1Ac-M#2 compared with the non-transgenic plants at the
field. Similarly, the study of Yu et al. (2013) reported that Bt-
soybean expressing cry1Ac targetedH. armingera before anthesis.
Compared with the non-transgenic, transgenic soybeans were
more efficient to larval mortality in the T1 generation, despite
this symptom decreased in T2 and T3 generations. This is in
agreement with earlier reports of Bt-soybean expressing cry1Ac
caused high first-instar mortality in H. armingera (Yu et al.,
2013).

Given that agronomic traits depend on the cry1Ac genes,
responsive-related genes expression has been reported. The
previous study evaluated that the majority yield was not affected
by cry1Ac expression in transgenic soybean (Homrich et al.,
2008) or found that there were no unintended changes in the
seed composition of transgenic chickpea-expressed a truncated-
cry1Ac gene (Gupta et al., 2020). In the present study, agronomic
traits in the transgenic plants were similar to the non-transgenic
plants (Table 5). However, in the T1 generation, the transgenic

Frontiers in Plant Science | www.frontiersin.org 11 October 2021 | Volume 12 | Article 698882192

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


Nguyen et al. Cry1Ac Mutant Improve Soybean-Insect Resistance

plants exhibited variable plant height and seed weight per plant
(P < 0.05) compared with the non-transgenic plants, but these
traits were not different in the T2 and T3 generations. The plant
height was higher in Bt transgenic than in the non-transgenic
plants, which was consistent with the cry1Ac-M#2 expression
with the greatest effect in the T1 generation (Table 5), thereby
providing a possible cry1Acmutant-mediated option to regulated
plant growth and development reactions, e.g., leafing speed,
branches forming, and burning effective (Chen et al., 2019a).
Increasing evidence demonstrates that cry8-like gene expressing
in Jinong28 soybean enhances plant growth and yield (Qin
et al., 2019). Moreover, there is a synergistic and significant
interaction between insect resistance and plant growth for the
improvement of seed weight (Tables 3–5), which may potentially
interact with carbon and nitrogen metabolism (Coviella et al.,
2002; Rochester, 2006) and integrative cellular hormone (GA3)
regulation processes that promote Bt cotton yield (Chen et al.,
2019b). However, the mechanisms by which cry1Ac mutant-
elicited nitrogen metabolism improves plant growth remains
unclear and requires further investigation.

In summary, the results of both the present study and previous
reports (Zhang et al., 2006; Yu et al., 2013) provided evidence
on Bt-soybean-mediated bar- and cry1Ac-M#2 transcriptional
response, whichmay promote herbicidal and insecticidal activity.
Bt-soybean-mediated modulations were characterized by (1)

herbicide tolerance stably inherited in T1 to T3 progeny, (2)

negative insect-induced symptoms were largely alleviated in Bt
soybean, and (3) synergistic interactions occurred between insect
resistance, plant growth, and seed yield in Bt-soybean.
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