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Despite its critical role in repelling
damaging insects, our understand-
ing of nonhost resistance against
herbivores remains very limited.
Recently, Bai et al. identified a
novel caffeoylputrescine-green leaf
volatile (GLV) compound in wild to-
bacco plants that confers nonhost
resistance to Empoasca leafhop-
pers through high-throughput
multi-omics analyses.

Even though many pathogens and pests
could potentially cause severe diseases
and damages to their host plants, plants
in nature often appear healthy. In fact,
due to the contribution of nonhost resis-
tance, most plants are naturally resistant
to most pathogens and pests. Nonhost
resistance represents a major barrier,
which repels damaging biotic stressors.
Unfortunately, at least partially due to lack
of field studies, our current understanding
on this very important topic, especially
nonhost resistance to herbivores, remains
very limited.

Large-scale omics studies have been
gradually adopted to unveil important
traits in plants. Recently, an exciting
paper was published as the cover story in
Science. Through natural history-guided
omics, Bai et al. identified a novel
caffeoylputrescine-GLV     compound     in
wild-type tobacco that confers nonhost
resistance to Empoasca leafhoppers [1].

Bai et al. took innovative approaches to
identify defense chemicals that are associ-
ated with nonhost resistance of wild to-
bacco plants (Nicotiana attenuata) against
Empoasca leafhoppers [1]. The authors
generated 650 (26 × 25) recombinant inter-
bred lines (RILs) from 26 parent lines. Bai
et al. adopted a forward-genetics strategy
to identify genes and metabolites that are
induced in 1907 individual plants from the
replicated 674 RILs following treatments
simulating herbivory. They then built a
multi-omics dataset based on high-
throughput genomic, transcriptomic, and
metabolomic analyses. To dissect the ge-
netics and metabolomic responses of
these RILs to Empoasca leafhoppers, the
authors focused on the jasmonic acid (JA)
pathway to construct a co-association
network built from correlations among
metabolomes, transcriptomes, phytohor-
mones, and SNPs. JA plays a key role
in the resistance of plants, including the
genus Nicotiana, against herbivores [2].
Previously, it has been shown that
Empoasca leafhoppers use their mouth-
parts to probe plant leaves to find appropri-
ate food source [3]. If JA-mediated defense
is activated, Empoasca leafhoppers leave
the plant without causing any damage.
However, if the JA pathway is disrupted,
these plants become defenseless and
will be consumed by Empoasca leafhop-
pers. The authors discovered that the
transcription factor MYB8 controls the
production of induced phenolamides
such as N-feruloylputrescine and N-
caffeoylputrescine. A set of genes, includ-
ing MYC2 and JAZi, in the JA pathway
that positively or negatively correlate with
leafhopper numbers and damage were
also identified. Excitingly, subsequent struc-
tural studies revealed a previously un-
observed defense metabolite, which is
identified as a caffeoylputrescine-hexenal
compound (CPH) (Figure 1A). The half-life
of CPH, which is likely responsible for
Empoasca resistance, is only 22 h. As
identified in this study, CPH is synthesized
by a three-pronged pathway in plants

(Figure 1A). Caffeoyl-CoA is first synthe-
sized via the phenylpropanoid pathway,
then reacts with putrescine synthesized
through the polyamine pathway, and is
followed by the addition of (Z)-3-hexenal,
which is produced from fatty acids by the
GLV pathway [4]. This study revealed a
new mechanism for the biosynthesis of the
insect-repellent CPH in plants through the
convergence of herbivore-triggered JA,
polyamine, and GLV pathways.

Reverse genetics revealed that MYC2,
MYB8, and JAZi coregulate the defense
of wild-type tobacco against leafhoppers
(Figure 1A) [1]. In irMYC2 (RNAi silenced
MYC2), irMYB8, and ovJAZi (overexpres-
sion of JAZi) plants, the production of
CPH is dramatically reduced (Figure 1B).
Consequently, these plants are signifi-
cantly more susceptible to Empoasca leaf-
hoppers than the empty vector-
transformed control plants.

To find out whether CPH indeed confers
plant resistance to Empoasca leafhoppers,
Bai et al. performed feeding assays.
Empoasca     decipiens     fed     with     CPH
showed close to 100% mortality, while
the control diet did not have any adverse
effect on E. decipiens [1]. Strikingly, after
Bai et al. engineered the CPH biosynthetic
pathway into broad bean (Vicia faba) and
a wild tomato species (Solanum chilense),
these compatible host plants became le-
thal host plants for Empoasca leafhoppers,
confirming that CPH is responsible for
leafhopper resistance (Figure 1C). While
incubation of C P  and (Z)-3-hexenal with
purified His-tagged polyphenol oxidase
NaPPO1 or NaPPO2 protein yields CPH
in vitro, the production of CPH in planta
requires an additional berberine bridge
enzyme-like 2 (BBL2) gene (Figure 1A).

The authors proposed two possible mech-
anisms underpinning the crucial roles of
CPH in the nonhost resistance against leaf-
hoppers [1]. First, the rapid polymerization
of nucleophilic and electrophilic groups in
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Figure 1. Engineering herbivory resistance by exploiting a three-pronged biosynthetic pathway
involved in nonhost resistance. (A) Elucidation of the pathway involved in the synthesis of a
caffeoylputrescine-green leaf volatile compound, CPH, in Nicotiana attenuata against Empoasca leafhoppers.
The leafhopper-triggered jasmonate (JA) pathway involving the positive regulators, MYC2 and MYB8
transcription factors, and the negative regulator, JAZi repressor, leads to the synthesis of the novel compound
CPH by activating the phenylpropanoid pathway. The caffeoyl-CoA synthesized by this pathway is combined
with the polyamine pathway product putrescine, through the activity of hydroxycinnamoyl-coenzyme A:
putrescine acyltransferase (AT1) to produce caffeoyl putrescine (CP). C P  is condensed with the oxylipin
pathway/green leaf volatile pathway-derived (Z)-3-hexenal through the action of polyphenol oxidases (PPO1,
PP2) and berberine bridge enzyme-like (BBL2) to produce CPH. (B) CPH is required for nonhost resistance to
Empoasca leafhoppers. N. attenuata plants express an empty vector (EV) that can produce C PH display
resistance to the leafhopper, whereas plants with reduced JA signaling through RNAi inverted repeat-
mediated knockdown of MYC2 (irMYC2) and MYB8 (irMYB8), as well as plants overexpressing the repressor
JAZi (ovJAZi), show insect damage characterized by chlorosis and browning. (C) Synthetic biology-mediated
engineering of herbivory resistance in heterologous plants. Solanum chilense (Solanaceae) and the distantly
related broad bean (Vicia faba) (Fabaceae), both of which do not normally produce CPH, are susceptible to
Empoasca leafhoppers. Expressing the enzymes involved in the final steps of CPH production provides these
plants with resistance to Empoasca leafhoppers as long as the missing substrates are provided. The figure
was created with the software BioRender (BioRender.com). Abbreviations: NaBBL2, N. attenuata berberine
bridge enzyme-like 2; NaPPO1&2, N. attenuata polyphenol oxidases 1 and 2; Z3H, (Z)-3-hexenal.

but also offers great opportunities for
studying how adapted pathogens and
herbivores overcome nonhost resistance
and cause harm to plants. Despite the
fact that many studies related to nonhost
resistance against plant pathogens have
been published [7,8], we still have limited
understanding of the key metabolites asso-
ciated with nonhost resistance to most
plant pathogens. High-throughput omics
approaches that are deployed in this
study could be adopted to identify crucial
genes and metabolites that are involved in
nonhost resistance against many other im-
portant pathogens and pests, including the
potato late blight oomycete pathogen
Phytophthora infestans, the rice blast fun-
gal pathogen Magnaporthe oryzae, root-
knot nematodes, sucking insects, such as
aphids, and chewing insects, such as cot-
ton bollworms (Helicoverpa armigera) [9].
It is worthwhile mentioning that large-
scale omics approaches could also be
promising tools for the study of nonhost re-
sistance against psyllids, which act as
vectors for citrus greening disease or
huanglongbing. Currently, there is no cure
for this disease.

CPH could block the mouthpart of invading
leafhoppers. Second, the alpha, beta-
unsaturated aldehyde may crosslink leaf-
hopper proteins. Further studies will be re-
quired to test these two hypotheses.
Because CPH is lethal to leafhoppers, it re-
mains to be determined whether CPH has
any detrimental effects on human beings
and animals.

In total, there are more than 25 000 species
and over 3200 genera of leafhoppers [5].
Leafhoppers can not only cause damage
to crops, but also transmit viruses,
phytoplasmas, and bacteria. For example,
potato leafhopper (Empoasca fabae) in the
same genus of Empoasca is a serious agri-
cultural pest [6]. Bai et al. made a break-
through discovery by showing that CPH
confers nonhost resistance to E. decipiens

[1]. It remains to be determined whether
CPH is responsible for nonhost resistance
to other genera or species of leafhoppers
as well as to herbivores other than leafhop-
pers. In this paper, Bai et al. discovered that
CPH, which is related to the JA pathway,
plays a key role in nonhost resistance
against a sucking insect E. decipiens. It is
well known that the JA pathway is activated
by chewing insects [2]. Several open ques-
tions remain. Does CPH contribute to
nonhost resistance against both chewing
insects and sucking insects? Is there a
major difference between the mechanisms
underlying nonhost resistance against
chewing insects and sucking insects?

A better understanding of nonhost resis-
tance to pathogens and pests not only pro-
vides promising tools for plant protection,

The JA pathway plays an essential role in
plant resistance against herbivores and
necrotrophic pathogens, and the salicylic
acid (SA) pathway is required for plant de-
fense against biotrophic pathogens and
hemi-biotrophic pathogens [10]. In this
study, Bai et al. found that CPH associated
with the JA pathway plays a critical role in
nonhost resistance against Empoasca
leafhoppers. It will be interesting to find
out whether a JA-associated metabolite is
also associated with nonhost resistance
to necrotrophic pathogens. Likewise, an
SA-induced chemical may be closely
related to nonhost resistance against
biotrophic and hemi-biotrophic pathogens.

In conclusion, the authors in this ground-
breaking study demonstrate how the
marriage of cutting-edge genetics, multi-
omics, and genetic engineering can be
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used effectively to not only understand
nonhost resistance in nature but also high-
light the potential of nonhost resistance as
a promising tool to engineer durable resis-
tance. Climate change can increase the pro-
liferation of insect herbivores like leafhoppers
and through their large numbers and quick
generation times, they have the potential to
transform from being opportunistic pass-
ersby to damage-causing pests [11]. In this
scenario, it is incumbent on us to arm crop
plants; strategies like the one described by
Bai et al. have the potential to turn host
plants into nonhosts [1], bringing down the
financial and environmental cost of agricul-
ture through reduced input and pesticide
use.
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