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Abstract

Introduction The brown planthopper (BPH, Nilaparvata lugens Stal, Hemiptera: Delphacidae) is one of the most devastating
insect pests of the crucially important cereal crop, rice (Oryza sativa L.). Currently, multiple BPH-resistant rice varieties
have been cultivated and generalized to control BPH. However, the defence metabolic responses and their modes of action
against BPH in different rice cultivars remain uncharacterized.

Objective We used a non-biased metabolomics approach to explore the differences in metabolite profiles in response to BPH
infestation in the susceptible TN1 rice cultivar and two resistant cultivars (IR36 and IR56).

Methods The metabolomic detection based on gas chromatography—mass spectrometry (GC-MS) and liquid chromatog-
raphy—mass spectrometry (LC—MS) was performed to investigate the content changes of identified metabolites in TN1,
IR36 and IR56 rice varieties at various time points (0 h, 24 h, 48 h and 96 h) post BPH feeding. The differentially expressed
metabolites were screened and the corresponding metabolic pathways were further enriched.

Results The results showed that compared to that in TN1, the content changes of most primary metabolites were more
stable, but the concentration alterations of some defence-related metabolites were more acute and persistent in IR36 and
IR56. Furthermore, the differentially expressed pathways analysis revealed that cyanoamino acids and lipids metabolism was
persistently induced in IR36, but changes in thiamine, taurine and hypotaurine metabolism were more significant in IR56
during BPH infestation. Besides, the contents of quercetin and spermidine which were harmful to BPH fitness, were signifi-
cantly elevated by BPH in TN1 and IR36, and the quercetin level was significantly decreased during BPH feeding in IR56.
Conclusion The results of the differences in metabolite profiles in response to BPH infestation in different rice cultivars were
useful to clarify the metabolic mechanism of rice plants during BPH infestation and to provide new resources to control
this insect pest.
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1 Introduction

Plants have developed multiple resistance strategies to
Electronic supplementary material The online version of this defend themselves against attack from herbivorous insects,
article (https://doi.org/10.1007/s11306-019-1523-4) contains which could be generalized into constitutive and induced
supplementary material, which is available to authorized users. defences (Howe and Jander 2008; Schuman and Bald-
win 2016). Constitutive defences, involving physical and
chemical barriers, are active regardless of the presence of
>4 Wenging Zhang herbivores, whereas induced defences become activated
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Zhou et al. 2015). Upon insect attack, three primary events
usually occur in order for host plants, from the recognition
of pest feeding signals, the transmission of internal signals
through the complex delivery network, to the production
of multiple defensive compounds (Chen 2008; Fiirstenberg-
Hiagg et al. 2013). As the end product of gene expression,
plant metabolites, including primary metabolites and sec-
ondary metabolites, could participate in pest resistance by
regulating the host’s basic biological activities or acting as
insect toxins (Schwachtje and Baldwin 2008; Kessler 2015;
Zhou et al. 2015).

A few examples of plant small molecules involved in the
insect herbivory response include compounds such as most
carbohydrates that provide essential energy needed for plant
defence (Castrillon-Arbeléaez et al. 2012; Zhou et al. 2015),
aromatic amino acids (tryptophan, tyrosine and phenylala-
nine) that serve as precursors for the production of plant
phytoalexin (Steinbrenner et al. 2011), and the richly diverse
population of toxic plant secondary metabolites (Theis and
Lerdau 2003). It has been estimated that the plant kingdom
contains more than 200,000 metabolites and that each plant
species or cultivated variety may contain its own chemotypic
expression pattern (Dixon and Strack 2003; Windsor et al.
2005). Therefore, it is extremely challenging to determine
the changes in plant metabolic state in response to insect
herbivory using conventional chemical assays. Due to the
rapid development of “omic” technologies and chemometric
methodology, mass spectrometry (MS)—and nuclear mag-
netic resonance-based metabolomics approaches provide
broader and nontargeted insight into metabolite profiling
in host plants under biotic stress (Fiehn 2002; Hall 2006;
Schauer and Fernie 2006). Metabolomics technologies have
been widely applied in the study of plant—insect interactions
(Widarto et al. 2006; Jansen et al. 2009; Marti et al. 2013; Lu
et al. 2018). In combination with other omics sciences, such
as transcriptomics or proteomics, metabolomics is becoming
a key tool in the comprehensive understanding of the gene
expression and metabolic regulation of plants to herbivory
(Sumner et al. 2003; Schauer and Fernie 2006) and discov-
ering the potential bioactive compounds that participate in
plant—insect interactions (Jansen et al. 2009).

Rice (Oryza sativa) is a primary staple food for more
than half of the world’s population and serves as the most
human nutrition resource (Cheng et al. 2013). However, rice
food security is seriously threatened by a variety of pests
continuously. Among them, the brown planthopper (BPH),
Nilaparvata lugens (Hemiptera: Delphacidae), a typical
monophagous vascular feeder, has become the most destruc-
tive rice pest in many rice-growing regions (Cheng et al.
2013; Xue et al. 2014). For BPH control, host-plant resist-
ance is generally considered to be an effective, economical
and eco-friendly approach. Hundreds of BPH-resistant rice
varieties have been cultivated and generalized by breeders
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since the 1960s, which have effectively suppressed the BPH
populations and lower the rice yield losses in the last several
decades (Qiu et al. 2011). It is believed that BPH resistance
genes play a main role in the defence systems of resistant
rice cultivars against BPH attacks, and to date, more than 30
BPH resistance loci have been reported in which eight genes
have been successfully cloned. Many studies have revealed
that introduced resistance genes could re-programming the
expression patterns of genes, proteins and metabolites in
resistant rice plants, and different BPH resistance genes
endow rice cultivars with varied resistance mechanisms (Liu
et al. 2010; Uawisetwathana et al. 2015). However, few stud-
ies have been performed to compare the difference in the
defence mechanisms of resistant rice cultivars harbouring
different BPH resistance genes on a metabolic level, which
is important to uncover the resistance mechanisms of BPH
resistance genes.

To strengthen our knowledge on the rice defence strate-
gies against BPH attacks and to explore the distinction in
metabolic response of different resistant rice cultivars to
BPH attack, we used untargeted metabolomics to analyse
the different metabolic patterns displayed in susceptible
TNT1 harbouring no BPH resistance gene, and two resistant
rice varieties, IR36 carrying bph2 and IR56 carrying Bphl,
bph2, Bph3 and Bph32, during BPH infestation. We had
hypothesized that there was some difference in the response
of primary metabolism and secondary metabolism to BPH
infestation for three rice varieties harboring different BPH
resistance genes. Subsequently, two secondary metabolites
(quercetin and spermidine) were further selected to study
their biological function in different rice varieties against
BPH. The results promote the understanding of rice resist-
ance mechanisms on the metabolic level, and provide novel
insights for BPH population management.

2 Materials and methods
2.1 Plant and insect materials

The resistant IR36, IR56 and susceptible rice variety TN1
(used as a control in this study) were provided by the Inter-
national Rice Research Institute (IRRI, Los Banos, the Phil-
ippines). All seeds were germinated on wet gauze placed in
glass cups. Approximately 10 days later, the plantlets were
transferred to larger pots (10 cm diameter) containing paddy
field soil. Seedlings were then maintained in a greenhouse
room at 26 +2 °C and 80+ 10% humidity under a 16-h:8-h
light:dark cycle. Rice leaf sheath at the five-leaf stage were
used for experiments.

The BPH individuals used were collected from rice fields
in Guangdong Province, China, and fed in a continuous labo-
ratory culture on BPH-susceptible rice plants of Huang Hua
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Zhan (purchased from the Guangdong Academy of Agricul-
tural Sciences, Guangzhou, China) for 8 years. The insects
were maintained in the laboratory at 26 +2 °C with 80+ 10%
humidity and a light—dark cycle of L16 h:D8 h (Zhai et al.
2015).

2.2 Herbivory treatments

One-day-old brachypterous females starved for at least 3 h
prior to the start of the experiment were applied to each
stem. Approximately 100 adult BPH insects (V. lugens) were
introduced to per pot (an average of 10 adults per seedling)
at 0 h, 48 h and 72 h after the beginning of the experiment,
and each pot was covered by a plastic cage to prevent adults
from escaping. All the rice samples were collected uniformly
at 96 h after the first introduction of BPH (see Fig. S1). The
rice plants which had been fed by BPH for 24 h was used for
LC-MS analysis, and the samples fed by BPH for 24 h, 48 h
and 96 h were used for GC-MS and qPCR analysis. The rice
leaf sheath, including herbivore-exposed local (damaged)
parts, was collected and used for analysis. There were six
replications for each treatment and sampling time point. All
3 seedlings from each pot were collected as a replication,
immediately placed into liquid nitrogen and then stored at
-80 °C.

2.3 Extraction of rice metabolites

Metabolite extraction was performed using 100 mg of rice
tissues according to the previously described method of
Uawisetwathana et al. (2015), with the minor modifica-
tions. Briefly, 100 (1) mg of powdered plant tissues were
extracted with 600 pL of a precooled methanol-water mix-
ture (2:1) and sonicated for 15 min in an ice bath. Solutions
were centrifuged at 20,000xg and 4 °C for 10 min before
the supernatant was transferred to a new 1.5-mL Eppendorf
tube. Then, the insoluble fraction was extracted repeatedly as
the procedure above. The supernatant from the same sample
was subsequently merged followed by 60 pL of an aqueous
solution of ribitol (internal standard, 0.2 mg/mL, purchased
from Sigma-Aldrich, A5502) was added. The resulting
extract was concentrated to dryness under nitrogen. One part
of the samples was used to perform the GC-MS analysis
after derivatization, and the other samples were designated
for LC-MS detection.

2.4 GC-MS analysis

For the derivatization of rice metabolites, 70 pL of 20 mg/
mL methoxy-amino-hydrochloride (Sigma-Aldrich) in pyri-
dine was firstly added and the mixture were vortexed for
15 s. Subsequently, the reaction system was incubated for
1.5 h on a shaking table set at 37 °C and a rotating speed of

200 r/min. And then, 100 pL of N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA, Sigma-Aldrich) was added and
shaken at 37 °C for 30 min. After centrifugation at 13,000xg
for 3 min, 140 pL of the supernatant was collected and trans-
ferred into GC vials (2 mL, Agilent) for the next GC-MS
detection.

The GC-MS detection for the derivatized samples
was performed on an Agilent 7890A gas chromatograph
equipped with an Agilent 5975C VL MSD detector (Agi-
lent Technologies). 1 pL of the sample solution was firstly
auto-injected into a DB-5Ms UI column (length =30 m,
[.LD.=25 mm, Agilent) by splitless sampling at 280 °C,
and the analysis was conducted following the procedures as
below: the oven temperature was initially held at 70 °C for
5 min, followed by rapidly increased to 300 °C at a rate of
5 °C/min and stable for 5 min. Helium was used as the gas
carrier with the flow rate of 1 mL/min. Data were collected
using the full scan mode across a mass range of 50450 m/z,
with the electron impact ionization (EI) energy of 70 eV.

GC-MS chromatograms were firstly acquired using the
Agilent MSD Chemstation (version E.02.00.493), and reten-
tion time alignment was made using the online website of
XCMS (https://xcmsonline.scripps.edu/) with the default
parameters. And then the deconvolution and peak collec-
tion was further performed with the automated mass spec-
tral deconvolution and identification system (AMDIS). To
avoid false positives, the blank control was used to filter
noisy signals and only the peaks with a signal-to-noise ratio
(S/N) more than 30 were retained (Peng et al. 2016). Sub-
sequently, the metabolites were identified by matching their
mass spectra against the database of National Institute of
Standards and Technology 8.0 (NIST, USA) according to
the criteria described previously: match value > 750, reverse
match value > 800, and a probability > 60% (Zhu et al. 2016).
The internal standard of ribitol was utilized to correct the
retention time and calculate the concentrations of identi-
fied metabolites through relative peak area ratios. Finally,
an assembled matrix including the metabolite abundance
information for each sample was obtained, and was used
in the next multivariate statistical analysis. The metabolites
whose content changes were greater than twofold or less
than 0.5-fold, and the p < 0.05 were thought as significantly
differential substances.

2.5 LC-MS analysis

The dried samples for the LC-MS detection were firstly resus-
pended in 50 pL chloroform. And then the LC-MS analysis
was performed by an AB SCIEX TripleTOF 5600* system
with a Dionex Acclaim C18 2.6 pm, 2.0X 150 mm column.
The mobile phase consisted of 0.1% formic acid (FA) in water
(phase A) and 0.1% FA in acetonitrile (phase B). The injection
volume was 10 pL. A binary separation gradient was applied
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at a flow rate of 0.35 pL. per min: 02 min, isocratic 95% A,
5% B; 2—10 min, linear gradient to 100% B; 11-12 min, iso-
cratic 100% B; 12—15 min, linear gradient to 85% B. Process
blanks (water only) and solvent blanks were used to remove
artefactual peaks. Detection was performed by Q-TOF/MS in
both electrospray negative (NI) and positive (PI) ion modes in
independent runs with the following settings: capillary volt-
age at 4.5 kV(PI) and 3.75 kV (NI), cone voltage at 40 V,
capillary exit at 100 V, desolvation temperature at 350 °C.
The m/z range was 100-1000 Da with a scan time of 0.25 s.
The MS was calibrated using sodium formate clusters occur-
ring in 10 mM solution of NaOH in 50% v/v isopropanol/
water with 0.2% formic acid. Data analysis was carried out
by PeakView 1.6 and Markview (https://sciex.com/produ
cts/). Peak detection was performed using the ‘Peak Finding
Options’ (minimum retention time =2 min; minimum spec-
tral peak width=25 ppm; minimum RT peak width =6 scans;
noise threshold = 100). For alignments, ‘Alignment and Filter-
ing’ was performed with list parameters: retention time toler-
ance at 0.5 min, mass tolerance at 10.0 ppm, removes peaks
in two samples, maximum number of peaks at 8000. Peaks
were identified based on the online database METLIN (https
://metlin.scripps.edu/). Only the metabolites whose contents
significantly increased or decreased were greater than twofold
or less than 0.5-fold, and the p <0.05 were selected to as the
differential substances.

2.6 RNA extraction and qPCR analysis

RNA was prepared from each repeat using TRIzol reagent
(Invitrogen) following the manufacturer’s protocol and
treated with DNase I (Takara Bio, Kyoto, Japan). Then, the
cDNA was converted into first-strand cDNA using the Pri-
meScript™ 1st Strand cDNA Synthesis Kit (Takara Bio).
Quantitative RT-PCR was performed using the Light Cycler
480 system (Roche Diagnostics, Indianapolis, IN, USA) and
SYBR Premix Ex Taq (Roche Diagnostics) following the
manufacturer’s protocol. The primers used for real-time PCR
are listed in Table S1. The quantitative variation for each
gene was calculated using a relative quantitative method
(2744Cr) (Livak and Schmittgen 2001).

2.7 Biological assay

The standard substances of quercetin (CAS: 117-39-5) and
spermidine (CAS:124-20-9) were purchased from Sigma.
Quercetin was diluted into 2, 10 and 50 ppm (parts per mil-
lion) in artificial diet (Fu et al. 2001); in addition, spermidine
was diluted into 1, 5 and 25 ppm. The rearing procedure is
outlined in previous reports (Fu et al. 2001), and the length
of glass cylinders was changed to 3 cm. Ten forth-instar indi-
viduals were placed in each glass cylinder as replicates, and
we performed the experiments in triplicate for each gene. We
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counted the mortality every day. When the N. lugens individ-
uals had developed into 2nd day adults, three brachypterous
female adults from one chamber were randomly selected for
body weight measurement, and the developmental duration
was counted. Three biological replicates were performed.

2.8 Statistical analysis

The multivariate statistical analysis for GC-MS samples
were conducted on the MetaboAnalyst website (www.metab
oanalyst.ca/). The raw data was firstly normalized with the
concentration of internal standard substance of ribitol, and
then all the data was transformed by log transformation,
scaled by auto scaling (mean-centered and divided by the
standard deviation of each variable). The principal com-
ponent analysis (PCA) was firstly performed to investigate
the relationships among the test samples. Next, the vari-
able importance in projection (VIP) value was calculated
to assess the contribution of each differential metabolite in
representing the difference of rice resistance, by comparing
the metabolite profiling of resistant rice (IR36 or IR56) and
susceptible TN1 samples at the same time point post BPH-
feeding. The metabolites of VIP value greater than 1 from
each time point were further filtered, and their intersection
was finally acquired using Venn diagrams. For statistical
analysis of the LC-MS results, the relative expression was
calculated by the intensity of two groups. And the differ-
ences between two groups were analysed using t-tests.

The differentially expressed metabolic pathways in three
rice varieties at different time points during BPH infestation
were acquired by mapping the differential metabolites to
their respective biochemical pathways using MetPA online
tools (http://metpa.metabolomics.ca/). Through a hypergeo-
metric test, the metabolic pathways whose log(—p) value
greater than 1.301 (p <0.05) were lastly retained.

The effect of BPH feeding on the bioactive substances
(quercetin and spermidine) levels and related gene expression
changes in rice plants were analysed with ANOVA (a=0.05,
Duncan) using SPSS 18.0. The same statistical analysis
method was also used to explore the influence on BPH fit-
ness (mortality, body weight and developmental duration) of
feeding on artificial diets containing quercetin or spermidine.

3 Results

3.1 Primary metabolic response of different rice
cultivars to BPH feeding determined by GC-MS

Using AMDIS software, 1200 peaks were detected from the
GC-MS spectra of all the rice samples. By comparing with
the blank samples and removing the noise peaks (S/N < 30),
approximately 120 substances were finally identified through
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a NIST 08 database search. Subsequently, a total of 60
metabolites that were identified in all the GC-MS sam-
ples were acquired (Table S2). Most of them were primary
metabolites, including 14 amino acids, 12 sugars or sugar
alcohols, 12 organic acids, 6 fatty acids, 4 nucleotides, 4
sterols, 4 vitamins and 4 other chemical compounds.

Principal component analysis (PCA) was performed to
evaluate the effect of BPH infestation and rice types on the
metabolic profiles in rice leaf sheaths (Fig. 1). The first two
components (PC1 and PC2) accounted for 48.1% of the total
variation in the PCA score plot of rice samples (PC1, 29.3%;
PC2, 18.8%). The results showed that the metabolic pro-
files of different rice samples could be clearly separated into
three main groups in terms of rice cultivars, and subgroups
were also further defined based on BPH treatments within
each rice variety (Fig. 1). The results suggested that both the
factors of rice types and BPH infestation times could have
significant impacts on rice metabolic profiles, whereas the
effect of rice cultivars was more obvious.

The variable importance in the projection (VIP) scores
were further calculated to evaluate the contributions of

Fig.1 PCA score plot of leaf
sheath metabolic profiles

identified metabolites on group separations observed in the
PCA plot, and the metabolites whose VIP values were greater
than 1 were filtered. The results showed that some sugars
(such as fructose, glucopyranose and raffinose), fatty acids
(such as octadecadienoic acid, octacosanoic acid and triacon-
tanoic acid) and amino acids (such as proline, norleucine and
phenylalanine) had the most concentration variations during
BPH infestation in the TN1 rice variety (Table S3). However,
for resistant rice varieties IR36 and IR56, in addition to the
above primary substances, some secondary metabolites or
their precursor substances also contributed the most to the
differences in rice metabolic profiles at different time points
post-BPH infestation (Table S3). In this study, the concentra-
tions of some flavonoids (for example, loganin), polyamines
(for example, putrescine) and non-protein amino acids (for
example, 3-cyano-alanine) were mostly influenced in the
IR36 rice cultivar during BPH infestation, whereas some
metabolites located on the phenylpropanoid secondary meta-
bolic pathway, including shikimic acid, 4-hydroxy-cinnamic
acid and cinnamate, contributed the most to the changes in
rice metabolic profiles post-BPH feeding.
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The concentration changes of metabolites contained in
three rice cultivars during BPH infestation were further
compared by categories (Table S2). The results showed that
BPH feeding elevated most non-essential amino acid levels in
susceptible TN1 cultivars but lowered the concentrations in
most essential amino acids, such as lysine, isoleucine, leucine
and valine, in resistant rice varieties (Fig. S3). The content
of phenylalanine, which is one of most important precursors
of secondary metabolism, was significantly elevated by BPH
infestation in TN1 and IR36 rice cultivars but had no changes
in IR56 cultivar. For carbohydrate metabolism, most sugar
levels were downregulated for a short amount of time by BPH
feeding for all rice cultivars, but with an extension of BPH
infestation, the contents of many sugars (e.g., glucose and
maltose) recovered in resistant rice varieties IR36 and IR56
but not in the susceptible TN1 cultivar. In addition, compared
to that in resistant rice cultivars, the concentrations of some
intermediate metabolites in TCA recycling (such as citric
acid, malic acid and a-ketoglutaric acid) were significantly
decreased in susceptible TN1 after long-time (96 h) feed-
ing (Fig. S3), suggesting that the energy supply, which was
crucial for BPH defence, was suppressed in this susceptible
rice cultivar. Moreover, the levels of shikimic acid and cin-
namic acid, which are two precursor substances of secondary
metabolites in plants, were also significantly lowered in the
TN1 cultivar after 96 h feeding by BPH.

The Venn diagram of changing metabolic pathways
induced by BPH infestation in three different rice varie-
ties showed that there were five metabolic pathways shared
in the three rice varieties responding to BPH infestation,
involving the metabolism of some basic compounds, such
as alanine, aspartate, galactose and ubiquinone, suggesting
that the primary metabolism was profoundly impacted by
BPH feeding in all three rice cultivars (Table 1). However,
by comparing the changes in metabolic pathways respond-
ing to BPH infestation in different rice varieties, it showed
that in addition to TN1 rice cultivars, the metabolism of
some non-protein amino acids (such as some cyanoamino
acid, taurine and hypotaurine), vitamins and lipids were con-
sistently affected in resistant IR36 and IR56 rice cultivars.
Furthermore, lipid metabolism was exclusively induced by
BPH feeding in the IR36 rice cultivar, whereas thiamine
metabolism was more significant in the IR56 rice cultivar
in response to BPH attack, displaying different metabolic
responses to BPH feeding in different rice varieties.

3.2 Secondary metabolic responses of different rice
cultivars to BPH feeding for 24 h determined
by LC-MS

From the results acquired from GC-MS, we found that

metabolic defence was adequately induced by 24 h feeding
by BPH in all rice varieties, and hence, LC-MS analysis
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Table 1 List of changed metabolic pathways responding to BPH
infestation in three rice varieties

Intersections Changed metabolic pathways induced by BPH
feeding®
All Galactose metabolism

Alanine, aspartate and glutamate metabolism
Starch and sucrose metabolism
Ascorbate and aldarate metabolism

Ubiquinone and other terpenoid-quinone

biosynthesis
TNI and IR36 Valine, leucine and isoleucine biosynthesis

Phenylalanine, tyrosine and tryptophan biosyn-
thesis

Biotin metabolism

D-Glutamine and p-glutamate metabolism
TNI and IR56 -b
IR36 and IR56 -
TN1 exclusively Pentose and glucuronate interconversions
Glycine, serine and threonine metabolism
Nitrogen metabolism

Phenylalanine metabolism

IR36 exclusively Arginine and proline metabolism
Amino sugar and nucleotide sugar metabolism
Cyanoamino acid metabolism
Glycerolipid metabolism

IR56 exclusively Taurine and hypotaurine metabolism

Thiamine metabolism

#The continuously induced metabolic pathways at 24 h, 48 h and 96 h
across BPH feeding in three rice varieties were listed as above

®Indicates there is no common pathways between corresponding rice
varieties

Table 2 Number of changed metabolites induced by 24 h BPH feed-
ing in three rice varieties identified using LC-MS

TNI1 IR36 IR56
Up twofold 46 46 88
Down twofold 70 79 54
Identified number 24 16 23

was further performed to explore the secondary metabolic
responses in different rice varieties to BPH attack at 24 h.
By pre-processing the data, the information on the MS/MS
spectra and corresponding retention times of 1071 individual
features were acquired. Subsequently, we searched the above
features in the Formula Finder 3.0 database, and 153 poten-
tial substances were obtained. Then, with the help of the
METLIN database, 105 metabolites were identified.

By counting the metabolites whose contents were sig-
nificantly changed at 24 h BPH infestation in different rice
varieties, it was found that the number of metabolites whose
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concentrations were significantly increased in IR56 was
88, which was much more than that in TN1 and IR36 rice
cultivars (Table 2). In contrast, only 54 metabolites were
significantly decreased in IR56 infested by BPH, while the
number in susceptible TN1 and resistant IR36 was 70 and
79, respectively (Table 2).

We subsequently determined the content changes of
the identified compounds in three rice varieties in detail.
The results showed that only one substance, 2-naphthyl-
amine, was significantly induced in all three rice varieties,
and 7 metabolites were affected in two varieties, including
bendiocarb, quercetin and telmisartan in TN1 and IR56;
olsalazine and spermidine in TN1 and IR36; and ace-
butolol and sertindole in IR36 and IR56, post-24 h BPH
feeding (Table S4). In addition, there were 18, 11, and 17
metabolites that were changed in only TN 1, IR36 and IR56,
respectively (Table S4). The LC-MS results also showed

some differences in the influenced metabolic pathways of
three rice varieties responding to BPH infestation. In TN1,
B-alanine metabolism was exclusively inhibited by BPH
feeding, whereas glutathione metabolism was significantly
induced in the IR36 rice cultivar. In addition, flavone and
flavonol biosynthesis and thiamine metabolism were signifi-
cantly changed in IR56 during BPH infestation.

3.3 BPH feeding altered quercetin and spermidine
levels in all three rice varieties

By analysing the quercetin and spermidine accumulations
in different rice cultivars after BPH infestation, we found
that BPH induced the accumulation of the two metabolites
in the TN1 variety (p <0.05, ANOVA, Fig. 2; Fig. 3), impli-
cating the positive responses of rice plants to BPH feed-
ing. In addition, the quercetin and spermidine levels were
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Fig.2 Abundance of metabolites and expression pattern of genes
of the quercetin biosynthesis pathways during BPH infestation. The
x-axis represents the rice cultivar in which different rice varieties
were separated by dotted lines, while the y-axis represents the metab-
olite abundance or gene expression level. PAL is a gene encoding
phenylalanine ammonia-lyase, CHS is a chalcone synthase gene and

FLS is a flavonol synthase gene. Rice Actinl was used as a reference
control. The expression of genes was quantified relative to the values
obtained from O h samples from corresponding rice varieties. In all
panels, only the values from the same rice varieties were compared
(different letters indicate statistically significant difference, p <0.05,
by ANOVA). All the values are shown as the mean+SEM
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Fig.3 Abundance of metabolites and expression pattern of genes of
spermidine biosynthesis pathways during BPH infestation. The x-axis
represents the rice cultivar in which different rice varieties were sepa-
rated by dotted lines, while the y-axis represents the metabolite abun-
dance or gene expression level. ADC is an arginine decarboxylase
gene, and SPDS is a spermidine synthase gene. Rice Actinl was used

also significantly elevated at 96 h BPH infestation in the
IR36 cultivar (p <0.05, ANOVA, Fig. 2; Fig. 3). However,
in the IR56 cultivar, BPH feeding significantly reduced the
quercetin content at all feeding points (p <0.05, ANOVA,
Fig. 2), and the spermidine accumulation showed no signifi-
cant changes at any measurement point (p <0.05, ANOVA,
Fig. 3), which might be the result of host manipulation by
BPH herbivory.

To determine the expression changes of genes that func-
tion in quercetin and spermidine synthesis in different rice
cultivars, qPCR experiments were performed. The results
showed that at most of the BPH feeding stages, the expres-
sion levels of quercetin synthesis-related genes, including
the chalcone synthase gene (CHS), phenylalanine ammonia-
lyase gene (PAL) and flavonol synthase gene (FLS), were
significantly elevated by BPH feeding in TN1 and IR36
rice varieties (p <0.05, ANOVA, Fig. 2), but 24 h and 48 h
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as a reference control. The expression of genes was quantified relative
to the values obtained from 0 h samples from corresponding rice vari-
eties. In all panels, only the values from the same rice varieties were
compared (different letters indicate statistically significant difference,
p<0.05, by ANOVA). All the values are shown as the mean + SEM

feeding significantly lowered the expression of CHS in IR56
rice plants (p <0.05, ANOVA, Fig. 2). With a similar altera-
tion pattern, the expression levels in two spermidine synthe-
sis-related genes, including the arginine decarboxylase gene
(ADC) and the spermidine synthase gene (SPDS), were also
significantly upregulated during BPH infestation in the TN1
and IR36 rice cultivars (p <0.05, ANOVA, Fig. 3), while
SPDS expression was significantly decreased at 24 h post-
BPH feeding in the IR56 rice variety (p <0.05, ANOVA,
Fig. 3).

3.4 Ingestion of quercetin and spermidine lowered
the BPH fitness

Feeding on the artificial diets containing quercetin or sper-
midine significantly increased the BPH mortality during the
development from 4th nymph to 2nd day adult with the dose
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Fig.4 Influence of feeding artificial diets containing quercetin or
spermidine at different concentrations on BPH fitness. a Impact of
ingesting artificial diets containing quercetin on BPH survival; b
impact of ingesting artificial diets containing spermidine on BPH
survival; ¢ impact of ingesting artificial diets containing quercetin
on BPH body weight; d impact of ingesting artificial diets containing

effect (Fig. 4a, b). The body weights of the 2nd day adults
in the treatments and controls showed significant differences
and was reduced to 65.2% and 47.2% when fed quercetin and
spermidine, respectively (Fig. 4c, d). In addition, develop-
mental duration from the 4th nymph to the 2nd day adult was
prolonged from 5.8 to 47.1% when three concentrations of
quercetin were added to the artificial diets (Fig. 4e). Mean-
while, feeding on three concentrations of spermidine added to
artificial diets prolonged the developmental duration from 5.8
to 41.2% (Fig. 4f). In conclusion, quercetin and spermidine
decreased the fitness of BPH.
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spermidine on BPH body weight; e impact of ingesting artificial diets
containing quercetin on BPH developmental duration; f impact of
ingesting artificial diets containing spermidine on BPH developmen-
tal duration. Values with different letters are significantly different by
the Duncan’s multiple range test (p <0.05). All the values are shown
as the mean+ SEM

4 Discussion

BPH feeding can broadly interfere with host physical
metabolism and rice plants could also change their meta-
bolic patterns to combat BPH attack and maintain normal
biological activities (Wang et al. 2005; Liu et al. 2010;
Uawisetwathana et al. 2015; Alamgir et al. 2016). There-
fore, the rice metabolic profiles during BPH infestation
represent the outcomes of BPH-rice interactions. The
physiological changes caused by BPH feeding in differ-
ent rice cultivars are related to BPH resistance level or
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BPH resistance genes (Liu et al. 2010; Chen et al. 2012;
Cheng et al. 2013). The resistant rice varieties of IR36
and IR56 used in our research were bred by IRRI and had
been widely applied in the southeast Asia to suppress
BPH population. These two rice varieties harbored differ-
ent BPH resistance genes, in which IR36 cultivar carried
bph2 and IR56 cultivar carried multiple resistance genes,
including Bphl, bph2, Bph3 and Bph32 (Fujita et al. 2013;
Hu et al. 2016; Yue et al. 2018). Many studies had showed
that infestation of IR36 and IR56 rice plants had a signifi-
cant negative effect on BPH fitness, and the BPH resist-
ance level owned by IR56 rice were much higher than
that of IR36 variety (Velusamy and Heinrichs 1986; Wu
et al. 2009). In this study, three rice varieties with different
BPH resistance levels displayed different metabolic pat-
terns at 24 h, 48 h and 96 h post-BPH infestation, which
might partly be attributed to the different BPH resistance
genes they harbour.

The primary metabolism was broadly inhibited in all
three rice varieties throughout BPH infestation, including
sugar, amino acid and vitamin metabolism (Table S2), sug-
gesting that BPH feeding could have profound inference on
the metabolic profiles of these three rice cultivars, which had
been also reported in other rice varieties (Liu et al. 2010;
Uawisetwathana et al. 2015). The primary metabolites are
not only the main nutrition and energy source of host plants
and insect herbivores (Cockfield 1988; Bruyn et al. 2002),
but also provide the essential fuel and raw materials for the
secondary metabolisms in plants combating pest infestation
(Hanik et al. 2010; Steinbrenner et al. 2011; Castrillén-Arbe-
laez et al. 2012). In current study, although short-time (24 h)
feeding by BPH caused notable reductions in the concentra-
tions of most sugars (such as, glucose, fructose and maltose)
in all three rice cultivars, most sugars levels recovered in
IR36- and IR56-resistant rice cultivars at 96 h post BPH
feeding, indicating the physiological adjustment ability in
sugar metabolism was stronger in resistant rice cultivars
IR36 and IR56 than in the susceptible TN1 variety. Simi-
larly, the concentrations of other primary metabolites, such
as most amino acids, organic acids and fatty acids, were also
more stable in resistant rice varieties in this study (Fig. S3;
Table S2). Apparently, the stability of most basic metabo-
lite levels was favourable for maintaining normal growth for
IR36 and IR56 rice cultivars under feeding stress from BPH
herbivores, displaying a higher tolerance for BPH, which is
common in many resistant rice varieties (Qiu et al. 2011).

The key roles of plant secondary metabolites (PSM)
defence against herbivores have been widely recognized
(Kessler 2015; Ziist and Agrawal 2016). PSM can signifi-
cantly lower herbivore fitness through direct defence func-
tions (e.g., disturbing the herbivore’s food-intake, reducing
food-digestibility or producing direct toxic compounds)
or indirect defence functions (e.g., attraction of natural
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enemies of pests) (Kessler 2015). In this study, compared
to the susceptible TN1 rice cultivar, some secondary
metabolites, including flavonoids, polyamines and non-
protein amino acids, or their precursor substances played
more important roles in discriminating the rice metabolic
profiling induced by BPH feeding across various time
points in resistant rice cultivars (Table S3). Further analy-
sis also showed that the concentration alterations of some
secondary metabolites (such as fenazaquin, telmisartan
and milbemectin A4) (Table S4) and precursor substances
(such as putrescine, shikimic acid, cinnamic acid) were
more acute and persistent in the resistant IR36 and IR56
cultivars (Fig. S3), suggesting that the secondary metabo-
lism activation increased with BPH feeding in resistant
IR36 and IR56 rice cultivars, which might contribute to
higher resistance levels against BPH herbivores. Similar
metabolic responses to BPH attack were also reported in
the resistant rice variety B5 by Liu et al. (2010).

In addition, there were also some differences in the
metabolic responses to BPH attack between the IR36 and
IR56 cultivars, which was probably due to the difference
of BPH resistance genes they harboured. For example,
the metabolisms in cyanoamino acids and lipids were
exclusively induced in the IR36 rice cultivar during BPH
infestation, while taurine, hypotaurine and thiamine were
significantly elevated by BPH feeding in the IR56 rice
cultivar (Table 1). The upregulated expression of non-
protein amino acids observed in the IR36 rice cultivar
has been widely reported to be unfavourable to the fitness
of insect herbivores (Huang et al. 2011), and changes in
lipid metabolism might be helpful in adding the energy
expended in BPH defence (Lim et al. 2017). However, in
IR56 rice plants, the accumulation levels of taurine, hypo-
taurine and thiamine were notably increased during BPH
infestation, which might function in relieving the ROS-
induced oxidative pressure caused by BPH feeding (Ahn
et al. 2005; Liu et al. 2010; Uawisetwathana et al. 2015).

By analysing the concentration changes in detected
metabolites in different rice cultivars caused by BPH
attack, the substance levels of phenylpropanoid metabo-
lism and polyamine metabolism, which have been widely
revealed to play crucial roles in plant defence against her-
bivores (Turner et al. 2012; Jiménez-Bremont et al. 2014),
displayed different patterns of change in three rice varie-
ties. Therefore, two downstream products of quercetin and
spermidine, whose contents greatly changed at 24 h post-
BPH feeding in three rice cultivars revealed by LC-MS
results (Table S4), were further selected to study their
biological function in different rice cultivars against BPH.

Spermidine- or quercetin-supplemented food was shown
to lower the fitness of BPH (Fig. 4), indicating that sper-
midine and quercetin were resistance-related metabolites in
rice defence against BPH. Previous studies have shown that
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quercetin could function as an activator to improve plant
resistance against phytopathogens (Taguri et al. 2006; Mad-
dox et al. 2010) and was modulated by the salicylic acid
(SA)-dependent pathway from an early stage upstream of
NDRI and EDSI (Yang et al. 2016). Spermidine confers
resistance to rice blast accompanied by the upregulation
of marker genes for the salicylic acid-mediated signalling
pathway PRI1b and PBZI and of phytoalexin biosynthe-
sis genes CPS4 and NOMT (Moselhy et al. 2016). In this
study, quercetin accumulation was significantly increased
in susceptible TN1 rice after BPH treatment and decreased
in IR56, while there were no significant changes in IR36
post-96 h infestation (Fig. 2). Another secondary metabo-
lite, spermidine, was also significantly increased in suscep-
tible TN1 and resistant IR36 after BPH treatment, while
there were no significant changes in IR56 (Fig. 3). These
differences might be due to the different resistance genes
harboured by those two rice cultivars. The IR36 variety
carried the resistance gene of bph2 (thereafter renamed
BPH?26), which was derived from ASD7 (Jena and Kim,
2010). Some studies showed that bph2 could induce BPH
sucking inhibition in the phloem sieve element and could be
considered to be receptors related to signal perception and
transduction (Tamura et al. 2014). IR56 possesses multiple
resistance genes (Yue et al. 2018), containing Bph3, derived
from Rathu Heenati, which might induce the pattern-trig-
gered immunity response to BPH infestation by perceiving
herbivore-associated molecular patterns (HAMPs) or dam-
age-associated molecular patterns (DAMPs), or mediating
the downstream signaling events (Liu et al. 2015), whereas
BPH?26 promotes rice resistance to BPH by inducing the SA
signalling pathway (Cheng et al. 2013; Tamura et al. 2014).

Through long-term evolution and natural selection,
insects have developed adaptive mechanisms to evade
plant defence mechanisms (Zhu-Salzman et al. 2005). Host
manipulation is one of the most important counter-defence
strategies employed by insects (Karban and Agrawal 2002;
Kojima et al. 2010). By re-programming host metabolic pro-
files, herbivores could acquire more nutrients (Sandstrom
et al. 2000; Koyama et al. 2004; Oliveira et al. 2016) or
downregulate the host defence (Consales et al. 2012, p. 20.
Hattori et al. 2012; Elzinga and Jander 2013). For instance,
Nephotettix cincticeps salivary secretion contains a novel
calcium binding protein that might prevent sieve-element
occlusion to promote continuous feeding (Hattori et al.
2012). As an inhibitor of phloem sap, the concentration of
tricin was significantly higher in fresh leaves of resistant rice
Rathu Heenati (RHT) than that of the susceptible rice variety
TN1 (Zhang et al. 2015). However, after BPH feeding, the
tricin concentration was decreased in RHT and increased in
TNI1 (Zhang et al. 2015), suggesting that BPH might regu-
late the metabolic accumulation in rice by salivary proteins
(Ji et al. 2017). In our study, spermidine and quercetin had

similar expression patterns as tricin, and BPH had a stronger
inhibitory effect on the expression of these two substances in
IR56. Although previous research suggested that the resist-
ance of IR56 to BPH was stronger than that of IR36 (Zheng
et al. 2016), the decrease in spermidine and quercetin levels
was more obvious in IR56 rice variety (Fig. 2; Fig. 3), which
were seemingly more favourable to BPH fitness. For this
paradox, we will say that BPH resistance in rice varieties
is the comprehensive effect of various kinds of secondary
metabolites. Further work is needed to explore the resistance
mechanisms against BPH in IR36 and IR56 rice varieties.

5 Conclusions

Using a non-biased metabolomics approach, we found that
compared to that in susceptible TN1 rice variety, the level
changes of most primary metabolites were stable and con-
centration alterations of defence-related metabolites were
more acute and persistent in resistant IR36 and IR56 varie-
ties during BPH infestation. And metabolic pathways were
differentially expressed in IR36 and IR56 caused by BPH.
Besides, the content changes of quercetin and spermidine
which were harmful to BPH fitness, exhibited different
pattern in three rice cultivars responding to BPH attacks.
The results were useful to clarify the metabolic mechanism
of rice plants during BPH infestation and to provide new
resources to control this insect pest.

Acknowledgements We acknowledge Dr. YangShuo Dai (Sun Yat-sen
University, China) for the help in LC-MS analysis; Dr. Wei-Wen Chen
and Master’s student Yong-Jin Cai for their help in the biological assay.

Author contributions KK and LY contributed equally to this work.
This study was conceived of by WQZ. LC-MS were performed by XX.
Biological assay were performed by KL and KK. KK and LY drafted
the manuscript. All authors read and approved the final manuscript.

Funding This work was funded by the National Natural Science Foun-
dation of China (U1401212) and the China Postdoctoral Science Foun-
dation (2017M612808).

Compliance with ethical standards

Conflict of interest The authors report no conflict of interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

62 Page120f13

K.Kang et al.

References

Ahn, I. P, Kim, S., & Lee, Y. H. (2005). Vitamin B1 functions as
an activator of plant disease resistance. Plant Physiological,
138, 1505-1515.

Alamgir, K. M., Hojo, Y., Christeller, J. T., Fukumoto, K., Isshiki,
R., Shinya, T., et al. (2016). Systematic analysis of rice (Oryza
sativa) metabolic responses to herbivory. Plant, Cell and Envi-
ronment, 39, 453-466.

Bruyn, L. D., Scheirs, J., & Verhagen, R. (2002). Nutrient stress, host
plant quality and herbivore performance of a leaf-mining fly on
grass. Oecologia, 130, 594-599.

Castrillon-Arbelaez, P. A., Martinez-Gallardo, N., Arnaut, H. A.,
Tiessen, A., & Délano-Frier, J. P. (2012). Metabolic and enzy-
matic changes associated with carbon mobilization, utilization
and replenishment triggered in grain amaranth (Amaranthus
cruentus) in response to partial defoliation by mechanical injury
or insect herbivory. BMC Plant Biology, 12, 163.

Chen, M. S. (2008). Inducible direct plant defense against insect
herbivores: A review. Insect science, 15, 101-114.

Chen, H., Stout, M. J., Qian, Q., & Chen, F. (2012). Genetic, molecu-
lar and genomic basis of rice defense against insects. Critical
Reviews in Plant Sciences, 31, 74-91.

Cheng, X., Zhu, L., & He, G. C. (2013). Towards understanding of
molecular interactions between rice and the brown planthopper.
Molecular Plant, 6, 621-634.

Cockfield, S. D. (1988). Relative availability of nitrogen in host
plants of invertebrate herbivores: Three possible nutritional and
physiological definitions. Oecologia, 77, 91-94.

Consales, F., Schweizer, F., Erb, M., Gouhier-Darimont, C., Boden-
hausen, N., Bruessow, F., et al. (2012). Insect oral secretions
suppress wound-induced responses in Arabidopsis. Journal of
Experimental Botany, 63, 727-737.

Dixon, R. A., & Strack, D. (2003). Phytochemistry meets genome
analysis, and beyond. Phytochemistry, 62, 815-816.

Elzinga, D. A., & Jander, G. (2013). The role of protein effectors in plant-
aphid interactions. Current Opinion in Plant Biology, 16, 451-456.

Fiehn, O. (2002). Metabolomics—The link between genotypes and
phenotypes. Plant Molecular Biology, 48, 155-171.

Fu, Q., Zhang, Z. T., Hu, C., Lai, F. X., & Sun, Z. X. (2001). A
chemically defined diet enables continuous rearing of the brown
planthopper, Nilaparvata lugens (Stdl) (Homoptera: Delphaci-
dae). Applied Entomology and Zoology, 36, 111-116.

Fujita, D., Kohli, A., & Horgan, F. G. (2013). Rice resistance to
planthoppers and leathoppers. Critical Reviews in Plant Sci-
ences, 32(3), 162-191.

Fiirstenberg-Hégg, J., Zagrobelny, M., & Bak, S. (2013). Plant
defense against insect herbivores. International Journal of
Molecular Sciences, 14, 10242-10297.

Hall, R. D. (2006). Plant metabolomics: From holistic hope, to hype,
to hot topic. New Phytologist, 169, 453—468.

Hanik, N., Gomez, S., Best, M., Schueller, M., Orians, C. M., & Fer-
rieri, R. A. (2010). Partitioning of new carbon as ''C in Nicotiana
tabacum reveals insight into methyl jasmonate induced changes in
metabolism. Journal of Chemical Ecology, 36, 1058—1067.

Hattori, M., Nakamura, M., Komatsu, S., Tsuchihara, K., Tamura, Y.,
& Hasegawa, T. (2012). Molecular cloning of a novel calcium-
binding protein in the secreted saliva of the green rice leathop-
per Nephotettix cincticeps. Insect Biochemistry and Molecular
Biology, 42, 1-9.

Howe, G. A., & Jander, G. (2008). Plant immunity to insect herbi-
vores. Annual Review of Plant Biology, 59, 41-66.

Hu, J., Xiao, C., & He, Y. (2016). Recent progress on the genetics
and molecular breeding of brown planthopper resistance in rice.
Rice, 9(1), 30-40.

@ Springer

Huang, T., Jander, G., & Vos, M. (2011). Non-protein amino acids in
plant defense against insect herbivores: representative cases and
opportunities for further functional analysis. Phytochemistry,
72, 1531-1537.

Jansen, J. J., Allwood, J. W., Marsden-Edwards, E., Putten, W. H.,
Goodacre, R., & Dam, N. M. (2009). Metabolomic analysis of
the interaction between plants and herbivores. Metabolomics,
5, 150-161.

Jena, K. K., & Kim, S. M. (2010). Current status of brown planthop-
per (BPH) resistance and genetics. Rice, 3, 161-171.

Ji, R., Ye, W,, Chen, H., Zeng, J., Li, H., Yu, H., et al. (2017). A
salivary endo-f-1, 4-glucanase acts as an effector that enables
the brown planthopper to feed on rice. Plant Physiology, 173,
1920-1932.

Jiménez-Bremont, J. F., Marina, M., Guerrero-Gonzalez, M. L.,
Rossi, F. R., Sanchez-Rangel, D., Rodriguez-Kessler, M., et al.
(2014). Physiological and molecular implications of plant poly-
amine metabolism during biotic interactions. Frontiers in Plant
Science, 5, 95.

Karban, R., & Agrawal, A. A. (2002). Herbivore offense. Annual
Review of Ecology and Systematics, 33, 641-664.

Kessler, A. (2015). The information landscape of plant constitutive
and induced secondary metabolite production. Current Opinion
in Insect Science, 8, 47-53.

Kojima, W., Fujii, T., Suwa, M., Miyazawa, M., & Ishikawa, Y.
(2010). Physiological adaptation of the Asian corn borer
Ostrinia furnacalis to chemical defenses of its host plant, maize.
Journal of Insect Physiology, 56, 1349-1355.

Koyama, Y., Yao, 1., & Akimoto, S. I. (2004). Aphid galls accumu-
late high concentrations of amino acids: A support for the nutri-
tion hypothesis for gall formation. Entomologia Experimentalis
et Applicata, 113, 35-44.

Lim, G. H., Singhal, R., Kachroo, A., & Kachroo, P. (2017). Fatty
acid- and lipid-mediated signaling in plant defense. Annual
review of Phytopathology, 55, 505-536.

Liu, C., Hao, F., Hu, J., Zhang, W., Wan, L., Zhu, L., et al. (2010).
Revealing different systems responses to brown planthopper
infestation for pest susceptible and resistant rice plants with the
combined metabonomic and gene-expression analysis. Journal
of Proteome Research, 9, 6774—6785.

Liu, Y., Wu, H., Chen, H,, Liu, Y., He, J., Kang, H., et al. (2015).
A gene cluster encoding lectin receptor kinases confers broad-
spectrum and durable insect resistance in rice. Nature Biotech-
nology, 33, 301.

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene
expression data using real-time quantitative PCR and the 2744CT
method. Methods, 25, 402-408.

Lu, H., Zhang, S., Luo, J. Y., Wang, C. Y., Lv, L. M., Zhang, L. J.,
et al. (2018). Integrative proteomic and metabolomic analysis
reveals the cotton plant defense mechanisms induced by insect
(Adelphocoris suturalis Jakovlev) feeding. Preprints. https://
doi.org/10.20944/preprints201809.0058.v1.

Maddox, C. E., Laur, L. M., & Tian, L. (2010). Antibacterial activ-
ity of Phenolic Compounds against the Phytopathogen Xylella
fastidiosa. Current Microbiology, 60, 53-58.

Marti, G., Erb, M., Boccard, J., Glauser, G., Doyen, G. R., Villard,
N., et al. (2013). Metabolomics reveals herbivore-induced
metabolites of resistance and susceptibility in maize leaves and
roots. Plant, Cell and Environment, 36, 621-639.

Moselhy, S. S., Asami, T., Abualnaja, K. O., Al-Malki, A. L.,
Yamano, H., Akiyama, T., et al. (2016). Spermidine, a polyam-
ine, confers resistance to rice blast. Journal of Pesticide Sci-
ence, 41, 79-82.

Oliveira, D. C., Isaias, R. M. S., Fernandes, G. W., Ferreira, B. G., Car-
neiro, R. G. S., & Fuzaro, L. (2016). Manipulation of host plant
cells and tissues by gall-inducing insects and adaptive strategies


https://doi.org/10.20944/preprints201809.0058.v1
https://doi.org/10.20944/preprints201809.0058.v1

Comparative metabolomics analysis of different resistant rice varieties in response to the...

Page 130f 13 62

used by different feeding guilds. Journal of Insect Physiology,
84, 103-113.

Peng, L., Zhao, Y., Wang, H. J., Zhang, J. J., Song, C. P., Shangguan,
X. X., et al. (2016). Comparative metabolomics of the interaction
between rice and the brown planthopper. Metabolomics, 12, 132.

Qiu, Y., Guo, J., Jing, S., Tang, M., Zhu, L., & He, G. C. (2011).
Identification of antibiosis and tolerance in rice varieties carrying
brown planthopper resistance genes. Entomologia Experimentalis
et Applicata, 141, 224-231.

Sandstrom, J., Telang, A., & Moran, N. A. (2000). Nutritional enhance-
ment of host plants by aphids—A comparison of three aphid spe-
cies on grasses. Journal of Insect Physiology, 46, 33—40.

Schauer, N., & Fernie, A. R. (2006). Plant metabolomics: Towards
biological function and mechanism. Trends in Plant Science, 11,
508-516.

Schuman, M. C., & Baldwin, I. T. (2016). The layers of plant responses
to insect herbivores. Annual Review of Entomology, 61, 373-394.

Schwachtje, J., & Baldwin, I. T. (2008). Why does herbivore attack
reconfigure primary metabolism? Plant Physiological, 146,
845-851.

Steinbrenner, A. D., Gomez, S., Osorio, S., Fernie, A. R., & Orians,
C. M. (2011). Herbivore-induced changes in tomato (Solanum
lycopersicum) primary metabolism: a whole plant perspective.
Journal of Chemical Ecology, 37, 1294-1303.

Sumner, L. W., Mendes, P., & Dixon, R. A. (2003). Plant metabo-
lomics: large-scale phytochemistry in the functional genomics era.
Phytochemistry, 62, 817-836.

Taguri, T., Tanaka, T., & Kouno, I. (2006). Antibacterial spectrum of
plant polyphenols and extracts depending upon hydroxyphenyl
structure. Biological & Pharmaceutical Bulletin, 29, 2226-2235.

Tamura, Y., Hattori, M., Yoshioka, H., Yoshioka, M., Takahashi, A.,
Wu, J., et al. (2014). Map-based cloning and characterization of a
brown planthopper resistance gene BPH26 from Oryza sativa L.
ssp indica cultivar ADRS2. Scientific Reports, 4, 5872.

Theis, N., & Lerdau, M. (2003). The evolution of function in plant
secondary metabolites. International Journal of Plant Sciences,
164, 93-102.

Turner, G. W., Cuthbertson, D. J., Voo, S. S., Settles, M. L., Grimes,
H. D., & Lange, B. M. (2012). Experimental sink removal induces
stress responses, including shifts in amino acid and phenylpropa-
noid metabolism, in soybean leaves. Planta, 235, 939-954.

Uawisetwathana, U., Graham, S. F., Kamolsukyunyong, W., Sukha-
ket, W., Klanchui, A., Toojinda, T., et al. (2015). Quantitative
'"H NMR metabolome profiling of Thai Jasmine rice (Oryza
sativa) reveals primary metabolic response during brown plan-
thopper infestation. Metabolomics, 11, 1640-1655.

Velusamy, R., & Heinrichs, E. A. (1986). Electronic monitoring of
feeding behavior of Nilaparvata lugens (Homoptera: Delphaci-
dae) on resistant and susceptible rice cultivars. Environmental
Entomology, 15(3), 678-682.

Walling, L. L. (2001). Induced resistance: From the basic to the
applied. Trends in Plant Science, 6, 445—-447.

Wang, X. L., He, R. F., & He, G. C. (2005). Construction of sup-
pression subtractive hybridization libraries and identification of
brown planthopper-induced genes. Journal of Plant Physiology,
162, 1254-1262.

War, A. R., Paulraj, M. G., Ahmad, T., Buhroo, A. A., Hussain, B.,
Ignacimuthu, S., et al. (2012). Mechanisms of plant defense
against insect herbivores. Plant Signaling & Behavior, 7,
1306-1320.

Widarto, H. T., Meijden, E. V. D., Lefeber, A. W. M., Erkelens, C.,
Kim, H. K., Choi, Y. H., et al. (2006). Metabolomic differen-
tiation of Brassica rapa following herbivory by different insect
instars using two-dimensional nuclear magnetic resonance spec-
troscopy. Journal of Chemical Ecology, 32, 2417-2428.

Windsor, A. J., Reichelt, M., Figuth, A., Svatos, A., Kroymann, J.,
Kliebenstein, D. J., et al. (2005). Geographic and evolutionary
diversification of glucosinolates among near relatives of Arabi-
dopsis thaliana (Brassicaceae). Phytochemistry, 66, 1321-1333.

Wu, J., & Baldwin, I. T. (2010). New insights into plant responses
to the attack from insect herbivores. Annual Review of Genet-
ics, 44, 1-24.

Wu, B. Q., Huang, F. K., Huang, S. X., Long, L. P., & Wei, S. M.
(2009). Resistance stability of rice varieties to different bio-
types of brown planthopper. Chinese Journal of Applied Ecol-
ogy, 20(6), 1477-1482.

Xue, J., Zhou, X., Zhang, C. X., Yu, L. L., Fan, H. W., Wang, Z.,
et al. (2014). Genomes of the rice pest brown planthopper and
its endosymbionts reveal complex complementary contributions
for host adaptation. Genome Biology, 15, 521.

Yang, W., Xu, X., Li, Y., Wang, Y., Li, M., Wang, Y., et al. (2016). Rutin-
mediated priming of plant resistance to three bacterial pathogens
initiating the early SA signal pathway. PLoS ONE, 11, 146910.

Yue, L., Kang, K., & Zhang, W. Q. (2018). Metabolic responses of
brown planthoppers to IR56 resistant rice cultivar containing
multiple resistance genes. Journal of Insect Physiology. https
://doi.org/10.1016/j.jinsphys.2018.10.001.

Zhai, Y., Sun, Z., Zhang, J., Kang, K., Chen, J., & Zhang, W. Q.
(2015). Activation of the TOR signalling pathway by glutamine
regulates insect fecundity. Scientific Reports, 5, 10694.

Zhang, Z., Cui, B., & Zhang, Y. (2015). Electrical penetration graphs
indicate that tricin is a key secondary metabolite of rice, inhibit-
ing phloem feeding of brown planthopper, Nilaparvata lugens.
Entomologia Experimentalis et Applicata, 156, 14-27.

Zheng, Y., He, J. C., Wan, P. J., Lai, F. X., Sun, Y. Q., Lin, J. J., et al.
(2016). Virulence characteristics of Nilaparvata lugens (Stal)
reared on resistant rice variety IR56. Chinese Journal of Rice
Science, 30, 552-558.

Zhou, S., Lou, Y. R., Tzin, V., & Jander, G. (2015). Alteration of plant
primary metabolism in response to insect herbivory. Plant Physi-
ological, 169, 1488-1498.

Zhu, W., Zhang, H., Li, X., Meng, Q., Shu, R., Wang, M. L., et al.
(2016). Cold adaptation mechanisms in the ghost moth Hepialus
xiaojinensis: Metabolic regulation and thermal compensation.
Journal of Insect Physiology, 85, 76-85.

Zhu-Salzman, K., Bi, J. L., & Liu, T. X. (2005). Molecular strategies of
plant defense and insect counter-defense. Insect Science, 12, 3—15.

Ziist, T., & Agrawal, A. A. (2016). Mechanisms and evolution of plant
resistance to aphids. Nature Plants, 2, 15206.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jinsphys.2018.10.001
https://doi.org/10.1016/j.jinsphys.2018.10.001

	Comparative metabolomics analysis of different resistant rice varieties in response to the brown planthopper Nilaparvata lugens Hemiptera: Delphacidae
	Abstract
	Introduction 
	Objective 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Plant and insect materials
	2.2 Herbivory treatments
	2.3 Extraction of rice metabolites
	2.4 GC–MS analysis
	2.5 LC–MS analysis
	2.6 RNA extraction and qPCR analysis
	2.7 Biological assay
	2.8 Statistical analysis

	3 Results
	3.1 Primary metabolic response of different rice cultivars to BPH feeding determined by GC–MS
	3.2 Secondary metabolic responses of different rice cultivars to BPH feeding for 24 h determined by LC–MS
	3.3 BPH feeding altered quercetin and spermidine levels in all three rice varieties
	3.4 Ingestion of quercetin and spermidine lowered the BPH fitness

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References




