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a b s t r a c t

Background: The lepidopteran Asiatic corn borer (ACB), Ostrinia furnacalis (Guenee), has caused huge
economic losses throughout the Asian-Western Pacific region. Usually, chemical pesticides are used for
the control, but excessive use of pesticides has caused great harm. Therefore, the inartificial ecotypic
pesticides to ACB are extremely essential. In our previous study, we found that panaxadiol saponins
(PDS) can effectively reduce the harm of ACB by causing antifeedant activity. Therefore, it is necessary to
reveal the biological molecular changes in ACB and the functionary mechanism of PDS.
Methods: We analyzed the global transcription of ACB with different PDS concentration treatment (5 mg/
mL, 10 mg/mL, and 25 mg/mL) by high-throughput sequencing and de novo transcriptome assembly
method.
Results: PDS treatment could cause the changes of many gene expressions which regulate its signal
pathways. The genes in peroxisome proliferatoreactivated receptor (PPAR) signaling pathway were
significantly downregulated, and then, the downstream fatty acid degradation pathway had also been
greatly affected.
Conclusion: Through this experiment, we hypothesized that the occurrence of antifeedant action of ACB
is because the PDS brought about the downregulation of FATP and FABP, the key regulators in the PPAR,
and the downregulation of FATP and FABP exerts further effects on the expression of SCD-1, ACBP, LPL,
SCP-X, and ACO, which leads to the disorder of PPAR signaling pathway and the fatty acid degradation
pathway. Not only that, PDS treatment leads to enzyme activity decrease by inhibiting the expression of
genes associated with catalytic activity, such as cytochrome P450 and other similar genes.
� 2019 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The lepidopteran Asiatic corn borer (ACB), Ostrinia furnacalis
(Guenee), is one of the most widespread and common pests
throughout China and other Asian regions and causes great losses
to corn, sorghum, millet, and cotton [1]. The annual maize yield
losses are estimated to be 6e9 million tons [2]; therefore, it is ur-
gent to carry out the comprehensive management for the ACB. In
addition, ACB acts as a devastating pest species for the following
reasons: First, the adaptation to many host crops; second, the high
fecundity; and third, the high capacity to evolve resistance to Bt [3].

Spraying insecticide is widely used to manage ACB and other
agricultural insect pests. But insecticide abuse may cause great
harm to the environment, ecological equilibrium, and human
health [4]. In Pakistan, because of the abuse of pesticides, the bio-
logical diversity is losing, and poisoning the local food chains, more
importantly, the local human health have been greatly affected,
such as cancer, low fertility, and destruction of the human body’s
immune system [5]. Chemical insecticides could pollute the tissues
of virtually every life form on the earth, the air, the lakes, and the
oceans, and then affect organisms that live in polluted environ-
ments [6]. According to the US National Academy of Sciences, the
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bald eagle population in the United States declined primarily
because of exposure to dichlorodiphenyltrichloroethane (DDT) and
its metabolites [7]. Certain environmental chemicals, including
pesticides termed as endocrine disruptors, are known to elicit their
adverse effects by mimicking or antagonizing natural hormones in
the body, and it has been postulated that their long-term, low-dose
exposure is increasingly linked to human health effects such as
immune suppression, hormone disruption, diminished intelli-
gence, reproductive abnormalities, and cancer [8,9]. Therefore, a
scientific, biosafe, and environment friendly pesticide to ACB con-
trol strategy is extremely essential.

Botanical insecticides are considered to be an effective alterna-
tive to synthetic chemical pesticides for pest management because
botanicals are assumed to pose little threat to the environment and
human health [10]. As a traditional Chinese medicine, ginseng has
beenwidely used in China and other Asian countries, which acts as
one of the worldwide botanical medicines [11e13]. According to
our previous research, the extract of ginseng stem and leaf (total
ginsenoside) showed inhibitory effect on insect feeding [14].
Therefore, ginseng extract can be used as a candidate plant source
insectifuge. Botanical antiinsect agents are a sort of compounds
which can inhibit insects but do not directly kill them. Of all the
metabolites in plants, there are only a few categories that can cause
insect antifeedant action, such as quassins, limonoids, sesquiter-
pene lactones, and heterogeneous flavonoids [15]. Some of these
agents show relative antifeedant activity only in a certain period,
but they do affect insect host selection. According to previous
studies, botanical antifeedants can be rapidly degraded after
application; therefore, it is a kind of environment friendly insecti-
cide and causes little environmental impact [16]. Some research
also suggests that the plant extracts showed antifeedant effect as a
consequence of the combined effects of several constituents with
no individual compound making a major contribution [17]. During
the process of coordinated evolution with insects, many secondary
metabolites, such as terpenes, alkaloids, and phenols, have been
formed in plants [18]. These secondary metabolites can induce in-
sect antifeedant behavior by altering the metabolism of insect
hormones, affecting the nervous system, affecting the digestive
system, and affecting the respiratory system [19,20]. Glutathione S-
transferase (GST) and acetylcholinesterase (AChE) play important
roles in insect metabolism and resistance to study, but the molec-
ular mechanism is still unknown [21].

The ginsenoside can effectively inhibit population and devel-
opment of O. furnacalis, particularly the third instar. Higher con-
centration of ginsenosides had significantly longer developmental
time [13]. But the main components of ginsenoside can be divided
into panaxadiol saponins (PDS) and ginseng three alcohol panax-
trol saponins (PTS) [22,23]. PDS can produce great physiological
and biochemical changes to insects, which showed specific physi-
ological function such as calcium channel blockade [24], anti-free
radical actions [25], and regulation of lipid metabolism [26]. We
also studied the effect of PDS and PTS on the antifeeding activity of
third instar of ACB; the result indicated that the antifeeding activity
of PDS was obviously higher than that of PTS. As a result, PDS is
used in many medicines, especially in the treatment of cardiovas-
cular diseases and immune responses [27,28]. However, there is no
extensive research in agricultural applications.

In this study, to identify the antifeedant activity regulatory
genes, high-throughput sequencing technology was applied to
explore the potential antifeedant activity regulated genes. The
differentially expressed genes (DEGs) were screened and validated
by quantitative polymerase chain reaction (qPCR) to ensure the
accuracy of the experiment. Through the analytical result of the
transcriptome, we tried to reveal the molecular mechanism of
antifeedant activity and put forward some theoretical guidance. To

our knowledge, this researchwas the first reported in application of
extract of ginseng stem and leaf in ACB control, and the result of
this study might provide a certain theory basis to future research
and practical application.

2. Materials and methods

2.1. PDS extraction and antifeedant experiment on ACB

The stems and leaves of Panax ginseng were obtained from
Fusong County, Jilin Province, China in 2016, and were stored at
room temperature. To prepare the saponins extracts, a total of 1.0
kg of dry powder of P. ginseng stems and leaves was extracted with
hot water for 2 h at 100�C. Extracts were added to distilled water to
prepare a solution of 100 g/L. Then, the solution was filtered by
D101 resin column with distilled water, 35% ethanol and 80%
ethanol successively. 80% ethanol eluate was collected and
concentrated in vacuo to dryness to obtain the PDS. The contents of
ginsenosides of PDS were determined with HPLC, and five kinds of
ginsenosides were found, including ginsenosides Rb1, Rc, Rb2, Rb3,
and Rd, whose contents were 4.68%, 11.03%, 12.06%, 1.66%, and
53.16%, respectively, for a total of 82.79%. The individual ginseno-
side was shown in Table 1. The appropriate amount of PDS was
weighed and dissolved in water to establish solutions at different
concentrations (2.5 mg/mL, 5.0 mg/mL, 10.0 mg/mL, 25 mg/mL, and
50 mg/mL). Finally, the artificial diets with PDS were stored at 4�C
in a refrigerator. The normal artificial diet without adding any
ginsenosides was used as the control.

Leaf disk test was used to test antifeedant rate of ACB [29].
Freshly laid eggs (<4 h) were collected and placed into petri dishes
(diameter � height: 9 cm � 2 cm), and a wet cotton ball was also
placed inside each petri dish to maintain the humidity. Newly
hatched larvae were collected and separately reared in petri dishes
under the incubator chambers (PRS-20; Ningbo Saifu Experimental
Instrument Co., Ltd., Zhejiang, China) at 27 � 1�C, 70 � 5% relative
humidity (RH), and a photoperiod of 14:10, L:D. Ten newly molted
third-instar larvae were placed into petri dishes. After starvation for
4 h, six excised corn leaf discs (F¼ 15mm), soaked in solutions with
different concentrations of PDS for 10 s (control discs received
distilled water only), were supplied to all larvae. The area of feeding
on the leaves was measured every 24 h, and the corresponding
nonselective antifeeding activity was calculated. Each test was
repeated 10 times.

2.2. ACB development inhibition experiment and RNA-seq sample
preparation

Diet incorporation method was used to test development inhi-
bition of ACB [30].

Newly molted third-instar larvae with the same size were
selected and weighed and then placed into 24 wells culture boxes.
After starvation for 4 h, ACB was fed with artificial diets having
different PDS concentrations (0 mg/mL, 2.5 mg/mL, 5.0 mg/mL, 10.0
mg/mL, 25 mg/mL, and 50 mg/mL). Artificial diets were replaced at
regular intervals. After 72 h, the larvae were weighed again; then,

Table 1
Contents of individual ginsenoside from the stems and leaves of PDS.

No. Ginsenosides Content (%)

1 Rb1 4.68 � 0.07
2 Rc 11.03 � 0.29
3 Rb2 12.06 � 0.16
4 Rb3 1.66 � 0.18
5 Rd 53.16 � 0.21
Total 82.79 � 1.25
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inhibition rate of weight was calculated. Each test was repeated 10
times. When the development inhibition experiment was
completed, all the ACB were stored in liquid nitrogen (�196�C
condition) for the following experiments.

2.3. RNA isolation and library preparation for illumina deep
sequencing

Three micrograms of purified RNA for every sample was used to
construct a sequence library. RNA isolation and purity were per-
formed by trizol (Invitrogen, CA, USA) and 1% agarose gels,
respectively, following the Sultan’s method [31]. The RNA concen-
tration and purity were measured by Qubit� RNA Assay Kit in
QubitFlurometer (CA, USA). After the RNA preparation, a total of not
less than 3 mg RNAwas used as the input for the preparation of RNA
sequencing libraries for each sample. NEBNext RNA Library Prep Kit
(New England Biolabs, MA, USA) was used for generating the
sequence libraries for Illumina sequence. To distinguish different
sequence libraries, the unique indices were used in each library to
attribute demultiplexed reads. Briefly, mRNA with poly A was
selected by magnetic beads from the total RNA. Purified mRNAwas
fragmented using bivalent cation under high temperature in 5�
NEBNext First Strand Synthesis Reaction mix. Universal primer and
M-MuLV Reverse Transcriptase (RNase H) were used to synthesize
the first strand, and then, with DNA polymerase I and RNase H, the
second strand was synthesized. Proceeding to the next step, the
ends of cDNA were modified into blunt ends by exonuclease and
polymerase. Subsequently, the blunted DNA was adenylated at the
30 ends, and the sequence adapter was ligated to the DNA to facil-
itate hybridization. The sequencing libraries were purified with
AMPure XP system (Beckman Coulter, Inc., Beverly, USA), and the
fragments of 150e200 base pairs were enriched. Then, adding 3 ml
of Uracil-specific excision reagent (USER) Enzyme into the cDNA
solution, the reactions were incubated at 37�C for 15 min and then
for 5 min at 95�C. PCR was performed with thermostable DNA
polymerase. Finally, the PCR products were purified, and the library
quality was assessed on the Agilent Bioanalyzer 2100 system
(Agilent Technologies, Palo Alto, CA, USA). The clustering of
sequence libraries was performed on a cBot Cluster Generation
System. After cluster generation, the enriched cDNAwas sequenced
using an Illumina Hiseq 4000 platform (Illumina, San Diego, CA,
USA).

2.4. Bioinformatic analysis

2.4.1. Sequence data quality control
Raw data (raw reads) of fastq format were first conducted for

quality control, processed through an in-house perl script. Quality
of the sequence reads was verified with FastQC (version 0.10.0)
software (Cock et al, 2010). In this step, the data were filtered ac-
cording to the following indicators: reads containingmore than 10%
ploy-N should be removed; the reads containing more than 50%
low-quality bases (Q � 20) should be removed; reads containing
sequence adapters should be removed. After the data quality con-
trol process, clean data were obtained and used for the subsequent
data analysis.

2.4.2. De novo transcriptome assembly
Trinity [32]was used to assemble a reference transcriptome of

ACB with the clean reads of three libraries. The read1 files from all
of the three libraries were pooled into a single file, and similarly, the
read2 files were merged into one read2.fq file. Transcriptome as-
sembly was performed using the pooled read1.fq and read2.fq files
using the Trinity algorithm with the min_kmer_cov set 2, and all
the other parameters were set to their default values.

2.4.3. Transcriptome annotation
The annotation of assembled transcriptome was performed via

six databases: NCBI nonredundant protein sequences (NR), Na-
tional Coalition Building Institute (NCBI) nonredundant nucleotide
sequences (NT), Swiss-Prot, Protein family (Pfam), Clusters of
Orthologous Groups (COGs) of proteins, Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Gene Ontology (GO). Swiss-Prot
annotation was performed with an E-value threshold of 1.0E-5 and
for COG/KOG. E-value threshold of 1.0E-3 was set to predict the
function of genes. Blast2GO software program [33] was used to
perform GO annotations defined. The pathway assignments were
determined based on the KEGG database using BLASTX with an E-
value threshold of 1.0E-5.

2.4.4. Differential expression, gene ontology, and KEGG pathway
enrichment analysis

For sequence data in each sample, edgeR software package was
used to statistically analyze the read counts with adjusted through
one scaling normalized factor. Gene expression levels for each
sample were counted using RSEM [34].To get the global gene
expression pattern in different conditions, we performed pairwise
comparisons using the DEseq (2010) R package for screening DEGs
[35]. The resulting p values were adjusted using the q values [36].
Differences were considered significant if q value < 0.005. To
compare the unigene expression levels, each unigene was further
normalized by fragments per kilobase of exon model per million
mapped reads [37]. In addition, the DEGs were also used to deduce
expression patterns using self-organizing map clustering analysis
based on the log2 (ratios) value (fragments per kilobase of exon
model per million mapped reads analysis) [38].GO enrichment
analysis of the DEGs was performed using the GOseq R package
[39]. KEGG is a database that can exhibit the high-level functions
and biological system processes including cell, organism, and
ecosystem, which contains a large number of biological process
information in molecular level including large-scale molecular
datasets generated by high-throughput sequencing [40]. KOBAS
software was used to test the significance of the KEGG pathway’s
enrichment in the DEGs [41].

2.5. Real-time reverse-transcription PCR confirmation of illumina
sequencing data

Quantitative reverse-transcription PCR (RT-qPCR) was executed
on an Applied Biosystems 7500 system (Applied Biosystems, CA,
USA) using three replications according to previous reports [42,43].
All the PCR reactions were carried out in a total volume of 20 mL
with the RsActin gene as the internal control [44]. The relative gene
expression levels were calculated using the 2�DDCT method.

3. Results

3.1. Antifeedant activity of PDS on third ACB

After PDS treatment, ACB larvae showed strong antifeedant ac-
tivity. The antifeedant rate increased with the increasing PDS
concentration. Significant differences were observed in each
treatment group with different PDS concentrations, except for the
2.5 mg/mL and 5 mg/mL group. However, the antifeeding effects of
each treatment group were similar on 24 h, 48 h, and 72 h
(Table 2).The ACB larval weight data showed that with the increase
of concentration, the inhibition rate of weight (72 h) was increased
from 5.10% to 87.41%, and significant differences were observed in
each treatment group, except for the 2.5 and control check (CK)
group (Table 3). On the basis of antifeedant and weight growth
inhibition data, 5 mg/mL,10mg/mL, 25mg/mL, and 50mg/mLwere
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feasible for RNA-seq analysis. But in 50 mg/mL group, the weight of
larva was too small for RNA extraction. In summary, 5 mg/mL (C5),
10 mg/mL (C10), and 25 mg/mL (C25) were selected as the final
RNA-seq experimental concentration.

3.2. Transcriptome sequencing and de novo sequence assembly

To obtain the Ostrinia furnacalis transcriptome expression pro-
file with the treatment of different concentration extracts of
ginseng (total ginsenoside), 12 Ostrinia furnacalis samples in four
groups (three biological repeats in each group): CK group, C5, C10,
and C25 extracts treatment were sequenced. In total, 87.71 Giga
Illumina sequence data were generated, and each sample was not
less than 6.51 Giga (Table 4). Illumina sequencing data from ACB

were deposited in the NCBI sequence read archive (SRA) database
under accession number SRP093447. In this study, Trinity was used
to assemble the 584,748,982 sequenced reads. These reads were
assembled into about 153,740 transcripts and 104,575 unigenes
with the mean length of 990 and 727 nt, and N50 length was 2096
and 1466 nt for transcripts and unigenes, respectively (Table 5).
Correlation of gene expression pattern between biological repeated
samples is an important index to test the reliability of the experi-
ment; general correlation coefficient is used to check the consis-
tency of all the biological repeats. The results reflected that the
mean value of correlation coefficient was 0.771, 0.789, 0.667, and
0.623 in the CK, C5, C10, and C25, respectively (Fig. 1). This showed
that with the increase of the extracts of ginseng concentration,
there was a slight decrease in the reproducibility of repeated
samples.

3.3. Sequence annotation

The number of unigenes annotated in at least one of the NR, NT,
Swiss-Prot, KEGG, COG, and GO databases was 31,698. We got
25,119 (24.02%), 15,160 (14.49%), 10,213 (9.76%), 18,382 (17.57%),
19,675 (18.81%), 19,940 (19.06), and 12,377 (11.83%) unigenes
which annotated to the NR, NT, KO, Swiss-Prot, Pfam, GO, and KOG
database, respectively. The comparisons of unigene annotation in
the NT, NR, KOG, GO, and Pfam databases were showed in a Venn

Table 2
Antifeedant activity of PDS.

Concentration (mg/ml) 24h 48h 72h

Eating area(mm2) Anti-feeding rate(%) Eating area(mm2) Anti-feeding rate(%) Eating area(mm2) Anti-feeding rate(%)

2.5 361.60�15.01 29.53d 510.00�33.78 44.35d 399.80�15.91 33.98d
5 345.24�20.07 32.76d 475.33�33.97 47.97d 391.84�25.47 35.46d
10 314.67�28.36 38.82c 425.25�24.85 53.57c 343.63�4.73 43.35c
25 272.15�19.63 46.83b 318.67�26.12 65.32b 312.67�19.50 48.43b
50 223.27�9.85 56.47a 234.52�22.07 74.38a 275.33�26.02 51.93a
CK 513.67�16.92 e 916.33�58.59 e 602.67�15.28 e

Note: The data with different capital letters in same column show extremely significant difference (p�0.01); the data with different little letters in same column show
significant difference (p�0.05).

Table 3
Effect of PDS on body weight.

Concentration (mg/ml) Initial weight (mg) Weight after 72h (mg) Inhibition rate of weight(%)

2.5 32.74�2.32a 79.92�5.50a 5.10
5 30.54�2.51a 70.11�6.47b 20.41
10 29.42�2.79a 54.34�5.78c 49.88
25 30.14�4.84a 45.39�4.02d 69.34
50 32.40�32.97a 38.66�2.78e 87.41
CK 33.10�2.27a 82.82�7.84a e

Note: The data with different capital letters in same column show extremely significant difference (p�0.01); the data with different little letters in same column show
significant difference (p�0.05).

Table 4
Assemble length distribution.

Transcripts Unigenes

Number 153740 104575
Min Length 201 nt 201 nt
Max Length 29016 nt 29016 nt
Mean Length 428nt 336 nt
N50 2096 nt 1466 nt
Total Nucleotides 152138941 75990654

Table 5
Illumina sequence data summary.

Sample Raw Reads Clean reads Clean bases Error(%) Q20(%) Q30(%) GC(%)

CK_1 47969924 46727642 7.01G 0.02 97.18 92.74 48.71
CK_2 48210238 46983082 7.05G 0.02 97.26 92.88 47.39
CK_3 47621326 46338836 6.95G 0.02 97.22 92.86 48.81
C10_1 51912874 50507622 7.58G 0.02 97.3 93.04 48.05
C10_2 54575068 53123724 7.97G 0.02 97.24 92.88 47.86
C10_3 43434834 42308338 6.35G 0.02 97.16 92.72 47.98
C25_1 53046134 51653988 7.75G 0.02 97.21 92.85 47.72
C25_2 50670778 49335294 7.4G 0.02 97.2 92.83 47.43
C25_3 48802216 47529824 7.13G 0.02 97.22 92.87 48.21
C5_1 46545984 45367348 6.81G 0.02 97.36 93.08 48.36
C5_2 48159566 46831892 7.02G 0.02 97.22 92.85 48.22
C5_3 43800040 42646128 6.4G 0.02 97.31 93.03 48.56
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diagram (Fig. 2). BLASTx homology searches of all the annotated
31,698 unigenes showed that 25,123 (79.26%) had homologous
genes in the nonredundant (NR) protein database. The best match
percentage (27.8%) was with Bombyx mori sequences, followed by
sequences from Danaus plexippus (15.5%), Plutella xylostella (14.6%),
Sus scrofa (5.6%), and Homo sapiens (4.6%) (Fig. 3).

3.4. DEGs analysis of Ostrinia furnacalis with different extracts
concentration treatments

To better investigate the biological mechanism of antifeedants
in ACB, it is critical to identify the DEGs among different extracts
concentration treatments. A high number of unigenes were
affected with different extracts concentration treatments. Of all the
genes, only the genes that adjusted p value not more than 0.001
were considered significant. The DEGs were compared under the
CK, C5, C10, and C25 group. Therewere 377 DEGs between group C5
and CK; 1,119 DEGs between group C10 and CK; whereas in the
comparisons between C25 and CK, 1,906 DEGs were differently
expressed (Fig. 4). In this study, DEGswith higher expression in PDS
treatment compared with CK were represented as “upregulated”
genes, whereas those with lower expression levels in PDS treat-
ment were “downregulated” genes. The expression levels of 162,
342, and 693 genes were upregulated in the C5, C10, and C25,
respectively, whereas the other 215, 777, and 1,213 genes showed
downregulated. Overall, the amount of downregulated genes was
more than the upregulated genes. The hierarchical cluster analysis
showed that expression patterns were more similar in C5 and CK
than those in C25 and C10 (Fig. 5). But there was still a big differ-
ence in C5 and CK.

3.5. Functional distribution of DEGs

To investigate the biological event that DEGs mainly involved
during bolting development, a functional categorization was car-
ried out with the GO analysis (Fig. 6).

Fig. 1. Mean value of correlation coefficient of biological repeated samples. The darker color indicates the greater value of the correlation coefficient.
CK, control check.

Fig. 2. Unigenes annotation in different database. Different colors represent different
databases or intersection of different databases.
GO, Gene Ontology; NR, NCBI nonredundant protein sequences; NT, NCBI nonredun-
dant nucleotide sequences; Pfam, Protein family.
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The clustering results, GO enrichment of downregulated DEGs,
and the total DEGs were obtained in each comparison. The GO
enrichment results (C5 vs. CK, C10 vs. CK, C25 vs. CK, C10 vs. C5, C25
vs. C5, and C25 vs. C10) were shown in supplementary 1 to 6. In the
GO clustering results, GO terms “catalytic activity”, “oxidoreductase
activity”, “hydrolase activity”, “iron ion binding”, “fatty acid meta-
bolic process”, “lipid metabolic process,” and “NADP metabolic

process” were significantly enriched in comparison of extracts
treatment and control, especially in the high concentration treat-
ment (C10 and C25, q � 0.001). In the GO terms aforementioned,
the top enriched term was catalytic activity, which belongs to the
molecular function category. The result showed that there were
greater differences in the result of enriched GO terms in both the
comparisons, C10 versus CK and C25 versus CK, than the compar-
ison between C5 and CK, not just in the number of DEGs. In other
words, with the increase in the concentration of extracts, the dif-
ference between treatment and control groupwas becoming wider.
In catalytic activity GO term, 84 significantly downregulated genes
were found (q < 0.05), including the key enzymes in drug meta-
bolism cytochrome P450.

The antifeedants reaction of Ostrinia furnacalis is a coreaction
result of many inner-cell metabolic pathways. KEGG pathway
analysis was carried out to judge the DEGs function and pathways
enrichment. Fatty acid degradation, biosynthesis of unsaturated
fatty acids, and peroxisome proliferatoreactivated receptor (PPAR)
signaling pathways were the critical signaling pathways in the top-
10 enriched pathways (q � 0.05) in extracts treatment, compared
with CK(Fig. 7). The KEGG pathway enrichment of DEGs in extracts
treatment was shown in supplementary 7 to 12. The KEGG pathway
of PPAR signaling pathway showed statistical significance (q� 0.01)
when the extracts treatment was compared with the control group,
whereas the comparisons with that of the C10 versus C5 and C25

Fig. 3. The percentage of annotated unigenes when matched with different species.
Different colors represent different species.

Fig. 4. Statistical result of differently expressed genes. (A) The common and specific DEGs in different comparison (C5 versus CK, C10 versus CK, and C25 versus CK). (B) The
upregulated and downregulated genes in the comparison of C5 and CK. (C) The upregulated and downregulated genes in the comparison of C10 and CK. (D) The upregulated and
downregulated genes in the comparison of C25 and CK.
CK, control check; DEG, differently expressed gene.
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versus C10 did not show any significant enrichment results in PPAR
signaling pathway (q � 0.05). The results showed that 6, 24, and 26
differently expressed unigenes were detected in C5, C10, and C25,
respectively, compared with CK. According to the annotation re-
sults, the genes FATP and FABP (key genes in PPAR signaling
pathway) both showed downregulated in extracts treatment.
Meanwhile, the genes SCD, ACO, SCP, and so forth in the pathway
also showed differential expressions. In addition, the glutathione
metabolism pathway was also significantly enriched. Interestingly,
in the glutathione metabolism pathway, all the DEGs were down-
regulated after PDS treatment, which included the key genes GST,
CARP, and GPX.

3.6. Expression profile analysis by RT-qPCR

To validate the differential expression patterns of DEGs, the
transcriptional level of 13 unigenes was examined by real-time
quantitative PCR. The 13 unigenes included the transcript of FATP
(c50620_g1 and c55114_g3) and FABP (c49424_g3) in PPAR
signaling pathway and cytochrome P450 (c20892_g1, c50240_g6,
and c53242_g1) in the catalytic activity GO terms. SCD-1
(c55056_g1, c48666_g1) and ACO (c56307_g1, c54537_g1, and
c52770_g1), as the downstream gene of FATP and FABP which can
influence the function of fatty acid degradation pathway, were also
verified in this study. All the primers designed to the ACB were
shown in Table 6. These selected genes were related to fatty acid
degradation and PPAR signaling pathway. The results of RT-PCR
were consistent with the RNA-Seq result; all the unigenes were

significantly downregulated when compared with CK (p < 0.01,
Fig. 8).

4. Discussion

Ginsenosides represent the major bioactive components of
ginseng. These triterpenoid saponins have shown to exert numerous
beneficial effects on the human body [45e48]. In the 72 h after PDS
treatment, the antifeedant rate increased first and then decreased,
and the average antifeedant rate had the highest value in 48 h. This
may be related to the tolerance of larvae to drugs. Similar results
were also found in the study by Zhang et al [14]. However, the
mechanism of PDS bioactive to ACB is not clear. We performed a
transcriptome analysis of ACB treated with different concentrations.
The reference genome of ACB has not yet been published, which
created a great limit to the functional genomics research, but the
transcription information of no reference genome insect can be
achieved because the de novo RNA-seq assembly technology has
matured. Four groups were set in this study, including CK group, C5,
C10, and C25 ginseng extract treatments to research the molecular
mechanisms of ginseng extract effectiveness.

In this study, 87.71 Giga Illumina sequence data were generated,
and for each sample not less than 6.51 Giga, the amount of sequence
datawas enough for analyzing de novo transcriptome assembly [49].
ForACB, as anonmodel insectwithouta referencegenomesequence,
the assembly by Trinity was better than that of other programs [32].
In the result of transcriptome sequencing and sequence assembly,
these reads were assembled into 104,575 unigenes longer than 200
nt, which was close to the research by Liu et al in 2014 [50]. The size
distribution indicated that the ratio of unigenes with a length of
200e1000 bp was 83.3%, while the length of 17,399 (13.51%) unig-
enes was more than 1000 bp. It was significantly larger than that in
previous insect transcriptome projects [51,52].

Comparison of gene expression among the different treatment
groups in the present experiment is helpful for identification of
candidate genes underlying response to different concentrations
extract of ginseng treatment in ACB. In this study, we detected a
total of 2,125 unigenes which were differentially expressed be-
tween the comparison of C5 versus CK, C10 versus CK, and C25
versus CK (q.value < 0.005j log2.Fold_changej>1). This result
showed that the higher concentration of ginseng extract treatment,
the greater number of DEGs, and the main components of ginseng
extracts (total ginsenoside) were PDS [53], which indicated that
higher concentration of PDS treatment can lead to greater tran-
scription impact on ACB. To further unravel the significantly altered
biological processes on PDS stress, the upregulated and down-
regulated genes were subjected to the GO term enrichment anal-
ysis. There were 13, 72, and 117 GO terms that showed significant
enrichment in the comparison of C5, C10, and C25 versus CK,
respectively (q value < 0.01), but no significantly enriched GO
terms were found in the upregulated genes. Of all the enriched GO
terms, iron ion binding (GO:0005506) was a common one in the
three comparisons, which was not significant in the comparison of
C10 versus C5, C25 versus C5, and C25 versus C10. Meanwhile,
catalytic activity (GO:0003824) was also significantly enriched GO
terms (q value < 0.01). The results indicated that a large number of
catalytic activity related genes were downregulated, which may
lead to the decreased of catalytic activity. Among the genes that
were clustered into enzyme activity, the downregulated expression
that was proved may cause enzyme activity to decrease [54]. From
the results, it was speculated that ginseng PDS may lead to the
alteration of enzyme activation, and reduced form of iron (Fe2þ)
was necessary for some enzyme catalytic activity [55,56], which
matched with our result of the iron ion binding GO term. In addi-
tion, P450 enzyme played a key role in the catalytic activity

Fig. 5. Cluster analysis of differentially expressed genes. Red indicates high expression,
and blue indicates low expression. Color from red to blue, said log10 (FPKMþ1) from
large to small.
CK, control check; FPKM, fragments per kilobase of exon model per million mapped
reads.
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Fig. 6. GO functional categorization. X-axis represents the GO terms; Y-axis represents the number of DEGs. BP, MF, and CC represent biological process, molecular function, and
cellular component, respectively.
CK, control check; DEG, differently expressed gene; GO, Gene Ontology.
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regulation of enzyme [57,58]. In this study, PDS showed inhibitory
effects on the expression of cytochrome P450, and most of the
catalytic activityeenriched unigenes were associated with cyto-
chrome P450. Similarly, a similar phenomenon has been found in
previous studies [59,60]. Therefore, we hypothesized that the
inhibitory effect of ginsenoside on the enzyme activity was mainly
achieved by downregulating the expression of cytochrome P450.
The unigenes associated with cytochrome P450 were also verified
by PCR; the result also showed the downregulation was matched
with the sequence result. The PPAR was a ligand-dependent nu-
clear receptor that has been implicated in the modulation of critical
aspects of development and homeostasis [61], including adipocyte
differentiation, glucose metabolism [62,63], and macrophage
development and function [64]. PPAR had three subtypes (PPAR-
alpha, beta/delta, and gamma) showing different expression

patterns in vertebrates [65,66]. Each of them was encoded in a
separate gene and binds fatty acids and eicosanoids. There were a
lot of research results showing that ginseng can cause changes in
the PPAR pathway, which was one of the key pathways of ginse-
noside pharmacological action [67e69]. The metabolism and syn-
thesis of glutathione play an important role in insect growth and
development, and GSTs were an important component of insect
detoxifying enzymes [70]. A notable example of the function of
glutathione (GSH) in insect intaking plants was the detoxifying
effect of detoxifying enzymes on allyl isothiocyanate, and the pre-
vious studies have shown that isothiocyanates have insecticidal
activity [71]. In this study, glutathione metabolism pathways were
significantly affected by the PDS, and the GSTs showed down-
regulated in the C5, C10, and C25. PDS showed a powerful influence
on the PPAR signaling pathway (ko03320). The PPARs have been

Fig. 7. KEGG functional categorization. The vertical axis represents the name of the pathway; the horizontal axis represents pathway corresponding rich factor. The size of q value
was represented by the color of the point; the smaller the q value, the closer to the color of red.
CK, control check; PPAR, peroxisome proliferatoreactivated receptor.

Table 6
Primer for qRT-PCR.

Unigene Primer sequences (5ʹ-3ʹ) Annealing temperature (�C) Product length (bp)

c20892_g1 F: GTGCCTTTTATCTTCGCCTACT 57.8 142
R: GGAACGCCTCAGAAAGATTG 57.3

c50240_g6 F: AGATTTCTACTACTTCAGCAGCCG 59.6 116
R: GGTTTTGACGCAACACCTTC 57.9

c53242_g1 F: TTCGCAGACTTTACAACGGAC 58.1 134
R: CTCAACCCTCTGATGAAGTCGT 58.3

c50620_g1 F: CAACAAAATGGGAGCAATAGG 57.7 75
R: TCTACTTTCAGAATAGCGATGGG 58.5

c55114_g3 F: ATGCTGTGGTCTATGGTGTTGA 57.8 234
R: CTTTATTTGGGTCGTAGCCTTC 58.1

c49424_g3 F: GTGCCAAGGTCAAGTCAGTGT 57.2 129
R: CGGTCATCACAGCCTTCAAC 58.5

c55056_g1 F: GGTTTCCACAACTACCACCACA 59.7 142
R: CGTCGGAGACCGTTTTCAA 59.2

c48666_g1 F: TCCTTACGGTATGTTTGGCG 58.8 230
R: TGTCTGCTTTCTGGACTGGG 58.2

c56307_g1 F: TACGACGCAAAGACTGAGGAA 58.5 158
R: TGAACTATGAAGGGGTGGATG 57.3

c54537_g1 F: GAAGCAGTATTTCCCCGATTT 58.0 229
R: TTGGACAGAGTACATGCGTTTG 58.8

c52770_g1 F: TAACGGGTTTCTTGGCTTTG 58.2 248
R: GTTCTGGTCCATCCTTTCTCAC 57.7

c45463_g2 F: GTTTTGGCGGTGGTGACTT 58.0 128
R: GGCTTCTTGGTTTACATCCCT 57.8

c54918_g4 F: GACTGATTGACGAGCCACTACTT 58.0 93
R: TCTTCTCCGCCTTGGTCTTA 57.5

Of- actin F: ATCATCACCAACTGGGACGA 58.0 139
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Fig. 8. Expression profile analysis by RT-qPCR. The data represent the mean value of the results of three to nine independent experiments. *p < 0.05. **p < 0.01 compared with
untreated control.
CK, control check; RT-qPCR, quantitative reverse-transcription polymerase chain reaction.

Fig. 9. DEGs in PPAR signaling pathway. Genes in green box represent downregulated genes, and genes in red box represent upregulated genes.
DEG, differently expressed genes; PPAR, peroxisome proliferatoreactivated receptor; CPT, carnitine O-palmitoyltransferase.
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proved that they can adjust the balance of glutathione system
in vivo to improve oxidative stress [72]. Based on our results, PDS
initiated changes of the DEGs in PPAR signaling pathway. When the
content of PPARs was changed, the glutathione metabolism
pathway was further affected, of which the key regulatory gene GST
was downregulated. The instability of GSH content leads to the
enrichment of isothiocyanates content in insects, which has a great
influence on the growth and development, and even death. In
addition, PPAR can mediate induction of the fatty acid hydroxylases
of the cytochrome P450 4A family by many acidic chemicals [73],
which was also confirmed in our results in the inhibition of the
cytochrome P450 expression, and then affected the activity of en-
zymes subsequently. In the present study, the key gene in PPAR
signaling pathway FATP and FABP was downregulated with the
treatment of PDS and then caused the expression of downstream
genes including SCD-1, ACBP, LPL, SCP-X, and ACO, which directly
affected the downstream changes in fatty acid metabolism. The
KEGG pathway fatty acid degradation (ko00071) was greatly
affected (Fig. 9). To a certain extent, fatty acid metabolism was
disturbed, due to the weight of ACB reduction. From all the results,
it is concluded that PDS caused antifeedant effect by inhibiting the
expression of genes in PPAR signaling pathway and then affected
the downstream glutathione metabolism and fatty acid degrada-
tion pathway. The FATP and FABP were the key regulators in the
PPAR, the downregulation of which caused the SCD-1, ACBP, LPL,
SCP-X, and ACO expression to decrease. Not only that, PDS treat-
ment led to enzyme activity decrease by inhibiting the expression
of genes associated with catalytic activity, such as cytochrome P450
and other similar genes. By this aforementioned biological effect,
PDS played a big role in the antifeedants action of ACB.
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