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Abstract: Rice is an indispensable crop in East and Southeast Asia, and the study of its biological
characteristics has important value. We observed that different cultivars of rice have different lev-
els of resistance to the brown planthopper (BPH), Nilaparvata lugens. In this study, transcriptome
sequencing was used to analyze the differentially expressed genes (DEGs) of three rice varieties
caused by BPH damage combined with physical stimulation and controls. We performed weighted
correlation network analysis (WGCNA) and found a module positively related to physical stimu-
lation. KEGG analysis showed that this module is strongly related to the ribosome pathway.
Through comparative analysis with controls, we found the differential genes of each cultivar after
BPH damage; through trend analysis, we found the differential genes shared by the three varieties
after BPH damage. The KEGG/GO enrichment analysis of these genes found that they are mainly
functionally concentrated in signal transduction, redox reactions, etc. The results of this research
will be helpful to study the molecular mechanism of the BPH-rice interaction, identify resistance
genes, and facilitate further studies on molecular resistance breeding and pest control.
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1. Introduction

Rice (Oryza sativa L.) is one of the most important food crops. It has a long history
of cultivation and consumption and is a primary source of food for more than half the
world’s population. [1-3]. It is reported that rice is the third most produced crop in the
world, after sugarcane and maize [4]. The brown planthopper (BPH), Nilaparvata lugens
(Stal), a monophagous phytophagous insect, is acknowledged as one of the most im-
portant pests of rice [5,6]. The BPH is a piercing and sucking insect that sucks the juice
from the phloem of rice sheath tissue, and it transmits viruses associated with grassy
stunt and ragged stunt diseases, which could lead to millions of tons of rice being dam-
aged or even complete losses [7-9]. In view of the importance of rice, BPH control has
long attracted serious attention from farmers, governments, and agricultural research-
ers. Various pest control strategies, including agricultural, chemical, and biological con-
trol have been used for BPH management [10-12]. However, the most effective strategy
for managing the BPH is the use of chemical insecticides. Despite their high efficacy, the
overuse of these insecticides has led to the development of insect resistance and envi-
ronmental pollution. Thus, there is an urgent need to develop a new, safe, and environ-
mentally friendly pest management strategy.

A multi-layered approach that includes chemical, physical, biological, and genetic
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methods has been developed to enhance rice resistance to the BPH [13,14]. The BPH
shows wing dimorphism for both sexes: adults with full wings (macropterous form) and
adults with truncated wings (brachypterous form) [15,16]. Macropterous adults are po-
tential migrants and are responsible for colonizing new fields. Their migrations, howev-
er, are influenced by a number of factors, such as food, geography, and meteorological
factors [17,18]. Therefore, it is difficult to accurately forecast when and where the mi-
grants will land, and once the migrants settle down and produce the next generation of
BPHs in a non-resistant rice field, economic loss will be inevitable. Hence, we believe
BPH-resistant rice breeding is one of the best control methods.

Host-plant resistance (HPR) is a result of co-evolution and has played an important
role in integrated pest management (IPM) [19-22]. HPR affects the host selection process
or makes plants less suitable than normal plants for insect growth, survival, or repro-
duction [23-25]. Depending on whether the causal factors are internal or external stimu-
li, resistance can be divided into constitutive resistance and induced resistance [26]. As
phloem-feeding insects, BPHs stay at the base of the rice tillers, probe into the phloem
with their piercing/sucking mouthpart, release saliva secretions, and suck the plant sap
[27,28]. In BPH-resistant rice, with the exception of constitutive resistance, physical
probing, sucking, and salivary secretions are all capable of triggering induced resistance
[29,30].

Transcriptome analysis has been shown to be an effective approach to detecting
plant-insect interactions. Many transcriptome studies have analyzed the response of rice
to BPH invasion. Li et al. compared the gene expression differences before and after in-
fection with BPHs of the resistant rice variety “Rathu Heenati”; a total of 23 anti-BPH
candidate genes were screened out from the analysis of expression patterns, and the SA
content was significantly increased after infection with BPHs [31]. By comparing the dif-
ferences in gene changes caused by BPH and striped stem borer (SSB) infestation in rice,
multiple signaling pathways and gene expression patterns, including phytohormone bi-
osynthesis, signal transduction, secondary metabolites, defense responses, and tran-
scription factors, were found to be significantly different [32]. Studying the different
types of responses induced by the BPH in rice plants will help us further understand the
molecular mechanisms of pest recognition, response, and activation of different signal-
ing pathways.

In this study, to investigate BPH resistance in different rice cultivars at the RNA
level, we generated transcriptomic data for three rice cultivars, namely, Guanghui 308
(GH308, an insect-resistant cultivar), Yuehe Simiao (HRO05, an insect-resistant cultivar),
and TN1 (a highly susceptible rice cultivar). These RNA sequence reads were intended
to provide new data to analyze BPH resistance in different rice varieties.

2. Materials and Methods
2.1. Insects and Plants

The BPH strain was originally collected in 2018 from a rice field in Fuzhou, Fujian
Province, China, and was maintained in insect-proof greenhouses at 28 + 1 °C under a
14:10 photoperiod, and 60 + 5% relative humidity on TN1 rice plants. Nine rectangular
plastic basins (length: 40 cm; width: 20 cm; height: 10 cm) filled with soggy soil were set
up. In each basin, thirty seeds of GH308, HR05, and TN1 were planted in the soil and
arranged in three lines, as shown in Figure 1. To ensure 100% emergence, all tested seeds
were healthy and soaked in water for 24 h before sowing. The nine basins of seeds were
grown in a greenhouse for 10 days to two leaves.
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Figure 1. Experimental flow chart. Sample collection, transcriptome sequencing, and bioinformat-
ics analysis. Three rice cultivars (GH308, HR05, and TN1) were exposed to BPH feeding and sub-
jected to mechanical damage to simulate insect piercing, or kept unharmed (control). After 24 h,
the stems were collected for transcriptome analysis (1 = 3).

2.2. Sample Collection

The 9 basins of seedlings were divided into three groups —two treatments and one
control, —and set up as follows: In group 1, for each basin, 300 BPH nymphs (3rd—4th in-
star) were released and allowed to freely move and feed on the 30 seedlings for the next
24 h. Then, five stems of each rice cultivar were cut, put into three cryo tubes and quick-
ly stored in a -80 °C refrigerator. The tubes were labeled GH308-IB, HR05-IB, and
TN1-IB. In group 2, the stems of each seedling were pricked 10 times randomly every
hour for 24 h, as a simulation of insect piercing, and then five stems of each rice cultivar
were cut, put into three cryo tubes, and quickly stored in a =80 °C refrigerator (labeled
GH308-MIB, HR05-MIB, and TN1-MIB). In group 3, the last three basins were not sub-
jected to any treatment and were designated as controls. After 24 h, the stems were col-
lected as described above (labeled GH308-CK, HR05-CK, and TN1-CK) (Figure 1).

2.3. RNA Extraction and Sequencing

The total RNA of rice stems was isolated by using TRIzol™ Reagent (Invitrogen,
CA, USA) and treated with DNase I (RNase-free) (Novagen, Shanghai, China) according
to the manufacturer’s instructions. Stringent RNA quality control (RNA integrity num-
ber, purity, and concentration) was analyzed using an Agilent 2100 Bioanalyzer. Then,
the total RNA was sent to QianTang Biotech Co. Ltd. (Suzhou, China) for sequencing.

The total RNA (more than 2 ug) extracted from each sample was used to construct
the cDNA libraries. Firstly, polyadenylated RNAs (nRNAs) were purified and retrieved
using magnetic beads coated with poly-T oligo. Then, the mRNAs were fragmented and
subjected to reverse transcription. Lastly, a single “A” base was added to the dscDNAs,
and specific [llumina adapters were ligated to the repaired ends. Fragments of about 200
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bp were purified and retrieved from the gels. The fragments were enriched via PCR to
construct the fragmented cDNA library, and the Illumina Novaseq6000 was used for
sequencing. The quality values and information of PE reads were generated using
base-calling procedures and Illumina sequencing by synthesis.

2.4. Quality Control and Correlation Analysis of Transcriptome Data

The data volume and quality of each sample met the normal transcriptome data
quality standards (Table S1) [33,34]. In order to evaluate the reliability of the transcrip-
tome data, we used the correlation function in the R statistical language to conduct a
Pearson correlation test, which was used to evaluate the differences within the sample
group. The color depth indicates the strength of the correlation. Correlation coefficients
ranging from 0.8-1.0 represent an extremely strong correlation; those ranging from 0.6-
0.8 represent a strong correlation; those ranging from 0.4-0.6 represent a moderate cor-
relation; and those ranging from 0.2-0.4 represent a weak correlation. The correlations
within the sample group were all greater than 0.75, indicating that the biological repli-
cate samples within the group had a high level of consistency (Figure 2).

oroome_1 T-distance

ddddd

¥ r:E Y EEYOY 2z z z =z

Figure 2. Correlation heat map of all samples. The dark red color indicates a high level of correla-
tion between samples, while the white color indicates a low ratio of correlation.

2.5. Transcriptome Analysis

The FastQC21 program was used to control the quality of the raw data and produce
statistics about the size and quality data. Illumina adapters and RNA-seq reads with low
quality were trimmed using trimmomatic
(https://www .bioinformatics.babraham.ac.uk/projects/fastqc/) (accessed on 1 May 2022).
After filtering, clean reads were aligned to the Nipponbare reference genome using
HiSAT#. The resulting BAM files were subjected to the HTseq program 24 for read
counting. Differentially expressed genes (DEGs) were identified with the DEseq2 pack-
age, with the following cutoffs: [1ogFC| > 2, Padj < 0.05, and FDR < 0.05.

Finally, the functional implications of these differentially expressed genes were in-
vestigated using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG). For GO annotation, three aspects of gene function were tested: molecu-
lar function, cellular component, and biological process. After that, based on the KEGG
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database, which integrates genomic, chemical, and system function information, we
linked genes to macrosystem functions and visualized the analysis results.

2.6. Trend and WGCNA Analysis

The OmicShare online trend analysis tool
(https://www.omicshare.com/tools/Home/Soft/trend) (accessed on 15 May 2022) was
used to analyze the trends of the above-mentioned differential genes. The parameter set-
tings were as follows: the number of trends was 20; the data were preprocessed with
log?2; the p-value for significant trends was 0.05; and the fold change was 2.

The WGCNA R package was used to perform weighted analysis on all genes. The
procedure is as follows: import the FPKM list and corresponding phenotype data list;
check and filter the FPKM list; and remove rows that contain invalid values or whose
mean FPKM is less than 0.5; screen the 3 values (1-30) and construct a proximity matrix
and a topological matrix; use the dissimilarity between genes to cluster genes; and then
use the dynamic cutting method to cut the tree into different modules (the minimum
number of genes in each module is 30) and merge the modules.

2.7. Real-Time Fluorescence Quantitative PCR

In order to verify the accuracy of our RNA-seq analysis. An AP2 domain-containing
protein gene (forward: 5-TGTATGGTCCCACAGCACG-3; reverse:
5-CATTAGCCACGATGAAAGG-3") and a Subl1C gene (forward:
5-CGGCAACGCCAAGACCAA-3’; reverse: 5-TCGGAGCAGCACTCGATGAG-3') were
randomly selected for qRT-PCR analysis. The total RNA (1 ug) of each sample was used
for qRT-PCR analysis with the PrimeScript® RT reagent Kit following the instructions
(Takara, Dalian, China), and the actin gene (forward:
5-TATTGTCAACAACTGGGATG-3'; reverse: 5-TCATAGGAGCCTCGGTCA-3') was
used as a housekeeping gene. The TB Green Premix Ex Tag™ II (Takara) was used for the
qRT-PCR, with the following protocol: 94 °C for 3 min, 94 °C for 20 s for 40 cycles, and
60 °C for 34 s in the real-time PCR system. The 2-24t method was used for the relative
quantification of genes.

3. Results
3.1. Identification of DEGs in Response to BPH

To investigate the difference between BPH-damaged rice samples and control sam-
ples (CKs) without any treatment, DEGs were identified by comparing BPH-damaged
rice samples to control samples (CKs) without any treatment. In GH308, 2527 genes were
differentially expressed in BPH-damaged samples compared to CK, of which 446 genes
were up-regulated and 2081 genes were down-regulated. In HRO5, 1962 genes were dif-
ferentially expressed, of which 919 were up-regulated and 1043 were down-regulated. In
addition, 584 genes showed differential expression in TN1, of which 132 were
up-regulated and 452 were down-regulated (Figure 3). Then, we performed KEGG
analysis on the DEGs of the three rice cultivars. It was shown that BPH-damaged rice
samples had many significantly differentially expressed genes, and the differences in the
number of varied genes were also significantly different among the three rice cultivars
(Tables S2-54).
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Figure 3. Statistics of differentially expressed genes in response to BPH stress.

3.2. Consistently Regulated Genes in the Three Rice Cultivars under BPH Stress

To identify consistently regulated genes that might be related to BPH resistance, the
aforementioned genes were subjected to trend analysis. These genes were enriched into
20 model gene sets, 2 of which showed consistent up-regulation (Figure 4a) or
down-regulation (Figure 4b) patterns in response to the BPH across all of the tested rice
cultivars. However, other gene sets showed inconsistent responses to the BPH in all
three rice cultivars, with some of them being up-regulated, some down-regulated, and
some unchanged (Figure 4c—f). A total of 235 protein-coding genes were up-regulated
after BPH damage in Module a, while 689 genes were down-regulated in Module b. In
the analysis of up-regulated genes (Padj < 0.05), some were enriched at the molecular
function level, most of which are related to redox reactions, such as GO: 0016684 oxi-
doreductase activity; GO: 0004601 peroxidase activity, acting on peroxide as acceptors;
and GO: 0016209 antioxidant activity. Some were enriched at the biological process level,
mainly focusing on the redox reaction process and cell detoxification, such as GO:
0097237 cellular response to toxic substance; GO: 1990748 cellular detoxification; GO:
0042744 hydrogen peroxide catabolic process; GO: 0017001 antibiotic catabolic process;
GO: 0098754 detoxification; GO: 0098869 cellular oxidant detoxification; GO: 0009636
response to toxic substance; and GO: 0042743 hydrogen peroxide metabolic process. In
the analysis of down-regulated genes (Padj < 0.05), there was a series of terms related to
plant response to stress, such as GO: 0009408 response to heat; GO: 0009266 response to
temperature stimulus; GO: 1901700 response to oxygen-containing compound; GO:
0042221 response to chemical; GO: 0042542 response to hydrogen peroxide; GO: 0050896
response to stimulus; GO: 0042493 response to drug; and GO: 0000302 response to reac-
tive oxygen species. KEGG analysis showed (p < 0.05) that the genes of the two modules
were enriched in six different pathways, mainly related to signal transduction, organic
acid metabolism, and starch and sucrose metabolism (Figure 5a,b).
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Figure 4. Six expression patterns (a—f) of DEGs were found in different rice samples. GH308,
HRO5, and TNT1 are the three rice varieties. CK indicates control samples. IB represents rice sam-
ples that were infected by BHPs. Each module was statistically significant, with p values < 0.05.
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Figure 5. Functional annotation of consistent DEGs in the three rice varieties. KEGG pathway
analysis of 235 up-regulated genes (a) and 689 down-regulated genes (b). The x-axis represents the
number of genes in each pathway, and the y-axis shows the top six enriched KEGG pathways.
Colors in the bar plots indicate statistical significance in log format.

Transcription factors (TFs) play important roles in the growth and development of
plants [32]. We further analyzed the function of TFs in response to the BPH. A total of 73
TFs were identified from the genes that were present in Modules a and b (Figure 6).
These genes belong to a series of functionally important TF families, including
AP2-EREBP (eight genes), bHLH (eight), MYB (eight), ARF (six), G2-like (four), and
NAC (four) (Figure 6). In addition, these TF genes were sorted from high to low accord-
ing to their average expression level in the tested samples. Notably, the top four genes
were consistently up-regulated after BPH treatment. The gene with the highest expres-
sion level was a B-box zinc finger family protein with an unknown function. The second
gene was OsCOL4, which is a constitutive flowering repressor, and the following two
genes were two ethylene-responsive element binding proteins, suggesting that ethylene
played an important role in response to the BPH (Table S5).
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Figure 6. Identification of differentially expressed transcription factors with consistent expression
patterns among the three rice cultivars.

3.3. WGCNA Analysis of Different Experimental Conditions

In order to further study the difference between BPH-damaged, artificially dam-
aged, and control samples, we performed WGCNA analysis on the 27 samples (Figure
7). A total of 23 related gene modules were screened. There was no module with a high
correlation with the BPH-damaged samples; however, there was a module with a high
correlation with the physically damaged samples (Figure 8). There are 254 genes in this
module, and we performed KEGG on the gene list. The KEGG enrichment results show
that there is only one pathway related to the ribosome pathway (p < 0.05). There are 254
genes in this module, of which 95 are involved in the ribosomal pathway. This suggests
that the process of ribosome synthesis is likely indispensable in the process of physical
stimulation.
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Figure 7. WGCNA co-expression analysis of 27 rice samples. The upper panel shows gene clusters
based on their expression patterns. Genes that cluster in the same clade share a similar expression
pattern. The gene clusters are further indicated using different colors in the lower panel.
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Figure 8. Correlation between identified co-expression modules and sample treatments. The x-axis
includes three different treatments. CK indicates control samples without any treatment. MIB in-
dicates artificially damaged samples without BPH infection. IB indicates rice samples with BPH
infection. The y-axis shows different co-expression modules. The color indicates correlation values
ranging from -1 to 1. These values are also listed in the upper line of each module block. A higher
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3.4. Technical Validation

We validated the accuracy of our RNA-seq analysis based on gqRT-PCR. An AP2
domain containing protein gene and a SublC gene were randomly selected for testing.
Our analysis showed that these genes in RNA-seq agreed with the results of the
qRT-PCR. The qRT-PCR results and RNA-seq analysis were highly consistent, which
supports the accuracy of our analysis (Figure 9).
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Figure 9. Validation of RNA-seq results using gqRT-PCR. An AP2 domain-containing gene and a
Sub1C gene were randomly selected for testing. The blue column represents the fold change of the
gqPCR quantification of each gene between BPH-treated and control samples, and the red dot rep-
resents the fold change of the RNA-seq quantification in the same comparison.

4. Discussion

Pest management is an enormous task around the world, as the increasing risk of
pest damage causes public health issues as well as global food shortages due to de-
creased productivity of key food commodities [22,35]. A series of approaches have been
introduced into pest control, including molecular resistance breeding [36-38]. The in-
troduction of the Bt protein confers resistance to bollworms, saving millions of dollars in
cotton production [39]. However, the genetic modification approach has not been used
in rice production in China thus far. Despite the merits of the aforementioned integrated
pest control strategies, molecular breeding of pest-resistant cultivars serves as an opti-
mized option to prevent pest damage without introducing new risks for human health.

Rice is one of the most important food resources for humans. The breeding of re-
sistant rice varieties in response to BPH damage is urgently needed. To investigate the
potential functional genes that are involved in rice plant responses to BPH damage, we
produced and analyzed RNA-seq data collected from three different rice varieties. In
response to BPH treatment, a total of 924 genes showed consistent, regulated expression
patterns in the three rice varieties. These genes were mainly core genes in rice, involved
in basic biological processes such as signal transduction and secondary carbohydrate
and glycan metabolism. A similar result was reported by Li et al. [32], who found that
both SSB and BPH infestation could induce up-regulation of the SA signal transduction
gene NPR1, which can activate the downstream plant defense response. Based on the
functional annotation, we speculated that these genes are likely indispensable in trans-
mitting the physical stimuli and chemical signals of the BPH to the metabolic network
through a series of signaling pathways. Previous studies showed that plant hormones
were essential in response to the BPH [31,32]. Through GO and KEGG analysis, we
found that after BPH damage, rice undergoes relatively large changes in the redox reac-
tion, cell wall synthesis, hormone regulation, and signal transduction, and a series of
genes that respond to stress are activated. Our research also found that BHP treatment
elevated the expression of ethylene-responsive elements at the mRNA level. This result
also implies that rice needs a phytohormone-responsive defense response to BPH feed-
ing.

Transcription factors play an important role in regulating gene expression and sig-
naling. In this study, a total of 73 TFs were identified in response to the BPH. These
genes belong to a series of functionally important TF families, including AP2-EREBP,
bHLH, MYB, ARF, G2-like, NAC, and WRKY. The gene with the highest expression lev-
el is a B-box zinc finger family protein with an unknown function. The second gene is
OsCOL4, which is a constitutive flowering repressor, and the following two genes are
two ethylene-responsive element binding proteins, suggesting that ethylene played an
important role in response to the BPH. In recent years, the AP2-EREBP, NAC, MYB, and
WRKY TF families have been reported to be associated with herbivorous feeding [40-
42]. For example, the AP2-EREBP TF family has been shown to positively regulate
TrypPlI activity and play an important role in rice resistance to chewing-mouthpart in-
sects [43]. Studies on the defense response of Arabidopsis to chewing-mouthpart insects
have shown that the MYB TF family is associated with plant resistance to the butterfly
(Pieris rapae) [44]. Recent studies have reported that the MYB, G2-like, and NAC TF fam-
ilies may be involved in the insect defense response of rice [32,45]. All these results sug-
gest that AP2-EREBP, MYB, G2-like, NAC, and WRKY may play important roles in rice
plant defenses against BPH.

We also observed inconsistent DEGs among the three different rice varieties in re-
sponse to BPH treatment, including 1689 in GH308, 1352 in HR05, and 66 in TN1. The
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first enriched KEGG pathways of the DEGs in the three respective rice varieties were
secondary metabolite biosynthesis, hormone signal transduction, and brassinosteroid
biosynthesis, suggesting that these genes and differentially regulated pathways likely
contribute to variety-specific resistance to the BPH. Our research provides a theoretical
basis for the screening of resistance genes and the breeding of insect-resistant crops in
the future.

5. Conclusions

Transcriptome sequencing and analysis were performed in this study, and we ob-
tained a genome-wide transcript profile of rice damaged by the brown planthopper.
Thousands of genes were found to be differentially expressed after BPH damage.
Through GO and KEGG analysis, we found that after BPH damage, rice undergoes rela-
tively large changes in the redox reaction, cell wall synthesis, hormone regulation, and
signal transduction, and identified TFs (AP2-EREBP, MYB, G2-like, NAC, and WRKY)
that may play an important role in rice plant responses to the BPH. However, the mo-
lecular function of some genes remains unclear and requires further study. This infor-
mation will undoubtedly be of great help in the research of the molecular mechanisms of
the interaction between the BPH and rice plants and molecular resistance breeding.
Furthermore, understanding insect-host interactions is critical to developing new genetic
control strategies to reduce the occurrence of insect pests and to taking sustainable and
effective measures for pest control and the spread of insect-borne pathogens.
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