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Abstract: Rice planthoppers, including Nilaparvata lugens, Sogatella furcifera, and Laodelphax striatellus,
are major agricultural pests. Serpins, which function as serine protease inhibitors, play a pivotal
role in the immune systems of these insects, especially within the Toll signaling pathway and
the prophenoloxidase (PPO) cascade. This study presents a comparative analysis of serpin genes
among these species, highlighting their roles in immunity and development. Utilizing genomic and
bioinformatics approaches, we identified 11, 11, and 14 serpin genes in N. lugens, S. furcifera, and
L. striatellus, respectively. Phylogenetic analysis revealed a close evolutionary relationship between
these serpin genes and Bombyx mori BmSerpins, emphasizing the functional diversity of the serpin
family. Structural analysis confirmed the presence of the reactive center loop (RCL) in all serpin
proteins, with the Serpin7 subfamily showing a unique dual RCL configuration. Expression profiling
showed species-specific serpin expression patterns across different life stages and adult tissues.
Moreover, transcriptional analysis of serpin genes in the three planthoppers following Metarhizium
infection uncovered distinct immune regulatory patterns two days post-infection. Notably, the
expression of NlSerpin2-2/6, SfSerpin4/6/7-1, and LsSerpin4/5-2/6 was upregulated post-infection,
potentially enhancing antifungal capabilities. In contrast, the expressions of NlSerpin1/7-1/9 and
LsSerpin1/2/3/8/13 were downregulated, possibly suppressing immune responses. Moreover, Serpin6s,
which share a conserved phylogenetic lineage, exhibited enhanced immune activity in response to
fungal invasion. These insights into serpin-mediated immune regulation could contribute to the
development of novel pest-control strategies.

Keywords: innate immunity; serpin genes; rice planthoppers; Metarhizium

1. Introduction

The rice planthoppers, belonging to the family Delphacidae within the order Hemiptera,
are significant agricultural pests in the major rice-producing regions of China [1]. Currently,
three dominant species have been identified: Nilaparvata lugens Stål, Sogatella furcifera
Horváth, and Laodelphax striatellus Fallén. These species are characterized by their wide
distribution, extensive infestation areas, and frequent outbreaks. Moreover, their ability
to migrate over long distances often leads to sudden and severe rice crop damage [2–4].
Planthoppers damage rice crops directly by feeding on the phloem and indirectly through
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mechanical injury during feeding and oviposition, as well as contamination from their
excretions. This damage can impede rice growth and, in severe cases, lead to large-scale
crop loss [1]. Furthermore, planthoppers are vectors for several rice viruses, further com-
pounding the harm to rice crops. N. lugens transmits Rice ragged stunt virus (RRSV) and
Rice grassy stunt virus (RGSV) [5,6]; S. furcifera transmits Southern rice black-streaked
dwarf virus (SRBSDV) [7]; and L. striatellus transmits Rice stripe virus (RSV) and Rice
black-streaked dwarf virus (RBSDV) [4,8]. The spread of these viruses not only exacer-
bates crop damage but also makes controlling planthopper populations more challenging.
Despite advancements in genome sequencing and annotation of these three planthopper
species over the last decade, as well as improvements in transcriptomic data [9–13], our
understanding of the interspecific homology and differences in immunity, development,
and evolution among these rice planthopper species remains limited.

Serpins, a superfamily of serine protease inhibitors, are found in a variety of eukaryotic
organisms, including animals, plants, and some viruses. They are also present in bacteria
and archaea, with over 1500 serpins identified to date [14–16]. While most serpins inhibit
serine proteases, others are capable of inhibiting cysteine proteases and papain-like cysteine
proteases [17–19]. As suicidal protease inhibitors, serpins possess a unique structure
comprising three β-sheets and 7–9 α-helices folded into a conserved tertiary structure.
A reactive center loop (RCL) is located near the carboxy terminus and is exposed on
the surface of the serpin, acting as bait for target proteases. When a protease cleaves
the RCL between the P1 and P1′ amino acid residues, the serpin undergoes a significant
conformational change, trapping the protease and distorting its active site, leading to the
irreversible inactivation of the protease and thus inhibiting the proteolytic cascade and
immune response [14,20]. Given their crucial role in immune regulation, insect serpins
have garnered significant attention from researchers worldwide.

In insects, serpins primarily suppress the serine protease cascade, thereby negatively
regulating the Toll signaling pathway and the prophenoloxidase (PPO) activation pathway,
preventing the overexpression of antimicrobial peptides (AMPs) and excessive melaniza-
tion, which could be harmful to the insect itself [21,22]. Early studies on the structure and
function of serpins focused on model insects such as Drosophila melanogaster and non-model
insects like Manduca sexta and Tenebrio molitor [23–25]. For instance, Drosophila Spn27Ac
effectively inhibits PPO activation, thereby blocking the host’s melanization process [23].
In T. molitor, SPN40, SPN55, and SPN48 bind to endogenous serine proteases MSP, SAE,
and SPE, respectively, to negatively regulate the Toll signaling pathway and defend against
pathogen invasion [24]. With the rapid advancements in omics and bioinformatics technolo-
gies, numerous serpin genes have been identified across various insect genomes [9,26,27].
However, there has been no systematic identification or functional research on serpins in
rice planthoppers. Therefore, this study aims to investigate the evolutionary characteris-
tics and functional roles of serpins in rice planthoppers by examining the homology and
differences among serpin genes in three planthopper species.

2. Materials and Methods
2.1. Identification of Serpins in Three Rice Planthopper Species

This study utilized the complete genome data of N. lugens (Accession No.: GCF_014356525.2)
from the National Center for Biotechnology Information (NCBI) database, and the complete
genome data of S. furcifera (Accession No.: IBG_00709) and L. striatellus (Accession No.:
IBG_00477) from the InsectBase 2.0 database [28]. The RCL domain of the serpin family
(Pfam protein family database; Accession No.: PF00079) was used as a reference for
HMMER 3.3 software to identify candidate serpin protein sequences from the proteome data
of the three rice planthopper genomes. High-confidence sequences (E-value < 1 × 10−20)
were selected as candidates. These sequences were further analyzed using the Pfam
database to confirm conserved structures, and any sequences lacking complete serpin
domains or exhibiting alternative splicing were manually curated to finalize the serpin gene
members in the three planthopper species.
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2.2. Prediction of Basic Information and Physicochemical Properties of Serpin Genes

The serpin genes from the genomes of N. lugens, S. furcifera, and L. striatellus were
identified using the HMMER software (V3.3.2). A total of 11 serpin genes were identified
in N. lugens, 11 in S. furcifera, and 14 in L. striatellus following the screening process
(Tables 1–3). The online tool ExPASy was used to predict the amino acid composition,
molecular weight, isoelectric point, and instability coefficient of the serpin proteins from
the three rice planthopper species [29].

Table 1. Identification and characteristics of Serpin in Nilaparvata lugens.

Gene Name Genome
Identifier Locus

CDS
Length

(bp)
Exon Strand

Amino
Acid
(aa)

Molecular
Weight
(kDa)

Isoelectric
Point

Instability
Index

Chromosome Starting Ending

NlSerpin1 LOC111050206 Chr1 4722696 4757716 1272 8 - 400 44.94 9.12 28.64
NlSerpin2-1 LOC111058361 Chr1 71842308 71904797 1203 8 + 448 50.76 5.55 30.71
NlSerpin2-2 LOC111053438 Chr1 71931505 72030410 1347 8 + 465 52.89 5.81 32.15
NlSerpin3 LOC111053077 Chr1 90407916 90425172 1398 8 - 423 47.72 6.28 36.7
NlSerpin4 LOC111052989 Chr4 60771023 60876331 4533 6 - 1510 164.24 5.59 42.85
NlSerpin5 LOC111056094 Chr6 43941108 43955672 1518 5 - 505 56.56 8.11 44.73
NlSerpin6 LOC111054393 Chr7 34067080 34091623 1170 7 - 389 42.56 6.56 36.04

NlSerpin7-1 LOC111051915 Chr7 62939055 62961696 3141 8 - 548 61.77 4.91 43.19
NlSerpin7-2 LOC111058203 Chr7 62996589 63039442 1647 16 - 1046 116.86 7.2 43.49
NlSerpin8 LOC111056876 Chr13 7370951 7410196 2652 8 + 422 47.59 6.47 39.2
NlSerpin9 LOC111050465 Chr13 27064128 27131234 1269 8 - 883 95.50 4.58 48.6

Table 2. Identification and characteristics of Serpin in Sogatella furcifera.

Gene Name Genome
Identifier Locus

CDS
Length

(bp)
Exon Strand

Amino
Acid
(aa)

Molecular
Weight
(kDa)

Isoelectric
Point

Instability
Index

Chromosome Starting Ending

SfSerpin1 Sfur013897 chr1 2544303 2554594 1203 8 - 400 44.79 6.81 30.26
SfSerpin2-1 Sfur012619 chr1 8353090 8403086 2943 22 + 980 110.23 6.95 38.99
SfSerpin2-2 Sfur012518 chr1 8403987 8412046 420 4 + 139 15.61 9.79 52.16
SfSerpin3 Sfur013091 chr1 56817028 56830743 1272 8 - 423 47.93 6.38 38.22
SfSerpin4 Sfur011222 chr4 16278256 16412744 4536 6 + 1511 164.77 5.79 44.7
SfSerpin5 Sfur010406 chr6 30205975 30219874 1455 5 - 484 54.42 6.84 44.71
SfSerpin6 Sfur014604 chr7 5474082 5479646 846 5 + 281 31.06 8.67 35.27

SfSerpin7-1 Sfur014985 chr7 9996532 10003239 1623 7 - 540 61.17 4.81 40.07
SfSerpin7-2 Sfur015145 chr7 10018567 10048125 3204 16 - 1067 119.16 6.95 44.99
SfSerpin8 Sfur000384 chr13 11346342 11374632 1266 8 - 421 47.22 6.27 42.51
SfSerpin9 Sfur000122 chr13 15369699 15401964 2448 8 - 815 87.96 4.55 45.42

Table 3. Identification and characteristics of Serpin in Laodelphax striatellus.

Gene Name Genome
Identifier Locus

CDS
Length

(bp)
Exon Strand

Amino
Acid
(aa)

Molecular
Weight
(kDa)

Isoelectric
Point

Instability
Index

Chromosome Starting Ending

LsSerpin1 Lstr009525 Chr1 2369596 2381755 1203 8 - 400 45.10 6.34 37.35
LsSerpin2 Lstr010687 Chr1 12936772 12947697 1272 7 + 423 47.50 5.57 31.05
LsSerpin3 Lstr011347 Chr1 24993437 24999073 831 5 + 276 30.24 8.3 37.68
LsSerpin4 Lstr023739 Chr4 7984498 8058486 4548 6 + 1515 165.31 5.62 43.1

LsSerpin5-1 Lstr000153 Chr7 15780212 15809264 3120 16 + 1039 116.09 6.84 42
LsSerpin5-2 Lstr000801 Chr7 15825525 15835540 1614 8 + 537 60.63 4.85 39.22
LsSerpin6 Lstr001530 Chr7 27426245 27432731 519 4 + 172 18.74 8.48 44.17
LsSerpin7 Lstr016984 Chr13 6171816 6205344 1266 8 + 421 47.09 6.28 43.64
LsSerpin8 Lstr018277 Chr13 11210729 11230271 2373 6 + 790 84.94 4.54 50.92
LsSerpin9 Lstr017410 Chr13 12958370 12971973 1932 6 - 643 67.89 4.58 48.03
LsSerpin10 Lstr038401 WOVE01021936.1 1 1014 639 1 - 212 23.86 6.52 49.59
LsSerpin11 Lstr041904 WOVE01037137.1 92247 100048 1497 4 - 498 55.47 8.24 46.46
LsSerpin12 Lstr014327 WOVE01037432.1 4601 15631 1218 9 - 405 45.50 8.64 36.34
LsSerpin13 Lstr038579 WOVE01037535.1 18312 39817 1224 7 + 407 46.50 5.4 22

2.3. Construction of a Phylogenetic Tree for Serpins

Serpin protein sequences from Aedes aegypti, Solenopsis invicta, Bemisia tabaci, Bombyx
mori, D. melanogaster, and Tribolium castaneum were sourced from the NCBI database.
Sequence alignment was performed using the MAFFT software (V7.5.2) [30], followed
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by phylogenetic analysis with the IQ-tree software (V2.2.2.9) [31] using the maximum
likelihood method (ML), with 1000 bootstrap replicates and the genetic distance model
Q.yeast+R5. The phylogenetic tree was refined and visualized using the Interactive Tree Of
Life (iTOL) online tool [32].

2.4. Chromosome Localization and Synteny Analysis of the Serpin Family

Genome sequence annotation files (gff) were used in the “Gene Location” module
of TBTools software (2.119) [33] to map the identified serpin genes onto chromosomes
and to create chromosome localization maps for the serpin genes across the three rice
planthopper species. The “One Step MCScanX” module of TBTools [34], integrated with
the MCScanX (V1.0) and OrthoFinder software (V2.5.5) algorithms [35], was utilized to
identify syntenic gene pairs and tandem repeat genes within the same chromosome at
distances less than 100 kb. The “Multiple Synteny Plot” module of TBTools was employed
to visualize these results.

2.5. Analysis of Conserved Domains and Motifs

The serpin family gene sequences from the three rice planthopper species were ana-
lyzed for the conserved RCL domain using the Pfam database. MEME software (V5.5.7)
was utilized to identify conserved motifs within the protein sequences of the serpin family,
with parameters set to discover up to 10 motifs without specifying the number of repeti-
tions [36]. The results were synthesized and visualized using the “Gene Structure View”
module of TBTools.

2.6. Expression Analysis of the Serpin Family Genes

RNA-seq data relevant to the developmental stages and tissues of the three rice plan-
thopper species as of 1 August 2024 were collected from the NCBI SRA database. The
datasets include 15 developmental stage samples for N. lugens (BioProject PRJNA714229); 17
tissue samples for N. lugens (BioProjects PRJNA714229 and PRJNA838417); 26 developmen-
tal stage samples for S. furcifera (BioProjects PRJNA681674 and PRJNA835226); 12 tissue
samples for S. furcifera (BioProject PRJNA987195); three developmental stage samples
for L. striatellus (BioProject PRJNA393384); 12 tissue samples for L. striatellus (BioProject
PRJNA841412).

Kallisto software (V0.46.2) was used to quantify mRNA expression levels [37], and
the expression profiles of the serpin family genes were visualized based on gene TPM
(transcripts per million) values. Expression patterns across different developmental stages
and tissues were analyzed, with TPM values log2 transformed and normalized by gene.
The results were presented as a heatmap using the “Heatmap” module of TBTools.

2.7. Fungal Culture and Infection

M. anisopliae (MaqS1902) were obtained from the Laboratory of Insect Microbiology
and Biotechnology, Bahauddin Zakariya University, Multan, Pakistan. These fungi were
cultivated on Potato Dextrose Agar (PDA) medium (200 g potatoes, 20 g dextrose, and 20 g
agar diluted in 1 L distilled water) at a temperature of 25 ± 1 ◦C and a relative humidity
(RH) of 75–80%.

Third-instar nymphs of three rice planthopper species were infected with Metarhizium
at a sublethal concentration of 1 × 104 spores using an immersion method. A control group
was immersed in spore germination liquid. Following the treatment, the planthoppers were
cultured on rice plants for 2 days, after which the surviving planthoppers were collected.
Total RNA was extracted from the collected planthoppers using the Trizol method, and
cDNA was synthesized through reverse transcription. The relative expression levels of
the serpin gene family were then quantified using qRT-PCR. The qRT-PCR was conducted
on a Bio-Rad CFX96 real-time System (Bio-Rad, Hercules, CA, USA). The 20 µL reaction
mixture consisted of 2 µL of cDNA template, 0.5 µL of each primer (10 µM), 10 µL of
SYBR®Green Mix (Yeasen, Shanghai, China), and 7 µL of ddH2O. The PCR was performed
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using the following program: initial denaturation at 95 ◦C for 5 min, followed by 35 cycles
of denaturation at 95 ◦C for 5 s, and annealing/extension at 60 ◦C for 30 s, concluding with
a dissociation curve. The β-actin gene served as an internal control for the normalization
of cDNA templates. The primers utilized for qRT-PCR are detailed in Supplementary
Materials Table S1. Data were analyzed using the Ct method. Transcript abundances for
each gene were measured in three independent samples, which were then compared by the
t-test.

3. Results
3.1. Phylogenetic Analysis of the Serpins in Three Rice Planthopper Species

A phylogenetic tree was constructed to compare serpin sequences from N. lugens,
S. furcifera, L. striatellus, and six other insects (Figure 1). Firstly, N. lugens NlSerpin2-1/2-2,
L. striatellus LsSerpin2/13, and S. furcifera Sf Serpin2-1/2-2 clustered with most serpin genes
of D. melanogaster (Dmel), forming an evolutionary branch (indicated by purple lines),
particularly closely related to DmelSerpin55B. Secondly, in the second evolutionary branch
(indicated by black lines), LsSerpin7, Sf Serpin8, and NlSerpin8 gathered into one cluster,
showing higher homology with B. mori BmorSerpin6, while LsSerpin10/11, Sf Serpin5,
and NlSerpin5 formed another branch, with higher homology to DmelSerpin28Dc. Again,
NlSerpin1/3, Sf Serpin1/3, and LsSerpin1/12 clustered with most serpin genes of B. mori,
forming another evolutionary branch (indicated by yellow lines), with the highest ho-
mology to BmorSerpin26. Additionally, LsSerpin5-2, 5-3, 6, 4, 9, and 8, NlSerpin7-1,
6, 4, and 9, and Sf Serpin7-1, 6, 4, and 9 formed another branch (indicated by green
lines), among which NlSerpin7-1, Sf Serpin7-1, and LsSerpin5-2 showed higher homol-
ogy with BmorSerpin10. The Serpin9s of rice planthoppers showed higher homology
with BmorSerpin34 and DmelSerpin85F. Lastly, LsSerpin5-1, Sf Serpin7-2, and NlSerpin7-
2 gathered into a cluster, forming another evolutionary branch (indicated by red lines),
clustering with some serpins of Drosophila and B. mori, and showing higher homology
with BmSerpin11/12. In general, the Serpins in rice planthoppers are evolutionarily closer
to those of classical model insects such as Drosophila and B. mori, while they are more
distantly related to the Serpins of non-model insects like A. aegypti, S. invicta, B. tabaci, and
T. castaneum.

3.2. Chromosome Localization and Genomic Collinearity Analysis of Serpin Genes

After an in-depth analysis of the gene structure annotation files, the distribution
of the serpin gene family members on the chromosomes of the three rice planthopper
species was mapped using the TBTools software (V2.119). The results indicated that the
Serpin1, Serpin2, and Serpin3 gene families are clustered on the first chromosome, while
the Serpin4 family is uniquely located on the fourth chromosome. The Serpin6 family
members are evenly distributed on the seventh chromosome, and the Serpin8 and Serpin9
families are co-located on the thirteenth chromosome. Intriguingly, the Serpin5 and Serpin7
families in N. lugens and S. furcifera are located on the sixth and seventh chromosomes,
respectively, whereas their homologs in L. striatellus are found on the seventh and thirteenth
chromosomes (Figure 2A). The analysis of syntenic gene pairs among the three planthopper
species, performed using MCScanX (V1.0) and TBTools (V2.119), revealed seven pairs of
orthologous genes, consistent with the results of the phylogenetic analysis (Figure 2B).
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3.3. Analysis of Conserved Domains and Motifs in the Serpin Gene Family

The serpin protein family is characterized by its RCL, which is essential for serpin
protein activity and their interaction with target proteins. Most serpin proteins in the three
rice planthopper species were found to contain at least one RCL. However, variations were
observed in certain serpins from L. striatellus, which lack the RCL. Particularly, the Serpin7
subfamily members in all three planthopper species contain two RCLs and serpin domains,
while the L. striatellus LsSerpin2-2 has two very short serpin domains and RCLs (Figure 3).
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ing sites or be involved in particular biological processes. In this study, motif analysis
of the serpins from the three rice planthopper species revealed a diverse composition of
motifs among the identified proteins. Notably, serpins from the same evolutionary branch
share almost identical motif sequences (Figure 3). This diversity in motifs not only reflects
the structural complexity of serpin proteins but also suggests a wide range of functions
and adaptability.

3.4. Expression Analysis of Serpin Genes at Different Developmental Stages in Three Rice
Planthopper Species

A comprehensive transcriptomic analysis across various developmental stages of the
three rice planthopper species was performed, and the resulting gene expression dynamics
were visualized using heatmaps. Notably, the distinctive expression profile of the NlSerpin7-
1 gene in N. lugens, which demonstrates significantly elevated expression levels during the
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late embryonic phase, persists through all nymphal stages (Figure 4A). This high expression
is striking compared to the relatively subdued levels observed for other serpin genes within
the same developmental timeframe.
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In S. furcifera, the SfSerpin2-1 and SfSerpin2-2 genes exhibit a gradual increase in
expression as the insect matures. However, SfSerpin2-2 displays an abrupt decline in
expression precisely at the 0-h mark in adult males, a fluctuation likely attributed to sample-
to-sample variability. Moreover, SfSerpin1 and SfSerpin7-2 are characterized by significantly
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heightened expression during the nymphal and adult phases compared to the embryonic
phase, with SfSerpin7-2 reaching peak expression during the nymphal phase (Figure 4B).

In L. striatellus, constraints in data acquisition have resulted in a more generalized
collection of expression data across the embryonic, nymphal, and adult stages. Despite
these limitations, discernible differences were observed in the expression profiles. Notably,
the SfSerpin7 gene does not show the elevated expression seen in the Serpin7 homologs
of N. lugens and S. furcifera. Instead, LsSerpin5-2 and LsSerpin2 exhibit unique expression
patterns—LsSerpin5-2 shows a phase-specific surge during the nymphal stage, while LsSer-
pin2 maintains high expression throughout both nymphal and adult stages (Figure 4C).

3.5. Expression Analysis of Serpin Genes in Different Tissues of Adult Rice Planthoppers

Transcriptome data from different tissues of adult rice planthopper species were
analyzed, and heatmaps were generated to illustrate the expression patterns of serpin genes
(Figure 5). In N. lugens, the NlSerpin7-2 gene displayed notably high expression in the
antennae and ovipositor (Figure 5A), suggesting a role in the sensory and reproductive
functions of these tissues. In S. furcifera, a cohort of serpin genes—SfSerpin3, SfSerpin8,
SfSerpin7-2, SfSerpin2-2, SfSerpin2-1, and SfSerpin1—exhibited a uniformly high expression
across tissues, including the abdomen, antennae, legs, mouthparts, and thorax (Figure 5B).
This pervasive expression signature implies a fundamental role for these genes in the
broad physiological machinery of the white-backed planthopper. In contrast, L. striatellus
displayed more varied expression patterns. For instance, LsSerpin1 was highly expressed
in the salivary glands, possibly linked to specialized functions in the feeding process,
underscoring a potential role in digestion or interaction with plant defenses. Meanwhile,
LsSerpin2 showed robust expression in the gut and testes, and LsSerpin13 had focused high
expression in the testes, suggesting that these genes could be pivotal to the planthopper’s
reproductive health and digestive efficiency (Figure 5C). These tissue-specific expression
profiles highlight the potential roles of serpin genes in sensory perception, reproductive
development, and digestive processes of the three rice planthopper species.

3.6. Expression of Serpin Genes in Rice Planthopper Species Post-Infection with Metarhizium

To examine the response of rice planthopper to fungal infections, we analyzed the
expression of serpin genes in N. lugens and S. furcifera two days after infection with the
fungus Metarhizium (Figure 6). The analysis revealed that specific serpin genes in both
planthopper species showed a significant upregulation in response to infection. Specifically,
the NlSerpin2-2 and NlSerpin6 genes in N. lugens, along with the SfSerpin4, SfSerpin6 and
SfSerpin7-1 genes in S. furcifera, as well as LsSerpin4, LsSerpin5-2, and LsSerpin6 in L. striatellus
exhibited significantly higher expression levels 2 days post-infection (dpi) compared to
the control group, suggesting the potential roles of these genes in antifungal defense,
particularly the Serpin6, which may have a defensive effect against a variety of fungi within
the rice planthopper family. Conversely, a subset of genes, including the NlSerpin1/7-1/9 in
N. lugens and the LsSerpin1/2/3/8/13 in L. striatellus, displayed a significant downregulation
in expression levels at the two-day mark post-infection. This reduction suggests that these
genes might play an inhibitory role in modulating the planthoppers’ immune responses to
fungal invasion.



Agronomy 2024, 14, 2630 10 of 16

Agronomy 2024, 14, x FOR PEER REVIEW 10 of 16 
 

 

broad physiological machinery of the white-backed planthopper. In contrast, L. striatellus 
displayed more varied expression patterns. For instance, LsSerpin1 was highly expressed 
in the salivary glands, possibly linked to specialized functions in the feeding process, un-
derscoring a potential role in digestion or interaction with plant defenses. Meanwhile, 
LsSerpin2 showed robust expression in the gut and testes, and LsSerpin13 had focused high 
expression in the testes, suggesting that these genes could be pivotal to the planthopper’s 
reproductive health and digestive efficiency (Figure 5C). These tissue-specific expression 
profiles highlight the potential roles of serpin genes in sensory perception, reproductive 
development, and digestive processes of the three rice planthopper species. 

 
Figure 5. Heatmaps of serpin gene expression in various adult tissues of the three rice planthopper 
species. (A) Expression heatmap of serpin genes in N. lugens; (B) Expression heatmap of serpin 
genes in S. furcifera; (C) Expression heatmap of serpin genes in L. striatellus. 

  

Figure 5. Heatmaps of serpin gene expression in various adult tissues of the three rice planthopper
species. (A) Expression heatmap of serpin genes in N. lugens; (B) Expression heatmap of serpin genes
in S. furcifera; (C) Expression heatmap of serpin genes in L. striatellus.



Agronomy 2024, 14, 2630 11 of 16

Agronomy 2024, 14, x FOR PEER REVIEW 11 of 16 
 

 

3.6. Expression of Serpin Genes in Rice Planthopper Species Post-Infection with Metarhizium 
To examine the response of rice planthopper to fungal infections, we analyzed the 

expression of serpin genes in N. lugens and S. furcifera two days after infection with the 
fungus Metarhizium (Figure 6). The analysis revealed that specific serpin genes in both 
planthopper species showed a significant upregulation in response to infection. Specifi-
cally, the NlSerpin2-2 and NlSerpin6 genes in N. lugens, along with the SfSerpin4, SfSerpin6 
and SfSerpin7-1 genes in S. furcifera, as well as LsSerpin4, LsSerpin5-2, and LsSerpin6 in L. 
striatellus exhibited significantly higher expression levels 2 days post-infection (dpi) com-
pared to the control group, suggesting the potential roles of these genes in antifungal de-
fense, particularly the Serpin6, which may have a defensive effect against a variety of fungi 
within the rice planthopper family. Conversely, a subset of genes, including the NlSer-
pin1/7-1/9 in N. lugens and the LsSerpin1/2/3/8/13 in L. striatellus, displayed a significant 
downregulation in expression levels at the two-day mark post-infection. This reduction 
suggests that these genes might play an inhibitory role in modulating the planthoppers’ 
immune responses to fungal invasion. 

 
Figure 6. Expression of serpin genes in rice planthoppers post-infection with Metarhizium. (A) Ex-
pression of serpin genes 2 days post-infection in N. lugens; (B) Expression of serpin genes 2 days 

Figure 6. Expression of serpin genes in rice planthoppers post-infection with Metarhizium. (A) Ex-
pression of serpin genes 2 days post-infection in N. lugens; (B) Expression of serpin genes 2 days
post-infection in S. furcifera; (C) Expression of serpin genes 2 days post-infection in L. striatellus.
Transcript abundances for each Serpin family member were measured in three independent samples,
which were then compared by the t-test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

4. Discussion

Serpins constitute a relatively large superfamily of proteins, typically ranging from
350–500 amino acids in length and with molecular weights of approximately 45–50 kDa,
and are renowned for their role as protease inhibitors [14]. In this study, we conducted an
in-depth statistical and analytical survey of the genomes of three rice planthopper species—
N. lugens, S. furcifera, and L. striatellus—identifying 11, 11, and 14 serpin genes, respectively.
Phylogenetic analysis revealed that the serpin genes from these rice planthoppers are more
closely related to those of the silkworm (B. mori) across various branches. This close
relationship may be due to similar ecological pressures and selective environments faced
by these insects during their evolutionary process, leading to the conservation of similar
serpin genes for essential biological functions [38].
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The isolation and identification of serpins from invertebrates, particularly insects,
began with the silkworm B. mori [39] and the tobacco hornworm M. sexta [40]. To date, a
significant number of serpins have been identified in the genomes and transcriptomes of
invertebrates, especially in Lepidopteran insects. For instance, 34 serpin genes have been
reported in the silkworm [41] and 32 in the tobacco hornworm [27]. Additionally, our
previous research in Plutella xylostella identified 28 serpins [42]. Although Dipteran insects
also contain a considerable number of serpin genes, there is a significant variation in the
number of genes among different species, with 31 identified in Culex quinquefasciatus and
18 in Anopheles gambiae mosquitoes [43]. The functions of many serpin homologs in the
silkworm remain largely undefined, indicating the need for further research into the roles
of serpins in rice planthoppers.

Structural analysis further confirmed that serpin proteins from these three rice plan-
thoppers all contain the RCL, a key region for their interaction with and regulation of target
proteins [44]. Notably, members of the Serpin7 subfamily in all three planthoppers contain
two RCLs and two serpin domains, similar to the dual-domain serpin protein SPN93 in
D. melanogaster, which interacts with two proteins in the Toll signaling pathway [45]. This
structural feature may have evolved to enhance the versatility of these serpins in regulating
multiple proteolytic events, which could be crucial for the complex life cycles and diverse
ecological adaptations observed in these insects [27].

Gene structure analysis shows that all serpin genes in rice planthoppers possess unique
motifs, with members on the same evolutionary branch sharing nearly identical motif
sequences. Differences in gene structure may arise from evolutionary events such as exon
and intron loss or insertion, which play a significant role in adaptive processes [46]. The
presence of multiple RCLs in certain serpin subfamilies and differences in gene structure may
provide important clues to the functional diversity and evolutionary adaptation of serpins
in rice planthoppers, further emphasizing the need for in-depth functional characterization
of these genes.

The diversity and structural differences in serpin genes in rice planthoppers may be
due to a variety of factors. First, different ecological niches and environmental pressures
may have driven the rapid evolution and diversification of these genes to adapt to changing
environmental conditions and defend against various predators or pathogens [47]. For ex-
ample, rice planthoppers may require different serpins to modulate their immune response
when facing attacks from predators and pathogens, thereby enhancing their survival capa-
bilities. Second, gene duplication events may provide the raw material for the emergence of
new functions, which may involve the inhibition of different proteases, thereby enhancing
the adaptive capacity of rice planthoppers to specific ecological challenges [48]. In addition,
gene recombination and mutation may also be important factors leading to structural and
functional differences among members of this gene family [49]. These factors work together
to shape the diversity and complexity of serpin genes in rice planthoppers, enabling them
to cope with complex ecological challenges.

In insects, serpin proteins are extensively involved in the regulation of immune re-
sponses, including the melanization reaction controlled by the important immune pathways
Toll and PPO [50]. The Toll signaling pathway, primarily activated by Gram-positive bacte-
ria and fungi, induces the production of AMPs and other immune-active substances that
target and eliminate pathogens [50]. The PPO pathway, which drives melanization, plays a
crucial role in isolating and killing pathogens, with some overlaps between the Toll and
PPO pathways [51]. The functions of serpin proteins in insect immune regulation include:
(1) inhibiting the serine protease cascade in the PPO pathway to regulate AMP production
in innate immunity; for example, BmSerpin4 in B. mori and MsSerpin1J in M. sexta inhibit
hemolymph proteinase, affecting the activation of proSpaztle and AMP expression [44,52];
(2) regulating melanization in insect hemolymph by inhibiting the serine protease cascade
in the PPO pathway; for instance, BmSerpin6 in B. mori and DmSerpin27A in D. melanogaster
negatively regulate melanization by inhibiting the activity of phenoloxidase-activating
enzyme [53,54]; (3) serving as acute-phase proteins, which are rapidly upregulated in
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response to pathogen infection or tissue damage; for example, the SRPN10 protein is highly
expressed in midgut epithelial cells of A. gambiae upon parasite infection [55]. Although
serpin genes typically show low expression in insect hemolymph under normal conditions,
they are notably upregulated in response to immune stimulation. For instance, Serpin-2,
Serpin-3, and Serpin-6 in M. sexta are expressed at low levels in larval hemolymph but
exhibit significant upregulation following pathogen exposure [24,56]. Here, we observed
the overexpression of NlSerpin2-2 and NlSerpin6 genes in N. lugens, SfSerpin4, SfSerpin6 and
SfSerpin7-1 genes in S. furcifera, and LsSerpin4, LsSerpin5-2, and LsSerpin6 in L. striatellus
post-infection with Metarhizium (Figure 6). The upregulation of these genes may help to
enhance the immune response of rice planthoppers by inhibiting the protease activity of
pathogens, thereby limiting pathogen growth and spread. Conversely, the downregulation
of some other Sepins (NlSerpin1/7-1/9 and LsSerpin1/2/3/8/13) may suggest that these genes
play an inhibitory role in regulating the immune response, or in some cases, they may
also be involved in the regulation of excessive immune responses to avoid damage to
the host. This dual regulation likely represents a strategy for rice planthoppers to main-
tain immune balance in the face of fungal infections [57]. Notably, the Serpin6 subfamily
members, which are evolutionarily conserved, exhibited enhanced immune activity in
response to fungal invasion, further highlighting the complex role of Serpins in regulating
the antifungal immune responses in rice planthoppers and emphasizing their significance
in host–pathogen interactions. Moreover, in B. mori, Serpin6 has been shown to regulate the
activity of prophenoloxidase and the expression of antimicrobial proteins [58], indicating
that Serpin6 may play a broad and important role in insect immune defense. Our research
results not only enhance the understanding of the regulation of immune responses in rice
planthoppers but also provide potential molecular targets for the development of new pest
management strategies based on RNA interference.

5. Conclusions

This study provides a comprehensive analysis of serpin genes in rice planthoppers,
revealing their crucial roles in immune responses and development. Through genomic and
bioinformatics approaches, we identified a varying number of serpin genes across N. lugens,
S. furcifera, and L. striatellus, with a close evolutionary relationship to B. mori BmSerpins.
Structural analysis confirmed the presence of the RCL in all serpin proteins, with unique
configurations observed in the Serpin7 subfamily. Expression profiling revealed serpin-
specific expression patterns in rice planthoppers that vary across developmental stages
and tissues. After infection with Metarhizium, experimental validation further uncovered
the immune regulatory roles of these serpins. Some serpin genes are upregulated to
enhance antifungal capabilities, while others are downregulated, potentially suppressing
immune responses. The findings underscore the serpin-mediated immune regulation as a
complex and species-specific mechanism, offering insights into host–pathogen interactions.
This knowledge could pave the way for developing novel pest control strategies, such as
utilizing Metarhizium as a biopesticide, thereby reducing reliance on chemical pesticides and
promoting sustainable agriculture. Future research should focus on the specific functions
of these serpin genes and their interactions with other immune-related genes to further
strengthen the defense mechanisms of rice planthoppers.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy14112630/s1; Table S1: All qRT-PCR primers.

Author Contributions: Conceptualization, R.Z., Z.Z. and R.P.; Data curation, R.Z., Z.Z. and R.P.;
Formal analysis, R.Z., Z.Z. and R.P.; Funding acquisition, R.Z. and R.P.; Investigation, R.Z., Z.Z.,
L.H. (Liyan He), L.H. (Liuyan He), Y.G. and R.P.; Methodology, Z.Z., H.W. (Hongxin Wu), X.X.
and F.J.; Project administration, R.P.; Resources, R.Z. and R.P.; Software, Z.Z. and H.W. (Haoming
Wu); Supervision, R.P.; Visualization, R.Z., Z.Z. and R.P.; Writing—original draft, R.Z.; Writing—
review and editing, R.Z., Z.Z. and R.P. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/agronomy14112630/s1
https://www.mdpi.com/article/10.3390/agronomy14112630/s1


Agronomy 2024, 14, 2630 14 of 16

Funding: This research was funded by the National Natural Science Foundation of China (32172498
and 32202394).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest that could be perceived as prejudicing
against the impartiality of the research reported.

References
1. Li, D.T.; Pei, X.J.; Ye, Y.X.; Wang, X.Q.; Wang, Z.C.; Chen, N.; Liu, T.X.; Fan, Y.L.; Zhang, C.X. Cuticular Hydrocarbon Plasticity in

Three Rice Planthopper Species. Int. J. Mol. Sci. 2021, 22, 7733. [CrossRef] [PubMed]
2. Hu, S.J.; Liu, X.F.; Fu, D.Y.; Huang, W.; Wang, X.Y.; Liu, X.J.; Lü, J.P.; Ye, H. Projecting distribution of the overwintering population

of Sogatella furcifera (Hemiptera: Delphacidae), in Yunnan, China with analysis on key influencing climatic factors. J. Insect Sci.
2015, 15, 148. [CrossRef] [PubMed]

3. Tang, B.; Xu, K.; Liu, Y.; Zhou, Z.; Karthi, S.; Yang, H.; Li, C. A review of physiological resistance to insecticide stress in Nilaparvata
lugens. 3 Biotech 2022, 12, 84. [CrossRef] [PubMed]

4. Kil, E.J.; Kim, D. The small brown planthopper (Laodelphax striatellus) as a vector of the rice stripe virus. Arch. Insect Biochem.
Physiol. 2023, 112, e21992. [CrossRef] [PubMed]

5. Ling, Y.; Weilin, Z. Genetic and biochemical mechanisms of rice resistance to planthopper. Plant Cell Rep. 2016, 35, 1559–1572.
[CrossRef]

6. Yoshikawa, K.; Matsukawa, M.; Tanaka, T. Viral infection induces different detoxification enzyme activities in insecticide-resistant
and -susceptible brown planthopper Nilaparvata lugens strains. J. Pestic. Sci. 2018, 43, 10–17. [CrossRef]

7. Jia, L.; Han, Y.; Hou, M. Silicon amendment to rice plants reduces the transmission of southern rice black-streaked dwarf virus by
Sogatella furcifera. Pest. Manag. Sci. 2021, 77, 3233–3240. [CrossRef]

8. Zhang, L.; Li, X.; Chen, Y.; Kang, L.; Zhang, J.; Li, Y.; Liu, F. Investigation of the Association between the Energy Metabolism of
the Insect Vector Laodelphax striatellus and Rice Stripe Virus (RSV). Viruses 2022, 14, 2298. [CrossRef]

9. Bao, Y.Y.; Qu, L.Y.; Zhao, D.; Chen, L.B.; Jin, H.Y.; Xu, L.M.; Cheng, J.A.; Zhang, C.X. The genome- and transcriptome-wide
analysis of innate immunity in the brown planthopper, Nilaparvata lugens. BMC Genom. 2013, 14, 160. [CrossRef]

10. Xue, J.; Zhou, X.; Zhang, C.X.; Yu, L.L.; Fan, H.W.; Wang, Z.; Xu, H.J.; Xi, Y.; Zhu, Z.R.; Zhou, W.W.; et al. Genomes of the rice pest
brown planthopper and its endosymbionts reveal complex complementary contributions for host adaptation. Genome Biol. 2014,
15, 521. [CrossRef]

11. Wang, L.; Tang, N.; Gao, X.; Chang, Z.; Zhang, L.; Zhou, G.; Guo, D.; Zeng, Z.; Li, W.; Akinyemi, I.A.; et al. Genome sequence of a
rice pest, the white-backed planthopper (Sogatella furcifera). Gigascience 2017, 6, giw004.

12. Hu, Q.L.; Ye, Y.X.; Zhuo, J.C.; Huang, H.J.; Li, J.M.; Zhang, C.X. Chromosome-level Assembly, Dosage Compensation and
Sex-biased Gene Expression in the Small Brown Planthopper, Laodelphax striatellus. Genome Biol. Evol. 2022, 14, evac160.
[CrossRef] [PubMed]

13. Cui, T.; Bai, Q.; Yu, W.; Guo, D.; Ban, Y.; Chen, K.; Raza, A.; Zhou, G.; Wu, Q. Chromosome-level genome assembly and population
genomic analysis provide novel insights into the immunity and evolution of Sogatella furcifera. Genomics 2023, 115, 110729.
[CrossRef] [PubMed]

14. Huntington, J.A. Serpin structure, function and dysfunction. J. Thromb. Haemost. 2011, 9 (Suppl. S1), 26–34. [CrossRef] [PubMed]
15. Meekins, D.A.; Kanost, M.R.; Michel, K. Serpins in arthropod biology. Semin. Cell Dev. Biol. 2017, 62, 105–119. [CrossRef]
16. Ran, M.; Shi, Y.; Li, B.; Xiang, H.; Tao, M.; Meng, X.; Li, T.; Li, C.; Bao, J.; Pan, G.; et al. Genome-Wide Characterization and

Comparative Genomic Analysis of the Serpin Gene Family in Microsporidian Nosema bombycis. Int. J. Mol. Sci. 2022, 24, 550.
[CrossRef]

17. Silverman, G.A.; Bird, P.I.; Carrell, R.W.; Church, F.C.; Coughlin, P.B.; Gettins, P.G.; Irving, J.A.; Lomas, D.A.; Luke, C.J.; Moyer,
R.W.; et al. The serpins are an expanding superfamily of structurally similar but functionally diverse proteins. Evolution,
mechanism of inhibition, novel functions, and a revised nomenclature. J. Biol. Chem. 2001, 276, 33293–33296. [CrossRef]

18. Spence, M.A.; Mortimer, M.D.; Buckle, A.M.; Minh, B.Q.; Jackson, C.J. A Comprehensive Phylogenetic Analysis of the Serpin
Superfamily. Mol. Biol. Evol. 2021, 38, 2915–2929. [CrossRef]

19. Bouton, M.C.; Geiger, M.; Sheffield, W.P.; Irving, J.A.; Lomas, D.A.; Song, S.; Satyanarayanan, R.S.; Zhang, L.; McFadden, G.;
Lucas, A.R. The under-appreciated world of the serpin family of serine proteinase inhibitors. EMBO Mol. Med. 2023, 15, e17144.
[CrossRef]

20. Yan, B.; Luo, L.; Liu, L.; Wang, Z.; Chen, R.; Wu, Y.; Xiao, X. Serpin family proteins as potential biomarkers and therapeutic
drugs in stroke: A systematic review and meta-analysis on clinical/preclinical studies. CNS Neurosci. Ther. 2023, 29, 1738–1749.
[CrossRef]

21. Yang, F.; Wang, Y.; Sumathipala, N.; Cao, X.; Kanost, M.R.; Jiang, H. Manduca sexta serpin-12 controls the prophenoloxidase
activation system in larval hemolymph. Insect Biochem. Mol. Biol. 2018, 99, 27–36. [CrossRef] [PubMed]

22. Liu, H.; Xu, J.; Wang, L.; Guo, P.; Tang, Z.; Sun, X.; Tang, X.; Wang, W.; Wang, L.; Cao, Y.; et al. Serpin-1a and serpin-6 regulate the
Toll pathway immune homeostasis by synergistically inhibiting the Spätzle-processing enzyme CLIP2 in silkworm, Bombyx mori.
PLoS Pathog. 2023, 19, e1011740. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms22147733
https://www.ncbi.nlm.nih.gov/pubmed/34299353
https://doi.org/10.1093/jisesa/iev131
https://www.ncbi.nlm.nih.gov/pubmed/26494777
https://doi.org/10.1007/s13205-022-03137-y
https://www.ncbi.nlm.nih.gov/pubmed/35251886
https://doi.org/10.1002/arch.21992
https://www.ncbi.nlm.nih.gov/pubmed/36575628
https://doi.org/10.1007/s00299-016-1962-6
https://doi.org/10.1584/jpestics.D17-052
https://doi.org/10.1002/ps.6365
https://doi.org/10.3390/v14102298
https://doi.org/10.1186/1471-2164-14-160
https://doi.org/10.1186/s13059-014-0521-0
https://doi.org/10.1093/gbe/evac160
https://www.ncbi.nlm.nih.gov/pubmed/36317697
https://doi.org/10.1016/j.ygeno.2023.110729
https://www.ncbi.nlm.nih.gov/pubmed/37852332
https://doi.org/10.1111/j.1538-7836.2011.04360.x
https://www.ncbi.nlm.nih.gov/pubmed/21781239
https://doi.org/10.1016/j.semcdb.2016.09.001
https://doi.org/10.3390/ijms24010550
https://doi.org/10.1074/jbc.R100016200
https://doi.org/10.1093/molbev/msab081
https://doi.org/10.15252/emmm.202217144
https://doi.org/10.1111/cns.14205
https://doi.org/10.1016/j.ibmb.2018.05.004
https://www.ncbi.nlm.nih.gov/pubmed/29800677
https://doi.org/10.1371/journal.ppat.1011740
https://www.ncbi.nlm.nih.gov/pubmed/37851691


Agronomy 2024, 14, 2630 15 of 16

23. Ligoxygakis, P.; Pelte, N.; Ji, C.; Leclerc, V.; Duvic, B.; Belvin, M.; Jiang, H.; Hoffmann, J.A.; Reichhart, J.M. A serpin mutant links
Toll activation to melanization in the host defence of Drosophila. EMBO J. 2002, 21, 6330–6337. [CrossRef] [PubMed]

24. Zhu, Y.; Wang, Y.; Gorman, M.J.; Jiang, H.; Kanost, M.R. Manduca sexta serpin-3 regulates prophenoloxidase activation in
response to infection by inhibiting prophenoloxidase-activating proteinases. J. Biol. Chem. 2003, 278, 46556–46564. [CrossRef]

25. Jiang, R.; Kim, E.H.; Gong, J.H.; Kwon, H.M.; Kim, C.H.; Ryu, K.H.; Park, J.W.; Kurokawa, K.; Zhang, J.; Gubb, D.; et al. Three pairs
of protease-serpin complexes cooperatively regulate the insect innate immune responses. J. Biol. Chem. 2009, 284, 35652–35658.
[CrossRef]

26. Li, Y.S.; Liu, H.W.; Zhu, R.; Xia, Q.Y.; Zhao, P. Protease inhibitors in Bombyx mori silk might participate in protecting the pupating
larva from microbial infection. Insect Sci. 2016, 23, 835–842. [CrossRef]

27. Li, M.; Christen, J.M.; Dittmer, N.T.; Cao, X.; Zhang, X.; Jiang, H.; Kanost, M.R. The Manduca sexta serpinome: Analysis of serpin
genes and proteins in the tobacco hornworm. Insect Biochem. Mol. Biol. 2018, 102, 21–30. [CrossRef]

28. Ma, W.; Xu, L.; Hua, H.; Chen, M.; Guo, M.; He, K.; Zhao, J.; Li, F. Chromosomal-level genomes of three rice planthoppers provide
new insights into sex chromosome evolution. Mol. Ecol. Resour. 2021, 21, 226–237. [CrossRef]

29. Wilkins, M.R.; Gasteiger, E.; Bairoch, A.; Sanchez, J.C.; Williams, K.L.; Appel, R.D.; Hochstrasser, D.F. Protein identification and
analysis tools in the ExPASy server. Methods Mol. Biol. 1999, 112, 531–552.

30. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

31. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New Models
and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef] [PubMed]

32. Letunic, I.; Bork, P. Interactive Tree of Life (iTOL) v6: Recent updates to the phylogenetic tree display and annotation tool. Nucleic
Acids Res. 2024, 52, W78–W82. [CrossRef] [PubMed]

33. Chen, C.; Wu, Y.; Li, J.; Wang, X.; Zeng, Z.; Xu, J.; Liu, Y.; Feng, J.; Chen, H.; He, Y.; et al. TBtools-II: A “one for all, all for one”
bioinformatics platform for biological big-data mining. Mol. Plant 2023, 16, 1733–1742. [CrossRef] [PubMed]

34. Wang, Y.; Tang, H.; Debarry, J.D.; Tan, X.; Li, J.; Wang, X.; Lee, T.H.; Jin, H.; Marler, B.; Guo, H.; et al. MCScanX: A toolkit for
detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [CrossRef] [PubMed]

35. Emms, D.M.; Kelly, S. OrthoFinder: Phylogenetic orthology inference for comparative genomics. Genome Biol. 2019, 20, 238.
[CrossRef]

36. Bailey, T.L.; Williams, N.; Misleh, C.; Li, W.W. MEME: Discovering and analyzing DNA and protein sequence motifs. Nucleic
Acids Res. 2006, 34, W369–W373. [CrossRef]

37. Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 2016, 34,
525–527. [CrossRef]

38. Tian, J.; Dewer, Y.; Hu, H.; Li, F.; Yang, S.; Luo, C. Diversity and Molecular Evolution of Odorant Receptor in Hemipteran Insects.
Insects 2022, 13, 214. [CrossRef]

39. Sasaki, T.; Kobayashi, K. Isolation of two novel proteinase inhibitors from hemolymph of silkworm larva, Bombyx mori.
Comparison with human serum proteinase inhibitors. J. Biochem. 1984, 95, 1009–1017. [CrossRef]

40. Kanost, M.R. Isolation and characterization of four serine proteinase inhibitors (serpins) from hemolymph of Manduca sexta.
Insect Biochem. 1990, 20, 141–147. [CrossRef]

41. Zou, Z.; Picheng, Z.; Weng, H.; Mita, K.; Jiang, H. A comparative analysis of serpin genes in the silkworm genome. Genomics 2009,
93, 367–375. [CrossRef] [PubMed]

42. Shakeel, M.; Xu, X.; De Mandal, S.; Jin, F. Role of serine protease inhibitors in insect-host-pathogen interactions. Arch. Insect
Biochem. Physiol. 2019, 102, e21556. [CrossRef] [PubMed]

43. Gulley, M.M.; Zhang, X.; Michel, K. The roles of serpins in mosquito immunology and physiology. J. Insect Physiol. 2013, 59,
138–147. [CrossRef] [PubMed]

44. Qie, X.; Yan, X.; Wang, W.; Liu, Y.; Zhang, L.; Hao, C.; Lu, Z.; Ma, L. Serpin-4 Negatively Regulates Prophenoloxidase Activation
and Antimicrobial Peptide Synthesis in the Silkworm, Bombyx mori. Int. J. Mol. Sci. 2023, 25, 313. [CrossRef] [PubMed]

45. Jiang, R.; Zhang, B.; Kurokawa, K.; So, Y.I.; Kim, E.H.; Hwang, H.O.; Lee, J.H.; Shiratsuchi, A.; Zhang, J.; Nakanishi, Y.; et al.
93-kDa twin-domain serine protease inhibitor (Serpin) has a regulatory function on the beetle Toll proteolytic signaling cascade. J.
Biol. Chem. 2011, 286, 35087–35095. [CrossRef]

46. Xu, G.; Guo, C.; Shan, H.; Kong, H. Divergence of duplicate genes in exon-intron structure. Proc. Natl. Acad. Sci. USA 2012, 109,
1187–1192. [CrossRef]

47. Xiao, H.; Yuan, Z.; Guo, D.; Hou, B.; Yin, C.; Zhang, W.; Li, F. Genome-wide identification of long noncoding RNA genes and
their potential association with fecundity and virulence in rice brown planthopper, Nilaparvata lugens. BMC Genom. 2015, 16, 749.
[CrossRef]

48. Yan, Z.; Fang, Q.; Song, J.; Yang, L.; Xiao, S.; Wang, J.; Ye, G. A serpin gene from a parasitoid wasp disrupts host immunity and
exhibits adaptive alternative splicing. PLoS Pathog. 2023, 19, e1011649. [CrossRef]

49. Clifton, B.D.; Librado, P.; Yeh, S.D.; Solares, E.S.; Real, D.A.; Jayasekera, S.U.; Zhang, W.; Shi, M.; Park, R.V.; Magie, R.D.; et al.
Rapid Functional and Sequence Differentiation of a Tandemly Repeated Species-Specific Multigene Family in Drosophila. Mol.
Biol. Evol. 2017, 34, 51–65. [CrossRef]

50. Valanne, S.; Wang, J.H.; Rämet, M. The Drosophila Toll signaling pathway. J. Immunol. 2011, 186, 649–656. [CrossRef]

https://doi.org/10.1093/emboj/cdf661
https://www.ncbi.nlm.nih.gov/pubmed/12456640
https://doi.org/10.1074/jbc.M309682200
https://doi.org/10.1074/jbc.M109.071001
https://doi.org/10.1111/1744-7917.12241
https://doi.org/10.1016/j.ibmb.2018.09.008
https://doi.org/10.1111/1755-0998.13242
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/msaa015
https://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1093/nar/gkae268
https://www.ncbi.nlm.nih.gov/pubmed/38613393
https://doi.org/10.1016/j.molp.2023.09.010
https://www.ncbi.nlm.nih.gov/pubmed/37740491
https://doi.org/10.1093/nar/gkr1293
https://www.ncbi.nlm.nih.gov/pubmed/22217600
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1093/nar/gkl198
https://doi.org/10.1038/nbt.3519
https://doi.org/10.3390/insects13020214
https://doi.org/10.1093/oxfordjournals.jbchem.a134688
https://doi.org/10.1016/0020-1790(90)90006-G
https://doi.org/10.1016/j.ygeno.2008.12.010
https://www.ncbi.nlm.nih.gov/pubmed/19150649
https://doi.org/10.1002/arch.21556
https://www.ncbi.nlm.nih.gov/pubmed/31050038
https://doi.org/10.1016/j.jinsphys.2012.08.015
https://www.ncbi.nlm.nih.gov/pubmed/22960307
https://doi.org/10.3390/ijms25010313
https://www.ncbi.nlm.nih.gov/pubmed/38203484
https://doi.org/10.1074/jbc.M111.277343
https://doi.org/10.1073/pnas.1109047109
https://doi.org/10.1186/s12864-015-1953-y
https://doi.org/10.1371/journal.ppat.1011649
https://doi.org/10.1093/molbev/msw212
https://doi.org/10.4049/jimmunol.1002302


Agronomy 2024, 14, 2630 16 of 16

51. Dudzic, J.P.; Hanson, M.A.; Iatsenko, I.; Kondo, S.; Lemaitre, B. More Than Black or White: Melanization and Toll Share Regulatory
Serine Proteases in Drosophila. Cell Rep. 2019, 27, 1050–1061.e1053. [CrossRef] [PubMed]

52. An, C.; Ragan, E.J.; Kanost, M.R. Serpin-1 splicing isoform J inhibits the proSpätzle-activating proteinase HP8 to regulate
expression of antimicrobial hemolymph proteins in Manduca sexta. Dev. Comp. Immunol. 2011, 35, 135–141. [CrossRef] [PubMed]

53. Nappi, A.J.; Frey, F.; Carton, Y. Drosophila serpin 27A is a likely target for immune suppression of the blood cell-mediated
melanotic encapsulation response. J. Insect Physiol. 2005, 51, 197–205. [CrossRef] [PubMed]

54. Bao, J.; Liu, L.; An, Y.; Ran, M.; Ni, W.; Chen, J.; Wei, J.; Li, T.; Pan, G.; Zhou, Z. Nosema bombycis suppresses host hemolymph
melanization through secreted serpin 6 inhibiting the prophenoloxidase activation cascade. J. Invertebr. Pathol. 2019, 168, 107260.
[CrossRef] [PubMed]

55. Danielli, A.; Barillas-Mury, C.; Kumar, S.; Kafatos, F.C.; Loukeris, T.G. Overexpression and altered nucleocytoplasmic distribution
of Anopheles ovalbumin-like SRPN10 serpins in Plasmodium-infected midgut cells. Cell Microbiol. 2005, 7, 181–190. [CrossRef]

56. Zou, Z.; Jiang, H. Manduca sexta serpin-6 regulates immune serine proteinases PAP-3 and HP8. cDNA cloning, protein expression,
inhibition kinetics, and function elucidation. J. Biol. Chem. 2005, 280, 14341–14348. [CrossRef]

57. Unckless, R.L.; Lazzaro, B.P. The potential for adaptive maintenance of diversity in insect antimicrobial peptides. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 2016, 371, 20150291. [CrossRef]

58. Li, B.; Yu, H.Z.; Ye, C.J.; Ma, Y.; Li, X.; Fan, T.; Chen, F.S.; Xu, J.P. Bombyx mori Serpin6 regulates prophenoloxidase activity and
the expression of antimicrobial proteins. Gene 2017, 610, 64–70. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.celrep.2019.03.101
https://www.ncbi.nlm.nih.gov/pubmed/31018123
https://doi.org/10.1016/j.dci.2010.09.004
https://www.ncbi.nlm.nih.gov/pubmed/20851714
https://doi.org/10.1016/j.jinsphys.2004.10.013
https://www.ncbi.nlm.nih.gov/pubmed/15749104
https://doi.org/10.1016/j.jip.2019.107260
https://www.ncbi.nlm.nih.gov/pubmed/31622597
https://doi.org/10.1111/j.1462-5822.2004.00445.x
https://doi.org/10.1074/jbc.M500570200
https://doi.org/10.1098/rstb.2015.0291
https://doi.org/10.1016/j.gene.2017.02.011

	Introduction 
	Materials and Methods 
	Identification of Serpins in Three Rice Planthopper Species 
	Prediction of Basic Information and Physicochemical Properties of Serpin Genes 
	Construction of a Phylogenetic Tree for Serpins 
	Chromosome Localization and Synteny Analysis of the Serpin Family 
	Analysis of Conserved Domains and Motifs 
	Expression Analysis of the Serpin Family Genes 
	Fungal Culture and Infection 

	Results 
	Phylogenetic Analysis of the Serpins in Three Rice Planthopper Species 
	Chromosome Localization and Genomic Collinearity Analysis of Serpin Genes 
	Analysis of Conserved Domains and Motifs in the Serpin Gene Family 
	Expression Analysis of Serpin Genes at Different Developmental Stages in Three Rice Planthopper Species 
	Expression Analysis of Serpin Genes in Different Tissues of Adult Rice Planthoppers 
	Expression of Serpin Genes in Rice Planthopper Species Post-Infection with Metarhizium 

	Discussion 
	Conclusions 
	References

