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A B S T R A C T

Angiotensin-converting enzyme (ACE) plays diverse roles in the animal kingdom. However, whether ACE plays
an immune function against viral infection in vector insects is unclear. In this study, an ACE gene (LsACE) from
the small brown planthopper was found to respond to Rice stripe virus (RSV) infection. The enzymatic activities of
LsACE were characterized at different pH and temperature. Twenty planthopper proteins were found to interact
with LsACE. RSV infection significantly upregulated LsACE expression in the testicle and fat body. When the
expression of LsACE in viruliferous planthoppers was inhibited, the RNA level of the RSV SP gene was upre-
gulated 2-fold in planthoppers, and all RSV genes showed higher RNA levels in the rice plants consumed by these
planthoppers, leading to a higher viral infection rate and disease rating index. These results indicate that LsACE
plays a role in the immune response against RSV transmission by planthoppers.

1. Introduction

Angiotensin-converting enzyme (ACE, EC 3.4.15.1), also known as
dipeptidyl carboxypeptidase, is well studied in the animal kingdom.
The mammalian ACE is best known for its role in the renin–angiotensin
system, which is involved in the regulation of blood pressure home-
ostasis (Bernstein et al., 2013). Angiotensin I is converted to the vaso-
constrictor angiotensin II by ACE through the cleavage of a C-terminal
dipeptide of angiotensin I. Apart from this, ACE takes part in thermo-
regulation (Schwimmer et al., 2004), hematopoiesis (Hubert et al.,
2006), and immune responses (Bernstein et al., 2013). The mammalian
ACE has two distinct isoforms, i.e., a double-domain somatic form and a
single-domain testicular form (Bernstein et al., 2013).

Insects have an open circulatory hemolymph system that is con-
sidered to lack all components of the renin–angiotensin system except
ACE homologs (Fournier et al., 2012). Insect ACE only has one isoform,
which resembles the testicular form of the mammalian ACE (Lemeire
et al., 2008). The biological functions of ACEs in insects are diversified.
They are involved in larval growth and development (Isaac et al.,
2007), metabolic inactivation and biosynthesis of neuropeptides (Isaac

et al., 2009), digestion (Lemeire et al., 2008), regulation of male and
female fecundity (Isaac et al., 1999; Ekbote et al., 2003; Sun et al.,
2018), modulation of insect-plant interactions as effector proteins
(Wang et al., 2015), and immune response (Aguilar et al., 2005;
Macours et al., 2003; Duressa and Huybrechts, 2016). Regarding the
roles of ACE in the innate immune system of insects, upregulation of
ACE transcripts was observed in defense against both gram-negative
and gram-positive bacteria but not against fungal infection in Locusta
migratoria and Anopheles gambiae (Aguilar et al., 2005; Macours et al.,
2003; Duressa and Huybrechts, 2016).

Rice stripe virus (RSV), a single-stranded RNA virus of the genus
Tenuivirus, is one of the most destructive pathogens to rice and has
caused serious rice yield loss in many East Asian countries (Toriyama,
1986). This virus is efficiently transmitted by the small brown plan-
thopper Laodelphax striatellus in a persistent-propagative manner (Falk
and Tsai, 1998). The genome of RSV contains four RNA segments.
RNA1 is negative-sense and encodes the RNA-dependent RNA poly-
merase (RdRp). The other three segments are ambisense and encode
NS2, NSvc2 (putative membrane glycoprotein), NS3 (gene silencing
suppressor), CP (nucleocapsid protein), SP (disease-specific protein),
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and NSvc4 (movement protein) (Cho et al., 2013). As a persistent-
propagative plant virus, RSV has a limited replication level in the vector
insect under the surveillance of the insect immune system, such as
pattern recognition molecules, immune-responsive effectors, reactive
oxygen species, and the Toll pathway (Zhao et al., 2016, 2019a). In
addition to these well-known immune pathways, the ACE gene of L.
striatellus (LsACE) was found to response; its transcript level was up-
regulated in viruliferous planthoppers (Zhang et al., 2010). However,
whether this ACE gene plays an immune response function against RSV
infection in the vector insect is unclear.

The aim of this study was to determine the effect of LsACE on RSV
infection in the vector insect. The enzymatic dynamics of in vitro ex-
pressed LsACE were characterized. The planthopper proteins that may
interact with LsACE were identified using yeast two-hybrid screening.
The temporal and spatial expression patterns of LsACE in non-
viruliferous and viruliferous planthoppers were revealed. Finally, RNAi-
based knockdown of LsACE was performed to determine the effect of
LsACE on RSV infection in planthoppers and rice plants.

2. Materials and methods

2.1. Small brown planthoppers and rice plants

The viruliferous and nonviruliferous small brown planthopper
strains used in this study were established from a field population
collected in Hai'an, Jiangsu Province, China. The two strains were
reared separately in the laboratory on 2-cm to 3-cm seedlings of rice,
Oryza sativa Huangjinqing, in glass incubators at 25 °C with 16 h of light
daily as described previously (Zhao et al., 2016). To maintain the RSV-
carrying frequency of the viruliferous strain at no less than 90%, non-
viruliferous individuals were identified and eliminated via dot-ELISA
using the monoclonal anti-CP antibody every three months (Zhao et al.,
2016).

2.2. RNA isolation and cDNA synthesis

Total RNA was isolated from planthoppers, six tissues (brain, sali-
vary gland, gut, fat body, ovary, and testicle), or rice leaves following
the standard TRIzol reagent protocol (Invitrogen, Carlsbad, CA, USA).
The concentration and quality of total RNA were determined using a
NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA)
and by gel electrophoresis. RNA was treated using DNase I (Qiagen,
Valencia, CA, USA) to remove genomic DNA contamination before
being used for cDNA synthesis. RNA (1 μg) was reverse transcribed to
cDNA using MLV reverse transcriptase (Promega, Madison, WI, USA)
and random primers or oligo dT primers following the manufacturer's
instructions.

2.3. Gene cloning and sequence analysis

Based on the 254 bp fragment of ACE from the L. striatellus tran-
scriptome (Zhang et al., 2010), specific primers 5′-RACE-in-p, 5′-RACE-
ex-p, 3′-RACE-in-p, and 3′-RACE-ex-p (Table S1) were designed to ob-
tain the 5′-terminal and 3′-terminal sequences by 5′ RACE and 3′ RACE
using SMARTer RACE cDNA Amplification Kit (Clontech, Mountain
View, CA, USA) according to the manufacturer's instructions. Based on
the RACE results, the open reading frame (ORF) of LsACE was amplified
from the cDNA library of L. striatellus with primers LsACE-ORF-F/
LsACE-ORF-R (Table S1). The PCR product was subcloned into the
pGEM-T easy vector (Promega) and transfected into DH5α cells for
sequencing. The protein sequence was determined from the sequenced
ORF. Possible secretory signal peptides and transmembrane helices
were predicted using SignalP 4.1 (http://www.cbs.dtu.dk/services/
SignalP/) and TMHMM 2.0 (http://www.cbs.dtu.dk/services/
TMHMM-2.0/). The theoretical molecular weight and isoelectric point
of mature LsACE were computed in ExPASy (http://web.expasy.org/

compute_pi/). Possible glycosylation sites were predicted in NetNGlyc
1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). The protein
sequence of LsACE was aligned with the homologs of Drosophila mela-
nogaster using ClustalW at EBI (http://www.ebi.ac.uk/Tools/msa/
clustalw2/). An unrooted tree was constructed with the neighbor-
joining method using pairwise deletion and the p-distance model in
Mega 7.0 software. Bootstrap analysis with 1000 replicates was per-
formed to evaluate the internal support of the tree topology.

2.4. Protein expression and purification

A 2052 bp LsACE fragment from amino acid residues 50 to 716 was
amplified using the primers LsACE-EXPS-F/LsACE-EXPS-R and then
subcloned into the pET28a vector to generate His-tag recombinant
plasmids. The recombinant plasmids were transformed to Escherichia
coli strain Rosetta for expression. After 4 h induction with 0.8mM iso-
propyl β-D-thiogalactoside (IPTG) at 37 °C, the cells were pelleted by
centrifugation and sonicated for 30min in ice water. The expressed
recombinant LsACE was purified from the supernatant using Ni
Sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, UK) with
different concentrations of imidazole following the manufacturer's in-
structions. The purified LsACE was dissolved in 80mM HEPES buffer
using Amicon Ultra Centrifugal Filters (10 kDa cut-off) (Millipore,
Burlington, MA, USA) after centrifugation at 3000 rpm for 10min at
4 °C. The empty pET28a vector was used in the same procedure as the
negative control.

2.5. ACE activity assay

The enzyme activity of in vitro expressed LsACE was evaluated by
quantifying the hydrolysis of N-[3-(2-furyl)acryloyl]-L-phenylalanyl-
glycylglycine (FAPGG), which is one of the most widely used ACE
substrates, to N-(3-[2-furyl]acryloyl)-L-phenylalanine (FAP) and gly-
cylglycine (GG) using a modified method described by Murray et al.
(2004). The standard curves of FAPGG (Sigma-Aldrich, Santa Clara, CA,
USA) and FAP + GG (equal molar concentration) (Sigma-Aldrich) were
constructed with a series of concentrations from 0 to 1.0 mM in a buffer
containing 80 mM HEPES, 300 mM NaCl and 0.1 mM ZnCl2, pH 8.0.
Three replicates for each concentration were prepared. The linear re-
gression equation, along with the coefficient of determination (R2), was
used to evaluate the standard curves. The change in the extinction
coefficient (Δε), i.e., the maximum absorbance change at 340 nm due to
the complete hydrolysis of 1mM FAPGG to FAP and GG, was obtained
from the two standard curves. The absorbance at 340 nm was recorded
on a SpectraMax Paradigm Multi-Mode Microplate Reader (Molecular
Devices, San Jose, CA, USA).

The purified LsACE protein was dissolved in 80mM HEPES buffer to
yield the LsACE solution at a final concentration of 65 μg/mL. The
substrate solution contained 80mM HEPES, 300mM NaCl, 0.1 mM
ZnCl2 and 1mM FAPGG. The reaction was carried out in one well of a
96-well plate, where 30 μL of LsACE solution was mixed with 200 μL of
substrate solution. After incubation for 30min, the reaction was ter-
minated by the addition of 20 μL of 100mM ethylene diamine tetra-
acetic acid (Merck, Kenilworth, NJ, USA). A pH range from 4.0 to 10 at
25 °C and a series of temperatures, 20, 25, 30, 35, 40, and 45 °C, at pH
8.0 were tested to determine the optimal pH and temperature for LsACE
activity. Five replicates for each pH and temperature were performed.
The activity of LsACE was computed using Equation (1):

ACE activity (units/L)=(Vt×1000)/(Δε×Vs×d)×ΔA/min (1)

where Vt=the final assay volume (250 μL); Vs = the volume of ACE
solution (30 μL); d= light path (cm); Δε= the maximum absorbance
change at 340 nm due to the complete hydrolysis of 1mM FAPGG to
FAP and GG; and ΔA/min=decrease in absorbance at 340 nm per
minute. Differences were statistically evaluated using one-way ANOVA
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followed by Tukey's test for multiple comparisons in SPSS 17.0 soft-
ware.

An appropriate amount of LsACE was incubated with a range of
concentrations of FAPGG solutions at 25 °C and pH 6.0. The con-
centration of FAPGG was quantified using the standard curve for the
theoretical breakdown of FAPGG to FAP and GG. Five replicates were
carried out for each substrate concentration. The kinetic constants Vmax

and Km were computed with HYPER software according to the
Lineweaver-Burk method and presented as the mean ± SE.

2.6. Yeast two-hybrid analysis

Yeast two-hybrid screening was performed with the Matchmaker™
GAL4 Two-Hybrid System 3 & Libraries (Clontech) according to the
manufacturer's protocol. A whole-body cDNA library of the small brown
planthopper was constructed using the SMART™ cDNA Library
Construction Kit (Clontech), normalized with the Trimmer-Direct cDNA
Normalization Kit (Evrogen, Moscow, Russia), and then subcloned into
the vector pGADT7 (Clontech) to create prey plasmids. The mature
LsACE without secretory signal peptide was subcloned into the vector
pGBKT7 (Clontech) to create the pGBKT7-LsACE bait plasmid. MaV203
yeast cells were cotransformed with pGBKT7-LsACE and the pGADT7
library. Positive clones were selected on triple dropout medium (SD/-
Leu/-Trp/-His) and quadruple dropout medium (SD/-Leu/-Trp/-His/-
Ade). Prey plasmids were isolated from these clones for sequencing. To
confirm the interaction of bait and prey proteins, we cotransformed the
two plasmids into the yeast strain AH109 and repeated the selection on
triple and quadruple dropout media. The prey sequences were used in a
BLAST search of the gene set of the small brown planthopper (Zhu
et al., 2017) and annotated by National Center for Biotechnology In-
formation (NCBI).

2.7. Real-time quantitative PCR

A 168 bp fragment of LsACE, 142 bp fragment of RdRp, 142 bp
fragment of NS2, 148 bp fragment of NSvc2, 129 bp fragment of NS3, 60
bp fragment of CP, 152 bp fragment of SP, and 128 bp fragment of
NSvc4 were amplified using real-time quantitative PCR (qPCR) to
quantify the relative RNA levels of respective genes in planthoppers and
rice plants. A 64 bp fragment of the planthopper elongation factor 2
gene (EF2, Wang et al., 2017) and a 185 bp fragment of the rice ubi-
quitin 5 gene (AK061988) were quantified to normalize the cDNA
templates of insect and plant samples, respectively. The primers are
listed in Table S1 qPCR was performed on a Light Cycler 480 II (Roche,
Basel, Switzerland). The thermal cycling conditions were 95 °C for
2min, 40 cycles of 95 °C for 20 s, 58 °C for 20 s and 68 °C for 20 s,
followed by one cycle of 95 °C for 30 s, 58 °C for 30 s and 95 °C for 10 s
to collect the melting curve. The relative RNA level of each gene to that
of EF2 or ubiquitin 5 was reported as the mean ± SE. Differences were
statistically evaluated either by Student's t-test to compare two means
or one-way ANOVA followed by Tukey's test for multiple comparisons
in SPSS 17.0 software.

2.8. Quantification of LsACE expression in various tissues and
developmental stages of viruliferous and nonviruliferous planthoppers

Brain, salivary gland, gut, fat body, ovary, and testicle were dis-
sected from 20 to 50 viruliferous and nonviruliferous adults of plan-
thoppers, and 6 biological replicates for each tissue were prepared for
RNA extraction. Five or ten individuals from each nymphal stage and
female and male adults of viruliferous and nonviruliferous insects were
prepared for RNA extraction, and 6 biological replicates were per-
formed. qPCR was performed to quantify and compare the transcript
levels of LsACE in viruliferous and nonviruliferous samples.

2.9. Double-stranded RNA synthesis and delivery

PCR primers with T7 promoter sequences, LsACE-dsRNA-F and
LsACE-dsRNA-R, were used to prepare 559 bp double-stranded RNA
(dsRNA) of LsACE (Table S1). A 420 bp dsRNA for green fluorescent
protein (GFP) was amplified using primers GFP-dsRNA-F and GFP-
dsRNA-R as negative controls (Table S1). dsRNA was generated using
T7 RiboMAX Express RNAi System (Promega) and purified using Wi-
zard SV Gel and PCR Clean-Up System (Promega) following the man-
ufacturer's protocol. 23 nL of dsRNAs at 6 μg/μL was infected into the
fourth instar of nymphs. The dsRNAs were delivered into the hemo-
lymph in the ventral thorax by microinjection through a glass needle
using Nanoliter 2000 (World Precision Instruments, Sarasota, Florida,
USA).

2.10. Effects of LsACE on RSV infection in planthoppers and rice plants

After injection of dsLsACE-RNA for 5 d in viruliferous planthoppers,
the RNA levels of seven RSV genes and LsACE were measured using
qPCR. Insects injected with dsGFP-RNA were used as controls. Twelve
biological replicates and 5 insects per replicate were prepared for
treatment or control groups. On the fifth day after injection of dsLsACE-
RNA or dsGFP-RNA, 10 viruliferous planthoppers were transferred to 5
rice seedlings for 4 d of feeding and then removed from the plants. One
batch of plants was collected for measurement of the RNA levels of
seven RSV genes using qPCR. Twenty biological replicates and 5
seedlings per replicate were prepared. Another batch of plants was
cultured continually for disease symptom observation. The infection
rate (IR) and the disease rating index (DRI) were calculated at 10 d,
13 d, and 16 d after viral inoculation (DAI). The IR was the ratio of the
number of plants showing RSV symptoms to the total number of in-
oculated plants. The DRI was scored based on the severity of disease
symptoms according to the definition described by Washio et al. (1967).
Three biological replicates with 20–42 seedlings per replicate were used
to calculate IRs and DRIs.

2.11. Western blot assay

The variation of viral proteins in planthoppers and rice plants was
checked with Western blot assay after injection of dsLsACE-RNA in
viruliferous planthoppers as described in 2.10. Total protein was ex-
tracted from planthoppers using T-PER® Tissue Protein Extraction
Reagent (Thermo Fisher Scientific) and from plants using Plant Protein
Extraction Reagent (CWBIO, Beijing, China) containing a protease in-
hibitor cocktail (CWBIO). The amounts of NS3, CP, SP, and NSvc4 were
measured using homemade monoclonal anti-CP, anti-SP, anti-NS3 an-
tibodies and polyclonal anti-NSvc4 antibody (Zhao et al., 2019b). Beta-
tubulin of the small brown planthoppers and beta-actin of the rice were
applied as the internal controls against the monoclonal anti-beta-tu-
bulin antibody (CWBIO) and monoclonal anti-beta-actin antibody
(Sungene Biotech, Tianjin, China). The immune signal was visualized
using Image Station 4000MM ProCFL (Carestream, Rochester, NY,
USA). The density of viral proteins was quantified with image analysis
software ImageJ and normalized to that of beta-tubulin or beta-actin.
Differences were statistically evaluated by Student's t-test in SPSS 17.0
software.

3. Results

3.1. LsACE cDNA and amino acid sequence

The full-length transcript of LsACE (MK387339 in GenBank) was
obtained using the RACE technique. The sequence contained a 174 bp
and 273 bp untranslated region at the 5′ and 3’ terminals, respectively.
The 2256 bp open reading frame encoded a protein of 751 amino acid
residues. A 21-amino-acid secretory signal peptide at the N-terminal
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and a 23-amino-acid transmembrane helix (position 726 to 748) at the
C-terminal were predicted, indicating that LsACE was probably a
membrane protein. Two putative N-glycosylation sites were identified
at Asn291 and Asn406. The activity site motif “HEMAH” (“HEXXH”,
position 460 to 464) was identified (Fig. 1A). The mature LsACE
without the secretory signal peptide had a theoretical molecular mass of
84.6 kDa and an isoelectric point of 5.84. Phylogenetic analysis showed
that LsACE was most similar to D. melanogaster ACE3 (DmAnCE3)
among the six D. melanogaster homologs (Fig. 1B).

3.2. Enzymatic activity of LsACE

To characterize the enzymatic activity of LsACE, the fragment from
amino acid residues 50 to 716 (without the secretory signal peptide and
transmembrane helix) was expressed in E. coli cells and purified. The
molecular weight of the His-tagged recombinant protein was 79.5 kDa
(Fig. 2A). The hydrolysis activity of LsACE from FAPGG to FAP and GG
was measured based on standard curves (Fig. 2B). The coefficient of
determination (R2) was over 0.98 for each standard curve. In the pH
range from 4.0 to 12, the enzyme activity increased from 2.0 U/L at pH
4.0–8.6 U/L at pH 6.0 and then dropped at pH 7 (Fig. 2C). LsACE
maintained a high activity between 7.2 U/L and 9.2 U/L in a range of
temperatures from 20 °C to 35 °C, while the activity remarkably

decreased at 40 or 45 °C (Fig. 2D). Thus, the optimal pH and tem-
perature for LsACE activity were pH 6.0 and from 20 °C to 35 °C, with
the best activity at 25 °C. The kinetic constant Vmax was
38.5 ± 3.3 μmolmin−1 mg−1, and Km was 36.1 ± 1.4 μMat pH 6.0
and 25 °C.

3.3. Potential proteins that interact with LsACE in planthoppers

A whole-body cDNA library of the small brown planthopper was
constructed and expressed in yeast. The potential interactive proteins
were screened using LsACE as bait in yeast two-hybrid analysis. Forty
positive clones were selected on triple dropout medium (SD/-Leu/-
Trp/-His) or quadruple dropout medium (SD/-Leu/-Trp/-His/-Ade),
among which 38 clones were successfully sequenced. The interaction
between LsACE and the 38 clones was further verified with the yeast
two-hybrid system, and only 29 clones were confirmed to interact with
LsACE (Fig. 3). After alignment with the gene set of the small brown
planthopper, 28 clones encoding 20 different proteins were found in the
gene set (Table 1). Five clones encoded an unknown protein. AMP
deaminase 2, DnaJ-like protein subfamily A member 2, NADH-ubiqui-
none oxidoreductase 49 kDa subunit, and an unknown protein each
were retrieved from two clones. Other known proteins included 2-ox-
oisovalerate dehydrogenase subunit beta, 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase-like, aspartate-tRNA ligase, cob(I)yrinic
acid a,c-diamide adenosyltransferase, kynurenine-oxoglutarate transa-
minase 3, endocuticle structural glycoprotein SgAbd-2, RR1 cuticle
protein 2 precursor, macrophage migration inhibitory factor, putative
proteasome inhibitor, calcium-binding protein, integrator complex
subunit 9, and clustered mitochondria protein.

3.4. Temporal and spatial expression of LsACE in nonviruliferous and
viruliferous planthoppers

The transcript levels of LsACE in various tissues and developmental
stages were quantified and compared between nonviruliferous and
viruliferous planthoppers using qPCR. LsACE was mainly expressed in
the brain, salivary gland, and testicle, while it had a lower expression
level in the fat body, gut, and ovary (Fig. 4A). RSV infection increased
LsACE expression in the testicle and fat body (Fig. 4A). At different
developmental stages, LsACE showed a higher expression level in male
than in female adult and nymphal stages (Fig. 4B). However, RSV in-
fection significantly upregulated LsACE expression in nymphal stages
but not in adult stages (Fig. 4B).

3.5. Effect of LsACE on RSV infection in planthoppers and rice plants

To explore the influence of LsACE on RSV infection in planthoppers,
the expression of LsACE in viruliferous planthoppers was inhibited by
injection of dsLsACE-RNA. After 5 d, the RNA levels of seven RSV genes
and LsACE in planthoppers were measured using qPCR. Compared to
the control group, which was injected with dsGFP-RNA, the transcript
level of LsACE decreased by 80% (Fig. 5A). The RNA level of the SP
gene was significantly upregulated by 2-fold, while other RSV genes did
not show changes when the expression of LsACE was inhibited (Fig. 5B).
The protein level of SP only had an increasing tendency without sta-
tistical significance (Fig. 5C, Supplemental Fig. 1A).

To test whether LsACE affected RSV infection in rice plants, the RNA
levels of the seven RSV genes from the rice plants consumed by
dsLsACE-RNA-injected viruliferous planthoppers were measured using
qPCR and compared to those consumed by dsGFP-RNA-injected plan-
thoppers at 4 DAI. All RSV genes showed higher RNA levels in the rice
consumed by dsLsACE-RNA-injected planthoppers, indicating a higher
viral activity (Fig. 5D). The protein levels of NS3, CP, SP, and NSvc4
were also checked with Western blot assay. Only NS3 and SP proteins
showed a significantly elevated level in the rice plants consumed by
these planthoppers (Fig. 5E, Supplemental Fig. 1B). The reaction of rice

Fig. 1. Sequence characteristics of LsACE. (A) The amino acid sequence of
LsACE. The secretory signal peptide is underlined. N-glycosylation sites are
marked with triangles. Active site sequences are boxed. The transmembrane
region at the C-terminal is underlined with two lines. (B) The phylogenetic tree
of LsACE and six homologs of Drosophila melanogaster constructed with the
neighbor-joining method using pairwise deletion and the p-distance model.
Bootstrap analysis with 1000 replicates was performed. The accession numbers
for D. melanogaster ACE homologs are NP_477195.1 for DmACER, NP_477046.
1 for DmAnCE, NP_788042.1 for DmAnCE2, NP_001033904.1 for DmAnCE3,
NP_610442.2 for DmAnCE4, and NP_573392.2 for DmAnCE5.
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to RSV infection was also evaluated. The infection rate (IR) and the
disease rating index (DRI) were calculated at 10, 13, and 16 DAI. A
higher IR at 16 DAI and a higher DRI at 10 and 13 DAI were observed in
the rice consumed by dsLsACE-RNA-injected planthoppers compared to
the control group (Fig. 5F and G), reflecting a higher number of plants
with more severe disease symptoms (Fig. 5H).

From these data, we conclude that the lower LsACE expression
promoted the expression of the RSV SP gene in planthoppers and thus
facilitated RSV infection in rice plants. Therefore, LsACE plays a role in
immune response against RSV in planthoppers.

4. Discussion

In this study, we presented evidence to propose a possible immune
function of an ACE of the small brown planthopper during the trans-
mission of RSV. RSV infection upregulated the expression of LsACE in
the fat body, an immune organ of insects. RNAi-based knockdown of
LsACE led to a significant upregulation of viral SP gene expression in
planthoppers and a more severe viral infection in rice. This finding
expands our knowledge of the physiological functions of ACE in insects
and is the first report of a relationship between ACE and plant virus in
vector insects.

The immune function of LsACE in RSV infection of vector insects is
different from that of the mammalian renin–angiotensin system in the
pathogenesis of various human viruses. The expression of LsACE is ac-
tivated by RSV, and the increase in LsACE is not in favor of the viral
infection, as shown by inhibited viral SP expression. Cytoplasmic viral
inclusions comprise SP that directly interacts with the ribonucleopro-
tein particles of RSV; the knockdown of SP expression significantly
limited the spread of RSV in the infected insects (Wu et al., 2014). In
our study, overexpression of SP due to the knockdown of LsACE in
planthoppers led to a more serious disease incidence in rice plants,
suggesting a higher viral transmission efficiency from vector insects to
host plants. Therefore, the immune function of LsACE may be embodied
in blocking the RSV spread in vector insects. In contrast, the SARS
coronavirus and avian influenza viruses H5N1 and H7N9 share a
common regulation on the mammalian renin–angiotensin system,
namely, the elevation of angiotensin II levels in parallel with reduced
ACE2 and sometimes enhanced ACE activities (Kuba et al., 2005;
Wösten-van Asperen et al., 2013; Zou et al., 2014; Huang et al., 2014).
The plasma level of angiotensin II is strongly correlated with the disease
severity of acute respiratory distress syndrome. Angiotensin I is cleaved
by ACE to produce angiotensin II and is further converted to angio-
tensin 1-7 by ACE2 (Imai et al., 2010). Therefore, these two enzymes

Fig. 2. Enzymatic activity of LsACE. (A) SDS-PAGE of
the recombinantly expressed and purified LsACE frag-
ment from amino acid residues 50 to 716. The arrow
indicates the 79.5 kDa His-tagged recombinant protein
that was eluted from Ni Sepharose using different con-
centrations of imidazole. (B) Standard curves of N-[3-(2-
furyl)acryloyl]-L-phenylalanyl-glycylglycine (FAPGG)
and a mixture of equal molar N-(3-[2-furyl]acryloyl)-L-
phenylalanine (FAP) and glycylglycine (GG) measured at
340 nm. Points represent the means ± SE of three re-
plicates. The linear regression equation and coefficient of
determination (R2) for each curve are presented. (C)
Enzymatic activity of LsACE at different pH values. (D)
Enzymatic activity of LsACE at different temperatures.
Points represent means ± SE of five replicates.
Differences were statistically evaluated using one-way
ANOVA followed by Tukey's test for multiple compar-
isons. Significant differences are indicated by different
lowercase letters.

Fig. 3. Yeast two-hybrid assay to screen planthopper
proteins that putatively interact with LsACE. (A)
Numbers and positions of the 38 clones that were further
verified with the yeast two-hybrid system after screening
the cDNA library of a small brown planthopper using
LsACE as bait. The clones with red numbers are deemed
to interact with LsACE in Fig. 3B a, pGBKT7-
53 + pGADT7-T, positive control; b, pGBKT7-
Lam + pGADT7-T, negative control; c, pGBKT7-
LsACE + pGADT7, self-activation. (B) Verification of the
interaction between LsACE and the 38 clones on triple
dropout medium (SD/-Leu/-Trp/-His) and quadruple
dropout medium (SD/-Leu/-Trp/-His/-Ade) in the yeast
two-hybrid system. Only 29 clones were determined to
interact with LsACE on the quadruple dropout medium
and encoded 20 different proteins (Table 1).
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have opposite functions in the mammalian renin–angiotensin system.
Activation of the renin–angiotensin system in viral acute respiratory
distress syndrome and in RSV-infected vector insects produces a dif-
ferent effect on viral infection. This is probably due to differences in the
substrates that are catalyzed by the two enzymes in mammals and in-
sects.

LsACE may have extensive protein interactions. As a member of the
M2 metalloprotease family, ACE is usually involved in the digestion of
small hormonal peptides and neuropeptides, such as leucokinin, lo-
custatachykinin, and allatostatin in insects (Lamango et al., 1997). We
identified 20 proteins that putatively interact with LsACE. Of these
proteins, several were associated with immune and inflammatory re-
actions. Kynurenine-oxoglutarate transaminase 3 (EC 2.6.1.7), also
known as kynurenine aminotransferase III, is a component of the ky-
nurenine pathway that is partially involved in neuroactive and im-
munomodulatory metabolites (Asp et al., 2011). The DnaJ-like protein
subfamily A member 2 is generally considered a potential target of the
immune response in rheumatoid arthritis (Kotlarz et al., 2013). AMP
deaminase 2 regulates the accumulation of extracellular ATP, which
provokes pro-inflammation and immune effects in systemic lupus er-
ythematosus (Guo et al., 2018). The RR1 cuticle protein 2 precursor
may take part in viral transmission because the homologous cuticle
proteins in the small brown planthopper (CPR1) and in the aphid
Schizaphis graminum were found to be involved in the viral transmission
process (Liu et al., 2015; Cilia et al., 2011). The macrophage migration
inhibitory factor has a central role as a regulator of innate immune and
inflammatory responses in human sepsis and other inflammatory dis-
eases (Baumann et al., 2003). Considering that these proteins are not
small peptides, we suggest that LsACE directly binds these proteins to
affect their functions instead of cleaving them. One or more immune
pathways could be targeted by LsACE.

LsACE shows typical dipeptidyl carboxypeptidase activity. LsACE is
most closely related in sequence to D. melanogaster AnCE3. Although
both ACEs have the HExAH active site motif, recombinantly expressed
D. melanogaster AnCE3 does not show enzymatic activities using Hip-
His-Leu or Locustatachykinin-1 as substrates (Isaac et al., 2007), while
LsACE is able to cleave the C-terminal dipeptide of FAPGG. The Km

value of LsACE towards FAPGG is 36.1 μM, reflecting a high affinity to
this substrate, compared to the Km of 2200 μM with the substrate Hip-
His-leu and 420 μM with the substrate Hip-Phe-Arg for the mammalian
somatic ACEs (Cheung et al., 1980). The optimal pH for LsACE activity
is 6.0, an acidic condition, while the optimal pH for an ACE homolog of
Musca domestica is 8.2, an alkaline condition (Lamango and Isaac,
1994). LsACE maintains high activity in a broad temperature range
from 20 °C to 35 °C, which adapts to the seasonal temperature varia-
tions in temperate and subtropical East Asia where the small brown
planthoppers distribute.

Table 1
Annotations of the Laodelphax striatellus proteins that putatively interact with LsACE screened by the yeast two-hybrid assay.

No. of clones∗ Genome ID# Annotation

2 evm.model.Contig112.94 Calcium-binding protein
3 evm.model.Contig 30.97 Kynurenine-oxoglutarate transaminase 3
4,25 evm.model.Contig 33.13 DnaJ-like protein subfamily A member 2
5 evm.model.Contig 1409.2 Aspartate-tRNA ligase, cytoplasmic
6,29 evm.model.Contig 84.28 NADH-ubiquinone oxidoreductase 49 kDa subunit
7 evm.model.Contig 47.45 Unknown protein
10 evm.model.Contig 348.76 Cob(I)yrinic acid a,c-diamide adenosyltransferase, mitochondrial
11,38 evm.model.Contig 40.65 Unknown protein
12 evm.model.Contig 374.60 Endocuticle structural glycoprotein SgAbd-2
13 evm.model.Contig 1058.2 Integrator complex subunit 9
14,15,19,24,26 evm.model.Contig 309.3 Unknown protein
16,27 evm.model.Contig 323.46 AMP deaminase 2
20 evm.model.Contig 78.125 2-oxoisovalerate dehydrogenase subunit beta, mitochondrial
21 evm.model.Contig 42.39 Unknown protein
22 evm.model.Contig 0.394 Macrophage migration inhibitory factor homolog
31 evm.model.Contig 92.72 Putative proteasome inhibitor
32 evm.model.Contig 18.302 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-like
33 evm.model.Contig112.100 RR1 cuticle protein 2 precursor
34 evm.model.Contig 440.4 Clustered mitochondria protein homolog
36 evm.model.Contig 192.23 Uncharacterized protein LOC105272240

*The numbers of clones are same as in Fig. 3A.
#Zhu et al., 2017.

Fig. 4. Temporal and spatial expression of LsACE in viruliferous and
nonviruliferous planthoppers. (A) Relative transcript levels of LsACE in the
brain, salivary glands, gut, fat body, testis and ovary. (B) Relative transcript
levels of LsACE in different developmental stages. The transcript level of LsACE
was normalized to that of the elongation factor 2 transcript and was represented
as the mean ± SE. Differences were statistically evaluated by Student's t-test to
compare two means. *, P < 0.05.
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In conclusion, we presented basic evidence for the immune function
of an ACE acting in a vector insect against the transmission of a plant
virus. How RSV regulates the expression of LsACE and what immune
pathways are targeted by LsACE require further investigation.
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