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ABSTRACT: Immuneresponseof insectvectors to transmittedpathogensor insecthostsagainstparasitesarewellstudied,
whereas the mechanism of tripartite interactions remains elusive. In this study, we investigated the immune interac-
tions of the vector beetle Monochamus alternatus (Ma) to the devastating plant parasitic nematode Bursaphelenchus
xylophilus (Bx) and the insect parasitic nematodeHowardula phyllotretae (Hp). We report the unique immune mech-
anismbywhichthevectorbeetle toleratesmanydevastatingBx in its trachea,yet that immunetolerance iscompromised
by the parasitic nematodeHp. Contact with either nematode species triggers epithelial reactive oxygen species (ROS)
production in Ma. Only the entry of Bx, not Hp, infection, induces increased expression of antioxidative genes,
through which the ROS levels are balanced in the trachea of beetles. Furthermore, we found that up-regulation of
antioxidative genes was induced by the interaction of Toll receptors. In contrast, beetles infected byHp retain high
levels of oxidative stress andmelanization in trachea, and as a result, decrease Bx loading. This study highlights the
role of Toll receptors in mediating the activation of antioxidative genes in immune tolerance to plant parasitic
nematodes, and suggests theuseof insect parasites as abiologic control.—Zhou, J., Zhao,L.-L., Yu,H.-Y.,Wang,Y.-H.,
Zhang, W., Hu, S.-N., Zou, Z., Sun, J.-H. Immune tolerance of vector beetle to its partner plant parasitic nematode
modulated by its insect parasitic nematode. FASEB J. 32, 000–000 (2018). www.fasebj.org
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Plant pathogens cause devastating diseases around
the globe. Insect vectors are responsible for the
transmission of some of the world’s most deadly

pathogens (1). Bursaphelenchus xylophilus (Bx; Nem-
atoda: Aphelenchoididae), commonly known as the
pinewood nematode, is the causal agent of pine wilt
disease, which causes significant pine mortality in for-
ests worldwide, ranging across North America, Japan,
South Korea, China, Portugal, and Spain (2, 3). In China
and Japan, the infectious cycle of this plant-parasitic
nematode is synchronized with the life cycle of the pine
sawyer beetle Monochamus alternatus (Ma; Coleoptera:
Cerambycidae), and Bx nematodes cannot be trans-
mitted without Ma (4–6). Dispersal of Bx occurs when
the nematode develops into dispersal fourth-stage
juveniles (LIV) (7). Thousands of LIV enter the trachea
(Tr) through spiracles and are transmitted to healthy
trees by Ma (4). Later, the vector beetle prefers to
oviposit on host pine trees already weakened by Bx
nematodes (4, 5). Previous work mainly studied the semi-
ochemical signals produced by these 2 partners, forming
a specific mutualistic relationship (8, 9). However, the
immune mechanism adopted by an insect vector, which
safely harbors thousands of its partner plant-parasitic
nematodes without affecting its life-span, remains largely
elusive. In addition, we discovered an insect parasitic
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nematode, Howardula phyllotretae, (Hp; Tylenchida: Allan-
tonematidae) in the body cavity of the Ma beetle. The
juvenile stage of Hp enters the body cavity of larval
beetles through the beetle’s anus, and it develops
along with the beetle from the larval to adult stage. It
has been reported that Howardula spp. develop inside
the coleopteran host, shorten its life-span, and reduce
its reproductive potential, rather than killing it out-
right (10, 11).

The immune response of an insect vector to plant
pathogens has mainly been studied in Drosophila or
hemipteroid insects and plant viruses in the gut or
salivary glands (12, 13). The immune response of vector
insects involves the intrinsic RNA interference (RNAi),
Toll, immune deficiency (IMD), and Janus kinase/
signal transducers and activators of transcription
pathways (14, 15). However, transmission of plant
pathogens through an insect vector’s Tr has rarely been
investigated, and the exact immune function remains
widely unknown.

The immune defense of an insect host against patho-
gens has been studied primarily in insects and insect
nematodes, including parasitic filarial nematodes and
entomopathogenic nematodes (16). The immune responses
of vector mosquitoes to filarial nematode parasites involve
the synthesis and secretion of antimicrobial peptides and
melanotic encapsulation response (17). In addition, a high
reactiveoxygen species (ROS) level inhibits parasiteswithin
the mosquito host by means of accelerated melanotic en-
capsulation (18). However, some insect parasites, such as
entomopathogenic nematodes, suppress the humoral and
cellular immune responses of insect vectors and kill
them to inhibit the vector–pathogen relationship (19). In
spite of the initial findings, the molecular or genetic
basis of anti-nematode immune responses in insects
remains unclear.

In this study, we elaborate distinctions in the specific
immune response of beetles to a plant parasitic nematode
(Bx) and an insect parasitic nematode (Hp). We revealed
the unique tracheal immune tolerance of vector beetle, in
which the Toll receptors enhance expression of anti-
oxidative genes of Ma to counterbalance the oxidative
stress (overaccumulated ROS) induced by Bx. In contrast,
in the Tr of Ma beetles infected by H. phyllotreta, the
maintenance of high ROS level reinforces the defense
against Bx nematodes.

MATERIALS AND METHODS

Insects

Adult Ma beetles infected by many Bx nematodes alone, Hp
nematodes alone, or both species of nematodes were field col-
lected from dead pine trees and for the RNA sequencing (RNA-
seq) library and morphologic observation. Control samples
without nematodes were selected from a laboratory colony.
Nematode-free pupal beetles (from a laboratory colony) of vari-
ous treatments or pupal beetles infected by Hp (from the field)
were introduced into artificial mediumwith Bx nematodes to
test the number of Bx nematodes able to be loaded into beetles
under different treatments. All the beetles used were dis-
sected to isolate the Tr to check the state of infection and the

number of nematodes before experiments. Because the pupal
beetles needed to be cultured until the adult stage for the
infection experiments, we randomly selected a subset of the
pupae and dissected them to validate the laboratory colony as
nematode free and the field colony as infected by Hp. Beetles
reared in the laboratory were dissected to double check they
were nematode free. The field-collected adult beetles used for
the preparation of the RNA-seq library were dissected to as-
certain the exact number of nematodes, and then, the tissues
were collected.

Field study, collection, and culture of
experimental organisms

A field-site survey was set up to investigate the percentage of
occurrence for the 2 distinct nematode species in the larval and
adultMabeetleAdult beetlesweremanually collected fromtraps
in pine forests damaged by Bx in Shanxi (31°869N, 118°129E),
Jiangsu (32°039N, 118°789E), and Zhejiang (30°079N, 119°959E)
provinces in China. The larval and pupal beetles were acquired
from pupal chambers of dead pine trees at 3 field sites in Shanxi,
Jiangsu, and Zhejiang provinces. Beetles were randomly col-
lected fromMaytoAugust (adults) or fromOctober toNovember
(larvae, pupae) for 3 yr. Beetles were dissected and immersed in
PBS, and the nematodes from Tr and body cavity of beetles were
counted.To furtherdetermine themutually exclusiveexistenceof
Bx andHp inMa, the number of Bxwas tested in beetles infected
with Hp. Because it is difficult to culture the insect parasitic
nematode, pupal beetles already infected by Hp were field col-
lected and, subsequently, introduced into artificial mediumwith
LIVBx.Onehundredpupalbeetleswere collected randomly from
Zhejiang province, where the larval beetles have a high parasit-
ism rate of Hp, and the number of Bx nematodes were counted
until d 6 after eclosion. We only determined whether the beetles
infectedwithHphadBx loading. Ifwe detectednoBxnematodes
inHp–infected beetles, it demonstrated thatHp nematodes were
restricted to Bx loading in the vector beetles. The population of
nematodes were identified and counted with a CZX 41 micro-
scope (Olympus, Tokyo, Japan). Themorphologic features ofMa,
Bx, and Hp were visualized and photographed with a Keyence
VHX-1000C digital microscope (Nikon, Tokyo, Japan) and an
XL30 environmental scanning electron microscope (Philips Re-
search, Eindhoven, The Netherlands).

Molecular identification of Hp

Individual nematodes (adults and juveniles) were put di-
rectly into 0.2-ml tubes with 8 ml sterile ultrapure water
(ddH2O) and 2 ml of 103 reaction buffer, held in liquid ni-
trogen for 1 min, and then heated for 2 min at 85°C. Then 1 ml
proteinase K (1mg/ml)was added, and the lysatewas heated
for a further 15 min at 56°C and 95°C for 10 min (20). PCR
reaction was performed in a total volume of 25 ml containing
2ml 103 reaction buffer (500mMKCl, 15mMMgCl2, 100mM
Tris-HCl), 2.5mMMgCl2, 0.2mMof each primer, and 0.5 U of
TaqDNApolymerase (Takara Bio, Kusatsu, Japan). The 59–39
sequence of the forwardprimer (designatedNem_18S_F)was
59-CGCGAATRGCTCATTACAACAGC-39 (23 bases); and
the reverse primer (Nem_18S_R) was 59-GGGCGGTATCT-
GATCGCC-39 (18 bases) (21). The primers amplified an in-
ternal fragment of 18S,;900 bp long. The PCR conditions for
amplification were as follows: an initial denaturation at 94°C
for 5 min, followed by 40 cycles of 30 s at 94°C, 60 s at 50°C,
80 s at 72°C, and a final extension of 10min at 72°C. Reactions
were performed in a thermal cycler (Mastercycler; Eppendorf,
Hamburg, Germany). Amplified PCR products were sepa-
rated in 1.5% agarose gel stainedwith ethidium bromide, with
a 100-bp DNA ladder (Promega, Madison, WI, USA) as a size
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marker. Gels were photographed under UV transilluminator.
PCR products were purified and sequenced in both directions.

The 18S DNA sequence from the insect parasitic nematode
was obtained in this study, and was analyzed with the Basic
Local Alignment Sear tool (BLAST) [https://blast.ncbi.nlm.nih.gov/
Blast.cgi; National Center for Biotechnology Information (NCBI),
Bethesda, MD, USA]. Sequences were assembled with DNA Se-
quencing Analysis software (v.3.0; Thermo Fisher Scientific,
Waltham, MA, USA) and aligned with ClustalX under the de-
fault alignment parameters (22). Transcriptome sequence reads
have been deposited in the Sequence Read Archive as BioProject
accessionPRJNA374773 (NCBI).Additionaldata andallmaterial
are available from the corresponding author upon reasonable
request.

RNA extraction, RNA-seq, and
transcriptome analysis

A total of 12 libraries were constructed from the fat body (Fb) of
uninfected Ma beetle (Fb-CK), the Fb of Ma carrying the Bx
nematode (Fb-Bx), the Fb ofMa infected byHp (Fb-Hp), the Fb of
Ma carrying both Bx and Hp nematodes (Fb-Bx+Hp), the epi-
dermis (Ep) of uninfectedMa (Ep-CK), the Ep ofMa carrying the
Bxnematode (Ep-Bx), theEpofMa infectedbyHp (Ep-Hp), theEp
ofMa carrying both Bx andHp nematodes (Ep-Bx+Hp), the Tr of
Ma carrying the Bx nematode (Tr-Bx), the Tr of Ma infected by
Hp (Tr-Hp), and the Tr of Ma carrying both Bx and Hp nema-
todes (Tr-Bx+Hp). Transcriptome analysis and annotation of
immunity-relatedgeneswereperformedaspreviouslydescribed
(23–25). Tissues were extracted from beetles infected by Bx
(1000–3000) orHp (700–1400) alone or at low densities (100–400)
ofbothnematodes (Bx+Hp), separately.Moreover,RNAsamples
were simultaneously collected from tissues of uninfected beetles
as controls. Total RNAwas isolated from the tissues using Trizol
reagent (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Tissues were extirpated and then washed
with PBS to remove the nematodes, were subsequently flash-
frozen with Trizol and stored at 280°C before use. Residual
bodies were immersed in water to count the number of nema-
todes. RNA sample concentration and purity was determined
with an ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). mRNA was purified with a Dynabeads
mRNApurification kit (Ambion; Thermo Fisher Scientific). Poly-
A containing mRNAs was enriched with oligo (dT) magnetic
beads (Thermo Fisher Scientific), fragmented with RNA frag-
mentation reagent, and subjected to the following procedure:
first- and second-strand cDNA synthesis, purification, end re-
pair, single-nucleotide addition, ligation of adapters, purification
of ligated products, and PCR amplification for cDNA template
enrichment. The RNA-seq library preparation kit for whole-
transcriptome discovery (compatible with Illumina, San Diego,
CA, USA) was used (Illumina Whole-Genome Gene Expression
BeadChips). The 320–420-bp products were purified with the
MiniElute gel extraction kit (Qiagen, Hilden, Germany) and se-
quencedwith the IlluminaHiseq 2000 platformat the Institute of
Genomics, Chinese Academy of Sciences.

Transcriptome analysis—de novo assembly
and functional annotation

Before assembly, raw reads were processed to remove low-
quality reads, to discard microbial (bacteria/virus/fungi) and
nematode contamination, and to trimadapter sequences.Denovo
assembly was performed with the short-reads assembling pro-
gram Trinity (v.2013) (26). The assembled sequences were
further clustered by CD-HIT software (27) to remove re-
dundancy and to refine manually. Ultimately, about 40 Gb of
usable sequencing data were generated, and each stage was

represented by $17 million reads. To make the transcripts as
comprehensive as possible and to avoid the increasing com-
plexity of assembly, 4 libraries were pooled for assembly.
Total yields of five 5059 contigs were used to make unigene
1.0 (N50: 2516 bp). The longest scaffold contained 28,458 bp.
To evaluate the accuracy of the assembled sequence, the se-
quencing reads were realigned onto the unigenes with
Burrows-Wheeler Aligner (BWA) software (28).

All unigenes were annotated based on the BlastX results
against the nonredundant (nr) protein database at NCBI (http://
www.ncbi.nlm.nih.gov/) and the Swiss-Prot database with an e
value , 1025. The hierarchical clustering of all unigenes was
performed with the fragments per kilobase of exon per million
mapped reads .0.5. Differentially express genes (DEGs) were
identified by comparing libraries between uninfected and in-
fected beetles, where transcripts with a .2-fold change (P ,
0.001)were considered differentially expressed. TheMa immune
genes were annotated based on sequence similarity to those ho-
mologs known to participate in immune responses in other or-
ganisms (23–25, 29). Metabolic pathways were constructed with
theKEGG(KyotoEncyclopediaofGenesandGenomesdatabase,
http://www.kegg.jp) database (30). Heat map analysis was per-
formed by the R package of pheatmap (http://www.r-project.org/;
R Foundation for Statistical Computing, Wien, Austria).

Transcriptome analysis—DEG analysis

Gene abundance levels were evaluated by RNA-seq expectation
maximization, which is a utility package in Trinity software.
DEGs were identified with DEG-seq software at a value of P ,
0.001 andwere flaggedwith the following set of rules (31): genes
with “true” signatures and.2-fold change was defined as “up-
regulated,”whereas genes with “true” signatures and,0.5-fold
change was defined as “down-regulated” genes.

Real-time quantitative PCR

Total RNA samples were extracted with Trizol (Thermo Fisher
Scientific). The RNA quality was assessed with an ND-1000
spectrophotometer (NanoDrop Technologies). About 1 mg of
RNA was used as template to produce cDNA with PrimeScript
real-time reagent kit with a genomic DNA eraser (Takara Bio).
Real-time quantitative PCR (qPCR) was performed in triplicate
with the SYBR Premix Ex Taq (Takara Bio) and an MX3000P
thermal cycler (Stratagene, La Jolla, CA, USA). Thermal cycling
was performed at 95°C for 30 s, followed by 40 cycles of 95°C for
5 s, 55°C for 30 s, and 72°C for 30 s. All PCR reactions were
performed in triplicate, and to check for the specificity of thePCR
reactions, melting curves were analyzed for each data point.
a-Tubulin fromMawas used as the internal control for normal-
ization. The primers used for this study are included in Table 1.
The expression value was calculated by the change in cycle
threshold (DDCt) method and was normalized to a-tubulin ex-
pression levels. Results were shown as means 6 SEM of 3 in-
dependent biologic repeats.

Phenoloxidase activity assay

The phenoloxidase (PO) activity assay was detected with epi-
dermic and tracheal tissues carrying Bx nematodes or infected
with Hp nematodes. Uninfected beetles without any nematode
were used as controls. The 0.1-g tissues were weighed and ho-
mogenizedwith 1mlPBSon ice, then centrifuged at 8000 g at 4°C
for 10 min. The resulting supernatants were decanted into new
centrifuge tubes and heated in a 37°C oven for 3 min. The PO
activity assayswere conducted in 96-well plates containing 50ml
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supernatant, followedby theadditionof200ml substrate solution
[2 mM dopamine in 50 mM sodium phosphate buffer (pH 6.5)]
(32). PO activity was determined at 470 nm using a plate reader.
Oneunit of activitywasdefinedasDA470 = 0.001 in 1min. Protein
concentration was used to calibrate the PO activity assay.

Double-strand RNAs preparation and injection

Double-strandedRNAs (dsRNAs)were synthesizedwith cDNA
templates possessing T7 RNA polymerase promoter sequences
on both ends (Table 1), according to the protocol for the T7
RiboMax Express RNAi System Kit (Promega). Sixty of the
newly formed pupae were injected with 30 mg of dsRNA
from a 7000-series modified microliter syringe (Hamilton,
Bonaduz, Switzerland), whereas dsGFP was used as a nega-
tive control. For double-knockdown experiment, 30 mg each
of respective dsRNAswere combined in a volume,10 ml and

injected into each of the first abdominal spiracles of pupal
beetle. The pupaewere kept in barleymediumwithBx at 25°C
for 72 h, and then 3 individuals were subjected to real-time
qPCR to confirm knockdown of targeted genes at the mRNA
level. The remaining pupae were kept in barley medium until
eclosion for further nematode number statistics. The late-
stage pupaewere used for dsRNA injections,which require an
additional 3–5 d for eclosion. The 6-d-old adults were dis-
sected to obtain and count the number of nematodes.

Artificial medium for cultivating Ma with Bx loading was
preparedwith10-gbarley seedand15-mldistilledwater andwas
then autoclaved at 25°C for 20min. Botrytis cinerea as food for Bx
was grown in the barley medium and cultured for 2 wk at 25°C,
and then 5000 propagative-stage pinewood nematodes were
added to the medium. The LIII-dispersal stage, juvenile nema-
todes were obtained after 2 wk of culturing. The pupae can ac-
celerate the formationofLIIIBx, so the earlypupaewereput in the
artificial medium to develop to the late-pupal stage. Then, the

TABLE 1. Primers used in real-time qPCR and RNAi experiments

Gene

Primer, 59–39

Sense Antisense

PGRP-LC2 CTGGAGACAACCGCTACCTC TTGTGCTAGCCATTGCAGTC
GNBP4 GCGAATACGAGCGCTTTTTA CGTCGAAAATGGAATTCTGC
Galectin3 AGGAACTGGGACACACCAAG GCTAAGGGGTTGGTCGGTAT
CTL12 TTCTTCGCCGCAACTTGTTG GGCGTCTCTGTATGTGGCAT
Spatzle 1 AAATGTGACTTCTGGGGCTTCT CTACAGAGTCAACTATTCAGCAAAC
Toll3 ACCTGGACGGCAATAACTTG AAACCGCGCAGTTCTTCTAA
Toll6 GAAAGCCGTCGTTTTGTAGCA TCAACCCGTATCTGGTGGAAAT
Toll7 TACATTCTCCGCGCTGTACA TGTAAATCCTGCAAGCCCGA
Toll8 TGCTCCGCCCTGAAAGAATT CCGCGAGACAAATTGCCAAT
Myd88 AAGTGCCGGCATTGAGTTAT TCTTGGCTCCCACTTCTGTC
Dif TGTCTTCTTTCGCGACCTTT GAAGGTAACACGCCTGGAAA
Cactus2 TTCTCTGGCGTTGATGTCTG CTGTGCAGCAACAGGAAAGA
Pelle CAGGTGGAATTGGATGCGGA TCTGTTGTCCGAGTATGCGC
Pellino TCCCGTCGGTTTAAACACGT TTCCTCGACCCGGTATCCTT
Cactin CCTGAGGACATCGAACCTGG CTTCGTCGGCATCCATTCCT
FADD CGTAAGCCTACATCGCCAAT GAAATTGGGCAAAAGTGGAA
IMD2 AGTGGCGCTCACTCTAGGAA TCCGGCTTCTCAGTTTTCTC
IAP6 AACATGTCCTCCTCCTCGTG ATTTGGCAACGTTGAAGACC
Cu/Zn SOD2 ATCGCAGTGTACACCAGACA GCTGCTTGTTTCTCGGCATA
CAT3 CCATGCTGACTATCCGCTGA CCGTACGCAAACAATCGTCC
HPX GCGAGGGGGAGTAGTAGGAC TTGGAGTTGTGCTGGAGTGA
NOS TCCAATTTACCGCAGCACCT CTTTCCAAAGCGTCACTGGC
Cu SOD TGTGTGGAAGCGGTAAAACG AGCAGCAAGACTACCAGCTT
Mn SOD GGGTCGGGGTCATCTGTTAA CGATCGTGCATTCCTAACGAC
PPO1 ACAACTGTGATCGTCTGGCA ACGAAGGAATTGTCGGCAGA
PPO2 AGATGGCGGGACAGGATTTT CGTGACCCATGTTGTGCAAA
Attacin2 AAACGTCCCATTTTGTTTGC GATGGCCAGCTTCATTCAGT
Hemipterous3 GCCGTTCTTGGTTTGATTTC TTCAACTTGCCAAGGGATTC
Coleoptericin CCATCATCACCACGTCCCAA GGCGGTCTGTTGAGGATGAT
Cecropin CCATAGCTGTCCTGTTGGCA ACTCCAGCATATCCAACAACTGT
GTX2 CCTGAGTACAGTTTTCAGCAACA AATGTTGGTGTCCGGCTTAC
SP1 AACGACCGAATGGCTAAGTG TGGGATGAATTATCGCCTTC
SP9 GATTGTCGATGACGGTCAGA GAACTCCTGCCAGTCCACAT
cSP5 AATGTGGCATTCACGGATTT TTTGGATGCGTACAGTGAGC
cSP7 AAGAGCTTTTCCGTCCGAGG AATGGGCTGCCGTGATAACA
Cactus2 TTTAAGAAAGAGGGGAGT TGGGAACAGAAAACATGA
dsGFP T7 + AACGGTTCAAAGCTTCCGAC T7 + ATAGCGGTTCGTTCCAATGC
dsToll6 T7 + AGCGGCGGCGTTTATTTT T7 + ATGCGTCTGATGAGAACTGTGG
dsToll8 T7 + AAACAATATCGACCGCCTGC T7 + CAAATTGTACAGCGCGGAGA
dsCu/ZnSOD2 T7 + GTATCTGGCGAGTGTATATGCCG T7 + GTCCAATTACTCCGCATGCCAA
dsCAT3 T7 + AGCCCACTTTGATCGCGAAA T7 + TGGGAGCCATAACCGTTCAT
dsGTX2 T7 + AGGTGAAGAGGAAGCTTGGAAA T7 + TGTAAGGGTTTAACGGTGGGT
dsCactus2 T7 + ACCTTTACATCTCGCCGTTG T7 + TATGCTGGGAGGAAGAATGC
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randomly selected pupae with analogous body weight were in-
jected with dsRNA and kept in the same medium. After beetle
eclosion, the LIV-dispersal stage, juvenile nematodes entered into
its tracheal system.The statusof thebeetleswas checkedeachday
until adult emergence, and the 6-d-old adults were dissected to
obtain and count the number of LIV nematodes, as described
earlier.

Measurement of ROS concentration, H2O2
content, and peroxidase and superoxide
dismutase activity assays

To assess ROS levels, tracheal tissue of Ma beetles was in-
cubated with a 10-mM solution of the oxidant-sensitive
fluorophore of the chloromethyl derivative of 5-(and-6)-
chloromethyl-29,79-dichloro-dihydrofluorescein diacetate acetyl
ester (CM-H2DCFDA;ThermoFisher Scientific). CM-H2DCFDA
is as an indicator of the degree of general oxidative stress. Be-
cause ROS has highly reactive molecules and is extremely un-
stable; thus, testing of ROS levels relies largely on detecting end
products, especially hydrogen peroxidase (H2O2) (33). After
20min incubation at room temperature in the dark, the Trwas
washed 3 times in dye-free medium, each for 5 min, and was
then transferred to a glass slide in a drop of PBS for epi-
fluorescence or confocalmicroscopic examination. The Trwas
examined with a Axioskop 40 and an Axiocam MRC5 with a
710 filter set (excitation, BP 450–490; beam splitter, FT 510; and
emission, LP 515; Carl Zeiss Microscopy, Thornwood, NY,
USA). Comparison of fluorescence levels among distinct im-
ageswas performedunder identical conditions,with the same
objectives and microscopes and similar exposure times for
each experiment. Confocal images were acquiredwith a Zeiss
LSM 710 META (excitation, 488 nm).

TheH2O2 concentrationwas quantifiedwith theAmplex Red
Hydrogen Peroxid/Peroxidase Assay Kit (Thermo Fisher Scien-
tific). Briefly, the tissueswere dissected in PBS and homogenized
with a motor-driven pellet pestle mixer (Kimble Chase Life
Science and Research Products, Vineland, NJ, USA) and were
centrifuged at 13,000 g for 15min at 4°C. The supernatant was
collected and mixed with a working solution of 100 mM
Amplex Red reagent (Thermo Fisher Scientific) and 0.2 U/ml
horseradish peroxidase (HRP), and incubated under dim light
at room temperature. After 30 min incubation, fluorescence
(excitation, 530 nm; emission, 590 nm) was measured with a
Cary Eclipse spectrofluorometer (Agilent Technologies, Santa
Clara, CA, USA). The H2O2 content was calculated according
to a H2O2 standard curve and expressed as micromoles per
gram of protein.

Peroxidase includes thioredoxin peroxidase, glutathione
peroxidase, peroxiredoxin, and heme-containing peroxidase.
Peroxidase assays were performed with the Amplex Red
Hydrogen Peroxide/Peroxidase Assay Kit. The supernatant of
homogenized tissues was collected for the same determination
of H2O2 content. The supernatant was mixed with 100 mM
Amplex Red Reagent (Thermo Fisher Scientific) containing
2mMH2O2andkept in thedarkat roomtemperature for 30min.
Fluorescence was then measured at 560 nm (extraction,
562 nm) with a Cary Eclipse spectrofluorometer (Agilent Tech-
nologies). The peroxidase activity was calculated according to a
peroxidase standard curve and expressed as units per gram of
protein.

Total superoxide dismutase (SOD; detoxify O2
2) activity of

tissues was measured with a SOD assay kit WST-8 (Biyuntian
Biotechnology Institute, Haimen, China) according to the man-
ufacture’s protocol. The tissueswere homogenized at 4°C in PBS
and centrifuged for the supernatant. Proteinwas quantifiedwith
a bicinchoninic acid protein assay kit (P0012; Biyuntian Bio-
technology Institute), and the sampleswere diluted to 20–100mg
with solution buffer supplied in the kit. The standard SOD

reagentwasdiluted to concentrationsof200, 100, 50, 20, 10, 5, and
2 U/ml. SOD inhibitor A and the sample or standard SOD re-
agent were mixed at a volume ratio of 1:24 on a 96-well plate.
After incubation for 1 h at 37°C, SOD inhibitor B was added and
incubated for 15 min at 37°C. The proper amount of the WST-8
enzymewas prepared according to the number of reactions. The
SOD activity was measured by mixing 160 ml of the WST-8 en-
zyme solutionwith 20ml of the culturemedium.After incubation
for 20 min at 37°C, absorbance was measured at 450 nm with a
Cary Eclipse spectrofluorometer (Agilent Technologies). Protein
concentration was determined with a Bicinchroninic Acid Pro-
tein Assay Kit (ComWin Biotech, Beijing, China) with bovine
serumalbumin as the control. The SODactivitywas expressed in
units per milligrams of protein.

H2O2 injection and survival analysis

Six-day-old adult beetles were individually injected with 5 ml
H2O2 solution in PBS into each of the first abdominal spiracles
with increasing doses of H2O2 (8, 12, 30, and 50 mmol) (34, 35).
Adults injectedwith PBS (5ml/abdominal spiracle)were used as
controls. The beetles were maintained in individual containers
and fed with fresh branches. The survival rate of H2O2-treated
beetleswasdetermined fromthenumbersof insects thatdied1, 2,
3, and 4 d after treatment (n = 20/group). The survival curves
were compared by Kaplan-Meier, and the threshold of the
P value was calculated with a log-rank or Mantel-Cox test (36).
Prism 6.0 software (GraphPad Software, La Jolla, CA, USA) was
used in all statistical analysis.

Effect of exogenous H2O2 on Ma Toll and
ROS pathways

The survival rate of exogenous H2O2-treated beetles revealed
the LD50 dose to be 30 mmol; hence, a dose of 30 mmol of H2O2
was used to elicit oxidative stress in vitro. Forwounding, adult
beetles were injected with PBS (5 ml/abdominal spiracle) for
injected controls. After 2 d, Ma Trs were dissected to extract
the total RNA. The expression of the Toll pathway–related
genes—Toll-6, Toll-8—and ROS pathway–related genes—
copper/zinc superoxide dismutase (Cu/ZnSOD2), gluta-
thione peroxidase 2 (GPX2), and catalase 3 (CAT3)—were
measured using real-time qPCR.

Immunofluorescence and immunoblot analysis

For immunofluorescence, the Ep and Tr of Ma beetles carrying
both Bx and Hp were prepared for 7-mm frozen section with a
CM1900 cryostat (Leica Microsystems, Wetzlar, Germany). The
samples were kept at 37°C for 10 min and were fixed with cold
acetone for 10 min and then were washed 3 times for 5 min each
withPBS.Then, the sampleswereblockedwith0.1%TritonX-100
in 5% bovine serum albumin for 1 h and further incubated with
the same buffer containing GPX2, Cu/ZnSOD2, and CAT3 an-
tibodies (polypeptide antibody, dilution 1:100) overnight at 4°C.
a-Tubulin was used as the reference gene in this study. The
sampleswere thenwashed 5 times for 5min eachwithPBS, anda
secondary antibody (dilution 1:200; Alexa Fluor 568 Goat Anti-
Rabbit IgG; ThermoFisher Scientific)was applied for 30min. The
cellular nucleus was stainedwith 1 mg/ml DAPI (excitation, 358
nm; emission, 461 nm) for 10 min. Finally, the samples were
mounted with antifade mounting medium (Thermo Fisher Sci-
entific) and analyzed by confocal microscopy (LSM 710; Carl
Zeiss).

For immunoblot analysis, protein samples were ground
with cell lysis buffer and 1% PMSF, resolved on 4–15%
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gradient SDS–PAGE (Bio-Rad Laboratories, Hercules, CA,
USA), and electrotransferred to PVDF membranes (Thermo
Fisher Scientific). After blocking, the membranes were in-
cubatedwith the primary polypeptide antibody against GPX2
(dilution 1:5000), Cu/ZnSOD2 (dilution 1:10,000), and CAT3
(dilution 1:10,000) overnight at 4°C. a-Tubulin (11H10) rabbit
mAbs (dilution 1:5000) (Cell Signaling Technology, Danvers,
MA, USA) were used as the loading controls. The secondary
antibody [dilution 1:10,000; goat anti-rabbit IgG (H + L) HRP
conjugate; Promega] was then applied for 2 h, followed by
incubation under a ECL Western blotting substrate (Thermo
Fisher Scientific) for 10 min. Immune complexes were visu-
alized with a SuperSignal West Pico substrate (Pierce Bio-
technology, Appleton, WI, USA).

Yeast 2-hybrid and glutathione-S-transferase
pulldown assay

Direct interaction of the COOH-terminal region (Toll–IL-1
receptor domain) of Toll-6 and Toll-8 with the COOH-
terminal domains of dual oxidase (DUOX)2 (the NOX do-
main) and Cu/ZnSOD2 (the Cu/ZnSOD2 domain) was
assessed with a yeast 2-hybrid assay (Takara Bio). The
pGBKT7-Toll6 (aa 1083–1218) and pGADT7-DUOX2 (aa
1349–1621), pGBKT7-Toll6, and pGADT7-Cu/ZnSOD2 (aa
31–166); pGBKT7-Toll8 (aa 1067–1199) and pGADT7-DUOX2;
and pGBKT7-Toll8 and pGADT7-Cu/ZnSOD2 were cotrans-
fected into Y2HGold yeast cells (Takara Bio). The autoacti-
vation and toxicity of pGBKT7-Toll6 or pGBKT7-Toll8 were
tested. After selection for an SD/2Leu/2Trp phenotype, the
single colonies were tested in SD/2His/2Leu/2Trp/X
medium and SD/2Ade/2His/2Leu/2Trp/X/A medium,
respectively. The positive control was the yeast cell line
cotransfected with pGBKT7-53 and pGADT7-7. The negative
control was the yeast cell line cotransfected with pGBKT7-
Lam and pGADT7-T.

The plasmids pGEX4T-1-Toll6 and pGEX4T-1-Toll8, which
encode theGST fusion protein containing theCOOH-terminal
of Toll-6 andToll-8,was introduced into a BL21 competent cell
to prepare GST-Toll6 and GST-Toll8 as described by Li et al.
(37). For GST pulldown assays, the glutathione-sepharose
4B beads (GE Healthcare Life Sciences, Little Chalfont
St. Giles, United Kingdom) conjugated with GST-Toll6 or GST-
Toll8 fusion protein were incubated with lysates of TB1
cells transfected with maltose-binding protein (MBP)-tagged
pMalc5x-DUOX2 or pMalc5x-Cu/ZnSOD2. The beads were
then separated by centrifugation, washed 3 times, and sub-
jected to immunoblot analysis with MBP-tagged antibody
[dilution 1:10,000; mouse anti-rabbit IgG (H + L) HRP conju-
gate; Promega].

Statistical analysis

The sample sizeswere chosen to ensure adequate power (12b =
0.8) to detect the significant difference between control and
treatment (a = 0.05, independent-sample t tests). The sample
sizes of all tests provided80–97%power todetect thedifferences.
Each experiment was repeated independently a minimum of
3 times. The data (n) was expressed as the means 6 SD, and
statistical significance is determined using an independent-
sample t tests as presented in the figure legends. The non-
parametric test method (Mann-Whitney U test) was used when
normaldistribution (unequalvariance)didnotmeet the required
assumptions for Student’s t tests. Statistical analysis was per-
formed with SPSS 18.0 software (SPSS, Chicago, IL, USA). The
mean density of fluorescence of the immunofluorescence image
was measured with Image-Pro Plus 4.1 software (Media Cyber-
netics, Rockville, MD, USA) (38).

RESULTS

The mutually exclusive existence of plant- and
insect-parasitic nematodes in beetles

To investigate the relationship of plant– and insect–
parasitic nematode species in the beetle, the beetles were
anatomized andobserved.Weobserved that thousands of
the LIV of Bx entered the tracheal system of adult beetles
through the spiracles (Fig. 1Ai, ii); 90% of them were
retained in the first abdominal spiracles (Fig. 1Aii).
Insect–parasiticnematode (Hp)was isolatedand identified
by sequencing 18S rRNA, and itsmorphologic featurewas
also observed (Fig. 1A and Supplemental Fig. 1A). Hp
developed through juvenile to adult stage in the adult-
vector beetle (Fig. 1A), whereas the second-stage juveniles
of Hp were found in the body cavity of larval and pupal
beetles (Fig. 1Aiii). The adult females Hp with enlarged
uteruses filled with eggs and embryos were discovered
within the body cavity of adult beetles (Fig. 1Aiv, vi). The
third-stage juveniles of Hpwere retained in the ovaries of
adult beetles (Fig. 1Av).

In the field survey, percentage of occurrence of the 2
distinct nematode species at each field site was compared
in larval and adult beetles. There were fewer larvae in-
fected by Hp at the Jiangsu province field site than there
were at the Zhejiang province field site (Zhejiang, 10%,
n = 100 beetles; Jiangsu, 26.7%, n = 100 beetles), whereas
there were more adults carrying Bx at the Jiangsu field
site than there were at the Zhejiang field site (Zhejiang,
64.76%, n = 126 beetles; Jiangsu, 33.19%, n = 197 beetles)
(Fig. 1B). This suggested that the percentage of occur-
rence of Hp in larval beetles restricted the infection rate
of Bx in adult beetles.

Furthermore, the numbers of each of the 2 nematode
species within adult beetles were investigated. The total
number of Bx carried by Ma was negatively correlated to
the number of Ma infected by Hp (Fig. 1C). Samples col-
lected from the field at 3 different sites showed a trend
toward mutually exclusive existence of nematodes in
beetles, which was supported by similar results from
beetles cultured in the laboratory (Fig. 1D). One hundred
pupal beetles were collected randomly from Zhejiang
province, where the population had high infection rates of
Hp. They were cultured in the artificial medium until d 6
after eclosion to count the number of Bx nematodes. The
22%parasitismrate byHpofpupal beetleswas the sameas
in adult beetles (Supplemental Fig. 1B). Adult beetles
carried few or no Bx after Hp infection (Fig. 1D). This
suggested that theparasitizationofMaby the 2nematodes
was nearly mutually exclusive.

Vector beetle up-regulates a unique set of
genes in response to nematodes in Tr

To investigate the differential immune response in beetles
carrying Bx compared with those infected by Hp, we
adopted a high-throughput RNA-seq approach to de-
termine the immunotranscriptomeof adultMabeetles that
carried both nematodes 6 d after molting. The cDNA li-
brarieswere constructed from the RNA samples extracted
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from Ep, Tr, and Fb tissue of uninfected Ma, Ma carrying
Bx, Ma infected by Hp, and Ma carrying both Bx and Hp.
We observed that, in comparison to the Fb, transcript
expression changed significantly in the Ep (Ep-Bx, cluster
3: 1379genes;Ep-Hp, cluster 2: 3036genes) as itdid in theTr
(Tr-Bx, cluster 5: 4456genes; Tr-Hp, cluster 7: 1893 genes) of
Ma when carrying Bx or infected by Hp. Moreover, the
tracheal systemofMawas found to be themost sensitive to

Bx entry (Supplemental Fig. 2A). On further evaluation by
KEGG analysis of DEGs, it was revealed that the most
notable Bx–responsive transcripts were related to immu-
nity, followed by redox stress and mitochondrial groups
(Supplemental Fig. 2B).

A total of 222 putative immunity-related genes ofMa
were identified and classified (Supplemental Table) (39).
Specific pathways activated in response to Bx infection

Figure 1. Morphologic features and population correlation between Bx and Hp collected from Ma. A) Morphologic features of Ma
carrying Bx nematodes or infected by Hp nematodes. Diagram illustrates the routes that Bx and Hp use to enter pine sawyer beetles.
The dispersal, LIV Bx nematodes enter through the spiracles of adult beetles, mostly through the first abdominal spiracles. Hp
nematodes infect the body cavity of larval beetles. Dispersal LIV of Bx (i). The first abdominal spiracle of adult Ma. (ii). The second-
stage juvenile of Hp (iii). Adult female Hp nematode (iv). The third-stage juvenile of Hp (v). Body cavity of Ma beetle infected by Hp
nematodes (vi). B) Bar diagram shows the occurrence of Bx (Ma.-Bx.) or Hp (Ma.-Hp.) nematodes in larval and adult Ma
beetles as observed from field surveys in 2 provinces (n = 197 beetles in Jiangsu province; n = 126 beetles in Zhejiang province).
Data are means 6 SD. Statistical significance was determined using Student’s t tests. **P , 0.001, ***P , 0.001. C) The mutually
exclusive existence of Bx vs. Hp residing within Ma, as observed from field surveys in 3 provinces (n = 126 beetles in Zhejiang
province, n = 197 beetles in Jiangsu province, n = 103 beetles in Shanxi province, and each field site contains 3 yr of replicates). D) The
number of Bx vs. Hp nematodes residing within Ma beetles as observed in the barley medium at room temperature (n = 100 beetles
from 3 independent biologic experiments).
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were theROS andToll pathways and some antimicrobial
peptides, inwhich the gene expressionswere elevated by
.2-fold in Tr carrying Bx (Tr-Bx). In contrast, the specific
genes up-regulated.3-fold in the Tr ofMa infected with
Hp (Tr-Hp) were related to the melanization cascade and
some antimicrobial peptides (Fig. 2). Additionally, a
number of genes involved in the nematode recognition
process and IMD pathways were up-regulated .1-fold
in Tr carrying Bx (Tr-Bx) or Hp (Tr-Hp) (Supplemental
Fig. 3). Real-time qPCR analysis was performed to vali-
date the change in transcript levels of some immune-
related genes (Supplemental Fig. 4).

Vector beetle up-regulates antioxidative gene
expression in response to plant parasitic
nematode–induced ROS production

After thepathwayanalysis, the transcriptswithmaximum
up-regulation upon Bx infection were analyzed. Based on
the Tr of beetles carrying Bx or treated with H2O2 un-
dergoingup-regulationofToll6,Toll8,Cu/ZnSOD2,CAT3,
and GPX2 (Fig. 3A, B), we focused on the quantification
of various ROS-associated molecules in the Ep and Tr of
Ma. The level of H2O2 (oxidative stress, ROS production),
SOD activity (detoxifying O2

2), and peroxidase activity

Figure 2. Differential expression of immunity-related genes in Ma beetles carrying Bx or infected by Hp nematodes A) Heat map
shows expression of genes related to the Toll pathway, ROS pathway, melanization cascade, and effectors in Ep and Tr ofMa carrying
Bx (Ep-Bx., Tr-Bx.), or infected by Hp (Ep-Hp., Tr-Hp.) (n = 3). The values indicate the fold change of fragments per kilobase of
transcript per million mapped read values relative to uninfected beetles. *P , 0.01. B) Diagram of candidate Ma gene members for
the Toll pathway, ROS pathway, melanization cascade, and effectors. Bx–induced genes are in green, Hp–induced genes are red, and
genes induced by both Bx and Hp are blue (the numbers outside the colored boxes indicate the gene identification number).

8 Vol. 32 September 2018 ZHOU ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Univ of Kentucky Medical Center Serials (128.163.2.206) on August 19, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org


(detoxifying H2O2, including glutathione peroxidase and
CAT activity) were quantified. In the Ep of adult beetles
infectedbyBxorHp, therewas a significant increase in the
levels ofH2O2 (2–3-fold) as comparedwith the uninfected
adult beetles (Fig. 3C). However, in the Tr of adult beetles
carrying Bx, the elevated peroxidase (1.48-fold) and SOD
activity (1.91-fold) resulted in lower H2O2 levels, which
was equivalent to those found in uninfected Ma. In con-
trast, peroxidase and SOD activity showed little variation
in the Tr ofMa infected byHp comparedwith the control.
As a result, the H2O2 levels were maintained at a high
level (2.06-fold change) in the Tr of Ma infected by Hp
(Fig. 3C). Furthermore, in the larval beetle infected byHp,
the peroxidase and SODactivity andH2O2 concentration
in both tissues were elevated compared with those
of uninfected larvae (Fig. 3C). These results suggested
that H2O2 concentrations were kept high in the Ep of
beetles challengedbyBxorHp,whereas theup-regulated

peroxidase activity led to adecreasedH2O2 level in the Tr
of beetles carrying Bx alone. However, once Ma was in-
fected with Hp, the high level of H2O2 failed to be de-
toxified in the Tr.

To gain insight into the mechanism underlying the
regulation of H2O2 level in Tr of Ma carrying Bx, the
expressions of Cu/ZnSOD2, GPX2, andCAT3 enzymes
in beetles were further visualized by immunofluores-
cence staining. Fluorescence imaging showed signif-
icant increases of all 3 enzymes in the Ep carrying Bx
(Ep-Bx, 4–19-fold mean density over the controls) as well
as in the Ep ofMa infectedwithHp (Ep-Hp, 2–5-foldmean
density over the controls), compared with that of un-
infected beetles. However, tracheal expression of all 3
enzymes was found to be significantly greater in bee-
tles carrying Bx (Tr-Bx, 8–18-fold mean density over the
controls) or Hp (Tr-Hp, 1–2-fold mean density over the
controls) (Fig. 4). To corroborate the above findings,

Figure 3. ROS level in Ma induced by Bx or Hp. A) Real-time qPCR analysis of the expression of Toll pathway, antioxidants, and
effector genes in the Ep of Ma carrying Bx (Ep-Bx.), Ep of Ma infected by Hp (Ep-Hp.), Tr of Ma carrying Bx (Tr-Bx.), and Tr of
Ma infected by Hp (Tr-Hp.) (n = 3 technical replicates from 3 independent biologic experiments); data were normalized to the
expression level of uninfected beetles, set as 1. *P , 0.05, Student’s t test. B) Relative mRNA abundance of Cu/ZnSOD2, CAT3,
GPX2, Toll6, and Toll8, in the Tr of Ma injected with 30 mmol H2O2 (n = 3 technical replicates from 3 independent biologic
experiments). The normalized values are presented relative to PBS-injected Tr (PBS), set at 1. *P , 0.05, ***P , 0.001; Student’s
t test and Mann-Whitney U test. C) Concentration of H2O2 [mmol/g protein (prot)], SOD (U/mg prot), and peroxidase (U/g
prot) in the Ep and Tr of uninfected larvae (Ma., larvae), larvae infected by Hp (Ma.-Hp., larvae), uninfected adult after 2 d of
eclosion (Ma., adult), Hp–infected adult after 2 d of eclosion (Ma.-Hp., adult), or adult carrying Bx after 6 d of eclosion (Ma.-Bx.,
adult) (n = 3 technical replicates from 3 independent biologic experiments). Hp–infected larvae were compared with uninfected
larvae, whereas adults infected by Hp or carrying Bx were compared with uninfected adults. Data are means 6 SD. Statistical
significance was determined using a Student’s t test and a Mann-Whitney U test. *P , 0.05, **P , 0.001.
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tissue-specific expression of Cu/ZnSOD2, GPX2, and
CAT3were determined by immunoblotting. Tr and Ep of
beetles carrying Bx showed greater induction in the levels
of protein expression than did those infected by Hp,
compared with uninfected beetle (Supplemental Fig. 5).

The antioxidative immune tolerance of the
vector beetle facilitates the transmission
of the plant-parasitic nematode

To test whether a high level of oxidative stress could in-
fluence the number of Bx nematodes loaded by Ma, the
antioxidative genes were silenced by dsRNA, and sub-
sequently, the numbers of Bx nematodes were counted.
We found that there was a dramatic increase in ROS level
(especially the H2O2 concentration) in dsRNA-treated
beetles compared with the controls (Fig. 5A, B). Simulta-
neously, thenumberofBx identified inTrwas significantly
reduced in the CAT3–Cu/ZnSOD2- and CAT3–GPX2-
depleted beetles (Fig. 5C). Furthermore, the exogenous
H2O2 injections remarkably decreased the survival rate of

beetles (Fig. 5D). Different concentrations of H2O2 treat-
ment (50, 30, and 12 mmol) also led to remarkable re-
duction in the number ofBxnematodes in beetles (Fig. 5D,
E). These results demonstrated that the accumulation of
oxidative stress gave rise to fewer Bx loaded in the
vector beetle. In contrast, PO activity exhibited 1.2- and
1.4-fold up-regulation, respectively, in Ep and Tr ofMa
infected by Hp over the controls (Supplemental Fig. 6),
which demonstrated that Hp infection activated mela-
nization in the host. In conclusion, the antioxidative
enzymes of beetle reduced the oxidative stress Bx in-
duced to maintain immune tolerance, whereas the ac-
cumulated oxidative stress and melanization activated
in beetles infected by Hp might be involved in its im-
mune incompatibility with Bx.

Toll receptor mediates the up-regulation of
antioxidative enzymes in Ma

To further study the factors interacted with the anti-
oxidative genes in Ma, Toll receptors, Toll6, Toll8, and

Figure 4. Immunofluorescence analysis of antioxidative enzymes up-regulated in response to parasite-induced oxidative stress. A)
Immunofluorescent staining of anti-Cu/ZnSOD2 (green), anti-GPX2 (green), and anti-CAT3 (green) antibodies and DAPI (stains
nuclei in blue) on sections from Ep of uninfectedMa (Ep-CK), Ep ofMa carrying Bx (Ep-Bx.), Ep ofMa infected byHp (Ep-Hp.), Tr
of uninfectedMa (Tr-CK), Tr ofMa carrying Bx (Tr-Bx.), Tr ofMa infected by Hp (Tr-Hp.), Cu/ZnSOD2 depleted Ep and Tr ofMa
(Ep-iCu/ZnSOD2, Tr-iCu/ZnSOD2), CAT3 depleted Ep and Tr ofMa (Ep-iCAT3, Tr-iCAT3), and GPX2 depleted Ep and Tr ofMa
(Ep-iGPX2, Tr-iGPX2) (n = 3 independent biologic replicates). Scale bars, 100 mm. B) Quantification of mean fluorescence density
as observed in A. Data are representative of 3 independent counts (means 6 SD). ***P , 0.001, Student’s t test.
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cactus were silenced by dsRNA. The mRNA abun-
dances of Cu/ZnSOD2, CAT3, and GPX2 were signifi-
cantly decreased in Toll-6- and Toll-8-depleted Tr,

whereas they were increased in Cactus2-depleted Tr
compared with the controls (Fig. 6A). The Toll-6- and
Toll-8-depleted beetles also exhibited a simultaneous

Figure 5. Reduction in oxidative stress by antioxidative enzymes of Ma is essential for immune tolerance to Bx. A) Measurement
of ROS level in the Tr ofMa by fluorescence staining. The tissues are Tr of uninfectedMa (Tr-CK), Tr ofMa carrying Bx (Tr-Bx.),
Tr of Ma infected by Hp (Tr-Hp.), and Tr of dsRNA-treated Ma loaded with Bx (iGFP-Bx., iGPX2-Bx., iCAT3-Bx., iCu/ZnSOD2-
Bx., or iCAT3 and GPX2-Bx.) (n = 3 independent biologic replicates). i, RNAi-depleted Ma. Scale bars, 100 mm. B) Normalized
H2O2 concentration (mmol/g) in iCu/ZnSOD2, iCAT3, or iGPX2 Tr ofMa loaded with Bx, relative to iGFP Tr ofMa loaded with
Bx (n = 3 technical replicates from 3 independent biologic experiments). The H2O2 level is elevated after silencing Cu/ZnSOD2,
CAT3, or GPX2. Data are means 6 SD. *P , 0.05, Student’s t test and Mann-Whitney U test. C) Number of Bx loaded in the Tr of
Ma after depletion of GFP (iGFP), GPX2 (iGPX2), CAT3 (iCAT3), Cu/ZnSOD2 (iCu/ZnSOD2), and CAT3 and GPX2 (iCAT3
and GPX2) (n = 3 counting replicates from 20 independent biologic repeats). Data are means 6 SD. Statistical significance was
determined with Student’s t tests to compare with iGFP beetles. **P , 0.01, ***P , 0.001. D) Survival rate of beetles after
injection of various H2O2 concentrations. PBS-injected beetles were used as controls. The survival rate of 8, 12, 30, and 50 mmol
H2O2-treated beetles was significantly different from that of control beetles (n = 20 each group with 3 replicates of each
experiments). Data are means 6 SD. Statistical significance was tested with Kaplan-Meier, and the threshold P value
was calculated with a log-rank or Mantel Cox test. *P , 0.05, **P , 0.01. E) Number of Bx loaded in the Tr of Ma after injection
of 0, 50, 30, 12 mmol H2O2 (n = 3 counting replicates from 20 independent biologic repeats). Data are means 6 SD. Statistical
significance was determined with Student’s t tests compared with 0 mmol H2O2. *P , 0.05.
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decrease in the protein levels of Cu/ZnSOD2, CAT3, and
GPX2 (Fig. 6B). In addition, compared with controls, the
ROS level was elevated in Toll-6- and Toll-8-depleted
beetles, alongwith a simultaneous 2-fold reduction in the
number of Bx nematode loading in the Tr of beetles (Fig.
6C,D). Moreover, the H2O2 level was elevated 1–1.5-fold
in the Tr of Toll-6- and Toll-Toll-8-depleted beetles. In

contrast, the decreased H2O2 level in Cactus2-depleted
beetles resulted in a significant increase in the number of
Bx nematodes loaded in the Tr of beetles (Fig. 6D, E).

In addition, we investigated how Toll-6 and Toll-8
mediated the transcriptional up-regulation of ROS
pathway. The interaction between the Toll–IL-1 re-
ceptor domain of Toll-6 (aa 1083–1218) and Toll-8 (aa

Figure 6. Activation of the Toll pathway up-regulates antioxidative enzymes to combat ROS stress. A) Real-time qPCR analysis of
the expression of Cu/ZnSOD2, CAT3, and GPX2 in the Tr of dsRNA-treated Ma (iToll6, iToll8, and iCactus2) loaded with Bx.
Normalized results are presented relative to normalized expression in GFP-silenced Tr (iGFP) of Ma loaded with Bx, set at 1
(n = 3 technical replicates from 3 independent biologic experiments). Data are means 6 SD. Statistical significance was determined
with Student’s t tests to compare with iGFP beetles. *P , 0.05. B) Immunoblot analysis of Cu/ZnSOD2, CAT3, and GPX2 in the Ep
and Tr of GFP-, Toll6-, or Toll8-depleted Ma. a-Tubulin was used as the control (n = 2 independent biologic replicates). C)
Measurement of ROS levels in the Tr of Ma by fluorescence staining. The tissues are Tr of uninfectedMa (Tr-CK), Tr ofMa loaded
with Bx (Tr-Bx.), and Tr of dsRNA-treated Ma loaded with Bx (iGFP-Bx., iToll6-Bx., iToll8-Bx., or iToll6 and Toll8-Bx.) (n = 3
independent biologic replicates). Scale bars, 100 mm. D) Number of Bx loaded in Tr of dsRNA-treated Ma (iGFP, iToll6, iToll8,
iToll6, and Toll8 or iCactus2). Each point represents the number of Bx in an individual Tr (n = 3 counting replicates from 20
independent biologic repeats). Data are means 6 SD. Statistical significance was determined with a Student’s t test to compare
against iGFP beetles. *P, 0.05, **P, 0.01, ***P, 0.001. E) Normalized H2O2-fold change in the Tr of dsRNA-treatedMa (iToll6,
iToll8, or iCactus2) loaded with Bx, relative to iGFP Tr ofMa loaded with Bx (n = 3 technical replicates from 3 independent biologic
experiments). Data are means6 SD. The H2O2 levels increased after Toll6 and Toll8 silencing, whereas, after Cactus2 silencing, they
decreased. *P , 0.05, Student’s t test and Mann-Whitney U test. F) Yeast 2-hybrid assay validates the binding between COOH-
terminal of Toll6 or Toll8 with DUOX2 or Cu/ZnSOD2 in SD/2Ade/2His/2Leu/2Trp/X/A medium. The intensity of the blue
color corresponds to the affinity of pGBKT7-Toll6 or pGBKT7-Toll8 binding with pGADT7-DUOX2 or pGADT7-Cu/ZnSOD2 (n = 3
technical replicates from 3 independent biologic experiments). G) GST pulldown assay of GST-tagged pGEX4T-1-Toll6 or pGEX4T-
1-Toll8 with MBP-tagged pMalc5x-DUOX2 or pMalc5x-Cu/ZnSOD2. Samples with the same concentration were tested, and the
estimated sizes of immune-reactive bands are indicated in kilodaltons (n = 3 technical replicates).
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1067–1199) with DUOX2 (DUOX COOH-terminal res-
idues of the NOX domain; aa 1349–1621) and Cu/
ZnSOD2 (COOH-terminal residues of copper/zinc su-
peroxide dismutase domain; aa 31–166) were detected
(Fig. 6F, G). Yeast cells expressing pGBKT7-Toll6 or
pGBKT7-Toll8 with pGADT7-DUOX2 or pGADT7-Cu/
ZnSOD2 revealed a normal growth and produced
blue colonies in the synthetically defined (SD) me-
dium absence of histidine (2His), leucine (2Leu),
tryptophan (2Trp), and adenine (2Ade) and in the
presence of X-a-Gal (X) and Aureobasidin A (A) (Fig.
6F). We also performed the GST pulldown assay to
confirm the yeast 2-hybrid results. Incubation of
bead-conjugated, GST-tagged pGEX4T-1-Toll6 or
pGEX4T-1-Toll8 with MBP-tagged pMalc5x-DUOX2 or
pMalc5x-Cu/ZnSOD2 revealed a specific association of
DUOX2 or Cu/ZnSOD2 with Toll-6 or Toll-8 (Fig. 6G).
These results indicated that the COOH-terminal region
of DUOX2 and copper/zinc superoxide dismutase do-
main of Cu/ZnSOD2 interacted with the cytoplasmic
part of Toll-6 and Toll-8.

Taken together, these results suggested that to achieve
immune tolerance, the tracheal oxidative burst of Ma
triggered by Bx could be detoxified by the Toll-receptor–
mediated up-regulation of antioxidative genes. In con-
trast, onceMawas infected byHp, the down-regulation of
antioxidative genes resulted in the accumulation of tra-
cheal H2O2, which in turn, reinforced the defense against
Bx (Fig. 7).

DISCUSSION

In this study, we provided a new perspective on view-
ing the tripartite immune interactions among vector
beetle, plant parasitic nematode, and insect parasitic
nematode. Although the 2 nematodes are located in
different body regions of the beetle, insect parasitic
nematodes influenced the population of plant parasitic
nematodes through the epithelial immunity of beetles.
Once larval beetles were infected with Hp, the beetle
maintained high ROS level in the Tr until the adult
stage; at which time, LIV Bx loading decreased because
of the high oxidative stress in the Tr. The mutualism
between Bx andMa is effectively blocked by Hp, which
indirectly protects pine trees from serious damage. This
mechanism reveals the huge potential for considering
the use of Hp, a natural enemy of Ma, as a control
measure to reduce the transmission of Bx.

In previous studies, the immune mechanisms in-
volved in host–microbe homeostasis were generally
focused on skin immunity to resident commensals and
the gut immune reaction of insects to commensal bac-
teria or fungi (40–42). However, a tracheal immune
mechanism has not been reported. In this study, we
report that Toll-6 and Toll-8 mediate antioxidative,
tracheal immune tolerance, which enables homeostatic
redox balance in Ma carrying Bx. The Tr-specific anti-
oxidative enzymes alleviate the ROS stress, thereby
facilitating the transmission of Bx. This is analogous
to how elevated levels of host antioxidant proteins in

response to oxidative stress permit the survival of the
insect vector and the existence of commensal bacteria
(43, 44).

In this study, we present the first description, to our
knowledge, of a direct interaction between Toll-6, Toll-8,
and DUOX2 and Cu/ZnSOD2 in insects. Accumulating
evidence suggests that ROS reaction is closely associated
with activation ofNF-kB (45); however,whether oxidative
stress activates Toll or IMD pathways depends on the
species (40, 46, 47). The ROS up-regulation in Wolbachia-
infected Aedes aegypti results in the activation of the Toll
pathway, which mediates antioxidative gene expression
(48). In the gut of Drosophila melanogaster, intestinal ROS
stress promotes theproductionofNOand the activationof
the IMD pathway (46, 49). We found that Bx nematodes
induce oxidative stress, which activates the Toll pathway
in vector beetles. TLRs and NOX/DUOX have been re-
ported tobe involved in signal-dependentROSgeneration
(50, 51), and it has been proposed that NOX/DUOX-
mediated ROS generation contributes to the amplification
of diverse immune signaling pathways (41, 52). However,
the connection between Toll receptors and SOD has sel-
dom been investigated. We report that there was direct
interactionbetweenToll-6,Toll-8, andCu/ZnSOD2 inMa.
Taken together, we demonstrate that Toll-6 and Toll-8 are
essential for ROS generation and detoxification in epithe-
lial immunity ofMa.

The immune response of insect vectors against
symbionts is different from the responses of insect hosts
to pathogens. DUOX-derived ROS is reported to have a
central role in the tolerance of symbionts, and at the
same time, to exclude pathogens (41). The role of high
ROS levels produced by parasite–host associations in
blocking a symbiotic relationship has rarely been re-
ported. In this study, the oxidative stress is boosted
above the cytotoxic level and could not be sufficiently
reduced in beetles infected by Hp, whereas melaniza-
tion was induced further. The toxic environment neg-
atively affected the beetle, whereasHp andMa formed a
typical parasitic–host relationship. Encapsulation, ac-
tivation of the melanization system, and production of
humoral antimicrobial peptides are reported to be
mainly produced in response to insects against para-
sitic nematodes (53). In our study, ROS-induced mel-
anization was the first observation of insect immune
defense against the parasitic nematode. High ROS
levels help fight against invading microorganisms (29,
40, 41, 54, 55), whereas melanization could create a
physical barrier to impede pathogen penetration of the
tracheal epithelium and may aid in killing pathogens
as well (36, 56–59). Therefore, heavy production of
ROS and melanization are the key weapons the beetle
has against Hp.

Overall, our results indicate that Toll receptors regulate
antioxidative gene expression,which in turn,mediates the
detoxification of oxidative stress generated during plant
nematode transmission. This forms the basis for immune
tolerance of vector beetles to plant-pathogenic nematodes
in the Tr. In contrast, insect parasitic nematodes, a vector
beetle’s natural enemy, hinders the loading of plant-
pathogenicnematodesby inducinghighROSaccumulation.
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Therefore, our study provides an in-depth understanding
of the tripartite vector host, plant parasite, and insect
parasite interaction, which could be beneficial to the de-
velopment of effective pest-control strategies.

ACKNOWLEDGMENTS

This work is funded by the National Key Plan for Scientific
Research and Development of China (2016YFC1200600,
2016YFD0500300, 2017YFD0200400), National Natural Science
Foundation of China (NSFC31572272, 31630013, 31672291,
31402013), the Chinese Academy of Sciences (CAS) Key Research
Projects of the Frontier Science (QYZDB-SSW-SMC014, QYZDJ-
SSW-SMC024), and a Financial Grant from the China Postdoctoral

Science Foundation (214M561058). The authors declare no
conflicts of interest.

AUTHOR CONTRIBUTIONS

L.-L. Zhao, Z. Zou, and J.-H. Sun designed the study and
managed the project; J. Zhou performed the experiments
and analyzed the data; H.-Y. Yu performed the de novo
assembly, functional annotation, and RNA-Seq analyses;
S.-N. Hu provided valuable suggestions on transcriptomic
analysis; W. Zhang constructed the RNA-Seq libraries;
J. Zhou wrote the manuscript; Y.-H. Wang, L.-L. Zhao,
Z. Zou, L. Zhao, and J.-H. Sun revised and improved the
article; and all authors read andapproved themanuscript.

Figure 7. Proposed model of Ma tracheal immune response to Bx or Hp. Plant parasitic nematode (Bx) and insect parasitic
nematode (Hp) both induced superoxide anion (O2×

2) burst by DUOX2 in the tracheal epithelial cell of beetles. In the Tr ofMa
carrying Bx, the superoxide is rapidly reduced to H2O2 by Cu/ZnSOD2, which is further hydrolyzed to H2O and O2 by CAT3 or
GPX2. The elevated oxidative stress results in activation of Toll6 and Toll8, which interact with DUOX2 or Cu/ZnSOD2 to up-
regulate antioxidative genes and detoxify redox stress. Reduced ROS level facilitate the host immune tolerance of Bx. In contrast,
in the Tr of Ma infected by Hp, the expression of antioxidative genes is down-regulated and fails to suppress the oxidative stress.
Therefore, maintenance of high oxidative stress further reinforces the defense ofMa against Bx. Once the larval beetle is infected
by Hp, adult beetles reduce Bx loading, thus indirectly protecting pine trees. In contrast, if the larval beetle attracts more LIII Bx
around its pupal chamber, then a high density of LIV Bx is carried in adult beetles, ultimately damaging pine trees.
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