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Abstract
Symbiotic microbes play a crucial role in regulating parasite–host interactions; however, the
role of bacterial associates in parasite–host interactions requires elucidation. In this study,
we showed that, instead of introducing numerous symbiotic bacteria, dispersal of
fourth-stage juvenile (JIV) pinewood nematodes (PWNs), Bursaphelenchus xylophilus, only
introduced few bacteria to its vector beetle, Monochamus alternatus (Ma). JIV showed weak
binding ability to five dominant bacteria species isolated from the beetles’ pupal chamber.
This was especially the case for binding to the opportunistic pathogenic species Serratia
marcescens; the nematodes’ bacteria binding ability at this critical stage when it infiltrates
Ma for dispersal was much weaker compared with Caenorhabditis elegans, Diplogasteroides
asiaticus, and propagative-stage PWN. The associated bacterium S. marcescens, which was
isolated from the beetles’ pupal chambers, was unfavorable to Ma, because it caused a
higher mortality rate upon injection into tracheae. In addition, S. marcescens in the tracheae
caused more immune effector disorders compared with PWN alone. Ma_Galectin2
(MaGal2), a pattern-recognition receptor, was up-regulated following PWN loading.
Recombinant MaGal2 protein formed aggregates with five dominant associated bacteria in
vitro. Moreover, MaGal2 knockdown beetles had up-regulated prophenoloxidase gene
expression, increased phenoloxidase activity, and decreased PWN loading. Our study
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revealed a previously unknown strategy for immune evasion of this plant pathogen inside its
vector, and provides novel insights into the role of bacteria in parasite–host interactions.
Key words galectin; immune evasion; pinewood nematode; symbiotic bacteria; vector
beetle

Introduction
Microbes play vital roles in regulating various aspects of host physiology, such as
development, immune regulation, defense, and nutrition (Backhed et al., 2005; Zhang et al.,
2018b; Wu et al., 2019a). In insects, symbiotic microbes colonize most tissues, including the
exoskeleton and gut, and even occur within insect cells (Douglas, 2015; Lu et al., 2016). The
insect host can benefit from symbiotic interactions with microbes, and the microbes benefit
from being spread by the host and having a location to reproduce (Douglas et al., 2001;
Nakanishi et al., 2008; Morales-Jimenez et al., 2009).
Although some microbes are symbiotic, many are pathogenic, and the host needs to be
able to sufficiently distinguish these types of microbes. The innate immune system plays a
crucial role in detecting and eliminating potential microbial pathogens in most metazoans
(Brubaker et al., 2015). In arthropods, melanization is the earliest response triggered by
invaders. This pathway includes the cleavage of prophenoloxidase (PPO) to phenoloxidase
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(PO), and active PO contributes to killing bacteria, fungi, and pathogenic nematodes, and
results in the black pigment melanin being deposited at the wound site and around the
invader’s body (Yuan et al., 2017; Cheng et al., 2018b).
In symbiotic relationships, the host maintains symbiosis with specific microorganisms
by its immune system evolving, and bacteria can change their surface molecules, such as
proteins or other markers, to facilitate coexistence (Belkaid & Harrison, 2017). Symbiotic
bacteria could also help pathogenic nematodes resist host defenses. In contrast, susceptible
nematodes are eliminated by an array of host immune responses, including the PO cascade,
antimicrobial peptides (AMPs), and reactive oxygen species (ROS) (Ji & Kim, 2004; Park et
al., 2004; Castillo et al., 2011; Binda-Rossetti et al., 2016; Sadekuzzaman et al., 2017).
Moreover, galectins serve as pattern-recognition receptors (PRRs), which function in
pathogen detection and trigger subsequent innate immune responses, including humoral
and cellular immune responses (Tanji & Ip, 2005; Vasta, 2009; Kurata, 2010; Castillo et al.,
2011).
The pinewood nematode (PWN), Bursaphelenchus xylophilus, which is the causative
agent of pine wilt disease (PWD), is vectored by pine sawyer beetles, Monochamus
alternatus, and threatens the safety and stability of pine forest ecosystems (Zhao et al.,
2013; Zhao et al., 2014). Unlike the free-living nematode model species Caenorhabditis
elegans, PWN have two distinct life stages (dispersive and propagative). To complete its life
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cycle, each stage requires a unique host relationship, which range from
symbiotic/commensal (with Monochamus beetles) to parasitic (with pine trees).
Previous studies showed that third-stage juveniles were attracted by specific categories
of terpenes produced by mature insect larvae and aggregated around the pupal chamber in
diseased trees (Zhao et al., 2007). Fourth-stage juveniles (JⅣ) of PWN, of which there are
several hundred up to as many as 200 000 per beetle, enter the tracheal system of the
newly eclosed beetle for dispersal, where they remain in the tracheal system for up to 1
month (Fielding & Evans, 1996). Then, PWNs are carried by newly eclosed beetles and
dispersed to healthy pine trees for subsequent maturation feeding. The elevated bursts of
CO2 that result from increased beetle activity triggers the nematodes’ departure from their
spiracles, and they enter the healthy pine trees via feeding wounds on pine branches (Wu et
al., 2019b). Recently, some studies reported that associated bacteria and fungi also
contribute to the pathogenicity of PWN (Nascimento et al., 2015; Proenca et al., 2017).
However, how the potential microbial associates of PWN or even PWN itself escape the
immune response of the beetle remains unknown.
A previous study reported the immune interactions between the PWN and its insect
vector M. alternatus, and revealed that PWNs induce production of epithelial ROS in vector
beetles, whereas up-regulation of antioxidative genes balanced the ROS level in the tracheal
system (Zhou et al., 2018). Moreover, melanization and some AMPs showed no significant
This article is protected by copyright. All rights reserved.
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changes in the tracheae when loaded with PWNs, although some serine protease inhibitors
were activated in vector beetles carrying PWNs (Zhou et al., 2018). However, the exact role
played by the PWN-transferred bacteria in the immune modulation of the host vector
remains unknown.
In this study, we showed that JIV nematodes carry relatively few bacteria from the
pupal chamber into the tracheal system and therefore prevent balance disruption of the
immune system. The bacteria carrying ability in JIV was weaker compared with that of other
nematode species. Furthermore, the bacterial species Serratia marcescens, isolated from
pupal chambers, is pathogenic to vector beetles when either introduced alone or
co-inoculated with PWNs in the tracheae. Moreover, the expression level of MaGal2, a PRR
that recognizes bacteria and fungi, was significantly up-regulated in both tracheal and
epidermal tissues loaded with PWN. RNAi depletion of MaGal2 significantly decreased the
amount of PWN loading, whereas the PO activity increased. Taken together, these findings
revealed a previously unknown strategy for immune evasion of this plant pathogen inside its
vector that involves the immune response mediator MaGal2, which likely contributes to the
stability of the symbiotic relationship between PWNs and vector beetles; this enables its fast
and widespread invasion dynamics, and ultimately causes devastating damage to pine
forests worldwide.
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Materials and methods

Experimental organisms
Monochamus alternatus were maintained in the laboratory for over 10 generations and
reared on artificial diet at 26 ± 1°C under a photoperiod of 14 h/10 h (light/dark). Late-stage
pupae and newly eclosed adults, reared in darkness, were used in experiments. PWNs were
selected from a colony maintained in laboratory conditions for more than 5 years at 26 ±
1°C in darkness.
Bacteria, which included S. marcescens, Pseudomonas sp., Flexibacter aurantiacus,
Pantoea sp., and Curtobacterium oceanosedimentum, were isolated and molecularly
identified with 16s rDNA from dead pine trees in Jiangsu and Zhejiang provinces, China.
Caenorhabditis elegans wild-type N2 nematodes were maintained at 20°C, as
previously described (Brenner, 1974). Diplogasteroides asiaticus were separated from
samples of dead pine trees sourced from Shaanxi and Anhui provinces using the Baermann
funnel method and identified as previously described by Zhou et al. (2018).
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Bacteria quantity in tracheae
To obtain Monochamus beetles carrying PWN, artificial barley medium (ABM) was used
as previously described (Zhou et al., 2018). Briefly, 10 g barley seed and 15 mL distilled
water were autoclaved at 121°C for 30 min in a 50-mL conical flask; then, Botrytis cinerea
was inoculated as food for PWNs and cultured for 10 days at 25°C, after which
approximately 1000 propagative-stage PWNs were added to the medium. Early-stage pupae
were added to medium 10 days after the PWNs were added, and sawdust was added to
prevent overexposing the beetles to moisture and contact with the medium. Monochamus
beetles not carrying PWN were reared in sawdust. At 5 days after eclosion, beetles were
dissected and the tracheae were carefully excised.
For the spread plate method, tracheae were placed in a 1.5-mL sterile tube with 100 µL
sterile phosphate buffer saline (PBS) buffer, and then homogenated and diluted with PBS
buffer for spreading. Exactly 100 µL of diluted homogenate were spread on tryptic soy agar
(TSA) medium plates and cultured at 25°C for 5 days. A 1 : 100 dilution was used based on
the amount and density of colony-forming units (CFUs). Plates were photographed with a
digital camera.
For relative quantity determination, tracheae were placed in a 1.5-mL sterile tube with
100 µL with MightyPrep reagent for DNA (Takara, Japan) and homogenated; then, the
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homogenate was incubated at 95°C for 10 min followed by centrifugation at 13000 g for 3
min. The supernatant was collected as template for real-time quantitative PCR (RT-qPCR), as
previously described (Wei et al., 2017b).

Bacteria carrying ability assay of PWNs in vivo
ABM was prepared as previously described. Relative to controls, 100 µL S. marcescens
cultured in tryptic soy broth (TSB) medium was added 1 week after PWN addition. The
early-stage pupae were placed in medium 10 days after PWN addition, and sawdust was
added to prevent direct contact between bacteria and beetles. At 5 days after eclosion, the
beetle was dissected and the bacteria were detected by spread plate method, as previously
described. Plates were cultured for 3 days at 25°C.

Evaluation of bacteria binding to nematodes
The bacteria were grown on a TSA plate and coated on a new plate to form bacteria
circles with empty middles and a thin edge of bacteria around the perimeter (approximately
6 mm in diameter) (Fig. S1A). Subsequently, one nematode was transferred using a pipette
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to the center of the bacteria circle and allowed to creep out of the circle to ensure sufficient
contact with bacteria (Fig. S1B); the nematode was then immediately pipetted out with a
small aliquot (0.5 µL) of TSB medium and transferred to 200 µL TSB medium. The
nematode-containing TSB medium was ultrasonicated and vortexed for 30 s, and 100 µL
from the remaining volume was spread on a TSA plate and cultured at 25°C for 16–48 h, as
per the requirements of each bacteria species. The bacteria that bound to the nematode
were determined by counting CFUs.

Insect infection and survival rate analysis
Newly eclosed (2 days after eclosion) adult beetles were used for infection studies.
Serratia marcescens were cultured at a final concentration of OD600 = 0.5. One milliliter was
collected following centrifugation for 1 min at 13000 g. The supernatant was discarded and
bacteria were resuspended in 1 mL sterile water. Following a 10-fold dilution in sterile
water, 0.5 µL of 104 CFUs were added to each beetle trachea, and tissue samples were
collected 24 h post-infection. A total of 20 beetles were used in each group, and samples
were collected from surviving beetles. Three replicates were included for each experiment.
For survival rate analysis, at least 10 beetles were used for each group. The Kaplan–Meier
survival analysis was performed using GraphPad Prism version 7.0 for Windows (GraphPad
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Software, La Jolla, California, USA, www.graphpad.com). Log-rank (Mantel Cox test) was
used to calculate statistical significance.

RNA sample preparation, cDNA synthesis, and RT-qPCR analysis
The tracheae and epidermises of adult beetles were collected and frozen in liquid
nitrogen for RNA isolation. Trizol Reagent (Invitrogen, Carlsbad CA, USA) was used for total
RNA extraction. One microgram of total RNA was used in each cDNA synthesis reaction
using the FastQuant RT kit (Tiangen, Beijing, China) according to the manufacturer’s
instructions. RT-qPCR was performed on an ABI 7300plus system using the SYBR premix
ExTaq (Tiangen, Beijing, China) with specifically designed primers. The 2−ΔΔCt method was
used to calculate relative mRNA expression level, and β-actin was used as an internal
control. Results were shown as mean ± SEM of three independent biological replicates.
Student’s t-test was used to calculate statistical significance at the α = 0.05 level.

PO activity assay
Tracheal and epidermal tissues were collected from adult beetles and then
homogenized with PBS (pH = 7.5), followed by centrifugation at 8000 g for 10 min at 4 °C.
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The resulting supernate was pipetted into a new tube. After incubation at 25°C for 2 h, 50 µL
supernate was added to 200 µL substrate solution [2 mmol/L dopamine in 50 mmol/L
sodium phosphate buffer (pH = 6.5)]. Protein concentration was determined with a BCA
Protein Assay kit (CWbio, Beijing, China) according to the manufacturer’s instructions. PO
activity was determined at 470 nm using a microplate reader, and each sample was
performed in triplicate wells. One unit of activity was defined as ΔA470 of 0.001 in 1 min
using 50 µg of protein.

Heatmap analysis
Heatmap analysis was performed by using R package “pheatmap”
(http://www.r-project.org/; R Foundation for Statistical Computing,Wien, Austria) as
described by Zhou et al. (2018). Previous published data by Zhou et al. (2018) was used for
heatmap analysis.

MaGal2 cloning and structure prediction
Based on the transcript data, a MaGal2 gene with a 1209-bp open reading forum (ORF)
was annotated. Then, the MaGal2 gene was cloned with specific primers, and the isoforms
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were sequenced and analyzed using blast in NCBI (https://www.ncbi.nlm.nih.gov/). The
protein structure was predicted in swiss-model (https://swissmodel.expasy.org/) with
full-length protein sequence.

Protein expression and polyclonal antibody preparation
The MaGal2 ORF was amplified from cDNA of adult epidermis using Phusion®
High-Fidelity DNA Polymerase (New England BioLabs, Ipswich, MA, USA), and then cloned
into the pET28a vector. The recombinant MaGal2 was induced by 0.5 mmol/L Isopropyl
b-D-1-Thiogalactopyranoside (Sigma Aldrich, St. Louis, MO, USA) and purified using Ni-NTA
superflow (Qiagen, Hilden, Germany). The soluble protein concentration was measured as
mentioned above and then stored in −80°C for later use. The polyclonal antibody against
MaGal2 was produced using recombinant protein by immunizing rabbits (Beijing Protein
Innovation, Beijing, China).
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Immunoblot analysis
Tissues were homogenized with RIPA lysis buffer and then centrifuged at 13 000 g for
10 min at 4 °C. Protein samples were collected from the supernatant, resolved on 4%–15%
gradient sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) (Bio-Rad
Laboratories, Hercules, CA, USA), and electrotransferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Following membrane
blocking, the membranes were incubated with the primary polypeptide antibody against
MaGal2 (dilution 1 : 5000) overnight at 4°C. α-Tubulin (11H10) rabbit mAbs (Cell Signaling
Technology, Danvers, MA, USA) was used as the loading control. The secondary antibody
[dilution 1:10,000; goat anti-rabbit IgG (H + L) HRP conjugate; Promega, Madison, WI, USA]
was then applied for 2 h, followed by visualization with a SuperSignal West Pico substrate
(Pierce Biotechnology, Appleton, WI, USA).

Agglutination and binding analysis of MaGal2
For the agglutination assay, suspension of five bacterial isolates from the field were
incubated with recombinant soluble MaGal2 for 3 h (500 µg/mL), as previously described
(Yu & Kanost, 2000, Dawadi et al., 2018), and bovine serum albumin (Bio-Rad, Hercules, CA,
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USA) was used as a negative control. Samples were transferred to glass slides and images
were acquired with a BX51 microscope (Olympus, Tokyo, Japan). In addition, two
fluorescence-labeled microbes, fluorescein conjugate Zymosan (Invitrogen) and Alexa
Fluor™ 594 conjugate Staphylococcus aureus (Invitrogen), were treated as above, and
images were acquired with a Zeiss LSM 710 confocal microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Synthesis and microinjection of dsRNA to test PWN loading
Double-stranded RNAs (dsRNAs) were synthesized as previously described (Volovych et
al., 2019; Wang et al., 2019). Briefly, the sense and antisense primers were designed to
generate cDNA fragments of MaGal2 by PCR. The T7 RiboMAX Express RNAi kit (Promega)
was used to synthesize dsRNA, and the green fluorescent protein (GFP) gene was used as
control dsRNA (dsGFP). Approximately 30 µg of each dsRNA was injected into the hemocoel
of each Late-stage pupa using a 7000-series modified microliter syringe (Hamilton, Bonaduz,
Switzerland).
For the test of PWN carrying beetles, the MaGal2 knockdown beetles were separately
kept in ABM with PWN, as previously described. Late-stage pupae require approximately
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2–3 days for eclosion, and six individuals were collected as samples to confirm expression
levels of immune effector genes and PO activity at 4 days after eclosion. Three
MaGal2-knockdown beetles, reared in sawdust, were collected as samples to confirm
knockdown efficiency at 4 days after eclosion. GFP knockdown beetles served as controls.
The 7-day-old adults were dissected and nematode loading was measured by counting
individuals under a microscope.

Results

PWN loading and bacteria quantity in tracheae
Bacterial community dynamics in tracheae of M. alternatus following PWN loading was
measured by comparing the quantity of cultivable bacteria by spread plate method and
RT-qPCR relative quantity determination from PWN-loaded and nematode-free individuals.
Results demonstrated that, after 100-fold dilution, both PWN-loaded and nematode-free
tracheae had approximately 20 cultivatable CFUs (Fig. 1A) with no significant differences
(Fig. 1B), even though there were massive amounts of cultivatable bacteria in ABM (Fig.
S1C). Likewise, the relative quantity of all bacteria in tracheae using RT-qPCR showed no
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significant differences (Fig. 1C), which is not surprising because the controls and treatments
had ~20 CFUs each. These results indicated that the PWNs that loaded into beetles did not
influence the quantity of bacteria in their vector’s tracheae.
Because bacteria quantity in tracheae showed no changes upon nematode loading, we
questioned whether it was because JIV scarcely or rarely bound bacteria, or if the bacteria
carried into the tracheae were somehow purged by the immune system in the vector’s
tracheae. To investigate the binding ability of JIV to bacteria, we designed two experiments.
First, we added bacteria to the ABM and then checked if those bacteria could be
observed in tracheae and transferred via nematodes. Because there were various species of
associated symbiotic bacteria, we selected several representative bacteria species to
perform the experiment. Based on the bacteria species isolated in the laboratory, we found
that, among bacteria genera carried by PWNs, Serratia was detected throughout the
invasion areas, and mostly with host pines and insect vectors, particularly in M. alternatus
and M. galloprovincialis in particular (Nascimento et al., 2015; Vicente et al., 2016; Proenca
et al., 2017; Alves et al., 2018). Hence, we chose Serratia and finally selected S. marcescens,
which is an extensively studied, opportunistic pathogen that was recently reported to be
associated with PWNs (Wei et al., 2017a; Bai et al., 2019). Even if there were abundant S.
marcescens in the ABM, we did not observe a single S. marcescens colony on plates from
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tracheae, which are easily observable because they turn red after 1 day (Fig. 2A). This result
indicated that JIV may not carry bacteria from the pupal chamber to the tracheae.
Second, we designed an experiment that let the nematodes freely creep out of the
bacteria circle (Fig. S1A–B), and then tested for bacteria in their cuticle. To further verify this
characteristic with JIV, we selected some other nematode groups as controls. For these
experiments, we chose propagative PWNs as a positive control, because propagative PWNs
harbored symbiotic bacteria (Vicente et al., 2016). Parasitic nematodes of pinewood,
Diplogasteroides asiaticus (Fig. S1D), identified by 18srRNA sequencing and blast in NCBI
(Fig. S1E), were chosen to explore the dominance of PWNs over other nematode species in
pinewood and pupal chambers. The free-living nematode C. elegans was used as a control
that represented nonparasitic nematodes. In addition, S. marcescens was selected as the
candidate bacteria to potentially bind to nematodes because it is the dominant species in
the bacterial community of host pines and vector insects. The results showed that no CFUs
were observed in most JIV group plates, but a significant amount of CFUs occurred in the
other three groups’ plates (Fig. 2B). To further verify if JIV specifically could not bind S.
marcescens but could possibly bind other bacteria, we performed this experiment with four
other bacteria species, Pseudomonas sp., Flexibacter aurantiacus, Pantoea sp., and
Curtobacterium oceanosedimentum, which were all isolated from the pupal chambers.
These species have also been reported to be associated with PWD (Zhao et al., 2014;
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Nascimento et al., 2015; Proenca et al., 2017). Similarly, we observed that no CFUs were
found in any plates of Curtobacterium oceanosedimentum and Pseudomonas sp., and more
than half of the plates exhibited no CFUs for the other three bacterial species (Fig. 2C).
Taken together, these results indicated that JIV generally had a weak ability to bind bacteria
in the pupal chamber.

Effects of S. marcescens isolated from the pupal chamber on M. alternatus beetle tracheae
As previous results suggested, PWNs do not carry large amounts of bacteria into the
tracheae from the pupal chamber. Because the beetle can carry thousands of PWNs, we
presumed that each nematode could bind at least 10 CFUs. Thus, to test the reaction of the
M. alternatus beetle’s immune system to foreign bacteria from an estimated 1000
nematodes, we chose S. marcescens as a representative bacterium and injected 104 CFUs of
resuspended S. marcescens into the tracheae. The resulting survival curve demonstrated
that beetles injected with bacteria died faster than members of the control group. Following
injection of S. marcescens bacteria, all beetles carrying PWNs perished within 48 h.
PWN-carrying controls injected with sterile water survived longer (Fig. 3A, left), whereas
95% of beetles injected with bacteria without PWNs gradually died after 48 h following
infection, and died considerably faster compared with members of the control group that
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were injected with sterile water (Fig. 3A, right). Clearly, these results indicated that S.
marcescens infection facilitated the death of M. alternatus beetles and confirmed that the
beetle immune system in the tracheae was unable to clear S. marcescens.
Because the bacterial infection triggered a high mortality rate, we questioned the
strength of the immune responses upon bacterial infection in the presence of PWNs and if
the immune balance was disrupted. To confirm if the activation of immune defenses in
laboratory-reared beetles was consistent with previous field results (Zhou et al., 2018),
beetles that were reared for at least 10 generations in the laboratory were subjected to
RT-qPCR and PO activity assays. To test the effect of S. marcescens on beetles carrying
nematodes, 7-day-old M. alternatus beetles carrying PWNs that were reared in ABM were
used, and beetles reared in medium without PWN were used as the control. We observed
that, at 7 days post-eclosion, mRNA levels of PPO genes showed no significant changes in
tracheae (Fig. S2A) or epidermises (Fig. S2B) when carrying PWNs. Consistent with mRNA
results, the PO activity had no significant changes when carrying PWNs in tracheae (Fig. S2C)
or epidermises (Fig. S2D). Similarly, several AMPs showed a relative decline in tracheae
when carrying PWNs. Of these AMPs, cecropin and defensin showed a three-fold decrease,
and attacin3 showed a two-fold decrease. Alternatively, lysozyme1 showed an
approximately five-fold increase (Fig. S2E).
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We subsequently performed RT-qPCR to check the expression level of immune effector
genes 24 h post-S. marcescens infection, which coincided with the median lethal time in the
presence or absence of nematodes. The immune genes showed a wide range of expression
levels. In the presence of PWNs, S. marcescens infection significantly up-regulated
expression levels of PPOs and some AMPs. PPO1 expression level exhibited a 3.4-fold
increase and PPO2 had a 4.9-fold increase (Fig. 3B), whereas attacin2 showed a remarkable
21-fold increase (Fig. 3C) and lysozyme1 increased nearly three-fold (Fig. 3D). In contrast, S.
marcescens infection decreased expression levels of several AMP genes, including defensin
(Fig. 3E), cecropin (Fig. 3F), and attacin3 (Fig. S3A), which all decreased by more than
10-fold. In the absence of PWNs, among the immune effector genes examined in the
tracheae, PPO1 was up-regulated, whereas PPO2 was down-regulated (Fig. S3B). Moreover,
both attacin2 and lysozyme1 showed down-regulation, whereas attacin3, defensin1, and
cecropin all showed up-regulation (Fig. S3C–G). Our results indicated that, regardless of
whether the beetles carried PWNs, S. marcescens infection significantly disrupted the
expression of effector genes in the immune system of the beetle; this led to a reduced
survival rate. Consequently, S. marcescens infection did indeed devastate the immune
system of vector beetles.
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MaGal2, a PRR up-regulated in both the tracheae and epidermis
To determine whether the immune regulator participates in the regulation of immune
evasion of PWN and weak melanization following PWN loading in vector beetles, we
searched for recognition genes and compared our data with those published in a previous
study (Zhou et al., 2018). Zhou et al. (2018) demonstrated that PPO expression was
up-regulated upon infection with the insect parasitic nematode Howardula phyllotretae;
thus, in our study, we constructed heatmaps of the activity of recognition genes in beetles
loaded with PWNs compared with nematode-free beetles, and of beetles infected by H.
phyllotretae in both the tracheae and epidermis, because the epidermis is another tissue
that contacts PWNs. The heatmaps showed that nine genes were up-regulated in the
tracheae (Fig. S4A) and two genes were up-regulated in the epidermis (Fig. S4B); only
MaGal2 was up-regulated in both tissues, which indicates that MaGal2 may be the key
recognition gene involved in the dampened immune response.
The MaGal2 is a galectin family protein that contains a Gal-binding lectin domain,
which has an affinity for β-galactosides. Based on the architecture predicted in swiss-model,
MaGal2 is a proto-type galectin (Fig. S4C) that contains only one carbohydrate-recognition
domain. The pairwise blast indicated that MaGal2 had close homology with galectin-4 of
Anoplophora glabripennis (Fig. S4D). PCR and sequencing results of the full-length MaGal2
gene verified that there are three alternative splicing isoforms: isoform A, which contains all
This article is protected by copyright. All rights reserved.
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1209 nucleotides of the ORF; isoform B, which contains 996 nucleotides and lacks the region
from 763–975; and isoform C, which contains 882 nucleotides and lacks the region from
763–1089 (Fig. S4E). Additionally, western blot results indicated that the isoforms with
higher expression were isoforms A and B (Fig. S4F).
To confirm the expression changes of MaGal2 after PWN inoculation, we performed
RT-qPCR and western blot experiments. These results showed that the relative mRNA level
of MaGal2 had nearly an eight-fold increase in the tracheae (Fig. 4A) and an approximately
two-fold increase in the epidermis (Fig. 4B) after PWN inoculation. Additionally, the protein
level of MaGal2 was consistent with the mRNA level and the band intensity of MaGal2 after
PWN inoculation, and was higher in both tracheal (Fig. 4C) and epidermal (Fig. 4D) tissues
compared with controls.
To confirm the up-regulated function of MaGal2, as a PRR gene involved in immune
regulation, we synthesized recombinant MaGal2 protein and performed functional analysis
before and after PWN inoculation to explore its possible association with the beetles’
immune response relative to the nematodes’ binding ability to bacteria. The recombinant
MaGal2 encoded by isoform B with a carboxy-terminal His tag was expressed in a bacterial
system. The soluble recombinant MaGal2 was purified and obtained by Ni-NTA superflow.
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To confirm the binding properties of recombinant MaGal2 to microbes, we first
performed an agglutination assay to examine the binding ability to the labeled Zymosan and
Staphylococcus aureus. Results showed that recombinant MaGal2 could agglutinate
Zymosan and S. aureus (Fig. 5A). Then, we examined the binding ability to bacteria isolated
from pupal chambers, and results showed that all five bacterial species (Serratia
marcescens, Pseudomonas sp., Flexibacter aurantiacus, Pantoea sp., and Curtobacterium
oceanosedimentum) were agglutinated by recombinant MaGal2. These results indicated
that MaGal2 could recognize bacteria and other microorganisms.

MaGal2 knockdown elevates melanization and reduces PWN loading
To further explore the exact role that MaGal2 plays in the regulation of immune
response, we performed an RNAi experiment without PWN inoculation. The efficiency of the
RNAi against MaGal2 was verified by RT-qPCR analysis of mRNA levels and western blot
analysis of protein levels, which showed more than 80% down-regulation of MaGal2
compared with dsRNA of green fluorescent protein (dsGFP) treated newly eclosed adults in
either the tracheae (Fig. 6A and C) or epidermis (Fig. 6B and D).
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Following this initial experiment, we studied the changes of melanization after MaGal2
knockdown in the presence of PWN. The knockdown group was compared with the control
group, which was injected with dsGFP. In the tracheae, the mRNA level of PPO1 and PPO2
more than doubled following dsMaGal2 injection (Fig. 6E); in the epidermis, it was almost
doubled (Fig. 6F). Similarly, the PO activity of both tracheal (Fig. 6G) and epidermal (Fig. 6H)
tissues were significantly elevated following MaGal2 knockdown. In contrast, the mRNA
level of AMPs in tracheae was irregular, and attacin2, attacin3, cecropin, and defensin were
all up-regulated, whereas lysozyme1 was down-regulated (Fig. S5). These results revealed
that knockdown of MaGal2 elevated the level of melanization.
To analyze the effect of MaGal2 down-regulation on PWN loading, we performed an
experiment to test PWN loading on dsMaGal2 knockdown beetles compared with controls.
At 7 days post-eclosion, we observed that an average of 4153 PWNs were carried by each
beetle injected with dsGFP, whereas only an average of 1571 PWNs were carried by each
MaGal2 knockdown beetle (Fig. 6I). Thus, PWN loading was significantly decreased after
MaGal2 RNAi, and this may be a result of up-regulation of melanization. Moreover, we
detected the quantity of bacteria by RT-qPCR in RNAi-treated beetles in which melanization
was up-regulated. The results demonstrated that there were no significant changes
following MaGal2 knockdown (Fig. 6J), which indicated that the bacteria quantity in the
tracheae was not influenced by melanization or other immune responses.
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Discussion
Our study showed that differences in the tracheal bacteria quantity were negligible
after PWN inoculation, which indicates that PWN loading did not influence the bacterial
community in the tracheae of vector beetles. These findings further indicate that the vector
beetles maintained a relatively stable quantity of symbiotic bacteria from the bacterial
community in its tracheae, despite massive loading of JIV. Insect pathogenic nematodes
harbor symbiotic bacteria that help them successfully infect the host (Castillo et al., 2011;
Eleftherianos et al., 2018). However, whether JIV carry bacteria into vector tracheae remains
unclear (Proenca et al., 2017; Brivio & Mastore, 2018).
Our results demonstrated that JIV carried far fewer bacteria on its surface, and JIV’s
ability to carry bacteria was much weaker relative to the propagative PWNs, pine parasitic
nematode D. asiaticus, and free-living nematode C. elegans. These results demonstrate that
the dispersing JIV bind negligible amounts of bacteria while loading into the insect vectors’
tracheae. Although we did not study the mechanistic reasons behind this phenomenon of
binding few bacteria, we suspect that it may be related to the expression of some specific
genes on the nematode’s surface, as was reported in other nematode species (Darby, 2005;
Bulgheresi et al., 2011). Furthermore, surface sterilization did not influence bacteria
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identified from Steinernematidae and Heterorhabditidae nematodes, which indicated that
associated bacteria may have originated from inside the nematode (Gouge & Snyder, 2006).
We noticed that the oral orifice of JIV was degenerated and formed a closed body cavity,
which may prevent the bacteria from flowing out from its intestine and presents another
possible mechanism that limits bacterial transfers. The strategy of JIV carrying few bacteria
into the vector beetle is necessary to stabilize the bacterial community in the tracheae,
which ensures protection of the vector beetle from destabilization of its microbial
community following PWN loading and enables its dispersal to healthy trees.
Serratia marcescens is an opportunistic pathogen of insects and has been frequently
identified in the insect gut and soils (Lee et al., 2017; Wei et al., 2017a; Gegner et al., 2018).
In addition, S. marcescens was also found to influence nematode pathogens and viral
infections (Bai et al., 2019; Wu et al., 2019a). In fact, Serratia spp. were found in all habitats
invaded by PWD (Zhao & Lin, 2005; Kwon et al., 2010; Proenca et al., 2010; Vicente et al.,
2011; Proenca et al., 2014). Moreover, it was reported that propagative PWN incubated
with Serratia strains showed deposits on the cuticle, whereas most Serratia strains exhibited
high toxicity to PWNs (Paiva et al., 2013; Vicente et al., 2016). In this study, we observed
only a few cultivable Serratia spp. in the tracheae of vector beetles carrying JIV; however,
injection of large amounts (104 CFUs) of S. marcescens facilitated the beetle’s death.
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We also observed that the controls injected with sterile water reduced the lifespan of
beetles to some extent; therefore, we suspect that the blockages in the respiratory system
may have contributed to asphyxiation and death of the beetle. Beetles injected with S.
marcescens showed significantly higher mortality than the control group; these beetles
indeed died of S. marcescens infection, as indicated by the tracheal tissues turning red.
Therefore, the presence of S. marcescens in the tracheal system inoculated with JIV resulted
in higher, faster mortality of beetles compared with nematode-free beetles. This high
mortality could help prevent the beetle from introducing PWNs to new host pine trees,
because death occurs shortly after nematode loading and the beetles will consequently
spread less PWD. Therefore, S. marcescens shows good potential as a biocontrol agent of
PWNs, and this avenue for control should be further explored.
Melanization is a major innate immune response when tracheae are exposed to
microorganisms (Ho et al., 1982; Harris et al., 1986; Tang et al., 2008). A previous study
demonstrated that PWN loading specifically activated the ROS and Toll pathways, and
production of some AMPs, while it caused no significant changes in melanization, which is
one of the earliest pathways activated by microbial infections in nematodes (Zhou et al.,
2018; Cooper et al., 2019). Our study confirmed that melanization was not elevated after
PWN inoculation in laboratory-reared beetles, but showed significant up-regulation upon S.
marcescens injection. These findings demonstrated that, in an undisturbed beetle immune

This article is protected by copyright. All rights reserved.

28

system, melanization would not have been activated upon PWN loading and would result in
a relatively balanced immune system. These results also indicate that J IV PWNs transferred
few bacteria into the beetle’s tracheae; otherwise, the melanization would have been
activated upon microorganism infection. In addition, as an invasive species, PWNs have
distinct native vector beetle species worldwide, such as M. carolinensis in their native North
America, M. alternatus and M. saltuarius in Asia, and M. galloprovincialis in Europe (Vicente
et al., 2013; Zhao et al., 2014; Nascimento et al., 2015). Each vector beetle species may have
distinct symbiotic bacteria in their tracheal system (Alves et al., 2016). As both host and
symbionts coevolve and undergo coadaptation (Chapuis et al., 2009; Florez et al., 2015;
Ledon-Rettig et al., 2018), the phenomenon that JIV carry almost no bacteria is possibly the
result of coevolution between the vector beetle and PWNs to escape the host’s immune
response and achieve immune balance; this could be a defining characteristic that explains
why PWNs spread so quickly worldwide.
Galectins serve as PRRs in innate immune responses (Vasta, 2009). However, the
specific role of galectins in regulating innate immunity remains unknown in insects. Here,
we observed that proto-type MaGal2 was up-regulated in both epidermal and tracheal
tissues following PWN loading. Further results revealed that MaGal2 knockdown
up-regulated the expression level of PPO genes and PO activities, which indicates that
MaGal2 may be a negative regulator of melanization.
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Previous studies have shown that symbiotic bacteria of the nematode Steinernema
carpocapsae could suppress levels of host PO (Brivio et al., 2018; Cooper et al., 2019).
Manduca PO was inhibited by Photorhabdus through a hydroxystilbene compound
(Eleftherianos et al., 2009). Unlike other nematodes, which depend on symbiotic bacteria to
enhance their survival, PWNs utilize the vector’s negative immune regulator MaGal2 to
suppress their immune response, which is efficient and crafty. Moreover, PWN loading was
significantly reduced following MaGal2 knockdown, which indicated that PWN loading is
likely influenced by the beetle’s immune response. However, bacteria loading was not
influenced by MaGal2 knockdown, which indicated that bacteria loading does not normally
occur in JIV. In addition, galectins both mediate recognition and effector function in innate
immunity, and also mediate developmental processes (Rao et al., 2016; Zhang et al., 2018a).
However, MaGal2 may also have additional roles in Monochamus beetles, and should
therefore be further studied.
Symbiotic microbes have been proven to play critical roles in invasive species, including
PWNs (Wang et al., 2012; Adams et al., 2013; Wu et al., 2013; Zhao et al., 2014; Xu et al.,
2015; Zhou et al., 2016; Cheng et al., 2018a). However, our study revealed that, instead of
recruiting symbiotic microbes, PWNs maintain a peaceful relationship by reducing bacteria,
which may be the result of coevolution with its insect vector. The immune response
mediator MaGal2 likely contributes to the stability of the symbiotic relationship between
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PWNs and vector beetles, which is a strategy that helps ensure the PWN’s fast and
widespread invasion dynamics and ultimately causes devastating damage to pine forests
worldwide. Breaking this immune balance may help disrupt the peaceful relationship that
maintains the symbiosis (Fig. 7). Our study provides novel insight into the adaptive strategy
of PWNs from the perspective of immune balance between PWNs and their vector beetles
via a bacteria-free strategy.
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Figure legend
Fig. 1 PWN loading did not significantly change the quantity of bacteria in tracheae. (A) Load
of cultivable bacteria in tracheae from nematode-free controls (Tr-CK) and nematode
loaded (Tr-PWN) vector beetles. Bacterial load was determined by plating the homogenate
of tracheal tissue in one beetle with 1 : 100 dilution on TSA plates. Representative images
are shown. (B) Number of CFU on each plate were counted and analyzed, and (C) relative
quantification was determined by 16s rRNA gene-based RT-qPCR analysis. Tr, tracheae; CK
(control), nematode-free tracheae; PWN, PWN loaded tracheae. Data were normalized to
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controls. At least three biological replicates were conducted. Error bars indicate SD. ns, no
significant difference determined by the Student’s t-test at P > 0.05.

Fig. 2 JIV scarcely bound bacteria on the surface (A) Cultivable bacteria from artificial barley
medium (left) and PWN loaded Monochamus beetle tracheae (right). Bacterial load from S.
marcescens co-cultured artificial barley medium was determined by plating the homogenate
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of 0.1 g medium with 1 : 10000 dilution on TSA plates. PWN loaded Monochamus beetles
were reared in S. marcescens co-cultured artificial barley medium. Bacterial load was
determined by plating the homogenate of tracheae with 1 : 100 dilution on TSA plates.
Plates were cultured for 3 days. Representative images are shown. (B) S. marcescens
quantity carried by four nematode species, JIV, propagative PWN, D. asiaticus, C.elegans. (C)
Bacterial quantity carried by JIV using four species isolated from wild pupal chamber.
Bacterial quantity carried by nematode was determined by binding analysis of nematode. At
least five biological replicates were conducted. Error bars indicate SD. **, significant
differences as determined by Student’s t-test at P < 0.01.
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Fig. 3 Bacteria S. marcescens isolated from pupal chamber are unfavorable to Ma beetle and
disrupt the immune balance in tracheae. (A) Survival curve of Monochamus alternatus (n =
10) infected (S.m) or uninfected controls (CK) by S. marcescens. 104 CFU bacteria S.
marcescens were injected into tracheae and cultured in the presence of PWN in ABM or in
the absence of PWN, injection with sterile water served as control. Injections were
conducted carefully and tracheae showed no wounds. Log-rank (Mantel Cox test) was used
to calculate statistical significance. (B–F) Relative quantity of mRNA expression level of PPO
(B), Attaincin2 (C), Lysozyme1 (D), Defensin (E), Cecropin (F), genes in tracheae 24 hours
post infection (hpi) in the presence of PWN. Tr, tracheae; CK-PWN, tracheae inject sterile
water in the presence of PWN; Sm-PWN, tracheae injected with S. marcescens in the
presence of PWN. Data were normalized to the expression level of CK-PWN. Three biological
replicates were conducted. Error bars indicate SD. **, significant difference determined by
the Student’s t-test at P < 0.01.
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Fig. 4 MaGal2, a pattern-recognition receptor (PRR) gene, was up-regulated in both
tracheae and epidermis. (A and B) relative quantity of MaGal2 mRNA expression level in
tracheae (A) and epidermis (B). (C and D) Immunoblot analysis of MaGal2 in tracheae (C)
and epideimis (D). α-Tubulin were used as loading controls. Tr, tracheae; Ep, epidermis; CK,
tracheae or epidermis of beetle not carrying PWN; PWN, tracheae or epidermis of beetle
carrying PWN. Data were normalized to the expression level of CK. Three biological
replicates were conducted. Error bars indicate SD. **, significant difference determined by
the Student’s t-test at P < 0.01.
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Fig. 5 rMaGal2 function in agglutination. (A and B) The agglutination assay testing
interaction of rGalectin2 with zymosan, S. aureus (A) and five bacteria species isolated from
pupal chamber (B). Purified rGalectin2 samples were incubated with labeled zymosan, S.
aureus and five other bacteria species for 3 hours. BSA was set as negative control. Arrows
indicate the aggregates. Representative image are shown.

Fig. 6 MaGal2 knockdown up-regulates melanization and reduces PWN loading. (A and B)
Relative quantity of mRNA expression level of MaGal2 in tracheae (A) and epidermis (B)
upon MaGal2 knockdown. (C and D) Immunoblot analysis of MaGal2 in tracheae (C) and
epidermis (D) upon MaGal2 knockdown. α-Tubulin was used as the loading control. (E and F)
Relative quantity of MaGal2 depleted mRNA expression level of PPO in tracheae (E) and
epidermis (F). (G and H) PO activity of MaGal2 depleted adult carrying PWN in tracheae (G)
and epidermis (H). (I) PWN loading upon MaGal2 knockdown. (J) Relative quantity of
bacteria in tracheae upon MaGal2 knockdown. Tr, tracheae; Ep, epidermis; iGFP,
GFP-depleted adult; iMaGal2, MaGal2-depleted adult; iGFP-PWN, GFP-depleted adult
carrying PWN; iMaGal2-PWN, MaGal2-depleted adult carrying PWN. Data were normalized
This article is protected by copyright. All rights reserved.

49

to the expression level of iGFP or iGFP-PWN. Three biological replicates were conducted.
Error bars indicate SD. **, significant difference determined by the Student’s t-test at P <
0.01. *, significant difference determined by the Student’s t-test at P < 0.05. ns, no
significant difference.

Fig. 7 Proposed model of PWN immune evasion strategy. JIV enter the tracheal system of
their vector beetle while taking in negligible amounts of bacteria, even if nematodes were
surrounded by a variety of abundant bacteria in the pupal chamber, and thus achieve a
peaceful relationship with its vector beetle to preserve the symbiosis. Furthermore, with the
loading of PWN, the pattern-recognition receptor MaGal2 was elevated. However, MaGal2
agglutinate few bacteria as JIV carry negligible bacteria into the tracheae. Then, as a negative
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regulator of melanization, MaGal2 suppressed the PO activity and contributed to the
maintenance of immune balance in tracheae.
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