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Abstract: Pine wilt disease (PWD) has caused extensive mortality in pine forests worldwide. The
longicorn beetle Monochamus saltuarius, as the vector of the invasive species Bursaphelenchus xylophilus,
plays an important role in the infection cycle. Although the gut microbiota and its contribution to
health and disease have been extensively documented, it is unclear whether B. xylophilus affects the
longicorn gut microbiota because of a lack of understanding of potential temporal changes in the
microbial composition of the vector beetles. In this study, we collected beetles at the emergence and
mating stages, and divided them into two groups according to whether they carried nematodes. Based
on 16S rDNA sequence analysis, 174 bacterial species were identified that belonged to 112 genera,
53 families, and 8 phyla. Bursaphelenchus xylophilus increased the microflora abundance and diversity
of the infected M. saltuarius. In addition, Firmicutes and Bacteroidetes were more abundant in
infected M. saltuarius at the same developmental stage. Some of the bacteria in these two phyla were
the key species in the co-occurrence network of intestinal flora and represented a unique module
in the co-occurrence network of infected M. saltuarius. We found some high abundance colonies in
the intestinal tract of infected M. saltuarius during the emergence period that were mostly related to
metabolism. Compared with the emergence period, there were more similar microorganisms in the
intestinal tract of M. saltuarius during the mating period. With the change in growth environment and
continuous feeding, the intestinal microorganisms gradually stabilized and became single species.

Keywords: gut microbiota; co-occurrence network; pine wood nematode; Monochamus saltuarius

1. Introduction

Pines are conifers in the genus Pinus that are found in the Northern Hemisphere [1].
They have economic, ecological, and scientific importance, as they provide timber for
construction, furniture, paneling, and flooring [2,3]; habitats and food for wildlife; and
anticancer, antioxidant, and antimutagenic properties in their needles [4]. However, pine
trees (such as P. tabuliformis Carr., P. thunbergii Parl., and P. koraiensis Siebold and Zucc.)
are threatened by pine wilt disease (PWD), a devastating disease that kills trees within a
few weeks to a few months from infection, with symptoms that are characterized by wilted
and brown needles. PWD is caused by the pine wood nematode (PWN), Bursaphelenchus
xylophilus (Steiner and Buhrer) Nickle (Nematoda: Aphelenchoididae), which is vectored
by longhorned beetles (Monochamus spp.) and spreads when the beetles feed on trees.
Monochamus saltuarius (Coleoptera: Cerambycidae) is widely distributed in Central and
Eastern Europe, Siberia, the Russian Far East, and East Asia [5], and is a trunk borer of pine
trees. It has been identified as an important vector of PWD in Japan, Korea, and China [6,7].
However, there are very limited studies on the intestinal microbial community of adult
Monochamus, and to date, few studies have focused on the interaction between nematodes
and the intestinal flora of Monochamus.
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The intestinal tract of insects is usually inhabited by bacteria, archaea, viruses, fungi,
and some protozoa, among which bacteria are the most important microbial groups in
the intestinal tracts of insects. The bacterial community that inhabits the intestinal tracts
is often collectively referred to as the intestinal flora [8]. Over their long-term evolution,
a unique symbiotic relationship has been formed between insects and their intestinal
microorganisms. The intestinal flora provides important nutrients for the host, assists in
digesting food, helps the insect host resist the invasion of parasites [9], and improves the
host’s defense and detoxification ability. The intestinal flora also affects the host insect’s life
span [10], development cycle, and mating and reproductive capacity [11–16].

Although some studies on the intestinal flora of Monochamus have been conducted,
knowledge gaps remain. At present, there have been few studies on M. saltuarius intestinal
bacteria. Ge et al. [17] studied the intestinal bacterial diversity of M. saltuarius larvae
isolated from P. koraiensis and P. sylvestris var. mongolica Litv. in 2021, but did not study
its correlation with B. xylophilus. Monochamus saltuarius can only produce one generation
per year, and May is the peak emergence period. In the forest, the beetles synchronously
enter the mating period. These traits provided us with convenient conditions for collecting
samples. In this study, 16S rDNA library technology and Illumina HiSeq sequencing
technology were used to detect the effects of B. xylophilus on the bacterial community in the
intestines of natural populations of M. saltuarius at the emergence and mating stages.

In this study, we compared the changes in intestinal microflora between M. saltuarius
in the emergence and mating stages with and without B. xylophilus to reveal the interaction
mechanism between endophyte and host. This study laid the foundation for further
exploring the effects of B. xylophilus on the reproductive physiology of M. saltuarius, which
could help with the development of new methods for PWD management.

2. Materials and Methods
2.1. Sample Collection and Dissections

Monochamus. saltuarius were collected in May 2021 from Dahuofang Forest Farm,
Fushun City, Liaoning Province, China. Samples (n = 100) were collected in the forest.
To obtain M. saltuarius at the eclosion stage, we cut down P. koraiensis that died in the
current year, divided them into 2-m-long sections, and put these sections into a tailor-made
stainless-steel cage (length × width × height = 2.5 m × 2.5 m × 2.0 m); then, the cages
were regularly checked daily. Once eclosed adults were found, they were put into a 10-mL
centrifuge tube and brought back to the laboratory. To obtain M. saltuarius at the mating
stage, we carefully searched for M. saltuarius in areas where host trees were weak, and once
we found a mating couple (a male and female M. saltuarius, usually on the trunk), they
were placed in a 10-mL centrifuge tube and brought back to the laboratory.

Intestinal tracts were collected as follows: the body surface of the longicorn beetle
was disinfected with 75% ethanol for 1 min, and then washed twice with sterile water.
Dissection was performed under sterile conditions, and the intact intestines were removed,
placed in labeled centrifuge tubes, and immediately frozen in liquid nitrogen. Then, using
the Baermann funnel method to count the number of nematodes carried by each beetle,
we separated the beetles into four categories: emergence and mating beetles without
nematodes (‘healthy’) and emergence and mating beetles with nematodes (‘infested’) (EH,
MH, EI, and MI, respectively). Three biological replicates were used per category, and each
biological replicate consisted of the gut from one beetle.

2.2. Amplification and High-Throughput Sequencing of Bacterial 16S rDNA

The 16S rDNA was amplified by polymerase chain reaction with 338F (5′-ACTCCTACG
GGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) primers. The 16S
rDNA genes of bacteria in the intestinal microflora of M. saltuarius were sequenced and
analyzed using an Illumina MiSeq sequencing platform of Meiji Biomedical Technology
Co., Ltd. (Shanghai, China).
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2.3. Sequence Data Analysis

PE(Paired-end) reads from MiSeq sequencing were first spliced using FLASH [18].
The assembled sequences were subjected to operational taxonomic unit (OTU) clustering
using USEARCH (version 7.1, http://drive5.com/uparse/ (accessed on 15 June 2022)) [19].
Each sequence was annotated by an RDP classifier (http://rdp.cme.msu.edu/ (accessed on
21 June 2022)) [20], and R (version 3.3.1) was used to determine the community composition
and species abundance of each sample at different classification levels. Simultaneously,
a Venn diagram was drawn to infer the similarity and overlap of the OTU composition
of samples.

Alpha diversity analyses were conducted to reveal the richness and diversity of
microbial communities. Based on the statistical results of OTUs, Mothur was used to
calculate the alpha diversity indexes [21], including Chao and Ace indexes, which reflect
the community richness in samples, and Shannon and Simpson indexes, which reflect the
species diversity in the samples. Additionally, a dilution curve was drawn according to the
Shannon index.

2.4. Construction of Phylogenetic Interaction Networks

For interaction network analysis, we filtered out those OTUs whose relative abundance
was lower than 0.03% and which appeared in fewer than two of the test samples. Based
on an ensemble approach in CoNet [22], which combines the measures of several different
correlations (Pearson [23], Spearman [23]), and similarity (mutual information [24]), or
dissimilarity (Bray-Curtis [25], Kullback–Leibler), the phylogenetic co-occurrence networks
of EH, EI, MH, and MI microbiota were inferred. We used Cytoscape (version 3.6.0) to
visualize the co-occurrence network and compute its topological features, including the
connectance and the average degree of co-occurrence [26]. The clustering of the submodules
was manually conducted based on the involved vertices and topological structures.

2.5. Functional Analysis of Intestinal Flora

PICRUSt 2 was used to predict the function of intestinal microbiota in M. saltuarius.
First, the OTU abundance table was standardized to remove the influence of the copy
number of the 16S rRNA marker gene in the species genome. Then, MetaCyc Pathways
functional annotation was performed according to the Greengene ID corresponding to each
OTU, and the annotation information of OTUs at each functional level and their abundance
information were obtained for different samples.

3. Results
3.1. General Profile of Illumina Data

In total, 761,375 raw sequencing reads were obtained by the Illumina HiSeq analysis
of 16S rRNA gene amplicons from 16 samples. After quality filtering and chimera removal,
760,692 (99.91%) high-quality reads remained for analysis, with an average read length
of 422 bp. Overall, 222 OTUs were clustered at 97% sequence identity (Table S1). The
rarefaction curves suggested that all samples tended toward saturation (Figure S1) and the
Good’s coverage of each sample was above 99%, which indicated a sufficient sequencing
depth and capture of most bacterial diversity.

3.2. Alpha and Beta Diversity Analyses

An alpha diversity index evaluation revealed the flora diversity in the samples. Five
commonly used indexes, Ace, Chao1, observed species, Shannon, and Simpson, were
selected to analyze the diversity of intestinal microflora of M. saltuarius (Figure 1, Table S2).
The Ace index, observed species, and Chao1 index of EI were significantly higher than
those of the other groups, which indicated that there were more intestinal microbial species
in M. saltuarius carrying nematodes. In addition, the Shannon and Simpson indexes did not
significantly differ between EH and EI, but both were significantly higher in EH and EI than
MH and MI; this indicated that the species diversity of the intestinal microorganisms of

http://drive5.com/uparse/
http://rdp.cme.msu.edu/
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M. saltuarius was higher in the emergence period. Overall, the species diversity and number
in the beetles were higher in the emergence stage than in the mating stage. Therefore, the
nematodes had a greater effect on beetles in the emergence stage than in the mating stage.
Nematodes were associated with an increased number of intestinal microorganisms in the
beetles and affected their diversity, but not significantly.
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Figure 1. Alpha diversity of bacterial communities in intestinal samples of M. saltuarius. (EH:
emergence period, healthy; EI: emergence period, infested; MH: mating period, healthy; MI: mating
period, infested. All of these abbreviations apply to the following figures. Student’s t-test; * p < 0.05,
** p < 0.01, *** p < 0.001).

The beta diversity of the samples at the OTU level illustrated the similarities and
differences in species composition and community structure. According to the main
principal coordinate analysis (Figure 2), the microbial communities in all samples were
grouped into four relatively independent groups (Adonis, R2 = 0.5995, p = 0.001). We
found that MI was scattered, MH was basically contained in the MI group, and EH was
far from EI and had no intersection. These results indicated that there were more similar
microorganisms in the intestinal tract of beetles during the mating stage than during the
emergence stage, and the species of these microorganisms changed as the beetles fed after
emergence. Therefore, the effect of B. xylophilus on the emergence stage was greater than
that on the mating stage.
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Figure 2. Principal coordinate analysis based on Bray-Curtis distances generated from the OTU
table. Differently colored ovals represent different groupings. (EH: emergence period, healthy; EI:
emergence period, infested; MH: mating period, healthy; MI: mating period, infested).

3.3. Distribution of OTUs in Different Sample Populations

To study the similarity of microbial composition in different samples (eclosion and
mating, healthy and infested), we constructed an OTU-level Venn diagram (Figure 3) and
found that the number of OTUs in EI was the highest, and was 1.3, 1.3, and 1.4 times that in
EH, MH, and MI, respectively. By comparing EH and EI in the eclosion stage, we observed
the number of OTUs in the intestinal tract of infested M. saltuarius was much higher than
that of healthy M. saltuarius in the eclosion stage.
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In total, 107 OTUs were analyzed in the two groups, 32 of which were unique to
EH and 11 of which were unique to EI. Therefore, there was a great difference in the
composition of intestinal bacterial communities between the two groups. The healthy
population was richer than the infested population, and there was a significant difference
between them. Bursaphelenchus xylophilus had a significant effect on the intestinal microbial
flora during the eclosion stage. In the mating stage, the number of OTUs in the intestinal
tract of the healthy group was almost the same as that of the infested group, with a total of
122 OTUs in the two groups; two of which were only found in MI, which indicated that
the effect of B. xylophilus on intestinal microorganisms was reduced in the mating stage
compared with the eclosion stage.

Interestingly, we found that 64 OTUs were consistently present in the intestines of all
M. saltuarius at different times, and they may have colonized and become autochthonous
microbes in the intestines of M. saltuarius. In addition, eight OTUs were present in the
intestinal tract of infested M. saltuarius from eclosion to mating, and these colonies were all
from the phyla Proteobacteria, Firmicutes, and Bacteroides. These OTUs were not found in
the intestinal tract of healthy M. saltuarius during eclosion and mating, and their presence
likely reflects the effect of B. xylophilus on intestinal microbial flora.

3.4. Analysis of M. saltuarius Intestinal Bacterial Community Structure

All samples were annotated to 8 phyla, 14 classes, 31 orders, 53 families, 112 genera,
and 174 species (Table S3). We analyzed the community composition of each sample at the
phylum and genus levels. Proteobacteria and Firmicutes were the dominant phyla in the
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intestinal microflora of the larva (Figure S2). Proteobacteria accounted for 37% and 31.1%
of EH and EI, respectively, whereas Firmicutes accounted for 48.3% and 57.1%, respectively.
Proteobacteria was the dominant phylum of the beetles at the mating stage, accounting for
95.5% and 91.7% of MH and MI, respectively. Additionally, the abundance of Proteobacteria
in the intestine significantly increased over time.

At the genus level, the intestinal bacteria genera of M. saltuarius showed different
distributions in the four types of samples (Figure 4). In general, there were more genera
with high abundance in M. saltuarius at the emergence stage than at the mating stage,
and there were also great differences depending on whether they carried nematodes.
The genera with an average abundance ≥ 2% in EH were Weissella (38.5%), Acinetobacter
(7.5%), Lactobacillus (7.2%), Ralstonia (7.2%), Xanthomonas (5.7%), Burkholderia-Caballeronia-
Paraburkholderia (4.1%), Deinococcus (3.5%), and Fusobacterium (2.1%). The genera with
an average abundance ≥ 2% in EI were Faecalibacterium (11.3%), Phenylobacterium (8%),
Blautia (6.5%), Agathobacter (3.7%), Ruminococcus_torques_group (3.5%), Prevotella (3.2%),
Catenibacterium (2.8%), Acinetobacter (2.8%), Dialister (2.5%), Lactobacillus (2.5%), Dorea
(2.4%), Holdemanella (2%), Bifidobacterium (2%), and Subdoligranulum (2%). The genus with
an average abundance ≥ 2% in MH was Serratia (92.5%), and the genera with an average
abundance ≥ 2% in MI were Serratia (66%) and Klebsiella (23.2%).
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The constructed phylogenetic tree shows the relationship between the gut microbiota
of M. saltuarius (Figure 5). Most of the 222 OTUs belonged to Proteobacteria and Firmicutes.
A total of 82 OTUs belonged to Proteobacteria and 97 OTUs belonged to Firmicutes.
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Figure 5. Phylogenetic tree showing the placement of 222 OTUs based on 16S rDNA sequence. The
phylogenetic tree was produced by maximum likelihood methods with 1000 bootstrap replicates.

3.5. Effect of B. xylophilus on Intestinal Bacteria

To explore the relationship between the intestinal microorganisms of different groups
of M. saltuarius, we investigated the top 25 species of total abundance at the taxonomic
level and constructed a heat map of species abundance (Figure 6). A dendrogram was
prepared using the Bray-Curtis index to compare the similarity of the bacterial communities.
Each column represents an individual insect, and columns were clustered according to the
similarity of bacterial abundance profiles. Each row represents an OTU assigned to the
genus level (Figure 6). Although microbial population shifts in both abundant and less
abundant genera were detected in individuals, we found that the samples still clustered
based on development and pine wood nematode presence, which resulted in highly distinct
microbial communities. Individuals of the same group were associated with a common
bacterial community composed of the same dominant members.

Abundant Serratia (MH: 92.50%; MI: 65.97%) were present in the mating stage, and
some bacteria, such as Fusobacterium and Weissella, varied within the developmental stage,
and therefore may represent transient microbes. Some bacterial taxa were consistent colo-
nizers of the M. saltuarius gut, including Acinetobacter, Bacteroides, Sphingomonas, Blautia,
Ruminococcus_torques_group, and Bifidobacterium. Compared with the other three groups, a
highly diverse gut microbiota was found in MI, whereas MH showed significant differences
compared with the other three groups. Interestingly, Catenibacterium, Dorea, Faecalibacterium,
Prevotella 9, and Dialister were the most common genera in the infected M. saltuarius. How-
ever, in the healthy M. saltuarius at the eclosion stage, the abundance of these bacteria was
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very low. In contrast, the genera Deinococcus, Xanthomonas, and Burkholderia-Caballeronia-
Paraburkholderia only existed in MH.

Forests 2022, 13, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 6. Heatmap showing the relative abundance of dominant taxa in each group. Cluster analysis 

used the Bray-Curtis distance and complete-linkage method. Each bar or column corresponds to a 

group (three individuals per species). (EH: emergence period, healthy; EI: emergence period, in-

fested; MH: mating period, healthy; MI: mating period, infested). 

3.6. Dynamic Changes of Interaction Networks of M. saltuarius Intestinal Bacteria 

To evaluate the dynamic changes of potential interaction networks among bacterial 

taxa in different groups, phylogenetic interaction networks were constructed using 44, 76, 

53, and 62 key OTUs for EH, EI, MH, and MI, respectively. From the topological structure 

parameters of the coexistence network, it was seen that the complexity of the intestinal 

flora coexistence network topology differed among the four groups. The EI, MH, and MI 

groups shared 70.6% of the edges (72) and 62.2% of the nodes (51) (Figure 7), which indi-

cated that there was a certain proportion of the same interactions among the three groups. 

Compared with the other three groups, the coexistence network of the intestinal flora of 

healthy M. saltuarius in the eclosion period had 252 edges (accounting for 71.2% of the 

coexistence network) and 28 nodes (accounting for 25.5% of the coexistence network); 

therefore, EH was the most complex among the four groups and had the greatest differ-

ence from the other three groups, which was consistent with the other analyses. 

                        

             

                

                

              

               

          

                               

                  

           

                   

                  

        

                   

               

               

       

            

                

            

            

             

                                

              

              

                                             

          

  

  

  

  

 

 

 

 

Figure 6. Heatmap showing the relative abundance of dominant taxa in each group. Cluster analysis
used the Bray-Curtis distance and complete-linkage method. Each bar or column corresponds to a
group (three individuals per species). (EH: emergence period, healthy; EI: emergence period, infested;
MH: mating period, healthy; MI: mating period, infested).

3.6. Dynamic Changes of Interaction Networks of M. saltuarius Intestinal Bacteria

To evaluate the dynamic changes of potential interaction networks among bacterial
taxa in different groups, phylogenetic interaction networks were constructed using 44, 76,
53, and 62 key OTUs for EH, EI, MH, and MI, respectively. From the topological structure
parameters of the coexistence network, it was seen that the complexity of the intestinal
flora coexistence network topology differed among the four groups. The EI, MH, and
MI groups shared 70.6% of the edges (72) and 62.2% of the nodes (51) (Figure 7), which
indicated that there was a certain proportion of the same interactions among the three
groups. Compared with the other three groups, the coexistence network of the intestinal
flora of healthy M. saltuarius in the eclosion period had 252 edges (accounting for 71.2% of
the coexistence network) and 28 nodes (accounting for 25.5% of the coexistence network);
therefore, EH was the most complex among the four groups and had the greatest difference
from the other three groups, which was consistent with the other analyses.
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The coexistence network of intestinal flora in the four M. saltuarius groups had a mod-
ular structure, and most of the nodes were positively correlated (Figure 8). The analysis
of modules containing four or more nodes showed that this phylogenetic interaction net-
work was divided into four distinct modules, including two infected M. saltuarius-specific
modules (modules 2 and 3) that were unique to the intestines of infected longicorn beetles.
These two modules were mainly composed of 12 bacteria from Bacteroidetes and Firmicutes
(three and nine species, respectively). Module 4 was specific to the infected gut during
emergence (Table S4) and consisted of 13 bacteria from the three phyla Proteobacteria,
Firmicutes, and Bacteroidetes. Module 1 showed high stability in EI, MI, and MH groups,
and consisted of 35 bacteria from Firmicutes, Bacteroidetes, and Actinobacteria. There
was a greater degree of interaction among species that were more evolutionarily divergent
(from different phyla).
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Figure 7. Edge and node discrepancies between the four gut microbiome networks. (a,c): node
discrepancies among the four gut microbiome networks; (b,d): edge discrepancies among the four
gut microbiome networks. (EH: emergence period, healthy; EI: emergence period, infested; MH:
mating period, healthy; MI: mating period, infested).

Based on the average degree and connectivity of the nodes, the importance of the
nodes in the four groups of intestinal flora coexistence networks was ranked (Figure 9,
Table S5). Streptococcus had a high degree in the four groups of intestinal flora coexistence
networks, and its presence was strongly correlated with other species. In this study, the
important nodes in the coexistence networks of the intestinal flora of the two groups of
infected M. saltuarius were highly similar. Proteobacteria were more important in the
emergence period and were closely associated with the presence of other species, but less
important in the mating period. The phyla Fusobacteria and Chloroflexi only showed a
strong association with other species in the eclosion stage of M. saltuarius.
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Figure 8. Phylogenetic co-occurrence networks of intestinal bacterial microbiota in four groups. The
networks were constructed at the OTU level. The edge color represents positive (green) and negative
(red) correlations. The edge thickness indicates the correlation values, and only the high-confidence
interactions with absolute sparse correlations greater than 0.55 were selected. (EH: emergence period,
healthy; EI: emergence period, infested; MH: mating period, healthy; MI: mating period, infested).
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Figure 9. Ranking of important nodes in the gut microbiome network. (EH: emergence period,
healthy; EI: emergence period, infested; MH: mating period, healthy; MI: mating period, infested).
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3.7. Functional Predictions for M. saltuarius

A comparison of the differences between the top 100 pathways in abundance revealed
that 34 pathways showed significant differences, and 29 of the 34 pathways belonged to
the “Biosynthesis” pathway (Figure 10). EI and EH had the largest difference in the levels
of association with MetaCyc “Biosynthesis” pathways. EI was significantly less associated
with the primary biosynthesis pathways than EH, but other secondary pathways related to
biosynthesis, such as glycogen degradation, the pentose phosphate pathway, and starch
degradation, were significantly more associated with EI than EH.
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Figure 10. Map of predicted MetaCyc functional pathway differences. The abscissa represents the
abundance of functional pathways (relative abundance); the left side of the ordinate shows the
MetaCyc functional pathway. (EH: emergence period, healthy; EI: emergence period, infested).

4. Discussion

Some studies have reported the intestinal bacterial composition of the genus
Monochamus [17,27,28] and analyzed the microbial composition of infected pine tree pupal
chambers and of the trachea of M. alternatus harboring B. xylophilus [29]. However, as far
as we know, to date, there have been no studies on the interaction between B. xylophilus
and the intestinal flora of the vector M. saltuarius. This study is the first to describe and
analyze the effects of B. xylophilus on the intestinal microbiota of M. saltuarius based on
high-throughput sequencing. To continuously observe the correlation between B. xylophilus
and intestinal flora, we selected two time points for comparative analysis, the emergence
and mating periods, and provided a comprehensive overview of changes in the intestinal
microbiome of M. saltuarius affected by B. xylophilus.

Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria are the dominant phyla
in the intestinal tract of M. saltuarius. These isolates were previously found to be common
in the genus Monochamus [26,27]. The presence of a variety of bacteria, including Firmicutes
and Proteobacteria, indicates their ecological importance [30]. Most of the bacteria that
belong to these phyla are facultative anaerobes that ferment sugars and tolerate acidic
environments. The identified bacterial isolates are commonly found in soil and water, and
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a few have clinical relevance to humans. It is not uncommon for these bacteria to occur in
insect intestines, which was previously described.

Our study showed that the intestinal flora was not evenly distributed because of the
activities of B. xylophilus and the changes in the living environment of M. saltuarius. At the
same developmental stage, there were greater proportions of Firmicutes and Bacteroidetes
in the infected M. saltuarius, and some of the bacteria in these two phyla became the key
species in the coexistence network of intestinal flora; moreover, they represented a unique
module in the phylogenetic interaction network of infected longhorn beetles. Additionally,
the intestinal microflora of M. saltuarius substantially differed between the mating and
eclosion stages. Proteobacteria and Firmicutes were dominant in the emergence stage of
the beetle; however, the abundance of Firmicutes sharply decreased in the mating stage,
and Proteobacteria became the main phyla and far exceeded other phyla in abundance.
Food and environmental factors can affect the diversity of the intestinal microorganisms
of insects [31]. During the emergence period, M. saltuarius had just emerged from the
pupal chamber and had not yet eaten, and the intestinal microorganisms are more di-
verse. With the change in the growth environment and continuous feeding, the intestinal
microorganisms gradually stabilized and became single species.

At lower taxonomic levels, differences in gut bacterial composition between samples
were more pronounced. In infected longhorn beetles in the eclosion period, Faecalibacterium,
Phenylobacterium, Blautia, Agathobacter, Ruminococcus_torques_group, Catenibacterium, Acine-
tobacter, Dialister, Dorea, Holdemanella, Bifidobacterium, and Subdoligranulum exhibited higher
abundances than in the other three groups. Interestingly, these groups are not mentioned
in the other literature on the intestinal microbiota of Monochamus. Most of these bacteria
are related to digestion. Some studies have found that Faecalibacterium is a beneficial gut
microbe in humans and has anti-inflammatory properties [32,33].

Enterobacteriaceae accounted for more than 90% of the total intestinal microflora
of mating M. saltuarius, and was also the dominant family (52.2%) in the trachea of
M. galloprovincialis and M. alternatus [34], and this finding was consistent with a previ-
ous report on M. alternatus [28]. Among Enterobacteriaceae, Serratia and Klebsiella were
most abundant. Serratia is found in more than 70 insect species [35], including crickets,
grasshoppers, bees, aphids, and fruit flies [36]. Most Serratia form mutualistic symbioses
with their hosts. In aphids, S. symbiotica strains play a key nutritional role by providing
vitamins and amino acids to the host [37]. The nutritional role of Serratia has mostly been
assessed in the context of obligate mutualism. The discovery of this bacterium in the gut
of M. saltuarius carrying nematodes provides a new perspective on the potential role of
Serratia. A strain of S. marcescens isolated from the gut of Periplaneta americana may have the
ability to protect the host against disease by producing secondary metabolites. Prodigiosin,
a red secondary metabolite produced by Serratia can induce apoptosis of HeLa cells, and its
mechanism may be related to the up-regulation of Bax and Caspase-3, down-regulation of
Bcl-2 level, and triggering of the exogenous apoptosis signaling pathway [38]. In addition,
large amounts of prodigiosin have also been detected in the gut of cockroaches [39,40].
Therefore, Serratia may have the ability to protect the host against disease by producing
secondary metabolites.

Intestinal bacterial diversity and its metabolic role in functional metabolism have
been studied in 12 species of three subfamilies of Araneidae from five states in India.
Among the spider species, Prevotella spp. was only observed in Cyclosa mulmeinensis [41],
which indicated that Prevotella spp. may exhibit some host selectivity. Although a high
abundance of Serratia was not detected in our samples during the emergence period, Serratia
was dominant in the midgut of adult M. alternatus reared in the laboratory. Because we
did not detect the microorganisms in the living environment of M. saltuarius, we could
not confirm whether Serratia originated from the pupal chamber or from feeding after
eclosion. However, Enterobacteriaceae eventually occupied the niche and became the
absolute dominant flora in the intestinal tract during mating, which needs further study.
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To evaluate the effect of B. xylophilus on the dynamics of the potential interaction
network of intestinal bacteria, phylogenetic interaction networks were constructed for
each of the four groups. The phylogenetic interaction networks were mainly divided
into four different modules, including two modules specific to infected longhorn beetles
(modules 2 and 3), one module only appearing in the early stage of infection (module 4),
and a relatively stable module 1.

Module 1 was made up of 35 OTUs that belonged to the three phyla Firmicutes,
Bacteroidetes, and Actinobacteria, and Firmicutes mainly included Ruminococcaceae and
Lachnospiraceae. These two bacterial families have a large number of glycoside hydrolase
genes and specific metabolic pathways to cleave the cellulose and hemicellulose compo-
nents of complex plant material and degrade a wide variety of polysaccharides [42,43].
Therefore, Ruminococcaceae and Lachnospiraceae are often found in the intestines of her-
bivores, such as the rumen of cattle, and in red colobus (Procolobus gordonorum) [44,45].
Although Ruminococcaceae and Lachnospiraceae are both diverse groups, they share a
common role as active plant degraders. Bacteroidetes mainly included Prevotellaceae.
Some researchers have found, through co-occurrence network analysis, that Prevotellaceae
and Ruminococcaceae were the central nodes of the luminal microbial network. Functional
analyses demonstrated that Prevotella, Veillonellaceae, Lachnospiraceae, and Ruminococ-
caceae were positively correlated with gene functions related to amino acid, energy, cofactor,
and vitamin metabolism [46]. Therefore, module 1 is probably related to food digestion
and absorption, which is indispensable for M. saltuarius.

Module 2 consisted of eight OTUs that belonged to Firmicutes and Bacteroidetes.
In Firmicutes, most OTUs belonged to Lachnospiraceae and Streptococcaceae. A study
showed that, after long-term high-fat feeding, intestinal inflammation occurs in mice,
and Lachnospiraceae and Streptococcaceae abundance increases [47]. This module also
included Prevotellaceae, which are often considered opportunistic pathogens. We speculate
that module 2 plays a role in regulating intestinal performance.

Module 3 was composed of four OTUs from Firmicutes and Bacteroidetes, and it was a
unique module in the infected M. saltuarius during emergence. Prevotella is a non-cellulosic
carbohydrate-degrading bacterium that digests cell wall polysaccharides such as xylan [48]
and also has protease activity. It is a major resident of the bark beetle gut microbiota [49],
and its abundance is positively correlated with dietary fiber intake. However, it is also
considered an indicator of certain diseases. Qi et al. [50] showed intestinal dysbiosis in
gastric cancer patients associated with peripheral cellular immunity, and the combination of
Veillonella, Streptococcus, and Lachnospira was sufficient to distinguish gastric cancer patients
from healthy subjects. CD3+ T cell counts were associated with the relative abundance
of Lactobacillus and Streptococcus, whereas CD3+ T cells, CD4+ T cells, and NK cells were
associated with Lactobacillus.

The presence of module 2 may be associated with microbial dysbiosis. Lachnospira
taxa can produce beneficial metabolites for their hosts and are involved in carbohydrate
metabolism; associated fermentation leads to the production of acetate and butyrate, which
provide the main source of energy for the host. However, the increase in Lachnospira
may be related to the imbalance of the microbial ecology. Wang et al. [51] confirmed that
the composition and function of intestinal flora differed between people with chronic
spontaneous urticaria and healthy people, and the relative abundance of Faecalibacterium,
Lachnospira, Prevotella, and Bifidobacterium increased in the chronic spontaneous urticaria
patients. Interestingly, we also detected similar changes in the number of bacteria in the
intestines of M. saltuarius carrying pine wood nematodes. The flora coexistence network
analysis showed that there was a synergistic effect among the intestinal flora of M. saltuarius,
and the colonies in the same module showed the same or opposite trends. Additionally,
changes in lower abundance colonies were easier to detect, whereas changes in the higher
abundance colonies were often overlooked. Faecalibacterium and Bifidobacterium had high
abundances in EH and EI; therefore, it is possible that these two bacteria cooperate with
module 3.
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Module 4 was made up of 13 OTUs that belonged to the three phyla Proteobacteria,
Firmicutes, and Bacteroidetes. This module only appeared in EI. Serratia (Proteobacteria)
and many other bacteria showed a mutual exclusion relationship because Serratia is an
opportunistic pathogen. A previous study suggested that Rhodobacteraceae could be
applied to shrimp to reduce the influence of cold stress [52]. Moreover, Acinetobacter
have been shown to confer nutritional benefits, including nitrogen removal and intestinal
nutrient substance metabolism [53].

The B. xylophilus microbiome may also have an impact on the M. saltuarius gut mi-
crobiota [54], which is currently attributed to changes in nematodes that may be due to
nematode microbes. This needs to be clarified by further research.

5. Conclusions

In conclusion, we described the intestinal bacterial communities of adult M. saltuarius
and analyzed the differences in the intestinal bacterial communities according to the pres-
ence of B. xylophilus and the developmental stage of M. saltuarius. The results showed that
the microflora abundance and diversity were increased in the intestinal tract of M. saltuarius
carrying nematodes. Additionally, some bacteria of Firmicutes and Bacteroidetes played
unique roles in the intestinal tract of M. saltuarius and were only found in the intestinal
tract of beetles carrying pine wood nematodes. In the future, we will study the functions of
these intestinal bacteria.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13101673/s1, Table S1: OTU table. Table S2: Alpha-diversity of
bacterial communities in intestine samples of M. saltuarius. Table S3: taxonomy-summary. Table S4:
Summary of annotation information of node OTUs from biologically important modules in the
phylogenetic co-occurrence networks of three categories. Table S5: the importance of the nodes in the
four groups of intestinal flora coexistence networks was ranked. Figure S1. Rarefaction curves of
bacterial communities in the intestinal samples of M. saltuarius. Figure S2. Relative abundance of
dominant microbial phyla (abundance ≥ 1%). The relative percent abundance of bacterial genera is
represented by different colors.
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