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Abstract: This study investigated the influence of starvation on the structure of the gut bacterial
community in the Chinese white pine beetle (Dendroctonus armandi). A total of 14 operational
taxonomic units (OTUsg g3) clusters belonging to nine genera were identified. Denaturing gradient
gel electrophoresis (DGGE) profiles of bacterial PCR-amplified 165 rRNA gene fragments from the
guts of starved male and female adults revealed that the bacterial community diversity increased
after starvation. The dominant genus Citrobacter decreased significantly, whereas the genus Serratia
increased in both starved female and starved male adults. The most predominant bacterial genus
in D.armandi adults was Citrobacter, except for starved male adults, in which Serratia was the
most abundant genus (27%). Our findings reveal that starvation affects gut bacterial dynamics
in D. armandi, as has been observed in other insect species.
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1. Introduction

Bacteria are known to play important roles in the life history of bark beetles [1]. Symbiotic
associations have important implications in development, reproduction, and pheromone production,
and influence community associations in complex ways [1-5]. Bacterial communities may help bark
beetle colonize host trees by providing nutritional supplements that are absent from the host’s diet
and lead to cellulose absorption and nitrogen fixation [6,7]. In addition, Bacteria may help bark
beetles overcome host resistance through the metabolism of toxins and can enhance protection against
natural enemies by keeping out potentially harmful microbes via competition for nutrients [8,9]. Bark
beetles with a rapid food throughput can harbor an indigenous microbiota [5]. The composition of the
intestinal microbiota co-develops with the host from birth and is subject to a complex interplay that
involves genetics, diet, and lifestyle [10].

Bark beetles, in particular those of the genus Dendroctonus, are very important tree mortality
agents in coniferous forests [5]. One of the most destructive Dendroctonus species in Asia is the Chinese
white pine beetle (Dendroctonus armandi Tsai and Li, Curculionidae: Scolytinae), which attacks live
Pinus armandi trees that are over 30 years old, and its outbreaks result in the destruction of millions of
P. armandi dating from 1954 in the Qinling and Bashan Mountains in Northern China [11]. Due to the
importance of D. armandi, various aspects of the species have been researched, including its intestinal
microecology. We recently reported the structure of the gut-associated bacterial communities present
during different D. armandi developmental stages [12], and the cellulolytic bacterial community in
the intestines of D. armandi larvae was also clarified [6]. However, the effects of harsh environmental
conditions, such as starvation, on the gut microbiota of D. armandi remain poorly understood.
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Starved insects are often more prone to disease, likely because they have compromised immune
defenses. Dillon and colleagues observed increased bacterial diversity in starved locusts, which
might improve host defense against enteric threats due to the role of gut bacteria in colonization
resistance [13]. Gut bacteria also have the potential to be used as a biological agent in pine forest
protection. It has been reported that bacterial symbionts could be genetically modified by genetic
engineering techniques to synthesize pest killing proteins or substances [14]. Hence, this study
could be useful in the development of biological control agents for bark beetles, which have been
understudied [15]. Defining members and clarifying effect factors of gut microflora is the first step
to understand the exact role of bacterial communities in bark beetles. We investigated the effects of
starvation on the gut-associated bacterial community structure in D. armandi using a method that
involves PCR-denaturing gradient gel electrophoresis (DGGE).

2. Materials and Methods

2.1. Insect Collection and Gut Dissection

All of the D. armandi specimens were collected from the bark of infested P. armandi trees at the
Huoditang Experimental Forest Station of Northwest A&F University in July 2014. The station is
located on the southern slope of the middle Qinling Mountains (33°18'-33°28' N, 108°21'-108°39’ E)
in Shaanxi, China.

Female and male D. armandi adult samples were collected manually using fine forceps. The insect
samples were transferred directly from galleries of infested Chinese white pine trees to the laboratory
in sterile vials containing sterile moist paper. To separate gut-associated microorganisms from food
microorganisms, all insects were maintained at 28 °C under a 12:12 h light/dark cycle for 48 h,
as nearly all members of the Dendroctonus genus, including D. armandi, cannot be reared artificially.
To investigate the influence of starvation on gut-associated bacteria, another 72-h starvation treatment
was applied to half of the insects.

The D. armandi samples were rinsed in 70% ethanol for 3 min for surface sterilization and
then rinsed twice in sterile water before dissection. After being placed in 10 mM sterilized
phosphate-buffered saline (PBS), the insects were dissected under a stereomicroscope with the aid of
insect pins and fine forceps to excise the mid-guts and hindguts from the abdominal segment [16].
Forty beetles in each sample (female, male, starved female and starved male adults) were pooled
to be one sample respectively. Guts were excised from each D. armandi sample and transferred to
a 1.5 mL microcentrifuge tube respectively, ground 30-50 times with a plastic pestle in liquid nitrogen,
vortexed with 500 puL Tris-EDTA (pH 8.0) for 3 min at maximum speed and then centrifuged at
low speed (4000 r/min) for 15 s to separate microbial cells from gut wall tissues. The supernatant
(containing the bacterial community) was transferred to new tubes for bacterial DNA extraction. Each
sample was analyzed in triplicate. All of the procedures used in this experiment were performed in a
sterile environment.

2.2. Bacterial DNA Extraction

Bacterial DNA was extracted using an E.Z.N.A. Bacteria DNA Kit (Omega Biotech, Doraville, GA,
USA) according to the manufacturer’s instructions and stored at —20 °C until use.

2.3. Nested PCR

Nested PCR was used to increase the resolution yield of DGGE [17-19]. The highly variable
V3 region of the bacterial 16S rRNA gene was amplified using the fD1 and rP1 primer pair in the
first round of PCR and the 341F-GC and 534R primer pair in the second round [20]. Nested PCR
amplifications were performed as described by Hu ef al. [12], and the PCR products were stored
at —20 °C until DGGE analysis.
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2.4. Denaturing Gradient Gel Electrophoresis (DGGE)

DGGE was performed according to previously described methods [12]. The DCode™ Universal
Mutation Detection System (Bio-Rad, Hercules, CA, USA) was used for DGGE analysis. Thirty-five
microliters of bacterial nested PCR products from each sample was loaded onto an 8% (w/v)
poly-acrylamide (37.5:1 acrylamide/bio-acrylamide) gel containing a linear denaturing gradient of 40%
to 70%. A 100% denaturing acrylamide solution is equivalent to 7 M urea and 40% (v/v) formamide [21].
Gel electrophoresis was performed initially at 120 V for 10 min and then at 70 V for 11 h at 58 °C.
The polyacrylamide gel was stained with an ethidium bromide solution for 10 min and viewed under
UV light using the Gel Doc™ XR System (Bio-Rad, CA, USA).

2.5. DGGE Band Profile Analysis

The dominant DGGE bands were excised immediately from the poly-acrylamide gel with sterile
razor blades, and the DNA in the gel bands was eluted using an E.Z.N.A. Mag-Bind Poly-Gel DNA
Extraction Kit (Omega, Doraville, GA, USA). The eluted DNA (1 uL) was re-amplified with primer
pair 534R and 341F without a GC clamp at the 5’ end, and the products were evaluated by agarose
gel electrophoresis. The PCR products were purified using a Gel Extraction Kit (Baitaike Biological
Technology, Xi’an, China) and cloned by transformation into Escherichia coli (strain DH5«). Confirmed
positive clones were sequenced (Jinsirui Biotechnology, Nanjing, China).

To determine the classification status of gut-associated bacteria, the NCBI and EzTaxon-e databases
were examined for sequence matches [22,23]. To analyze the phylogenetic relationships among the
gut-associated bacteria, the reliable sequences with a high sequence similarity were selected and
downloaded from the databases. All of the sequences were then aligned using MUSCLE [24], and the
phylogenetic trees were constructed using the maximum likelihood and neighbor-joining methods
in the MEGA 5 software [25]. Bootstrap analysis was performed with 1000 replications to calculate
the support for each clade. The bacterial sequences obtained during this study were deposited in the
NCBI database under accession numbers KF501438 to KF501472.

The DGGE band profiles were analyzed using Quantity One software (Bio-Rad, USA). Each
band was digitized using auto-detection of peak density. Based on the transferred data, the diversity
indices were calculated to investigate the dominant bacterial communities and determine how the
communities changed in female and male adults and starved female and male adults. Various indices
of biodiversity, such as the Shannon-Wiener index (H’), richness (S) and evenness (Ey), were calculated
from the DGGE patterns according to the following equations:

H == pilnp; = =Y (Ni/N)In(N;/N) 1)
i=1 i=1
Ep = H/Hmax = H/lnS (2)

in which § is the number of bands in a lane, N; is the peak density of the ith band and N is the total
peak density of all of the bands in a lane [17-19]. Significant differences between means were analyzed
using the t-test in SPSS Version 19.0.

2.6. Operational Taxonomic Units and Richness Estimation

The sequences in each phylogenetic tree were formatted as FASTA files and used to construct
distance matrices for each library with MOTHUR Version 1.29.0. The distance matrices were used as
the input files to define operational taxonomic units (OTUs) based on a similarity distance cutoff of
0.03. OTUs defined by distances of 0.03 generally corresponded to a bacterial species [26]. Sequences
that belonged to the same cluster based on the reference of OTUsq o3 were circumscribed with braces in
the phylogenic trees and labeled R1-R14 (Figure 1). The Chao index [27] was calculated to measure the
absolute value of species richness. The rarefaction curve methodology was used [28,29] to estimate the
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relationship between the expected OTU richness and sampling depth. Finally, the rarefaction curves
were generated using SigmaPlot Version 10.1.

Figure 1. Phylogenetic trees for the bacterial community in D. armandi guts based on 16S rRNA gene
fragments. (A) Neighbor-joining phylogenetic tree for the bacterial community in female and male
adult guts using the model (Kimura 2-parameter + G). (B) Maximum likelihood phylogenetic tree of the
bacterial community in starved female and male adult guts using the model (Kimura 2-parameter + I).
R1-R14 represent different operational taxonomic units (OTUsg g3) clusters obtained with MOTHUR.
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3. Results

3.1. Bacterial Diversity Analysis

The number, density and composition of bacterial DGGE bands differed between fed and starved
adult samples (Figure 2, Figure S1). Bacterial diversity was analyzed based on the peak density of
the bands in this DGGE profile. Diversity indices are useful for estimating diversity in microbial
communities (i.e., a higher Shannon-Wiener index (H’) indicates greater diversity in the bacterial
community). The results presented in Table 1 show the bacterial diversity of all of the D. armandi
samples analyzed.
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Figure 2. Denaturing gradient gel electrophoresis (DGGE) profiles of nested PCR-amplified 16S rRNA
gene fragments of bacteria from the D. armandi guts. Lane S1 female adult, S2 male adult, S3 starved
female adult, S4 starved male adult. Bands A1-A21 and B1-B7 represent the 165 rRNA gene regions
from different bacteria.

Table 1. Richness (S), evenness (Ey) and Shannon-Wiener index (H’) for the gut-associated bacteria
identified in different samples of D. armandi.

Lane D. armandi sample S Eny H
S1 Female adult 12 0.854255 2.122745
S2 Male adult 14 0.885312 2.336389
S3 Starved female adult 22 0.858404 2.653363

S4 Starved male adult 21 0.921066 2.804207
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The band number and H’ value increased significantly for both female and male adults after 48 h
of starvation (p < 0.05, Student’s t-test). The total numbers of sequenced bands were 22 (starved female
adult) and 21 (starved male adult), respectively. When comparing the H’' value, there was also no
significant difference between the starved female adult (S3) (2.653363) and male adult samples (54)
(2.804207) (p > 0.05, Student’s t-test).

3.2. Phylogenetic Analyses and Dominant Taxa

Each of the distinguishable bands in the separation pattern represented an individual bacterial
species [30]. In total, 28 different bands were sequenced successfully, and two phylogenetic trees
were constructed to represent D. armandi female and male adults and starved female and male adults
(Figure 1). Of the 28 sequences, the major species were Proteobacteria (y-Proteobacteria A1-A21, B2,
and B3; a-Proteobacteria B6); the other species were Firmicutes (B1, B4, B5, and B7). Overall, 21 species
belong to y-Proteobacteria, Enterobacteriaceae (A1-A21), as based on the identified bands.

Combining the relative abundance of the bands in each lane with the results of the phylogenetic
analysis, nine genera were identified. The most predominant bacterial genus in D. armandi adult guts
was Citrobacter; the exception was starved male adults, in which Serratia was the most abundant genus
(27%), slightly more abundant than Citrobacter (26%) (Figure 3). Five genera were identified in both
female and male adult guts. The composition of the bacterial genera increased after starvation, with
nine and eight genera found in the guts of starved female and male adults, respectively.

Figure 3. Results of genus-level phylogenetic binning of the D. armandi gut-associated bacterial
community. Only those genera with greater than 1% representation are shown.

3.3. OTUs

Fourteen OTUs g3 clusters (R1-R14) were defined at a > 97% sequence identity threshold. Most
of the OTUs belong to y-Proteobacteria (10 OTUs) (R1-R10). Other groups were less abundant, with
three OTUs for Firmicutes (R12-R14) and only one representative OTU for «-Proteobacteria (R11). The
members of the largest group, y-Proteobacteria, belong primarily to the Enterobacteriaceae family,
followed by Moraxellaceae and Flavobacteriaceae. Cluster R1 was the most dominant group in
all of the samples, with seven species; the closest relatives of those species were y-Proteobacteria,
Enterobacteriaceae, and Citrobacter. The R5 OTUs o3 cluster was also observed in the gut-associated
bacterial communities from all of the samples (Figure 1). The sequences belonging to the R5 cluster
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were grouped together with R1 on the same phylogenetic branch and were found to be affiliated
with Serratia (y-Proteobacteria, Enterobacteriaceae) including two species. The Chao index was used
to better describe the relative bacterial species diversity of the female and male D. armandi adults
and the starved female and male D. armandi adults. Data for the OTUsg g3 cluster and estimated
relative richness values revealed that the bacterial community structure was simpler in female and
male adult guts (Figure 4), with seven OTUsy 3 clusters for female adults (R1, R3, R4, R5, R7, R12,
and R13) and seven OTUs o3 clusters for male adults (R1, R2, R3, R4, R5, R7, and R12). These
clusters belong to y-Proteobacteria (R1-R7) and Firmicutes (R12 and R13) (Figure 1A). The most
complex bacterial structure was observed in the guts of starved male adults, with 11 OTUsy o3 clusters
related to y-Proteobacteria (R1, R3, and R5-R10), a-Proteobacteria (R11) and Firmicutes (R13 and R14).
Starved female adults showed 10 OTUs o3 clusters affiliated with y-Proteobacteria (R1-R3 and R5-R8),
a-Proteobacteria (R11) and Firmicutes (R13, R14) (Figure 1B).

12

——-v-—— Starved male adult
o —-—A—--  Starved female adult
— & —  Male adult

Female adult

OTUs, Number

L' T T T T
5 10 15 20

Sampling, sequence number

Figure 4. Rarefaction curves for bacterial 165 rRNA sequences in the gut of D. armandi female and male
adults and starved female and male adults calculated using MOTHUR OTUj g3. The plot shows the
number of new bacterial species as a function of the number of clones sequenced.

4. Discussion

Bacterial Community Structure

This study provides new insights into the effects of starvation on gut bacterial diversity in
D. armandi. Starvation positively impacted the bacterial diversity of both female and male adults. The
molecular analysis indicated that the predominant species in the D. armandi bacterial community
formed a low complexity group with a different structure after starvation. Low-complexity gut
microbial communities have been reported for D. rhizophagus, D. valens and D. ponderosae [31-33].
Additionally, as found in all of the D. armandi developmental stages, some taxa were shared among the
bacterial communities [12]. Citrobacter (R1 OTUs o3 clusters) and Serratia (R5 OTUs o3 clusters), which
belong to y-Proteobacteria, Enterobacteriaceae and are present in D. armandi guts at life different stages,
were observed in the gut-associated bacterial communities of both starved female and male adults.

Compared to control adults, the complexity of gut bacteria increased after starvation (Table 1).
Ten and 11 OTUs g3 clusters were observed in starved females and males, respectively, and might
be caused by reduced gut peristalsis, which increased bacterial colonization [13,34]. Furthermore,
some bacteria originally present in low abundance likely bloomed sufficient amounts to be detected
by DGGE. Starvation changes the mid-gut and hind-gut pH values in insects [35], and gut pH can
influence bacterial community structure. The predominant bacterial species and relative richness of
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the predominant taxa also changed after starvation. Citrobacter was the most abundant genus in both
female and male adults; the richness of this genus in females and males was 82% and 50%, respectively.
In contrast, the richness of the genus Citrobacter was 27% in starved female adults and 26% in starved
male adults, and the richness of the genus Serratia was as high as 27% in the guts of starved male adults.

Citrobacter spp. were reported as symbiotic microbes involved in the maintenance of normal
nitrogen levels in the guts of termites and fruit flies (Ceratitis capitata) using different metabolic
mechanisms, including nitrogen fixation [36-38]. Citrobacter freundii was also isolated from
D. micans [39]. These potential functions of the Citrobacter genus might be beneficial for D. armandi,
which belongs to a group of beetles that spend most of their lives between tree bark and sapwood,
where they feed on phloem, which is a poor substrate with low nutritional nitrogen content [7].
Thus, the dominance of Citrobacter spp. in our study suggests that nitrogen fixation might be an
important dietary supplement for D. armandi in terms of assimilable nitrogen. In addition, Citrobacter sp.
has also been shown to affect insect oviposition and larval development [40], which also explained
why Citrobacter was present in female guts at the highest abundance levels. The richness of Citrobacter
decreased sharply after starvation treatment in D. armandi adults, which might have occurred because
the environment in starved D. armandi guts is too harsh for Citrobacter growth, and the nitrogen-fixing
process cannot proceed smoothly without food.

In addition, a notable increase in the abundance of the Serratin genus was observed in
the guts of starved D. armandi adults. Members of Serratia secrete secondary metabolites and other
biomolecules with antibacterial, antifungal, and antiprotozoal activities to outcompete other microbes.
Serratia proteomaculans is associated with D. valens and D. rhizophagus guts, which contribute to insect
N balance by using uric acid as sole nitrogen source [32]. This ability is crucial for colonizing niches,
especially in poor conditions including poor nutrition, competing microbes and so on [41]. In contrast,
Serratia is an opportunistic pathogen and typically inhabits the guts of bark beetles [42,43]. Pathogenic
interactions are also an important type of insect-bacteria interactions, similar to symbiotic interactions
and typically maintain the balance between the bacteria and insect host in terms of fitness, reproduction,
feeding, and other parameters [44]. However, under the stress of starvation, increases in the abundance
of the opportunistic pathogen Serratia spp. occurred. Starved insects may be more prone to disease, but
the increased diversity of gut bacteria observed in the starved D. armandi adults in this study would
improve the insect host defense against enteric threats due to the role of gut bacteria in colonization
resistance, as reported for starved locusts [45].

As shown above, the predominant bacterial species in the gut of D. armandi formed a
low-complexity group with a bacterial community composition that differed and diversity indices
that were significantly increased after starvation. However, no significant effect of sex on gut bacterial
diversity or community structure was observed. Gut bacteria have been known to represent one factor
that might interfere with D. armandi development, but the nutritional deficiency of the insect host also
impact gut-associated bacterial communities. Knowledge of the composition of those communities
during periods of nutritional deficiency in the host insect will help us to understand the relationships
between gut-associated bacteria and their host D. armandi.

Gut bacteria are a potential contender for bark beetle biocontrol strategies. Based on the recent
studies, it has been hypothesized that these symbiotic gut bacteria could be genetically modified
by genetic engineering techniques as a host organism to express insect killing toxins or proteins to
kill specific pest [46]. Bacterial symbionts can also be used to transform genes changing the insect
physiological characteristics. For example, gut bacterium Enterobacter cloacae was used to control
Glyphodes pyloalis by transforming the ice nucleation gene, which increased supercooling point and
resulted in an increased mortality rate in G. pyloalis [47]. The information presented here should be
beneficial in the future bark beetle biocontrol.
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Supplementary material: The following are available online at http:/ /www.mdpi.com/1999-4907/7/
6/126/sl. Figure S1: DGGE profiles of nested PCR-amplified 165 rRNA gene fragments of bacteria
from the D. armandi guts. Lanes S1, S5, S9 female adult; S2, S6, S10 male adult; S3, S7, S11 starved
female adult; S4, S8, S12 starved male adult.
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