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Abstract Bark beetles are the most important mortality
agent in coniferous forests, and pheromones play important
roles in their management. Dendroctonus valens LeConte
was introduced from North America to China and has killed
millions of healthy pines there. Trapping with semiochem-
icals and pheromones was deployed in D. valens manage-
ment in the last decade, but little is known about the ability
of gut bacteria to produce the pheromone. In this study, we
analyzed the volatiles in D. valens guts and frass after an-
tibiotic treatment versus control. Then, we isolated and
identified the bacteria in D. valens guts and frass, examined
verbenone (a multifunctional pheromone of D. valens) pro-
duction by 16 gut bacterial isolates from the precursor cis-
verbenol at three concentrations, and further compared the
cytotoxicities between the cis-verbenol and verbenone to
the bacterial isolates. cis-Verbenol was not detected in the
frass in the control group, but it was in the antibiotic

treatment. The amount of verbenone was significantly sup-
pressed in D. valens guts after antibiotic treatment versus
control. Thirteen out of 16 gut bacterial isolates were capa-
ble of cis-verbenol to verbenone conversion, and cis-
verbenol had stronger cytotoxicities than verbenone to all
tested gut bacterial isolates. The bacterial species capable of
verbenone production largely exists in D. valens guts and
frass, suggesting that gut-associated bacteria may help the
bark beetle produce the pheromone verbenone in guts and
frass. The bacteria may benefit from the conversion due to
the reduced cytotoxicity from the precursor to the beetle
pheromone.
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Introduction

Pheromones serve as important mediators of chemical
communication for a variety of organisms [27], and insect
pheromones are applied widely and play an important role
in sustainable pest management strategies [20, 33, 68].
Insect gut bacteria have been reported to be involved in
pheromone production and as kairomonal mediators of
species interactions [13–15, 37, 52]. For example, gut mi-
crobiota of locusts produced components of aggregation
pheromones in guts and in frass [13–15] and intestinal
bacterial communities of termite Reticulitermes speratus
produced colony-specific chemical cues that enabled
nestmate recognition [37].

Bark beetles (Coleoptera: Curculionidae: Scolytinae) tend
to be the most economically important pests of all coniferous
forests, causing high levels of conifer mortality [20, 41, 46].
Their pheromones have been exploited to prevent attacks on
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living trees and to conduct area-wide mass trapping cam-
paigns [50, 66, 68]. The pheromones of bark beetles include
several oxygenated monoterpenoid compounds that are de-
rived from the detoxification of the defensive monoterpenes
of host conifers [3, 69]. α-Pinene, a prominent defensive
monoterpene in conifers, is a precursor in the biosynthesis of
verbenone, one of the common pheromones of bark beetles [3,
20, 63]. A variety of microorganisms may be involved in the
production or conversion of pheromones. A strain of Bacillus
cereus isolated from Ips paraconfusus guts was capable of
producing the pheromone verbenol when exposed to α-
pinene [6]. Yeasts associated with I. paraconfusus and
Dendroctonus ponderosae and mycangial fungi from
Dendroctonus frontalis converted verbenol to verbenone [5,
26, 32]. However, antibiotic-fed I. paraconfusus and axenical-
ly reared D. ponderosae and I. paraconfusus were able to
produce verbenol in the presence of α-pinene [8, 10], which
suggests that bark beetles can synthesize at least some phero-
mones independent of microbes. It remains to be answered to
what extent the microorganisms associated with bark beetles
are capable of synthesizing and metabolizing pheromones.

The red turpentine beetle (RTB), Dendroctonus valens
LeConte (Coleoptera: Curculionidae: Scolytinae), introduced
from North America, has caused mortality of more than ten
million healthy pines in central areas of Northern China [55].
The chemicals cis-verbenol, trans-verbenol, myrtenol, and
verbenone are common gut volatiles in both sexes ofD. valens
in China [55], among which the verbenols and verbenone
have been shown to be pheromones of some scolytine bark
beetles [20, 23, 38]. cis-Verbenol was shown to inhibit the
response of D. valens to attractant-baited traps in America
when applied with racemic ipsenol and (+)-ipsdienol but did
not exert any attractive or anti-attractive function in field trap-
ping of D. valens in China [18, 73]. This gut volatile could be
further converted to verbenone, which serves as an attractant
to D. valens at low levels in China but as a repellent at high
concentration both in North America and in China [19, 47,
72]. These chemicals have been successfully applied in
D. valens control programs with other semiochemicals [44].
However, the role of gut bacteria in verbenone production has
yet to be explored. In this study, we focused on the following
questions: Are gut bacteria involved in verbenone production,
and if so, then what species are capable of the biochemical
transformation, and how abundant are they? Is the precursor
of verbenone more toxic than verbenone to those bacteria? To
answer these questions, we first analyzed volatiles in the guts
and frass of adult D. valens after antibiotic treatment versus
control and then isolated and identified the bacterial isolates
from guts and frass of adult D. valens obtained from the field
and subjected theD. valens gut isolates to further examination
of their chemical conversion capacity. We then measured and
compared the cytotoxicity of the chemicals to the bacterial
isolates.

Materials and Methods

Insects and Media

Adult beetles were captured in newly attacked pine stumps in
the Tunlanchuan Forestry Station (37° 48′ N, 111° 44′ E,
average elevation 1400 m), Shanxi province, in June 2013. Two
sampling sites within the station were chosen, Beishe Moun-
tain and Laoyagou Mountain (about 13 km apart) in the sta-
tion were chosen, and at each sampling site, 15 newly attacked
pine stumps (at least 200 m apart) were randomly selected for
beetle and frass sampling. To make phloem medium, Pinus
tabuliformis phloemwas freeze-dried, ground, and autoclaved
to sterilize and remove volatile monoterpenes, as described by
Wang et al. [64]. Ten grams of agar (NewProbe, China) was
mixed with 300 ml boiled distilled water and 20 g ground
phloem [64]; then, 30 mg α-pinene was added after cooling.
About 6 ml of this phloem medium amended with α-pinene
was then poured into each Petri dish (35-mm diameter and 15-
mm height) and dried for 12 h. In the bacterial conversion
experiment, M9 minimal salt medium (pH=7.4) containing
6 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, and 1 g NH4Cl per
liter was used [49]. Tryptic soy agar (TSA), tryptic soy broth
(TSB), and Luria-Bertani medium were purchased from
Sigma-Aldrich (Shanghai, China).

Chemicals

(+)-α-Pinene (≥99 % purity), (S)-cis-verbenol (95 % purity),
(1S)-(-)-verbenone (94 % purity), and heptyl acetate (≥98 %
purity) used for all experiments were purchased from Sigma-
Aldrich (Shanghai, China). Authentic standards (1R)-(-)-
myrtenol (95 % purity) and trans-verbenol (82 % (−), 94 %
purity) used for identification of gut volatiles were obtained
from Sigma-Aldrich and Phero Tech (Delta, British Columbia,
Canada), respectively. Antibiotic streptomycin sulfate and
ampicillin sodium salt were purchased from Sigma-Aldrich
(Shanghai, China). Tetracyline HCl was obtained from
Genview (Tianjing, China) and nystatin was obtained from
Aladdin (Shanghai, China).

Volatiles in Gut and Frass after Different Treatments

Streptomycin sulfate, ampicillin sodium salt, tetracyline HCl,
and nystatin were added into phloemmedium described above
to make antibiotic phloem medium with a final concentration
of each antibiotic estimated to be 4.1 μg/μl [8]. Adult beetles
(40♀, 40♂) were randomly chosen, surface-sterilized by im-
mersion in 70 % ethanol for 5 s, washed with distilled water
for 5 s, and then separated into two groups. After that, they
were introduced into the medium individually. The beetles in
phloemmedium (20♀, 20♂) were set as the control group and
those in antibiotic phloemmedium (20♀, 20♂) were set as the
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treatment group. After 96-h feeding, feeble beetles were
discarded and 20 vigorous ones (5♀, 5♂ for each group) were
selected and dissected individually as before [36] under sterile
conditions. Then, each dissected gut and its frass were
suspended in 200 μl of 10 % phosphate buffer saline solution
(PBS), crushed, sonicated for 1 min, and vortexed at medium
speed for 10 s, and the suspension was plated (dilution factors
varied from 101 to 104) on TSA to count numbers of colonies
(colony forming units (CFU)) [61]. Other beetle guts and frass
in the control group (12♀, 11♂) and antibiotic treatment
group (12♀, 11♂) were extracted individually with hexane-
containing heptyl acetate as an internal standard [43], and the
solutions were kept in 2-ml vials (Agilent, USA) and stored at
−20 °C for chemical analysis.

Isolation, Identification, and Phylogenetic Analyses
of Bacteria

Individual guts from adult beetles (n=119) and frass (n=40)
collected were crushed in 200 μl of 10 % PBS, respectively,
sonicated for 1 min, and vortexed at medium speed for 10 s,
and the suspension was plated on TSA (dilution factors varied
from 102 to 106). After incubation at 28 °C for 12–48 h, col-
onies from each sample were selected and streaked for purifi-
cation. Pure cultures were morphologically categorized and
counted by the combination of size, color, thickness, transpar-
ency, and texture. Then, sample isolates were selected for 16S
rDNA sequencing. DNA was extracted using a blood cell
DNA extraction kit (Saibaisheng, China) after 1 h of digestion
at 30 °C by 4 mg/ml lysozyme (Tiangen, China) in 500-μl 50-
mM EDTA buffer (pH 8.0). 16S ribosomal RNA (rRNA)
genes were amplified with primers 8F (5′-GCGGATCCGC
GGCCGCTGCAGAGTTTGATCCTGGCTCAG-3′) and
1492 R (5′-GGCTCGAGCGGCCGCCCGGGTTACCTTG
TTACGACTT-3′) [65]. PCR reactions were performed on
an Eppendorf Mastercycler Gradient (Eppendorf, Germany).
The reaction mixture contained 1.2 μl of dNTPs (10 mM
each), 5 μl of 10× PCR buffer (with MgCl2), 2 μl of each
primer (10 μM each), 0.8 μl Taq polymerase (5 U/μl)
(TaKaRa, China), and 10–100 ng of DNA adjusted to 50 μl
with sterilized deionized water. The reaction conditions were
94 °C for 5 min; 35 cycles of 30 s at 94 °C, 30 s at 51 °C, and
1 min 30 s at 72 °C; and a final extension at 72 °C for 10 min.
PCR products with expected size of 1500 bp were visualized
on 1 % agarose gels and purified by Axygen DNA Gel Ex-
traction Kit (Axygen, USA) and sequenced in two directions
on an ABI 3730XL DNA Analyzer (Applied Biosystems,
USA) using the same primers. Consensus sequences were
manually assembled and edited according to chromatograms
in MEGA5 [58]. Alignments were done online using the
EzTaxon-e server (http://www.eztaxon-e.ezcloud.net/) [29]
and BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Sequences in this study were deposited in the GenBank
database (Table 3).

The 16S rRNA sequences of the 57 bacterial isolates were
phylogenetically analyzed. Additional 70 sequences from the
two databases mentioned above, most of which were that of
type strains and ecologically related strains, were added and
aligned using Clustal X [60], followed by manual refinement
in BIOEDIT [21]. jModeltest 2.1 [12] showed that the GTR+
I+G model was the most appropriate model according to the
Akaike information criterion [42]. The phylogeny was con-
structed by the maximum likelihood approach using RAXML
version 7.4.2 [53]. Confidence at each node was assessed by
1000 bootstrap replicates [22]. Anabaena affinis (AF247591)
was used as outgroup. The resulting tree was visualized and
edited with TreeGraph 2 [54] and refined with Adobe
Illustrator CS3.

Sixteen beetle gut bacterial isolates representing 16 species
were chosen to conduct the following experiments. If there
were more than one morphotype in one species, one isolate
in the most frequently isolated morphotype was randomly
chosen. They were Bacillus aryabhattai (B34, KJ781859),
Bacillus sp. (B42, KJ781865), Bacillus safensis (B31,
KJ781872), Delftia sp. (B201, KJ781877), Enterococcus
faecalis (B324, KJ781881), Erwinia sp. 1 (B44, KJ781883),
Erwinia sp. 2 (B209, KJ781886), Herbaspirillum
chlorophenolicum (B210, KJ781892), Lactococcus lactis
(B39, KJ781894), Pseudomonas sp. 1 (B204, KJ781907),
Pseudomonas sp. 5 (B27, KJ781912), Pseudomonas sp. 6
(B316, KJ781914), Pseudomonas sp. 11 (B330, KJ781935),
Rahnella aquatilis (B35, KJ781939), Rhodococcus sp. (B211,
KJ781947), and Serratia sp. (B326, KJ781959).

Conversion Experiments

We calculated the cis-verbenol concentration in a beetle’s
hindgut using the ratio of cis-verbenol in the hindgut (100 to
103 ng) [8, 70] and the estimated hindgut volume (1.21±
0.48 μl, n=14 (7♀, 7♂)). Gut volumes were estimated by
measuring outer diameter of the respective gut sections [31].
The cis-verbenol concentration in the hindgut was estimated
to occur in a range from 100 to 103 ng/μl. Using this informa-
tion, we set 4, 40, and 200 ng/μl as cis-verbenol concentra-
tions in the conversion experiments.

The 16 bacterial isolates were grown in M9 minimal me-
dium. A dilution of 1:100 of each isolate was made when
cultures were adjusted to an optical density (OD)600 of 0.5.
After 12-h incubation, cis-verbenol dissolved in dimethyl sulf-
oxide (DMSO)was added to a 4-ml bacterial suspension (final
concentration 4, 40, and 200 ng/μl) and shaken for further
24 h. A suspension containing equivalent cis-verbenol without
bacteria was run as a control in the same manner for each
group. All solutions (n=5–8) were extracted with hexane
and then stored for the chemical analysis.
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Antibacterial Assessment of Chemicals

The minimum inhibitory concentration (MIC) of the chemicals
(cis-verbenol and verbenone) against the isolates was used to
assess whether bacteria benefit from the conversion.MIC of the

chemicals was determined using a broth microdilution method
modified by Cosentino et al. [11]. All tests were performed in
TSB, and serial dilutions of each chemical dissolved in DMSO
were performed in a 96-well microtiter plate (Greiner, Germa-
ny) over the range of 225, 450, 675, 900, 1350, 1800, and

Table 1 Volatile chemical production inDendroctonus valens guts and frass in control and antibiotic-treated media amended with α-pinene after 96 h
of feeding

cis-Verbenol trans-Verbenol Myrtenol Verbenone

Control
gut/frass

Antibiotic
gut/frass

Control
gut/frass

Antibiotic
gut/frass

Control
gut/frass

Antibiotic
gut/frass

Control
gut/frass

Antibiotic
gut/frass

Male 1 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 2 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 3 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 4 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 5 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 6 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 7 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 8 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 9 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 10 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Male 11 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 1 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 2 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 3 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 4 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 5 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 6 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 7 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 8 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 9 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 10 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 11 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Female 12 +/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

Summary 23(+)/23(−) 23(+)/23(+) 23(+)/23(+) 23(+)/23(+) 23(+)/23(+) 23(+)/23(+) 23(+)/23(+) 23(+)/23(+)

B+^ or B−^ designates the presence or absence of a specific volatile

Table 2 Total amounts of
chemicals quantified from adult
Dendroctonus valens guts after
96-h antibiotic treatment versus
control

Volatiles Control Antibiotic P values

Female (ng/beetle), N=12 cis-Verbenol 178.09±63.94 227.45±70.54 0.609a

Verbenone 71.25±15.16 18.20±5.76 <0.001b

trans-Verbenol 7.63±1.99 8.47±1.86 0.761a

Myrtenol 25.72±9.46 12.86±3.30 0.525b

Male (ng/beetle), N=11 cis-Verbenol 15.02±3.31 8.51±0.78 0.061b

Verbenone 30.89±6.45 14.48±2.37 0.002b

trans-Verbenol 4.72±0.78 10.56±4.48 0.214a

Myrtenol 10.50±2.55 8.63±3.45 0.667a

a Independent-samples t test
bMann–Whitney U test was used
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Table 3 GenBank accession numbers of isolates from adult Dendroctonus valens guts and frass in China in this study and similarity scores to closest
type strains and ecologically related strains in NCBI according to the 16S rDNA

Isolate numbers Accession
numbers

Closest type strains
and ecologically
related strainsa

Species affiliation Isolate
source

Similarity
(%)

Actinobacteria

Sterptomycetaceae

Cellulomonadaceae

B419 KJ781874 Cellulomonas hominis X82598 T Cellulomonas sp. Frass 99.1

Microbacteriaceae

B136 KJ781896 Leucobacter alluvii AM072820 T Le. alluvii Frass 99.4

B120, B138 KJ781897–KJ781898 Microbacterium foliorum AJ249780 T Microbacterium sp. Frass 99.4

Micrococcaceae

B119 KJ781857 Arthrobacter protophormiae X80745 T Ar. protophormiae Frass 100

B60 KJ781899 Micrococcus terreus strain FJ423763 T M. terreus Frass 99.9

Nocardiaceae

B126, B211 KJ781946–KJ781947 Rhodococcus qingshengii DQ090961 T Rhodococcus sp. Gut/Frass 100

Sterptomycetaceae

B422 KJ781972 Streptomyces aureus AB249976 T Streptomyces sp. 1 Frass 98.7

B410, B413 KJ781968–KJ781969 Streptomyces rishiriensis AB184383 T Str. rishiriensis Frass 99.4

B425 KJ781976 Streptomyces thinghirensis FM202482 T Streptomyces sp. 3 Frass 98.9

B424 KJ781978 Streptomyces candidus DQ026663 T Streptomyces sp. 4 Frass 98.7

B414 KJ781982 Streptomyces cocklensis FR692107 T Streptomyces sp. 8 Frass 98.9

B411 KJ781986 Streptomyces subrutilus X80825T Streptomyces sp. 12 Frass 99.7

Firmicutes

Bacillaceae

B23, B34, B43 KJ781858–KJ781860 Bacillus aryabhattai EF114313 T B. aryabhattai Gut/Frass 100

B41 KJ781871 Bacillus nealsonii EU656111 T B. nealsonii Frass 99.4

B31, B32 KJ781872–KJ781873 Bacillus safensis AF234854 T B. safensis Gut 100

B8, B36, B37, B40, B42,
B47, B48, B92, B107

KJ781861- KJ781869 Bacillus cereus AE016877 T Bacillus sp. Gut/Frass 99.7–99.9

B111, B217 KJ781889- KJ781890 Exiguobacterium undae DQ019165 T Ex. undae Frass 99.9

Enterococcaceae

B324 KJ781881 Enterococcus faecalis AB012212 T En. faecalis Gut 100

Paenibacillaceae

B62, B135 KJ781901, KJ781903 Paenibacillus xylanexedens
EU558281 T

Paenibacillus sp. Frass 99.2

B94 KJ781900 Paenibacillus odorifer AJ223990 T Pae. odorifer Frass 98.5

Streptococcaceae

B38, B39 KJ781893- KJ781894 Lactococcus lactis AB100803 T La. lactis Gut/Frass 100

β-Proteobacteria

Comamonadaceae

B201, B203, B208 KJ781877- KJ781879 Delftia acidovorans AF078774 T Delftia sp. Gut/Frass 99.4–99.5

Oxalobacteraceae

B210 KJ781892 Herbaspirillum chlorophenolicum
AB094401 T

H. chlorophenolicum Gut 99.9

γ-Proteobacteria

Enterobacteriaceae

B98 KJ781880 Raoultella terrigena Y17658 T Enterobacteriaceae
bacterium

Frass 99.4

B15, B44 KJ781882–KJ781883 Erwinia sp. FJ811868 (Dendroctonus.
valens)

Erwinia sp. 1 Gut/Frass 99.7

Erwinia psidii Z96085 T 96.8

1016 L. Xu et al.



2700 ng/μl. Overnight broth cultures were prepared in TSB. A
dilution 1:100 of bacterial suspension (OD600≈0.5) was added
to each well. The plates were incubated aerobically at 25 °C for
12 h and then MIC was determined. Each treatment for each
compound at each concentration, including the control, was
replicated for three times.

Chemical Analysis

Extracts (2 μl) were injected splitless into a GC-MS (Agilent
6980NGC coupled 5973mass selective detector) equippedwith
an HP5-MS capillary column (0.25-mm i.d.×60 m; Agilent
Technologies, Inc., Palo Alto, CA, USA), and the column

temperature was programmed from an initial temperature of
50 °C for 1 min and then increased by 5 °C/min to 100 °C, by
3 °C/min to 130 °C, and by 20 to 320 °C and held for 2 min.
Components of the extracts were identified by comparing reten-
tion times and mass spectra with authentic standards and those
in the NIST02 library (Scientific Instrument Services, Inc.,
Ringoes, NJ, USA). Quantification was performed using an
internal standard (heptyl acetate) that was added to each sample.

Statistical Analysis

Prior to analysis, we tested all variables for normality with the
Kolmogorov–Smirnov test and homogeneity of group

Table 3 (continued)

Isolate numbers Accession
numbers

Closest type strains
and ecologically
related strainsa

Species affiliation Isolate
source

Similarity
(%)

B209 KJ781886 Pantoea sp. FJ811870 (D. valens) Erwinia sp. 2 Gut/Frass 99.3

Erwinia toletana FR870447 T 97.1

B137 KJ781905 Pantoea agglomerans AJ233423 T Pan. agglomerans Frass 99.8

B35, B215, B216 KJ781939–KJ781941 Rahnella aquatilis FJ811859 (D. valens) Rah. aquatilis Gut/Frass 98.3–99.7

Rah. aquatilis CP003244 T 97.2–97.9

B131 KJ781962 Serratia plymuthica AJ233433 T Se. plymuthica Frass 99.8

B99 KJ781963 Serratia proteamaculans FJ811861
(D. valens)

Se. proteamaculans Frass 99.6

Serratia proteamaculans AJ233434 T 99.9

B7, B21, B97, B115,
B213, B214, B326,
B328, B329

KJ781948–KJ781953 Se. liquefaciens FJ811864
(D. valens)

Serratia sp. Gut/Frass 99.7

KJ781959–KJ781961 Se. liquefaciens CP 006252 T 99.7

Moraxellaceae

B108 KJ781855 Acinetobacter guillouiae X81659 T Ac. guillouiae Frass 99.8

Pseudomonadaceae

B204 KJ781907 Pseudomonas nitroreducens
AM088474 T

Pseudomonas sp. 1 Gut 99.6

B85, B86 KJ781909–KJ781910 Pseudomonas koreensis AF468452 T Pseudomonas sp. 3 Frass 99.9

B27 KJ781912 Pseudomonas mandeliii AF058286 T Pseudomonas sp. 5 Gut/Frass 99.6

B219, B316 KJ781913–KJ781914 Pseudomonas thivervalensis
AF100323 T

Pseudomonas sp. 6 Gut/Frass 99.1, 99.3

B145 KJ781915 Pseudomonas extremaustralis
AHIP01000073 T

Pseudomonas sp. 7 Frass 99.8

B116, B117, B122 KJ781916–KJ781918 Pseudomonas azotoformans D84009 T Pseudomonas sp. 8 Frass 99.7

B82, B129 KJ781919–KJ781920 Pseudomonas ficuserectae AB021378 T Pseudomonas sp. 9 Frass 99.5

B331 KJ781921 Pseudomonas palleroniana AY091527T Pseudomonas sp. 10 Frass 99.5

B90, B93, B109, B113,
B140, B142, B144,
B212, B218, B325,
B327, B330, B332,
B416, B420

KJ781922–KJ781930 Pseudomonas brenneri AF268968 T Pseudomonas sp. 11 Gut/Frass 99.6–99.7
KJ781933–KJ781938

Xanthomonadaceae

B96, B110 KJ781964–KJ781965 Stenotrophomonas maltophilia
FJ811851

Ste. maltophilia Frass 98.0–99.0

Ste. maltophilia AB008509 T

BT^ indicates type strain
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variances with Levene’s test. In comparisons of gut volatiles,
means of two groups of cases were tested using the
independent-samples t test or Mann–Whitney U test, depend-
ing on the results of the test of normality and homogeneity of
variance. In conversion experiments, we initially used the
Scheirer–Ray–Hare extension of the Kruskal–Wallis test as
variances were unequal even after data transformations [16];
then, Dunnett’s T3 test was used for post hoc comparisons.
Using the MIC values, the descriptive statistics (median,
MIC50, MIC90, mode, range, and susceptibility) of cis-
verbenol and verbenone were calculated for each isolate
[30]. TheMICs of cis-verbenol and verbenone were compared
using Mann–Whitney U test [30, 67]. All data were analyzed
using SPSS 12.0 (SPSS, Inc., Chicago, IL, USA) for
Windows.

Results

Volatiles in D. valens Guts and Frass from Control
and Antibiotic Treatment

In the control treatment, myrtenol, trans-verbenol, and
verbenone were detected in 100 % of tested D. valens guts
and frass in phloem media. On the other hand, while cis-
verbenol was detected in 100 % of the guts of both control
and treated beetles and in all of the frass samples from treated
beetles, none of the control beetles had detectable cis-verbenol
in their frass (Table 1). In the antibiotic treatment, all these
volatiles could be detected in 100 % of tested D. valens guts
and frass (Table 1). Quantification analyses showed that gut
verbenone amounts were significantly reduced after antibiotic
treatment (male, from 30.89±6.45 to 14.48±2.37 ng/beetle;
female, from 71.25±15.16 to 18.20±5.76 ng/beetle), while no

significant changes existed in cis-verbenol, trans-verbenol,
and myrtenol amounts (Table 2). No microbial CFU in TSA
were detected in samples of guts and frass in the antibiotic
treatment, while we found 1.03±0.30×107 of microbial
CFU/gut and 1.35±0.31×107 of CFU/frass in the control
group.

Isolation and Identification of Bacterial Species

A total of 501 bacterial isolates from 119 gut samples and 673
isolates from 40 frass samples were selected and purified.
BLAST results and phylogenetic analyses (data not shown)
identified 42 species, belonging to 22 genera in 15 families in
three phyla (Table 3). The three phyla were Proteobacteria
(21 species) including γ-Proteobacteria (19 species) and β-
Proteobacteria (two species), Firmicutes (nine species), and
Actinobacteria (12 species) (Table 3). Sixteen of these species
were isolated in D. valens guts, and their phylogeny was
shown (Table 3 and Fig. S1). Among them, 12 bacterial spe-
cies were isolated from bothD. valens guts and frass, account-
ing for 98.0 and 87.5 % of the total isolates, respectively
(Fig. 1). The most frequently isolated species both in guts
and frass were Pseudomonas sp. 11 (gut, 29.7 %; frass,
32.2 %), Serratia sp. (gut, 29.5 %; frass, 17.4 %), and
Rah. aquatilis (gut, 25.8%; frass, 19.9 %). The less frequently
isolated species were Erwinia sp. 2 (gut, 5.6 %; frass, 5.1 %),
Erwinia sp. 1 (gut, 0.6 %; frass, 3.9 %), Bacillus sp. (gut,
3.6 %; frass, 1.6 %), B. aryabhattai (gut, 0.6 %; frass,
1.6 %), Delftia sp. (gut, 1.2 %; frass, 0.2 %), and
Pseudomonas sp. 6 (gut, 0.2 %; frass, 4.6 %) with the remain-
ing species each accounting for less than 1 % (Fig. 1).
H. chlorophenolicum (gut, 0.2 %), En. faecalis (gut, 0.6 %),
Pseudomonas sp. 1 (gut, 0.4 %), and B. safensis (gut, 0.8 %)
were isolated only in D. valens gut.

Fig. 1 The composition and
relative proportion of bacterial
isolates from Chinese
Dendroctonus valens guts and
frass. Species with fewer than 1%
were pooled as Bothers^
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Conversion Experiments

The results of the Scheirer–Ray–Hare test revealed a signifi-
cant effect of bacterial isolates and cis-verbenol concentra-
tions on verbenone production, while no interaction was
found between the two factors (Table 4). Incubation of

D. valens bacterial isolates with 4, 40, and 200 ng/μl of cis-
verbenol resulted in respective yields of verbenone shown in
Fig. 2. Thirteen out of the 16 bacterial isolates significantly
converted cis-verbenol to verbenone at three concentrations
than control (Fig. 2). No verbenone was detected in control
treatments. Incubation of B39 (La. lactis) with three concen-
trations of cis-verbenol yielded 3.49±0.08, 26.16±0.46, and
114.05±3.37 ng/μl of verbenone, which was the highest level
of verbenone production among 16 tested species. B330
(Pseudomonas sp. 11), B326 (Serratia sp.), and B35
(Rah. aquatilis), representing the three most frequently isolated
species in guts and frass, also had cis-verbenol conversion ability.
No verbenone was produced by incubation of B44 (Erwinia
sp. 1), B209 (Erwinia sp. 2), and B31 (B. safensis) with cis-
verbenol. The production of verbenone by B330
(Pseudomonas sp. 11) was significantly higher than that by
B27 (Pseudomonas sp. 5) and B316 (Pseudomonas sp. 6) at
three concentrations (Fig. 2). The verbenone production by

Fig. 2 The amounts of verbenone produced by Chinese Dendroctonus
valens gut bacterial isolates at three cis-verbenol concentrations. The
bacterial isolates were arranged according to the frequency of isolation

in D. valens gut. Labels with different letters are significantly different at
P=0.05, Dunnett’s T3 test

Table 4 Results of the Scheirer-Ray-Hare test with verbenone
production as dependent variable and bacterial isolates and cis-verbenol
concentrations as independent variables

Source DF SS H P value

cis-Verbenol concentrations 2 340,174.14 57.81 <0.001

Bacterial isolates 16 1,111,817.37 188.93 0.000

Bacterial isolates × cis-verbenol
concentrations

32 126,356.57 21.47 0.921

DF degrees of freedom, SS sum of squares, H Scheirer-Ray-Hare non-
parametric two-way analysis of variance statistic
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three Bacillus isolates (B31, B34, and B42) varied significant-
ly at three concentrations (Fig. 2).

Antibacterial Assessments of Chemicals

All the 16 bacterial isolates were subjected to antibacterial
assessments. There was no visible effect on the growth of
tested bacteria in suspension containing DMSO compared
with control (DMSO-free suspension), suggesting that the ad-
dition of DMSO did not affect the growth of any tested bac-
terial isolates. The results of MIC tests showed that cis-
verbenol exhibited stronger antimicrobial activities than
verbenone for all 16 isolates (U=−3.92, P<0.001). The MIC
range of cis-verbenol to the tested bacteria was from 225 to
1350 ng/μl, while the range of verbenone was from 675 to
>2700 ng/μl (Tables 5 and 6). The medians, MIC50s, MIC90s,
and modes for cis-verbenol were lower than those for
verbenone (Table 5). B210 (H. chlorophenolicum) and B201
(Delftia sp.) were the most sensitive isolates to cis-verbenol
and verbenone among 16 tested isolates. B324 (En. faecalis),
B44 (Erwinia sp. 1), B326 (Serratia sp.), and B204

(Pseudomonas sp. 1) were the most tolerant to cis-verbenol
among 16 tested isolates. B324 (En. faecalis) and B31
(B. safensis) were the most tolerant to verbenone among 16
tested isolates.

Discussion

This study shows for the first time that gut-associated bacteria
of D. valens are capable of verbenone production in vitro at
three concentrations of the verbenone precursor cis-verbenol
(Fig. 2). Considering that attack behavior of D. valens is par-
tially mediated by volatiles emanating from the bark beetle’s
gut in combination with host tree monoterpenes [17, 35, 56,
57, 72], and one of the volatiles is verbenone, which serves as
an attractant at low levels but as a repellent at high concentra-
tions [72], our findings provide a clue that verbenone produc-
tion by associated bacteria of D. valens may help beetles pro-
duce pheromone and further regulate beetle’s attack behavior.
The conversion experiments were conducted in vitro under
aerobic conditions, since, to our knowledge, no direct evi-
dence has been shown whether the bark beetle gut is aerobic
or anaerobic. Future studies are needed to show what condi-
tions occur in the gut and how that influences bacterial
function.

In this study, examination ofD. valens gut volatiles showed
that antibiotic-treated beetles produced significantly lower
amounts of verbenone than beetles in control group, while
no significant difference was found for the other three gut
volatiles (Table 2), which suggested that the microorganisms
may be involved in gut verbenone production. In addition, at
the three cis-verbenol concentrations (4, 40, and 200 ng/μl)
(Fig. 2) which fall within an estimated beetle gut concentra-
tion range of cis-verbenol (calculated cis-verbenol concentra-
tion range 100–103 ng/μl), 13 out of 16 bacterial isolates were
all capable of verbenone production in the bioconversion as-
say. These results suggest that gut-associated microbiota are
indeed involved in verbenone production in D. valens guts
in vivo, but more experiments are needed to reveal whether
the verbenone produced by D. valens-associated bacteria reg-
ulates the bark beetle’s behavior under field conditions.

The findings of this study also suggest that continual
verbenone production may cause this compound to build up
in frass. No cis-verbenol was detected inD. valens frass in the

Table 6 Descriptive statistics
of minimum inhibitory
concentrations (ng/μl) of cis-
verbenol and verbenone against
the 16 bacterial isolates

Antibacterial agent No. Median MIC50 MIC90 Mode* MIC range Susceptibility

cis-Verbenol 16 900 900 1350 900 225–1350 100 %

Verbenone 16 2700 2700 2700 2700 675–>2700 87.5 %

MIC50 = antibiotic concentration that would inhibit the growth of 50 % of the tested bacterial isolates; MIC90 =
antibiotic concentration that would inhibit the growth of 90 % of the tested bacterial isolates; median = the value
in the middle of the rank; mode* = the value among all observations that occurs at the greatest frequency

Table 5 Minimum inhibitory concentrations (ng/μl) of cis-verbenol
and verbenone against the 16 bacterial isolates

Isolate
numbers

Species cis-Verbenol Verbenone

B211 Rhodococcus sp. 900 2700

B34 Bacillus aryabhattai 900 2700

B31 Bacillus safensis 900 >2700

B42 Bacillus sp. 900 1800

B324 Enterococcus faecalis 1350 >2700

B39 Lactococcus lactis 900 2700

B201 Delftia sp. 225 675

B210 Herbaspirillum chlorophenolicum 225 675

B44 Erwinia sp. 1 1350 2700

B209 Erwinia sp. 2 675 1800

B35 Rahnella aquatilis 900 1800

B326 Serratia sp. 1350 2700

B204 Pseudomonas sp. 1 1350 2700

B27 Pseudomonas sp. 5 675 1800

B316 Pseudomonas sp. 6 900 2700

B330 Pseudomonas sp. 11 900 2700
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control treatment, but it was found in the antibiotic treatment
(Table 1), and 10 out of 12 bacterial species shared between
D. valens guts and frass (Fig. 1) were capable of verbenone
production (Fig. 2), both supporting this conclusion. Insect
frass is a good nutrient source with various volatiles available
for commensal microorganisms [14], providing good condi-
tions for microorganisms to convert excreted cis-verbenol to
verbenone pheromone. Commensal gut microbiota of locusts
were previously shown to continually produce aggregation
pheromones in frass [13–15]. Klebsiella oxytoca and several
Bacillus species in the feces of Acrolepiopsis assectella pro-
duced kairomones that attract parasitoids [59]. Volatiles in
D. valens frass have been illustrated to affect adult beetles’
behavior [9, 34]. New studies should explore whether the
volatiles, including verbenone, are produced by gut-
associated bacteria in D. valens frass and mediate the beetle
behavior.

The most frequent isolates with Chinese D. valens in this
study were bacteria in the genera Pseudomonas, Serratia,
Rahnella, Erwinia, Bacillus, and Delftia (Fig. 1), all of which
are common bark beetle gut associates [40, 51, 62, 71].
Among them, Rah. aquatilis and bacteria in the genera
Serratia andErwinia have been isolated frequently inD. valens
collected in Mexico [39], and Rah. aquatilis and bacteria in the
genera Bacillus and Delftia were also detected in D. valens
from America [1]. Many of them can metabolize monoter-
penes of host pines [4, 6, 45], and the abilities of different
microorganisms to reduce concentrations of different terpenes
appear complementary to each other. For example, Rahnella
reduced α-pinene by more than 40 %, and Serratia reduced by
55–75 % the concentrations of many monoterpenes applied to
media with the exception of α-pinene [4, 45]. Here, in pilot
experiments, no pheromones were detected when culturing all
16 gut bacterial species isolated fromD. valenswith α-pinene,
β-pinene, D-limonene, myrcene, or 3-carene, though some of
them could reduce concentrations of these terpenes compared
to control (data not shown). While the verbenol presumably
produced by bark beetles [7, 8, 24, 25] was further metabolized
to the pheromone verbenone by 13 out of 16 D. valens gut
bacterial isolates, species with close phylogenetic relationships
did not show similar conversion capabilities.

Generally, the cytotoxic activity of alcohols is much higher
than that of related ketones [2], so the accumulation of the
terpene alcohol verbenol could be more harmful to gut bacte-
ria than the corresponding ketone, verbenone. This trend was
confirmed through the antibacterial assessments of chemicals
with tested cis-verbenol having a concentration similar to that
in their surroundings (Table 5), suggesting that beetle gut bac-
teria have the ability to adapt to adverse environmental con-
ditions [4, 28, 48]. Thus, we hypothesize that this conversion
is beneficial to gut bacteria themselves by reducing cytotox-
icity from the precursor cis-verbenol to the verbenone phero-
mone, while it also benefits D. valens by yielding its

multifunctional pheromone verbenone. These hypotheses
should be further tested in this and other insect-gut bacteria
systems.
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