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Abstract Volatiles from male hindgut extracts of a newly

described spruce bark beetle, Ips shangrila Cognato and

Sun, from different attack phases were analyzed by GC–MS/

FID with both polar and enantioselective columns. The

GC–MS/FID analyses showed that unmated males (Phase 1)

or males mated with \3 females (Phases 2–4) produced

2-methyl-3-buten-2-ol and 99%-(?)-ipsdienol as major

components, and (-)-cis-verbenol, (-)-trans-verbenol,

myrtenol and 2-phenyl ethanol as minor or trace compo-

nents. The release of these male-produced compounds was

confirmed by the analysis on aeration sample of an

I. shangrila infested wind-thrown spruce trunk. The

quantities of 2-methyl-3-buten-2-ol, cis-verbenol and

trans-verbenol from male hindgut extracts were almost

unchanged or even slightly increased during gallery

development, while ipsdienol decreased dramatically after

mating with three females. No obvious Ips-related aggre-

gation pheromone components were detected in the female

hindgut extract. A field trapping bioassay in Qinghai,

China, showed that the ternary blends containing 2-methyl-

3-buten-2-ol, (-)-cis-verbenol and 97%-(?)-ipsdienol or

(±)-ipsdienol, caught significantly more I. shangrila

(#:$ = 1:2.14) than did the unbaited control. Replacing

97%-(?)-ipsdienol (close to the naturally produced enan-

tiomeric ratio) with (±)-ipsdienol in the ternary blend

seemed to reduce trap catches by 50%, but the difference

was not statistically significant. Surprisingly, addition of

(-)-trans-verbenol (at 0.2 mg/day) to the active ternary

blends significantly reduced traps catches to the level not

different from the unbaited control. Our results suggest that

the two major components, 2-methyl-3-buten-2-ol and

99%-(?)-ipsdienol, plus a minor component, (-)-cis-ver-

benol, produced by fed males, are likely the aggregation

pheromone components of I. shangrila.

Keywords Enantiomeric composition � Ips shangrila �
Ipsdienol � 2-Methyl-3-buten-2-ol � Picea � Scolytidae �
Semiochemical � cis-Verbenol

Introduction

Ips shangrila Cognato and Sun (Coleoptera: Scolytidae) is

a newly described bark beetle species based on specimens

collected from several species of spruce (Picea spp.) in

Sichuan, Yunnan and Qinghai provinces, China (Cognato

and Sun 2007). This new species was misidentified as Ips

mannsfeldi (Wachtl. 1879) in the past by the Chinese

entomologists (Yin et al. 1984) even though its host range
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(Picea spp.) in China was significantly different from

those recorded for its European populations (Pinus spp.)

(Stauffer et al. 1997). Its species status in the Qinghai

province was first challenged by Milŏs Knı́zek (Forestry

and Game Management Research Institute, Czech

Republic) during a field visit in July 2006, and was later

recognized together with the specimen from Yunnan and

Sichuan by Anthony I. Cognato (Michigan State Univ.) as

a new species based on a cladistic analysis of both DNA

and diagnostic morphological character data (Cognato and

Sun 2007).

This bark beetle normally infests weakened, wind-

thrown, or burned trees, but at high population densities it

can also attack healthy spruce trees. In fact, I. shangrila

together with Ips nitidus Eggers and Pseudips orientalis

(Wood and Yin) (Cognato 2000), were recently recog-

nized as the most destructive forest beetles in the Maixiu

Forest Park of Qinghai Province, China; causing signifi-

cant tree mortality in both plantations and natural stands of

the Qinghai spruce [Picea crassifolia (Kom.)] since 2001

(Xue et al. 2003; Liu et al. 2007). The basic biology and

host colonization sequence (temporal and spatial) in rela-

tion to other sympatric bark beetle species were reported

in two lately published papers by You-Qing Luo and

coworkers (Liu et al. 2007, 2008). However, nothing is

known about the aggregation pheromone system of this

new species.

As part of our research effort on the chemical commu-

nication systems of the three key spruce bark beetles native

solely to western China, Ips nitidus, I. shangrila and Ps.

orientalis, we recently identified three aggregation phero-

mone components for I. nitidus (Zhang et al. 2009). Our

objectives of the present study were to (1) identify the

aggregation pheromone of I. shangrila, (2) analyze the

quantitative variation of pheromone components from

different attack phases, (3) determine the enantiomeric

compositions of major chiral pheromone components, and

(4) test the behavioral activity of the key male-specific

compounds in the field in Qinghai, China.

Materials and methods

Collection and preparation

Field collections of live I. shangrila adult beetles of dif-

ferent attack phases [Phase 1, unmated males finishing

nuptial chambers; Phases 2–5, mated males with 1–4

females in the galleries] were taken from naturally

attacked wind-thrown spruce trees (Picea crassiflia) at

Maixiu Forest Farm (35�080–35�300 N; 101�330–102�030 E;

ca. 2,900–3,000 m elevation), Huangnan Tibetan District,

Qinghai province, China (from 22–25 May 2008). Beetles

from the same family were placed in a 2-ml polyethylene

centrifuge tube (Fisher Scientific) and immediately put

into an outdoor cooler (ca. 4�C). The centrifuge tubes

were separated into categories of attack phases on the

same day of collection in the laboratory, and the hindguts

were dissected, and the sex was determined based on their

elytral spine differences (Cognato and Sun 2007) and if

necessary on the presence of the aedeagus or eggs. The

guts of the same sex from the same attack phase were

immediately transferred to a glass vial with 1 ml redis-

tilled pentane (with 2 lg of heptyl acetate as internal

standard).

Headspace volatiles from the trunk of a wind-thrown

spruce tree, newly attacked by I. shangrila for \5 days,

were sampled in situ by a battery-operated pump and a

high-density polyacetate film (cut from a 48.2 9 59.6 cm

Reynolds� Oven Bag; Richmond, VA, USA) enclosure

with two activated charcoal filter tubes in the air inlet

(Zhang et al. 2000b), on 22nd May 2008. The plastic film

around the trunk (at mid-section of the tree trunk) was

joined by folding/taping on the side and tightened to the

trunk with tape at both open ends. The distance between

the film and bark surface was ca. 1 cm. The volatiles in

the enclosure (with a sampling bark area of ca. 2,000 cm2;

diameter, 13 cm; length, 50 cm) were trapped on two

Porapak Q tubes (50/80 mesh; 30 mg in Teflon tube,

3 9 35 mm) for 2 h (airflow 350 ml/min) and extracted

with 1 ml redistilled pentane (with 2 lg of heptyl acetate

as internal standard). After the aeration, the aerated trunk

portion was debarked and the number and status of I.

shangrila attacks within the sampled area were deter-

mined as 21 attacks from mixed Phases 1–4. The same

aeration procedure was also used to collect volatiles from

a spruce log (diameter, 15 cm length, 30 cm; in a Rey-

nolds� Oven Bag) freshly cut from an un-attacked healthy

spruce tree.

Both hindgut (4–15 guts/sample for males and 15 guts/

sample for females) and aeration extracts were shipped to

the USA by express mail and kept at -20�C until they were

analyzed chemically.

Chemical analysis

All hindgut and aeration samples were analyzed on a

combined Agilent 6890N gas chromatograph (GC) and an

Agilent 5973N mass selective detector (MSD) equipped

with a polar column (INNOWax; 60 m 9 0.25 mm 9

0.5 lm film thickness; Agilent Technologies, Wilmington,

DE, USA). The GC condition and temperature program

were the same as described in Zhang et al. (2009) for

I. nitidus samples. Compounds were identified by com-

parison of retention times and mass spectra with those of

authentic standards (see ‘‘Chemical standards’’ below).
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GC-FID analysis

The hindgut and aeration samples were also injected into a

Varian CP-3800 GC equipped with a polar column

(INNOWax; 30 m 9 0.53 mm 9 1.0 lm film thickness;

Agilent Technologies, Wilmington, DE, USA) and FID for

compound quantification based on the internal standard

(IS: 2 lg of heptyl acetate in each sample; assuming sim-

ilar or identical response factors between the analytes and

the IS). The GC condition and temperature program were

as described for I. nitidus samples (Zhang et al. 2009).

Enantioselective GC-FID

The enantiomeric analyses of male hindgut extracts (from

Phases 1–2), and a synthetic mixture of several compounds

known as key components of Ips pheromones including

(±)-ipsenol, (±)-ipsdienol, (1S,2S)-(-)-cis-verbenol,

(1S,2R)-(-)-trans-verbenol, amitinol, (1S)-(-)-verbenone,

and E-myrcenol (50 ng/ll each in hexane) were conducted

by injecting the samples splitless on a Varian CP-3800

GC equipped with an Rt-bDEXmTM column (30 m 9

0.25 mm 9 0.25 lm film thickness; Restek, Bellefonte,

PA, USA). Helium was used as the carrier gas, and the

injector/detector temperatures were both 230�C. Column

temperature was 80�C for 1 min and programmed to 200�C

at 2�C/min. Elution orders of the (-)- or (?)-enantiomers

of ipsenol and ipsdienol [(-)-eluted before (?)-for both

compounds] were determined by injecting SPME (CAR/

PDMS, 75 lm; Supelco, Bellefonte, PA, USA) samples of

synthetic 97%-(?)-ipsdienol and 97%-(-)-ipsenol onto the

same column. Since no pure (?)-enantiomers of cis- or

trans-verbenol, and verbenone were available for com-

parison, our suggestions on their enantiomeric assignments

were based entirely on the retention time matches to the

synthetic (-)-enantiomers. Therefore, these assignments

should be considered tentatively.

Chemical standards

Synthetic compounds were obtained from various com-

mercial and noncommercial sources: (±)-ipsenol (95%,

chemical purity: cp), (±)-ipsdienol (95% cp), (-)-cis-ver-

benol (98% cp, unknown enantiomeric purity-ep), and (-)-

verbenone (99% cp, unknown ep) (Bedoukian Research

Inc., Danbury, CT, USA); amitinol (98% cp, W. Francke,

Universität Hamburg, Hamburg, Germany); E-myrcenol

(95.2% cp, SciTech, Prague, Czech Republic); 2-methyl-3-

buten-2-ol (97% cp, Acros, Morris Plains, NJ, USA); (-)-

ipsenol (95% cp; 97% ep), (?)-ipsdienol (95% cp; 97%

ep), (-)-ipsdienol (95% cp; 97% ep) and (-)-trans-ver-

benol ([95% cp, unknown ep) [Pherotech (now Contech)

International, Inc., Delta, BC, Canada]; and heptyl acetate

([98% cp, food grade) (Sigma–Aldrich, St. Louis, MO,

USA).

Field trapping

To test for the behavioral activity of the potential semio-

chemicals, a field trapping experiment was carried out from

30 April to 14 May 2009 at the Maixiu Forest Park,

Qinghai, China. Four sets of cross-barrier type traps

(Pherobio Technology Co., Ltd., Beijing, China) were set

up along the edge of a P. crassifolia forest stand on a

northern slope next to a creek at Douheyan, with [30 m

between trap sets and ca. 10 m between traps within each

set, and [10 m from the nearest trees. Within each set,

eight traps were baited with different blends (full or partial

blends; racemic or enantiomerically pure) of the key male-

produced volatile compounds; a ninth trap was left unba-

ited as a negative control (Fig. 4). Each tested compound

was released separately from a polyethylene bag (with or

without substrate felt; and with different sizes and thick-

ness). The dispenser types, loading and release rates of the

tested semiochemicals are described in Fig. 4. The posi-

tions of traps together with dispensers within each set were

assigned randomly.

Statistical analyses

Trap catch data were converted to proportion (P) of total

captured beetles within each replicate. Data were then

transformed by arcsinHP to meet the assumptions of nor-

mality and homogeneity of variances for ANOVA. Means

were compared by ANOVA followed by the Ryan–Einot–

Gabriel–Welsh (REGW) multiple Q test (SPSS 16.0 for

Windows) at a = 0.05 (Day and Quinn 1989).

Results

Chemical analysis

Over ten volatile compounds from the extracts of male

hindguts were identified by GC–MS and quantified by

GC-FID. The major components from the male extracts

included 2-methyl-3-buten-2-ol and ipsdienol, followed by

cis-verbenol and trans-verbenol, while ipsenol and verbe-

none were almost absent (Fig. 1; Table 1). Other volatiles

found from I. shangrila were myrtenol and 2-phenyl eth-

anol, 3-hydroxy-2-butanone, 1-heptanol and isobutyric

acid.

GC–MS/FID analysis of aeration samples of I. shangrila

infested spruce trunk showed the release of male-produced

compounds, 2-methyl-3-buten-2-ol, ipsdienol, cis-verbenol

and trans-verbenol (Fig. 2). These compounds were not
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detected from the aeration sample of the freshly cut

(un-attacked) spruce log, from which several monoterpenes

(including two major components, a-pinene and b-pinene,

accounting for [70% total volatiles), sesquiterpenes and

other conifer-related compounds were identified (data not

shown).
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Fig. 1 Representative gas

chromatograms (polar column

with FID detection) of

compounds in hindgut extracts

of male Ips shangrila from

different attack phases (A–E).

Heptyl acetate (2 lg/sample)

was added as an internal

standard to the hindgut extracts.

232-MB: 2-methyl-3-buten-2-ol

Table 1 Quantities of potential semiochemicals (in ng) identified from hindgut extracts of Ips shangrila males/females of different attack

phases, Qinghai Province, China, 22–25 May 2008

Retention

time (min)

Chemical Male hindguts from different attack phases Mated $ hindguts

(ng/$) (N = 1;

n = 15)1# (N = 2;

n = 7–10)*

1#1$ (N = 2;

n = 14)

1#2$ (N = 2;

n = 8–15)

1#3$ (N = 2;

n = 4–5)

1#4$ (N = 1;

n = 9)

ng/# % ng/# % ng/# % ng/# % ng/# %

3:28 2-Methy-3-buten-2-ol 503.3 31.0 477.8 23.7 538.6 27.4 412.9 36.6 764.6 40.2 Trace

6:39 3-Hydroxy-2-butanone 57.4 3.5 73.3 3.6 65.9 3.3 83.2 7.4 69.9 3.7 70.0

8:39 1-Heptanol 0.0 0.0 9.1 0.5 0.0 0.0 34.2 3.0 42.2 2.2 30.0

9:41 (-)-Ipsenol 0.0 0.0 0.0 0.0 6.5 0.3 0.0 0.0 0.0 0.0

10:02 Isobutyric acid 81.1 5.0 97.9 4.9 103.9 5.3 41.4 3.7 168.4 8.9 80.0

11:05 (S)-cis-verbenol 136.6 8.4 120.1 6.0 139.5 7.1 200.7 17.8 257.5 13.6

11:16 (?)-Ipsdienol (99%) 661.6 40.8 1021.2 50.7 904.9 46.0 37.3 3.3 99.5 5.2 Trace

11:22 (-)-trans-verbenol 72.5 4.5 100.8 5.0 112.1 5.7 172.7 15.3 175.5 9.2 Trace

11:53 (-)-verbenone 0.0 0.0 0.0 0.0 0.0 0.0 57.1 5.1 0.0 0.0

12:35 Myrtenol 29.5 1.8 39.1 1.9 42.5 2.2 58.2 5.2 43.8 2.3

13:51 2-Phenyl ethanol 80.5 5.0 73.4 3.6 54.6 2.8 29.3 2.6 56.6 3.0

* N number of hindgut extracts per attack phase, n number of hindguts per extract

206 Q.-H. Zhang et al.



GC-FID analysis with an enantioselective stationary

phase of the hindgut extracts of the I. shangrila males from

Phases 1–2 and a synthetic mixture of Ips pheromone

compounds showed that I. shangrila males produced nearly

pure (?)-ipsdienol (*99%) (Fig. 3). The predominant

enantiomers of other chiral compounds were tentatively

determined as (-)-cis- and (-)-trans-verbenol (Fig. 3).

Mean amounts (N = 2) of 2-methyl-3-buten-2-ol, ips-

dienol, cis-verbenol and trans-verbenol from Phase 1 were

about 500, 660, 140 and 70 ng/male, respectively

(Table 1). Although no statistical analysis was performed

because of the limited data set, the amounts of 2-methyl-3-

buten-2-ol, cis-verbenol and trans-verbenol were almost

unchanged or even increased during gallery development

(Phases 2–5, i.e. one male mated with 1–4 females), while

ipsdienol decreased dramatically after males mated with

more than three females (Fig. 1; Table 1).

No obvious Ips-related aggregation pheromone compo-

nents were detected in the female hindgut extracts (data not

shown). However, 3-hydroxy-2-butanone, 1-heptanol and

isobutyric acid were detected in the female extracts at

about the same level as found in the male extracts.
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Fig. 2 Representative gas

chromatogram (polar column

with FID detection) of the

aeration extract of an Ips
shangrila infested spruce trunk.

Beetle-produced volatiles are

highlighted in bold
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Fig. 3 Enantioselective

GC-FID analyses

(Rt-bDEXmTM column) of (A)

compounds in a hindgut extract

of unpaired male Ips shangrila
from attack Phase 2 and (B) a

synthetic mixture of Ips-related

compounds, including (±)-

ipsenol (Ie), (±)-ipsdienol (Id),

amitinol (At), (-)-cis-verbenol

(cV), (-)-trans-verbenol (tV),

(-)-verbenone (Vn), and

(E)-myrcenol (EM)

(ca. 50 ng/each compound).

Amitinol and E-myrcenol are

achiral. Heptyl acetate

(2 lg/sample) was added as an

internal standard to the hindgut

extract
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Field trapping experiment

Due to extremely low populations of I. shangrila and

continued rains during the short spring flight, only three

physical replicates were achieved in the field trapping

experiment (end of April to mid-May 2009) with a total

catch of 66 beetles. The unbaited traps and traps baited

with binary or four-component blends caught zero or

close to zero beetles (Fig. 4). However, ternary blends

containing 2-methyl-3-buten-2-ol and cis-verbenol plus

97%-(?)-ipsdienol or (±)-ipsdienol caught significantly

more beetles than did the unbaited control and several

other blends (Fig. 4). The ternary blend with 97%-(?)-

ipsdienol (close to naturally produced enantiomeric

composition) seemed to catch more I. shangrila beetles

than did the ternary blend with (±)-ipsdienol, but data

were not statistically different. Addition of trans-verbenol

(at 0.2 mg/day release) to the active ternary blends sig-

nificantly reduced the trap catches (Fig. 4). The sex ratio

of captured beetles was estimated as 1:2.14(#/$), based

on the pooled sample.

Discussion

This is the first report on chemical and behavioral analysis

of aggregation pheromone system of the newly described

scolytid species, Ips shangria. Our GC–MS/FID analyses

clearly showed that unmated males (after finishing the

nuptial chambers) or males mated with \3 females pro-

duced 2-methyl-3-buten-2-ol and ipsdienol as major

components, and cis-verbenol, trans-verbenol, myrtenol

and 2-phenyl ethanol as minor or trace components (Fig. 1;

Table 1). The release of these male-produced compounds

was confirmed by the aeration sample of an I. shangria

infested wind-thrown spruce trunk (Fig. 2). It should be

pointed out that the release ratio of 2-methyl-3-buten-2-ol

in the aeration sample was smaller than the production ratio

in the hindgut extracts. Such difference is simply due to its

significant breakthrough volume of the extremely volatile

compound from the Porapak Q tubes during the aeration

(Birgersson and Bergström 1989). Similar to I. nitidus,

3-hydroxy-2-butanone, 1-heptanol, and isobutyric acid,

commonly related to insect fat tissues (Zhang et al. 2006),
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Fig. 4 Mean captures (N = 3) of Ips shangrila in cross-barrier traps

baited with different combinations of the key male-produced volatile

compounds in their natural production ratios, 30 April to 14 May

2009, Maixiu Forest Park, Qinghai, China. An unbaited trap served as

the negative control. Bars with the same letter are not significantly

different (P [ 0.05) by REGW multiple Q test after ANOVA on the

arcsinHP transformed data of the relative catches, i.e., proportion (P)

of total captured beetles within each replicate. Each tested compound

was released separately from a polyethylene (PE) bag dispenser.

2-Methyl-3-buten-2-ol: 1 ml in a 2 mil (*0.051 mm thickness)

PE-bag (3.5 9 5.0 cm; with a 2.5 9 4.5 cm felt); 97%-(?)- or

(±)-ipsdienol: 40 mg in a 12 mil (*0.305 mm) PE-bag (2.5 9

5.0 cm; with a 1.5 9 4.5 cm felt); (-)-cis-verbenol: 50 mg in 6 mil

(*0.152 mm) PE-bag (3.0 9 5.0 cm, without felt); (-)-trans-verbe-

nol: 20 mg a 12 mil (*0.305 mm) PE-bag (1.8 9 5.0 cm; with a

1.0 9 4.5 cm felt). The release rates were measured by suspending

dispensers in a laboratory hood at 21–22�C and measuring weight loss

over 7–10 days
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were also present in all male and female hindgut extract

samples of I. shangrila, and are presumably not part of the

male-produced aggregation pheromone system (Zhang

et al. 2009). Chemical analysis of the hindgut extracts of

mated females showed little or trace amounts of these

semiochemicals (Table 1), in agreement with the prepon-

derance of studies that indicate that female Ips do not

produce behaviorally relevant amounts of aggregation

pheromones during attacks (Wood 1982; Byers 1989b).

Unlike in many other Ips spp. (e.g. Ips nitidus,

I. typographus and I. subelongatus), mating shows little or

weak effect on the production of the key I. shangria male-

produced volatiles, especially when the harem size is \3

(Fig. 1; Table 1). This might be due to the fact that each

I. shangria male is normally joined by [5 females in a

typical family gallery system, while the above-mentioned

other Ips species only have 2–3 females per family

(Birgersson et al. 1984; Zhang et al. 1992, 2000a, 2009).

The chemical composition of I. shangria male-produced

volatiles seems to be quite similar to a sympatric and

partially competitive species, I. nitidus (Zhang et al. 2009).

However, the enantiomeric composition of the major

component ipsdienol in I. shangrila [*99%-(?)] (Fig. 3)

is totally different from that of the I. nitidus [74%-(-)]

(Zhang et al. 2009). Such strong disparity in the enantio-

meric composition should be one of the key factors for

maintaining the reproductive isolation among these two

closely related and sympatric (or syntopic) species. Pro-

duction of [90%-(?)-ipsdienol as a part of aggregation

pheromone systems have been reported in several Ips

species, such as I. acuminatus (Kohnle et al. 1988), I.

cembrae (Francke and Vité 1983), I. latidens (Savoie et al.

1998), I. mannsfeldi (Kohnle et al. 1993), I. paraconfusus

(Silverstein et al. 1966), I. plastographus (Warren et al.

1996) and I. subelongatus (Zhang et al. 2000a). Two other

chiral compounds were tentatively assigned to be (-)-cis-

and (-)-trans-verbenol based on comparison of retention

times of natural products with synthetic standards (Fig. 3),

which are similar to the reported absolute configurations

for many Ips bark beetles (Kohnle et al. 1988) including

the sympatric I. nitidus (Zhang et al. 2009).

Our field trapping data showed that the ternary blends

containing the two major components, 2-methyl-3-buten-

2-ol, 97%-(?)- or (±)-ipsdienol, plus a minor component,

(-)-cis-verbenol, caught significantly more I. shangrila

beetles than did the unbaited control (Fig. 4). Replacing

97%-(?)-ipsdienol (close to the naturally produced enan-

tiomeric ratio) with (±)-ipsdienol in the ternary blend

seemed to reduce trap catches by 50%, but their difference

was not statistically significant. Such insignificant differ-

ence in trap catches might be due to the large variations

among the treatments, likely resulted from the extremely

low population level and limited physical replicates

obtained. More field trapping experiments are needed to

determine whether the natural ratio of ipsdienol enantio-

mers will prove superior to racemic ipsdienol. Surprisingly,

addition of (-)-trans-verbenol to the active ternary blends

significantly reduced traps catches to the level not different

from the unbaited control. This compound was also

detected in several other Eurasian Ips species as a minor

component, such as I. nitidus (Zhang et al. 2009),

I. typographus (Birgersson et al. 1984), and I. duplicatus

(Byers et al. 1990; Schlyter et al. 1992; Zhang et al. 2007),

but was not considered to be part of their aggregation

pheromone systems (Schlyter et al. 1987).

Ips shangrila is recently considered as a monophyletic

sister species with I. amitinus based on the cladistic anal-

ysis of nucleotide data by Cognato and Sun (2007).

However, our proposed aggregation pheromone for

I. shangrila contains three components: 2-methyl-3-buten-

2-ol, (?)-ipsdienol, and (-)-cis-verbenol, which is quite

different from the aggregation pheromone system reported

for I. amitinus [(-)-ipsdienol, (?)-ipsenol and amitinol]

(Kohnle et al. 1988). I. shangrila also shows a strong dif-

ference in the pheromone systems from a morphologically

similar species (Cognato and Sun 2007), I. duplicatus

[(±)-ipsdienol and E-myrcenol] (Byers et al. 1990;

Schlyter et al. 1992; Zhang et al. 2007) and a previously

misidentified species, I. mannsfeldi (now recognized as

Orthotomicus mannsfeldi; (Cognato and Vogler 2001)

[(?)-ipsdienol, (-)-ipsenol and amintinol] (Kohnle et al.

1993). I. shangrila and two other sympatric bark beetles,

I. nitidus and Ps. orientalis, share a common or similar

spatial and temporal niche(s) in Picea crassifolia (Liu et al.

2007). This may result in strong interspecific competition

and reproductive isolation pressures (Wood 1982). The

latest effort and progress on identification of the aggrega-

tion pheromone system of Ps. orientalis indicates that this

species produced an aggregation pheromone blend (Zhang

et al., in prep.) different from both I. shangrila (this paper)

and I. nitidus (Zhang et al. 2009). Such a disparity in

pheromone systems (discrimination among their phero-

mone blends) among the sympatric (competitive or

cooperative) bark beetle species and their potential

semiochemical interactions may play an important role in

maintaining their mass-attack sequences (e.g., partial niche

separation) and reproductive isolation, and regulating

spatial and temporal competition (Wood 1982; Byers

1989a, b; Schlyter et al. 1992; Zhang et al. 2008, 2009).

Whether or not the sympatry or syntopy of different bark

beetle species on the same host tree species has any effect

on the evolution of their pheromone systems is still ques-

tionable (Symonds and Elgar 2004).

Our results suggest that the two major components,

2-methyl-3-buten-2-ol and (?)-ipsdienol, plus a minor

component, (-)-cis-verbenol, produced by fed males, are
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likely the aggregation pheromone components of I. shan-

grila. More field trapping experiments on optimal

component ratios (including the enantiomeric ratios of

ipsdienol), release rates, and dispenser technology are

underway. Traps baited with synthetic aggregation phero-

mone lures will have great potential as a monitoring and

mass-trapping tool in integrated pest management directed

against this serious forest pest (Schlyter et al. 2001).

Acknowledgments The technical support of colleagues at the

Maixiu Forest Park, Qinghai, China, is highly appreciated. We thank

Dr. A. I. Cognato, (Michigan State Univ.) for his expert help on

species ID in the field; Dr. Steven J. Seybold (USDA Forest Service,

Davis, CA) for the gift of (?)-ipsdienol; Prof. Dr. Wittko Francke for

the gift of amitinol; and Dr. J. A. Byers (USDA-ARS) for reviewing

an earlier version of this manuscript. This study was supported by a

special grant from Foreign Expert Bureau of Qinghai Province.

References

Birgersson G, Bergström G (1989) Volatiles released from individual

spruce bark beetle entrance holes: quantitative variations during

the first week of attack. J Chem Ecol 15:2465–2484

Birgersson G, Schlyter F, Lofqvist J, Bergstrom G (1984) Quantita-

tive variation of pheromone components in the spruce bark

beetle Ips typographus from different attack phases. J Chem Ecol

10:1029–1055

Byers JA (1989a) Behavioral mechanisms involved in reducing

competition in bark beetles. Holarct Ecol 12:466–476

Byers JA (1989b) Chemical ecology of bark beetles. Experientia

45:271–283

Byers JA, Schlyter F, Birgersson G, Francke W (1990) E-Myrcenol in

Ips duplicatus: an aggregation pheromone component new for

bark beetles. Experientia 46:1209–1211

Cognato AI (2000) Phylogenetic analysis reveals new genus of Ipini

bark beetle (Scolytidae). Ann Entomol Soc Am 93:362–366

Cognato AI, Sun J-H (2007) DNA based cladograms augment the

discovery of a new Ips species from China (Coleoptera:

Curculionidae: Scolytinae). Cladistics 23:539–551

Cognato AI, Vogler AP (2001) Exploring data interaction and

nucleotide alignment in a multiple gene analysis of Ips
(Coleoptera: Scolytinae). Syst Biol 50:758–780

Day RW, Quinn GP (1989) Comparisons of treatments after an

analysis of variance in ecology. Ecol Monogr 59:433–463
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Field response of spruce bark beetle, Ips typographus, to

aggregation pheromone candidates. J Chem Ecol 13:701–716

Schlyter F, Birgersson G, Byers JA, Bakke A (1992) The aggregation

pheromone of Ips duplicatus, and its role in competitive

interactions with I. typographus (Coleoptera:Scolytidae).

Chemoecology 3:103–112

Schlyter F, Zhang Q-H, Liu G-T, Ji L-Z (2001) A successful case of

pheromone mass trapping of the bark beetle Ips duplicatus in a

forest island, analysed by 20-year time-series data. Integr Pest

Manag Rev 6:185–196

Silverstein RM, Rodin JO, Wood DL (1966) Sex attractants in frass

produced by male Ips confusus in ponderosa pine. Science

154:509–510

Stauffer C, Lakatos F, Hewitt GM (1997) The phylogenetic relation-

ships of seven European Ips (Scolytidae, Ipinae) species. Insect

Mol Biol 6:233–240

Symonds MRE, Elgar MA (2004) Species overlap, speciation and the

evolution of aggregation pheromones in bark beetles. Ecol Lett

7:202–212

Warren CE, Wood DL, Seybold SJ, Storer AJ, Bros WE (1996)

Olfactory responses of Ips plastographus maritimus Lanier

(Coleoptera: Schlytidae) to insect and host-associated volatiles
in the laboratory. J Chem Ecol 22:2299–2316

Wood DL (1982) The role of pheromones, kairomones and allomones

in the host selection and colonization of bark beetles. Annu Rev

Entomol 27:411–446

Xue Y-G, Ma Y-S, Wang X-P (2003) Occurrence and damages of Ips
typographus in Huangnan State, Qinghai Province. Sci Technol

Qinghai Agric For 3:18–19

Yin, H-F, Huang F-S, Li Z-L (1984) Ips mannsfeldi Wachtl.

Economic insect fauna of China (Fasc 29, Coleoptera: Scolyt-

idae): 129

Zhang Q-H, Byers JA, Schlyter F (1992) Optimal attack density in

larch bark beetle, Ips cembrae. J Appl Ecol 29:672–678

Zhang Q-H, Birgersson G, Schlyter F, Chen G-F (2000a) Pheromone

components in the larch bark beetle, Ips cembrae, from China:

quantitative variation among attack phases and individuals.

J Chem Ecol 26:841–858

Zhang Q-H, Schlyter F, Birgersson G (2000b) Bark volatiles from

nonhost angiosperm trees of spruce bark beetle, Ips typographus
L. (Coleoptera: Scolytidae): chemical and electrophysiological

analysis. Chemoecology 10:69–80

Zhang Q-H, Schneidmiller RG, Hoover D, Welshons D, Young K,

Margaryan A, Aldrich JR, Chauhan KR (2006) Male-produced

pheromone of the green lacewing, Chrysopa nigricornis (Neu-

roptera: Chrysopidae). J Chem Ecol 32:2163–2176

Zhang Q-H, Schlyter F, Liu G-T, Sheng M-L, Birgersson G (2007)

Electrophysiological and behavioral responses of Ips duplicatus
to aggregation pheromone in Inner Mongolia, China: amitinol

as a potential pheromone component. J Chem Ecol 33:1303–

1315

Zhang Q-H, Erbilgin N, Seybold SJ (2008) GC-EAD responses to

semiochemicals by a guild of eight subcortical beetles associated

with Monterey pine trees in coastal California: similarities and

disparities across three trophic levels. Chemoecology 18:243–

254

Zhang Q-H, Ma J-H, Zhao F-Y, Song L-W, Sun J-H (2009)

Aggregation pheromone of the Qinghai spruce bark beetle, Ips
nitidus Eggers. J Chem Ecol 35:610–617

210 Q.-H. Zhang et al.


	Aggregation pheromone of a newly described spruce bark beetle, Ips shangrila Cognato and Sun, from China
	Abstract
	Introduction
	Materials and methods
	Collection and preparation
	Chemical analysis
	GC-FID analysis
	Enantioselective GC-FID
	Chemical standards
	Field trapping
	Statistical analyses

	Results
	Chemical analysis
	Field trapping experiment

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


