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Abstract Eastern Palearctic conifers are subject to frequent
bark beetle outbreaks. However, neither the species responsi-
ble nor the semiochemicals guiding these attacks are well
understood. Two high-mountain /ps species on Qinghai
spruce, Picea crassifolia, I. shangrila and I nitidus, are typi-
cal in this regard. Six synthetic candidate pheromone compo-
nents that we earlier identified from hindguts of unmated
males of these two Ips species were tested for field activity
in Qinghai province, P. R. China. For I nitidus, racemic
ipsdienol ((+)-Id) could replace the naturally-produced blend
of enantiomers containing 74 % (—)-(S)-1d (74:26 S:R), in
attractive ternary or binary blends. In contrast, sympatric
1. shangrila were attracted mainly to blends including Id of
opposite chirality, 97 %-(+)-(R)-Id. Of the verbenols, (—)-
trans-verbenol was inactive for 1. nitidus or inhibitory for
L shangrila, but (—)-cis-verbenol (cV) was a key component
of the pheromone in both species. Two fully factorial
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experiments demonstrated that (+)-Id, ¢V, and 2-methyl-3-
buten-2-ol (MB) are components of the aggregation phero-
mone of /. nitidus, whereas only (+)-Id and cV are essential
components of the aggregation pheromone of . shangrila.
While MB is not necessary for attraction of 1. shangrila, it is
an active antagonist and likely functions in species isolation.
A review of the pheromone production and responses in Pa-
learctic Ips and Pseudoips showed that ¢V is more common
than methylbutenols, and both elicit qualitatively variable re-
sponses. Ipsdienol is the most common component with var-
iable chirality, and is a necessary, but often not sufficient,
factor for determining pheromone specificity.
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Introduction

Forests face a crisis globally in the wake of climate change
and global warming (Allen et al. 2010). Somewhat surprising-
ly, this is reflected in bark beetle outbreaks in cold, high alti-
tude forests of inner Eastern Palearctic mountains (Jakus et al.
2011). New and improved strategies to prevent and control
bark beetle outbreaks are required for forest protection under
these changing conditions. In China, emerging knowledge is
enabling better differentiation of taxa, including a taxonomic
division of Palearctic species (Stauffer et al. 2001), recogni-
tion of the taxa that are present, and description of new taxa
(Cognato and Sun 2007). Further study of Eastern Palearctic
taxa is generating evidence for pheromone dialects (Chen
et al. 2015; Song et al. 2011), and pheromones of new taxa
(Zhang et al. 2009b).

The importance of pheromone blend specificity for species
separation and mate recognition has long been recognised for
both moths (Cardé and Baker 1984) and bark beetles (Wood
1982). The significance of pheromone blend specificity has
been highlighted by examples of evolutionary patterns of
pheromone specificity among competing, closely related, sib-
ling, or incipient species (e.g., Mitchell et al. 2015; Saveer
et al. 2014; Schlyter et al. 1992; Seybold et al. 1995; Song
etal. 2011).

Ips nitidus Eggers and a newly described sympatric bark
beetle, Ips shangrila Cognato and Sun, have caused signifi-
cant tree mortality in plantations and natural stands of Qinghai
spruce, Picea crassifolia Komarov, in China (Yang et al.
2014) over the past 10 years (Cognato and Sun 2007; Jakus
et al. 2011; Liu et al. 2008). Both species normally infest
weakened, wind-thrown, or burned trees, but at high popula-
tion densities they may also attack apparently healthy spruce
trees. Ips nitidus occurs naturally in North-western China. It
has two generations a year within 2800-3000 m elevation, but
only one complete generation above 3000 m. Adults from
overwintering broods begin to attack host trees in early to
mid-May. The new callow adults start to emerge in late June
through mid-July. The second generation is much shorter than
the first one. The young adults of the second generation appear
from early until late August. The larger species, 1. nitidus,
prefers to attack trunks of mature trees situated in sunny ex-
posures, especially in the middle to lower part of trunks 15—
25 cm diam (Liu et al. 2008). Ips shangrila often is present in
association with 1. nitidus, and also completes two generations
per year at low elevations. The onset of its spring flight and
tree colonization occurs about half a month later than that of
L. nitidus. The smaller species, . shangrila, always infests
from the top of the trunk, on branches larger than 3 cm diam
in the crown, and causes tree mortality together with 1. nitidus,
which primarily infests the base of the trunk. Sometimes
1. shangrila alone colonizes entire young trees and quickly
kills the tree (Liu et al. 2007).

Potential male-produced aggregation pheromone compo-
nents of these two sympatric and partially competitive species
were recently identified (Hoskovec et al. 2012; Zhang et al.
2009a, b). The 74 %-(—)-(S)-ipsdienol (2-methyl-6-methy-
lene-2,7-octadien-4-ol; 1d), i.e., 74:26 S:R or 48 % enantio-
meric excess (ee), (S)-(—)-cis-verbenol (cV), and 2-methyl-3-
buten-2-ol (MB) were considered as pheromone components
for I. nitidus (Zhang et al. 2009a). Racemic Id, and a possible
importance of (—)-trans-verbenol (tV), also have been de-
scribed by Hoskovec et al. (2012). For 1. shangrila, ¢V, MB,
and the opposite enantiomer of Id, 99 %-(+)-(R)-ipsdienol
(1:99 S:R or 98 % ee), were reported to be pheromone com-
ponents (Zhang et al. 2009b).

The disparity in enantiomeric compositions of the
ipsdienol produced by the sympatric species, I nitidus
and I shangrila, might be responsible for their repro-
ductive isolation even though the pheromones have oth-
erwise similar chemical compositions (Zhang et al.
2012). Such separation was earlier well described from
the Western Palearctic (Bakke 1978) and the Nearctic
(Seybold et al. 1995; Wood 1982). The reported field
attraction of the two species to at least four of these
identified pheromone candidates in partial combinations
with subtractive approach seemed to support their status
as pheromone components (Zhang et al. 2009a, b).
However, more detailed field trapping bioassays, espe-
cially those with a full factorial designs were needed to
evaluate the function of individual pheromone candi-
dates and their possible synergistic or antagonistic inter-
actions. For beetle management in these high altitude
areas, it also was desirable to determine the potential
for practical applications using the less expensive race-
mic Id, but still maintain a species-specific trapping
system.

Our hypotheses to be tested were: 1) Not all oxygenated
terpenoids found in male hindguts are components of an at-
tractive pheromone blend; 2) Differences in chirality of Id are
necessary, but not sufficient, for species separation; 3) There
will be both synergistic and antagonistic effects in the blends
reported; and 4) Racemic (+)-Id in synthetic blends allows
sufficient attraction for practical applications.

To this end, we performed four field-trapping experiments
in SE Qinghai province at the northeast margin of the Tibetan
plateau. The first two experiments in 2009 compared
74 %-(—)-(S)-1d, 97 %-(+)-(R)-1d, and the less expensive (£)-
Id in combinations with three other synthetic pheromone can-
didates of . nitidus (cV, tV, and MB). The second two exper-
iments in 2011 were full factorial experiments, separately for
L nitidus and 1. shangrila, with all possible combinations of
the three major components (cV, MB, and Id), for each species
using its own specific Id chirality. We also reviewed present
knowledge of pheromone components in Palearctic Ipini taxa
in respect of their function in species separation.

@ Springer



680

J Chem Ecol (2015) 41:678-688

Methods and Materials

Insect Identification During the outbreaks in 2001-2005,
1. nitidus was misidentified as Ips typographus (L.) by Chi-
nese entomologists (Xue et al. 2003), but in 2006 it was cor-
rectly identified (pers. comm., Milo§ Knizek, Forestry and
Game Management Research Institute, Czech Republic). In
the past in China, /. shangrila also was incorrectly recognized
as I. mannsfeldi (Wachtl. 1879) (Yin et al. 1984) even though
its host range (Picea spp.) in China was different from those
recorded for its European populations (Pinus spp.) (Stauffer
et al. 1997). The status of the latter species in the Qinghai
province was first challenged by M. Knizek in 2006, and
was later recognized, together with specimens from Yunnan
and Sichuan, as a new species based on a cladistic analysis of
both DNA and diagnostic morphological characters (Cognato
and Sun 2007). The two target species are separated easily by
the naked eye, both by size (I. nitidus is much larger) and by
shape (1. shangrila is more elongated). However, due to the
recent problems and progress of taxonomy, we checked trap
catches under a stereomicroscope in the laboratory. Only very
small numbers of other Ips or Ipini specimens were occasion-
ally observed in trap catches.

Field Experiments

Four field trapping experiments were carried out at the Maixiu
Forest Park, Qinghai, P. R. China (35°08'-35°30" N; 101°33'—
102°03" E; ca. 2900-3000 m elevation) during early summers
0f 2009 and 2011.

Effect of Enantiomeric Composition of Ipsdienol on Trap-
ping Ips nitidus, 2009 Two field trapping experiments
were carried out from 30 April to 14 May 2009 to test
the behavioral activity of various partial combinations of
three major candidate components of the male-produced
pheromone (MB, ¢V, and Id), plus a minor component,
(—)-trans-verbenol (tV), for I nitidus (Zhang et al.
2009a). Subtractive pheromone testing design (Byers
1992) was followed in this testing, but was incomplete
in that one compound (MB) was not subtracted.

Experiment 1 tested the effect of 74 %-~(—)-(S)-Id, the en-
antiomeric blend produced by /. nitidus males, against the
inexpensive racemic (+)-Id in binary, ternary, and quaternary
blends (Table 1, Fig. 1a). Experiment 2 tested the effect of
97 %-(+)-(R)-1d, approximately the enantiomeric ratio pro-
duced by I shangrila males, against the inexpensive (+)-1d
in binary, ternary, and quaternary blends (Fig. 1b).

Four sets of cross-barrier traps (50% 30 cm, Pherobio Tech-
nology Co., Ltd., Beijing, China) were deployed for each ex-
periment along the edge of a P. crassifolia forest stand on a
northern slope next to a creek at Douheyan, with > 50 m
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between the two experiments, >30 m between trap sets (within
each experiment), ca. 10 m between traps within each set, and
>10 m from the nearest trees. For each experiment, eight traps
within each set were baited with different blends of the three
major male-produced volatile compounds, plus a minor com-
ponent, tV; a ninth trap was left unbaited as a negative control
(Fig. 1a and b). Each tested compound was released from a
separate polyethylene bag (with or without inserted substrate
felt; and with different sizes and thickness). The dispenser
types, purities, loadings, and release rates of the tested semio-
chemicals are described in Table 1. For each experiment, the
positions of traps together with dispensers within each set
were initially randomized, and the dispensers’ positions were
re-randomized after each replicate when >20 beetles were
caught in the best trap(s), to minimize the positional effects
(Byers 1993; Fettig et al. 2000).

Full Factorial Trapping Experiments, 2011 Two more field
trapping experiments were conducted to test the behavioral
activity of the three major potential aggregation pheromone
components (three factors) and all their possible combinations
for Ips nitidus (Experiment 3) and /. shangrila (Experiment 4)
in two full factorial experimental designs. The minor compo-
nent, tV, was not included in these two full factorial tests since
it did not show any behavioral effect on 1. nitidus in earlier
research (Zhang et al. 2009a, b) and, based on results of our
Experiments 1 and 2, was actually inhibitory against
1. shangrila (Zhang et al. 2009b). The trapping experiments
were carried out from 30 April to 10 May 2011. Two sets of
cross-barrier traps for Experiment 3 and one set for Experi-
ment 4 were set up along the edge of a 15-yr-old P. crassifolia
forest plantation near the Maixiu Forest Nursery, with >
15 m between trap sets and ca. 10 m between traps within
each set, and >10 m from the nearest trees. For each ex-
perimental set, seven traps within each set were baited with
three individual pheromone components and all their pos-
sible binary/ternary combinations; an eighth trap was left
unbaited as a negative control. Each compound was re-
leased from separate dispensers supplied by commercial
sources. In the 2011 experiments, the same dispenser type
was used for each compound tested in both experiments.
The dispenser types, purities, and release rates of the tested
semiochemicals are described in Table 1. For each experi-
ment, the positions of traps with dispensers within each set
were initially randomized, and the positions of the dis-
pensers were re-randomized after each replicate (Byers
1993; Fettig et al. 2006) when >10 beetles were caught in
the best trap(s), to minimize the positional effect.

Statistics We followed the standards for statistical reporting
in experiment design as well as descriptive and analytical
statistics that were recently set (Hillebrand and Gurevitch
2013). We present trap catch data as relative catches per
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Table 1  Details of synthetic compounds and dispensers used in field experiments
Chemical Sources® Chemical Enantiomeric Release rate ©  Dispensers ° Experiment
purity (%)  purity (%) ° (mg/day) No.
2-methyl-3- Acros, 97 60 3 ml in a PE-bag (6.0x5.0 cm; 0.04 mm thick; with 1
buten-2-ol NJ, USA a5.0x4.5 cm felt)
Acros, 97 25 1 ml in a PE-bag (3.5%5.0 cm; 0.05 mm thick; with 2
NJ, USA a2.5x4.5 cm felt)
Fytofarm Ltd., 98 509 4.5 ml in an ampule tube made of PE (45 mm 3,4
Slovakia height, 22 mm &, 1.5 mm thick)
(—)-cis- Bedoukian 98 0.5 60 mg in a PE-bag (3.0%5.0 cm, 0.1 mm thick, 1
verbenol without felt)
Bedoukian 98 04 50 mg in a PE-bag (3.0%5.0 cm, 0.15 mm thick, 2
without felt)
Fytofarm Ltd., 98 24 100 mg in a PE-bag (5.0%6.0 cm, 0.1 mm thick 3,4
Slovakia without felt)
(+)-ipsdienol ~ Bedoukian 95 1.5 40 mg in a PE-bag (2.5%5.0 cm; 0.31 mm thick; 1,2
with a 1.5%4.5 cm felt)
Contech 95 024 40 mg in a Bubble cap 3,4
74 %-(—)-(S)- Contech 95 74 (-) 1.5 40 mg in a PE-bag (2.5%5.0 cm; 0.31 mm thick; 1
ipsdienol with a 1.5x4.5 cm felt)
97 %-(+)-(R)- Contech 95 97 (+) 1.5 40 mg in a PE-bag (2.5%5.0 cm; 0.31 mm thick; 2
ipsdienol with a 1.5%4.5 cm felt)
Contech 95 97 (+) 024 40 mg in a Bubble cap 3,4
(—)-trans- Contech >95 0.3 20 mg a PE-bag (2.0%5.0 cm; 0.31 mm thick; with 1
verbenol a 1.0x4.5 cm felt)
Contech >95 0.2 20 mg a PE-bag (1.8%5.0 cm; 0.31 mm thick; with 2

a 1.0x4.5 cm felt)

# Contech: Contech Enterprises, Inc., Victoria BC, Canada; Bedoukian: Bedoukian Research Inc., Danbury CT, USA; PE) polyethylene; thick) Refers to

wall thickness of PE bag and tube, respectively

© 94 of major enantiomer, i.e. 74 %=74:26S:R, corresponding to 48 % enantiomeric excess

¢ Dispensers prepared in our laboratory; release rate measured by weight loss in a fume hood at 20 -21 °C for two weeks

4 Compound in device from supplier of compound, release rate given by supplier

°PE: low density polyethylene (Uline, Pleasant Prairie, WI 53158, USA)

replicate (P). In addition to allowing comparisons of data from
different experiments on a similar scale, such a relative
measure helps to reduce the variation inherent in abso-
lute catches due to influences of uncontrolled factors,
such as weather and beetle population levels, on flight
activity. We used the conventional arcsin VP transforma-
tion to achieve normal distributions and homogeneous
variances (checked by Levene’s test) and kept « at
0.05 for hypothesis testing. Software IBM SPSS 19.0.0
and 21 (for Windows) was used for descriptive and
analytical statistics. Routines ONEWAY and
UNIANOVA were used for mean separation and facto-
rial analysis, respectively. We used factorial ANOVA to
determine the importance of each component in a blend
for activity alone as well as possible synergisms or an-
tagonisms (Schlyter et al. 1987; Zhang and Schlyter
2003); this analytical approach is superior to relying
only on less informative post-hoc range pairwise tests
(Jones 1984; Slinker 1998). Separations of means were

carried out by REGW multiple Q test after ANOVA on
the arcsin VP transformed data.

Results

Ipsdienol Enantiomeric Combinations for Ips nitidus In
Experiment 1, a total of 1981 I. nitidus were captured in seven
replicates (Fig. 1a). The numbers of 1. nitidus in traps baited
with the binary blends containing MB were not different from
those in the unbaited traps. The four-component blend con-
taining MB, 74 %-(—)-(S)-Id, cV, and the minor component
(5)-tV, caught the highest numbers of 1. nitidus, but it was not
different from the quaternary blend that contained (+)-1d
(Fig. 1a). The ternary blends containing 74 %-(—)-(S)-1d or
(¢)-1d without (-)-tV also caught significantly more beetles
than did the unbaited control and the binary blends, but they
were not significantly different from the two attractive quater-
nary blends (Fig. 1a). Thus, subtraction of (-)-tV from either
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Fig. 1 a Mean proportions of total catch of Ips nitidus in cross-barrier
traps baited with different combinations of male-produced volatile
compounds in their naturally-produced ratios, or racemic forms; b
Mean proportions of total catch of Ips nitidus in cross-barrier traps
baited with different combinations of Ips shangrila male-produced
volatile compounds in their naturally-produced ratios, or racemic forms
(April 30 to May 14, 2009, Maixiu Forest Park, Qinghai, China; N=7;
mean proportions with the same letter are not significantly different
(P>0.05) by REGW multiple Q test after one-way ANOVA on the
arcsin square root transformed data of the proportion of captured beetles
within each replicate; dashed line is the catch proportion expected by
chance alone for nine treatments (11.1 %); compounds and dispensers
as in Table 1)

quaternary blend did not reduce the trap catches; and replacing
74 %-(-)-(S)-1d with the racemate (+)-Id in the blends did not
result in any trap catch reduction. However, subtraction of ¢V
from the quaternary and ternary blends resulted in sig-
nificant reductions in trap catch (Fig. la), to a level not
different from those in unbaited control traps. Both MB
and Id were present in all the treatment traps, and so
the effects of their absence were not determined in this
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test. Only a few individuals of I shangrila were cap-
tured in Experiment 1 without showing a significant
pattern of attraction to any particular treatment.

In Experiment 2, which was originally designed for
L shangrila, only 66 I shangrila were captured due to
very low populations of this species in the test area.
Detailed trap catch data on I. shangrila were previously
published in Zhang et al. (2009b). In contrast to the low
catches of I shangrila, a total of 671 I nitidus were
captured in seven replicates. The unbaited traps and
traps baited with any blends (binary/ternary/quaternary)
having 97 %-(+)-(R)-1d as one of the major components,
caught zero or close to zero I nitidus beetles (Fig. 1b).
However, the two quaternary and ternary blends that
contained the racemic (+)-Id caught significantly more
L nitidus than did the unbaited control and all other
blends (Fig. 1b). Subtraction of the minor component,
(-)-tV from the attractive quaternary blend did not re-
duce the trap catches. Interestingly, removal of ¢V from
the active ternary and quaternary blends totally shut off
the attraction to /. nitidus (Fig. 1b). As in Experiment 1,
MB and Id also were present in all the treatment traps
in Experiment 2, and so the effects of their absence
from various combinations was not determined. In both
Experiment 1 and Experiment 2, and the published data
(Zhang et al. 2009a, b), no individual components were
tested; and thus their behavioral activity as independent
factors cannot be judged. To this end, we devised fac-
torial tests for both species with all combinations of the
relevant candidates tested in all possible combinations,
using the relevant Id enantiomers from both Experiment
1 and Experiment 2.

Full Factorial Trapping Experiment for Ips nitidus
Favorable weather conditions allowed us to complete 8
replications from each of the two sets of traps in Experi-
ment 3, resulting in a total capture of 810 /. nitidus in 16
replicates. The factorial experiment clearly showed a spe-
cific positive response to treatments including (+)-1d
(Fig. 2), similar to that of the 2009 experiments (Fig. 1)
and reported data (Zhang et al. 2009a).

Factorial ANOVA analysis on the effects of the three
major components, MB, (£)-Id and ¢V, and all their
interactions (synergism or antagonism) showed an over-
all highly significant effect (F7,,,0=97.6, P<0.001)
(Fig. 2). First, there was the expected strong impact of
(£)-Id as a factor (effect size as partial 772>0.8, Fy120=
557). Second, the MB (F} 120=13.7) or ¢V (¥ 120=
76.1) alone and their two-way interaction (IdxcV, Fy
120=31.8) also showed strong significance levels
(Table 2). Third, the two-way interaction MBxcV was
hardly significant (F; j50=3.1), while other interactions
were insignificant (Table 2). This corresponds to the
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Fig.2 Mean proportions of total catch of Ips nitidus in cross-barrier traps
baited with three potential aggregation pheromone components in a full
factorial design (April 30 to May 10, 2011, Maixiu Forest Park, Qinghai,
China; N=16; means with the same letter are not significantly different
(P>0.05) by REGW multiple Q test after one-way ANOVA on the arcsin
square root transformed data of the proportion of captured beetles within
each replicate; dashed line is the catch proportion expected by chance
alone for eight treatments (12.5 %); compounds and dispensers as in
Table 1)

synergistic effect of (£)-Id and cV, while MB seems to
have little activity when combined with ¢V or Id
(Fig. 2).

Means separations (Fig. 2) showed all treatments involving
(+)-1d to be above or at the random expectation of relative
catch of 0.125. In contrast, both MB or (—)-cV alone, and their
combination, and the blank, had close to zero catches.

Table 2 Results for tests of between-subject effects by factorial
ANOVA on relative catches of Ips nitidus in Experiment 3, 2011
(dependent variable is catch for a treatment as a proportion of total
catch in a replicate, transformed to arcsin square root; . Levene’s test of

Fig. 3 Mean proportions of total catch of Ips shangrila in cross-barrier
traps baited with three potential aggregation pheromone components in a
full factorial design (April 30 to May 10, 2011, Maixiu Forest Park,
Qinghai, China; N=8; means with the same letter are not significantly
different (P>0.05) by REGW multiple Q test after one-way ANOVA on
the arcsin square root transformed data of the proportion of captured
beetles within each replicate; dashed line is the catch proportion
expected by chance alone for eight treatments (12.5 %); compounds
and dispensers as in Table 1)

Interestingly, the highest trap catch was with the ternary blend
including MB, significantly higher than the synergistic binary
blend of (+)-Id + (=)-cV. Thus, a ternary blend of all three
major components, MB, (—)-cV, and (£)-Id or 74 %-(-)-(S)-
Id is supported as the aggregation pheromone system for
1 nitidus by the one-way ANOVA post-hoc analysis. Very
few 1. shangrila and Thanasimus spp. clerid predators were

equality of error variances F; 120=2.0, P=0.06 (NS); values for SS and
d.f. for overall estimates as in corrected model, intercept, error etc. are not
given here to improve clarity; error d.f =120, total 128)

Source of variation Type III SS daf F P Partial >
Factors
2-Methyl-3-buten-2-ol (MB) 0.14 1 13.7 <0.001 0.10
()-Ipsdienol (Id) 5.7 1 556.9 <0.001 0.82
(S)-(—)-cis-Verbenol (cV) 0.78 1 76.1 <0.001 0.39
Interaction of factors
MBxId 0.01 1 0.6 0.45 NS 0.01
MBxcV 0.31 1 3.1 0.08 NS 0.02
IdxcV 0.32 1 31.8 <0.001 0.21
MBxIdxcV 0.01 1 0.8 0.39NS 0.01
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caught in treatment traps and none were caught in unbaited
control traps.

Full Factorial Trapping Experiment for Ips shangrila In
Experiment 4, I. shangrila was again in lower abundance than
1 nitidus, but eight replicates were achieved (n=8) with a total
of 358 beetles captured. As with I. nitidus in Experiment 3,
there was an apparent overall strong influence of Id, but here
of the opposite (+)-Id enantiomer (Fig. 3).

A factorial ANOVA of the three major components, MB,
cV, and (+)-1d, and their interactions showed an overall highly
significant effect (F;, 56=25.8, P<0.001) with quite homoge-
nous variances (Table 3). There was an expectedly strong
impact of (+)-Id alone as a factor (with effect size as partial
1°>0.7; F1 56=145), and also of the other compounds: MB
(F156=14.2), but less strong for ¢V (F; s¢=4.2), with several
interactions at significant levels (Table 3). The interaction MB
x 1d was highly significant (/' s5¢=7.3, P<0.009), while MB x
cVand IdxcV were less so, and non-significant for the third
level interaction MB x ¢V xId. Thus (+)-Id and (—)-cV act syn-
ergistically to increase attraction, while MB has strong activity
when combined with Id. Unexpectedly, the MB-related inter-
actions here were all antagonistic, due to a decrease in trap
catches compared to treatments containing (+)-Id without
MB. In contrast, ¢V increased attraction (Fig. 3).

All treatments involving (+)-Id, except the one combined
with only MB, had means far above a relative catch of 0.125,
and were significantly different from other treatments (Fig. 3).
The inhibitory MB, and the less attractive cV alone or their
combination, did not differ from the blank with catches near
zero. Thus, only (+)-Id and (—-)-cV combined are supported as
active and synergistic aggregation pheromone components for
L shangrila; (+)-1d is the most critical component in its pher-
omone system, whereas MB does not seem to be a part of the
aggregation pheromone blend. In contrast, any combinations

Table 3  Results for tests of between-subject effects by factorial
ANOVA on relative catches of Ips shangrila in Experiment 4, 2011
(dependent variable is catch for a treatment as a proportion of total
catch in a replicate, transformed to arcsin square root; . Levene’s test of

with MB caught less than their corresponding combinations
without MB, a highly significant effect according to ANOVA
(Table 3). As in Experiment 3, only a few Ipinids and
Thanasimus spp. were caught.

Discussion

The present paper clearly illustrates an example of pher-
omone response diversity as a basis for mate recogni-
tion in two species of Eastern Palearctic Ips. For these
two syntopic species, we find that both the composi-
tions of the major components, chirality of the major
compound Id, and some minor components contribute
to signal specificity. The response specificity is a func-
tion not only of attractive properties of synergistic pher-
omone components, but also of antagonistic effects of
some other components.

Our first hypothesis, that not all chemically identified
constituents from unmated males are attractive, is borne
out by the fact that tV is inactive in I nitidus or inhib-
itory in I shangrila, and that MB is an antagonist for
L shangrila. Our current results for I. shangrila are
different from the three-component pheromone system
of MB, (+)-1d, and (-)-cV reported by Zhang et al.
(2009b). The difference in respect of MB is presumably
due to the fact MB was included in all the treatment
traps in the earlier study. Production of MB and tV in
the hindguts of male /. shangrila reached the highest
level (760 ng/male and 180 ng/male, respectively) after
the males mated with four females (Zhang et al. 2009b),
providing circumstantial evidence for the antagonistic
effects of these two components in this species. After
mating, the key pheromone component, (+)-Id, was at
the lowest level (<100 ng/male) (Zhang et al. 2009b).

equality of error variances F7 5=0.65, P=0.71 (NS); values for SS and
d.f. for overall estimates as in corrected model, intercept, error etc. are not
given here to improve clarity; error d.f =56, total 64)

Source of variation Type III SS d.f. F P Partial 11>
Factors
2-Methyl-3-buten-2-ol (MB) 0.22 1 14.2 <0.001 0.21
97 %-(+)-(R)-Ipsdienol (Id) 22 1 144.8 <0.001 0.72
(S)-(—)-cis-verbenol (cV) 0.07 1 42 0.044 0.07
Interaction of factors
MBxId 0.12 1 73 0.009 0.12
MBxcV 0.07 1 43 0.044 0.07
IdxcV 0.08 1 49 0.030 0.08
MBxIdxcV 0.02 1 1.0 0.31 NS 0.02
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(—)-Ipsenol was detected from male hindguts of both
species as a minor/trace component (Hoskovec et al.
2012), but its behavioral function has not yet been test-
ed. Other compounds frequently found in many Ips, but
never confirmed as pheromone components, such as
myrtenol and 2-phenylethanol, also were detected as
minor components of species studied here (Zhang
et al. 2009a, b).

The second hypothesis, that variation in Id chirality
was a necessary, but not sufficient, factor for species
separation, is partly supported by the two first experi-
ments reported here and by earlier studies (Zhang et al.
2009a, b). Results for (+)-Id based blends tested here
indicate that racemic, or close to racemic Id, is the
critical component for attraction of I nitidus. In con-
trast, the sympatric I. shangrila is attracted to blends
containing 97 %-(+)-(R)-Id, which is close to the natu-
rally produced enantiomeric ratio of 99:1 R :S; (Zhang
et al. 2009b). Such strong disparity in the enantiomeric
composition of the critical shared pheromone component
Id is evidently a necessary factor for maintaining the
reproductive isolation among these two syntopic and
sympatric species. In addition to the key factor of Id
chirality, there was a strong effect of ¢V for increasing
1. nitidus attraction. On the other hand, MB improves
attraction of [. nitidus, but is an antagonist for
I. shangrila. Thus, at least two identified terpenic alco-
hols (cV and MB) other than Id in each species contrib-
ute to full species isolation by pheromone.

The third hypothesis, stating the existence of both
antagonistic and synergistic effects of hindgut com-
pounds, is strongly supported for both species. Our full
factorial experiments in 2011 demonstrated that
74 %-(-)-(S)-1d or (£)-1d, (-)-cV, and MB, are the three
synergistic components of the male-produced aggrega-
tion pheromone of 1. nitidus, thus supporting the finding
of Zhang et al. (2009a); whereas 99 %-(+)-(R)-Id and
(-)-cV are the two synergistic components of the aggre-
gation pheromone of I. shangrila. In contrast, MB, one
of major male-produced hindgut volatiles, has antago-
nistic effects on the attraction of I shangrila (current
study). Furthermore, the minor component, tV, was in-
active in I nitidus (current study and Zhang et al.
2009a), but showed strong inhibitory effect on
1. shangrila (Zhang et al. 2009Db).

Pheromone Production and Responses in Palearctic Ips
and Pseudoips Among the 14 major Eurasian Ipini bark bee-
tle examples listed in Table 4, there are eight common phero-
mone components: both enantiomers of Id, (—)-Ie, cV, E-
myrcenol (EM), amitinol (AM), and two isomers of
methylbutenol (2-methyl-3-buten-2-ol and 3-methyl-3-buten-
1-ol) that, in theory, could create 255 different blends.

Typically, only two or three components are noted for 13 of
15 blends reported. The Larix infesting taxa of Ips shows an
interesting variety of blend components; in Europe four com-
ponents have been reported for /. cembrae (Kohnle et al.
1988b), while the East Paleartic Larix beetle (I. subelongatus)
reportedly has two components in Jilin, NE China (Song et al.
2011), but only one component in Inner Mongolia, NE China
(Zhang et al. 2000, 2007a). Id is the most common pheromone
component, used in 11 of the 14 species of these Eurasian
Ipini bark beetles; (+)-Id in five species, (—)-Id in three spe-
cies, and both enantiomers in three species. In /. nitidus, nei-
ther pure enantiomer is attractive, which is rather unusual
among insect pheromones and obviously a critical factor in
species specificity. However, in our set of species we found
this in three of 14 cases (I. nitidus, I. duplicatus, and
1 sexdentatus), but in each case one [I. sexdentatus, or possi-
bly more, see Etxebeste et al. (2012)] or two additional syn-
ergistic components are known. Ie is the most common sec-
ondary Ips pheromone component found in eight species,
followed by ¢V present in six species (Table 4); followed by
AM in five species and 232-MB in four species. Two compo-
nents, E-myrcenol (EM) and 331-MB are reportedly phero-
mone components only for I duplicatus and 1. cembrae, re-
spectively. The ¢V seems to be a conservative motif in all four
Ips and Pseudoips taxa that are uniquely distributed in the
high altitude regions of Himalayas and Tibetan-Qinghai Pla-
teau. No common aggregation pheromone blend is shared by
any of the Eurasian Ipini species listed in Table 4, not even
those phylogentically closely related sister species pairs, such
as 1. typographus and 1. nitidus; I. shangrila and I. amitinus
(Cognato and Sun 2007); or I. cembrae and I. subelongatus
(Stauffer et al. 2001). A possible exception is the pair
1 schmutzenhoferi and Ps. orientalis, which have been report-
ed to use Ie and cV. However, for 1. schmutzenhoferi, neither
chirality of Ie nor response to full-blend candidates is known
(Eidmann and Birgersson 1988; Kohnle et al. 1988a).

Strong geographical variation in pheromone response,
and to a lesser extent in production, occurs between
European and Asian populations of I. duplicatus;
(Lakatos et al. 2007; Schlyter et al. 1992, 2001a) or
even among Chinese populations of . subelongatus
(Chen et al. 2015; Song et al. 2011; Zhang et al.
2007a). Similar geographical variations also might occur
for other Eurasian Ipini species, of which pheromone
identifications are mostly from European populations
that were investigated >30 years ago prior to the advent
of GC-EAD. Thus, re-examination of the aggregation
pheromones of “Pan” Eurasian species using GC-EAD/
MS technology, and field trapping bioassays in both
Europe and Asia with a full factorial experimental de-
sign approach, could uncover any potential regional or
continental variations in pheromone production and/or
responses. Updating the knowledge of bark beetle
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chemical ecology will likely allow an improvement of
semiochemical-based beetle control of economically im-
portant Eurasian Ipini bark beetles.

Ips nitidus, 1. shangrila, and Ps. orientalis are not only
sympatric, but also share common or similar spatial and tem-
poral niches in P, crassifolia forests (Liu et al. 2007). This may
result in strong interspecific competition and evolutionary
pressure for reproductive isolation (Wood 1982). Ps.
orientalis produces an aggregation pheromone blend of
95 %-(—)-Ie and (—)-cV that is quite different from those of
1. nitidus and 1. shangrila (Table 4). Such a strong disparity in
pheromone systems among the sympatric bark beetle species
would amplify the potential semiochemical interactions such
as mutual or unidirectional inhibition (Wood 1982). In turn,
these interactions play a role in maintaining partial niche sep-
aration and reproductive isolation, and may regulate both spa-
tial and temporal competition (Byers 1989; Schlyter et al.
1992, 2001a; Zhang et al. 2009a, b). Whether in general there
is an effect on the evolution of their active pheromone com-
ponents due to the sympatry or syntopy of bark beetle species
on the same host tree species has not yet been formally tested.

The fourth hypothesis that racemic Id could be used instead
of pure enantiomers of Id holds true only for /. nitidus. For
1 shangrila, a two-component pheromone blend of (+)-Id and
(—)-cV, is required as a selective monitoring-bait, while mass-
trapping 1. shangrila is less likely due to the current high costs
of synthetic (+)-Id. In contrast, for . nitidus where less expen-
sive racemic Id can replace the naturally produced enantio-
mers, the future for pheromone monitoring or mass-trapping is
much brighter. In fact, the racemic (+)-1d was recently report-
ed from guts of both male and female I. nitidus, and from their
frass, via chiral GCxGC-TOFMS analysis (Hoskovec et al.
2012). The importance of a synthetic pheromone blend that
is competitive to natural sources is illustrated by the successful
mass-trapping of Ips duplicatus in Inner Mongolia (Schlyter
et al. 2001b).
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