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Hybrid poplar clones show varying levels of attack by Cryplorhynchus lapathi (1..). a
wood-boring weevil. We studied differences in olfactory and feeding behavior wmong four different
hybrid poplars in a series of laboratory bioassays. Weevils did not discriminate between resistant and
susceptible clones based on olfaction in pitfall bioassays or antennal responses but did discriminate
against the most resistant hybrid, NM 6 (P. nigra L. X P. maximowiczii Henry), in choice and no-choice
paired-twig feeding bioassays. In addition, the susceptible hybrid, TN 302-9 (P. trichocarnia Torrey and
Gray X P. nigra), was preferred for feeding over Salix scouleriana Barratt ex Hooker, a preferred host
in the wild. We conclude that resistance among hybrid poplars is in part based on antixenotic cues
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T vort ar aND wiLLow borer, Cryptorhynchus lapathi
(L.) (Colcoptery; Chrculionidae), primarily ‘attacks
hosts in the funily Salicaceae, but it may also infest
several Alnus and Betula spp. (both Betulaceae) (Har-
ris and Coppel 1967). Throughout most of British
Colunibic aduit emergence begins in July and peaks
in mid- to late August, although there is considerable
longevity and asynchrony in the lifecycle (Smith and
sttt 1068 wach that wdults are present year round.
The nuioeity of weevils emerge in summer and ovi-
posit throughout Lite simmer and early fall. Femules
oviposit into niches ereated in the bark where larvae
Liateh e Tirst mine before moving into the xvlen,
Danage includes decrcased wood quality, stem break-
agesand mortality (Broberg et al. 2001)  and pathogen
enty (Primm 1918, Abebe and Hart 1990).

This exotic weevil (Juelich 1887, Caesar 1916) is still
capanding ity range northward in North America
(Broberg et al 2002): it already covers the entire
sonthern hadl of Canada and most of the continental
Uirited States. extending - south  into - California
CEwrniss and Carolin 1977, Morris 1982, Garbutt and
Fhoarvis 199 1), Weevil attack is devastating to native
Novth Anerican Saliv spp. (Salicaceae) (Broberg etal
2001 ) and plagnes nany Populis spp. and commenr-
cially wronn hvbrids (Salicaccae)  (Cadahia 1965,
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Dafauce 1976, Morris 1981, Moore et al 1982, Al
and Hart 1990, Johnson and Jolhnson 2003)

There are records of unequal incidence of € lupat
attack among hybrid poplar clenes in Norihy Amerid
(Morris 1981 Moore et al. 1952, Abebe and Pt AN
Johnson and Johnson 2003): however, the mechanism
for these apparent resistince phenomeni A
clones are unknowsi. There wre twae pnlvnli.\l Mecie
anisis to explain this ph enon. :u:!i\«-nfhi‘ (n
preference) and antibiosis (Painter 1951, kl{_)i""
Ortiman 1978). Antixenosis indicides that the ph
cither lacks attractant stimuli o contains dete il
stimuli and is consecuenthy not proeferred Dehay 1orail
by herbivores. I antibiosis. the host pl;ml' mnI‘
compounds that ach ersely aflfeet herbivore fitness
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considered further.
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urentage of the four hybreid poplue ¢lones used in this study

Materal parent

Paternal parent

Breeding information

P trichocarpa 93-925 fron Hoh Valley,
Washington

P onigra L. 71049121 from V. Steenackers.,
Poplar Research Center,
Gernardsbergen, Belgiuin

P deltoides 101 from Hlinois

P. maximowiczii Heury T1S63 from Japan

M0 I trichocarpa 93-968 lrom Granite
o ~ s .
Falls, Wishington
Oy Potrichocarpa 95-877 from Hol Vidley,
Washington
P niigra P maximowiczii

Bred by R.F. Stettler in 1988 at the
University of Washington

Bred by R.E. Stettler in 1981
University of Washington

Bred by RUF. Stettler in 1987 wt the
University of Washington

Bred in Cermnany

at the

¢ ultimate goal was to determine the mecha-
(s) ol resistance among hybrid poplar clones cur-
Sgrown in North America. In this study, we
1the hypotheses that, compured with resistant
suseeptible clones lucking antixenosis would
re attractive through olfaction and would sus-
more fecding damage.

Materials and Methods

eral Strategy. Weevils were given a choice be-
two potential hosts and were also exposed in
oicc experiments to a single host type in a series
ratory olfactory and feeding bioassays. Because
antitative information o1l resistance to C. lapathi
wailable for commercially planted clones when
gudy began in 2001, initial experiments compared
nses by weevils to commercial clones versus nat-
occurring  (susceptible) black cottonwood,
us trichocarpa Torrey and Gray. To maximize the
hood of encountering varying levels of resistance
wsceptibility, four clones were chosen from dif-
{ breeding backgrounds: TN 302-9; TD 52-226;
%56-28; and NM 6 (for parentage, see Table 1).
ter, these clones are referred to as TN, TD, TM,
NM, respectively. Later experiments used infor-
n from fAeld observations and compared re-
s among native willows and two clones that
dapparent resistance and susceptibility, respec-
(Broberg and Borden 2005).
t Material. Clonal material for testing was
current year's growth obtained from several
us coppiced ramets grown at Scott Paper’s nurs-
in Harrison Mills, British Columbia (49°15" N,
"' W) and pooled. The P. trichocarpa test mate-
e from a single population in Langley, British
bia (49°5' N, 122°42° W) and consisted of 1-yr-
terial on individuals coppiced 2 yr previously.
scouleriana Barratt ex Hooker stems of assorted
growing from previously coppiced clumps, were
ed from the Simon Fraser University campus,
y, British Columbia (49°17" N, 122°56' W).
were from determinate branches (i.e., lacking
apical meristems).
®evil Colonies. To obtain adult C. lapathi, infested
low stems were collected in mid-July and kept
tilated 30 by 35 by 50-cm® bins in an outdoor
und at Simon Fraser University. In 2001, mate-
"*}5 collected from Coquitlam, BC (49°20" N,
W): in 2002, near Hope, British Columbia

(49°33" N, 121°26" W): and in 2003, from the Co-
quihalla summit area (49°59' N, 121°00" W). Emergent
adults were muanually removed from bins, sexed, and
placed in 25 by 35 by 50-cm” ventilated containers
with willow stems, water, and occasionally sliced ap-
ple fruit. Weevils for bioassays were held at 4°C.

Pitfall Olfactometer Bioassays. Pitfall olfactometers
used to examine weevil responses to volatile stimuh
were larger versions of those described by Prokopy et
al, (1995). We used a 14 by 2.5-cm petri dish fitted with
two open 1.8-m! Eppendorf centrifuge tubes, spaced 8
cm apart. The bottoms of the Eppendorf tubes were
opened with a 5-mm-diameter drill, so they formed a
tube through which weevils could pass into a pit be-
low, from which escape was unlikely. Pits were glass
jars 4.5 cm diameter and 6 cm high for stems alone or
4.3 cm diameter and 8.5 cm high when both stems and
leaves were tested. Beetles were acclimated in the
pitfall olfactometer for =10 min under the overturned
bottom of a 3.5 by 1-cm petri dish before the start of
a bioassay. Bioassays ran overnight, =18 h, in the dark
with one female or male weevil per dish. Weevils were
starved for 24 h before experiments in 2003, but in 2001
and 2002, small colony size and concern for increased
mortality precluded using this procedure.

In choice bioassays, both pits contained stem sec-
tions cut to 3 c¢m in length. Diameters were matched
between treatment and control pits and ranged from
7 to 20 mm. In no-choice bioassays, i.e., when only one
pit contained plant material, both pits contained a
1-cm-long section of water-saturated dental wick. In
this manner, once beetles made a choice to enter a pit,
there was stimulus for them to stay (Pierce etal. 1988).
In experiments that included leaf material, a single leaf
was placed in a small vial of water in addition to the
stem material. We placed a vial of water in the control
pit in the corresponding no-choice bioassays. Treat-
ments were applied in a completely randomized de-
sign and were repeated until sufficient response rates
for statistical analysis were obtained.

We first tested responses to stem sections of each of
the four clones paired with sections from P. tricho-
carpa or an empty (i.e., containing a wet dental wick)
pit. After field-caging experiments (Broberg and Bor-
den 2005) suggested that, among the four clones, TN
was highly susceptible and NM was most resistant, we
repeated pitfall olfactometer bioassays using NM, TN,
and S. scouleriana, a preferred host in the field.
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Table 2. Pitfall bioasszay results of four hyhrid poplar clones, P. lrirlloé(lrl)(n (TT), and S. scouleriana (SS)
S——
Females Males
Dates perfarmed Plant iateridl '\Vee\*il's choAice Tails Proportion Pmpu-
used (side 1 versus side 2) N entering N enterimg
side 1 side |
—_ ———
20 Asg. 22 Septe. and 12 Oct. 2001 Stems alone TN versus TT 2 20 0.55 15 05
TD versus TT 2 19 0.53 17 (¥
TM versus TT 2 30 0.70° 27 ot
NM versus TT 2 16 0.56 16 s
S5 A and T Sepl 2001 and 3 Oct, 2002 Stems alone TT versus empty pit 1 14 0.93 18 055
TN versus empty pit 1 12 0.83" 13 085"
TD versus empty pit 1 14 0.79¢ 18 oy
_TM versus empty pit 1 13 0.85¢ 18 0S¥
NM versus empty pit 1 15 0.87" 20 08y
30 Aue, and 23 Sept. 2003 Stems and leaves NM versus TN 2 19 053 20 055
NM versus SS 2 21 0.29 20 0w
TN versus SS 2+ 20 0.35 19 042

—_—

Distributions that dhifered sianificantly fronn the binomial distribution (with p = 0.3) indicated by “ P < 0.05: ” P < 0.01: and < P< 08l

Gas Chromatographic-Electroantennographic De-
tection Ana
hybrid poplars were collected in late August 2001,
returned to the laboratory. pluced in water. and aer-
ared (Rudinsky 1974). Volatiles were captured on
Parapak-Q 1 Byrme et al. 1975) . eluted under pressure
N s with 2l of distilled pentane. Both male and
female adult O lapathi were subjected to gas chro-
matographic-clectroantennographic detection (GC-
EAD) analvsis of the captured volatiles (Arn et al,
1975), Captured volatiles (1 ul) were injected splitless
{Hewlett-Packard 3590 ¢as chromatograph. injector
port 250°C. detector port 260°C. temperature program:
held T minat 30°C. increased 10°C/min to 280°C: DB-5
fused silica columm. 30 m by 0.32 mm ID: ] & W
Scientific. Folsom. CA) and passed over an electro-
physiological antennal preparation (A etal. 1975) or
a flame ionization detector. Antennally active com-
pounds were identified by GC-mass spectrometry
{Varian Saturn 2000 lon Trap. DB-53 column as above,
electron impact mode) and confirmed by coelution
with svnthetie standards.

Paired-twig Feeding Bioassays. Paired-twig bioas-
savs CTomlin and Borden 1996) were performed to
determine feeding preferences using 5-cm-long cut
stem sections suspended on a central =2 by 2 by 2-¢m?
wax block. The exposed ends were sealed with paraffin
wax. and cuch paired-twig assembly was placed in a 14
by 2.5-cmi petri dish. Dishes were arranged in a com-
pletely randomized design. and individual nonstarved
male or female weevils were allowed to feed for 3 d.
Feeding was assessed by number of feeding punctures
(determined under a dissecting microscope) and
weight of frass (dried to constant mass) collected from
under each of the twigs.

Asin the pitfall hioussays. we first tested each of the
four clones against P frichocarpa (n = 15). No-choice
experiments were also run on the four clones and P.
trichocarpa v = 12Y, in which the same material was
placed on both sides of the paired-twig set up. Next,
we used paired-twig bioassavs to compare feeding
responses umong NN TN and S, scouderiana in choice
(n = 13) and no-choice (n = 12) situations.

vsis. Leafy shoots from the terminals of

Statistical Analyses. In all cases, a = 0.05. For pi
olfactometer bioassays, responses were tested
the binomial distribution with p = 0.5 (Daniel 1
Data from paired-twig feeding bioassays were t
with a series of paired t-tests (Daniel 1995). Data
no-choice feeding bioassays were analyzed by analy
of variance (ANOVA) using PROC GLM, and w
significant differences were found, the REGWQ
was used for means separation (SAS Institute 19%).‘
necessary. data were transformed (x'’?) before anal
vses to correct for non-normality and heteroskedas
ticity.

Results and Discussion

Pitfall Olfactometer Bioassays. Weevils of be
sexes responded strongly and consistently to pits com
taining poplar stems af any origin when the altern
was an empty pit {Table 2). These results suggestt
presence of attractive volatiles in all five types®
poplar and absence of a repellent. In choice bioass
male C. lapathi preferred cut stem sections of TN
TM. and females preferred TM to sections of
tible P. trichocarpa stem (Table 2). This discri
was absent in late October (data not shown).
was also no evidence of preference among TN, }
and S. scouleriana, which included leaf material asv
as stems (Table 2). Additional pitfall experiments
cluding stem and leaf material during this same ti
period (C.B., unpublished results) showed that we
vils preferred pits containing S. scouleriana over:
series of field-collected alternate hosts and nonhes
P. trichocarpa, Populus tremuloides Michaux,
rubra Bongard, Acer macrophyllum Pursh (4
aceae), and Picea abies L. Karsten (Pinaceae). Cle
olfactory discrimination does not explain resi
among hybrids. Dafauce (1976) also found no olfas
torv discrimination between susceptible P. de
cultivar Missouriensis Zeeland and resistant P. albe
cultivar bolleana Lauche in the Jaboratory. It is prol
able that the volatile profiles of hybrid poplars are ve
similar and discrimination is not possible.
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-EAD Analysis. A lack of olfactory discrimina-
is supported by comparative GC-EAD analysis
showed very similar volatile profiles and antennal
nses among clones (Fig. 1). Male and female
nal responses were nearly identical, thus only
are shown. Antennal responses were primarily
ed by six-carbon alcohols, benzaldehyde, salicy-
hyde, conophthorin, nonanal, nonanol, methyl
late, and several unknown compounds. Low or
response to prominent volatiles were inconsis-
with responses in the pitfall bioassays; e.g., re-

to salicylaldehyde was low in TM and high in
but both clones were preferred in pitfall experi-
(Table 2). The strong antennal response to
bthorin by C. lapathi antennae despite its nearly
ectable level in the flame ionization detector
Mass spectrometer supports its earlier discovery in
carpa (Huber et al. 1999) and reflects a new

3.

finding in willows (Broberg et al. 2005). It further
suggests that conophthorin may have behavioral activity
for C. lapathi. In the closely related family Scolytidae,
conophthorin acts as a repellent nonhost kairomone
(Huber et al. 1999, Zhang et al. 2001), a repellent or
attractive pheromone (Kohnle et al. 1992, Dallara et al.
2000, Rappaport et al. 2000), and a synomone for com-
peting congenerics (Dallara et al. 2000). Other known
bark beetle pheromones detected in the plant volatile
profiles were l-octen-3-ol (Pureswaran and Borden
2004) and chalcogran (Byers et al. 1989, 2000), which
also occurs in Salix spp. (Broberg et al. 2005).

Paired-twig Feeding Bioassays. Weevils fed on the
inner bark at the cut ends of stem sections despite
sealing with paraffin, making estimation of puncture
numbers difficult. However, data on frass production
and feeding punctures were generally consistent (Ta-
ble 3; Figs. 2-4).

Results from paired-twig bioassays of four hybrid poplar clones and P. trichocarpa (TT)

Weevil’s choice

Mean no. feeding

Mean amt of frass

(side 1 e 2) Tails punctures = SE produced * SE (mg)
i Side 1 Side 2 t P Side 1 Side 2 i v
TN versus TT 2 20.0 = 4.6 143 32 091 0.38 1.6 £05 1403 0.68 051
TD versus TT 2 104 =17 266 4.2 =3.52 0.004 0.6 *+0.1 1.2 02 =2.5% 0.02
T™ versus TT 2 20.1 =39 19.7 = 3.8 0.08 0.94 1.0=x02 1.3 £0.3 —-0.59 0.57
NM versus TT 2 12718 229 * 4.0 —-2.58 0.02 1.2+02 2.2 0.3 -2.58 0.02
TN versus TT 2 156 = 3.8 6.5 £19.3 2.00 0.07 1.5%+0.3 1.0*x02 1.40 0.18
TD versus TT 2 9.9 * 36 130 + 28 -0.65 0.52 07x02 08=*02 -0.32 0.76
TM versus TT 2 21.1 £32 179 +64 2.01 0.07 1.0£0.1 08 =01 1.75 0.10
NM versus TT 2 132 3.1 127 =33 0.09 0.93 09 *0.2 1.0x02 -0.71 0.49

ces between side 1 and side 2 means were compared using a paired f-test.
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Female weevils alone fed less on TN or TD than on
P. irichocarpa in choice situations (Table 3). In no-
choice situations. both sexes generally fed the least on
NAL however, this feeding was not significantly dif-
ferent from that on TD. P. trichocarpa. or TN (Fig. 2).
When feeding preferences among NM, TN. and S.
scouleriana were examined. responses became clear.
When presented with a choice. weevils of both sexes
avoided NN in [avor of the more susceptible hosts TN
or S. scouleriana. Furthermore. weevils selected TN
over its preferred wild host. S scouleriana (Fig. 3).
These rosults were reflected in the no-choice exper-
iment. i which both feeding punctures and frass pro-
duction on NA were significantly lower for both sexes
than on TN or S. scouleriana (Fig. 4). The preference
for TN over S. scouleriana indicates that this hybrid
could be verv susceptible to attack in the field, espe-
ciadly when fivst planted. The lack of antixenosis to-
ward TM. which is also highly resistant (Broberg and
Borden 2003). and the lack of consistent preference
for the susceptible TD and TN in choice and no-choice
paired-twig feeding bioassavs (Table 3; Fig. 2) sug-
aests that caution should be used in the use of feeding
preference screens as indicators of resistance in the
field.

Nonpreference for P alba cultivar bolleana re-
mained constant over several choice feeding trials in
the work of Dafuuce (1976) but not in that of Cadahia
Also.in the only no-choice trial of Dafuuce
L1976}, there was equal feeding on the nonpreferred
P alba cultivar bolleana and the (usually) highlv pre-
ferved clone. P. deltoides NMarsh cultn\n Car olinensis.

LOBAY.

4.32. P = 0.01. Within each subfigure, bars with the sum

on which adults also had the greatest longevity.
ilarly, we observed that weevils make choices co
tent with maximizing fitness by discriminating agai

NM and for TN, but often fail to do so (Table 3; i

2-4), suggesting that either antixenotic signals or
vil preferences are unreliable. Accordingly, C. lap
showed only weak oviposition preference betwe
TN and NM (Broberg and Borden 2005), vet

ftness costs of making a wrong decision were seves

because eggs did not complete development in NI
All four hvbrids in this study are from the two closs
related Populus sections Aigeros (cottonwoods)

Tacamahaca (balsam poplars) (Eckenwalder 1998

Given the similarity in the volatile profiles of il

different hybrids, and their evolutionary relatedne:

We intend to investigate bark chemistry in the fut
Because we did not examine effects on weevil fitme
directly, it is possible that reduced feeding on NI
not a result of antixenosis, but of enhanced nut
value. This does not seem a likely alternate hypothes
as others have found NM and other clones with
maximowiczii parentage to have antixenotic or a

biotic effects on a number of species including &Y
unpublished data), forest teg

lapathi larvae (C.B.,
caterpillar. Malacosoma disstria Hiibner, larvae (B
bison and Raffa 1994). gvpsy moth, Lymantria di
L. lavae (Kruse and Raffa 1996), the aphid, Ches
phorus leucomelas Koch (Ramirez et al. 2004). and

meadow mouse. Microtus pennsylvanicus (Ord.) (B

bison and Raffa 1998). We conclude that C. lapathi -
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Fig. 4. Results from feedling hioussay experiment in which no choice was given comparing feeding on wild S. scouleriana
o hybrid poplar clones: one with and one without P. maximowiczii parentage. ANOVA statistics are as follows: (A)
A3 df =233, P = 0.002: (B) = 12.74.df = 233, P < 0.0001; (C) F = 1393, df = 232, P < 0.0001; (D) F = 7.69, df =
P = 0.002. Within each subfigure. bars with the same letter are not significantly different (REGWQ test, P < 0.05).
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capable of discriminating against NM using gustatory
cues (Table 3; Figs. 2-4) but not olfactory cues (Table
2: Fig. 1). Thus. resistance is apparently based, at least
i part. on antixenosis.
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