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ABSTRACT 

Several combinations of p o t e n t i a l l y  a t t r a c t i v e  v o l a t i l e s  f o r  the  

mountain pine b e e t l e ,  Dendroctonus ponderosae Hopkins, were t e s t e d  i n  

laboratory and f i e l d  bioassays. Vola t i l e s  t e s t e d  were: trans-verbenol,  

a known aggregation pheromone; 3-caren-10-01, acetophenone, and myrcenol, 

a l l  produced by females boring i n  h o s t  pine logs; and 2 hos t  monoterpenes, 

a-pinene and 3-carene. I n  the  labora tory ,  3-caren-10-01 alone was a t t r a c t -  

i v e  t o  bee t l e s  of both sexes. When added t o  3-carene p lus  trans-verbenol 

i n  f i c l d  trapping experiments, 3-caren-10-01. caused a switch i n  sex r a t i o  

i n  favour of males. Seven out  of 8 t r a p  t r e e s  ba i t ed  with t h e  te rnary  

mixture of 3-carene, trans-verbenol,  p lus  3-caren-10-01 w e r e  a t tacked,  -- 

compared t o  3 ba i t ed  with the  binary mixture of 3-carene p lus  trans-verbe- 

nol ,  and none ba i t ed  with a-pinene p lus  trans-verbenol,  the  components of 

a U.S.-patenLed product,  Pondelure. Myrcenol and acetophenone appeared 

t o  be a t t r a c t i v e  i n  the  laboratory.  However, i n  f i e l d  t e s t s ,  t he  add i t ion  

of myrcenol t o  a mixture of 3-carene, trans-verbenol,  and 3-caren-10-01 

caused a decrease i n  t o t a l  b e e t l e  ca tch ,  while the  add i t ion  of acetophenone 

had no e f f e c t .  Emerged males contained l a rge  amounts of exo-brevicomin, - 
a pheromone of o the r  Dendroctonus spp. Within 24 h of being pai red  with 

females i n  a log,  the  males contained no - exo-brevicomin. However, the  

females r e t a ined  t h e i r  complement of v o l a t i l e s .  Topical app l i ca t ion  of 

100 pg of syn the t i c  juvenile  hormone ( J H  111) t o  emerged females induced 

them t o  produce trans-verbenol and acetophenone. Exposure of females f o r  

24  h* t o  120 Ug/cm2 of precocene 2 on a g l a s s  su r face  re su l t ed  i n  i n h i b i t i o n  

' of trans-verbenol production a f t e r  24 h i n  a f r e sh  hos t  log ,  and i n a b i l i t y  

t o  produce brood during 12 days pai red  with males i n  a hos t  log. 
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INTRODUCTION 

Bark and ambrosia b e e t l e s  i n  the  family Scolyt idae a r e  s e l e c t i v e  

i n  host  colonizat ion.  I t  was o r i g i n a l l y  proposed f o r  the  western pine 

b e e t l e ,  Dendroctonus brevicomis LeConte, t h a t  primary a t t r a c t a n t s  emanated 
---- - 

from wcakened ponderosa p ine ,  Pinus ponderosa Lawson, i n  the  form of -- 
v o l a t i l e  o i l s  (Person 1931). By t h i s  hypothesis ,  b e e t l e s  a t t r a c t e d  t o  

these t r e e s  subsequently mass a t tacked them, overcoming the  t r e e s '  

na tx ra l  r e s i s t ance .  Host odours a s  primary a t t r a c t a n t s  have been demonstra- 

ted f o r  seve ra l  sco ly t id  bee t l e s :  Dendroctonus pseudotsugae Hopkins and 

Dryocoetes autoqraphus (Ratzeburg) (Chapman 1966); Ips  typographus L. - 
(Rudinsky e t  a l .  1971); Scolytus m u l t i s t r i a t u s  (Marsham) (Peacock e t  a l .  

1971); Gnathotrichus su lca tus  (LeConte) and G. r e tusus  (LeConte) (Chapman - - 

1966) ; and Trypodendron 1-ineatum (Ol iv ie r )  (Chapman 1962, 1966). However, 

pionecr - D.  - brevicomis, l i k e  some o the r  agyressive species ,  land a t  random 

(Moeck e t  al.. 1981) . 
Regardless of the  r o l e  of primary a t t r a c t a n t s ,  almost a l l  s co ly t ids  

depend on secondary a t t r a c t i o n  (Borden e t  a l .  1975),  a combination of hos t  

and beetle-produced v o l a t i l e s ,  which a r e  released from a hos t  a f t e r  

a "pioneer bee t l e"  of the  f i r s t - a t t a c k i n g  sex has crea ted  an a t t r a c t i o n  

cen t re  (Borden 1.974). Anderson (1948) f i r s t  demonstrated t h a t  logs 

a t tacked by Ips (Say) a t t r a c t e d  b e e t l e s  of both sexes i n  the  f i e l d .  

Wood e t  a l .  (1366) i s o l a t e d  and S i l v e r s t e i n  e t  a l .  (1966) i d e n t i f i e d  and 

synthesized the  f i r s t  bark b e e t l e  pheromones from male Ips  paraconfusus - - 
(Lanjer)  and subsequently demonstrated t h e i r  a t t r a c t i v e n e s s  i n  labora tory  

bioassays and f i e l d  t e s t s .  Since then,  many sco ly t id  pheromones have been 

i so la ted  and i d e n t i f i e d  (Borden 1981). 



I n  I. paraconfusus  (Wood e t  a l .  1968) and some o t h e r  I p s  spp.  - - - 
(Uakke 1976, 1978; Renwick and V i t 6  1972; V i t e ' e t  a l .  1976b; B i r c h  e t  a l .  

1 9 7 7 a ) ,  pheromones a r e  a t t r a c t i v e  a l o n e  i n  t h e  f i e l d  and h o s t  v o l a t i l e s  

e i t h e r  do n o t  enhance a t t r a c t i v e n e s s  o r  have n o t  y e t  been t e s t e d  r i g o r o u s l y .  

Some pheromones o f  Dendroctonus spp.  (Bedard e t  a].. 1969; Renwick and V i t 6  

1969; Pitman and V i t 6  1970; Dyer 1973, 1975) a s  w e l l  a s  pheromones o f  G.  - 

s u l c a t u s  (Byrne e t  a l .  1 9 7 4 ) ,  G .  r e t u s u s  (Borden e t  a l .  1 9 8 0 a ) ,  and -- - 
S c o l y t u s  s c o l y t u s  ( B l i g h t  e t  a l .  1979 ) are a t t r a c t i v e  a l o n e  i n  l a b o r a t o r y  -- 
and f i e l d  tests, b u t  f o r  many o f  t h e s e  s p e c i e s ,  t h e  a c t i v i t y  o f  pheromones 

i s  enhanced b y  t h e  a d d i t i o n  of one o r  more h o s t  v o l a t i l e s  (Bedard e t  a l .  

1969; Renwick and ~ i t 6  1969; Pitman and V i t 6  1970; P e a r c e  e t  a l .  1975; 

Lan ie r  e t  a l .  1977; B l i g h t  e t  a l .  1978 ; Borden e t  a l .  1980b) .  

Bark b e e t l e s  have evo lved  a mechanism f o r  d e t o x i f y i n g  host -produced 

monoterpenes,  which a r e  t o x i c  t o  them (Smith 1961, 1 9 6 5 ;  Hughes, 1973~1, 

197313, 1 9 7 4 ) .  demonstra ted t h a t  expos ing  b e e t l e s  t o  i n d i v i d u a l  monoterpenes 

cou ld  induce t h e  p r o d u c t i o n  of t h e  cor responding  t e r p e n e  a l c o h o l s .  These 

metabo l ic  "waste-products" e i t h e r  w i t h  o r  w i t h o u t  monoterpenes as syner -  

g i s t s ,  have been u t i l i z e d  s e c o n d a r i l y  as pheromones t o  c r e a t e  t h e  c e n t r e  

o f  a t t r a c t i o n  n e c e s s a r y  t o  overcome t h e  r e s i s t a n c e  o f  h o s t  trees (Smith 

1966 1 o r  t o  u t i l i z e  i s o l a t e d  h o s t  r e s o u r c e s  f u l l y  ( A t k i n s  1966 ) .  

Trans-verbenol ,  i s o l a t e d  from t h e  h i n d g u t s  o f  f emale  mountain p i n e  - -- 

b e e t l e s ,  Dendroctonus ponderosae  Hopkins, was i d e n t i f i e d  by Pitman e t  a l .  

(1968). I n  t h e  f i e l d  t r a n s - v e r b e n o l  a l o n e  d i d  n o t  a t t r a c t  b e e t l e s ,  b u t  

when sprayed o n t o  l o g s  o f  w e s t e r n  w h i t e  p i n e ,  P i n u s  m o n t i c o l a  Douglas,  

i n f e s t e d  w i t h  females  it i n c r e a s e d  a t t r a c t i v e n e s s  compared t o  female- 

i n f e s t e d  l o g s  a l o n e .  A communication system c o n s i s t i n g  o f  h o s t -  p l u s  



beet le-produced v o l a t i f e s  was proposed f o r  3 s p e c i e s  o f  Dendroctonus by 

 enw wick and ~ i t 6  (19701, i n  which t h e  proposed system f o r  D. ponderosae  - 

was lcss crmplex t h a n  f o r  e i t h e r  t h e  s o u t h e r n  p i n e  b e e t l e ,  D. f r o n t a l i s  - 

Zimmerman o r  D. b rev icomis .  I t  w a s  proposed t h a t  t h e  r e s p o n s e  o f  D. - -- - 
p n d c r o s a e  depends on t h e  p r e s e n c e  o f  f r e s h  r e s i n  o r  a-pinenc t o  s y n e r g i z e  --- - 

t r ~ > n ~ ; - v c r b r ~ r i o l  and t h a t  exo- and endo-brevicomin i d e n t i f i e d  i n  h i n d g u t s  of - - - -- 

m a l e s  by Pitman e t  a l .  (1969) had no a p p a r e n t  f u n c t i o n .  

When t r a n s - v e r b e n o l  was t e s t e d  w i t h  s e v e r a l  monoterpenes ,  a-pinene 

was s u p e r i o r  t o  o t h e r  monoterpenes i n  w h i t e  p i n e  f o r e s t s  (Pitman 1 9 7 1 ) .  

  low ever-, B i l l i n g s  e t  a l .  (1976) found t h a t  b o t h  myrcene and t e r p i n o l e n e  

were b e t t e r  s y n e r g i s t s  t h a n  a-pinene i n  ponderosa  p i n e  f o r e s t s .  6-Phellan- 

d r e n e ,  t h e  major monoterpene i n  lodgepole  p i n e  (Mirov 1961; Shrimpton 1973; 

von Rudloff  1.975), h a s  n o t  been t e s t e d .  S i n c e  t h e  combinat ion of t r a n s -  

verben01 and a-pinene i s  n o t  e f f e c t i v e  i n  lodgepole  p i n e  f o r e s t s  (Pitman 

e t  al. 19781, I hypothes ized  t h a t  e i t h e r  a d d i t i o n a l  p h e r m o n e s  e x i s t  i n  

D.  ponderosae  i n f e s t i n g  lodgepole  p i n e ,  o r  t h a t  d i f f e r e n t  h o s t  v o l a t i l e s  -- -- 

combined w i t h  t h e s e  a d d i t i o n a l  pheromones and/or t r a n s - v e r b e n o l  would 

s u c c e s s f u l l y  a t t r a c t  b e e t l e s .  

~ u v e n i l e  Hormone ( J H )  r e g u l a t e s  r e p r o d u c t i o n  and metamorphosis i n  

i n s e c t s  (Wiqglesworth 1934, 1936) .  Rorden e t  a l .  (1969) induced t h e  pro- 

d u c t i o n  of' a g g r e g a t i o n  pheromones i n  male - I. paraconfusus  by t o p i c a l  a p p l i -  

c a t i o n  of a s y n t h e t i c  JH ( 1 0 , l l - e p o x y f a r n e s e n i c  a c i d  methyl  e s t e r ) ,  and 

hypothes ized  t h a t  pheromone p r o d u c t i o n  migh t  b e  c o n t r o l l e d  by J H .  Hughes . 

and Renwick (1977a,b) proposed 2 d i f f e r e n t  c o n t r o l  mechanisms f o r  phero- 

n ~ o n e b i o s y n t h e s i . ~ ,  one f o r  I. p a r a c o n f u s u s  and one f o r  D.  b rev icomis .  I n  - - 

I .  paraconfusus  t h e  proposed sequence is: i n g e s t i o n  o f  h o s t  m a t e r i a l  - -- 



s t r e t c h i n g  t h e  g u t  which removes n e u r a l  i n h i b i t i o n  of J H  r e l e a s e d  by t h e  

~ o r p o r a  a l l a t a  (CAI, s t i m u l a t i o n  by JH of b r a i n  hormone (BH) r e l e a s e  frorn 

t h e  corpora  c a r d i a c a  (CC),and promotion by BH o f  t h e  convers ion  of t h e  

monoterpene,  myrcene, t o  i p s d i e n o l  which i s  t h e n  reduced t o  i p s e n o l .  For  

D. b rev icomis  Hughes and Renwick (1977b) propose t h a t  a h o s t  compound a c t s  - 
a s  a s t i m u l a n t  f o r  J H  r e l e a s e ,  i . e .  g u t  d i s t e n s i o n  h a s  no e f f e c t ,  and RH 

a p p a r e n t l y  h a s  no r o l e  i n  pheromone p r o d u c t i o n .  

However, exposure  t o  v o l a t i l e  monoterpenes i n d u c e s  pheromone pro-  

d u c t i o n  by s e v e r a l  s p e c i e s  o f  Dendroctonus (Hughes 1973 a ,  197% ) and & 

(Hughes 1974) w i t h o u t  a f u r t h e r  h o s t  s t i m u l u s  o r  g u t  s t r e t c h i n g  by i n g e s t i o n  

o f  food.  T h e r e f o r e ,  t h e r e  a r e  a t  least  2 means by which pheromone produc- 

t i o n  can  b e  s t i m u l a t e d  i n  b a r k  b e e t l e s .  

P recocene ,  a chromene i s o l a t e d  from t h e  bedding p l a n t ,  Ageratum 

houstoninum L . ,  w a s  found t o  have a n t i a l l a t a l  p r o p e r t i e s  i n c l u d i n g  t h e  

i n d u c t i o n  o f  p r e c o c i o u s  metamorphosis and i n h i b i t i o n  o f  egg  p r o d u c t i o n  by 

Oncopel tus  f a s c i a t u s  ( D a l l )  (Bowers e t  a l .  1976) .  Precocene c a u s e s  

d e g e n e r a t i o n  of t h e  CA i n  Oncopel tus  f a s c i a t u s  (Unnithan e t  a l .  1977) o r  

i n h i b i t s  i ts  development (Bowers and Martinez-Pardo 1977) ,  t h e r e b y  p r e -  

v e n t i n g  J H  s e c r e t i o n .  A t o p i c a l  a p p l i c a t i o n  o f  J H  r e v e r s e s  t h e  e f f e c t  of 

p recocene  i n  0. f a s c i a t u s  (Bowers e t  a l .  1 9 7 6 ) .  The e f f e c t s  of p recocene  - 
have n o t  been e x t e n s i v e l y  r e s e a r c h e d  i n  t h e  Coleop te ra ,  a l though  Sahota  

and McMullen (1979) showed t h a t  t o p i c a l  a p p l i c a t i o n  o f  precocene 2 t o  female  

P i s s o d e s  s t r o b i  Peck reduced t h e  number o f  o v i p o s i t i o n  p u n c t u r e s  and progeny 

p e r  female. No exper iments  w i t h  p recocene  have been done on s c o l y t i d  

b e e t l e s .  I hypothes ized  t h a t  p recocene  would i n h i b i t  y o l k  d e p o s i t i o n  and 

pheromone p r o d u c t i o n  by female  D. ponderosae  by p r e v e n t i n g  J11 s e c r e t i o n  and - 



t h a t  t h i s  e f f e c t  would be revers ib le  by a top ica l  appl ica t ion of JH. 

My objectives were: 

1) t o  iden t i fy  new v o l a t i l e s  produced by female 2. ponderosae and t o  

t e s t  t h e i r  a t t r ac t iveness  i n  laboratory bioassays and field t e s t s  

i n  lodgepole pine fo r e s t s ,  

2 )  t o  u t i l i z e  gas l iqu id  chromatography, and J H  treatments t o  e lucidate  

mechanisms of pheromone production i n  D.  ponderosae, and - 

3 )  t o  examine the e f f e c t  of precocene on pheromone production and repro- 

ductive capacity of female D .  ponderosae. - -- 



MATERIALS AND METHODS 

Col lec t ion  and Maintenance of Beet les  -. 

~ d u l t  bee t l e s  were co l l ec ted  a s  they emerged from lodgepole o r  ponderosa 

pine logs i n  cages a t  room temperature. A l l  logs came from at tacked t r e e s  i n  

an i n f e s t a t i o n  on Osprey Lake Road nor theas t  of Princeton,  B r i t i s h  Columbia. 

Beetles  were kept  a t  2-4 C i n  450 m l  screw-top j a r s  with moistened 

cotton den ta l  wicks and paper t i s s u e  t o  prevent dehydration and t o  minimize 

contact between individuals .  

In a l l  cases only those b e e t l e s  which passed a simple walking t e s t  were 

used f o r  experimental purposes. This t e s t  cons is ted  of  warming b e e t l e s  t o  

room temperature and placing them on a paper towel. Beetles  t h a t  walked 

normally and had no missinq appendaqes were used. 

Bioassay Procedures 

Bioassays were run i n  a well-venti lated darkened room i n  an open arena 

olfactometer s imi la r  t o  t h a t  described by Borden e t  a l .  (1968). Beet les  

were t e s t ed  i n  groups of 10 and released from a point  3 cm t o  the  l e f t  and 

4 cm downwind of the  o u t l e t  of an a i rs t ream with a flow r a t e  of 1400 ml/min. 

A rectangle 8 x 10 cm i n  a rea ,  t raced onto an 18.5 cm diameter disposable 

f i l t e r  paper served a s  the  response arena.  A microscope l i g h t  was placed 

t a  the r i q h t  of the  arena t o  draw the  photoposi t ive b e e t l e s  i n t o  the  a i r -  

stream. The f i l t e r  paper w d s  changed each time a new stimulus was t e s t ed .  

Each st imulus consisted of 20 ~1 of pentane e x t r a c t  of t e s t  ma te r i a l  

dispensed on a r o l l e d  up f i l t e r  paper ins ide  a g l a s s  tube [ l  cm i n t e r n a l  

diameter ( I D  x 7 cm long 1. This tube was then placed t o  allow the  a i r  



s t r ean  t-o flow through it i n t o  the  cen t re  of the  response arena. The 

was ckmged f o r  each new group of b e e t l e s  and a t  l e a s t  40 b e e t l e s  

were bioassayed f o r  each s t i m u l u s .  

Af ter  r e l e a s e ,  b e e t l e s  were given 2 min. t o  respond. To he c lassed  

as a pos i t ive  responder a b e e t l e  had t o  walk i n t o  the  a i rs t ream,  tu rn  

toward the  t e s t  ma te r i a l ,  and come t o  within 1 cm of the  stimulus 

source. Non-responders walked off  the arena, usual ly  toward the  l i g h t  

source, o r  remaimd i n  the  arena longer than 2 min. without responding. 

Between bioassays thegroups of b e e t l e s  were kept  i n  a r e f r i g e r a t o r  

a t  2-4 C ,  but were brought out  about 2 min. p r i o r  t o  use s o  they would be 

act ivc? a t  room t emperaturc. A t  l e a s t  45 min. passed before any group of 

beetlcs was reused. This procedure r e su l t ed  i n  no d i f fe rence  i n  response 

between b e e t l e s  t e s t e d  repeatedly i n  t h i s  o r  i n  s t u d i e s  with o ther  sco ly t ids  

(Rordw e t  a l .  1968; Stock 1901) . 
when monoterpene hos t  C ~ ~ O U ~ S  were used, approximately 1 m l  of the  

t e s t  compound was pu t  i n  a 6 m l  v i a l  with a 4 mm hole i n  the  l i d .  The 

v i a l  was placed upr ight  i n  an Erlenmeyer f l a s k  through which the  a i r  stream 

passed. The monoterpene was re leased from the  v i a l  a t  approximately 5 ug/min. 

When (lit, molioterpene was changed o r  110 furi-her hos t  odour was des i red ,  a l l  the 

glassware beyond and including the  f l a s k  was washed, r insed with d i s t i l l e d  

water,  and then acetone before the  next s t imulus was t e s t ed .  

A standard reference st imulus used i n  bioassays was a pentane e x t r a c t  

of f r a s s  (excrement p lus  boring dus t )  produced by female b e e t l e s  boring i n  

ponderosa o r  lodgepole pine. This e x t r a c t  was t e s t e d  a t  a concentrat ion 

of 0.*0% g equiv.,  which i s  equivalent  t o  the  amount of f r a s s  produced by 

one female i n  83.5 min. ~t t h i s  concentrat ion,  the  standard stimulus 



induced c o n s i s t e n t  r e s p o n s e s  by b e e t l e s  of b o t h  sexes .  T h i s  s t a n d a r d  was 

used i n  a l l  b i o a s s a y s  t o  v e r i f y  t h a t  t h e  t e s t  b e e t l e s  were r e s p o n s i v e  

p r i o r  t o  t e s t i - n q  w i t h  new s t i m u l i .  If t h e  r e s p o n s e  was 50% o r  g r e a t e r  

f o r  mdles or  37 .5% o r  g r e a t e r  f o r  f emales ,  t e s t s  were conducted.  Response 

was poor on days  w i t h  low b a r o m e t r i c  p r e s s u r e .  T e s t s  were n o t  r u n  on t h e s e  

days .  

D i s s e c t i o n  and E x t r a c t i o n  Technique -- 

To induce pheromone p r o d u c t i o n ,  female  b e e t l e s  were p u t  i n t o  preformed 

e n t r a n c e  h o l e s  i n  f r e s h  p i n e  l o g s  and a l lowed t o  b o r e  i n  t h e  i n n e r  b a r k  f o r  

24  h .  They were t h e n  chipped o u t  o f  t h e  ba rk  and h e l d  o v e r  i c e  u n t i l  a 

s u f f i c i e n t  number were accumulated f o r  d i s s e c t i o n .  Abdomens were removed 

and immediately immersed i n  t w i c e  d i s t i l l e d  pen tane  i n  a  2 m l  g l a s s  v i a l  

i n  d r y  ice. E x t r a c t e d  abdomens f o r  pheromone i s o l a t i o n  were a t  a  concen t ra -  

t i o n  of 1 abdomen/lO p1 o f  pen tane .  For  a n a l y s i s  by g a s  l i q u i d  chromato- 

graphy (GLC), e x t r a c t s  were made o f  i n d i v i d u a l  abdomens i n  100 ~1 of  pen tane .  

Each v i a l  had a  t e f l o n  l i n e r  i n  t h e  l i d  and was s t o r e d  a t  -44 C .  

G a s  Liquid  Chromatographic Analyses  

I n t e r n a l  s t a n d a r d s  f o r  GLC a n a l y s i s  were  2- and 3-octanol .  Each 

s t a n d a r d  was made up  s e p a r a t e l y  a t  a  c o n c e n t r a t i o n  o f  1 . 2 2  ~1 (1 mg) i n  

5 m l  o f  pen tane .  

S i n g l e  b e e t l e  abdomens i n  pen tane  which had been k e p t  a t  -44 C were . 

warmed t o  room tempera tu re  and 2.5 ~1 of t h e  3-octanol  s t a n d a r d  s o l u t i o n  was 

c l d d c l t l  1-0 each. The samples wcrc?  f r o z e n  o v e r  d ry  i c e  and t h e  b e e t l e  abdomens 

were crushed w i t h  a  s m a l l  metal  s p a t u l a .  A f t e r  t h e  samples w e r e  rewarmed t o  

room tempera tu re ,  2 .5  ~1 of  t h e  2 -oc tano l  s t a n d a r d  s o l u t i o n  w a s  added t o  each .  



 he amounts of the  2 octanols  were compared t o  check f o r  poss ib le  l o s s  of o the r  

v O l a t i l e s  during processing of t h e  sample. Samples were then t r ans fe r red  

to clean 2 m l  v i a l s  along with 2 pentane r i n s e s  of approximately 25 ki1 

each. Samples not analysed during the  day they were prepared were kept a t  

-44 c u n t i l  use. Five u 1  of each sample was in jec ted  i n t o  the  GLC; a l l  

from one treatment were run on the  same day. 

Analyses by GLC were conducted on a  Hewlett-Packard 5830 gas chromoto- 

equipped with a  18835B c a p i l l a r y  i n l e t  system and a flame ion iza t ion  

de tec to r .  The i n j e c t i o n  p o r t  and de tec to r  temperatures were 260 C and 

275 C, respect ive ly .  

Single b e e t l e  e x t r a c t s  were analysed i n  the  d i r e c t  i n j e c t i o n  mode on 

a  g lass  c a p i l l a r y  column (30  m x 0.66 m I D )  coated with SP-1000 (Supelco, 

Inc. , Bell a fonte ,  PA) . 

Each day a  standard sample made up of au then t i c  acetophenone and the  

monoterpene oxidat ion products,  t rsns-verbenol ,  3-caren-10-01, verbenone, 

geraniol ,  and p e r i l l a  alcohol  ( f o r  comparison with female v o l a t i l e s ) ,  o r  

exo-brevicomin ( f o r  male b e e t l e  comparison), was pu t  through the  GLC under - 

i d e n t i c a l  condit ions a s  the  b e e t l e  e x t r a c t  samples. I n  addi t ion ,  t h e  

standards were added t o  one sample and t h a t  mixture was a l s o  analysed t o  

ensure t h a t  compounds i d e n t i f i e d  i n  samples were i d e n t i c a l  t o  authent ic  

ones. 

In ca lcu la t ing  the  ac tua l  amount of v o l a t i l e s  pew i n s e c t ,  the area 

under t-hc 3-octanol peak was used ds  a reference f o r  a l l  samplos. 

Pheromone I s o l a t i o n  and I d e n t i f i c a t i o n  - - 

To i s o l a t e  the  a t t r a c t i v e  pheromones from female D.  ponderosae, - -- 

severa l  hundred b e e t l e s  were placed on ponderosa p ine  logs f o r  24 h ,  
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chipped o u t  of the  bark ,  and t h c i r  abdomens e x t r a c t e d  i n  pentane.  The steam- 

d i s t i l l e d  v o l a t i l e s  were analysed by combined GC/MS, and i n d i v i d u a l  compounds 

were i d e n t i f i e d  by comparison of t h e i r  mass s p e c t r a  t o  those  of a u t h e n t i c  

This  c o l l a b o r a t i v e  research  wi th  D r s .  A.  C. 0eh l sch lage r I1  H. D.  

1 
p ie rce ,  Jr. , and J. H. 130rden2 r e s u l t e d  i n  t he  i d e n t i f i c a t i o n  of t he  follow- 

inq v o l a t i l e s  i n  t he  female abdominal e x t r a c t s  (Fig.  4 ) :  acetophenone, e s t r a -  

gole  ( t e n t a t i - v e ) ,  -- t rans-verbenol ,  verbenone, 1-methyl-5-(a-hydroxyisopropy1)- 

~ ~ c l o h e x a - 1 , 3 - d i e n e ,  l-methyl-4-(a-hydroxyisopropyl)-cyclohexa-l,5-dieneI 

3-caren-10-al, geranyl  a c e t a t e ,  myrtenol,  a-methylbenzyl a l coho l ,  g e r a n i o l ,  

p-mentha-2-en-7-ol, myrcenol, 3-caren-5-one, 3-caren-10-01, p-mentha-1,3-dien- 

7-01, p e r i l l a  a l coho l ,  p-mentha-1,4(8)-dien-9-01, p-mentha-1,4(8)-dien-10-01, 

p-mentha-1,4-dien-7-01, p-mentha-1,4(&)-dien-7-01 ( t e n t a t i v e )  and cuminyl 

a lcohol .  

Three compounds found most a t t r a c t i v e  i n  l abo ra to ry  b ioassays  were con- 

s idered  a s  candida te  aggregat ion pheromones. They were 3-caren-10-01, aceto-  

phenone, and myrcenol. These 3 ,  a s  w e l l  a s  t rans-verbenol ,  a known pheromone -- 
of D. ponderosae (Pitman e t  a l .  19681, were bioassayed i n  s e v e r a l  combinations - -- 
with  D. ponderosae of both sexes.  I n  a l l  b i o a s s a y ~  and f i e l d  t e s t s  (+)- t rans-  - 

verhenol and (+)-3-caren-10-01 were used. The monoterpenes, a-pinene and 

3-carene, were t e s t e d  f o r  synergism i n  s e v e r a l  combinations wi th  t h e  b e e t l e -  

produced compounds. 

To compare a c t i v i t y  l e v e l s ,  candida te  pheromone mixtures  were bioassayed 

with male D. ponderosae a t  graded concent ra t ions .  The most a t t r a c t i v e  mixture ,  - - 

t rans-verbenol ,  3-caren-10-01, aeetophenone and myrcenol, was then  t e s t e d  wi th  - 
t h e  inajor monoterpenes from lodgepole p ine  (Shrimpton 1973) a t  t h e  

__I 
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foll.owing l e v e l s  of p u r i t y :  a-pinene, 99%; 6-pinene, 100%; myrcene, 90%; 

3.-carerle, 95%; B-phellandrene, 94%; and t e rp ino lene ,  91%, 

F ie ld  ~ x p e r i m e n t s  with A t t r a c t i v e  V o l a t i l e s  - 

Chemicals used i n  f i e l d  experiments were re leased i n  2 ways. Trans- 

verbenol was released from 1.7  mm I D  g l a s s  p i p e t t e s  which were sealed and 

kept a t  -44 C u n t i l  use. Acetophenone was re leased from 1.0 mm I D  p i p e t t e s ,  

~pproximate  r e l ease  r a t e s  i n  the  laboratory a t  20 C were 200 and 100 vg/day 

for  --- trans-verbenol and acetophenone, respect ive ly .  A s  both myrcenal and 

3-caren-10-01 polymerized i n  g l a s s  p i p e t t e s ,  open 2 m l  v i a l s  with 4 mm 

apertures were used f o r  t h e i r  r e l ease .  These gave r e l e a s e  r a t e s  i n  the  

laboratory a t  20 C of 200 and 100 pg/day f o r  3-caren-10-01 and myrcenol, 

respectively.  These re l ease  r a t e s  r e f l e c t e d  the  r e l a t i v e  amounts and 

r a t i o s  of the  conipounds i n  GLC t r a c e s  oE abdominal e x t r a c t s  of female 

bee t l e s .  Monoterpenes were re leased from 6 m l  v i a l s  with 3 mm diameter 

holes i n  the l i d s ,  a t  a r a t e  i n  the  labora tory  of approximately 7 mg/day. 

The p i p e t t e s  and v i a l s  were pu t  i n t o  recessed holes  i n  small wooden 

blocks (Fig. l ) ,  which were suspended i n s i d e  t r a p s  o r  f i t t e d  with a p l a s t i c  

ra in  sh ie ld  and wired t o  t r e e s  a t  b r e a s t  he ight .  

Two s t u d y ~ a r e a s  were used, one f o r  t rapping experiments and one f o r  

t rap- t ree  experiments. Both were located near Osprey Lake Road, nor theas t  

of Princeton,  B r i t i s h  Columbia. The t r ap - t r ee  s i t e  extended from approxi- 

mately 34 t o  38 km from Princeton i n  an a rea  of p r imar i ly  unattacked lodge- 

Pole pine with only 2-3 small groups of brood-containing t r e e s  i n  1980. 

In t h i s  a r e a ,  the  experiment was not  i n  danger of being o b l i t e r a t e d  by a 

na tura l  mass i n f e s t a t i o n .  

Trees chosen f o r  t r ap - t r ees  were mature lodgepole p ines  of medium 



F i g .  1. Host monoterpene and bee t l e  v o l a t i l e  re lease  system used i n  t rap-  

t r e e  experiment f o r  D. ponderosae. Wooden block with recessed holes con- - --- 

t a jns  a 6 ml v i a l  f o r  monoterpene re lease ,  a 2 m l  v i a l  f o r  3-caren-10-01 

release, and n 1 .7  mm I D  g lass  p ipe t t e  for trans-verbenol re lease .  





E dpforrrrdtics such a s  " w i t c h e s '  brooms" caused by dwarf m i s t l e t o r  i n f e c t i o n s .  
t 1 

Normally, t r e e s  i n  t h i s  a r e a  s u f f e r  from m o i s t u r e  s t r e s s  a s  t h e y  i n h a b i t  

1 
the d r y  i n t e r i o r  zone (Lyons 1952) .  The summer of 1980, however, was excep- 

t i o n a l l y  co1.d and r a i n y  s o  it i s  un?. ikely  t h a t  t h e y  were as s u s c e p t i b l e  t o  

I 

b e e t l e  a t t a c k  a s  d u r i n g  p r e v i o u s  summers. T r e e s  were chosen a s  much a s  

possib.Le w i t h  t h e  n e x t  n e a r e s t  lodgepole  p i n e  a t  a d i s t a n c e  o f  3 m o r  more 

s o  t l i a t  b e e t l e s  drawn i n t o  t h e  a r e a  would c o n c e n t r a t e  on t h e  b a i t e d  trees, 

artd n o t  be  d i v e r t e d  by a  prominent ,  nearby s i l h o u e t t e .  

The t r d p - t r e e  exper iment  was l a i d  o u t  June  10-13, 1980, w i t h  8  r e p l i -  

c a t e s  i n  a  randomized b lock  d e s i g n  w i t h  t h e  f o l l o w i n g  b a i t  t r e a t m e n t s :  

t rans-vexbenol  + 3-caren-10-01; 3-carene + t r a n s - v e r b e n o l ;  a-pinene + t r a n s -  

ve rbeno l ;  3-carene + 3-caren-10-(11; t r a n s - v e r b e n o l ;  3-caren-10-01; 3-carene 

+ t r ans -verbeno l  + 3-caren-10-01; u n b a i t e d  c o n t r o l .  On October  10-12, 1980, 

a l l  t h e  t r e e s  i n  t h e  exper iment  were i n s p e c t e d  and t h e  numbers of p i t c h  

t u b e s  were counted i n  t h e  lower 2 m of  t h e  b o l e  o f  a t t a c k e d  trees. 

The t r a p p i n g  s i t e  was l o c a t e d  approximately  45 km from P r i n c e t o n ,  i n  a 

s t a n d  t h a t  had s u s t a i n e d  an epidemic b u t  r e l a t i v e l y  s t a t i c  - D. ponderosae  

p o p u l a t i o n  f o r  s e v e r a l  y e a r s  (Andrews and Unger 1979) .  Numerous lodgepole  

and some ponderosa p i n e s  i n  t h e  area c o n t a i n e d  v i g o r o u s  brood from t h e  

1979 a t t a c k .  

Two i n f e s t e d  lodgepole  p i n e s  were  c u t  down i n  t h e  area i n  June .  Bolt-s 

from t h e s e  t r e e s  were p u t  i n t o  f i e l d  c a g e s  s o  t h a t  emergent b e e t l e s  would - 

s e r v e  a s  an  i n d i c a t i o n  o f  when f l i g h t  would beg in .  Norwegian d r a i n p i p e  

t r a p s  (Rorreqaard A .  S . ,  Sa rpsborg ,  Norway; 1979 model; 1 3  cm I D  x 135 c m  

long)  were set a t  a minimum of  25 m a p a r t  i n  7 t r a p  l i n e s .  T h i s  t r a p  l a y  

Out was used f o r  2 exper iments ,  t h e  f i r s t  from June  1 8  t o  J u l y  20, 1980, 



and the  second from J u l y  21 t o  August 5 ,  1980. 

The first experiment was s e t  up i n  a La t in  square des ign  and included 

the  fol lowing b a i t s  chosen f o r  t h e i r  a t t r a c t i v e n e s s  i n  l abo ra to ry  b ioassays :  

pentane e x t r a c t  of f r a s s  from females bor ing  i n  ponderosa p i n e  (0.02 g 

e q u i v . ) ;  ct-pinene + t rans-verbenol;  3-carene + t rans-verbenol  + 3-caren- 

10-01; 3-carene + t rans-verbenol  + 3-caren-10-01 + myrcenol; 3-carene + 

t rans-verbenol  + 3-caren-10-01 + acetophenone; 3-carene + t rans-verbenol  -- 

+ 3-caren-10-01 + myrcenol + acetophenone; and unbai ted con t ro l .  

I n  t he  second experiment,  3 compounds, 3-carene, t rans-verbenol ,  

and 3-caren-10-01, were t e s t e d  alone and i n  a l l  p o s s i b l e  combinations along 

w i  t h  an unbai tcd c o n t r o l  i n  a 6 ropl i c n t c  randomized block dcsi gn.  

Captured b e c t l e s  were removed from the  c o l l e c t i n g  j a r s  i n  t h e  t r a p s  

and he ld  i n  95% e thano l  u n t i l  they were counted and t h e i r  sex  determined. 

Pheromone Biogenesis  

To compare t h e  a t t r a c t i v e n e s s  of mated and unmated female - D. ponderosae, 

females were allowed t o  bore i n t o  ponderosa p i n e  logs  f o r  24  h. A t  t h i s  

t ime,  they were e i t h e r  exc ised  from t h e  bark and their 'abdomens e x t r a c t e d ,  

< 

o r  they were pa i r ed  (mated) with males. Af t e r  a f u r t h e r  24 h ,  t h e  pa i r ed  

males and females were chipped ou t  of t h e  bark and t h e i r  abdomens were 

e x t r a c t e d  i n  s epa ra t e  2 m l  v i a l s .  Abdominal e x t r a c t s  of - D. ponderosae 

males were d i s s e c t e d  wi th in  24 h of t h e i r  emergence from lodgepole o r  

ponderosa p ine  logs.  E x t r a c t s  were bioassayed wi th  b e e t l e s  of both sexes ,  

and were a l s o  analysed by GLC. 

Juven i l e  Hormone Experiments 

JH 111 (Calbiochem-Behring Corp. La  J o l l a ,  Ca., 10 mq i n  hexane) was 



diluted i n  metharlol o r  a c e t o n e  and s t o r e d  a t  -44 c i n  2 r n l  v i a l s  w i t h  t e f l o n -  

l i n e d  l i d s .  Using a 25 y 1  Hamilton s y r i n g e  (no. 702) a t t a c h e d  t o  a H a m i l -  

t o n  r e p e a t i n g  d i s p e n s e r  (no.  PB-600-l) ,  1 ~1 of s o l v e n t  o r  JH I11 i n  s o l v e n t  

was a p p l i e d  t o p i c a l l y  t o  t h e  abdominal v e n t e r  of  b e e t l e s  and a l lowed t o  a i r  

d r y .  Trea ted  and c o n t r o l  b e e t l e s  w e r e  e i t h e r  h e l d  f o r  24 h  i n  i n d i v i d u a l  

g l a s s  c y l i n d e r s  ( F i g .  2) i n  t h e  d a r k  a t  20 C o r  a l lowed  t o  b o r e  i n t o  a l o g  

f o r  24 h .  Abdominal e x t r a c t s  f o r  GLC a n a l y s i s  were t h e n  made from t h e s e  

b e e t l e s .  A p r e l i m i n a r y  GLC a n a l y s i s  f o r  t r a n s - v e r b e n o l  p r o d u c t i o n  u t i l i z e d  

pooled abdominal e x t r a c t s  o f  20 f e d  o r  unfed female  D. ponderosae  t r e a t e d  - 

w i t h  ace tone  o r  25 yg J H  111. Abdominal e x t r a c t s  of f e d  o r  unfed ,  s i n g l e ,  

female D. ponderosae  t r e a t e d  w i t h  a c e t o n e  o r  100 ug o f  J H  I11 were a n a l y s e d  - 

f o r  prot luct ion o f  t h e  known pheromone, t r a n s - v e r b e n o l ,  and 3 o t h e r  c a n d i d a t e  

pheromones, 3-caren-10-01, acetophencone, and myrcenol.  

Precocene Exper iments  - 

E a r l i e r  exper iments  w i t h  I p s  pa raconfusus  L a n i e r  showed h i g h  m o r t a l i t y  

a f t e r  b e e t l e s  were exposed t o  p recocene  2 f o r  24 h  fo l lowed  by a  1 y l  t r e a t -  

ment of a c e t o n e  I J .  E .  Conn, unpubl ished r e s u l t s ) .  There fore ,  28 female 

D. ponderosae  were exposed f o r  24 h  i n  g l a s s  c y l i n d e r s  (F ig .  2 )  t o  a  g l a s s  - 

s u r f a c e  t r e a t e d  w i t h  one of t h e  f o l l o w i n g  s o l v e n t s  t o  be  t e s t e d  a s  a  

precocene c a r r i e r :  a c e t o n e ,  e t h a n o l ,  d imethy l su lphoxide  (DMSO), o r  methanol.  

S u r v i v o r s  were t r e a t e d  t o p i c a l l y  w i t h  1 y 1  o f  t h e  same s o l v e n t  and t h e n  

p l a c e d  i n  y e l a t i n  c a p s u l e s  on ponderosa  p i n e  l o g s  f o r  24 h. B e e t l e s  b o r i n g  

s u c c e s s f u l l y  were used a s  i n d i c a t o r s  o f  low t o x i c i t y .  DMSO caused h i g h  

m o r t a l i t y  and was r e j e c t e d  a s  a  p o t e n t i a l  s o l v e n t .  E t h a n o l  was no l e s s  

t o x i c  t h a n  a c e t o n e  b u t  was r e j e c t e d  because  it i s  a  s y n e r g i s t  w i t h  phero- 

mones of ambrosia  b e e t l e s  (!lit6 and Bakke 1979; Borden e t  aL. 1980b) and 



Fig. 2 .  Apparatus for exposure of beetles t o  precocene. One beetle placed 

i n  each of 14 glass cylinders (1 .4  cm I D )  for 24 h exposure to  glass sur- 

face of 9 cm p e t r i  dish coated with precocene. Moistened dental cotton 

i n  centre prevents desiccation. 
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D .  pseudotsugae (Pitman e t  a l .  1975) .  A s  methanol  was n u m e r i c a l l y  ( a l t h o u g h  -- -- - 

riot s i q n i f l c a n t l y )  s u p e r i o r  t o  a c e t o n e  (23/28 a s  compared t o  18/28 success -  

f u l l y  b o r i n g  b e e t l e s ) ,  i t  was used a s  t h e  s o l v e n t  f o r  subsequen t  e x p e r i -  

ment s. 

Walking b e e t l e s  were exposed t o  p recocene  2 (6,7-dimethoxy-2,2-dimethyl- 

chromene) 99%, A l d r i c h  Chemical Company, Milwaukee, Wisconsin,  on t h e  g l a s s  

s u r f a c e  of a p e t r i  d i s h .  Precocene was d i s s o l v e d  i n  methanol t o  make a 

s t o c k  s o l u t i o n  o f  50 mq/ml. The amount of t h i s  s o l u t i o n  t o  be  p u t  on a 

9 cm d iamete r  p e t r i  d i s h  was determined by a r e a .  For  example,  f o r  coverage 

2 
of 15 pq/cm , 21.25 ~1 of  p recocene  s o l u t i o n  was used .  To e n s u r e  complete  

coverage ,  3 m l  o f  methanol was f i r s t  p i p e t t e d  i n t o  t h e  p e t r i  d i s h  fo l lowed  

by t h e  d e s i r e d  amount o f  p recocene  s o l u t i o n  and two, 100 p 1  methanol r i n s e s  

of t h c  s y r i n g e .  The d i s h  was s lowly  r o t a t e d  s o  t h e  bottom of t h e  d i s h  was 

even ly  covered by t h e  precocene.  C o n t r o l  d i s h e s  r e c e i v e d  methanol  o n l y .  

A f t e r  t h e  methanol e v a p o r a t e d ,  b e e t l e s  were p l a c e d  i n d i v i d u a l l y  i n  t h e  

d i s h  i n  hollow g l a s s  c y l i n d e r s  1 .4  cm I D ,  14 /d i sh  (F ig .  2 ) .  S e p a r a t i o n  o f  

t h e  b e e t l e s  i n  t h i s  manner p r e v e n t e d  mutual  i n j u r y ,  and ensured  t h a t  each  

b e e t l e  would be  exposed t o  t h e  same amount o f  precocene.  A p i e c e  o f  

mois tened d e n t a l  c o t t o n  was p l a c e d  i n  t h e  c e n t r e  of each  d i s h  t o  p r e v e n t  

d e s i c c a t i o n  of t h e  beetles. Dishes  were t h e n  k e p t  i n  t h e  d a r k  a t  20 C f o r  

24 h. To test f o r  pheromone p r o d u c t i o n ,  t r e a t e d  and c o n t r o l  beetles were 

t h e n  c o n f i n e d  w i t h  g e l a t i n  c a p s u l e s  i n  preformed h o l e s  i n  ponderosa  p i n e  

l o g s ;  24 o r  48 h l a t e r  t h e y  were removed from t h e  l o g s  and t h e i r  abdomens 

were e x c i s e d  and e x t r a c t e d  i n  pen tane .  

Female - D. ponderosae  were t r e a t e d  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of  

precocene 2 t o  de te rmine  i f  any d o s e  was e f f e c t i v e  i n  i n h i b i t i n g  o r  r e d u c i n g  



pheromone production. ~bdominal  e x t r a c t s  made from females a f t e r  24 h 

r x p o s u r e  t o  precocene 2 and 24 h on ponderosa pine logs were analysed by 

GLC t o  detcrmiile the  amounts of trans-verbenol and 3-caren-10-01 produced. 

Solvent cont ro l  b e e t l e s  were exposed t o  methanol-treated p e t r i  d ishes  f o r  

24 h followed by 24 h on logs.  

Exoqenous J H  111 was applied t o p i c a l l y  t o  a s sess  whether i t  could 

rc.vchr sc the c.f f e c t  of precoccne 2 appl i c a t i o n .  Female - D.  ponderosae were 

exposed t o  precocene 2 a t  120 pg/cm2 f o r  24 h,  t r e a t e d  t o p i c a l l y  with 100 pg 

J I I  I T 1  i n  1 p I  of methanol, and then were allowed t o  bore i n  a ponderosa 

pine log f o r  24 h. Some b e e t l e s  d id  not  bore i n t o  the  logs and thus  were 

exposed i n  the preformed entrance holes t o  hos t  odours ( p r i n c i p a l l y  mono- 

terperles) f o r  24 h. Control b e e t l e s  were exposed t o  methanol alone i n  the  

p e t r i  d ishes  (precocene con t ro l )  o r  t r e a t e d  t o p i c a l l y  with methanol (JH I11 

contro l )  p r i o r  t o  being placed on hos t  logs .  Abdominal e x t r a c t s  were made 

oL dl1 b e e t l e s  and analysed by GLC f o r  trans-verbenol and 3-caren-10-01 

\ product ion. 

To assess  the  e f f e c t  of precocene 2 on the  reproductive capacity of 

2 
female - D. ponderosae, females were exposed t o  1 2 0  pg/cm prococene 2 i n  

d ishes  then confined i n  g e l a t i n  capsules i n  preformed holes i n  lodge- 

pole pine logs f o r  1 2  days. Controls were exposed t o  methanol and then p u t  

2 
o n  logs.  Males, a f t e r  exposure f o r  24 h t o  120 k~g/cm precocene 2 o r  t o  

methanol (as a con t ro l )  i n  p e t r i  d i shes ,  were pa i red  (mated) with the  females 

i n  logs. 'Twelve days a f t e r  females were placed on logs ,  the  bark was s t r G p e d  

o f f  the  logs;  the  lengths of the  females' g a l l e r i e s  were measured, and the  

number of larvae/female was counted. 



REXULTS AND DISCUSSION 

1,aboratory  Bioassay of Female-Produced v o l a t i l e s  and Host  Monoterpenes -- 

D.  ponderosae  o f  b o t h  s e x e s  responded t o  h o s t  and bee t l e -p roduced  vela- - 

t i l i ~ s  a l o n e  and i n  v a r i o u s  combinat ions  ( ~ a b l e ~  1 -4) .  For  s i m p l i c i t y ,  t h e  

r e s u l t s  i n  Tab les  1-4 a r e  s e g r e g a t e d  i n t o  r e s p o n s e s  t o  s i n g l e  compounds 

(Tabla  I )  , b i n a r y  m i x t u r e s  (Tab le  2 )  , t e r n a r y  m i x t u r e s  (Table  3) and g r e a t e r  

( hcin t erriary m i x t u r e s  (Table  4 ) .  The r e s p o n s e s  t o  pen tane  and s t a n d a r d  

f r a s s  e x t r a c t s  a r e  common t o  a l l  4 t a b l e s .  

O f  t h e  s i n g l e  compounds b ioassayed  o n l y  3-caren-10-01 e l i c i t e d  responses  

by b e e t l e s  o f  b o t h  s e x e s  a s  h i g h  as t o  t h e  female  f r a s s  s t a n d a r d  (Table  1). 

The responses  t o  t r a n s - v e r b e n o l ,  a female-produced pheromone ( p i t h a n  e t  a l .  -- 

1968) ,  were no b e t t e r  t h a n  t o  t h e  pen tane  c o n t r o l s .  The r e s p o n s e s  by 

males  t o  myrcenol and t o  2 h o s t  monoterpenes,  a-pinene and 3-carene,  w e r e  

s i g n i i i c a n t l y  h i g h e r  t h a n  t o  p e n t a n e  b u t  n o t  as h i g h  a s  t o  3-caren-10-01. 

The b i n a r y  combinat ion o f  3-carene p l u s  t r a n s - v e r b e n o l  was t h e  o n l y  

s t i m u l u s  which induced a s i g n i f i c a n t l y  h i g h e r  response  by males  t h a n  t h e  

female f r a s s  s t a n d a r d  (Table  2 ) .  The combinat ion of a-pinene p l u s  t r a n s -  

v e r b e n o l ,  t h e  c o n s t i t u e n t s  of Pondelure  (Pitman 1971, B i l l i n g s  e t  a l .  1976) 

evoked a s i q n i f i c a n t l y  lower response  by males t h a n  3-carene p l u s  t r a n s -  

vcrbenol  . Responses by males  t o  s t i m u l i  c o n t a i n i n g  3-caren-10-01 were 

g e n e r a l l y  h i g h ,  w h i l e  t h o s e  t o  s t i m u l i  c o n t a i n i n g  myrcenol and acetophenone 

were lower ,  b u t  s t i l l  s u g g e s t i v e  t h a t  t h e s e  compounds have pheromonal a c t i -  

v i  tp (Table  2 )  . 

Response by females  t o  b i n a r y  s t i m u l u s  combinat ions  was lower t h a n  t h a t  

by males .  Four b i n a r y  s t i m u l i  e l i c i t e d  a r e s p o n s e  by females  which was no 

d i f f e r e n t  from t h a t  t o  t h e  female  f r a s s  s t a n d a r d :  3-caren-10-01 + 



Tclblc I .  Ranked r e s p o n s e s  o f  D.ponderosae t o  msnoterpenes  and female- 

produced v o l a t i l e s  t e s t e d  s i n g l y  i n  a l a b o r a t o r y  o l f a c t o m e t e r .  

Sex S t imulus  C o n c e n t r a t i o n  No. B e e t l e s  P e r c e n t  
Tes ted  Response a 

Ma Le s pen tane  20 1.11 239 13.5 a 

a c e  tophenone 200 ng 4 0 13.8  a 

t r ans -verbeno l  500 ng 40 20.0 a b  

a-pinene 

myrcenol 

5 pg/min. 120 28.3 b c  

200 rig 4 0 30.0 b c  

s t a n d a r d  female 
f r a s s  e x t r a c t  0.02 g equ iv .  2 48 58.0 d 

Females pen tane  20 1.11 8 0 1 7 . 5  a 

3-carene 5 pg/min. 40 20.0 a 

acetophenone 200 ng 40 22.5 a 

t r ans -verbeno l  500 ng 4 0 25.0 ab 

a-pinene 5 ug/min. 4 0 27.5 a b  

myrcenol 200 ng 40 27.5 a b  

s t a n d a r d  female  
f r a s s  e x t r a c t  0.02 g equiv.  8 0 51.3 c 

-- - ----- - 
Q 

Values f o r  each  s e x  •’011-owed by same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t ,  ~2 t e s t ,  P<0.05. 
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ncct ophcnone ; 3-carenc + a-pi nene; t r a n s - v e r b e n o l  + 3-caren-10-01 ; and -- 

3-cdrenc + 3-caren-10-01 (Tdble  2 ) .  As f o r  males ,  t h e  d a t a  s u g g e s t  t h a t  

3-caren-10-01, acetophenone,  and myrcenol a r e  a t t r a c t i v e  pheromones f o r  

f emales.  

There  was no obv ious  synergism between a b e e t l e  v o l a t i l e  and a h o s t  

t e r p e n e  f o r  female  r e s p o n d e r s  b u t  t h e r e  was f o r  males. Responses by males  

t o  t r ans -verbeno l  a l o n e  and 3-carene a l o n e  were 20% and 31.5%, r e s p e c t i v e l y  
-\ 

(Table  l ) ,  b u t  t h e  response  t o  t h e  combinat ion was 85% (Tab le  2 ) .  

Four t e r n a r y  s t i m u l i  evoked a response  by male D. ponderosae  t h a t  was - - 

a s  good a s  t o  t h e  female  f r a s s  s t a n d a r d ,  and 2 s t i m u l i ,  3-carene + 

t r ans -verbeno l  + myrcenol and 3-carene + t r a n s - v e r b e n o l  + 3-caren-10-01 

evoked a s i g n i f i c a n t l y  h i g h e r  r e s p o n s e  (Table  3 ) .  The most. a t t r a c t i v e  

b i n a r y  s t i m u l u s ,  3-carene + t r a n s - v e r b e n o l  (Tab le  2 ) ,  was found i n  t h e  2 

most a t t r a c t i v e  t e r n a r y  s t i m u l i .  Three  t e r n a r y  s t i m u l i  evoked as h i g h  a 

response  by female  D.  ponderosae  as t h e  female  f r a s s  s t a n d a r d  (Tab le  3 ) .  The - 

s u p e r i o r  response  by females  t o  3-carene + t r a n s - v e r b e n o l  + 3-caren-10-01 

compared t o  t h e  i n s i g n i f i c a n t  r esponse  t o  t h e  b i n a r y  s t i m u l u s  o f  3-carene + 

t r ans -verbeno l  a l o n e  (Tab le  2) i n d i c a t e s  t h a t  3-caren-10-01 may b e  a n  

e s s e n t i a l  p a r t  o f  secondary a t t r a c t i o n .  

Response by males  t o  4 q u a r t e r n a r y  mixes w a s  s i g n i f i c a n t l y  h i g h e r  

t h a n  t o  t h e  female  f r a s s  s t a n d a r d  (Tab le  4 ) .  A l l  4 c o n t a i n e d  t h e  most 

a t t r a c t i v e  b i n a r y  mix, 3-carene + t r a n s - v e r b e n o l ,  and t h e  2 h i g h e s t  a l s o  

c o n t a i n e d  3-caren-10-01. Response by females  t o  one q u a r t e r n a r y  mix, 

3-carene + t r a n s - v e r b e n o l  + 3-caren-10-01 + myrcenol was as h i g h  a s  t o  t h e  -- 

s t a n d a r d  (Table  4 ) .  The r e s p o n s e s  by b o t h  males  and females  t o  5 Corn- 

ponent s t i m u l i  were i n e x p l i c a b l y  lower t h a n  t o  t h e  q u a r t e r n a r y  s t i m u l i  

(Tab le  4 ) .  
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When graded concentrat ions of b inary ,  te rnary  and quarternary s t imul i  

wcrc t e s t ed ,  male - D. ponderosae responded t o  increas ingly  lower concentra- 

t ions  a s  components were added t o  the  st imulus (Table 5 ) .  A t  the  lowest 

concentration only the  quarternary st imulus of trans-verbenol + 3-caren-10-01 

+ aceVophenone + myrcenol evoked a s  high a response a s  d id  the  female f r a s s  

s tandard,  suggesting t h a t  each of these  v o l a t i l e s  con t r ibu tes  i n  some way t o  

secondary a t t r a c t i o n .  

The addi t ion  of 3-carenc o r  B-phellandrene t o  the  quarternary mixture 

of female-produced v o l a t i l e s  induced responses s i g n i f i c a n t l y  higher f o r  

malcs m d  females, r e spec t ive ly ,  than t o  the  female-produced v o l a t i l e s  alone 

(Tablc 6 ) .  ~ lpha-p inene  appeared t o  be a moderately good synerq i s t  f o r  

males, but  was i n e f f e c t i v e  f o r  females. A s  3-carene was a good synerg i s t  

f o r  males, and apparently a l s o  good f o r  females (Table 6) and had produced 

good r e s u l t s  i n  o the r  bioassays (Tables 1-51, it was chosen a s  a standard 

synerg i s t  f o r  f i e l d  experiments. There was i n s u f f i c i e n t  time during the  

summer of 1980 t o  f i e l d  t e s t  a l l  s i x  monoterpenes. However, myrcene and 

terpinolene were super ior  synerg i s t s  t o  3-carene i n  one f i e l d  t e s t  ( B i l l i n g s  

e t  a l . ,  1976)and 6-phellandrene has never been f i e l d  t e s t ed .  

The r e s u l t s  of laboratory bioassays yielded the  following information 

which served a s  a b a s i s  f o r  f i e l d  experiments with - B. ponderosae: confirma- 

t i o n  tha t  trans-verbenol a c t s  a s  a pheromone; numerous da ta  suggesting t h a t  

acetophenone, myrcenol and p a r t i c u l a r l y  3-caren-10-01 a r e  aggregation 

pheromones; and corroborat ion t h a t  monoterpenes, e spec ia l ly  3-carene, act- 

a s  synerg i s t s  i n  secondary a t t r a c t i o n ;  and da ta  suggesting t h a t  3-carene i s  

a good candidate for  opera t ional  f i e l d  t r i a l s  i n  an a t t r a c t i v e  b a i t  mixture. 
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T & l e  6. Ranlred responses by D, ponderosae t o  a quaternary mixture of 

Eemale-produced v o l a t i l e s  t e s t e d  a t  a low concentrat ion i n  a 

labora tory  olfactometer  alone and with lodgepole p ine  

monoterpenes . 

sex st imulus a No. Beetles  Percent 
Tested Response b 

- -- - - - - - - 

Ma1 es pentane (20 p l )  

female v o l a t i l e  mix 

standard female f r a s s  e x t r a c t  
(0.02 g equiv.) 

female v o l a t i l e  mix + 6-pinene 

female v o l a t i l e  mix + myrcene 

female v o l a t i l e  mix + a-pinene 

female v o l a t i l e  mix + B-phellandrene 

female v o l a t i l e  mix + te rp inolenc  

female v o l a t i l e  mix + 3-carene 

Females pentane (20 p l )  

female v o l a t i l e  mix + a-pinene 

female v o l a t i l e  mix 

standard female f r a s s  e x t r a c t  
(0.02 g equiv ,) 

female v o l a t i l e  mix + 6-pinene 

female v o l a t i l e  mix + te rp inolene  

female v o l a t i l e  mix + myrcene 

female v o l a t i l e  mix + 3-carene 

female v o l a t i l e  mix + f3-phellandrene 

a~omponents of female v o l a t i l e  mix and concentration/stimulus as 
follows: trans-verbenol,  32  ng; 3-caren-10-01, 32  ng; acetophenone, 12 ng; 
myrcenol, 1 2  ng. Monoterpenes introduced i n t o  a i rs t ream a t  5 ~ g / m i n .  

'values f o r  each s e t  followed by same l e t t e r  a r e  not s i g n i f i c a n t l y  
d i f f e r e n t ,  X2 t e s t ,  P <0.05. 



Fie ld  Experiments with ~ t t r a c t i v e  V o l a t i l e s  ----- 

The drainpipe t r a p s  used i n  f i e l d  t rapping experiments caught low 

numbers of - D. ponderosae (Table 7 ) .  They had been chosen f o r  convenience 

t o  avoid problems commonly encountered with t r a p s  covered with s t i c k y  sub- 

s tances ,  because they had apparently been e f f e c t i v e  t r a p s  i n  prel iminary 

f i e l d  s tud ies  (Moeck 1980), and because they offered  a prominent v e r t i c a l  

s i l h o u e t t e .  A dark v e r t i c a l  s i l h o u e t t e  was found t o  be a t t r a c t i v e  t o  Q. 

~mr~clerosae -- i n  laboratory s t u d i e s  (Shepherd 1966), and v e r t i c a l  c y l i n d r i c a l  

t r a p s  were more e f f e c t i v e  than hor izonta l  ones i n  the  f i e l d  ( B i l l i n g s  e t  

a l .  1976), although another study yielded the  opposi te  r e s u l t  (Pitman and 

Vite 1969).  Moreover, - D. ponderosae - i s  an aggressive b e e t l e  which pr imar i ly  

a t t acks  standing t r e e s .  Possible reasons f o r  the  low catches a r e  t h a t  the  

b e e t l e s  do not  r e a d i l y  e n t e r  the  holes i n  the  t r a p  and t h a t  the  b a i t  place- 

ment at the  top of the  t r a p  was suboptimal. Traps with b a i t s  a t  the  middle 

o r  bottom a r e  more e f f e c t i v e  a t  catching ambrosia b e e t l e s ,  apparently because 

convection cur ren t s  ins ide  the  t r a p  ca r ry  the  v o l a t i l e s  upward (J. H. Borden 

2 
and L. F r i s k i e  pers .  comm.). 

In  the  f i r s t  t rapping experiment, both males and females responded bes t  

t o  the  te rnary  mixture of 3-carene + trans-verbenol + 3-caren-10-01 (Table 7 ) .  

The cons t i tuen t s  of Pondelure, a-pinene + trans-verbenol,  were i n e f f e c t i v e  

a s  a t t r a c t a n t s .  However, Pondelure o f f e r s  a  mixture of nine p a r t s  t rans-  

verbenol t o  one p a r t  a-pinene, whereas the  inverse  r a t i o  was used i n  my 

experiments. The addi t ion  of acetophenone t o  the  a t t r a c t i v e  te rnary  st imulus 

made no s i g n i f i c a n t  d i f f e rence  i n  b e e t l e s  caught,  bu t  the  addi t ion  of myrce- 

no1 caused a s i g n i f i c a n t  decrease i n  the  t o t a l  catch.  When both acetophe- 

none and myrcenol were present ,  the  numbers of b e e t l e s  caught ne i the r  
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P 

I i l l c reased  n o r  d e c r e a s e d  s i g n i f i c a n t l y .  0x1 t h e  b a s i s  o f  t h e s e  r e s u l t s ,  
I 
i 
I 

acetophenone and myrcenol appear  t o  l a c k  p o t e n t i a l  a s  e f f e c t i v e  a t t r a c t a n t s  

i n  t h e  f i e l d .  The r e s u l t s  f a i l  t o  conf i rm whether  or n o t  3-caren-10-01 i s  

an e f f e c t i v e  a t t r a c t a n t ,  a s  t h e  b i n a r y  combinat ion of 3-carene + t r ans -ver -  

I 
! benol  was n o t  t e s t e d  f o r  comparison. 

The n e x t  exper iment  r e c t i f i e d  t h i s  e r r o r  a s  t h e  t h r e e  components o f  

t h i s  b a i t  were t e s t e d  a l o n e  and i n  a l l  p o s s i b l e  combinat ions  (Table  7 ) .  

Only 3-carene + t r a n s - v e r b e n o l  and 3-carene + t r a n s - v e r b e n o l  + 3-caren-10-01 

a t t r a c t e d  s i g n i f i c a n t  numbers o f  b e e t l e s .  The a d d i t i o n  o f  3-caren-10-01 

t o  3-carene + t r ans -verbeno l  caused a s i g n i f i c a n t  s h i f t  i n  s e x  r a t i o  i n  

favour  of males.  3-Carene was a n e c e s s a r y  and e f f e c t i v e  s y n e r g i s t  i n  com- 

b i n a t i o n  w i t h  t r a n s - v e r b e n o l  o r  t r a n s - v e r b e n o l  + 3-caren-10-01, b u t  n o t  -- 
w i t h  3-caren-10-01. 

The t r a p - t r e e  exper iment  d i s c l o s e d  f u r t h e r  e v i d e n c e  o f  t h e  a c t i v i t y  of 

3-caren-10-01 (Table  8 ) .  3-Carene + t r a n s - v e r b e n o l  + 3-caren-10-01 w a s  

c l e a r l y  t h e  most e f f e c t i v e  b a i t .  The f a c t  t h a t  3-caren-10-01 a p p e a r s  t o  

a t t r a c t  more males  t h a n  females  (Tab le  7) s u g g e s t s  t h a t  a t t r a c t e d  males  

might  have c o n t r i . b u t e d  t o  t h e  e f f e c t i v e n e s s  of t h i s  t e r m r y  b a i t .  

The l e a s t  e f f e c t i v e  b a i t  was t h e  combinat ion o f  a-pinene + t r a n s -  

v e r b e n o l .  Based on t h e  r e s u l t s  o f  l a b o r a t o r y  b i o a s s a y s  (Tab les  2-4, 61, 

and f i e l d  exper iments  (Tab les  7 ,  8) and t h e  r e s u l t s  o f  o t h e r  r e s e a r c h e r s  

(Alexander e t  a l .  1976; B i l l i n g s  e t  a l .  1976; Pitman e t  a l .  1978) I con- 

c l u d e  t h a t  Ponde lure  shou ld  n o t  be  recommended f o r  u s e  i n  lodgepole  p i n e '  

f o r e s t s .  

Pheromone B i o a e n e s i s  and E f f e c t s  of Mat ins  

Responses t o  abdominal e x t r a c t  s t i m u l i  d i s c l o s e d  a t t r a c t i o n  i n  b o t h  



T n h l e  ti, Ranked attack by - D. ponderosae on Indgepole p ines  baited with 

host monoterpenes and beetle-produced volatiles. N = 8 

replicates. 

Bait Treatment Number of Trees 
Attacked Mass Attacked 

(1-10 pitch tubes) (>lo pitch tubes 
from ground level 

to 2 m high) 

blank control 0 0 

a-pinene + trans-verbenol 
3-caren-10-01 

trans-verbenol + 3-caren-10-01 
trans-verbenol 

3-carene + trans-verbenol 
--P 

Release rates for volatiles determined in the laboratory as follows: 
a-pinene and 3-carene, 7 mg/day each; trans-verbenol and 3 caren-10-01, 
200 yq/day each. 



to nxltcd mdles was p r o b h l y  due  tu the presence of both monoterpenes and 

terpene alcohols  (small but  de tec tab le  amounts) i n  male e x t r a c t s ,  s ince  

males do feed following mating. 

Female - D. ponderosae contained only t r a c e  amounts of a c t i v e  v o l a t i l e s  

on emergence (Fiy. 3 ) ,  bu t  produced them a f t e r  24 h boring i n  a h o s t  log 

(Fig. 4 ) .  A l l  G l C  analyses d isc losed considerable v a r i a t i o n  i n  amounts of 

v o l a t i l e s  per  bee t l e .  O f  4 female-produced v o l a t i l e s ,  3 were not  s i g n i f i c a n t l y  

d i f f e r e n t  i n  amounts i n  unmated o r  mated females (Table 10) .  Only acetophenone 

had decreased s i g n i f i c a n t l y  i n  amount i n  mated b e e t l e s  24 h a f t e r  females had 

been paired with males. This r e s u l t  suggests  t h a t  mated females r e t a i n  t h e i r  

a b i l i t y  t o  a t t r a c t  o the r  b e e t l e s  f o r  longer than 24 h a f t e r  mating. There is  

no compelling evidence f o r  an ant iaggregat ion  pheromone i n  mated females, 

e i t h e r  from b io log ica l  s t u d i e s  (Edson 1978) (Table 9) o r  gas chromatographic 

analyses (Table 10), Like female S.  m u l t i s t r i a t u s  ( E l l i o t  e t  a l .  1975) female - 

D .  ponderosae probably gradually loose t h e i r  a t t r a c t i v e n e s s  folLowing mating. - 

However, i t  i s  a l s o  poss ib le  t h a t  the  i n s i g n i f i c a n t  increase  i n  myrcenol con- 

t e n t  i n  mated females may prove t o  be r e a l  with f u r t h e r  study. Myrcenol was 

p a r t i a l l y  inh ib i to ry  when combined with o the r  v o l a t i l e s  i n  drainpipe t r a p s  

(Table 7 ) .  Moreover, the  amounts of verbenone, a known ant iaggregat ian  

pheromone i n  2. hrevicomis (Renwick and Vi te  1970; Rudinsky e t  a l .  1974) and 

D. f r o n t a l i s  (Rudinsky 1973), rose  from 0.09 t o  0.18 vg/female following - -.- 

mating (data not  s i g n i f i c a n t l y  d i f f e r e n t ,  Mann-Whitney U test ,  P <0.05). 

Therefore, these  compounds may be responsib le  i n  p a r t  f o r  termination of 

aggreqation on t r e e s  mass at tacked by - D. ponderosae. 

Exo-brevicomin was prominent i n  emerged males b u t  was absent  from mated - 



T d h l ~  9 ,  Ranked responses of - D. ponderosae t o  abdominal e x t r a c t s  of 

emerged and mated males and unmated females excised from 

ponderosa pine logs.  Forty b e e t l e s  t e s t e d  t o  each st imulus i n  a 

labora tory  olfactometer .  

Males - -  Females 

Source of 
a 

Percent Source of Percent a 
Extrac t  Stimulus Response Ex t rac t  Stimulus Response 

pentane con t ro l  15.0 a pentane con t ro l  10.0 a 

emeryed males 20.0 ab emerged males 25.0 a 

females i n  log 24 h,  then females i n  Log 24 h ,  then 
pai red  with males 24 h 37.5 b pa i red  with males 24 h 42.5 b 

males pa i red  i n  log with males pa i red  i n  log with 
females 24 h 45.0 bc females 24 h 42.5 b 

females i n  log 24 h 45.0 bc females i n  log  24 h 45.0 b 

standard female f r a s s  standard f ema.le f r a s s  
e x t r a c t  (0 .02  g equiv.)  65.0 c e x t r a c t  (0.02 g equiv.) 5 2 . 5  ' c 

U 
Values f o r  each sex follows by same l e t t e r  a r e  not  s i g n i f i c a n t l y  

2 
d i f f e r e n t ,  x t e s t ,  P(0.05. 



F ' i c j .  3. Gas chromatoyram of abdominal extract volatiles from a single 

fernnl P - 13. - ponderosae emerged from lodgepole pine. Peaks identified by 

l c l t t c r s  ,ire as follows: solvent (Sl), 2-octanol ( 2 0 ~ ) ~  3-octanol (30~1, 

trans-vix-benoi (tv) , and verbenone (v)  . 

E'iy. 4, Gas chromatogram of abdominal extract volatile~ from a single 

fcmale -. D. ponderosae - after boring 24 h in lodgepole pine log. Peaks 

idcntif ied by letters are as follows: solvent (Sl) , 2-octanol (20c) , 

3-octanol (30c) , acetophenone (a), trans-verbenol (tv) , verbenone (v) , 

l-methyl.-5-(a-hydroxyisopropyl)-cyclohexa-l,3-diene ( M 5 ) ,  3-caren-10-a1 

(C1) , qcranyl acetate (ga) , unidentified sesquiterpene ( ~ 2 )  : myrtenol 

(mt) , gerani.01 (9) , p-menth-2-en-7-01 ( P I ) ,  myrcenol (m) , 3-caren-10-01 

( C 2 )  , p-mentha-1,3-dien-7-01 (P2) , perilla alcohol (pa) , and cuminyl 

alcohol (ca) . 
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Table  10. Amounts o f  proven o r  c a n d i d a t e  a g g r e g a t i o n  pheromones in 

abdominal e x t r a c t s  o f  emerged and mated males  and mated and 

unmated females  e x c i s e d  from ponderosa  p i n e .  GLC a n a l y s i s  done 

on 8 b e e t l e s  of each s e x .  

Sex Treatment  Compound ng/bee t lea 

Males emerged 

p a i r e d  i n  l o g  w i t h  female  24 h 

exo-brevicomin 82  a 

Females i n  l o g  24 h t r a n s - v e r b e n o l  76 a 

i n  l o g  24 h ,  t h e n  p a i r e d  w i t h  males  24 h 96 a 

i.n l o g  24 h 3-caren-10-01 . 10 a 

i n  l o g  24 h ,  t h e n  p a i r e d  w i t h  m a l e s  24 h 1 2  a 

i n  l o g  24 h a c e  tophenone 36 a 

i n  l o g  24 h ,  t h e n  p a i r e d  w i t h  males 24 h 8 b  

in l o g  24 h myrcenol 1 0  a 

i n  l o g  24 h ,  t h e n  p a i r e d  w i t h  males  24 h 26 a 

a 
Values f o r  each p a i r  of t r e a t m e n t s  fo l lowed  by same l e t t e r  are n o t  

s i g n i f i c a n t l y  d i f f e r e n t ,  Mann-Whitney U test ,  Pc0.05. 



i n  which it was r e p o r t e d l y  d e t e c t e d  i n  f e e d i n g  males  and females  (pitman e t  

a l .  1969), a l t h o u g h  it was most prominent  i n  emerged males  ( ~ u d i n s k ~  e t  a l .  

1974 ) .  A v e r y  low c o n c e n t r a t i o n  of exo-brevicomin added t o  t h e  a t t r a c t i v e  - 
m i x t u r e  of t r a n s - v e r b e n o l ,  a-pinene and ponderosa  p i n e  r e s i n  enhanced 

a L t r d c t i o n  of males  i n  l a b o r a t o r y  and f i e l d  b i o a s s a y s ;  h i g h e r  c o n c e n t r a t i o n s  

were a p p a r e n t l y  i n h i b i t o r y  b u t  t h e  r e s u l t s  were n o t  suppor ted  by s t a t i s t i c a l  

a n a l y s e s  (Rudinsky e t  a l .  1974) .  A s t i m u l u s  c o n t a i n i n g  a  low c o n c e n t r a t i o n  

o f  - exo-brevicomin added t o  Ponde lure  p r e v e n t e d  mass a t t a c k  i n  a w h i t e  p i n e  

f o r e s t ,  b u t  n o t  i n  a  lodgepole  p i n e  f o r e s t  (McKnight 1979) .  

J hypo thes ize  t h a t  exo-brevicomin - a c t s  a s  an  a g g r e g a t i o n  pheromone a t  

low c o n c e n t r a t i o n s  f o r  lodgepole  p i n e - i n f e s t i n g  - D. ponderosae .  --- E a r l y  

2 
b i o a s s a y s  w i t h  f r a s s  ( L .  Chong2 and J. H .  Borden , unpubl i shed  d a t a )  d i s -  

c l o s e d  an i h c r e a s e d  response  by females  t o  mixed male and female  f r a s s  com- 

pared  w i t h  f r a s s  from e i t h e r  s e x  a l o n e .  I n  b i o a s s a y s  w i t h  male  abdominal 

e x t r a c t s  (Table  9) t h e r e  was no d i f f e r e n c e  between female  response  t o  

emerged male e x t r a c t s  and pen tane .  However, f emales  p r o b a b l y  r e q u i r e  t h e  

odour o f  h o s t  monoterpenes w i t h  - exo-brevicomin,  s i n c e  i n  n a t u r e  t h e y  would 

respond t o  a  h o s t  tree a f t e r  p i o n e e r  female  - D. ponderosae  have begun b o r i n g  

s u c c e s s f u l l y  ( r e l e a s i n g  h o s t  odours )  and have been j o i n e d  by males c o n t a i n i n g  

exo-brevicomin. A t  t h e  h e i g h t  o f  a mass a t t a c k ,  h i g h  c o n c e n t r a t i o n s  o f  exo- - - 

brevicomin might  have a n  a n t i a g g r e g a t i o n  e f f e c t .  T h i s  e f f e c t  would be  con- 

s i s t e n t  w i t h  Rudinsky's  (1974) r e s u l t s  and migh t  be t h e  b a s i s  f o r  a t t a c k  

s w i t c h i n g  t o  nearby u n a t t a c k e d  trees ( G e i s z l e r  and Gara 1978) .  



Fig. 5. Gas chromatogram of abdominal e x t r a c t  v o l a t i l e s  from a s i n g l e  

male - D. --- ponderosae emerged from lodgepole pine.  Peaks i d e n t i f i e d  by 

l e t t e r s  a r e  a s  follows: so lvent  (Sl )  , 2-octanol (20c) ,  3-octanol ( ~ o c ) ,  

exo-brevicomin (eb) . - 

Fig. 6.  Gas chromatogram of abdominal e x t r a c t  v o l a t i l e s  from a s i n g l e  

male - D.  ponderosae paired (mated) with a female 24 h i n  a ponderosa pine 

log. Peaks i d e n t i f i e d  by l e t t e r s  a r e  a s  follows: so lvent  ( S l ) ,  2-octanol 

(20c) ,  3-octanol ( 3 0 ~ ) .  
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E f f e c t s  of Juven i l e  Hormone on Pheromone Production --- - ------- 

I n  both pooled and i n d i v i d u a l  b e e t l e  samples, female D.  ponderosae - --- 
t r e a t e d  24 h e a r l i e r  wi th  JH I11 contained more t rans-verbenol  than t h e  

so lven t - t r ea t ed  c o n t r o l  b e e t l e s ,  even though they were denied access  t o  

h o s t  l ogs  ( ~ i g s .  7,  8; Table 11). Therefore,  female - D. ponderosae must 

s eques t e r  a p recu r so r  of t rans-verbenol ,  poss ib ly  a-pinene i n  a conjugate  

form a s  suggested by Hughes (1975) f o r  2. f r o n t a l i s  and - D. - t e r eb rans  (01iv . ) .  

Product ion and r e l e a s e  of t rans-verbenol  would begin a f t e r  J H  r e l e a s e  occurred 

i n  a t t a c k i n g  females.  I n  D. brevicomis,  t h i s  r e l e a s e  i s  s t imula ted  by an - -- 
e thanol -so luble  component of h o s t  phloem t i s s u e  (Hughes and Renwick 1377b). 

Fu r the r  t rans-verhenol  product ion would occur  a s  t h e  a t t a c k i n g  b e e t l e s  con- 

ve r t ed  a-pinenc from hos t  r e s i n  t o  t rans-verbenol  (Hughes 1373b).  

Acetophenone a l s o  increased  s i g n i f i c a n t l y  i n  unfed females following 

J H  t rea tment  (Table l l),  sugges t ing  t h a t  it should be re-evaluated a s  a 

p o t e n t i a l  pheromone. However, JH t rea tment  f a i l e d  t o  induce a s i g n i f i c a n t  

product ion of myrcenol o r  3-caren-10-01 i n  unfed females.  These compounds 

a r e  probably produced only a f t e r  t h e  b e e t l e s  encounter  a h o s t  t r e e .  The 

product ion of such compounds i s  c o n s i s t e n t  wi th  Hughes' (1973a, 1973b) hypo- 

t h e s i s  t h a t  t h e  b e e t l e s  d e t o x i f y  inha led  o r  i nges t ed  h o s t  monoterpenes t o  

te rpene  a l coho l s ,  and secondar i ly  u se  some of t h e  products  a s  pheromones. 

The f a c t  t h a t  JH-treated, unfed females contained s o  much -- trdns-verbe- 

no1 may be p a r t l y  because it accumulated i n  t h e  hindgut  and was no t  r e l ea sed  

wi th  t h e  f e c a l  p e l l e t s ,  s i n c e  t h e  b e e t l e s  were no t  allowed t o  feed. 

Bee t l e s  t r e a t e d  wi th  100 pg of J H  111 contained l e s s  t rans-verbenol  

and 3-caren-10-01 a f t e r  24  h i n  ponderosa p ine  than  ace tone- t rea ted ,  f ed  



Fig. 7 .  Gas chromotogram of abdominal ex t r ac t  v o l a t i l e s  from a s ing le  

female - D. ponderosae emerged from lodgepole pine and 24 h following 

top ica l  treatment with 1 ~1 acetone. Peaks i den t i f i ed  by l e t t e r s  a r e  a s  

follows: solvent (Sl) , 2-octal101 (20c) ,  3-octanol ( 3 0 ~ ) .  

Fig, 8. Gas chromatogram of abdominal ex t r ac t  v o l a t i l e s  from a s ing le  

female D. ponderosae emerged from lodgepole pine and 24 h following -- --- 

top ica l  treatment with 100 p g  J H  111. Peaks i d en t i f i ed  by l e t t e r s  

a r e  a s  follows: solvent  (Sl) , 2-octanol ( 2 0 ~ )  , 3-octanol ( 3 0 ~ )  , 

acetophenone ( a ) ,  trans-verbenol ( t v ) .  
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T & ] P  11  . F f f e c  t:s of treatment with J H  I11 On amounts of proven o r  

candidate aggregation pheromones i n  abdominal ex t r ac t s  of fed o r  

unfed female D. ponderosae. - 

Sampling Treatment No. Compound ng/bee t lea 
Mc thud Beetles 
- - 
pooled acetone (1~1) , 24 h a t  20 C 20 
sample JH III (25 wg), 24 h a t  20 C 20 

acetone (1~11)~ 24 h i n  
ponderosa pine 2 0 

JH 1x1  (25 ug),  24 h i n  
ponderosa pine 2 0 

individual  acetone ( l w l ) ,  24 h a t  20 C 10 
beet  Le JH 111 (100 wg) , 24 h a t  20 C 8 
2; amp I c s acetone (1~1.)  , 24 11 i-n 

ponderosa pine 10 
JH I T 1  (100 pg ) ,  24 h i n  

ponderosa pine 9 

acetone ( l p l ) ,  24 h a t  20 C 10 
JH 111 (100 pg) ,  24 h a t  20 C 8 
acetone (1~1) , 24 h i n  

ponderosa pine 10 
JH 111 (100 wg), 24 h i n  

ponderosa pine 9 

acetone ( 1 ~ 1 ) ~  24 h a t  2 Q C  10 
JH 111 (100 wg) , 24 h a t  20 C 8 
acetone ( l ~ l ) ,  24 h in 

ponderosa pine 10 
J H  111 (100 ~ g ) ,  24 h i n  

ponderosa pine 9 

trans-verbenol -- 

trans-verbenol 

3-caren-10-01 

ace tophenone 

myrcenol 

- --___ _ __ --- ----.-...---- _ - ---- --  - --- 

a ~ e a n  values of individual  bee t l e  samples f o r  each compound followed by 
same l e t t e r  a re  not s i gn i f i c an t l y  d i f f e r e n t ,  Mann-~hitney U t e s t ,  Pc0.05. 



c o n t r o l s  ('Sable 11). A s i m i l a r  r e s u l t  was o b t a i n e d  by  ridges (1981) f o r  

D. f r o n t a l i s .  The e x c e s s  o f  exogenous J H  (4x t h a t  i n  t h e  poo led  sample) mdy - .---- 

s t i m u l a t e  more r a p i d  r e l e a s e  o f  pheromones by f e e d i n g  females ,  o r  may induce 

a n e g a t i v e  feedback r e a c t i o n  r e s u l t i n g  i n  d e c r e a s e d  pheromone p r o d u c t i o n .  

Ilowever, t h i s  r e s u l t  was n o t  r e p e a t e d  i n  a n o t h e r  exper iment  (Tab le  1 3 ) .  

E f f e c t s  o f  Precocene 2  on Pheromone P r o d u c t i i .  - - - 
and Reproduct ive  Capac i ty  

L Exposure t o  a  s u r f a c e  c o a t e d  w i t h  120 p g / m  of  precocene 2  s i g n i f i -  

c a n t l y  reduced the  a b i l t i y  of t r e a t e d  females  t o  produce t r a n s - v e r b e n o l  

(F ic j .  9;  Tab le  1 2 ) .  The s i g n i f i c a n t  d e c r e a s e  i n  p r o d u c t i o n  o f  t r a n s - v e r -  -- 

b e n o i ,  b u t  no t  3-caren- lo-ol ,  p r o v i d e s  a d d i t i o n a l  ev idence  f o r  J H  c o n t r o l  

o f  - t-rdns-verbenol --- s y n t h e s i s .  T r e i ~ t m e n t  w i t h  precocene 2  d i d  n o t  a f f e c t  

t h e  amounts o f  acetophenone o r  myrcenol i n  female  b e e t l e s .  Treatment  w i t h  

J H  I 1 1  fo l lowing  exposure  t o  precocene 2 f o r  24 h  r e s t o r e d  t h e  & i l i t y  of 

female - D. ponderosae  t o  s y n t h e s i z e  t r a n s - v e r b e n o l  when t h e y  f e d  f o r  24 h  

on ponderosa p i n e  (F ig .  10 ;  Tab le  1 3 ) .  When i n s e c t s  d i d  n o t  f e e d  b u t  were 

exposed f o r  24 h  t o  ponderosa p i n e  v o l a t i l e s ,  a-pinene w a s  a p p a r e n t l y  con- 

v e r t e d  t o  t r ans -verbeno l  (Table  1 3 ) .  N e i t h e r  precocene n o r  J H  had any 

e f f e c t  on t h i s  d e t o x i f i c a t i o n  mechanism, s u g g e s t i n g  t h a t  it is  n o t  under 

neura l  o r  hormonal c o n t r o l .  However, t h e s e  b e e t l e s  were n o t  f e e d i n g ,  o r  

t h e r e f o r e  d e f e c a t i n g ,  s o  t r a n s - v e r b e n o l  p robab ly  accumulated i n  them. -- 

The d e c r e a s e  i n  amount o f  3-caren-10-01 f o l l o w i n g  precocene t r e a t m e n t  

i n  t h e  dose  response  exper iment  was n o t  s i g n i f i c a n t  (Tab le  1 2 ) .  I n  t h e  

precocene/JH exper iment ,  t h e  c o n t e n t  o f  3-caren-10-01 decreased  s i g n i f i -  

c a n t l y  fo l lowing  exposure  t o  p recocene ,  and i n c r e a s e d  fo l lowinq  subsequen t  

t r e a t m e n t  w i t h  100 pq of JH I11 (Tab le  1 3 ) .  Very l i t t l e  3-caren-10-01 was 



Fig .  9. Gas chromotogram of abdominal extract  vola t i les  from a single 

female - D. ponderosae -- emerged from lodgepole pine and a f t e r  24 h exposure 

2 
to  1 2 0  pg/cm precocene 2 on a glass  surface, and a further 24  h boring 

in  poriderosa pine. Peaks ident i f ied by l e t t e r s  are  as follows: solvent 

(Sl) , 2-octanol (20c), 3-octanol (30c), acetophenone ( a ) ,  trans-verbenol 

( t v )  , verbenone (v) , 3-caren-10-01 (C2) . 

Fig. 10. Gas chromatogram of abdominal extract  vola t i les  from a single 

female - D. ponderosae emerged from lodgepole pine and a f t e r  24 h exposure 

2 
t o  1 2 0  pg/cm precocene, then a topical treatment of 100 pg J H  I11 and a 

further 24 h boring in  ponderosa pine. Peaks identified by l e t t e r s  are 

as follows: solvent (Sl) , 2-octanol (20c), 3-octanol (30c), acetophenone 

trans-verbenol ( tv)  , myrcenol (m) , 3-caren-10-01 (C2)  . (a )  --- 
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produced following exposure t o  hos t  v o l a t i l e s .  Therefore, a  feeding 

st imulus may be required t o  i n i t i a t e  3-caren-10-01 production. The a b i l i t y  

t o  respond t o  such a s t imulus may be maintained by a high t i t r e  of J H .  

Precocene has been shown t o  a c t  ofi 0. f a s ~ i a t u s  by causing degeneration - 
of t h e  CA (Unnithan e t  a l .  1977). A s imi la r  e f f e c t  probably occurs i n  

Coleoptera. Female - P. s t r o b i  (Curculionidae) t r e a t e d  with precocene 2 made 

fewer ovipos i t ion  punctures and l a i d  fewer eggs than unt rea ted  females 

(Sahota and McMullen 1979). The evidence is  more compelling f o r  the  

Scolyt idae.  J H  can s t imula te  pheromone production i n  many s c o l y t i d s  

(Borden e t  al.. 1969; Hughes and Renwick 1977a,b; Bridges 1981), including 

D.  ponderosae (Tables 11, 13) .  Normal pheromone production by D. ponderosae - - -- 

can be i n h i b i t e d  by treatment with precocene 2 and reversed i n  p a r t  by 

treatment with J H  111 (Table 1 3 ) ,  s t rong ly  impl ica t ing  the  CA i n  cont ro l  of 

pheromone production and re lease .  The suggestion by Borden e t  a l .  (1969) 

"cat topica l ly-appl ied  J H  may be a pheromone precursor  is  probably wrong. 

JH a l s o  c o n t r o l s  reproductive maturation i n  female s c o l y t i d s  including 

T. lineatum (Fockler and Borden 1973) and D. pseudotsugae (Sahota e t  a l .  - - 

1970). The lack of reproductive success by precocene-treated female -- D. 

ponderosae bu t  no t  males (Table 14) f u r t h e r  implicated the  CA a s  organs 

which con t ro l  reproductive funct ions  i n  t h e  Scolyt idae.  



~ ~ b l ~  1 4 .  E f f e c t  o f  t r e a t m e n t  w i t h  p recocene  2 on r e p r o d u c t i v e  s u c c e s s  of 

D. ponderosae .  B e e t l e s  a l lowed t o  b o r e  i n  lodgepole  p i n e  l o g  - --- 

f o r  12 days  a f t e r  t r e a t m e n t .  

Treatment  No .  Length o f  Larvae/  
( 2 4  h i n  p e t r i  d i s h  t r e a t e d  w i t h  methanol B e e t l e  Egg G a l l e r y  ~ e m a l e a  
(46 .6  l/cm2) o r  precocene 2 (1.20, vg/cm2) P a i r s  -- (cm)a 

Males Females 

me than01 me than01 8 45.9 a 40.0 a 

precocene 2 

me t h a n o l  

me than01 7 4 1 . 1  a 36.1 a 

p recocene  2 7 13.9  b O b  

precocene 2 p recocene  2 8 13.2 b O b  

" ~ e a n  v a l u e s  w i t h i n  a column fol lowed by same let ter  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t ,  Mann-Whitney U t es t ,  P<0.05. 



CONCLUSIONS 

TO date the ro l e  of semiochemicals i n  host  se lec t ion  by many species 

of bark bee t l es  has been well researched (Borden 1981). Such chemicals 

have been used i n  increasingly successful  programs aimed a t  managing 

scolyt id  pes t s ,  e.g. S. mul t i s t r i a t u s  (O'Callaghan e t  a l .  1980; Peacock - - 

e t  a l .  1981), D. f r o n t a l i s  ( ~ i l l i n g s  1981), D. brevicomis (Bedard and - - 

Wood 1981) , and I. tyeoqraphus (Lie and Bakke 1981) . - -%- 

The control  of pheromone biogenesis has been well researched f o r  many 

sco ly t ids ,  and J H  has been accorded a c r i t i c a l  r o l e  i n  control  of pheromone 

production (Borden 1981). Although some research on Coleoptera has been 

done on the e f f ec t s  of a n t i a l l a t a l  agents,  e .g . ,  precocene (Sahota and 

McMullen 1979), no research has been done on sco ly t ids .  My r e s u l t s  con- 

t r i bu t e  t o  knowledge i n  both of the above areas.  

There is strong evidence t h a t  3-caren-10-01 is an aggregation pheromone 

for - D. ponderosde in fes t inq  lodgepole pine. It was a t t r a c t i v e  alone and i n  

combination with other  a t t r a c t a n t s  i n  laboratory bioassays (Tables 1-6) and 

sh i f t ed  the a t t r a c t i on  i n  favour of males when combined with a monoterpene 

and the known aggregation pheromone, trans-verbenol i n  f i e l d  t r aps  (Table 7 ) .  

The same combination was f a r  more e f fec t ive  i n  inducing a t t ack  on baited 

lodgepole pine than any binary combination of the b a i t  chemicals (Table 8 ) .  

While Pondelure i s  apparently e f fec t ive  fo r  p r ac t i c a l  use against  - D .  ponde- 

rosae in fes t ing  western white p ine ,  Pinus monticola (pitman e t  a l .  19781, --- 

other chemicals a r e  probably necessary for optimal use agains t  populations 

in fes t ing  lodgepole pine. Therefore, I recommend t h a t  3-caren-1.0-01 be 

rigorously evaluated with other  ac t ive  chemicals a s  a population management 

too l  for  such populations. 
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Other compounds probably act a s  pheromones f o r  D.  ponderosae i n  lodge- - 

pole pine. Exo-brevicomin has s t rong p o t e n t i a l  a s  p a r t  of an a t t r a c t a n t  - 

compLex made up of hos t  monoterpenes and pheromones. I t  disappears i n  males 

following mating (Table 10) which suggests  t h a t  it may a t t r a c t  females. A 

low concentrat ion increased a t t r a c t i v e n e s s  i n  the  f i e l d  (Rudinsky e t  a l .  

1974) and prevented a  mass a t t ack  i n  a  white pine f o r e s t  b u t  not i n  a 

lodgepole pine f o r e s t  (McKnight 1979). Since Rudinsky e t  a l .  (1974) demons- 

t r a t e d  t h a t  -- exo-brevicomin a t  high concentrat ions had ant iaggregat ive  a c t i -  

v i t y ,  I suggest t h a t  - exo-brevicomin should be f i e ld - t e s t ed  a t  both high and 

low concentrat ions with o ther  a t t r a c t a n t s  i n  lodgepole pine f o r e s t s  t o  

determine the  p rec i se  nature of i t s  contr ibut ion  t o  an a t t r a c t i v e  monoter- 

pene-pheromone complex. 

Acetophenone and myrcenol had not  been t e s t ed  a s  p o t e n t i a l  

a t t r a c t a n t s  f o r  - D. ponderosae --- before t h i s  study. -- - While ne i the r  added s ign i -  

f i c a n t l y  t o  the  a t t r a c t i v e  mix of 3-carene + trans-verbenol + 3-caren-10-01 

i n  t he  f i e l d  (Table 7 ) ,  they were both p a r t  of the  female v o l d t i l e  mix t h a t  

a t t r a c t e d  male - D. ponderosae a t  the  lowest concentrat ion i n  the  labora tory  

(Table 5) and i n  synerg i s t  t e s t s  with hos t  monoterpenes (Table 6 ) .  I n  

addi t ion ,  acetophenone increased s i g n i f i c a n t l y  following J H  treatment 

(Table 11) and decreased s i g n i f i c a n t l y  following mating (Table 10) s t rongly  

suggesting t h a t  i t s  production is contro l led  by the  CA. Myrcenol increased 

following mating (although not s i g n i f i c a n t l y )  (Table 10) and reduced a t t r a c -  

t iveness  i n  the  f i e l d  (Table 7 ) .  Both should be re-evaluated i n  the  f i e l d :  

acetophenone a s  a p o t e n t i a l  a t t r a c t a n t ,  poss ib ly  a t  c lose  range, and myrcenol 

a s  a  p o t e n t i a l  i n h i b i t o r .  

My da ta  i n d i c a t e  t h a t ,  a s  i n  o the r  s c o l y t i d s  (Borden 1981),  pheromone 

production i n  - D. ponderosae - is  i n  p a r t  cont ro l led  by J B .  Trans-verbenol 



was s y n t h e s i z e d  immediate ly  f o l l o w i n g  J H  t r e a t m e n t  b u t  3-caren-10-01 was 

no t .  The p r o d u c t i o n  o f  b o t h  compounds was i n h i b i t e d  by exposure  t o  p r e -  

cocene.  T h i s  i n h i b i t i o n  was r e v e r s e d  by J H  a p p l i c a t i o n ,  i m p l i c a t i n g  t h e  

CA. These r e s u l t s  s u g g e s t  2  modes o f  pheromone p r o d u c t i o n :  1 )  -* t r a n s - -  

verbenol o r  i t s  p r e c u r s o r  is s e q u e s t e r e d  and 'immediately s y n t h e s i z e d  o r  

released i n  exposed b e e t l e s ;  and 2) -- t r a n s - v e r h e n o l  may a l s o  b e  produced 

by  the convers ion  o f  a -p inene  d u r i n y  a t t a c k  on a new h o s t .  3-Caren-10-01 

i c ;  n o t  s e q u e s t e r e d  b u t  i s  t h e  r e s u l t  of t h e  convers ion  o f  h o s t  m a t e r i a l .  

Th is  2 component sys tem i s  s i m i l a r  t o  t h a t  i n  I p s  cembrae, i n  which J H  - -- 
r i l  jmulaLcs t h e  p r o d u c t i o n  of methyl bu teno l  , b u t  n o t  i p s e n o l  and i p s d i e n o l  

which a r e  produced when the males  a t t a c k  a  new h o s t  o r  are exposed t o  

myrcene vapours  (Renwick and Dickens 1 9 7 9 ) .  

There  was no t r a n s f e r  o f  t h e  e f f e c t  o f  p recocene  by t r e a t e d  males 

(Tab le  1 4 ) .  T h e r e f o r e  d i r e c t  c o n t a c t  o f  p recocene  by females  is  necessa ry  

t o  reduce  t h e i r  r e p r o d u c t i v e  c a p a c i t y .  I n  p r a c t i c a l  s i t u a t i o n s  t h i s  

r e q u i r e s  t h a t  t h e  i n s e c t s  c o n t a c t  p recocene ,  which may prove  d i f f i c u l t  

w i t h  c r y p t i c  s c o l y t i d s .  I t  may b e  some t i m e  b e f o r e  methods a r e  developed 

f o r  t h e  u s e  of precocene and o t h e r  a n t i a l l a t a l  a g e n t s  a g a i n s t  b a r k  o r  

ambrosia b e e t l e s .  There  may b e  some promise  i n  e x p l o i t i n g  n a t u r a l  s o u r c e s  

of a n t i a l l o t r o p i n s ,  e .g .  w h i t e  s p r u c e  trees which c a u s e  r e v e r s a l  of y o l k  

d e p o s i t i o n  i n  - D. - r u f i p e n n i s  (Sahota  and I b a r a k i  1979) .  
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