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ABSTRACT

The effects of fenoxycarb, (ethyl[2-(p-phenoxyphenoxy)-
ethyllcarbamate), an insect growth regulator with juvenile
hormone activity, on pheromone production and reproduction in
Ips paraconfusus Lanier were studied. Topical application of
fenoxycarb in acetone induced newly-emerged male beetles to
become attractive to females, as measured by positive responses
to male abdominal extracts in a laboratory biocassay. Two
pheromones, 1ipsdienol and ipsenol, were detected by gas
chromatography in the abdominal extracts of fenoxycarb-treated
males. Pheromone production was minimal at a dose of 0.1
ug/insect of fenoxycarb, maximal at 10 ug, and was reduced to
trace amounts at a dose of 100 ug. In comparison, peaKk
production of pheromones was induced at a dose of 0.1 ug/insect
of natural juvenile hormone (JH III). Treatment with 10 ug of
fenoxycarb resulted in the occurrence of pheromones 12 h after
exposure, maximal pheromone content between 16 to 20 h, and
undetectable amounts after 36 h. Topical treatment of either
female or both parent beetles with 50 ug/insect of fenoxycarb
resulted in a significant reduction 1in egg hatchability and
number of progeny produced by beetles allowed to infest logs of
ponderosa pine, Pinus ponderosa Laws. When pairs of beetles were
allowed té attack 1logs that were surface-treated with
fenoxycarb, the effects on reproduction at a dose of 100 ug/cm?
of bark éurface were comparable to those of a topical treatment

at a dose of 50 ug/insect. However, at doses of 1000 or 10,000

iii



pug/cm?  the adverse effects included reduction in the length of
egg galleries, fecundity (number of egg niches), and number of
freshly-laid eggs. Percent reduction in progeny was found to be
35.8, 82.5, and 95.7 for doses of 100, 1,000, and 10,000 ug/cm?,
respectively, 1if broods were allowed to emerge. This study
indicates that fenoxycarb exhibits strong juvenile hormone
activity and acts as an effective chemosterilant on I.

paraconfusus.
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CHAPTER 1

INTRODUCTION

Insect growth regulators (IGRs) with Jjuvenile  hormone
activity, may severely disrupt insect development and
reproductidn. They have been regarded as promising potential
tools for wuse in 1insect pest management (Staal 1975). Such
potential has been realized with the discovery and commercial
development of methoprene for control of various insects,
primarily mosquitoes (Schaefer and Wilder 1972, 1973), fleas
(Chamberlain 1979), certain 1livestock pests (Harris et al.
1973), greenhouse and ornamental pests (Staal et al. 1973;
Hamlen 1975) and storage pests (Loschiavo 1976; McGregor and
Kramer 1975). However, certain 1limitations, such as lack of
adequate efficacy, insufficient environmental stability, or high
cost of manufacture, have been associated with most of the
juvenile hormone analogues (JHAs) synthesized so far (Staal

1977).

Encouraging new evidence of practical potential has arisen
from the recent tests of a non-terpenoid compound, fenoxycarb,
(ethyl[2-(p-phenoxyphenoxy)ethyllcarbamate) (Fig. 1), a non-
neurotoxic insecticide that exhibits strong juvenile hormone
activity against numerous insect pests in various orders
(Anonymous 1983; Dorn et al. 1981; Masner et al. 1981). This
compound achieved satisfactory control of a broad spectrum of

lepidopterous and coleopterous pests in stored products (Kramer



Fig. 1. Structural formulae of JH III and fenoxycarb.
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et al. 1981). It was also efficacious against leafrollers in
orchards (Reede et al. 1984, 1985). Fenoxycarb is highly
persistent in various environmental conditions, with residual
activity up to 1 year in stored wheat (Edwards and Short 1984)
and at least 4 weeks on apple leaves (Dorn et al. 1981; Reede
et al. 1984). On the other hand, fenoxycarb demonstrates a very
low mammalian toxicity (acute oral LDg,, rat>10,000 mg/Kg,
Anonymous 1983). Trials wunder laboratory and various field
conditions have shown that fenoxycarb appears to be innocuous
against beneficial arthropods (Dorn et al. 1981; Parrella et al.
1983; Reede et al. 1984). Furthermore, it is effective against
insects which have developed resistance to conventional
insecticides (Edwards and Short 1984). Finally, due to its
chemical structure, the compound is easy to synthesize and is

therefore relatively inexpensive (Karrer and Faroog 1981).

Bark beetles are major forest insect pests throughout much
of the Northern Hemisphere. Their biology is different from that
of many other insects in that they spend most of their 1life
cycle in the protected subcortical area of their hosts, and that
adult beetles, which appear only briefly during their dispersal
and attacking phases, produce aggregation pheromones which play
a vital role in concentrating the dispersing beetle population

on susceptible new hosts (Borden 1974, 1984).

Control of bark beetles with JHAs would be most feasible if
the compound were applied to the outer bark of unattacked hosts,

so that attacking beetles would be exposed to it as they



attempted to bore into the outer bark. To be most effective the
JHA should be capable of affecting fecundity, but should not
inhibit pheromone production by the attacking beetles. Such bark
treatments have not been rigorously evaluated; however,
prolonged emergence of brood Ips typographus L. was observed
following treatment of 1logs prior to attack with a JHA (Novak
et al. 1976). Research with topical applications indicates that
JHAs may exert the desired detrimental effect on reproduction
(van Sambeek and Bridges 1981), while at the same time
stimulating pheromone production (Borden et a/. 1969; Hughes and
Renwick 1977a, 1977b; Harring 1978; Conn 1981; and Bridges
1982).

Other phenomena associated with reproduction, including
flight muscle degeneration (Borden and Slater 1968; Unnithan and
Nair 1977); ovary development (Sahota et al/. 1970; Fockler and
Borden 1973), and mating behavior (Fockler and Borden 1973) may,
depending on the dose given, also be stimulated or repressed by
JHAs., In addition, JHAs may disrupt embryogenesis, if eggs are
treated (Ibaraki and Sahota 18976; NovAk et al/. 1976) and
metamorphosis, if last-instar larvae or pupae are treated (Novék

et al. 1976; Van Sambeek and Bridges 1980).

The California fivespined ips, Ips paraconfusus Lanier, is
an aggressive secondary bark beetle of moderate economic
importance in pine forests of the Pacific Southwest of North
America (Furniss and Carolin 1977). It is an excellent subject

for research on reproductive biology and the effect of JHAs



because its aggregation pheromones are known (Silverstein et al.
1966; Wood et al. 1966, 1968), and it is sensitive to exogenous
applications of JH or JHAs (Borden er al. 1969; Hughes and
Renwick 1977a; Borden and Slater 1968; Unnithan and Nair 1977).
Moreover, it 1is easily cultured in the laboratory, and readily
responds to its pheromones in laboratory olfactometers (Wood and

Bushing 1963; Borden 1967).

My objectives were: 1) to determine whether fenoxycarb can
induce pheromone production by [I. paraconfusus; and 2) to
determine by topical and bark treatments if fenoxycarb can

adversely affect the reprodction of I. paraconfusus.



CHAPTER 11

MATERIALS AND METHODS

General Methods

Insect Rearing

I. paraconfusus were obtained from a continuously-reared,
laboratory culture maintained on logs of ponderosa pine, Pinus
ponderosa Laws., in laboratory cages at 25+1°C and variable R.H.
All logs were cut from green trees near Princeton, B.C. Emergent
brood beetles were collected daily. Their sex was determined by
the presence of the pars stridens on the posterior dorsal area
of the head of females, but not males (Wood 1961). Beetles were
stored on moistened paper towels in glass jars at 4 °C until

used for experiments.

Maintenance and Handling of Test Materials

Two forms of fenoxycarb, were supplied by the Elanco
Division, Eli Lilly Canada. Inc., Winnipeg, Manitoba: a granular
technical grade material (96.6% purity) for topical treatment of
insects and and a liquid formulation (125 g/L) for treatment of
logs. Technical fenoxycarb was kept 1in a glass vial at room
temperature; 104 mg of the material was dissolved in acetone to
make a main stock of 100 ug/uL. The main stock was subseqgently

diluted in acetone to give 0.1, 1, 10, and 50 ug/uL. All



extracts were stored at 4 °C in 2 mL vials with teflon-lined
lids. The 1liquid formulation was also refrigerated at 4°C. A
stock solution of 50 ug/ulL was prepared by diluting 3.5 ml of
formulation in 5.25 ml acetone. Further dilutions were made to

give 5 and 0.5 ug/uL solutions which were used immediately.

JH II1I (96;9%, Sigma Chemical Co., St. Louis, U.S.A., 52 mg)
was diluted with acetone to give a 100 ug/uL stock solution,
which was divided 1into 5 approximately equal parts and stored
individually in 2 ml vials with teflon-lined 1lids at -15°C. One
vial was used whenever solutions of 0.1, 1, 10 ug/ul were

needed.

Effect of Fenoxycarb on Pheromone Production

Treatment of Beetles

Adult beetles were immobilized by cooling at 4°C and stuck
on scotch tape with their abdominal venter upward. Each beetle
received 2 topical applications, made to the abdominal venter,
of 0.5 uL of a given solution approximately 1 min apart
administrated with a 25 uL Hamilton syringe attached to a
50-stop Hamilton repeating dispenser. Treated beetles were
incubated individually for a specific length of time at room
temperature in glass cylinders (1.78 cm ID) placed in petri
dishes (Conn 1981). All petri dishes contained a saturated

cotton wick and were sealed with parafilm to minimize loss of



moisture.

Preparation of Abdomi nal Extracts

Groups of 12 or 24 newly-emerged male beetles were either:
1) treated topically with acetone extracts of fenoxycarb or JH
111 at 0.1, 1, 10, 100 wug/insect and incubated at room
temperature for 20 h; 2) treated with 1 uL acetone only applied
in the same manner and held as above; 3) left untreated and held
as above; or 4) introduced into preformed holes in ponderosa
pine logs (Miller and Borden 1985) and allowed to .bore in the
inner bark for 20 h. For analysis by gas chromatography (GC),
additional groups of 12 males were topically treated with 10 ug
of fenoxycarb and incubated for 12, 16, 20, 28, or 36 h. All
insects were taken from petri dishes or excised from the bark,
and their abdomens (containing hindgut and Malpighian tubules)
were removed and immediately immersed in double distilled

pentane in 2 ml glass vials in dry ice.

For bioassays, 24 beetle abdomens from each treatment group
were pooled and crushed with a glass rod in 200 uL of pentane.
After crushing, samples were allowed to warm up slightly at room
temperature and the clear extracts were transferred to clean 2
ml glass vials with one pentane rinse to give a 240 uL extract
at a éoncentration of 1 abdomen/10uL of solution. Vials
containing extracts were covered with teflon-lined 1lids and

stored at -44°C until used in bioassays.



For analysis by GC the same extraction procedure was
followed excépt that: 1) single abdomens were éxtracted with 100
ul,. of pentane without a rinse; and 2) solutions of 2 internal
standards, 3- and 2-octanol, each at a concentration of 2.5 uL
(2 mg) in 10 mL of pentane, were added before and after
crushing, respectively, at the rate of 2.5 uL/sample (Conn

1981).

Bioassay Procedure

The attractiveness of male abdominal extracts was bioassayed
with recently-emerged female I. paraconfusus in an open arena
olfactometer (Conn 1981). The arena was a 24 cm diam., disposable
filter paper. A glass tube (7 cm long and 1 cm ID) containing a
rolled-up filter paper (4.25 cm diam.) impregnated with a
stimulus was placed to allow an air stream to flow at a rate of
1500 mL/min through it toward the insect release point at the
center of the arena. Bioassays were conducted at room

temperature under red light.

Three types of stimuli were tested: 1) beetle abdominal

extracts; 2) a pentane control; and 3) a pheromone standard

consisting of racemic ipsenol, racemic ipsdienol, and
cis-verbenol (Borregaard, A.S., Sarpsborg, Norway) at
concentrations of 2, 1.5, and t ng/ul in pentane, respectively.

Each stimulus was assayed at the rate of 20 uL, or 2 male

equivelants for abdominal extracts, for each group of test



females. A fresh stimulus tube was used for each test, and the

arena was changed for each new stimulus.

Beetles that walked normally and had no missing appendages
were held in groups of 20 in 35 mm diam. petri dishes lined with
moistened filter paper at 2-4°C. They were brought to room
temperature about 2 min prior to use. Each group of insects was
released in the center of the arena and given 2 min to respond.
An insect was counted as a positive responder if it walked
upwind and stopped within 1 cm of the stimulus source or circled
around the edge of the airstream more than once. It was
classified as non-responder if it walked off the arena or
remained in the arena after 2 min without responding. Once its
status was classified, an insect was returned to the petri dish,
which was placed at the end of a rotation of 13 other petri
dishes. No group of insects was reused for at least 60 min.
There was no evidence that this procedure resulted in a change
in response through time in this or in studies with other

scolytids (Conn 1981; Stock and Borden 1983).

The bioassay experiment was completed in 2 sessions of 4 h
each in the same day. Assays were conducted before each session
with pentane and the pheromone standard to ensure that the

insects were responding consistently.

10



Gas Chromatography

GC Analysis was conducted on a Hewlett-Packard G5880A gas
chromatograph fitted with a flame-ionization detector and a
glass capillary column (30 m x 0.50 mm ID) coated with SP-1000
(Supelco 1Inc., Bellafonte, Pa., U.S.A.). The oven temperature
was programmed from 120 to 180°C at the rate of 4°C/min, with an

injector temperature of 260°C and detector temperature of 275°C.

Samples which were kept in dry ice were warmed to room
temperature, and 2 uL of each sample was injected manually into
the injection port. A standard sample consisfing of the
synthetic pheromones, ipsenol, ipsdienol, and cis-verbanol was
routinely put through the GC under identical conditions as the
beetle extracts. Determination of pheromone content in the
samples was based on comparison of retention times with those of
the standard sample. Quantification of ipsenol and ipsdienol was
achieved by using the area under the 3-octanol peak as a
reference. The 2-octanol peak was used to check for possible

loss of volatiles during processing of the samples.

Effect of Fenoxycarb on Reproduction

Treatment of Parent Insects

Male beetles were: 1) treated topically with 10 or 50 ug of

fenoxycarb in acetone; 2) treated with 1 pL of acetone; or 3)

11



left untreated. After 1 h at room temperature, males in all 3
groups were introduced individually into predrilled holes in the
bark of ponderosa pine logs (about 80 cm long and 20-30 cm in
diam.). The holes were drilled at approximately 30 cm centers in
vertical rows 12 cm apart. The beetles were confined with
geletin capsules taped over the holes (Miller and Borden 1985).
Females were treated in the same manner as males, but 24 h
later. Each female was introduced into a capsule to pair with a

male.

There were 8 treatment combinations randomly assigned to one
of 8 logs cut from a single uninfested ponderosa pine. Treatment
combinations were: 1) both sexes received 10 ug fenoxycarb; 2)
male received 10 ug fenoxycarb, female acetone; 3) female
received 10 ug fenoxycarb, male acetone; 4) both sexes received
50 ug fenoxycarb; 5) male received 50 ug fenoxycarb, female
acetone; 6) female received 50 ug fenoxycarb, male acetone; 7)

both sexes receivea acetone; and 8) both sexes left untreated.

The experiment was terminated 2 weeks after the female
beetles were paired with males. The logs were debarked and the
following data recorded: length of egg galleries, and the number
of egg niches, larvae, eggs, and larval mines associated with
each gallery. Data were not recorded if one or both parents was

found dead or missing.

12



Treatment of Logs

Juvenile Assessment Experiment

Hollow glass cylinders (1.78 cm ID) were attached, at the same
intervals as the preformed entrance holes above, on 5 ponderosa
pine logs, approximately 85 cm long and 22-23 cm in diameter cut
from a single green tree. These logs were then randomly assigned
to 5 different treatments. Using 100 uL Hamilton syringes, 500
uL of liquid formulation fenoxycarb in acetone at 0.5, 5, or 50
ug/ul were administrated in 3 applications of 250, 150, and 100
uL. each at about 10 min intervals to the bark surface enclosed
by the glass cylinders to give approximately 100, 1,000, and
10,000 ug/cm? of bark surface. Treated logs were allowed to air
dry for 2 h before introduction of insects. Controls were logs
treated with 500 uL of acetone or left untreated. One male and
one female beetle were put simultaneously 1into each glass
cylinder and confined therein by covering the open end with
parafilm throughout the entire experiment except when inspection
and frass removal was conducted. Logs were kept separately in
laboratory cages at 25+2°C. The next day, any male or female
beetles found dead or apparently moribund were replaced. Frass
was removed from the glass cylinder every other day. Two weeks
after the beetles were put into logs, the logs were debarked and

the galleries examined as above.

13



Brood Emergence Experiment

The same experimental setup as for Jjuvenile assessment was
followed except that: 1) beetle progeny were allowed to develop
and emerge; 2)parent beetles were introduced into logs in rows
with centers 40 cm apart and 16 cm between rows; and 3) frass
was removed weekly until brood emergence. Brood beetles were
collected twice a day from the wall and floor of individual
cages and  their number recorded. The experiment was terminated
30 days after the first appearance of emergent beetles 1in the
cage containing the acetone-treated log. All logs were stripped;
those galleries containing egg niches excavated by introduced
beetles were considered as successful attacks and were used in
calculating average brood size for each treatment group. Beetles
that successfully attacked but produced no emergent brood, as
indicated by no emergent holes, were regarded as completely

sterilized.

Statistical Analysis

Proportional data, 1including percentages of responding
females 1in bioassays, males containing pheromones in GC
analyses, and beetle pairs producing emergent brood were
converted wusing an arcsin-square-root transformation and
compared using a Newman-Kuels test modified for testing

proportions (Zar 1984).

14



A maximum likelihbod method ' was used to estimate the mean
amounts of ‘pheromone produced by males treated with fenoxycarb
or JH II1I, primarily to recover valuable information regarding
the effect of treatments from zero values which were probably
resulted from a certain threshold (8.0 ng) of the GC equipment.
Differences among estimated means were then assessed by the

Newman-Kuels test, and differences from zero by t-tests.

Data on mean cumulative brood emergence were fitted into
linear regression equations after log(y+1) transformations, and
the slopes of the regression 1lines were compared by the

Bonferroni simultaneous test,

'Based on an exponential model developed by Drs. M. A. Stephens,
K. L. Weldon, and T. Swartz, and Mrs. S. Ng, Department of
Mathematics and Statistics, Simon Fraser University.

15



CHAPTER 111

RESULTS AND DISCUSSION

Effect of Fenoxycarb on Pheromone Production

Within 20 h after topical treatments of male beetles with
fenoxycarb or JH III their abdominal extracts became attractive
to females, when compared with the responses of females to
pentane or extracts of either untreated or acetone-treated males
(Table 1). Response was maximal to extracts of males treated
with 10 ug of fenoxycarb, but significantly less than maximal to
extracts of males subjected to the 100 ug treatment. Abdominal
extracts from males treated with 0.1 ug of JH 1III were as
attractive to females as those from males treated with 10 ug of
fenoxycarb (Table 1). However, there was a progressively weaker
response as the dose of JH III increased. The pheromone standard
extracts from males fed in 1logs (and thus exposed to the
pheromone precursor, myrcene) elicited the strongest responses

by females (Table 1).

The bioassay results were supported by gas chromatographic
analysis (Table 2). Treatment of ‘male beetles with fenoxycarb or
JH III resulted 1in the occurrence of ipsenol and ipsdienol in
their abdominal extracts ( as determined by identical retention
times as those of synthetic ipsenol and ipsdienol). In agreement
with the bioassay results (Table 1), the optimal dosages for

fenoxycarb and JH III were 10 and 0.1 ug, respectively.

16



TABLE 1. Response by /. paraconfusus females in laboratory

bioassays to pentane extracts of abdomens from males treated

with fenoxycarb or JH 111, and extracted 20 h after treatment.

Response

females
Stimulus source Dosage tested (%)
Pentane 20 uL 120 3.3a
Pheromone standard? 20 uL 121 66.1f
Abdominal extracts from
males in logs 20 h 2 male equiv, 140 90.7g
untreated males " 121 9.0ab
acetone-treated males " 140 7.9%ab
Abdominal extracts from .
fenoxycarb-treated males
0.1 ug fenoxycarb " 140 14.3bc
1.0 ug fenoxycarb " 140 22.9c
10.0 ug fenoxycarb " 121 48.3d
100.0 ug fenoxycarb " 121 18.2bc
Abdominal extracts from
JH III-treated males
0.1 ug JH III " 140 41,44
1.0 ug JH 111 " 119 16..8bc
10.0 ug JH III " 140 15.0bc
100.0 ug JH III " 120 13.3bc

17

(x)ipsenol + (t)ipsdienol + cis-verbenol at 40, 30, and 20
ng/20 ul,, respectively.

Percentages followed by the same letter are not significantly‘
different, Newman-Kuels test (a=0.05) modified for propor-
tional data (2ar 1984).



"GO 0>d ‘3S83-] ‘OJdZ WOJJ JUBU4DIILp Al3uediiubis Sue suesw paisnpe 1y

*(G0°0=D) 1SS} S[SNH-UBWMBN ‘IUBUdIILP AlIUeDL31ubtls j0ou Bue J4d3131d| Bwes 8yl AQ PBMO| |03 UWN[OD B ULYILM

sueaw paisniy "UOLINQLJISLP (EBl3UuSUOdXa Ue MO {03 30U Op Blep BYl 3}EBY} SOUSPLIA3 OU S} d4dy3l ‘Oiisiieyxs Pul|deqQ
~uosJuspuy. 8yi AQ 8snedoaq pawnsse St Allleljuduodx3 "eiep |BUIDLJO 99U} WOJU4 PBALJISP |SpOW |e!liusuodxs ue

Wod44 SUEBSW JO SBIBWLLISS PoOOYL |93t | wnwixew AqQ peodoe|dad ussq aAey (Y Oz sBol ut salew wouj eiep Buipn|Dox8)

eiep (euiBido ‘0 0< Sjunowe ueaw 948UM "Suowodayd jo (Bu O°'8>) JUNOWE S| gEIDDIDP OU SIBDLPUL SON|BA 0udZ

‘(v861 4eZ) BIEP |BuOlidodoud Buiissl doi ?
patJipow (GO 0O=D) IS8} S|SNHY-UBWMBN ‘JUDUdIILIP A|Iuedt jiubis jou aue U4931313| awes a8yl Ag pPeaMoO| |04 sabeiusduad e
00 , 0’0 20 0 67 0 001
eEt F G'F : 00 qeg '8 ] 67 0°01
Q9 € ¥ 9°Cl el} ¥ 8'E qe. 9} 67 0}
21'9 F 0'i2 ag't ¥ #'9 ge "’ EE 67 -0

suoilaoe 17 | ut
IIT HM Uitk pajesdy

0'0 0’0 200 61 0°004
PO'EF F + ST OL'E F L'CH 290° 08 B7 001
25°L F 0792 Atz ¥ £°L qo- sz 67 o0y
g0'€E ¥ 970} 0"} F E'E qo° sz 671 -0

auoiase 7 | ui
QUedAX0oual YiiMm paieady

(ohe} 0°0 e0° 0 (17 1) p®iesd|-2uU0318dY

0°0 0°0 e0'0 paiesadiun

O'I6F ¥ G918 682 ¥ 6°6C} O£ 'ES8 y O¢ sbo( ui
S{0d43luo)
foussd] {ousipsd] mmeOEoLwcn (1udwieaul /salew zi=U)

Buituieiuod .
('3'S ¥ X) sa|ew paieadl juswiesad]
ajew/suowouayd j0 (Hu) junouwy 40 sabejusduad

q

‘juaWIead ] J49} e Y 0F pazAieue pue pajdedixe
" snsnjuodeded "] ajew AQ uoijonpoJd suocwiodayd U0 IIT HP 4O QueEDAXOUSJ Y} LlM juswiead; |eotdoy 3O S3089333 T 34Vl

18



However, there was no measurable pheromone (threshold = 8.0 ngq)
in males treated with 100 ug of either fenoxycarb or JH III. On
the other hand, treatment with fenoxycarb at the dose of 0.1 ug
resulted in a significant increase in percent of treated males
containing pheromone and in amount of pheromone content (Table

2).

The results of both biocassays (Table 1) and GC analysis
(Table 2) corroborate the conclusions of Borden et al/. (1969)
and Hughes and Renwick (1977a) that JH stimulates pheromone
biosynthesis in I. paraconfusus, even though the potency of JH
II11 was found to be at least 100x higher than in the experiment
conducted by Borden et al/. (1969). The results also clearly
indicate that fenoxycarb mimics the function of juvenile hormone
in stimulating pheromone biogenesis in I. paraconfusus, and
suggest that it possesses high biological activity for scolytid

beetles.

The diminished pheromone activity (Table 1) or detectable
content (Table 2) with treatment dosages higher than optimal has
not been observed before in I. paraconfusus. However, inhibitory
effects on pheromone production with exogenous JHs or JHAs has
been observed in a number of insects, and several hypothesis
have been proposed to account for this phenomenon. Hedin er al.
(1982) found that JH III incorporated at 1.0 ppm in the diet of
male boll weevils, Ant honomus grandis Boheman, caused a 3-fold
increase 1in the biosynthesis of 4 pheromone compounds. However,

at dosages of 10 and 100 ppm, there was a decrease in pheromone
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synthesis. The results obtained by Hedin et al. (1982) are
consistent with Staal's (1975) hypothesis that the failure of
increasing amounts of JH to elicit increasing greater effects
may be due to a cellular sensitivity which limits the capacity

of a cell to respond to a given stimulus.

Decreases in pheromone content following application of JHA
in the southern pine beetles, D. frontalis Zimmermann were
observed by Bridges (1982), who suggested that JH might
stimulate release of pheromones. Treatment with JHAs resulting
in a significant reduction 1in pheromone activity was also
observed in female yellow mealworms, Tenebrio molitor L. (Menon
and Nair 1972), and 1in female cockroaches Byrsotria fumigata
(Guerin) (Bell and Barth 1970). For both insects, the reduced
activity was attributed to stimulation of yolk deposition by an
excess of JHA, which might in some way have inhibited pheromone
production. Fockler and Borden (1973) reported that a high
dosage (50 ug) of a JHA inhibited mating activity of the striped
ambrosia beetle, Trypodendron lineatum (Olivier), whereas a
lower dosage (0.05 ug) accelerated the activity. They attributed
this phenomenon to a toxic effect of high dose of JHA since
there was some mortality in treated insects. However, such a
toxic effect was not evident 1in my experiment; there was no
mortality, nor apparent loss of vigor of I. paraconfusus treated
with any dose of fenoxycarb or JH III. Therefore, the failure to
detect pheromone following treatment with either material

suggests an inhibitory effect. Such an effect could result from
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negative feedback on the release of brain hormone, which, as
demonstrated by Hughes and Renwick (1977a), is essential for
normal pheromone biogenesis in JI. paraconfusus. Inhibition of
brain hormone release by high JH titer has been reported for
certain diapausing larval lepidopterans, such as the cabbage
armyworm, Mamestra brassicae L. (Hiruma et a/. 1978) , and the
tobacco hornworm , Manduca sexta (L.) (Nijhout and Williams
1974; Rountree and Bollenbacher 1984). Thus, the optimal
(non-inhibitory) effect of 100 wug JH 111 found by Borden
et al.(1969) may have been due to the nonvolatile solvent,
peanut o0il, which might have served as a slow release medium.
The same dosage of the same compound carried by highly active
solvent acetone may have caused a rapid saturation of JH
receptors on the corpora cardiaca (Hughes and Renwick 1977a), or
may have activated some other negative feedback mechanism that

inhibited pheromone biosynthesis.

When male beetles were treated with 10 ug fenoxycarb and
then extracted and analyzed at various post-treatment times,
pheromone was first detected 12 h after treatment (Figs. 2, 3).
The highest proportions of individuals contained pheromone at 16
and 20 h; pheromone-containing males were fewer after 28 h, and
none contained detectable pheromone after 36 h. The proportions
of beetles containing pheromone were reflected by the amount of
ipsenol, and to a lesser extent ipsdienol, content/male (Fig.

3).
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Fig. 2, 3. Relationship between time after treatment of male Ips
paraconfusus with fenoxycarb and percent of treated
males containing ipsenol, ipsdienol or both
(Fig. 2), and amount (ng*S.E.) of pheromone content/
male (Fig. 3). Bars in Fig. 2 with same letter above
are not significantly different, Newman-Kuels test
(a=0.05) modified for proportional data (Zar 1984).
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These results agrée in part with those of Borden et al.
(1969), who concluded that it required at least 12 h for
JH-induced pheromone synthesis to produce sufficient pheromone
to elicit a positive response by females, whereas it required
only 3 h for beetles boring and feeding on fresh ponderosa pine
bark to possess highly attractive guts. The 1lag between
pheromone synthesis induced by stimuli associated with boring
and feeding activity and by exogenous JH treatment may provide
indirect evidence for Hughes and Renwick's (1977a) hypothesis
regarding neural and hormonal control mechanism of pheromone
biosynthesis in J. paraconfusus. The production. of JH and
subsequent release of brain hormone in response to the removal
of neural inhibition, e.g. as a result of gut distention by
feeding (Hughes and Renwick 1977a; Harring 1978), might occur
qQuite rapidly. On the other hand, subtle changes in hemolymph JH
titers resulting from slow rates of penetration of
topically-applied material through the cuticle and transport to
the target tissues could limit the rate of pheromone production.
Possibly, however, beetles in fresh host material simply may
have abundant supplies of 1ingested myrcene as a pheromone
precursor (Byers 1981), and thus produce detectable levels of
ipsdienol and ipsenol in a shorter time than JH- or JHA-treated
beetles, which must de-derivatize limited amounts of sequestered
precursor (Hughes 1975) prior to converting it to ipsdienol and
ipsenol. Borden ez al/. (1969) and Hughes and Renwick (1977a)
monitored the pheromone content in treated male I. paraconfusus

for only 24 and 22 b, respectively. As JH 111~ or
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fenoxycarb-treated béetles were denied food, their pheromone
production must be constrained by the amount of endogenous
sequestered precursor (Borden 1984), It 1is 1likely, therefore,
that this supply was consumed within about 20 h after treatment
and that the volatile pheromones were lost eventually by
emission from the hindgut (Pitman er a/. 1965; Renwick et al.
1966) to the external environment, and/or by diffusion into the
haemocoel, resulting in undetectable levels by 36 h (Figs. 2,
3). The observation that pheromone production induced by
exogenous JH or JHA varies not only with dosage but also with

time may be of concern in future studies.
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Effect of Fenoxycarb on Reproduction

Topical treatment of both sexes or females with 50 ug of
fenoxycarb caused a significant reduction in mean brood size, as
assessed by the number of immature progeny in logs debarked 14
days after they were attacked by treated or control beetles
(Tables 3, 4). Treatment of the bark with fenoxycarb also had a
significant adverse effect on reproductive success as assessed
by the type of gallery constructed (Fig. 4), the number of
immature progeny (Tables 5, 6) or emergent brood beetles (Table
7, Fig. 5). Reduction in reproductive success was associated
primarily with a significant decrease in egg hatchability
(Tables 4, 6), but following pre-attack bark treatment with
1,000 or 10,000 uwg/cm? of fenoxycarb, there was also a reduction
in fecundity (as indicated by mean number of egg niches) (Table

5).

Acetone treatment, either topical or applied to the bark,
had no significant effect on the reproductive capacity of 1I.
paraconfusus. My results agree with those of Van Sambeek and
Bridges (1981) for D. frontalis , but differ from those of
(Critchley and Almeida 1973) in which the reproductive petential
of a cotton stainer, Dysdercus fasciatus Signoret was
significantly reduced by acetone treatment. Hatchability in all
control treatments (ranging from 84.4 to 97.3) (Table 4, 6) was
lower than that "(98.2%) reported by Wood and Stark (1966) for I.

paraconfusus reared under similar conditions. However, their
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FIG. 4. Comparison between I. paraconfusus galleries from
untreated log (left) and from log treated prior to
attack with fenoxycarb at a dose of 1,000 ug/cm?
(right).

30a



°
AR AR RN AR N ERLRRN A
INCH_ 1 e

SRR R AR AR RARARARRRRARE L4380 05 L I8 RAREARES ahddRLn R ARN LA, :
. —y 3 “ . 5 ; - 6 - ” 7
MIUaIVISE

F:F.bb:



$1043U0D palood ui sa|3eag jusbiswa "ou ueap

00t X
jusawleady U} sa|isaq juabusws "ON - S|O0J3uo0D padiood ul sa|ji22qg juabJisaws ‘ou uespy g
'(v861 JeZ) eiep pmcowyLOQOLQ.LOm pat dtpouw
(SO 0=D) 3S231 S|[8NX}-UBWMBN ‘3JUBJSIIIP AlIUeDLFLubLs 30U 2de Js33a| awes 8yl AQ pamo| ot sabejussuad
e
LG8 e as’'cv L : Lwd/quesAxouas BT 000°01
g§°C8 9°8 o4l LS L wo/gquedAxouas BT 000°}
8°GE S LE qeg ' £8 9 wo/quedsAxouas BT 00} —
3 o
- 8 LY e0 00} 8 suolsoe
- £°08 0 00} 8 pd3ieaJiun
1S1043U0)D
(%) sfoeiie pooJq jusbuswa Al Ln4ssaoons juswilead)
e
Auaboud jo0 LNn4ssaoons Jaad Buionpoud Buioeiie
q
uol 3onpay sa|3@aq juabuawa 3}oe3ie |Nnissadons sJied
‘ON 8beuany 40 judduad 813938q "ON

‘snsnjuodceued | pooug jusbuswa jo uolionpoud Aep-0¢
‘3usnbasqns uo sbo| auid esodapuod jo dMJeg 3y} 0} QUEOAXOUS3 O uoliedljdde oejje-aJdd jo 3038333 L diqel




Fig. 5. Cumulative emergence of I. paraconfusus from logs
treated with 100, 1,000, or 10,000 ug of fenoxycarb as
compared with emergence from untreated and aectone-
treated control logs.
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formula for estimating egg hatchability was derived from the
ratio of the number of larval mines to the sum of the number of
collapsed eggs plus the number of larval mines because of the
variation in number of empty egg niches in their study. However,
in my experiment, very few empty‘égg niches were observed and

there was no obvious variation among different treatments.

Neither length of the egg gallery nor the number of egg
niches were significantly affected by topical treatment with
fenoxycarb (Table 3), suggesting that unlike neuro-toxic
chemicals, it does not exert a profound direct action on the
behavior of I. paraconfusus. A similar phenomenon was observed
by Van Sambeek and Bridges (1981) in D. frontalis treated

topically with methoprene.

The significant reduction in mean brood size, but not
fecundity following topical treatment of both sexes, or of
females alone, with 50 ug of fenoxycarb (Table 3) can be mainly
attributed to diminished numbers of larvae, which, 1in turn,
reflect a significant reduction in hatchability (Table 4). On
the other hand, the absence of any significant effect after
males were treated with 50 wug of fenoxycarb suggests that
fenoxycarb has 1little 1influence on the fertility of male
beetles. Moreover, 1if fenoxycarb 1is transfered to untreated
females by treated males, the dose rate was too 1low to affect
the reproductive potential of females. The sexually selective
impact of fenoxycarb on reproduction by females could result.

from formation of defective eggs and/or from an effect on
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embryogenesis 1in JHA-contaminated eggs (Sehnal 1976; Staal
1975).

Fenoxycarb applied to outer bark surface even at a dosage as
low as 100 pug/cm? caused a similar detrimental effect on
reproduction of I. paraconfusu& (Table 5, 6) as 50 ug topical
treatments (Table 3, 4). Since the male beetles initiate attack
in I. paraconfusus, and 1injest host material while doing so,
they could possibly have taken in enough fenoxycarb to affect
their reproductive success. However, females that join males do
not begin to feed until they construct egg galleries deep in the
phloem tissue. Thus they most 1likely absorbed fenoxycarb
primarily through the cuticle while they were on the outer bark
or in the entrance hole awaiting completion of the nuptial

chamber by the males.

At the dosages of 1,000 or 10,000 ug/cm? of bark surface
even the mean length of gallery , fecundity, and the mean number
freshly-laid eggs were significantly reduced (Table 5; Fig. 4).
The drastic impact of these larger dosages may be partially
attributed to a toxic effect of fenoxycarb, since many beetles
in these 2 treatments had to be replaced the day after the
initial introduction. However, once egg gallery construction
began there was no abnormal mortality in any treatment group.
Another possible reason for this drastic impact could be that
fenoxycarb might have caused resorption of mature obcytes and
deformation of ovarioles, as observed by Rohdendorf and Sehnal

(1973) in reproducing female firebrats, Thermobia domestica
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(Parkard). Lack of availability of odcytes, or mature eggs,
might in some manner have signalled a premature termination of
the reproductive cycle, resulting in a cessation of gallery
construction by female beetles. In I. paraconfusus, egg laying
proceeds only as the egg gallery 1is lenthened, a common
oviposition behavior among /Ips spp. (Schmitz 1972; Miller and

Borden 1985).

The ultimate test of the impact of any pesticide on bark
béetle reproduction is in the F; brood beetles that emerge from
an infested host. In part, this impact can be seen in a
comparison of the slopes of regression lines ? derived from the
cumulative emergence data in Fig. 5. These comparisons
(Bonferroni simultaneous test, «=0.05) yielded the following
ranking from hightest to lowest: untreated = acetone-treated >
100 ug fenoxycarb/cm? > 1,000 ung fenoxycarb/em? = 10,000 ug

fenoxycarb/cm?,

Complete sterilization of 1, 4 and 3 beetle pairs as
indicated by no emergence holes, was observed in the 100, 1,000
and 10,000 ug/cm? treatments, respectively (Table 7). At the
treatment doses of 1,000 or 10,000 ug/cm? this decrease in

reproducing pairs was significant. For the 10,000 ug/cm?

2 Regression equations, after log(y+1) transformation, are:

t
y = 0.0011 + 0.0675x, p<0.0001, r? = 0.9387;
y = 0.1440 + 0.0569x, p<0.0001, r?2 = 0.9753;
y = 0.0139 + 0.0555x%, p<0.0001, r? = 0.9786;
y = -0.1741 + 0.0396x, p<0.0001, r?2 = 0.9732;
y = -0.0927 + 0.0188x, p<0.0001, r? = 0.9552;

respectively, for untreated control, acetone-treated control,
100 wug/cm? fenoxycarb treatment, 1,000 ug/cm? fenoxycarb
treatment, and 10,000 ug/cm? fenoxycarb treatment.
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treatment there were only of 2.1 emergent beetles/attack, a net
increase in population size of virturally zero. There was also a
considerable delay in the onset of brood emergence from logs
treated with 1,000 and 10,000 ug/cm? of fenoxycarb, as compared
to that from the control logs (Fig. 5). In /. typographus there
was a 12-day emergence period by brood beetles from log treated
prior to attack with JHA, whereas there was only a 7-day
emergence period from control log (Novak et al. 1976). Retarded
developmental and growth rates of progeny produced by adults
treated with JHA or exposure to JHA-contaminated host foliages
has been reported for the white pine weevil, Pissodes strobi
(Peck) by McMullen and Sahota (1974). However, JHAs could either
cause a prolonged developmental time, or, simply delay the
production of the first viable eggs until the beetles begin to

recover from the JHA treatment.

The higher percent reductions in progeny of emergent brood
beetles (Table 7) than that of the brood exposed at 14 days
after attack (Table 6) may suggest a persistent influence of
fenoxycarb on the reproducing parents and/or an additional

mortality of the progeny after 14 days in the logs.
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CHAPTER IV

CONCLUDING DISCUSSION

That fenoxycarb mimics the function of juvenile hormone in
stimulating pheromone biosynthesis in male 7. paraconfusus was
clearly demonstrated in this study (Tables 1, 2). Its high
biological activity was evidenced by a strong stimulatory effect
at a low topical treatment dosage of 0.1 ug. Two interesting
phenomena regarding the pattern of JH-induced, pheromone
biogenesis by I. paraconfusus were observed. Firstly, with a
post-treatment incubation period of 20 h, high dosage(s) of
exogenous fenoxycarb or JH III inhibited pheromone biogenesis,
while lower dosages were strongly stimulatory (Table 2). Such an
inhibitory effect may result from a rapid saturation of JH
receptors on the corpora cardiaca, or from an activation of some
other negative feedback mechanism. This phenomenon could be used
in investigation of the neural and hormonal control of pheromone
biogenesis in I. paraconfusus. Secondly, JHA-induced pheromone
production varied with time (Fig. 2, 3). While the occurrence of
pheromone content 12 h after treatment may reflect the rate of
response of treated insects to the JHA stimulus, the gradual
disappearance of pheromone may suggest loss due to external
release or internal diffusion over time. Both phenomema are of
concern in future studies, as they may affect the observed

activity of JHAs.
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It is also clear from the results that at competetive
dosages with other JHA's fenoxycarb is an effective
chemosterilant against reproductive I. paraconfusus (Tables 3-7,
Figs. 4, 5). Noticeably, this effect results from the profound
indirect impact of fenoxycarb on egg hatchability and, to a
lesser extent, from the direct impact on fecundity of the
treated or exposed beetles. However, fenoxycarb appears to have
little influence on the fertility of male beetles, even at
dosages sufficient to affect pheromone production. It .follows
that those species in which the female beetles initiate the
attack might be more prone to fenoxycarb-coated hosts than those
in which the male initiate the attact. The former species are

reasonable targets for further investigation.

This study disclosed the dual impact of fenoxycarb, i.e.
stimulation of pheromone production by one sex and inhibition of
reprodction by the other, and yielded positive evidence for the
feasibility of exposing attacking bark beetles via contact with
fenoxycarb-coated bark. Additional research 1is needed to
demonstrate whether or not fenoxycarb affects pheromone-based
communication by bark beetles in the field, and to evaluate the

efficacy of fenoxycarb in controlling bark beetle infestations.
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