Southern Pine Beetle, Dendroctonus frontalis Zimmermann
(Coleoptera: Scolytidae):
Quantitative Analysis of Chiral Semiochemicals

by

Donald Michael Grosman

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

DOCTORATE OF PHILOSOPHY

IN
ENTOMOLOGY
APPROVED:
5@@;%“ M_ h:@é?_u_—éb_
Scott M. Salom, Co-chairman F. Williarh Ravlin, Co-chairman

Thomas L. Pay

March 8, 1996

Blacksburg, Virginia

Keywords: Dendroctonus _frontalis, Scolytidae, semiochemical, autoxidation,
e e
gas-liquid chromatography



SOUTHERN PINE BEETLE, Dendroctonus frontalis ZIMMERMANN
(COLEOPTERA:SCOLYTIDAE):
QUANTITATIVE ANALYSIS OF CHIRAL SEMIOCHEMICALS

Donald Michael Grosman

Scott M. Salom and F. William Ravlin, Co-chairmen

Department of Entomology

Abstract

Semiochemicals released from logs infested by southern pine beetle
(SPB), Dendroctonus frontalis, from a total of eight infestations located in
Texas, South Carolina, and Virginia were collected four to eight days after
initial attack. The quantities and chiralities of most semiochemicals, as
analyzed by gas-liquid chromatography, showed geographic and temporal
variations. Changes in the quantities of a-pinene (aP), frontalin (F), and
endo-brevicomin (eB), are believed to result from responses of the host and
the beetle to each other's activity at a given time and differences in their
respective health. The chiralities of aP, F, and eB at all locations generally
remained stable over time, yet variation across the insect’s geographic range,
particularly for aP and F, is believed to be due to genetic variation of
individuals. Geographic and temporal variations in the quantities and
chiralities of cis-verbenol (cV), trans-verbenol (tV), and verbenone (V) are
presumed to be due to the multiple pathways of origin (SPB, autoxidation,
and microorganisms).

Analysis of the same semiochemicals isolated from hindguts of

individual beetles from Texas, South Carolina, and North Carolina showed



quantities of cV and tV to be substantially greater in females than in males;
whereas, males contained much greater amounts of V. Geographic
differences were found in quantities of tV and V in both sexes and in aP and F
in males only. The chiralities of most semiochemicals present in SPB
hindguts differed markedly from those released from infested logs. Males
produced predominantly (+)-F and (-)-eB, (-)-cV, and (-)-V; however, the
chirality of tV varied considerably among areas. In contrast, females
produced predominantly (+)-cV and (+)-V and (-)-F, (-)-eB, and (-)-tV. The (+)
enantiomer of aP predominated in both sexes, but the proportion of (+)-aP
was generally lower than that released from SPB-infested logs from the same
areas. Geographic differences in chirality of tV and V were significant in
males and for eB in females.

In laboratory trials, aP autoxidized under ambient temperatures to
form tV, myrtenol (M), V and to a lesser extent, cV. Both the quantities and
chiralities of these compounds were dependent on the chirality of the aP
precursor. Significantly greater amounts and proportions of the (+)
enantiomer of each compound were produced when (+)-aP was predominant
than when the antipode of the precursor was predominant. The extent to
which autoxidation products play a role in bark beetle behavior is expected to
be dependent on the proportion of aP in pine resin and its chirality present in
a pine species.

The information gained from this research was used to elaborate on
previously proposed behavioral sequences occurring during the mass attack
of host trees by SPB and to suggest new avenues to improve the use of

semiochemicals in pest management efforts.
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Chapter1

Introduction

The pine forests of the southeastern United States provide many valuable
resources: timber, recreation, aesthetics, hydrologics, and wildlife. The economic
value of some resources, i.e. timber, can be easily determined, but for the others,
the value is not as easily calculated. Many factors which occur naturally or
artificially including, fire, disease and insects, can reduce the value of these
resources. Insects alone caused damage and mortality to trees amounting to
$75.6 million per year from 1985 to 1992 (1993 Report on Losses Caused by Forest
Insects, Southern Forest Insect Work Conference proceedings).

The southern pine beetle (SPB), Dendroctonus frontalis Zimmermann
(Coleoptera: Scolytidae), is the most important cause of pine mortality in the
southeastern United States. From 1960-1990, this species alone caused pine
damage and mortality valued at more than $900 million (Price et al. 1991). In
addition, the frequency and severity of SPB outbreaks has increased throughout
the South (Hedden 1978). However, SPB does not just impact the timber
industry, it also has a significant impact on recreation, water, and wildlife
resources (Leuschner 1980).

Currently accepted control tactics to reduce losses due to SPB include cut-
and-salvage, cut-and-leave, fell-and-spray with insecticides, and fell, pile and
burn (Billings 1980). However, such tactics are not always applicable due to
infestation size, access, timber markets, and environmental concerns (Billings

1980, Swain and Remion 1980).



There is strong interest in the use of semiochemicals for sampling,
manipulating, and control of insect pests (Borden 1993). Two pheromones of
SPB, frontalin and verbenone, are in operational use for surveying and predicting
regional populations levels (Billings 1988) or are being evaluated for
effectiveness in suppressing the growth of infestations (Payne et al. 1992),
respectively.

Pheromone chirality is reported to be important in maintaining bark
beetle species integrity and reduce competition for resources (Lanier 1974,
Seybold 1993). Studies have shown that Ips pini Say, which inhabits a large
geographic ranges (i.e., nearly 4800 km) and use chiral compounds as
pheromones, produce and respond to different enantiomeric ratios of those
compounds at different geographic locations (Herms et al. 1991, Lanier et al.
1972, Lanier et al. 1980, Miller et al. 1989). In other studies, the enantiomeric
ratios of cis- and trans-verbenols released by bark beetles are directly related to
the enantiomeric ratio of the host terpene precursor, a-pinene (Byers 1981,1983;
Klimetzek and Francke 1980), which in turn, is quite variable among trees of
different genetic origin (Lindstrom et al. 1989, Mirov 1961).

Recent evidence indicates that SPB may also exhibit geographic variation
in the production of and response to its pheromones (Berisford et al. 1990).
Additional information is needed on the mechanisms of chiral pheromone
production which may account for such variation.

The goal of the research presented in this dissertation was to provide a
better understanding of the role of semiochemicals in the process of host
colonization by SPB and provide insight into the variability of olfactory cues

with reference to geographic variation in a species. This information is in



support of the long-term goal of building our understanding of semiochemical-

based communication in bark beetles and for improving the use of

semiochemicals in control efforts. Specific objectives to fulfill this research goal

are:

1.

Determine the extent of geographic (local and fegional) and temporal
variation in the quantities of semiochemicals released from logs obtained
from naturally SPB-infested host trees.

Determine the extent of geographic (local and regional) and temporal
variation in the chirality of semiochemicals released from logs obtained
from naturally SPB-infested host trees.

Determine the potential chiral and quantitative contribution of
semiochemicals produced by SPB to the overall semiochemical blend
released from SPB-infested host material.

Determine the potential chiral and quantitative contribution of
semiochemicals produced by autoxidation of a-pinene to the overall

semiochemical blend released from SPB-infested host material.



Chapter 2

Literature Review

Biology of the Southern Pine Beetle and Its Hosts

Taxonomic Status

The genus Dendroctonus Erichson (1836) (Coleoptera: Scolytidae) is widely
distributed, with representatives occurring in North and Central America,
Europe, and Asia. Hopkins (1909) listed 24 species; however, 19 Dendroctonus
species are currently recognized (Wood 1982); 17 of which are restricted to North
and Central America.

The SPB has been studied since late in the nineteenth century.
Zimmermann (1868) initially described this species, placing it in the family
Hylurgidae, in the tribe Hylurgi, and synonymized it with Bostrichus frontalis
Fab. The beetle was later placed in the family Scolytidae (LeConte 1868). Wood
(1963) synonymized D. arizonicus Hopkins and D. mexicanus Hopkins with SPB
on the basis of anatomical characteristics. However, in spite of their
morphological and biological similarities, the pest populations in the
southeastern United States and Arizona, and Mexico differ greatly in host
preference (Rose 1966). Vité et al. (1974) suggested that SPB and D. mexicanus
were separate species, because Texas and Mexico beetles failed to interbreed.
They also identified differences in their morphology, pheromone chemistry and,
to a lesser degree, their behavior. In response to this study, Wood (1974) restored
D. mexicanus as a valid species. Recently, studies have confirmed SPB and D.
mexicanus as separate species based on karyology, breeding experiments, male

genitalia, and external morphology, supporting the synonym of D. arizonicus



with SPB (Lanier 1981, Lanier et al. 1988). The SPB is considered to be one of the
more advanced Dendroctonus species based on morphological, ecological,
chromosomal, and electrophoretic evidence (Bentz and Stock 1986, Lanier 1981,
Wood 1963, 1982)

Genetic Variability

The SPB from several regions in the southeastern United States, Arizona,
Mexico and Honduras have produced fertile hybrids in all combinations tested
(Lanier et al. 1988, Vité et al. 1974,); however, significant genetic differences in
isozymes have been found in beetles from these regions, particularly between
populations from the southeastern United States and Arizona and Mexican
populations (Anderson et al, 1979, Namkoong et al. 1979). The data appear to
indicate that the Arizona and Mexican SPB populations differ genetically from
populations in the southeastern United States. Though not as significant,
populations in the southeastern United States have also shown divergence in
isozyme genes. Virginia SPB are different from Texas beetles, but neither
population is different from a Georgia population (Anderson et al. 1979).
Evidence of genetic divergence has also been found among populations of other
Dendroctonus spp. including: D. ponderosae Hopkins (Stock and Guenther 1979,
Stock and Amman 1980), D. terebrans (Olivier) (Anderson et al. 1983), and D.
psuedotsugae Hopkins (Stock et al. 1979). All such examples of genetic variation
appear to be the first consequence of genetic separation and are the result of
adaptations of separated populations to different environments, genetic drift,
and/or selection in the founding of a colony (Mayr 1954).

Genetic variation in SPB has also been found to occur locally. Florence

and Kulhavy (1981) studied five gene loci in SPB collected from several trees in a



single Texas infestation. They reported high levels of genetic variation among
beetles from a single tree and significant spatial and temporal differences
between trees separated by short distances. They concluded that genetic
divisions found among the beetles examined likely reflected genetic differences
mediated by variations in the SPB pheromone system. Also in a single
infestation, Florence et al. (1982) looked at the differential response of the SPB to
the aggregation pheromone, frontalin, during dispersal among genotypes of an
esterase locus. The differences predict increased genetic diversity with
increasing distances from the source population.
Distribution

The distribution of SPB in the southeastern United States roughly
corresponds to the distribution of its two preferred hosts, loblolly pine, Pinus
taeda L., and shortleaf pine, P. echinata Mill,; from as far north as central New
Jersey south to Florida and from the Atlantic seaboard west to Missouri and
eastern Texas (Payne 1980) (Fig. 2.1). Outbreaks of beetle infestations, however,
commonly occur in an area from Texas east to Georgia and north to Virginia - a
span of nearly 2,200 km. Isolated populations of D. frontalis have been found in
regions of Arizona and New Mexico and the mountainous regions of Mexico and
Honduras (Lanier et al. 1988, Payne 1980, Vité et al. 1974).
Hosts and Their Genetic Variability

The SPB is reported to be capable of attacking and killing all pine species
within its range (Hopkins 1909b, St. Géorge and Beal 1929). In the southeastern
United States the preferred hosts are loblolly and shortleaf pine; however, SPB
will also colonize pitch pine, P. rigida Mill., Virginia pine, P. virginiana Mill.,

table-mountain pine, P. pungens L., longleaf pine, P. palustris Mill., slash pine, P.



Outbreak Occurrence

"Common" @ Rare

Figure 2.1 General distribution range and outbreak occurrence of the
southern pine beetle, Dendroctonus frontalis, north of Mexico.



elliotti Engel., and spruce pine, P. glabra Walt (Payne 1980). During epidemics,
SPB may even attack eastern white pine, P. strobus L., red spruce, Picea rubens
Sarg., and Norway spruce, P. abies L. (Hopkins 1909b). In Arizona and New
Mexico SPB can be found in Apache pine, P. engelmanni Carr., chihuahua pine, P.
leiophylla Schiede and Deppe, and ponderosae pine, P. ponderosae Laws. In
Central America, SPB attacks P. leiophylla, montezuma pine, P. montezumae
Lamb., aztec pine, P. teocote Schiede and Deppo, pinabeta, P. pseudostrobus Lindl.,
P. oocarpa Schieda, pringle pine, P. priglei Shaw, Lawson pine, P. lawsonii Roezl,
and Mexican white pine, P. ayacahuite Ehrenb. (Lanier et al. 1988, Mirov 1961,
Wood 1963).

Pine oleoresin (also referred to as resin or pitch), is a complex mixture of
monoterpenes (turpentine) and diterpenoid resin acids (rosin). Mirov (1961)
provided a comprehensive report on the composition of gum turpentine from 92
pine species. Major components of oleoresin from both loblolly and shortleaf
pines are a-pinene and p-pinene, with minor amounts of camphene, myrcene,
limonene, and B-phellandrene.

Monoterpene composition varies considerably within a conifer species
(Chang and Hanover 1991, Zavarin and Cobb 1970). With regard to loblolly
pine, a-pinene composition is generally lowest (15 to 30%) in the west and
northern portions of its range (Louisiana and inland areas) and then increases
toward the east and along the coastal areas (40 to 59%) (Squillance and Wells
1981). Coyne and Keith (1972) and Gilmore (1971) found a similar geographic
pattern; however, they found the a-pinene composition in stem xylem oleoresin

to range from 56 to 95%. The a-pinene composition can also vary seasonally, at



different stem heights, and between stem xylem and branch cortex (Gilmore
1975, Rockwood 1973).

Monoterpene composition appears to be under strong genetic control
(Hanover 1966, 1971). This implies that the evolution of a tree species by natural
selection may result from geographical differences, as has been found for
ponderosae pine (Smith 1964, 1977). In addition, environmental differences east
and west of the Mississippi River appear to have caused considerable genetic
evolution within the loblolly pine species (Florence and Rink 1979).

The release of oleoresin upon injury serves as both a physical and
chemical barrier to macro- and microorganism invasion (Smith 1965). The
viscous substance produced from a healthy tree can "pitch-out" invading beetles
(Payne 1980), is toxic to both beetles and associated microorganisms (Berryman
1972), and ultimately seals the wounds created by invaders. Monoterpenes, such
as a-pinene, myrcene, camphene and terpinoline, in turn, may be used by bark
beetles as primary attractants in the location of the host or as synergists of
pheromones in the aggregation of individual beetles (Borden 1982, Payne et al.
1978). The terpene components, a-pinene and myrcene, also have been found to
serve as precursors in the biosynthesis of pheromones i.e., cis-and trans-verbenol,
verbenone, myrtenol, and mytenal from a-pinene by Dendroctonus and Ips
species (Francke and Vité 1983; Hughes 1973, 1975) and ipsdienol and ipsenol
from myrcene by Ips species (Hendry et al. 1980, Hughes 1974).

Life History
Detailed reviews of the life history of SPB have been presented (Flamm et

al. 1988, Fronk 1947, Payne 1980, Thatcher 1960). The SPB is a multivoltine



species that attacks living trees and whose successful reproduction is contingent
upon host mortality. The ability of this beetle to colonize live hosts is dependent
on how quickly the host is mass attacked and is also facilitated by its mutualistic
relationship with pathogenic fungi, which are thought to be important in
overcoming host resistance, larval nutrition, and kairomone production (Barras
and Perry 1975, Beaver 1989). The SPB requires 26-140 days to complete
development, depending on temperature (Billings and Kibbe 1978, Thatcher and
Pickard 1967), with 3-8 generations per year in the southern United States. The
SPB's life cycle can be divided into four general phases: 1.) dispersal, 2.) host
selection, 3.) colonization, and 4.) brood development (Coulson and Witter 1984,
Stark 1982, Wood 1982).
Dispersal

Upon emergence, SPB take flight for durations which depend on a beetle’s
physiological condition, the distribution of pheromone sources, and the season.
Hedden and Billings (1977) found fat content and body size to be greater in
spring and fall, suggesting that beetles are physiologically ready to disperse long
distances to widely distributed pheromone sources. Conversely, during the
summer, SPB generally encounter pheromone sources near brood trees;
therefore, smaller fat reserves are required for the short flights to pheromone
sources (Gara 1967, Payne et al. 1978).

Host Selection

Some investigators suggest that SPB locate suitable host trees by
randomly landing on vertical objects (Gara et al. 1965) or by responding to
primary attractants, although the latter case has never been demonstrated for

SPB. The host volatile, a-pinene, does appear to function in SPB host selection by
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arresting beetles after landing on a host (Payne et al. 1978, Renwick and Vité
1969). More recently, it has been suggested that random landing is coupled with
non-directed orientation (chemokinesis) in response to arrestment-causing host
kairomones (primary attractants) (Moeck et al. 1981, Payne 1986, Payne and
Coulson 1985). Lightning-struck trees are particularly attractive as they provide
a vertical profile and source a of host volatiles (kairomones) (Payne and Coulson
1985).

Upon landing on a tree, the "pioneer"” beetle (e.g. females in the genus
Dendroctonus) bites into the outer bark in response to chemical stimuli (Thomas
et al. 1981). | If the tree is suitable, the female initiates boring activity and begins
releasing aggregation pheromones (secondary attractants) which attract
conspecifics to the host. If the tree is found to be unsuitable, the beetle resumes
flight and continues its search for a host (Bunt et al. 1980, Dickens et al. 1992).
Colonization

The reproduction of SPB is contingent upon the death of all or part of its
host. The SPB has evolved a complex pheromone system which enables a large
number of beetles to converge on the host rapidly enough to overcome the tree's
defenses. In addition, as mentioned previously, the beetles ability to colonize
living trees is augmented by their symbiotic relationship with fungi. These two
aspects of the beetle's biology will be discussed in detail below.

In most cases, particularly during outbreaks, SPB attack the central
portion (3-4 m) of the tree bole first and at higher densities than the portions
above and below (Dixon and Payne 1980). During endemic periods, SPB may
attack a host after Ips beetles and, therefore, may be relegated to the lower bole

and crown area.
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An individual female SPB tunnels through the outer bark to the phloem
region where she constructs a nuptial chamber (Flamm et al. 1988, Payne et al.
1980). Each female is joined by a single male and mating takes place. After
mating, the female begins construction of a characteristic serpentine gallery with
egg niches cut in the sides of the gallery wall. The male guards the entrance and
assists in the redistribution of boring dust and frass. Parent adults may reemerge
to construct a second and even a third gallery in the same or a neighboring host
tree. While constructing additional galleries, the female may mate with other
males.

Brood Development

Detailed descriptions of the SPB life stages were presented by Hopkins
(1909b) and added to by Thatcher (1960) and Dixon and Osgood (1961). Eggs are
deposited in niches along the wall of the gallery and hatch in 3-27 days. The
larvae pass through four instars in 13-64 days and pupate in a chamber
constructed in the outer bark. Pupation lasts 3-36 days, after which callow adults
remain in the bark until the cuticle hardens and conditions are favorable for
emergence and dispersal (Kinn 1978). In the United States, the number of
generations per year range from three in Virginia to eight in Texas (Payne 1980,
Thatcher 1960). The ability of the beetles to overcome host tree resistance and
successfully colonize the host is due, in part, to these multiple overlapping

generations and their ability to mass attack trees over a short period of time.
Semiochemical Communication System

Bark beetles possess elaborate semiochemical communication systems

which they use to orientate to host material to feed, mate, and reproduce. Many
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detailed reviews have been provided in this area (Birch 1978, 1984; Borden 1974,
1977, 1982, 1984, 1985, 1989; Brand et al. 1979; Byers 1989; Geizler and Gara 1978;
Geizler et al. 1980; Renwick and Vité 1970, 1980; Rudinsky and Ryker 1977; Ryker
1984; Smith et al. 1993; Vité and Francke 1976; Wood 1970, 1973, 1982; Wood and
Bedard 1977). Semiochemicals are natural compounds produced and released by
individuals of a species which elicit a behavioral response in members of the
same or different species (Nordlund 1981). Semiochemicals which are used in
intraspecific communication are referred to as pheromones. Behavioral
responses to pheromones include searching for mates by one sex (e.g., sex
pheromones), aggregation of both sexes at a host plant (e.g., attractant or
aggregation pheromones), and dispersal of both sexes away from a specific area
(e.g., inhibitor or antiaggregation pheromones). Semiochemicals used in
interspecific communication are referred to as kairomones when the species
receiving the chemical message benefits and allomones when the emitter of the
chemical message benefits at the expense of the receiver. There is considerable
overlap with regards to the functions of a compound, i.e., the same compound
may serve both intra- and interspecific functions. For example, frontalin serves
as an pheromone to SPB and a kairomone to its natural enemy, Thanasimus dubius
(Fabricius) (Vité and Williamson 1970).

A series of studies conducted at the Boyce Thompson Institute for Plant
Research provided the foundation by which the semiochemical system of SPB
was first described (Coster 1970; Coster and Gara 1968; Gara 1967; Gara and
Coster 1968; Renwick 1970; Renwick and Vité 1969, 1970; Vité and Crozier 1968;
Vité and Renwick 1968) and later revised (Vité and Francke 1976). Recently,

Smith et al. (1993) presented an extensive historical review of research on the
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semiochemical communication system of SPB and other members of the southern
pine bark beetle guild.

Upon landing on a tree, "pioneer” females bite into the bark. If the host is
found to be suitable, the females begin releasing the primary aggregation
pheromone, frontalin, and the synergists, trans-verbenol and myrtenol (Fig. 2.2).
These compounds, in combination with host volatiles, stimulate mass
aggregation of conspecifics (predominantly males) to the host (Renwick and Vité
1969, Rudinsky 1973). Arriving males also release frontalin and myrtenol plus
endo-brevicomin and verbenone. Verbenone and myrtenol at low concentrations
enhance female response, thereby, balancing the sex ratio of responding beetles
(Billings 1985, Rudinsky et al. 1974). The (+) enantiomer of endo-brevicomin is
also reported to enhance attraction to frontalin (Vité et al. 1985). The resulting
aggregation, along with the introduction of symbiotic fungi, enables SPB to
successfully attack a host tree and produce brood which emerge to attack other
trees. As the population of attacking beetles increases, the concentration of
verbenone, (-) endo-brevicomin, and myrtenol released by males also increases.
At some unknown threshold, these three compounds begin to inhibit beetle
response to the aggregation pheromones and cause arriving beetles to switch
their attack to neighboring trees (Payne et al. 1978, Rudinsky 1973, Rudinsky et
al. 1974, Vité and Renwick 1971). It has been suggested that the switching of
mass attack from one host tree to a neighboring tree may be the result of both the
cessation of release of attractive compounds (frontalin and «-pinene) and the
increased concentration of inhibitor pheromones (verbenone, endo-brevicomin,
and myrtenol) released from the tree as was found for Ips typographus (L.)

(Schlyter et al. 1987, 1989).
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Figure 2.2 Mechanism of host tree colonization by the southern pine beetle,
Dendroctonus frontalis (revised from Vite and Francke [1976]).
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