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Symbiotic fungi and the mountain pine beetle: beetle mycophagy and fungal
interactions with parasitoids and microorganisms
Chairperson: Diana L. Six " 0 ^
Dendroctonus ponderosae, the mountain pine beetle, is consistently associated with two
filamentous fungi, Grosmannia clavigera and Ophiostoma montium. Little is known
about the prevalence of these fungi throughout beetle development and what interactions
these fungi have with other organisms. The objectives of this study were to: 1) assess the
prevalence of G. clavigera and O. montium throughout the development of D.
ponderosae, 2) determine how G. clavigera and O. montium interact with other microbes
isolated from tree phloem, and 3) determine the role of G. clavigera and O. montium in
host habitat location by natural enemies. For objective 1, fungi were sampled from
phloem adjacent to developing beetles. The incidence of filamentous fungi adjacent to
brood increased as brood development progressed. Prevalence of G. clavigera and O.
montium shifted over the developmental period of D. ponderosae. For objective 2, G.
clavigera and O. montium were grown on agar alone and with microbes isolated from
tree phloem to test if growth of G. clavigera or O. montium is impacted by other
microbes. The relative yield (growth) of O. montium grown with microbes isolated from
larval galleries was greater than the relative yield of O. montium grown alone. The
relative yield of G. clavigera grown with these same microbes was less than or equal to
the relative yield of G. clavigera grown alone. Bacillus pumilus, a bacterium isolated
distant to larval galleries, inhibited growth of both G. clavigera and O. montium. For
objective 3, attraction of natural enemies to tree bolts colonized by D. ponderosae hosts
or inoculated with G. clavigera and/or O. montium was investigated. Sticky screen
cylinders surrounding each log captured all landing insects. A positive relationship was
observed between the capture of three parasitoid species and the number of D.
ponderosae parent galleries. Natural enemy capture on fungus-inoculated bolts was never
significantly different than control bolts; however, capture of two parasitoid species
tended to be greater on bolts inoculated with both G. clavigera and O. montium than on
all other treatments.

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGEMENTS
This dissertation benefited from the contributions of many people. First, I would
like to thank my major advisor, Diana Six, for without her mentoring and support this
research would not have been possible. With the aid of Diana’s patients, time, and
guidance, I have become a better scientist with a product that I am very proud of. I would
also like to thank the other members of my committee, Paul Alaback, Doug Emlen, John
Goodbum, and Matthias Rillig, who gave valuable comments on the direction of this
research and this dissertation.
Many people contributed to various aspects of field and laboratory work. Sandye
Adams, Oakleigh Adams, Andrew Christie, Cameron Patterson, David Chimo, Millie
Bowman, Dennis VanderMeer, and Ted Benson all contributed at various times. I also
thank James “Ding” Johnson for aid in identification of collected parasitoids, and Jason
Leathers for other taxonomic advice. I thank Sandye Adams for identifying yeasts and
bacteria and William Holben for supporting all of the genetic work used in this study.
Also, thank you to Kathy Bleiker for intellectual discussions, company on many field
trips, and cooperative work in the lab. I appreciate the help of Glenn Koepke of the Lolo
National Froest, Superior Ranger District, MT, for this aid in locating field sites and trees
used in this study. Finially, I appreciated Maclntire-Stennis Cooperative Forestry
Program who supported most of this research as part of the Regional Research Project W187.
Thank you to my parents, Bemie and Diane, who have been endlessly patient and
very supportive in my leaving Michigan for great adjentures in academia and life. Most
of all, thank you Sandye, Oakleigh, and Cypress for understanding when I was not home,
physically or mentally, and sticking with me in life.

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS
Title page

P- i

Abstract

P- ii

Acknowledgements

P- iii

Table on Contents

P- iv

List of Tables

P- V

List of Figures

P- viii

Dissertation Overview

P- 1

Introduction

P- 3

Chapter 1: Temporal Variation in Mycophagy and Prevalence of Fungi Associated
With Developmental Stages of Dendroctonus ponderosae (Coleoptera:
Curculionidae)
Abstract
P- 13
Introduction
P- 14
Materials and Methods
P- 17
Results
P- 21
Discussion
P- 24
References Cited
P- 30
Chapter 2: Interactions among mycangial fungi of the mountain pine beetle,
Dendroctonus ponderosae, and microbes isolated from lodgepole pine, Pinus
contorta, phloem
Abstract
Introduction
Materials and Methods
Results
Discussion
References Cited

PPPPPP-

45
46
50
55
60
65

Chapter 3: Host habitat location signal use by natural enemies of the mountain pine
beetle, Dendroctonus ponderosae
Abstract
P- 78
Introduction
P- 79
Materials and Methods
P- 83
Results
P- 90
Discussion
P- 94
References Cited
P- 98

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF TABLES
Table 1.1. Counts of phloem sampled directly adjacent to D. ponderosae
developmental stages, phloem sampled from the larval gallery tips of
first and third instars, and the exoskeletons and guts of first, third, and
fourth instar larvae and teneral adults isolated with or without
filamentous fungi and yeasts

p. 34

Table 1.2. Summary of filamentous fungi isolated from phloem
adjacent to developmental stages of D. ponderosae. Observed values
are reported for the number of phloem cores with no filamentous
fungi (None), only G. clavigera (G. c.), only O. montium (O. m.), or
both G. clavigera and O. montium (G. c. + O. m.). Expected values
(in parentheses) were calculated using the chi-square test
(X2 = 588.871; df = 15; P < 0.001)

p. 36

Table 1.3. Number of individual D. ponderosae with isolations of fungi
from the foregut, midgut, and hindgut fitting into one of five
categories. For category descriptions, x and y refer to the isolation of
either G. clavigera or O. montium while xy refers to G. clavigera and
O. montium together. Anterior and posterior refer to the relative
positions of the isolations within the gut. The observed and expected
values were compared using the chi-square test

p. 37

Table 1.4. Summary of D. ponderosae life stage and filamentous fungi
isolated from phloem at the larval gallery tips, exoskeleton, and gut.
Observed values are reported for the number of isolations resulting in
no filamentous fungi (None), only G. clavigera (G. c.), only O. montium
(O. m.), or both G. clavigera and O. montium (G. c. + O. m.). Expected
values (in parentheses) were calculated using the chi-square test

p. 39

Table 2.1. Microbes isolated from phloem surrounding D. ponderosae
larval galleries and identified using PCR amplification of the rRNA
16S region for yeasts, and 18S region for the bacterium. Names of
organisms were assigned based upon the NCBI similarity score (Score)
for the closest match to gene sequences (Sequence ID) in GenBank

p. 71

Table 2.2. ANOVA table resulting from the two-way tests of relative
yield of D. ponderosae mycangial fungi grown alone or with each yeast
or bacterium. The test used mycangial fungus and density of
inoculation as factors. Asterisks indicate that data for a particular test
were log transformed prior to analysis

p. 72

Table 2.3. Mean (SE) relative yield of mycangial fungi grown alone
and with each yeast or bacterium. Asterisks indicate data were log
transformed prior to analysis. Means reported here were not

p. 74

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

transformed. Means within rows followed by different letters are
statistically significant (P<0.05)
Table 2.4. Mean (SE) relative yield of mycangial fungi, grown alone or
with each yeast or bacterium, resulting from the main effect of density.
Asterisks indicate data were log transformed prior to analysis. Means
reported hear were transformed. Means followed by with different
letters within rows are statistically significant (P<0.05)

p. 75

Table 3.1. Characteristics of bolts assigned to a priori treatments and
categorized into a posteriori treatments to test for attraction of natural
enemies to D. ponderosae and its natural complement of
associated microorganisms (experiment 1). Parasitoids captured on
bolts labeled NI were not included in statistical analyses

p. 106

Table 3.2. Observations of the presence of fungi and scolytines in
treatment bolts with were dissected at the termination of experiment 2.
Percent area colonized by fungi only includes assessment of
colonization resulting from beetle dissemination of fungi and not
colonization resulting from experimental inoculation. An asterisk (*)
signifies treatment bolts excluded from analysis due to deviation from
the treatment expectations. Observations labeled NC were not collected

p. 108

Table 3.3. Total capture of natural enemies, split by species and sex,
pooled across all sample dates and treatments for experiments 1 & 2.
Parasitoid capture on bolts excluded from statistical analyses
(Tables 1 & 2) were included

p. 113

Table 3.4. Development stage of D. ponderosae and fungi isolated (G.
clavigera, G.c.; O. montium, O.m.) from parallel bolts with introduced
D. ponderosae (experiment 1)

p. 115

Table 3.5. Results of Kendall’s Test of Independence regressing the
number of natural enemies (by sex) captured (M=male, F=female,
T=both male and female) against the number of D. ponderosae and
P. mexicanus parent galleries which produced brood in each bolt.
P values < 0.05 were considered significant

p. 116

Table 3.6. Results of the statistical analyses testing differences in
capture of natural enemies between treatments for experiment I and
experiment 2. For experiment 1, capture of natural enemies, split by
sex, labeled with an asterisk (*) were log(x+l) transformed andu
capture of natural enemies, split by sex, labeled with a pound ( ) were
sqrt(x)+(sqrt(x)+l) transformed prior to the one-way ANOVA
(F statistic). Natural enemy capture from experiment 2 was analyzed
using the Kruskal-Wallis one-way ANOVA on ranks (H statistic)

p. 118

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3.7. Mean (± SE) natural enemy capture, pooled across time and
split by sex, on control screens (Blank), beetle- and fungus-free bolts
(Beetle-free), bolts with D. ponderosae, bolts with P. mexicanus, and
bolts with both D. ponderosae and P. mexicanus (experiment 1). One
way ANOVA was used to determined that means within rows followed
by the same letter were not significantly different (Tukey, P>0.05)

p. 119

Table 3.8. Natural enemy capture on control screens (Blank), bolts
containing D. ponderosae and its mycangial fungi (D. ponderosae),
beetle- and fungus-free bolts (Beetle-free), bolts inoculated with
G. clavigera, bolts inoculated with O. montium, and bolts inoculated
with both G. clavigera and O. montium (experiment 2). A KruskalWallis one-way ANOVA on ranks was used to determined that
medians (25-75% quartiles) within rows followed by the same letter
were not significantly different (Dunn's Method, P>0.05)

p. 120

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES
Figure 1.1. Mosaic display of the proportion of filamentous fungi
isolated from phloem associated with each D. ponderosae development
stage for each site (S). The width of each bar is equal to the proportion
of the total sample size for that developmental stage.

p. 41

Figure 1.2. The number of observations of either no filamentous fungi
(None), only G. clavigera (G. c.), O. montium (O. m.), or both G.
clavigera and O. montium (G. c. + O. m.) isolated from phloem
(sampled at the larval gallery tip), exoskeleton, and gut of first and
third instar larvae, given the location of the larva within the gallery
(proximal to the gallery tip or at the gallery tip).

p. 43

Figure 2.1. Mean relative yield of G. clavigera (open bars) and O.
montium (hatched bars) grown: (A) alone, (B) with basidiomycete
yeast sp., (C) with Candida sp., (D) with P. scolyti, (E) with
Micrococcus sp., and (F) with B. pumilus at four inoculation
density ratios. Error bars indicate the standard error of the mean.
Bars labeled with different letters indicate significant differences in
relative yield across species and densities (P>0.05). Asterisks (*)
represent a significant difference between fungal species at a given
density (P>0.05).

p. 76

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DISSERTATION OVERVIEW
Introduction
Introduces the mountain pine beetle, Dendroctonus ponderosae, and its
association with mycangial fungi, and introduces several interactions with other
organisms which are addressed in this dissertation.
Chapter 1: Temporal Variation in Mycophagy and Prevalence of Fungi Associated
With Developmental Stages of Dendroctonus ponderosae (Coleoptera:
Curculionidae)
By observing the physical connectivity of the mycangial fungi and yeasts with D.
ponderosae throughout its development, I have provided the most complete and
thourough description of the D. ponderosae - fungus association to date. This study will
provide the basic framework for future research which investigates the role of mycangial
fungi in scolytine development. Currently, this manuscript is in “decision pending” status
with the journal “Environmental Entomology”.
Chapter 2: Interactions among mycangial fungi of the mountain pine beetle,
Dendroctonus ponderosae, and microbes isolated from lodgepole pine, Pinus
contorta, phloem
Because of the importance of mycangial fungi to D. ponderosae development and
because these fungi are not the only microbes present in tree phloem during D.
ponderosae development, I investigated how other microbes impact the growth of
mycangial fungi in the lab. This is the first study to examine the role yeast or bacteria
play in the Dendroctonus / symbiotic fungus relationship. This manuscript provides some
incite to one potential mechanism to how two symbiotic fungi remain dominant in many
D. ponderosae populations. Additionally, I identified an endophytic bacterium which
may serve as a novel biological control organism for D. ponderosae.

1
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Chapter 3: Host habitat location signal use by natural enemies of the mountain pine
beetle, Dendroctonus ponderosae
In this manuscript, I observed natural enemy attraction to stimuli associated with
D. ponderosae development to determine if mycangial fungi play a role in host habitat
location by natural enemies. This is the first study of its kind investigating natural enemy
attraction to D. ponderosae hosts.

2
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INTRODUCTION
A symbiotic relationship is formed when two or more species live in close
association. This dissertation describes some aspects of a symbiotic relationship between
the mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera:
Curculionidae), and two filamentous fungi. The research presented in this dissertation
investigated several direct and indirect effects of this association; including whether D.
ponderosae is mycophagous on the fungi and the types of interactions that occur between
the symbiotic fungi and other microbes and with the natural enemies of D. ponderosae.
Dendroctonus ponderosae is the most destructive forest insect pest in the
northwestern United States and Southwestern Canada. It cooperatively attacks and kills
living host trees. Upon initial attack, pioneer beetles tunnel into the bark and release
attractant pheromones to initiate a mass attack. If enough beetles are attracted, the tree is
killed and the beetles produce brood (Paine et al. 1997).
Once tree defenses are overcome, female/male D. ponderosae pairs excavate
galleries under the bark in the phloem layer where the female lays eggs on both sides of
the gallery. Simultaneously, the beetles inoculate the phloem with fungal spores from the
beetle’s maxillary sac mycangia (structures of the integument specialized for transporting
fungi). The fungi then grow into the phloem and xylem of the tree. Shortly thereafter, the
eggs hatch and each larva excavates a gallery in the phloem where it feeds until pupation.
Prior to the research conducted for this dissertation, it was thought that D. ponderosae
second, third, and fourth instar larvae tunnel and feed in phloem in the absence of the
fungi (Whitney 1971). However, in chapter one I present evidence that the beetles feed
on the symbiotic fungi throughout larval development. The beetles also feed on fungi as

3
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teneral (newly eclosed) adults. Prior to eclosion, the fungi form dense spore layers on the
walls of the pupal chamber. Upon eclosion, the teneral adults spend a period of time
feeding on the fungi (Six 2003a) which appears to be critical for reproduction of adults
(Six and Paine 1998).
Two filamentous fungi are considered close symbionts of D. ponderosae:
Grosmannia clavigera (Robinson & RW Davidson) Zipfel, ZW de Beer & MJ Wingf.,
comb. nov. (formerly Ophiostoma clavigerum) (Zipfel et al. 2006) and Ophiostoma
montium (Rumbold) von Arx (Rumbold 1941, Robinson 1962, Whitney 1971). These
fungi appear to be obligate symbionts with the host beetle. The fungi gain benefit from D.
ponderosae through transmission to host trees and the beetle gains benefit from the
association with the fungi through nutritional provisioning (Paine et al. 1997, Six 2003a).
The two filamentous fungi appear to have differing, but positive, impacts on development
and reproduction of the host beetle. In one study conducted in logs, D. ponderosae
associated with G. clavigera developed faster and produced more brood than when
associated with O. montium (Six and Paine 1998). While the relative value of each fungus
to larval nutrition is not equal, there is evidence that either fungus is adequate, in fact
critical, for beetle reproduction. New adults that feed on spores of either fungus enter
logs, construct galleries, and lay eggs. In contrast, beetles that do not feed on spores, do
not enter logs, and when forced into logs, do not produce galleries or eggs (Six and Paine
1998).
In addition to G. clavigera and O. montium, other microbes are also found in
association with D. ponderosae. Yeasts and bacteria have been isolated from the
mycangia (Whitney and Farris 1970, Six 2003b), and from larval galleries of D.

4
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ponderosae and several other scolyines (Shifrine and Phaff 1956, Callaham and Shifrine
1960, Whitney 1971, Bridges et al. 1984). To my knowledge, the association of both
yeasts and bacteria with D. ponderosae developmental stages has been characterized in
only one study. In artificially infested logs, Whitney (1971) commonly isolated yeasts
from phloem adjacent to eggs, pupae, and teneral adults, but bacteria only from older
portions of D. ponderosae galleries and from phloem adjacent to D. ponderosae entrance
holes.
The effects of the presence of yeasts and bacteria on beetle development are
unknown. Yeasts and bacteria often directly contribute to insect nutrition (Dillon and
Dillon 2004, Vega and Dowd 2005); however, the dietary contributions of these microbes
to Dendroctonus larvae have not been investigated. Yeasts and bacteria may affect D.
ponderosae nutrition directly through providing nutrients if the yeasts are ingested and
indirectly through the facilitation or inhibition of the growth of the beetles’ symbiotic
fungi. Competition of the fungi with microbes could restrict the distribution of symbiotic
fungi within the phloem, thus restricting access of developing D. ponderosae to the fungi.
A reduction in area of phloem occupied by the symbiotic fungi may affect not only larval
nutrition, but teneral adult nutrition as well, by reducing the ability of the symbiotic fungi
to colonize D. ponderosae pupal chambers. Competition for substrate among the fungi
associated with another bark beetle, Dendroctonus frontalis Zimmermann, has been
described (Klepzig and Wilkens 1997, Klepzig 1998); however, to our knowledge, until
the work presented in this dissertation, no studies have investigated competition between
bark beetle-associated filamentous fungi and co-occurring yeasts or bacteria.

5
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In addition to competition, other interactions among symbiotic fungi and yeasts
and/or bacteria may also occur. For example, some microbes may facilitate the growth of
the symbiotic fungi. Rumbold (1941) observed that growth of O. montium, in the
presence of yeasts, was stimulated; however, this observation was never quantified
experimentally. Effects of these other microbes may extend from direct effects on fungi
to indirect effects on beetles. For example, development of D. ponderosae may benefit
from the presence of any yeast or bacteria which could stimulate growth of either G.
clavigera or O. montium. Additionally, if a yeast or bacterium facilitates the growth of
one of the symbiotic fungi but not the other, this may allow one fungus to increase its
prevalence with the host in the tree and increase its dispersal to a new host tree relative to
the other fungus.
Another indirect effect of maintaining a symbiotic relationship with fungi may be
an increased potential for detection by natural enemies. Most predators of adult D.
ponderosae and other scolytines locate prey beetles through detection of host-produced
pheromones released at the time of initial attack of a tree (Miller and Lindgren 2000,
Zhou et al. 2001, Lindgren and Miller 2002). However the parasitoids that attack the
larval and pupal stages must search for hosts long after pheromone communication
among colonizing adult beetles has ceased. Therefore, the cues used for host habitat
location by these parasitoids and other natural enemies of larval scolytines are likely to
originate from the host tree, associated microorganisms, or a combination or interaction
of the two.
Attraction assays and electroantennogram tests on parasitoids of scolytines found
that the major stimuli eliciting responses were oxygenated monoterpenes (Camors and

6
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Payne 1972, Salom et al. 1991, Pettersson et al. 2000, Pettersson et al. 2001). In addition,
volatile extracts of fungal (Ophiostoma)-colonized phloem trigger antennal response in
Coeloides pissodis (Ashmead) (Hymenoptera: Braconidae) and Roptrocerus
xylophagorum (Ratzeburg) (Hymenoptera: Pteromalidae) (Salom et al. 1992, Pettersson
et al. 2000), indicating that these parasitoids of scolytines have the ability to detect
fungal-produced compounds. Logs colonized by bark beetles and their associated fungi
emit greater levels of oxygenated monoterpenes and benzenoid compounds than logs
without beetles and fungi (Pettersson and Boland 2003), suggesting that oxygenated
monoterpenes may be produced, at least in part, by fungi from host tree compounds such
as monoterpene hydrocarbons. Furthermore, Ophiostoma are known to produce a number
of volatile compounds in culture, including oxygenated monoterpenes, cyclic
sesquiterpenes, hydrocarbons, and short-chain alcohols and esters (Hanssen 1993 and
references therein). The ability of natural enemies to locate host habitats through
detection of symbiotic fungi of D. ponderosae would be a strong indirect cost to D.
ponderosae. Additionally, knowing what attraction cues parasitoids use would potentially
supply forest managers with a tool for the biological control of D. ponderosae.
The objectives of the research provided in this dissertation were to:
1. Characterize what developmental stages of D. ponderosae are mycophagous,
2. Characterize interactions among the symbiotic fungi of D. ponderosae and other
microbes present in host tree phloem,
3. Characterize the parasitoids associated with D. ponderosae in Montana,

7
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4. Determine what host habitat location signals are used by natural enemies of D.
ponderosa, with a primary focus on signals originating from the host tree and the
symbiotic fungi of D. ponderosae.

8
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CHAPTER 1

Temporal Variation in Mycophagy and Prevalence of Fungi Associated with
Developmental Stages of Dendroctonus ponderosae (Coleoptera: Curculionidae)

Abstract
Fungi associated with Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae)
were sampled throughout development in naturally attacked Pinus contorta Douglas ex.
Loud. Isolations of fungi were made from phloem adjacent to brood and from brood
exoskeletons and guts. Overall, the incidence of fungi with individual brood increased as
brood development progressed. Grosmannia clavigera (Robinson-Jeffrey & Davidson)
Zipfel, de Beer & Wingf. and Ophiostoma montium (Rumbold) von Arx exhibited
generally opposing trends in prevalence over the developmental period of D. ponderosae.
Grosmannia clavigera was most likely to be found in phloem adjacent to pre-wintering
third and post-wintering fourth instar larvae. Ophiostoma montium was most likely to be
found in phloem adjacent to eggs, first instar larvae, pupae, and teneral adults. In contrast
to isolations made from phloem, fungi isolated from brood guts and exoskeletons were
not observed to shift in prevalence. First and third instar larvae were often observed
migrating to older portions of their galleries indicating that they do not spend all of their
time feeding at, and extending, the apex of the gallery. This migratory behavior may act
to increase mycophagy by allowing larvae to feed where fungi are better established. Our
results suggest that not only are D. ponderosae brood in contact with and feeding on
fungi throughout development, but also, that during development, contact of brood with a
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particular fungus is likely to change. Such temporal shifts in fungal symbionts may be
environmentally driven and have important implications in how these fungi interact with
their hosts within and across generations.

Introduction
Symbioses with fungi are widespread in the Scolytinae, a large subfamily of the
Curculionidae containing the ambrosia and bark beetles, among others. Ambrosia beetles
are strictly mycophagous and their feeding behaviors are well described (French and
Roeper 1972, Kajimura and Hijii 1994). However, mycophagy in bark beetles remains
mostly unstudied. Unlike ambrosia beetles, whose brood feed primarily on dense fungal
spore layers, immature stages of bark beetles feed primarily in the phloem layer of trees.
For these beetles mycophagy is likely to occur only when brood encounter and feed in
fungus-colonized phloem.
Mycangia (specialized structures for disseminating fungi) are present in all
species of ambrosia beetles and function to maintain vertical transmission of fungal
symbionts from parents to brood (Wood 1982). Mycangia have also evolved
independently in several lineages of bark beetles suggesting that these beetles are also
dependant on fungi for food (Wood 1982, Six 2003a, Six and Klepzig 2004). Many bark
beetles are mycophagous at some point in their life cycle and at least some mycangial
species are known to obtain nutritional benefits through mycophagy, although effects can
vary by fungus (Goldhammer et al. 1990, Fox et al. 1993, Coppedge et al. 1995, Six and
Paine 1998, Ayres et al. 2000). For example, the mountain pine beetle, Dendroctonus
ponderosae Hopkins, carries two filamentous fungi, Grosmannia clavigeria (Robinson &
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Davidson) Zipfel, ZW de Beer & MJ Wingf., comb. nov. (formerly Ophiostoma
clavigerum) (Zipfel et al. 2006) and O. montium (Rumbold) von Arx, as well as yeasts in
its mycangia (Whitney and Farris 1970, Six 2003b). The two filamentous fungi appear to
have different effects on development and reproduction of the host beetle. In one study
conducted in logs, D. ponderosae associated with G. clavigera developed faster and
produced more brood than when it was associated with O. montium. Fungus-free D.
ponderosae did not produce brood (Six and Paine 1998). However, in a recent study
conducted in phloem sandwiches (K. Bleiker and D.L. Six unpubl. data), beetles
developing with O. montium consumed less phloem than those developing with G.
clavigera or no fungi, suggesting that O. montium provides superior nutritional benefits.
However, G. clavigera did not grow as extensively in the phloem sandwiches as O.
montium which may have affected the degree of feeding by the beetles. Production of
brood by D. ponderosae in the absence of filamentous fungi has been achieved using an
artificial diet, but only when dehydrated Brewer's yeast was added (Whitney and Spanier
1982). These results suggest not only that nutritional provisioning by fungi is important
for successful development and reproduction of this beetle, but also that not all fungi are
likely to be equivalent in their ability to provide nutrients.
The symbiotic fungi of bark beetles produce dense spore layers in the pupal
chambers of their hosts and feeding on these layers by teneral (newly eclosed and
sexually immature) adult beetles is well documented (Whitney 1971, Six and Paine
1996). Mycophagy by bark beetle larvae may also occur but has rarely been directly
investigated. Whitney (1971), in an experiment conducted in logs, observed that eggs,
first instar larvae, pupae, and teneral adults of D. ponderosae were always associated
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with symbiotic fungi. However, consistent associations of fungi with mid-to-late larval
instars were not observed. It was concluded that mid-to-late instar larvae tunnel and feed
in axenic phloem in advance of the growing front of the fungi and that mycophagy is not
critical for the development of mid-to-late instars, or for pupation.
However, several other studies have produced strong indirect evidence of larval
mycophagy. For example, adult D. frontalis Zimmermann that develop with mycangial
fungi are larger than those that develop without mycangial fungi or with an antagonistic
phoretic fungal associate (Barras 1970, Coppedge et al. 1995, Ayres et al. 2000). Adult
beetle size is determined by larval nutrition, and therefore, larger adult size in fungusassociated beetles is not likely to be due to maturation feeding on spore layers by teneral
adults. Furthermore, larval survival is higher and feeding galleries of Dendroctonus are
shorter in the presence of mutualistic fungi than in their absence, indicating that funguscolonized tissues have higher nutritional contents (Barras 1970, Ayres et al. 2000).
In contrast to earlier observations in experimental logs (Whitney 1971), I have
often observed mid-late larval instars of D. ponderosae in naturally infested trees feeding
in phloem heavily stained by symbiotic fungi, indicating that a loss of contact between
the beetles and the fungi during these stages may not always occur. Therefore, I wished
to reinvestigate the association of fungi with the developmental stages of D. ponderosae
under natural field conditions. Our objectives were 1) to determine what developmental
stages of D. ponderosae were associated with fungus-colonized phloem and thus most
likely to be mycophagous, 2) to determine which developmental stages of D. ponderosae
consume symbiotic filamentous fungi, and 3) to determine if the presence or absence of
mycangial fungi in the phloem is related to the position of larvae within the gallery.
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Materials and Methods
Isolations of Fungi from Phloem Adjacent to Developmental Stages of D.
ponderosae. An active infestation of D. ponderosae in a lodgepole pine, Pinus contorta
(Douglas ex. Loud.), dominated forest was located near Flat Rock Creek, Lolo National
Forest, approximately 130 km (47°23'N, 115°14'W, 3200' elev.) west of Missoula, MT.
The study population of D. ponderosae was known to be associated with both G.
clavigera and O. montium (DL Six and BJ Bentz, submitted). Three patches of beetleinfested trees, approximately 200 m apart on N / NE facing slopes, were located at the
study site. Five P. contorta recently attacked by D. ponderosae were selected from within
each patch for sampling. The trees were sampled six times over the year-long
developmental period of D. ponderosae. The sampling periods corresponded to the
presence of (1) eggs (June 2001), (2) first instar larvae (July 2001), (3) pre-wintering
third instar larvae (Sept. 2001), (4) post-wintering fourth instar larvae (May 2002), (5)
pupae (May 2002), and (6) teneral adults (June 2002). The sampling of first instar larvae
may have included a small number of second instar larvae, due to difficulty of
differentiating these two instars in the field.
Outer bark was removed above entry points of parent beetles (D. ponderosae egg
galleries extend vertically above the point of entry of each male/female adult pair). For
each tree, using a sterile cork borer, two 4 mm cores of phloem were removed from
directly adjacent to two individual brood associated with each of ten parent galleries.
When two samples from each gallery system could not be taken, additional galleries were
sampled until 20 samples were taken per tree per developmental stage. Obtaining 20
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samples per tree per developmental stage was possible for most, but not all, stages. Each
phloem core included a portion of the wall of the egg gallery (for eggs), larval gallery
(for larvae), or pupal chamber (for pupae and teneral adults). One phloem core taken
from each gallery or pupal chamber was placed immediately onto malt extract agar (nonselective) and the other placed onto cycloheximide-amended malt extract agar (selective
for Ophiostoma, Harrington 1981) and used, in this case, to reduce contamination by
airborne microorganisms during field isolations) in 60 x 15 mm Petri dishes and then
sealed with Parafilm M® (Pechiney Plastic Packaging, WI). Due to low levels of
contamination by airborne microorganisms in dishes containing malt extract agar during
the larval sampling periods, the use of cycloheximide-amended malt extract agar was
discontinued for later samples. After sampling, areas on the tree where bark had been
removed were coated with pruning seal (Ace Hardware Corp., IL) to minimize drying
and effects of sampling.
The Petri dishes containing phloem samples were taken to the laboratory and
incubated at room temperature for a minimum of three weeks prior to identification of
fungi. No differences in levels of contamination by incidental microorganisms were
observed between the groups of isolations made on the two media types; therefore, results
of isolations made on the two media types were pooled prior to analysis.
Fungi that grew in the dishes were categorized as yeasts or as filamentous fungi.
The filamentous fungi were identified to species using morphological characteristics
(Upadhyay 1981, Grylls and Seifert 1993).
Dendroctonus ponderosae mycophagy. Mycophagy by D. ponderosae larvae
was assessed in an active infestation of D. ponderosae in P. contorta approximately 8 km
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from the previously described sites. Site characteristics differed from the previously
sampled sites only in that this site was on level ground.
Fourth instar larvae and teneral adults were collected in spring, and first and third
instar larvae were collected in summer and fall, respectively, in 2004. All insects were
collected from successfully attacked P. contorta using the same procedure used for
collecting phloem samples described previously. All insects were placed into individual
sterile vials, stored on ice, returned to the lab and processed within 24 hrs of collection.
Each insect was rolled on malt extract agar to isolate any fungi on the exoskeleton. If any
frass was observed protruding from, but still attached to, an individual, it was removed
prior to rolling and placed separately onto malt extract agar. Each individual was then
surface sterilized in 95% ethanol, and then rinsed twice in sterile water. The gut of each
insect was then removed and the foregut, midgut, and hindgut were cleaved and placed
onto separate malt extract agar plates. All fungal isolates were then grown in the lab and
identified as described previously.
Effects of larval behavior and location of feeding. While sampling phloem for
objective one and two of this study, first and third instar larvae were commonly observed
proximal to the larval gallery tip. Therefore, the incidence of fungi within the gut and on
the exoskeleton of all first and third instar larvae (both “migrating” larvae and larvae
located at the gallery tip) sampled for objective two were used to address objective three.
The distance from the tip of the gallery of each migrant first and third instar larvae was
recorded. In addition, for each first and third instar larva (regardless of position within the
gallery), a 4 mm core of phloem was removed from the gallery tip and used to isolate any
fungi present.
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Data analyses. A four by six chi-square contingency table was constructed, using
StatView statistical software (Abacus Concepts 1991), to test the hypothesis of
independence between fungi isolated from phloem which was sampled directly adjacent
to D. ponderosae individuals of first and third instar larvae, pupae, and teneral adults.
Observations from all sites were pooled prior to statistical analysis to meet power
requirements of the chi-square test (Abacus Concepts 1991).
Isolations of fungi from the foregut, midgut, and hindgut were compared to
determine if there was a difference in prevalence of either fungus after passage through
the gut which might indicate differential digestion of either of the two fungi.
Comparisons were made between isolations made from the foregut and the midgut, the
midgut and the hindgut, and the foregut and the hindgut. For each of these three
comparisons, a chi-square test was used to determine if any one of five possible
observations (categories) was likely to occur more or less than expected. The five
categories were: 1) the same species of fungus isolated from both gut sections (only one
fungus isolated), 2) both species of fungi isolated from both gut sections, 3) both fungi
isolated from the anterior gut section but only one isolated in the posterior gut section, 4)
one or both fungi isolated in the anterior section of the gut and no fungi isolated from the
posterior section of the gut, and 5) one species of fungus isolated from the anterior
section and the other species isolated in the posterior section. Individuals lacking fungi in
anterior gut sections were not included in the analysis, because the lack of fungus in these
sections may have been due to the movement of food in the gut during the 24 hr holding
period before dissections were conducted. Isolations from all larval stages were pooled to
meet the power requirements of the chi-square test.
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Chi-square contingency tables were also constructed to test two hypotheses of
independence between the occurrence of filamentous fungi associated with the various
substrates that were sampled (phloem, exoskeleton, gut) and D. ponderosae
developmental stage: one tested developmental stage as the main effect and the second
tested location of the fungal isolation as the main effect. Results of isolations from the
three gut sections were pooled for each individual prior to analysis after determination
that the prevalence of either fungus was not statistically different between gut sections.
Data from the filamentous fungi isolated from the phloem, exoskeletons, and guts
of larvae found proximal to the larval gallery tip and from larvae found at the gallery tip
did not meet the power requirements of the chi-square test for either first or third instar
larvae, so no statistical analyses are presented with these data.

Results
Isolations of fungi from phloem adjacent to developmental stages of D.
ponderosae. Grosmannia clavigera, O. montium, and/or yeasts were isolated from
phloem adjacent to nearly all individuals regardless of life stage (Table 1.1). Phloem
adjacent to eggs and first instar larvae was free of fungi 3.5% and 6.4% of the time,
respectively. Yeasts, and at least one filamentous fungus, were isolated from phloem
adjacent to all third and fourth instar larvae, pupae (except one), and teneral adults (Table
1).
A significant relationship (P<0.001) was detected among filamentous fungi and
D. ponderosae development stage (Table 1.2) allowing us to reject the null hypothesis of
independence. Overall, the incidence of fungi (both yeasts and filamentous fungi) with
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individual brood increased as brood development progressed (Table 1.1 & 1.2).
Interestingly, G. clavigera and O. montium exhibited generally opposing trends in
prevalence over the developmental period of D. ponderosae (Fig. 1.1). Grosmannia
clavigera was most prevalent in phloem associated with third and fourth instar larvae
while O. montium was most prevalent in phloem associated with eggs, pupae, and teneral
adults. Both fungi occurring together in the same phloem sample were less commonly
encountered than a single fungus occurring alone. Isolation of both fungi from the same
phloem sample was most likely to occur when brood were third or fourth instars or
pupae, coinciding with the periods when G. clavigera and O. montium were most
prevalent.
Dendroctonus ponderosae mycophagy. When either G. clavigera or O. montium
were isolated alone in the foregut or midgut, they were also likely to be isolated alone in
the posterior portions of the gut (category one) (Table 1.3). When G. clavigera and O.
montium were isolated together in anterior gut sections they were also likely to be
isolated together in posterior sections (category two). When both G. clavigera and O.
montium were isolated together in anterior gut sections, G. clavigera or O. montium were
again isolated alone in posterior sections close to expected levels (category three). For
observations in category three, there was no increased likelihood for either G. clavigera
or O. montium to be isolated alone, suggesting that neither fungus is digested to a greater
degree than the other. Only rarely were G. clavigera or O. montium isolated from the
foregut and midgut and not in posterior gut sections (category four) or isolated from the
midgut or hindgut but not from anterior sections (category five).
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The majority of beetle brood sampled was associated with at least one of the
filamentous fungi or yeasts. Grosmannia clavigera, O. montium, and/or yeasts were
isolated from first instar exoskeletons 54% of the time, first instar guts 67% of the time,
and from phloem sampled from gallery tips of first instar larvae 69% of the time (Table
1.1). Nearly all isolations from exoskeletons, guts, and gallery tips of all other D.
ponderosae life stages yielded G. clavigera, O. montium, and/or yeast.
Grosmannia clavigera and O. montium were lacking from many isolations made
from gallery tips, guts, and exoskeletons of first instars (Table 1.4). For all other
development stages sampled (third and fourth instar larvae and teneral adults), larval
gallery tips (only sampled for third instar larvae), guts, and exoskeletons almost always
yielded one or both filamentous fungi. Ophiostoma montium alone or both filamentous
fungi together were most commonly isolated from third and fourth instar larval gallery
tips (often pre-pupal chambers for fourth instar larvae) and exoskeletons. This was also
true for isolations from third instar guts; however, isolations of both fungi together were
most common from fourth instar guts. Grosmannia clavigera was most prevalent on the
exoskeleton of teneral adults, while G. clavigera and both filamentous fungi together
were most prevalent within guts of teneral adults. Interestingly, several isolations from
exoskeletons and guts of teneral adults did not yield filamentous fungi, however, in each
instance, yeast was isolated (Table 1.1).
Effects of larval behavior and location of feeding. There were no differences in
fungi isolated from phloem at larval gallery tips, exoskeletons, or guts of first instar
larvae (X2= 9.114; df = 6; P=0.17), third instar larvae (X2= 4.938; df = 6; P=0.55), fourth
instar larvae (X2 = 7.265; df = 6; P=0.06), and teneral adults (X2 = 1.196; df = 6; P=0.75)
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(data not shown). When a fungus was isolated from phloem at the tip of the larval gallery,
it was also likely to be isolated from the larval exoskeleton and within the gut (Fig. 1.2).
In addition, filamentous fungi isolated from phloem at larval gallery tips, exoskeletons,
and guts did not differ for first or third instar larvae, regardless of whether the larvae
were migrants or located at gallery tips (Fig. 1.2).

Discussion
Filamentous fungi and yeasts were commonly isolated from phloem adjacent to
all development stages sampled in our study. These results contradict those of Whitney
(1971) who observed that phloem adjacent to mid-late instar larvae and pupae typically
lacks both filamentous fungi and yeasts. In this study, I isolated fungi from phloem
directly adjacent to brood, regardless of their location within a gallery. Isolations of the
phloem adjacent to “migrant” larvae always resulted in O. montium and/or G. clavigera
and yeasts. Our observations indicate that larvae, especially mid-late instars, do not
always continuously tunnel forward into new phloem, but at times leave the tips of their
feeding galleries and move to older gallery locations where the fungi are well established.
Such behavior may be directed at maintaining contact with phloem colonized by fungi
and may act to facilitate mycophagy.
Differences in the results of our study and that of Whitney (1971) may have been
a consequence of differences in brood and fungal environments between the two studies.
Whitney used P. contorta bolts with waxed ends which were artificially inoculated with
single pairs of parental beetles and held under constant temperatures (24-26°C); whereas
our study used standing P. contorta naturally colonized by D. ponderosae under natural
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field conditions (daily maximum temperatures ranging from ca. -10°C in winter to ca.
38°C in summer). These different conditions are likely to have significantly affected the
growth rates of both insects and fungi, and consequently, the degree to which beetle
brood were associated with fungi. In waxed bolts containing single adult pairs, drying of
phloem and wood tissues is likely to proceed less rapidly than in standing trees
containing numerous tunneling parent beetles and larvae. High moisture and low oxygen
content in tree tissues is known to greatly inhibit the growth of these fungi. If the bolts
used in W hitney’s study dried at a slower rate than the standing trees in our study, fungal
growth may have been inhibited allowing larvae to tunnel ahead of the fungi.
In W hitney’s study, single pairs of beetles were introduced into bolts and allowed
to produce brood, negating the possibility of brood contacting fungi originating from
other egg galleries. In our study, trees that were sampled contained numerous D.
ponderosae adult pairs (and broods), a situation that can act to increase association of
fungi with larval and pupal stages by increasing the overall area of the tree colonized by
fungi.
Eggs and first instar larvae were the only stages observed (less than 7% of the
time) in fungus-free phloem. The absence of fungi in phloem adjacent to these
developmental stages may have been due to the relatively recent inoculation of the fungi
into the egg gallery by the parental adults combined with the fresh condition of host tree
tissues. Early in colonization of the host tree, moisture levels are relatively high and
oxygen levels are correspondingly low, restricting the growth of the filamentous fungi
primarily to the gallery walls where gas exchange is good (Scheffer 1986). Later, as
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brood begin to tunnel and feed, tree tissues begin to dry and fungal growth increases
rapidly into the surrounding phloem.
It is not known how yeasts proliferate within gallery systems. They do not
penetrate phloem in the absence of beetle tunneling (DL Six, personal observation).
Given their ubiquitous association with brood throughout all developmental stages, their
dissemination within a tree probably relies mostly or completely on phoresy on the
exoskeleton beetle brood.
Grosmannia clavigera and O. montium were in phloem associated with the
developmental stages of D. ponderosae in proportions different than those predicted if
associations were random. Grosmannia clavigera increased in prevalence from phloem
associated with eggs to phloem associated with mid-late instars but then declined to low
levels with teneral adults. In contrast, O. montium was present in relatively high levels in
phloem associated with early stages of development, decreased in prevalence in phloem
associated with mid- stages of development, and then increased in prevalence with pupae
and teneral adults. These opposing trends may be related to different abilities of the two
fungi to colonize tree tissues of various conditions.
Tree tissues at the beginning of colonization by bark beetles and their associated
fungi are living and can exhibit defensive responses to fungal colonization. They are also
high in moisture and low in oxygen content. As tissues begin to die, defenses disappear,
tissues begin to dry, and gas exchange improves. Grosmannia clavigera is a moderately
virulent pathogen and is well adapted to growth in tissues with high moisture and low
oxygen contents and can invade living defensive host tree tissues (Yamaoka et al. 1990).
Ophiostoma montium, on the other hand, is only weakly virulent and mostly restricted to
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already dead tissues with higher oxygen and lower moisture contents (Yamaoka et al.
1990, Solheim 1995). These differences in growth optima may explain the opposing
trends in the prevalence of the two fungi over time that was observed in our study.
Grosmannia clavigera is able to grow immediately into the fresh wet living tissues and
colonize them ahead of O. montium (Solheim 1995), and thus is more likely to be
associated with early and mid-stage larvae. As tissues die and begin to dry, growth of O.
montium may then be favored; allowing it to grow and out-compete G. clavigera in the
drier tissues associated with pupae and teneral adults.
Temperature may also play a role in the temporal shift in fungal associates I
observed. The two fungi have different temperature tolerances. Six and Paine (1997) and
Solheim and Krokene (1998) observed that growth of G. clavigera stops at temperatures
at or above 32°C, while O. montium continues to grow although at a reduced rate. DL Six
and BJ Bentz (submitted) found that the different temperature tolerances of the two fungi
may determine which fungus is acquired and dispersed by new brood adults. It is also
likely that temperature plays an important role in determining which fungus predominates
at a given time during brood development.
Shifts in the prevalence of G. clavigera and O. montium during beetle
development suggest that the species of fungus consumed by a beetle during its
development as a larva may often be different than the species of fungus it feeds upon as
a teneral adult and consequently transports to the next host tree. If new adults sometimes
transport fungi different than their parents, it is likely that the proportion of the two fungi
in a population will shift over time. Such shifts may be driven by environmental
conditions so that while one fungus may be favored during certain years, another fungus
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may be favored in other years allowing both to persist in a population over the long term.
Further research is needed to investigate what conditions support shifts in the two fungi
during development of brood, and from parents to offspring, and how such shifts affect
beetle populations.
Viable G. clavigera and O. montium were isolated from all three gut sections of
all developmental stages sampled. I made no determination of whether fungal hyphae or
spores were ingested; however, given that no spores were observed in galleries I assumed
that primarily fungal mycelium growing in phloem was ingested. I also did not assess
whether the beetles digest fungal matter; however, I feel it is likely that at least some
fungal matter that was ingested was also digested. I base this conclusion on the fact that
mycophagy by this beetle has been found to positively affect its development and brood
production (Six and Paine 1998, K Bleiker and DL Six, unpublished data).
Larvae which were observed migrating within larval galleries were shown to
carry the same fungi on their exoskeletons and in their guts as larvae located at the
gallery tips. The stages which were observed migrating (first and third instars) were those
most likely to be tunneling in fungus-free phloem when extending galleries.
Our results suggest that during development, brood are consistently in contact
with and feeding on fungi but contact of brood with a particular filamentous fungus is
likely to change over time. Such shifts from one fungus to another within phloem tissues
are likely related to changes in the host tree environment and the specific growth optima
of each fungus. Shifts in the prevalence of fungi observed in phloem samples were not
observed in the guts or on the exoskeletons of developing D. ponderosae, however, gut
dissections were made at a different site in a different year under different environmental
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conditions which may have affected the composition of the fungal community associated
with the beetles.
Our results show that D. ponderosae larval stages are associated with fungi and
are mycophagous. Future work is need to assess the degree of digestion of ingested
fungal matter that occurs and the importance of various environmental factors in
determining which fungus is associated with which beetle life stage and how shifts in
fungal symbionts may affect beetle fitness and success.
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Table 1.2. Summary of filamentous fungi isolated from phloem adjacent to
developmental stages of D. ponderosae. Observed values are reported for the
number of phloem cores with no filamentous fungi (None), only G. clavigera (G. c.),
only O. montium (O. m.), or both G. clavigera and O. montium (G. c. + O. m.).
Expected values (in parentheses) were calculated using the chi-square test (X2 =
588.871; d f= 15; P < 0.001)
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Figure 1.1. Mosaic display of the proportion of filamentous fungi isolated from phloem
associated with each D. ponderosae development stage for each site (S). The width of
each bar is equal to the proportion of the total sample size for that developmental stage.
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Figure 1.2. The number of observations of either no filamentous fungi (None), only G.
clavigera (G. c.), O. montium (O. m.), or both G. clavigera and O. montium (G. c. + O.
m.) isolated from phloem (sampled at the larval gallery tip), exoskeleton, and gut of first
and third instar larvae, given the location of the larva within the gallery (proximal to the
gallery tip or at the gallery tip).
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CHAPTER 2

Interactions among mycangial fungi of the mountain pine beetle, Dendroctonus
ponderosae, and microbes isolated from lodgepole pine, Pinus contorta, phloem

Abstract
Dendroctonus ponderosae is consistently associated with two filamentous fungi,
Grosmannia clavigera (Robinson-Jeffrey & Davidson) Zipfel, de Beer & Wingf. and
Ophiostoma montium (Rumbold) von Arx. Beetle larvae and teneral adults feed on these
fungi within the phloem layer of the tree and appear to receive nutritional benefit from
the fungi. Other microbes, including yeasts and bacteria, are also present in the phloem. It
is not known if yeast and bacteria affect the growth of G. clavigera and O. montium',
however, interactions among these organisms could indirectly impact host beetle
nutrition by restricting or facilitating growth of the symbiotic fungi. To test if yeasts and
bacteria isolated from phloem tissue impact the growth of G. clavigera or O. montium, G.
clavigera and O. montium were grown in Petri dishes either alone or individually with
three yeasts and one bacterium isolated from larval galleries, and one bacterium isolated
from phloem uncolonized by beetles or their associated fungi. The relative yield of O.
montium grown with microbes isolated from larval galleries was greater than the relative
yield of O. montium grown alone. The relative yield of G. clavigera grown with these
same microbes was less than or equal to the relative yield of G. clavigera grown alone.
These results suggest that O. montium and at least some microbes found in larval
galleries have a mutualistic or commensalistic relationship, while G. clavigera and these
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same microbes have an antagonistic relationship. The bacterium isolated from
uncolonized phloem was found to inhibit overall yield of both G. clavigera and O.
montium. Overall, the results suggest that microbes impact the distribution of G.
clavigera and O. montium through competitive or facilitative interactions, thus the
microbe assemblage in phloem likely has indirect effects on the fitness of D. ponderosae
through their impacts on the symbiotic fungi of D. ponderosae.

Introduction
Dendroctonus bark beetles are associated with microorganisms including
filamentous fungi, yeasts, and bacteria (Paine et al. 1997, Six 2003a, Six and Klepzig
2004). These microbes are transported by adult beetles phoretically on the exoskeleton or
within specialized pouches or pits in the exoskeleton called mycangia (Six 2003b, Six
and Klepzig 2004).
Grosmannia clavigera (Robinson & Davidson) Zipfel, ZW de Beer & MJ Wingf.,
comb. nov. (formerly Ophiostoma clavigerum) (Zipfel et al. 2006) and O. montium
(Rumbold) von Arx are two filamentous fungi consistently associated with the mycangia
of the mountain pine beetle, D. ponderosae Hopkins (Rumbold 1941, Robinson 1962,
Whitney and Farris 1970, Six 2003b). Beetle larvae feed on both phloem of host pines
and on the mycangial fungi as they grow within phloem, throughout development
(Adams and Six, in review). The two mycangial fungi appear to differentially impact
development ofD . ponderosae, although results of the two studies that have been
conducted to assess nutritional benefits of mycophagy appear to be contradictory. In an
experiment conducted in logs and with a very low sample size, D. ponderosae associated
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with G. clavigera developed faster and produced more brood than when associated with
O. montium (Six and Paine 1998). However, in another study conducted in phloem
sandwiches (K Bleiker and DL Six, unpubl. data), D. ponderosae associated with O.
montium consumed less phloem than those associated with either G. clavigera or no
fungus, suggesting that O. montium may provide superior nutritional benefits. While the
relative value of each fungus to larval nutrition remains unclear, there is evidence that
feeding on fungi by teneral adult beetles is critical for beetle reproduction, and that both
fungi are adequate for this purpose. New adults that feed on spores of either fungus, enter
logs, construct galleries and lay eggs. In contrast, beetles that do not feed on spores, do
not enter logs, and when forced into logs, do not produce galleries or eggs (Six and Paine
1998).
Other microbes have also been found in association with D. ponderosae. Yeasts
and bacteria have been isolated from the mycangia (Whitney and Farris 1970, Six
2003b), and from larval galleries of D. ponderosae and several other scolyines (Shifrine
and Phaff 1956, Callaham and Shifrine 1960, Whitney 1971, Bridges et al. 1984). The
association of yeasts and bacteria with beetle developmental stages has been
characterized in only a few studies. Adams and Six (in review) found that yeasts are more
commonly associated with the first instar larvae of D. ponderosae than are the mycangial
fungi and are ubiquitous with later larval stages even when mycangial fungi are present.
In a study conducted in artificially infested logs, Whitney (1971) isolated bacteria only
from older portions of galleries and from phloem adjacent to D. ponderosae entrance
holes. However, Bridges et al. (1984) isolated eight species of bacteria from larval
galleries throughout the developmental period in trees naturally infested with another

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

bark beetle, D. frontalis Zimmermann. The effects of yeasts and bacteria on beetle
development are unknown. It has been suggested that these microbes may contribute to
the overall nutrition of their scolytine associates (Dillon and Dillon 2004, Vega and
Dowd 2005); however, the dietary contributions of microbes to Dendroctonus larvae
have not been investigated.
Yeasts and bacteria associated with D. ponderosae may also influence beetle
nutrition indirectly. Competition with microbes could restrict the distribution of
mycangial fungi within phloem, thereby reducing the area of phloem colonized by fungi
and thus their availability for feeding to Dendroctonus hosts. A reduction in area of
phloem occupied by mycangial fungi may affect not only larval nutrition, but teneral
adult nutrition as well, by reducing the access of fungi to pupal chambers at the time of
beetle eclosion. Competition for substrate among the fungi associated with another bark
beetle, D. frontalis, has been described (Klepzig and Wilkens 1997, Klepzig 1998);
however, to our knowledge, no studies exist investigating competition between bark
beetle-associated filamentous fungi and co-occurring yeasts or bacteria. In addition to
competition, other interactions among fungi and microbes may also occur. For example,
it is possible that some microbes may facilitate the growth of the mycangial symbionts.
Rumbold (1941) observed that growth of O. montium, in the presence of yeasts, was
stimulated; however, this observation was never quantified experimentally.
Competition and facilitation may influence the relative prevalence of the
beneficial fungal symbionts of D. ponderosae which, in turn, may influence D.
ponderosae population dynamics. For example, survival and size of D. frontalis brood,
factors that affect population growth were affected by the relative prevalence of the
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beetle’s two mycangial fungi, Ceratocystiopsis ranaculosus Perry and Bridges and
Entomocorticium sp. A (Bridges 1983). While environment can have a strong effect on
the relative prevalence of mycangial fungi (Six and Bentz, in prep), the presence of other
microbes in the subcortical habitat is also likely to affect fungal distribution and
abundance.
Yeasts and bacteria associated with the walls of beetle larval galleries are not the
only microbes that may interact with mycangial fungi. Many, and perhaps all, plants,
possess fungal and bacterial endophytes, organisms present within plants without causing
symptoms of disease (Wilson 1995). Endophytes have been found to be widespread and
diverse both within and among plant species (Arnold et al. 2000, Araujo et al. 2002,
Mocali et al. 2003), and have been found in Pinus spp. (Shishido et al. 1995, Bent and
Chanway 1998, Pirttila et al. 2004), the hosts of most Dendroctonus, including D.
ponderosae. Endophytes have been experimentally shown to benefit their host plants by
providing increased resistance to pathogens (Sturtz et al. 2000, Chacha et al. 2005) and
herbivores (Breen 1994), as well as providing nutritional supplementation or resistance to
environmental stresses (Dong et al. 1994, Saikkonen et al. 1998, Sturz et al. 2000). For
example, trees infected by the bacterial endophyte Bacillus subtilis were resistant to the
bark beetle-vectored pathogen Ophiostoma novo-ulmi Brasier (the causal agent of Dutch
elm) and to Cryphonectria parasitica (Murrill) Barr (the causal agent of chestnut blight)
(Schreiber et al. 1988, Wilhelm et al. 1998). Interactions between endophytes and the
mycangial fungi of Dendroctonus spp. may also occur but have not been investigated.
The objective of this study was to determine if microbes associated with larval
galleries of D. ponderosae and with phloem uncolonized by D. ponderosae (putative

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

endophytes) impact the growth of the beetle’s two mycangial fungal associates, G.
clavigera and O. montium. A description of these associates and their interactions with
the fungal symbionts will help inform our understanding of how these microbes influence
interactions between D. ponderosae and its mycangial symbionts.

Materials and Methods
Collection and Identification of Microbes. Samples of phloem were removed from D.
ponderosae-infested Pinus contorta Douglas var. latifolia Engelmann near Flat Rock
Creek, Lolo National Forest, approximately 130 km west of Missoula, MT. To isolate
mycangial fungi and microbes associated with galleries, active D. ponderosae larval
galleries were located by removing the outer bark from above entrance holes. Once a
larva was located, a phloem core (4 mm dia) was aseptically removed from directly
adjacent to the larva and placed directly into a Petri dish containing 2% malt extract agar
(MEA). Isolations were taken to the laboratory and held at room temperature. From
cultures yielding filamentous fungi, a section of agar colonized by the fungus was
removed and placed onto pine twig agar (a pine twig, cut lengthwise, autoclaved, and
embedded onto water agar) to encourage spore formation to facilitate identification.
Filamentous fungi were identified to species using morphological characteristics
(Upadhyay 1981, Grylls and Seifert 1993).
Approximately 600 cultures grown from phloem samples taken from larval
galleries (mostly first and second instar larvae) were examined for microbes other than
the filamentous mycangial fungi. Three yeasts and one bacterium were selected for use in
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the study because of their high relative abundance. A pure culture of each microbe was
obtained and stored on MEA at 4°C until use.
Isolation of microbes not directly associated with D. ponderosae galleries, but
which were present in trees and thus may interact with mycangial fungi, were made from
phloem of six P. contorta recently attacked by D. ponderosae. A 4 cm section of bark,
phloem, and xylem was removed in one piece at a site on the tree distant to any D.
ponderosae activity. The section of tree tissue removed from the tree and the phloem
surrounding the site where the tree section was removed were inspected to verify the
absence of beetle galleries and the absence of staining and discoloration characteristic of
the presence of beetle-associated microbes. The tree sections were placed in sterile Petri
dishes and taken to the laboratory. Using sterile technique, the xylem layer was removed
and a strip of phloem approximately 2.5 cm x 0.2 cm was removed from the center of the
exposed phloem layer. This reduced the probability of isolation of contaminating
microbes resulting from removal of the section from the tree. The phloem sample was
then streaked onto MEA and left on the surface of the agar in the plate. From microbial
growth arising from these isolations, one bacterium was purified and used in subsequent
tests.
All yeasts and bacteria were identified by direct sequencing. General primers 536f
and 907r (based on E. coli numbering system) were used to amplify rRNA (18s region for
yeasts, 16s region for bacteria), following the protocol from Apajalahti et al. (2001). PCR
was conducted with an initial denaturation step of 5 min at 95 °C, followed by
denaturation for 4 min at 95°C, annealing for 45 sec at 55°C, extension for 1.5 min at
72°C repeated 29 times, and a final extension step of 5 min at 72°C. Direct sequencing of
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PCR products was performed at the University of Montana, Murdock Lab (Missoula,
MT) and NCBI similarity scores were obtained using a BLAST search of GenBank
(www.ncbi.nlm.nih.gov').
Interaction Experiments. Grosmannia clavigera and O. montium were either grown
alone or separately with each yeast and bacterium at each of five densities of inoculation
on MEA in 150 mm diameter Petri plates. Each experiment was replicated nine times for
each density, except when G. clavigera and O. montium were grown with the bacterium
isolated from phloem uncolonized by beetles and associated fungi, where there were
eight replications for each density. Inoculum was placed onto the plates in a 5 X 4 array
with equal spacing between each inoculation point. Inoculation points for mycangial
fungi and other microbes on the agar surface within each plate were randomly selected
from among the 20 inoculation points in the 5 X 4 array for each replication at each
density. Given the initial randomization of the inoculation points of each replication,
inoculation locations designated for each replication at each density was applied to each
pairing of G. clavigera and O. montium with each microbe. Mycangial fungus/yeast or
bacterium inoculation density ratios were 4/16, 8/12, 12/8, and 16/4. Plates containing
inoculum densities of each fungus at 20/0 were used as a control to allow a relative
assessment of growth of the mycangial fungi when grown with themselves. To account
for the potential occurrence of intraspecific competition of the mycangial fungi within the
interaction experiments, mycangial fungi were grown at inoculation densities of 4, 8, 12,
16, and 20 inoculation points, with inoculation points distributed as described above.
Inocula of mycangial fungi were prepared by placing one 4 mm plug of fungus
from a pure culture onto MEA in four Petri dishes. Fungi were allowed to grow to the
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edge of the plate. Cores of fungus-colonized agar used as inocula were removed from the
growing edge and placed culture side down onto the surface of plates used in interaction
experiments. To prepare inocula of the yeasts and the bacterium isolated from larval
galleries, cells from pure cultures were spread evenly over the surface of MEA and
allowed to grow until a visible layer of cells developed. Plates used for interaction
experiments were inoculated with the yeast and the bacterium using a 3 mm flat ended
probe which was used to pick up cells from the agar surface and then pressed onto the
preselected inoculation points. For each interaction experiment, the mycangial fungus and
yeast or bacterium from galleries were inoculated onto plates at the same time. The
bacterium isolated from phloem uncolonized by the beetle grew extremely slow on agar;
therefore, for inoculum preparation, it was grown in liquid culture (2% yeast extract). To
inoculate interaction plates with this bacterium, one drop of liquid culture containing
suspended cells was placed onto the inoculation points. The bacterium was then allowed
to grow until colonies were visible (2 days) before a mycangial fungus was inoculated
onto the plates. The bacterium culture at this time was visually equivalent in area to
inoculations of the other microbes at the time they were inoculated onto the plates.
The inoculated plates for each interaction experiment were stored at room
temperature in the dark until growth of the mycangial fungi in any one plate met the edge
of the plate (approx. 3 d for G. clavigera and approx. 4 d for O. montium). The growth of
mycangial fungi was then measured by tracing the perimeter of hyphal growth on the
underside of each Petri plate. These areas were traced onto paper and digitized, and the
number of pixels within each area was counted (Adobe Photoshop, Adobe Systems, Inc.)
as a measurement of yield.
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Data analysis. In this study, relative yield of mycangial fungi, grown alone or with other
microbes, was used to detect interaction types occurring among the mycangial fungi and
the microbes isolated from phloem. Yield of the mycangial fungi grown at each
inoculation density was determined relative to each control (in which the mycangial fungi
were inoculated at 20 of 20 inoculation sites).
Williams and McCarthy (2001) described measuring the relative yield of two
competing test organisms; however, I assessed the relative yield of only the mycangial
fungi in the presence of other microbes. This was necessary because yeast and bacterial
colony growth is not appropriately measured in a two-dimensional area. The basic
interpretation of relative yield values, as suggested by Williams and McCarthy (2001),
are such that a relative yield of mycangial fungi equal to 1.0 corresponds to equal intraand interspecific competition between organisms, at a given density. A relative yield
value of >1.0 suggests that the test organisms (in our case, the mycangial fungus) does
better competing against the microbe than it does competing against itself. A relative
yield value of <1.0 suggests the opposite, where the mycangial fungus does better
competing against itself than with the microbe. Using a relative yield value of 1.0 as the
baseline for interpretation in our study, however, assumes that the yield of the mycangial
fungus inoculated at different densities is proportional. Because relative yield of fungi
inoculated at different densities may not be proportional, I used the relative yield of each
mycangial fungus grown alone at each density as the baseline for interpretation of
interactions.
I calculated the relative yield of mycangial fungi using the following equation:
(area of filamentous fungal growth at x density ratio) / (area of filamentous fungal growth
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at 20/0 density ratio * the number of filamentous fungal inoculations at x density ratio
divided by 20). The relative yield of G. clavigera and O. montium grown with each yeast
and bacterium was then tested for differences with mycangial fungus and density as
factors using a two-way ANOVA, SigmaStat statistical software version 2.03 (SPSS,
1997). Tukey’s Test was used for all pairwise multiple comparisons. Relative yield of
mycangial fungi grown alone, grown with the two yeasts, and grown with the bacterium
isolated from within larval galleries was log transformed prior to analysis to normalize
the data. Relative yield of G. clavigera and O. montium inoculated with each yeast and
bacterium was then compared to the relative yield of each fungus when growing alone to
infer interaction type of the mycangial fungi when grown with the yeasts or bacteria.

Results
Identification of microbes. Results of rRNA sequence BLAST searches are shown in
Table 2.1. Best matches to phylotype in GenBank for two ascomycete yeast sequences
had similaritiy scores greater than 0.999 to Candida sp. and to Pichia scolyti. The
sequence for the third yeast had a similarity score of 0.975 to an unidentified
basidiomycete sp. The sequence for the bacterium isolated from phloem adjacent to larval
galleries most closely matched a Micrococcus sp. with a score of 0.991, giving us
confidence that the beetle-associated bacterium is in this genus. The sequence for the
bacterium isolated from phloem distant to larval galleries matched the sequence for
Bacillus pumilus with a score of 1.000. Bacillus pumilus is a fluorescent bacterium which
has been found to be a fungal antagonist in the plant rhozosphere (Nielsen and Sprensen
1997).
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Interaction experiments. ANOVA tables from tests of relative yield of the mycangial
fungi due to two factors, mycangial fungus and density, when paired with each yeast and
bacterium are shown in Table 2.2. For mycangial fungi grown alone, and for mycangial
fungi grown with P. scolyti and with SA2, there was an effect of density but not of
fungus or the interaction of fungus with density. For the basidiomycete yeast and
Candida sp., effects of fungus, density, and the interaction between fungus and density
were significant.
Mycangial fungi grown alone. The relative yield of G. clavigera did not differ from O.
montium when the two fungi were grown alone (Table 2.3). The main effect of density
was statistically significant, where lower inoculation densities of mycangial fungi
resulted in higher relative yields of mycangial fungi (Tukey’s test: 4/00 vs. 8/00,
q=7.528, PcO.OOl; 4/00 vs. 12/00, q=15.427, P<0.001; 4/00 vs. 16/00, q=24.108,
P<0.001; 8/00 vs. 12/00, q=7.898, P<0.001; 8/00 vs. 16/00, q=16.580, P<0.001; 12/00 vs.
16/00, q=8.681, P<0.001) (Table 2.4).
Mycangial fungi grown with the basidiomycete yeast sp. The relative yield of O. montium
was significantly greater than the relative yield of G. clavigera when each fungus was
grown with the basidiomycete yeast sp. (Table 2.3). The relative yield of O. montium
grown with the basidiomycete yeast sp. was greater than O. montium grown alone at each
density of inoculation. However, relative yield of G. clavigera grown with the
basidiomycete yeast sp. was less than G. clavigera grown alone at each density of
inoculation (Table 2.4).
The relative yield of both mycangial fungi inoculated at the mycangial
fungus/basidiomycete yeast sp. density ratio of 16/4 was significantly less than the
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relative yield at the inoculation density ratios of 12/8 (Tukey’s test: q=3.998, P=0.032),
8/12 (Tukey’s test: q=4.225, P=0.021), and 4/16 (Tukey’s test: q=6.992, P<0.001). The
relative yield of mycangial fungi grown with basidiomycete yeast sp. at the inoculation
density ratio of 16/4 nearly equalled the relative yield of mycangial fungi when grown
alone; whereas, the relative yield of mycangial fungi at all other inoculation densities was
less than the relative yield of mycangial fungi when grown alone (Table 2.4).
The relative yield of O. montium was significantly greater than the relative yield
G. clavigera at the inoculation density ratios of 4/16 (Tukey’s test: q= l 1.427, PcO.OOl)
and 8/12 (Tukey’s test: q=13.073, PcO.OOl). The relative yield of O. montium grown with
basidiomycete yeast sp. at the inoculation density ratio of 4/16 was significantly greater
than the relative yield of O. montium at the density ratios of 12/8 (Tukey’s test: q=6.902,
PcO.OOl) and 16/4 (Tukey’s test: q=9.973, PcO.OOl), while the relative yield of O.
montium at the inoculation density ratio of 8/12 was significantly greater than the relative
yield of O. montium at the inoculation density ratios of 12/8 (Tukey’s test: q=5.701,
P=0.001) and 16/4 (Tukey’s test: q=8.867, PcO.OOl). In contrast, the only significant
difference in relative yield of G. clavigera grown with basidiomycete yeast sp. due to
inoculation density was that at the inoculation density ratio of 12/8 which was
significantly greater than the relative yield of G. clavigera at the inoculation density ratio
of 8/12 (Tukey’s test: q=6.902, P=0.004).
Mycangial fungi grown with Candida sp. The relative yield of O. montium was
significantly greater than the relative yield of G. clavigera when each fungus was grown
with Candida sp. (Table 2.3). The relative yield of O. montium grown with Candida sp.
was greater than the relative yield of O. montium when grown alone, while the relative
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yield of G. clavigera grown with Candida sp. was less than the relative yield of G.
clavigera when grown alone.
Lower inoculation densities of mycangial fungi resulted in higher relative yields
of mycangial fungi (Tukey’s test: 4/16 vs. 8/12, q=10.851, PcO.OOl; 4/16 vs. 12/8,
q=14.834, PcO.OOl; 4/16 vs. 16/4, q=19.902, PcO.OOl; 8/12 vs. 12/8, q=3.983, P=0.032;
8/12 vs. 16/4, q=9.051, PcO.OOl; 12/8 vs. 16/4, q=5.068, P=0.004). The relative yield of
both mycangial fungi grown with Candida sp. was similar to the relative yield of both
mycangial fungi grown alone at the same densities (Table 2.4).
When grown with Candida sp., relative yield of O. montium was significantly
greater than the relative yield of G. clavigera at inoculation density ratios of 4/16
(Tukey’s test: q= 19.095, PcO.OOl), 8/12 (Tukey’s test: q=9.864, PcO.OOl), and 12/8
(Tukey’s test: q=5.227, PcO.OOl), but not at the inoculation density ratio of 16/4. The
relative yield of O. montium grown with Candida sp. was significantly different at all
inoculation densities, where lower inoculation density of O. montium resulted in higher
relative yield (Tukey’s test: 4/16 vs. 8/12, q=12.289, PcO.OOl; 4/16 vs. 12/8, q=17.423,
PcO.OOl; 4/16 vs. 16/4, q=22.619, PcO.OOl; 8/12 vs. 12/8, q=5.135, P=0.003; 8/12 vs.
16/4, q=10.330, PcO.OOl; 12/8 vs. 16/4, q=5.196, P=0.003). Conversely, the only
significant difference of the relative yield of G. clavigera grown with Candida sp. due to
inoculation density was that the relative yield at the inoculation density ratio of 4/16 was
significantly greater than the relative yield at the inoculation density ratio of 16/4
(Tukey’s test: q=5.527, P=0.001) (Fig. 2.1).
Mycangial fungi grown with P. scolyti. The relative yield of O. montium was significantly
greater than relative yield of G. clavigera when each fungus was grown with P. scolyti
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(Table 2.3). The relative yield of O. montium grown with P. scolyti was greater than the
relative yield of O. montium grown alone; however, the relative yield of G. clavigera
grown with P. scolyti was less than the relative yield of G. clavigera grown alone.
The relative yield of mycangial fungi at the mycangial fungus/P. scolyti
inoculation density ratio of 4/16 was significantly greater than the relative yield at the
inoculation density ratios of 12/8 (Tukey’s test: q=8.810, P<0.001) and 16/4 (Tukey’s
test: q=12.485, PcO.OOl); and relative yield of mycangial fungi at the inoculation density
ratio of 8/12 was significantly greater than the relative yield at the inoculation density
ratios of 12/8 (Tukey’s test: q=6.533, PcO.OOl) and 16/4 (Tukey’s test: q=9.208,
PcO.OOl). The relative yield of mycangial fungi grown with P. scolyti at each inoculation
density was similar to the relative yield of mycangial fungi growing alone (Table 2.4). No
interaction between the factors of mycangial fungus and density was detected (Fig. 2.1).
Mycangial fungi grown with Micrococcus sp. The relative yield of O. montium was
significantly greater than the relative yield of G. clavigera when each fungus was grown
with Micrococcus sp. (Table 2.3). The relative yield of O. montium grown with
Micrococcus sp. was greater than the relative yield of O. montium grown alone; however,
the relative yield of G. clavigera grown with Microccocus sp. was less than the relative
yield of G. clavigera grown alone.
Lower inoculation densities of mycangial fungi resulted in higher relative yield of
mycangial fungi (Tukey’s test: 4/16 vs. 8/12, q=6.757, PcO.OOl; 4/16 vs. 12/8, q=13.975,
PcO.OOl; 4/16 vs. 16/4, q=20.793, PcO.OOl; 8/12 vs. 12/8, q=6.902, PcO.OOl; 8/12 vs.
16/4, q=13.565, PcO.OOl; 12/8 vs. 16/4, q=6.818, PcO.OOl) (Table 2.4).
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The relative yield of O. montium was significantly greater than the relative yield
G. clavigera at the inoculation density ratios of 4/16 (Tukey’s test: q=17.549, P<0.001),
8/12 (Tukey’s test: q=9.524, P<0.001), and 12/8 (Tukey’s test: q=5.242, PcO.OOl), but
not at 16/4. The relative yield of O. montium grown with Micrococcus sp. was
significantly different at all inoculation densities (Tukey’s test: 4/16 vs. 8/12, q=7.865,
PcO.OOl; 4/16 vs. 12/8, q=15.119, PcO.OOl; 4/16 vs. 16/4, q=20.964, PcO.OOl; 8/12 vs.
12/8, q=6.660, PcO.OOl; 8/12 vs. 16/4, q=12.276, PcO.OOl; 12/8 vs. 16/4, q=5.845,
PcO.OOl), where lower inoculation densities of O. montium resulted in higher relative
yields of O. montium. The relative yield of G. clavigera grown with Micrococcus sp. was
significantly different between the inoculation density ratios of 4/16 vs. 12/8 (Tukey’s
test: q=3.986, P=0.033), 4/16 vs. 16/4 (Tukey’s test: q=7.665, PcO.OOl), and 8/12 vs.
16/4 (q=6.496, PcO.OOl).
Mycangial fungi grown with Bacillus pumilus. No difference in relative yield was
detected between the mycangial fungi when each was grown with B. pumilus (Table 2.3).
The relative yield of both mycangial fungi when grown with B. pumilus was roughly half
the relative yield of each fungus when grown alone.
Relative yield of mycangial fungi at the mycangial fungus / B. pumilus
inoculation density ratio of 4/16 was significantly greater than the relative yield at the
inoculation density ratios of 12/8 (Tukey’s test: q=6.281, PcO.OOl) and 16/4 (Tukey’s
test: q=6.842, PcO.OOl) (Table 2.4).

Discussion
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Growth of O. montium was stimulated when in the presence of microbes isolated
from larval galleries. In contrast, growth of G. clavigera was reduced when in the
presence of these same microbes. These patterns were most apparent when the density of
the yeast or the bacterium was high.
The stimulation of growth of O. montium in the presence of yeasts was first
observed by Rumbold (1941), where she stated that growth of O. montium was more
vigorous in the presence of yeasts than when in pure culture. Later, Whitney (1971)
suggested that the mycangial fungi of D. ponderosae and yeasts are mutualists because of
their co-occurrence within D. ponderosae larval galleries. He speculated that yeasts may
provide essential vitamins to the mycangial fungi (Whitney 1971); however, this
supposition was never substantiated. In our study, I found both yeasts and bacteria
isolated from the phloem of larval galleries to stimulate growth of O. montium. Such
facilitation of growth of one microbe by another is not unknown. For example, growth
rate and number of fungal hyphal tips of mycorrhizal fungi increased when “helper
bacteria” were present in the soil (Garbaye and Duponnois 1992, Garbaye et al. 1992).
Facilitative interactions have also been implicated to aid in the maintenance of biological
diversity through niche creation (Day and Young 2004). For example, in an environment
with glucose as the only limiting resource, a competitively inferior strain of the
bacterium, Excherichia coli, was able to increase in abundance in the presence of a
competitively superior strain of E. coli even after glucose was depleted (Turner et al.
1996). The competitively inferior strain of E. coli was able to sustain itself in this case by
utilizing a resource produced by the competitively superior strain.
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Our data suggests that this type of facilitative interaction may occur between O.
montium and the microbes isolated from phloem associated with larval galleries,
indicating that, at the least, a commensal relationship exists among these organisms. If
the yeasts and bacterium gain some advantage through their association with O. montium,
the relationship would be mutualistic. In contrast, our results indicate a very different
type of interaction among these microbes and G. clavigera. In this case the presence of
the microbes was detrimental to the fungus indicating an antagonistic interaction.
The strongest negative response was observed when either O. montium or G.
clavigera were grown in the presence of B. pumilus. This bacterium was isolated very
early in the attack of the tree from phloem distant to D. ponderosae galleries which was
not colonized by beetles or beetle-associated fungi. Because this bacterium was isolated
from fresh, living, uncolonized phloem, B. pumilus is likely endophytic. The reduction in
relative yield of both O. montium and G. clavigera when grown in the presence of B.
pumilus could be due to competition for available nutrients. However, more likely
reduced relative yield was due to the production of antimicrobial substances. A clear zone
of inhibition developed around each inoculation point of this bacterium within which
hyphae of the fungi did not grow. Inhibition of fungi by bacterial endophytes is not
unknown. For example, B. subtilis can occur as an endophyte in some trees where it can
inhibit the growth of the pathogenic fungi, O. novo-ulmi and C. parasitica (Schreiber et
al. 1988, Wilhelm et al. 1998). Additionally, B. pumilus has been shown to produce
fungus cell-wall-degrading enzymes (Nielsen and Sprensen 1997).
Density of inoculation also had an impact on the relative yield of both O. montium
and G. clavigera. The relative yield of each mycangial fungus, whether grown alone or
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with another microbe, was less at greater inoculation densities of the mycangial fungus.
Ross and Solheim (1997) observed a similar trend when inoculating both O.
pseudotsugae (Rumb.) von Arx and Leptographium albietinum (Peck) Wingf. in trees.
They inoculated fungi into Douglas-fir at three densities and observed that as density of
inoculation increased, so did the total percentage of necrotic phloem. However, the
increase in total percentage of necrotic phloem at the highest inoculation density was
associated with a decrease in relative yield (as calculated by methods described in this
paper) relative to yields at the lower densities of inoculation.
Our data suggest that at least some microbes found in phloem surrounding larval
galleries may favor the growth of O. montium while suppressing the growth of G.
clavigera. Future studies should investigate whether all microbes associated with D.
ponderosae galleries facilitate growth of O. montium at the expense of G. clavigera and
how much influence these microbes may have on the distribution and relative prevalence
of the mycangial fungi in a tree over time. In addition, studies should investigate the
prevalence and effects of endophytes in host trees and whether they exhibit inhibitory
effects on beetle symbionts. If inhibitory, endophytes may have a role as indirect
biological control agents of D. ponderosae, by acting upon D. ponderosae-associated
fungi.
The yeasts used in this study have been isolated from scolytine galleries by other
researchers (Shifrine and Phaff 1956, Callaham and Shifrine 1960). Likewise the
Micrococcus sp. have been isolated from scolytine guts (Whitney 1982). Our sampling
for putative endophytes was limited. Since only a few isolations were made from fresh
uncolonized phloem, it is unknown whether B. pumilus is common in P. contorta
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phloem, or if I merely isolated it by chance. It is also not known if endophytes are
prevalent in conifer phloem; however, the antagonistic effects of B. pumilus on both of
the mycangial fungi of D. ponderosae in culture indicate that further study of the
interactions of endophytes with microorganisms which are associated with scolytine
development is warranted.
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Table

2.1.

Microbes

isolated

from

phloem

surrounding D.

ponderosae larval galleries and identified using PCR amplification
of the rRNA 16S region for yeasts, and 18S region for the
bacterium. Names of organisms were assigned based upon the NCBI
similarity score (Score) for the closest match to gene sequences
(Sequence ID) in GenBank
Best match

Sequence length

Score

Sequence ID

basidiomycete yeast sp.

550

0.975

AY520256

Candida sp.

680

1.000

AY242216

Pichia scolyti

672

0.999

AB054286.1

Micrococcus sp.

905

0.991

AF408991

Bacillus pumilus

322

1.000

AY167883
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Table 2.2. ANOVA table resulting from the two-way tests of relative yield of D.
ponderosae mycangial fungi grown alone or with each yeast or bacterium. The
test used mycangial fungus and density of inoculation as factors. Asterisks
indicate that data for a particular test were log transformed prior to analysis
df

MS

F

P

fungus

1

0.000

0.233

0.631

density

3

0.147

107.376

<0.001

fungus x density

3

0.001

0.427

0.734

residual

56

0.001

fungus

1

0.462

103.676

<0.001

density

3

0.037

8.303

<0.001

fungus x density

3

0.079

17.747

<0.001

residual

59

0.005

fungus

1

6.538

163.703

<0.001

density

3

2.854

71.447

<0.001

fungus x density

3

1.104

27.641

<0.001

residual

64

0.040

fungus

1

0.032

5.642

0.021

density

3

0.190

33.108

<0.001

fungus x density

3

0.006

1.013

0.393

residual

62

0.006

Mycangial fungi grown

Source of

with:

variation

Mycangial fungi*

basidiomycete yeast sp.

Candida sp.*

P. scolyti*
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Micrococus sp.*

B. pumilus

fungus

1

0.208

151.634

<0.001

density

3

0.110

80.011

<0.001

fungus x density

3

0.030

21.722

<0.001

residual

55

0.001

fungus

1

0.010

0.624

0.433

density

3

0.164

9.974

<0.001

fungus x density

3

0.011

0.674

0.571

residual

56

0.016
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Table 2.3. Mean (SE) relative yield of mycangial fungi grown
alone and with each yeast or bacterium. Asterisks indicate data
were log transformed prior to analysis. Means reported here
were transformed. Means within rows followed by different
letters are statistically significant (P<0.05)
Mycangial fungi grown with:

Mycangial fungus
G. clavigera

0 . montium

Mycangial fungi*

1.581(0.029)a

1.595(0.026)a

basidiomycete yeast sp.

1.124(0.057)a

1.743(0.054)b

Candida sp.*

1.328(0.033)a

1.931(0.033)b

P. scolyti*

1.564(0.072)a

1.802(0.073)b

Micrococcus sp.*

1.251(0.027)a

1.689(0.03 l)b

B. pumilus

0.805(0.022)a

0.831(0.022)a
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1.705(0.039)c
1.461(0.079)b
1.655(0.047)c
1.846(0.104)b
1.555(0.042)c
0.790(0.032)ab

2.013(0.039)d
1.715(0.079)b
2.167(0.047)d
2.239(0.101)b
1.860(0.04 l)d
0.688(0.032)a

Mycangial fungi*

basidiomycete yeast sp.

Candida sp.*

Pichia scolyti*

Micrococcus sp.*

B. pumilus

75

8/12

0.889(0.032)b

1.325(0.04 l)b

1.395(0.101)a

1.468(0.047)b

1.372(0.079)b

1.440(0.039)b

12/8

0.907(0.032)b

1.140(0.04 l)a

1.253(0.101)a

1.229(0.047)a

1.184(0.079)a

1.195(0.039)a

16/4

Mycangial fungus/yeast or bacteria inoculation density ratio
4/16

Mycangial fungi grown with:

with different letters within rows are statistically significant (P<0.05)

transformed prior to analysis. Means reported hear were not transformed. Means followed by

bacterium, resulting from the main effect of density. Asterisks indicate data were log

Table 2.4. Mean (SE) relative yield of mycangial fungi, grown alone or with each yeast or

G. clavigera
0 . montium

3

i G . clavigera
Y///////A 0 . montium

i

3

2

2

Relative Yield of Mycangial Fungus

1

0

0

G . clavigera
0 . montium

3

G . clavigera
0 . montium

3

2

2

1

0

0

G . clavigera

3

G . clavigera

3

0 . montium

0 . montium

2

2

ab ab

1

o

0
4/16

8/12

12/8

4/16

16/4

8/12

12/8

Inoculation Density Ratio
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16/4

Figure 2.1. Mean relative yield of G. clavigera (open bars) and O. montium (hatched
bars) grown: (A) alone, (B) with basidiomycete yeast sp., (C) with Candida sp., (D) with
P. scolyti, (E) with Micrococcus sp., and (F) with B. pumilus at four inoculation density
ratios. Error bars indicate the standard error of the mean. Bars labeled with different
letters indicate significant differences in relative yield across species and densities
(P>0.05). Asterisks (*) represent a significant difference between fungal species at a
given density (P>0.05).
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CHAPTER 3

Host habitat location signals use by natural enemies of the mountain pine beetle,
Dendroctonus ponderosae

Abstract
Attraction of natural enemies to Pinus contorta Douglas var. latifolia Engelmann logs
(bolts) colonized by Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae)
hosts (experiment 1) or inoculated with D. ponderosae-associated fungi, Grosmannia
clavigera (Robinson-Jeffrey & Davidson) Zipfel, de Beer & Wingf. and/or Ophiostoma
montium (Rumbold) von Arx (experiment 2), was investigated. Screen cylinders coated
with tangle-foot surrounded each bolt to capture all landing insects. At the completion of
sampling for experiment 1, it was found that some bolts were colonized by wild Pseudips
mexicanus (Hopkins) (Coleoptera: Curcultionidae). Results of attraction in experiment 1
were tested with the inclusion of wild beetles in the following a posteriori treatment
regime: control screens, beetle- and fungus-free bolts, bolts with D. ponderosae, bolts
with P. mexicanus, and bolts with both D. ponderosae and P. mexicanus. In experiment
2, attraction of natural enemies to bolts with D. ponderosae-associated fungi was
investigated using the following treatment regime: control screens, bolts with D.
ponderosae, beetle- and fungus-free bolts, bolts inoculated with G. clavigera, bolts
inoculated with O. montium, and bolts inoculated with both G. clavigera and O. montium.
Capture of female Coeliodes rufovariegatus Provancher (Hymenoptera: Braconidae) and
Dinotiscus sp. (Hymenoptera: Pteromalidae) was greater on bolts with both P. mexicanus
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and D. ponderosae than on beetle- and fungus-free bolts. A positive relationship was
observed between the capture of female C. rufovariegatus, Dinotiscus sp., and
Rufovariegatus pulchripennis (Crawford) (Hymenoptera: Pteromalidae) and the number
of D. ponderosae and P. mexicanus parent galleries, while the same relationship was
observed between Dendrosoter scaber Muesebeck (Hymenoptera: Braconidae) females
and the number of D. ponderosae parent galleries. These results indicate a density
dependent response of parasitoid attraction to host density. Natural enemy capture on
fungus-inoculated bolts was never significantly greater than on beetle- and fungus-free
bolts; however, capture of female D. scaber on bolts with G. clavigera and capture of
female H. unica and R. pulchripennis on bolts with both G. clavigera and O. montium
tended to be greater than capture from all other treatments. These results suggest that D.
ponderosae-associated fungi facilitate a chemical change of the volatiles released from
the bolts, and this chemical change was detected by some parasitoids.

Introduction
Natural enemies typically locate host habitats through the perception of chemical
cues reliably associated with the host (Lewis et al. 1976, Lewis and Tumlinson 1988, Vet
and Dicke 1992). Such olfactory cues often originate from organisms associated with the
host, including symbiotic microorganisms (Madden 1968, Dicke et al. 1984, Sullivan and
Berisford 2004) or plants fed upon by their host (Turlings et al. 1990, Morgan and Hare
1998, DeMoraes and Mescher 1999). Chemical cues used by natural enemies in host
habitat location may also originate from host products such as frass (Sullivan et al. 2000)
or pheromones (Billings and Cameron 1984, Payne et al. 1984, Miller et al. 1989, Raffa
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and Dahlsten 1995). While host habitat location cues have been well described in many
systems, the type and origin of cues used by natural enemies of the larval stages of bark
beetles are not known.
Bark beetles (Coleoptera: Curculionidae, Scolytinae) are associated with an array
of microorganisms, including fungi (Harrington 1993, Paine et al. 1997, Six 2003a).
Symbiotic fungi are consistently associated with developing larvae and extensively
colonize the phloem within which the brood develop (Adams and Six, in review). The
fungi most consistently associated with bark beetles are in the closely related genera
Ophiostoma and Grosmannia. In culture, Ophiostoma are known to produce a number of
volatile compounds, including oxygenated monoterpenes, cyclic sesquiterpenes,
hydrocarbons, and short-chain alcohols and esters (Hanssen 1993 and references therein).
These compounds could potentially be detected and exploited for host habitat location by
natural enemies attacking bark beetle larval stages. Some evidence exists supporting this
hypothesis. For example, phloem colonized by Ophiostoma associated with the bark
beetles Ips grandicollis (Eichoff) and Dendroctonus frontalis Zimmermann was attractive
to the parasitoids Roptrocerus xylophagorum (Ratzeburg) (Hymenoptera: Pteromalidae)
(Sullivan et al. 2000) and Spathius pallidus (Ashmead) (Hymenoptera: Braconidae)
(Sullivan and Berisford 2004). Furthermore, volatile extracts of Ophiostoma-colonized
phloem trigger antennal response in Coeloides pissodis (Ashmead) (Hymenoptera:
Braconidae) and R. xylophagorum (Salom et al. 1992, Pettersson et al. 2000), indicating
the ability of these parasitoids to detect fungal-produced compounds. In addition,
Pettersson and Boland (2003) found that logs colonized by bark beetles and their
associated fungi emitted greater levels of oxygenated monoterpenes and benzenoid
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compounds than logs without beetles and fungi, suggesting that oxygenated
monoterpenes may be produced, at least in part, by fungi from host tree compounds such
as monoterpene hydrocarbons. Oxygenated monoterpenes were found to be major stimuli
in parasitoid electroantennogram (Pettersson et al. 2000, Salom et al. 1991) and attraction
tests (Camors and Payne 1972, Pettersson et al. 2001a).
The mountain pine beetle (Dendroctonus ponderosae Hopkins) is one of the most
destructive forest insect pests in North America; however, little is known about the
behavior of natural enemies of this insect. Several studies investigating the natural
enemies of D. ponderosae have focused on responses of predators to bark beetle
pheromones (Miller and Lindgren 2000, Zhou et al. 2001, Lindgren and Miller 2002).
Most of these predators use host beetle pheromones to locate the adult stage of the host
during its attack of a tree. It is not known what cues natural enemies of the larval stages
of D. ponderosae, particularly parasitoids, use to locate host habitats. Dendroctonus
ponderosae is host to several species of parasitoids that parasitize larval and/or pupal
stages (DeLeon 1934, Bushing 1965, Moeck and Safranyik 1984). These parasitoids
attack hosts long after pheromone communication among colonizing adult beetles has
ceased. Therefore, cues used by these natural enemies for host habitat location are not
likely to originate from adult beetles, but rather are likely to originate from the host tree,
associated microorganisms, or a combination or interaction of the two.
Dendroctonus ponderosae is reliably associated with two filamentous fungi,
Grosmannia clavigera (Robinson & Davidson) Zipfel, ZW de Beer & MJ Wingf., comb,
nov. (formerly Ophiostoma clavigerum) (Zipfel et al. 2006) and Ophiostoma montium
(Rumbold) von Arx (Rumbold 1941, Robinson 1962, Whitney 1971, Adams and Six, in
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review), as well as yeasts (Shifrine and Phaff 1956, Callaham and Shifrine 1960). The
filamentous fungi and some yeasts are transported on the exoskeleton and/or in mycangia
(Six 2003b), structures of the adult beetle exoskeleton that are specialized for the
dissemination of fungi, which ensures their transmission between generations. Both G.
clavigera and O. montium have been found in all populations of the beetle thus far
surveyed (Whitney 1971, Solheim 1995, Six and Paine 1998, Six 2003b), although in
varying proportions with the host beetle (Six and Bentz, in prep). Furthermore, some host
developmental stages are more likely to be associated with one fungus than the other
(Adams and Six, in review), potentially allowing natural enemies to fine-tune responses
to a particular signal unique to a particular life stage.
A fungus-produced olfactory cue signaling host habitat may further be fine-tuned
to the timing of growth of a particular fungus and its degree of colonization of host tree
tissues. The fungi grow slowly in the tree immediately after attack by the beetle. At this
time, tree tissues are still low in oxygen and high in moisture and secondary defensive
chemicals, all factors that can limit the growth of the fungi (Reid et al. 1967, Raffa 1991,
Solheim and Krokene 1998). However, after eggs hatch and larvae begin to tunnel in the
phloem, oxygen increases and defensive chemistry and moisture decreases allowing the
fungal growth rate to greatly increase. This period of rapid fungal growth coincides with
the mid- to late-larval stages of the beetle, those most preferred as hosts by parasitoids.
The reliable nature of the association of the fungi with the host beetle along with these
potential mechanisms for fine-scale attenuation of host location signals suggests a
potential role of host-associated microorganisms in host habitat location by parasitoids
and other natural enemies that attack the developmental stages of D. ponderosae.
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The objectives of this study were: 1) to characterize the parasitoid community
associated with D. ponderosae at one site in western Montana. The parasitoid
communities of D. ponderosae are not well characterized (DeLeon 1934, Bushing 1965,
Dahlsten and Stephen 1974) and a comprehensive description of the parasitoid
community associated with this beetle is needed if parasitoids of the beetle are to be
considered for use as biological control agents. 2) To determine if the two primary fungal
associates of D. ponderosae play a role in host habitat location by natural enemies
attacking developmental stages of the beetle. Understanding how parasitoids and other
natural enemies locate bark beetle hosts will not only increase our knowledge of the
factors that influence bark beetle population dynamics, but may also provide the
knowledge necessary to support the development of new tools and approaches for the
biological control of scolytine forest pests.

Materials and Methods
An active infestation of D. ponderosae in lodgepole pine, Pinus contorta Douglas
var. latifolia Engelmann was located near Flat Rock Creek, Lolo National Forest,
approximately 130 km (47°23'N, 115°14'W, 3200' elev.) west of Missoula, MT. This area
had experienced outbreak population levels of D. ponderosae for the eight years prior to
the inception of the study. Although D. ponderosae were still abundant at the time of the
study, the population was considered to be in decline. Peak or declining populations of
bark beetles are considered optimal for studying natural enemies because multiple
continuous years of high host/prey prevalence allow their populations to build to easily
detectable levels.
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The use of chemical cues, which hypothetically originate from the mycangial
fungi of D. ponderosae, by natural enemies for host habitat location was tested in two
separate, but complementary, experiments. In 2002, bolts (short logs) with and without
beetles were used to determine if natural enemies could distinguish bolts with beetles and
their natural complement of fungi from bolts without beetles or fungi (Experiment 1). In
2003, bolts with and without inoculations of mycangial fungi were used to determine if
natural enemies are attracted to fungal associates independent of the host beetles
(Experiment 2). In each experiment, a completely randomized block design was used
with nine blocks established within a 1 km x 2 km area, with each block located within
pockets of P. contorta which were currently infested by D. ponderosae. In each block,
treatment and control bolts were randomly placed (randomization repeated at each
sampling time) at points located approximately 10 m apart along a transect running
parallel to the slope. Each sampling point within each transect was established at least 3
m from any standing tree. The same sites were used for both experiments.

Experiment 1: Natural enemy capture on tree bolts with D. ponderosae brood and
fungi
Preparation o f treatment bolts. Two beetle-free P. contorta were felled and cut into bolts
40 cm in length and taken to the lab where the ends were sealed with paraffin wax. The
bolts were then aged for approximately 2 weeks to allow for tree defenses to decline.
Nine bolts were randomly selected and assigned to each of two treatments: (1) bolts that
were experimentally infested with D. ponderosae (and the natural complement of fungi),
and (2) bolts without D. ponderosae (controls). Infestation of bolts by D. ponderosae was
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done by introducing field-collected male/female pairs of D. ponderosae into each of six
equally-spaced holes (2 cm deep, 3 mm diameter) which were drilled into the phloem
along the bottom edge of each bolt. After introduction of the beetles, drill holes were
covered with fine-mesh aluminum screen to prevent escape. Control bolts (no beetle / no
fungus) were drilled but received no beetles. All bolts (with and without beetles) were
then completely enclosed with fine-mesh aluminum screen. Nine empty screen cylinders
approximately the same size as those enclosing bolts served as negative (screen) controls.
Screened bolts and screen controls were hung from rebar at a height of
approximately lm above the ground. Each bolt and control was then surrounded by
hardware cloth (3.2 mm mesh size) coated with aerosol Tangle Trap® (The Tanglefoot
Company, Grand Rapids, MI) to capture landing insects. These “sticky screens” were
removed and replaced approximately every 4 d from 30 June - 10 September. Collection
periods varied occasionally due to rain. As the sticky screens were removed they were
covered in wax paper, and returned to the lab for removal of insects. Sticky screens were
immediately replaced with a duplicate set of tanglefoot-coated screens. All insects were
removed from tanglefoot on screens with the aid of a citrus-based solvent (Ace CleanerDegreaser, Oak Brook, IL). Insects were stored in 70% ethanol until identified.
Upon completion of the study, all bolts were dissected to determine the presence
or absence of brood resulting from introduced D. ponderosae pairs or from brood
resulting from wild beetles (some bolts were infested by wild beetles despite screening)
(Table 3.1). The number of parent galleries which produced brood was recorded for each
bolt. In addition, the extent of growth of the fungi in each bolt was assessed by visually
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estimating the percentage of browned, or discolored phloem, or bluestained sapwood,
conditions that result from fungal colonization.
Five additional bolts (parallel bolts) containing introduced male/female D.
ponderosae pairs were hung on rebar at one site at the beginning of the study. Randomly
chosen bolts from this set were destructively sampled on five dates (13 July, 17 July, 21
July, 25 July, and 7 Aug) to estimate the developmental stage of beetle brood and to
identify fungi present. Fungi were isolated from the phloem along parent galleries which
produced brood and along several larval galleries from each log.
Data analysis. When assessing the extent D. ponderosae brood colonization at the end of
the experiment, it was found that many bolts contained brood from wild Pseudips
mexicanus (Hopkins) (Coleoptera: Curculionidae) and D. ponderosae (Table 3.1). To
separate which beetle species, or their respective fungi, may have been attracting natural
enemies to each bolt, a regression analysis, Kendall's Test of Independence, was applied
using StatsDirect statistical software (StatsDirect Ltd, http://www.statsdirect.com). The
regression tested for independence between the number of P. mexicanus and D.
ponderosae parent galleries and natural enemy capture. Number of parent galleries with
brood was used as a representation of host density, thus the regression tested if attraction
was independent of host density of either beetle species.
To test for differences in natural enemy attraction between bolts with D.
ponderosae brood, P. mexicanus brood, both D. ponderosae and P. mexicanus brood, and
no brood of either species, bolts were assigned to new treatment categories based upon
number of D. ponderosae and P. mexicanus parent galleries within each bolt (Table 3.1).
All bolts which fit the following a posteriori categories were included in the analysis:
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control screens (N=9), bolts without D. ponderosae or P. mexicanus brood (N=2), bolts
with D. ponderosae brood (N=4), bolts with P. mexicanus brood (N=4), and bolts with
both D. ponderosae and P. mexicanus brood (N=4). Four bolts were not assigned to an a
posteriori treatment. In each of these bolts, both D. ponderosae and P. mexicanus brood
were present; however, one of the beetle species colonized only a low proportion of the
total area of the bolt. By excluding these bolts from the analysis, the a posteriori
treatment category of bolts with both D. ponderosae and P. mexicanus brood represents a
host location signal consisting of relatively equal proportions of each host species.
To test for differences in natural enemy capture between the a posteriori
treatments, natural enemy capture was pooled across time and compared using one-way
ANOVA. Data for C. rufovariegatus Provancher (Hymenoptera: Braconidae) males and
females, Dendrosoter scaber Muesebeck (Hymenoptera: Braconidae) females, and
Dorycetes sp. (Hymenoptera: Braconidae) females were log+1 transformed and data for
Dinotiscus sp. (Hymenoptera: Pteromalidae) were sqrt+(sqrt+l) transformed prior to
analysis (Sokal and Rohlf 1995). Post-hoc comparisons were made using Tukey’s Test.

Experiment 2: Natural enemy capture on tree bolts inoculated with D. ponderosaemycangial fungi
Preparation o f treatment bolts. Four beetle-free P. contorta were felled and cut into bolts
as described previously. Treatments to test for natural enemy attraction were: (1) screen
controls, (2) bolts without beetles or fungi (positive controls), (3) bolts experimentally
infested with D. ponderosae and its natural complement of microorganisms, (4) bolts
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inoculated with G. clavigera, (5) bolts inoculated with O. montium, and (6) bolts
inoculated with both G. clavigera and O. montium.
Strains of G. clavigera and O. montium used for inoculations were isolated from
galleries of D. ponderosae in naturally attacked trees at one of the study sites. Isolates
were purified and then identified using morphological characteristics (Upadhyay 1981,
Grylls and Seifert 1993). Cultures grown from G. clavigera and O. montium hyphal tips
were used for inoculations of bolts.
Bolts designated as “fungus treatments” received inoculations of fungi at 12
points: six inoculation points were spaced equally around the circumference of the bolt 5
cm from the top of each bolt, and six inoculation points were spaced equally around the
circumference of the bolt 5 cm from the bottom of each bolt. Inoculation points were
located so that growth of fungi from inoculation points at the top and bottom of the bolt
would eventually meet (the fungi typically grow vertically with the grain of the sapwood
and phloem). To inoculate bolts, bark at inoculation points was first sprayed to saturation
with a 10% bleach solution. A disk of bark and phloem (1.2 cm dia.) was then removed to
the depth of the sapwood and a disk of malt extract agar (4 mm dia.) colonized by either
G. clavigera or O. montium was placed into the hole. The bark and phloem plug was then
replaced and sealed in place with paraffin. Inoculations for the treatment that included
both G. clavigera and O. montium were prepared by alternating G. clavigera and O.
montium among the inoculation points so that G. clavigera and O. montium were equally
distributed within the bolt and so that vertical growth of one species of fungus would
come into contact with vertical growth of the other species. Bolts without fungi and
without beetles were treated in the same manner as bolts inoculated with fungi; however,
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sterile plugs of malt extract agar were substituted for agar plugs colonized by fungi.
Treatment bolts and controls were screened, placed into the field, and surrounded by
tanglefoot-coated screen cylinders as described previously. Sticky screens were collected
every 4 d from 7 July - 28 Aug. Natural enemy processing from screens and identification
was conducted as described previously.
At the end of the experiment, all bolts were dissected to determine presence or
absence of brood resulting from introduced D. ponderosae pairs or from wild beetles.
Beetle species, number of parent galleries of each species with brood, and the proportion
of the total area of the bolt colonized by fungi were recorded. Bolts which were
inoculated with fungi were also dissected at the completion of the study to verify the
presence of fungi.
Data analysis. Prior to analysis, treatment bolts were assessed for success of D.
ponderosae colonization (for D. ponderosae treatment bolts), success of fungal
inoculation (for fungal inoculated treatments), and the presence of wild beetles including
P. mexicanus which colonized several bolts in the field (for all treatments except screen
controls) (Table 2). Ten treatment bolts were removed from the analysis because of a lack
of D. ponderosae colonization, a lack of discolored phloem and bluestain in the sapwood,
or the presence of wild beetles, leaving the following sample sizes for analysis: control
screens (N=9), bolts with D. ponderosae brood (N=8), bolts free of beetles and fungi
(N=7), bolts inoculated with G. clavigera (N=8), bolts inoculated with O. montium
(N=6), and bolts inoculated with both G. clavigera and O. montium (N=6).
To test for an effect of symbiotic fungi in natural enemy attraction, total numbers
of natural enemies by species (for all parasitoid species) or by genus (for predacious
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Medetera spp. (Diptera: Dolichopodidae)) were averaged across time within each block
and one-way Kruskal-Wallis ANOVA on ranks was run with treatment as the factor.
Only female capture was analyzed, with the exceptions of Heydenia unica Cook & Davis
(Hymenoptera: Pteromalidae) and Medetera spp. males, as capture of male parasitoids
was too low for analysis. All post-hoc comparisons were made using Dunn's Method
using SigmaStat statistical software version 2.03 (SPSS, 1997). Only data for female
Rufovariegatus pulchripennis (Crawford) (Hymenoptera: Pteromalidae) could be
normalized after log+1 transformation. A test to determine differences in attraction of this
species to the various treatments was conducted using a one-way ANOVA.

Results
Dendroctonus ponderosae natural enemy assemblage
Six species of hymenopteran parasitoids, and one predator, Medetera spp., were
commonly captured on the sticky screens of bolts with beetle brood and/or bolts
inoculated with the mycangial fungi of D. ponderosae (Table 3.3). Thus, I consider these
natural enemies to be likely contributors to D. ponderosae or P. mexicanus brood
mortality. Coeloides rufovariegatus and Dinotiscus sp. were the most abundant
parasitoids sampled in 2002. Dendrosoter scaber, H. unica, and R. pulchripennis were
the most abundant parasitoids sampled in 2003. These species, and Doryctes sp.
(Braconidae), have been previously identified as parasitoids of scolytines (Bushing 1965,
Dahlsten and Stephen 1974). Medetera spp., also known to be associated with scolytines,
were collected in high numbers in both years. Nearly twice as many medeterans were
captured than all parasitoids combined (Table 3.3). Larger predators such as clerids and
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ostomids were not captured in this study, because they were able to crawl off sticky
screens.

Experiment 1: Natural enemy capture on tree bolts containing beetles and fungi
Dissection o f treatment bolts. A posteriori treatment categories used for data analyses,
number of parent galleries from D. ponderosae and P. mexicanus beetles, and percentage
of phloem area with fungal growth in bolts, are reported in Table 3.1.
Parallel bolts. Development of D. ponderosae brood steadily progressed to adults by the
end of the sampling period (Table 3.4). All bolts were found to have both G. clavigera
and O. montium growing in phloem adjacent to D. ponderosae galleries.
Natural enemy attraction. Kendall's Test of Independence revealed that, for some natural
enemies, attraction was correlated with the density of colonization by bark beetle hosts
(Table 3.5). Capture of C. rufovariegatus males, Dinotiscus sp. males, and H. unica
females was significantly positively associated with the number of D. ponderosae parent
galleries but not with the number of P. mexicanus parent galleries. Capture of D. scaber
females tended to be positively associated with the number of D. ponderosae parent
galleries; however, the relationship was not significant (tau b=0.284; P=0.08). Capture of
C. rufovariegatus females, Dinotiscus sp. females, and R. pulchripennis females was
significantly positively associated with the number of both D. ponderosae and P.
mexicanus parent galleries. Capture of Medetera spp. females was also significantly
positively associated with the number of both D. ponderosae and P. mexicanus parent
galleries, while male capture of this species was positively associated only with the
number of P. mexicanus parent galleries.
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Results of ANOVA (Table 3.6 & 3.7) comparing capture of natural enemies on
bolts containing D. ponderosae brood, P. mexicanus brood, or both D. ponderosae and P.
mexicanus brood supported results of Kendall's Test of Independence. Capture of female
C. rufovariegatus and female Dinotiscus sp. was significantly greater on bolts containing
D. ponderosae brood than on control screens flu k e y ’s Test, q=6.941, P=0.001 and
q=5.914, P=0.005, respectively), greater on bolts with both D. ponderosae and P.
mexicanus brood than on control screens flu k e y ’s Test, q=9.470, P<0.001 and q=8.396,
PcO.OOl, respectively), and greater on bolts with both D. ponderosae and P. mexicanus
brood than on beetle- and fungus-free bolts (Tukey’s Test, q=5.669, P=0.007 and
q=5.714, P=0.006, respectively). In addition, capture of female C. rufovariegatus was
significantly greater on bolts with both D. ponderosae and P. mexicanus brood than on
bolts with only P. mexicanus brood (Tukey’s Test, q=4.571, P=0.033). Capture of male
C. rufovariegatus on bolts with D. ponderosae was significantly greater than capture on
control screens (Tukey’s Test, q=4.411, P=0.041). Capture of female Medetera spp. was
significantly greater on beetle- and fungus-free bolts and on bolts with both D.
ponderosae and P. mexicanus brood than screen controls (Tukey’s Test, q=4.525,
P=0.035 and q=5.051, P=0.016, respectively). Capture of other natural enemies was not
significantly different between treatments.

Experiment 2: Natural enemy attraction to tree bolts inoculated with D. ponderosaemycangial fungi
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Dissection o f treatment bolts. Two of the nine control bolts were contaminated by wild
P. mexicanus. O f the remaining control bolts, one was contaminated by an unknown
scolytid and one was contaminated with wild D. ponderosae (Table 3.2).
Eight of nine bolts experimentally infested with D. ponderosae contained D.
ponderosae parent galleries with brood. The remaining bolt lacked parent galleries with
brood and was dropped from analysis.
The sapwood of all bolts inoculated with fungi was blue-stained from fungal
colonization at the termination of the experiment, with the exception of one O. montiuminoculated bolt, which was excluded from the analysis. Two bolts did not have areas of
discoloration above or below the inoculation sites; however, blue-staining was observed
in the sapwood. Eight of the 27 bolts inoculated with fungi contained wild beetles. Six of
these were excluded from the analysis due to greater than 5% area colonization by fungal
associates of the wild beetles. Two beetle-free and two fungus-free bolts contained wild
beetles and were also excluded from the analysis (Table 2).
Natural enemy attraction. Capture of H. unica females on bolts inoculated with both G.
clavigera and O. montium were significantly greater than on the screen controls (Dunn's
Method, q=3.241, P<0.05). Capture of R. pulchripennis females on bolts inoculated with
both G. clavigera and O. montium were significantly greater than on the screen control
(Tukey's Test, q=4.948, P=0.014). However, natural enemy capture on bolts containing
D. ponderosae brood, bolts inoculated with G. clavigera, and bolts inoculated with O.
montium was not significantly different than on the screen control or beetle- and fungusfree bolts for any species (Table 3.8). Capture of female C. rufovarigatus, female D.
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scaber, male H. unica, and male and female Medetera spp. was not significantly different
between any treatments in experiment 2.

Discussion
I identified a strong relationship between the attraction of natural enemies and
host density. Female C. rufovariegatus, R. pulchripennis, and Medetera spp. attraction
was correlated positively with both D. ponderosae and P. mexicanus brood. This
generalist response suggests that these natural enemies detect and respond to quantitative
differences in host habitat signals, as hypothesized by Pettersson and Boland (2003). This
indicates that Ophiostoma species in general may produce the same compounds when
colonizing pines and that those parasitoids that are generalized on scolytines may use
these compounds as a universal cue to locate hosts. In contrast, capture of female D.
scaber and H. unica was positively correlated with the density of only D. ponderosae
brood. Females of these species selected for one species of host, thereby indicating that
host associated cues have detectable qualitative characteristics. Qualitative differences in
the release of oxygenated monoterpenes may have resulted from differences in volatile
profiles produced by the symbiotic fungi associated with D. ponderosae and P.
mexicanus.
Release of oxygenated monoterpenes from beetle-infested trees is thought to be
responsible for host habitat location by several parasitoid species (Pettersson 2001a, b,
Pettersson et al. 2001a). Trees that are not colonized by beetles and fungi emit low levels
of monoterpene hydrocarbons; whereas, trees successfully attacked by scolytine beetles
release oxygenated monoterpenes, which increase in concentration after attack
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(Pettersson and Boland 2003). The release of oxygenated monoterpenes can result from
resin oxidation, when resin is exposed to oxygen during initial beetle attack (Birgersson
and Bergstrom 1989), or from microbial activity, including that of fungi (Leufven et al.
1984, 1988, Birgersson and Leufven 1988).
When testing natural enemy attraction to fungal activity alone, natural enemies
were not significantly attracted to logs inoculated with fungi associated with D.
ponderosae more than to control bolts. The lack of significant differences in parasitoid
capture in experiment 2 may in part be due to resin exposure to oxygen resulting in the
conversion of monoterpene hydrocarbons to oxygenated monoterpenes. This reaction
would have occurred in all treatment bolts used in this study due to initial cutting of the
logs (Stromvall and Petersson 1991), and may have accounted for attractiveness of
control bolts to some parasitoids.
A strong trend was observed for greater capture of female D. scaber, H. unica,
and R. pulchripennis on bolts inoculated with D. ponderosae-myc'&ngv&\ fungi in the
absence of hosts. Attraction of natural enemies, specifically parasitoids, to hostassociated fungi has been reported previously. Sullivan and Berisford (2004) observed
greater attraction of S. pallidus females to logs inoculated with O. minus, a fungus
associated with D. frontalis, than to mock-inoculated logs.
Unlike attraction studies investigating the attraction of female parasitoids to hosts,
studies observing male attraction to chemical stimuli are relatively rare. In our study,
male C. rufovariegatus and Dinotiscus sp. capture was significantly correlated with D.
ponderosae parent galleries, and male H. unica capture on bolts with both G. clavigera
and O. montium was nearly four times higher than on the next most attractive treatment,
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although this difference was not significant. This result was unexpected, as compounds
successful in attracting female parasitoids have not been successful in attracting male
parasitoids in the field (Sullivan et al. 1997) or laboratory (Pettersson 2001b). However,
observed male attraction to treatment bolts was not likely by chance; as random searching
for mates is rare with parasitoids because females are often found in predictable
environments, such as at emergence or oviposition sites (Godfray 1994). In the case of
many parasitoids of D. ponderosea, males commonly locate mates on the natal tree.
However, our results suggest that males of at least some parasitoid species locate females
at oviposition sites, potentially using host-associated location cues.
Equal attraction of Medetera spp. to both control bolts and bolts with both D.
ponderosae and P. mexicanus (experiment 1) suggests that Medetera spp. locate prey by
using tree-produced cues. This result is supported by Fitzgerald and Nagel (1972), who
observed a positive response of M. aldrichii W heeler gravid females to filter paper
saturated with D-alpha-pinene, a major component of host-tree oleoresin. However, I also
observed a response of Medetera spp. to prey density, a result which is supported by
Williamson’s (1971) of Medetera attraction to host-attacked trees. Although Medetera
spp. are important predators of D. ponderosae and other scolytines (DeLeon 1934,
Nicolai 1995), more work investigating prey location is necessary.
In this study, I identified several species of parasitoids which are likely to be
important mortality factors of D. ponderosae. Capture of several parasitoid species was
dependent upon the density of D. ponderosae parent galleries and P. mexicanus parent
galleries, or dependent only upon the density of D. ponderosae parent galleries,
suggesting that there is a difference in host breadth and odor detection among parasitoids.
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More work is necessary to investigate variation in response of D. ponderosae parasitoids
to host-associated chemical cues, and also to solidify response of natural enemies to cues
originating from microbial activity.
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Table 3.1. Characteristics of bolts assigned to a priori treatments and categorized
into a posteriori treatments to test for attraction of natural enemies to D.
ponderosae and its natural complement of associated microorganisms (experiment
1). Parasitoids captured on bolts labeled NI were not included in statistical
analyses

Block

a priori

Beetle species

treatment
1

2

3

4

5

No. parent

% fungal

a posteriori

galleries

coverage

treatment

Beetle-free

D. ponderosae

2

<5

Beetle-free

D. ponderosae

D. ponderosae

4

85

D. ponderosae

Beetle-free

P. mexicanus

1

10

NI

D. ponderosae

D. ponderosae

6

95

D. ponderosae

Beetle-free

none

0

0

Beetle-free

D. ponderosae

D. ponderosae

5

95

D. ponderosae

Beetle-free

P. mexicanus

6

85

P. mexicanus

D. ponderosae

D. ponderosae

5

95

NI

P. mexicanus

1

<5

Beetle-free

D. ponderosae

12

100

D. ponderosae

D. ponderosae

D. ponderosae

6

100

D. ponderosae
+ P. mexicanus

6

P. mexicanus

4

Beetle-free

P. mexicanus

3

40

P. mexicanus

D. ponderosae

D. ponderosae

4

90

D. ponderosae
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+ P. mexicanus

7

8

P. mexicanus

4

Beetle-free

P. mexicanus

6

90

P.mexicanus

D. ponderosae

D. ponderosae

5

95

NI

P. mexicanus

1

D. ponderosae

1

80

NI

P. mexicanus

5

D. ponderosae

4

95

D. ponderosae

Beetle-free

D. ponderosae

+ P. mexicanus

9

P. mexicanus

2

Beetle-free

P. mexicanus

4

66

P.mexicanus

D. ponderosae

D. ponderosae

3

90

D. ponderosae
+ P. mexicanus

P. mexicanus

3

107
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Block

yes
yes
yes

G. clavigera

0 . montium

G. clavigera +

Fungus-free

no

no

D. ponderosae*

0 . montium

NC

phloem

Discolored

Fungus-free

Treatment

no

yes

minimal

yes

no

NC

Bluestain

Presence of fungi

expectations. Observations labeled NC were not collected

0
0

none
none

108

none

0

0

0

none

none

1

No. galleries

unidentified

Beetle species

0

0

0

0

0

1

by fungi

% area colonized

Characteristics resulting from scolytine presence

An asterisk (*) signifies treatment bolts excluded from analysis due to deviation from the treatment

resulting from beetle dissemination of fungi and not colonization resulting from experimental inoculation.

termination of experiment 2. Percent area colonized by fungi only includes assessment o f colonization

Table 3.2. Observations of the presence of fungi and scolytines in treatment bolts with were dissected at the
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none

yes

yes

G. clavigera +

NC

P.mexicanus
none
none

yes
yes
yes

yes
yes
yes

G. clavigera*

O. montium

G. clavigera +

6
0
1

D.ponderosae
none
P.mexicanus

yes
yes
minimal

yes
yes
yes

D. ponderosae

G. clavigera

0 . montium
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2

P.mexicanus

yes

yes

0

Fungus-free*

0 . montium

6

D.ponderosae

yes

yes

D. ponderosae

0

0

none

no

no

Fungus-free

0 . montium

1

D.ponderosae

yes

no

0 . montium*
0

1

unidentified

yes

yes

G. clavigera

5

D. ponderosae

yes

yes

D. ponderosae

<5

0

90

25

0

0

25

90

0

0

25

<5

NC
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yes
yes
yes

G. clavigera

O. montium*

G. clavigera +

yes
yes
yes

G. clavigera

O. montium

G. clavigera +

Fungus-free*

yes

yes

D. ponderosae

O. montium

yes

Fungus-free*

O. montium

yes

yes

D. ponderosae

yes

yes

yes

yes

yes

yes

yes

minimal

yes

no

yes

no

yes

Fungus-free

O. montium

G. clavigera +
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P.mexicanus

none

none

none

D.ponderosae

D.ponderosae

none

P.mexicanus

none

D. ponderosae

none

unidentified

NC

0

0

0

5

1

0

NC

0

5

0

2

25

0

0

0

66

20

0

50

0

80

0

10
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none
none
unidentified

yes
yes
yes

yes
yes
yes

G. clavigera

0. montium

G. clavigera +

unidentified
none

yes
no

yes
no

G. clavigera

0. montium
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6

D. ponderosae

yes

yes

D. ponderosae

0

1

0

none

no

no

3

0

Fungus-free

0. montium*

yes

G. clavigera +

mexicanus

none

yes

yes

0. montium
P.

none

yes

yes

G. clavigera

yes

6

D. ponderosae

yes

yes

D. ponderosae
0

0

none

no

no

3

0

0

6

Fungus-free

0. montium*

D. ponderosae

yes

yes

D. ponderosae

0

<5

80

0

50

0

0

95

0

25

0

0

90

o

(N

03

g
c
o
cs.

<N

C/3

(D

O
C

s
•SP
a

e
o
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Table 3.3. Total capture of natural enemies, split by species and
sex, pooled

across all sample dates and

treatments for

experiments 1 & 2. Parasitoid capture on bolts excluded from
statistical analyses (Tables 1 & 2) were included
No. of natural enemies captured
Species

Sex

C. rufovariegatus

Dinotiscus sp.

D. scaber

R. pulchripennis

Doryctes sp.

H. unica

Experiment 1

Experiment 2

Male

179

34

Female

331

82

Total

510

116

Male

25

2

Female

115

9

Total

140

11

Male

19

35

Female

57

165

Total

76

200

Male

13

9

Female

48

101

Total

61

110

Male

13

11

Female

45

46

Total

58

57

Male

9

69

113
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Medetera spp.

Female

30

223

Total

39

292

Male

779

1070

Female

1077

1268

Total

1856

2338
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Table 3.4. Development stage of D. ponderosae and fungi isolated (G.
clavigera, G.c.', O. montium, O.m.) from parallel bolts with introduced
D. ponderosae (experiment 1)

Date of sampling

Development stage

Fungi isolated
Gallery

Fungi

7/13/02

1st & 2nd instars

1

G.c., O.m.

7/17/02

1st, 2nd, & 3rd instars

1

O.m.

2

G.c., O.m.

1

G.c., O.m.

2

G.c., O.m.

3

O.m.

1

G.c., O.m.

2

G.c., O.m.

1

G.c., O.m.

7/21/02

7/25/02

8/7/02

3rd instar

3rd & 4th instars

4th instar, pupae,
callow adults

115
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M

C. rufovariegatus

F

F

D. scaber

Doryctes sp.

F

Sex

Species

0.00
(-0.01-0.01)

(0.00-0.17)

(0.00-0.03)

(0.06-0.17)
0.06

0.01

0.06

(0.10-0.33)

(0.11-0.94)

0.06

0.06

0.44

0.03

0.284

0.592

0.454

tau b

116

(0.02-0.13)

(0.11-0.44)
0.19

0.07

0.22

0.44

intercept

(95% Cl)

(Q 1-Q 3)
0.22

Y-

Median slope

Median

D. ponderosae

0.886

0.080

0.0001

0.004

P

produced brood in each bolt. P values < 0.05 were considered significant

(0.00-0.04)

0.01

(0.00-0.05)

0.01

(0.04-0.35)

0.15

(-0.04-0.08)

0.02

(95% Cl)

Median slope

0.06

0.06

0.44

0.22

intercept

Y-

0.259

0.230

0.411

0.133

tau b

P. mexicanus

0.117

0.157

0.007

0.399

P

F=female, T=both male and female) against the number of D. ponderosae and P. mexicanus parent galleries which

Table 3.5. Results of Kendall’s test of Independence regressing the number of natural enemies (by sex) captured (M=male,

0.107
0.276
0.00
0.00
0.049
0.337
0
0.00
0.00
M
Dinotiscus sp.
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Table 3.6. Results of the statistical analyses testing differences in capture of
natural enemies between treatments for experiment 1 and experiment 2.
For experiment 1, capture of natural enemies, split by sex, labeled with an
asterisk (*) were log(x+l) transformed and capture of natural enemies,
split by sex, labeled with a pound (#) were sqrt(x)+(sqrt(x)+l) transformed
prior to the one-way ANOVA (F statistic). Natural enemy capture from
experiment 2 was analyzed using the Kruskal-Wallis one-way ANOVA on
ranks (H statistic)
Experiment
1

2

Species

Sex

F / H statistic

df

P

C. rufovariegatus

M*

2.94

4, 18

0.049

p*

14.02

4, 18

<0.001

D. scaber

p*

1.15

4, 18

0.376

Dorycetes sp.

p*

1.53

4, 18

0.235

Dinotiscus sp.

F#

11.25

4, 18

<0.001

Medetera spp.

M

2.10

4, 18

0.123

F

5.14

4, 18

0.006

C. rufovariegatus

F

3.46

5

0.629

D. scaber

F

8.00

5

0.156

H. unica

M

10.51

5

0.062

F

15.89

5

0.007

R. pulchripennis

F

10.65

5

0.059

Medetera spp.

M

4.74

5

0.449

F

5.33

5

0.376
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0.09(0.09)a
0.06(0.06)ab

0.03(0.01)a
0.07(0.03)a
0.05(0.02)a
0.04(0.02)a
l.ll(0 .2 3 )a
1.45(0.17)a

F
F
F
F
M
F

D. scaber

Dorycetes sp.

Dinotiscus sp.

Medetera spp.

3.22(0.78)b

1.64(0.70)a

0.09(0.09)a

0.09(0.00)ab

0.15(0.08)ab

0.05(0.02)a

M

C. rufovariegatus

Beetle-free

Blank

Sex

Species

119

2.39(0.40)ab

1.49(0.49)a

0.39(0.13)bc

0.09(0.03)a

0.16(0.06)a

0.31(0.08)bc

0.24(0.07)b

D. ponderosae

Treatment

2.58(0.35)ab

1.78(0.27)a

0.21(0.04)abc

0.17(0.09)a

0.18(0.09)a

0.20(0.04)ab

0.17(0.04)ab

P. mexicanus

within rows followed by the same letter were not significantly different (Tukey, P>0.05)

2.90(0.40)b

2.36(0.33)a

0.60(0.14)c

0.17(0.06)a

0.17(0.04)a

0.41(0.06)c

0.19(0.07)ab

P. mexicanus

D. ponderosae +

both D. ponderosae and P. mexicanus (experiment 1). One-way ANOVA was used to determined that means

beetle- and fungus-free bolts (Beetle-free), bolts with D. ponderosae, bolts with P. mexicanus, and bolts with

Table 3.7. Mean (± SE) natural enemy capture, pooled across time and split by sex, on control screens (Blank),
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F

M

H. unica

0.19(0.12-

0.12)a

0 .00)a
0 .00(0.00-

0.04(0.00-

0.00(0.00-

0.54)a

0.10)a

F

D. scaber
0.08(0.00-

0.39)a

0.15)a
0 .00(0.00-

0.19(0.04-

0.08(0.00-

F

C. rufovariegatus

D. ponderosae

Blank

Species

Sex

different (Dunn's Method, P>0.05)

120

0.08(0.00-

0.14)a

0.00(0.00-

0.23)a

0.12(0.04-

0.12)a

0.08(0.00-

0.58)a

0.27(0.12-

0.08)a

0.14)a
0.08(0.00-

0.08(0.04-

G. clavigera

0.08(0.00-

Beetle-free

Treatment

0.15(0.08-

0.08)a

0.04(0.00-

0.15)a

0.15(0.00-

0.15)a

0.08(0.00-

O. montium

0.42(0.23-

0.39)a

0.31(0.08-

0.31)a

0.08(0.08-

0.15)a

0.12(0.00-

+ O. montium

G. clavigera

was used to determined that medians (25-75% quartiles) within rows followed by the same letter were not significantly

and bolts inoculated with both G. clavigera and O. montium (experiment 2). A Kruskal-Wallis one-way ANOVA on ranks

ponderosae), beetle- and fungus-free bolts (Beetle-free), bolts inoculated with G. clavigera, bolts inoculated with O. montium,

Table 3.8. Natural enemy capture on control screens (Blank), bolts containing D. ponderosae and its mycangial fungi (D.
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