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Abstract

Several characteristics of Dendroctonus-fungus symbioses make these
associations ideal model systems for studying the development and maintenance of
ectosymbioses. Within this relatively small genus, structures specialized for
dissemination of symbionts (mycangia) have evolved at least three times, allowing
comparisons of symbioses within and among mycangial and non-mycangial lineages.
In addition to possessing highly specific symbionts that exhibit parallel
cladogenesis with their hosts, many beetles are also associated with what appear to
be "invaders". Dendroctonus species also exhibit considerable variation in life
history and host tree range, factors which are likely to greatly affect the degree and
manner in which they interact with fungi. In this paper, we develop a framework for
developing and testing predictions on Dendroctonus-fungus symbioses. To develop
the framework we categorized the nineteen species of Dendroctonus into five groups
based on phylogenetic lineage. For each species, we summarized their life histories
and associations with fungi. Using this framework, we then develop predictions on
where particular association types are most likely to occur. Finally, we present
three examples of Dendroctonus-fungus symbioses.
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1. Introduction

Distribution

The geographic distribution of the scolytine genus Dendroctonus Erichson
ranges from arctic North America to Nicaragua (seventeen species) to northern
Europe (one species) and Asia (one species) (Wood, 1982). Most Dendroctonus
colonize the bark of conifers larger than 14 cm in diameter. All species except
one, D. approximatus Hopkins, can kill trees, although many species are
relatively un-aggressive, either typically colonizing living hosts without
killing the tree, or colonizing trees severely weakened or killed by other factors
including other bark beetles (Wood, 1982). A few are highly aggressive and can
develop extensive outbreaks where tens to hundreds of thousands of host trees
may be killed over the span of just a few years (Wood, 1982).

Fungal associations

All Dendroctonus appear to be associated with fungi, although specificity
and consistency of associates may vary (Six, 2003a). Symbioses among
Dendroctonus beetles and fungi vary greatly in type and include antagonisms,
and possibly commensalisms, as well as mutualisms, and can range from
obligate to facultative (Six, 2003a).

Most fungal associates of Dendroctonus, as well as other bark beetles, are
ascomycetous fungi in the teleomorph (sexual) genus Ophiostoma and its
anamorph (asexual) genus Leptographium (Harrington, 1993; Paine et al., 1997;
Six, 2003a). This is a group of closely related fungi that possess similar
biologies; however, individual species can have greatly varying effects on host
beetles. Some act as nutritional mutualists (Barras, 1973; Bridges, 1983;
Goldhammer et al., 1990; Coppedge et al., 1995; Six and Paine, 1998; Ayres et
al., 2000) or with variable effects including antagonism (Barras, 1970; Six and
Paine, 1998), while others appear to have no measurable effect on their hosts.
The impact of a given fungus on a host beetle can also vary with the context
within which the organisms interact (Klepzig and Six, 2004).

In addition to ascomycetes, some Dendroctonus are also associated with
basidiomycetous fungi in the genera Entomocorticium and Phlebiopsis (Hsiau
and Harrington, 2003). Unfortunately, our knowledge of this group of fungi is
still quite limited.

However, with only a small number of beetles (or wood samples) surveyed to
date, already five species of Entomocorticium have been found to be associated
with D. ponderosae Hopkins, and one species each with D. jeffreyi Hopkins, D.
frontalis Zimmermann, and D. brevicomis LeConte (Hsiau and Harrington,
2003). At least four species of Dendroctonus that possess glandular pronotal sac
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mycangia, D. approximatus Hopkins, D. brevicomis LeConte, D. frontalis, and
D. mexicanus Blandford, carry Entomocorticium species in their mycangia
(Klepzig et al., 2001a; Hsiau and Harrington, 2003; R. Hofstetter, pers. com.)
(Table 2). D. approximatus carries Phelbiopsis gigantea (Fr.) Julich (Hsiau and
Harrington, 2003). With D. frontalis, and likely with all pronotal sac
mycangium-bearing beetles, the basidiomycete associate provides a source of
nutrients, particularly nitrogen, to the host beetles (Ayres et al., 2000).

The two Dendroctonus species that possess maxillary sac mycangia, D.
ponderosae and D. jeffreyi, are also found in association with Entomocorticium
species (Hsiau and Harrington, 2003) and at least one of these fungi may confer
nutritional benefits to the host (Whitney et al., 1987). However, these fungi
have not yet been isolated from mycangia nor from the exoskeleton of either of
these beetles (Whitney and Farris, 1970; Six and Paine, 1997; Six, 2003b; D.L.
Six and B.J. Bentz, unpublished data) making vector relationships unclear and
close association with the beetles uncertain. Further research is critically
needed to characterize the distribution, effects and extent of association of
Entomocorticium with these beetles.

Mycangia

Several characteristics of Dendroctonus-fungus symbioses combine to make
these associations ideal model systems for studying the factors that influence
the development and maintenance of ectosymbioses. Within this relatively
small genus, for example, mycangia have evolved at least three times allowing
comparison of the development of symbioses in three separate mycangial
lineages. Sac mycangia have evolved independently in two lineages in
Dendroctonus and are known to be present in at least seven species (Whitney
and Farris, 1970; Barras and Perry, 1971b; Paine and Birch, 1983; Six and Paine,
1997; Six and Paine, 1999; R. Hofstetter, pers. comm.). In two other lineages, pit
mycangia occur in at least one species and possibly in others (Lewinsohn et al.,
1994; Chen and Yuan, 2000; Six, 2003a).

In addition to diversity in type, location, and presence of mycangia, the
structures also vary by lineage in degree of sexual dimorphism. Pronotal sac
mycangia are only fully developed and functional in females of the species in
which they occur (Barras and Perry, 1971b). Maxillary sac mycangia, however,
are present and functional in both sexes of the species in which they are found
(Whitney and Farris, 1970; Six and Paine, 1997). Pit mycangia in Dendroctonus
are also functional in both sexes, although in at least one species, they appear
to be more efficient at spore acquisition and transport in female beetles
(Lewinsohn et al., 1994).
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Life histories

The broad range of variation in life histories occurring within Dendroctonus
may provide insight into the development of symbioses with these, as well as
other, bark beetles, and among other organisms in general. Colonization
behavior varies considerably among Dendroctonus species. Some species are
aggressive or moderately aggressive tree killers, while others are relatively
non-aggressive, dependant upon other factors to kill the host tree, while still
others exploit living hosts without killing them (Wood, 1982).

Further variation is observed after the initial colonization of the host is
complete. While all parental Dendroctonus excavate galleries in the inner
bark, laying eggs in niches in the phloem, once eggs hatch, larval feeding
patterns may differ by. species. The brood of some species spend their entire
developmental period feeding in the phloem layer in almost constant contact
with the cambium. Other species begin to feed as early instars in the inner bark
but then move to the nutrient deficient outer bark to complete development
(Wood, 1982). The larvae of some species are solitary feeders, while the larvae
of other species feed gregariously (Wood, 1982).

All Dendroctonus are restricted to feeding on trees within the Pinaceace,
with most feeding strictly on Pinus (Wood, 1982; Kelley and Farrell, 1998).
Feeding on Pinus is probably the ancestral state for Dendroctonus; however, one
early lineage shifted to feeding on other genera within the Pinaceae including
Picea, Larix, and Pseudotsuga. Within this ancient lineage, only one species
feeds on Pinus, the apparent result of a later reversal (Kelley and Farrell,
1998). Using the functional definitions of specialist and generalist (based on
proportional use of available host species within the geographic range of a
beetle) developed by Kelley and Farrell (1998) for this group, most (approx.
70%) Dendroctonus can be considered generalists. Kelley and Farrell (1998)
developed a phylogeny of Dendroctonus using mtDNA sequences and found
specialization to be a highly derived state in these beetles, with specialists
found only at tips of branches.

Exogenous factors affecting interactions

Degree of aggressiveness, location of larval feeding, and degree of host tree
specialization, are likely to greatly affect the quality of the environment
experienced by both a beetle and its associated fungi, and potentially the type,
degree of benefit, and consequence of association. For example, an aggressive
beetle and its associated fungi that colonize relatively vigorous host trees are
challenged by stronger host defenses during the initial attack phase than are
less aggressive beetles (and their fungal associates) that colonize weakened or
recently killed trees. However, host tree secondary chemical compounds decline




DENDROCTONUS-FUNGUS SYMBIOSES 211

rapidly once a tree has died so that after a relatively short period of time,
development of brood of both types of beetles occurs in a mostly undefended
host. In contrast, beetles that develop in living hosts experience relatively
intense host defense responses, not only during the colonization phase, but
during their entire developmental period.

Contrasts can also be made of food quality experienced by beetles with
different life histories. All bark beetles feed on host tree tissues that are
relatively poor in nutrients indicating that most, if not all, depend upon fungal
associates for nutritional supplementation. However, the nature of dependence
on fungi may vary depending upon the feeding behavior and food quality
experienced by the beetle during larval development. Beetles that complete
their entire development in galleries in the phloem that are continually
extended during larval feeding may rely less on fungi than beetles whose
larvae feed only a short time in galleries and then feed in stationary feeding
chambers.

Additionally, beetles that kill trees, or colonize recently killed trees, and
whose brood experience a continual reduction in food quality as host tree tissues
decline after death, may be more dependant on fungi than beetles whose brood
develops in living hosts and experience little to no reduction in nutritional
content of host tissues. Thus, we can speculate that beetles that feed strictly in
the phloem of recently-killed trees may be more dependant upon nutritional
symbionts (in the form of associated fungi) than beetles that feed in living
hosts.

Oligophily in fungal associations

Oligophilic associations (two to a few consistent symbionts per host) appear
to be common in Dendroctonus (Six, 2003a). Some fungal associates exhibit
parallel cladogenesis with their hosts indicating long shared evolutionary
histories, while other fungal associates appear to be relative newcomers
("invaders" of established symbioses) (Six and Paine, 1999; Six, 2003a).
Multiple associates of a given bark beetle can have quite disparate effects on
their hosts. The fact that many bark beetles have more than one associate,
each with a potentially different effect on host beetle fitness, greatly adds to
the difficulties of characterizing effects and interactions in these systems.
However, such variation does provide an excellent opportunity to investigate
the evolution of these associations as well as the mechanisms and consequences
of symbiont invasion and replacement.

For example, D. ponderosae is associated with two mycangial fungi,
Ophiostoma clavigerum (Robinson-Jeffrey & Davidson) Harrington and O.
montium (Rumbold) von Arx. Ophiostoma clavigerum exhibits parallel
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cladogenesis with its host while O. montium does not (Six and Paine, 1999).
Ophiostoma clavigerum is mutualistic while the invader, O. montium, appears
to be an antagonist or, at best, a weak mutualist (Six and Paine, 1998). Even
though the newcomer may reduce overall reproduction of its host, it is found in
most populations of the beetle, and it is often the most abundant associate (D.L.
Six and B.]. Bentz, unpubl. data). This begs the question as to how this fungus is
maintained at high levels in many populations when it should be strongly
selected against.

D. frontalis is also associated with two mycangial fungi, one a weak
mutualist ascomycete, O. ranaculosum Perry and Bridges) Jacobs (formerly
Ceratocystiopsis ranaculosus) and the other a strong mutualist basidiomycete,
Entomocorticium sp. A. The weak mutualist exhibits parallel cladogenesis
with the host (Six and Paine, 1999). It is unknown whether the other associate,
an Entomocorticum species, also exhibits parallel cladogenesis.

However, because most, if not all, beetles possessing mycangia in the lineage
containing D. frontalis are also associated with Entomocorticium species, there
is a strong probability that both fungi may have long shared evolutionary
histories with their host. Indeed, phylogenies of Entomocorticium (Hsiau and
Harrington, 2003) and their Dendroctonus vectors (Kelly and Farrell, 1998)
show strong, though not perfect, congruence. The continued presence of the weak
mutualist (discussed below) may be explained both by its ability to enter and
compete for the mycangium and by its co-association with phoretic mites
(Klepzig et al., 2001b).

2. A Framework for the Study of Dendroctonus-Fungus Symbioses

Symbioses that occur across a group of related organisms, yet vary in their
presence and type, allow the consideration and comparison of factors that may
help explain the forces behind their development. To construct inclusive
meaningful hypotheses, a framework is necessary that allows investigators to
envision how host phylogeny and life history influence, and are influenced by,
associations of fungi with Dendroctonus.

To this end, we categorized the nineteen species of Dendroctonus into five
groups based on phylogenetic lineage, and then, for each species, we
summarized several important aspects of their life histories (Table 1) and
associations with fungi (Table 2). Each of the five lineages of beetles generally
corresponded well to natural groupings based on presence and type of mycangia
and other general aspects of their biologies (Table 1).

Separating the effects of ecology from those of phylogeny can be difficult
given that life history, host specificity, and fungal interactions all may covary
with phylogeny.
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However, within Dendroctonus exist several species that do not possess life
histories similar to other species in their lineage, but rather, more similar to
those of species in other lineages. This presents the opportunity to investigate
whether fungal associations of the deviant species are more similar to those of
closely related beetle species, or more similar to species with similar ecologies
regardless of relatedness.

Unfortunately, considerable gaps exist in our knowledge of many beetle
species, especially in the identity of fungal associates and their effects on the
host (Table 2), leaving this framework far from complete. However, as more
information becomes available, the framework, and any hypotheses based upon
it, can be further refined. Below, we begin to develop predictions for mutualistic
associations among Dendroctonus bark beetles and fungi based on this
framework.

Group I

Group I contains the sibling species D. ponderosae and D. jeffreyi (Table 1).
These beetles possess nearly identical morphologies (Wood, 1982), and are
genetically very similar (Six and Paine, 1999). These beetles share a
mutualistic mycangial associate, O. clavigerum (Six and Paine, 1997; 1999; Six
et al., 2003), while only D. ponderosae possesses a second mycangial associate,
O. montium, which can be considered an antagonist or weak mutualist,
depending on context (see section on mountain pine beetle below). These beetles
are characterized by the presence of maxillary sac mycangia, tree-killing
behavior, and development of solitary larvae in phloem (Wood, 1982). Both
species typically require one year to complete a generation.

Because beetles in Group I feed exclusively and extensively in phloem and
have relatively long life cycles over which phloem quality declines
substantially, we predict that these beetles also require nutritional
supplementation by fungi. Nutritional supplementation may come from feeding
on fungi in phloem as larvae and/or as new adults during feeding on fungal spore
layers in pupal chambers (Six, 2003a). An early study concluded that D.
ponderosae fed upon fungi as first instar larvae and later as teneral adults in
the pupal chamber, but relatively rarely as larvae (Whitney, 1971).

However, more recent work has found that D. ponderosae larvae are
associated with fungi throughout their development (A.S. Adams and D.L. Six,
unpubl. data). Adults of both species of beetle also feed extensively on fungal
spores lining the pupal chamber for 1-3 weeks after eclosion and prior to
emergence from the natal host tree (Whitney, 1971; Six and Paine, 1998; Six,
2003a).
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Group 11

Beetles in Group II are characterized by the presence of glandular pronotal
sac mycangia, tree-killing behavior, and solitary feeding by larvae that first
develop in the phloem, but later move to the outer bark (Table 1). We predict
that fungal associates are required to meet the nutritional requirements of
Group II beetles. All but one Group II species has multiple generations per year.
This indicates that larval development in phloem occurs relatively rapidly
and before substantial decline in phloem resources occurs. However, larval
feeding behavior indicates that fungi are still important in supplementing
beetle nutrition. Group I larvae are solitary feeders, a strategy which may
have evolved in response to competition among siblings for a poor food resource.
These larvae feed in galleries in the phloem for only a short period of time and
then excavate a feeding chamber where they apparently feed primarily on
fungi (Klepzig et al., 2001b). Fourth instar larvae move to the nutrient deficient
outer bark to complete development (Wood, 1982).

In comparison to beetles that feed only in galleries (Group II), these larvae
consume relatively little tree tissue during development. For example, D.
frontalis larvae consume 21% less phloem than Ips grandicollis Eichhoff
larvae (also scolytine bark beetles and strict phloem feeders), although D.
frontalis adults are larger than I. grandicollis adults. For this group of beetles,
feeding on fungi that concentrate nitrogen may allow the beetles to grow larger
while consuming less tree tissue (Ayres et al., 2000).

Dendroctonus approximatus differs from other Dendroctonus in this group in
that it is not a tree-killing species colonizing trees killed by other more
aggressive bark beetles (Wood, 1982). Thereafter, the development of this
beetle in the host tree follows the same overall pattern exhibited by other
species in this group. Therefore, we predict that mutualistic associations with
fungi are likely to be similar among all beetles in this group.

Group 111

Group III contains two species whose brood commonly feed in living trees, D.
valens LeConte and D. terebrantis (Olivier), and two species that kill trees, D.
rhizophagus Thomas & Bright and D. parallelocollis Chapuis (Thomas and
Bright, 1970; Wood, 1982; Cibrian Tovar et al., 1995) (Table 1). All four species
feed opportunistically in fresh stumps and at the bases of recently killed trees.
Colonization and feeding by D. valens and D. terebrans seldom kills the host
tree except when numbers of attacks are unusually high. The larvae of D.
valens, D. terebrans, and D. rhizophagus feed gregariously in phloem at the
base of trees or in roots. Dendroctonus parallelocollis, although typically rare,
kills the host tree prior to laying eggs and its brood feeds as solitary larvae in
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phloem in the roots and at the base of trees (Cibrian Tovar et al., 1995) (Table
1)

Little is known about relationships of fungi with beetles in Group III. Few
studies have attempted to identify, let alone quantify the prevalence of the
associates of these beetles, and none have looked at effects of the fungi on
beetle fitness. While mycangial associates of beetles in Groups I and II are
found with most individuals in a population indicating very close associations,
the presence and prevalence of particular fungi appears to be more variable
with the three non-aggressive beetle species in Group III. The fungi associated
with D. valens LeConte vary somewhat by geographic region. Klepzig et al.
(1991) found that 73% of D. valens in a population in Wisconsin carried L.
terebrantis Barras & Perry, 20% carried O. ips (Rumbold) Nannf. and 7%
carried L. procerum (Kendrick) Wingfield.

In contrast, D.L. Six (unpublished data) found 70 76% of D. wvalens in
Montana to carry O. ips. In California, D. valens is known to carry both L.
terebrantis and O. ips (Fox et al., 1992), but the proportion carried of each is
unknown. Rane and Tattar (1987) found 100% of D. terebrans (Olivier) (sister
species to D. valens) in a population in Massachusetts to be associated with L.
terebrantis, although 20% and 10% of these beetles also carried L. procerum and
O. ips, respectively.

Interestingly, in contrast with other ophiostomatoid associates of
Dendroctonus, L. terebrantis exhibits relatively strong virulence in host pines
(Rane and Tattar, 1987). This virulence may be an adaptation to association
with beetles that develop in a living host where less virulent, more
saprophytic, fungi would not survive. The fungus develops a sporogenous layer
in the pupal chamber much like those produced by mycangial fungi of other
Dendroctonus (Barras and Perry, 1971b). However, it is not known if teneral
adults feed upon this layer.

The nutritional content of phloem fed upon by Group III beetles that exploit
living trees is unlikely to decline substantially over time, unlike for Group III
beetles that feed in phloem of recently dead trees. However, in living hosts,
phloem in areas where larvae are feeding often becomes resin-soaked which
may impact its quality as a nutritional substrate for beetles or fungi. While the
gregarious feeding behavior of the larvae may be indicative of a relatively
nutritious food resource, demonstrating that competition among siblings for food
resources is not strong, it may also merely be a behavioral adaptation to feeding
in a living defensive host.

D. valens and D. terebrans also attack newly created stumps, and dying and
recently killed trees. When developing in these resources, they may be at a
similar disadvantage as bark beetle species that feed in declining phloem
(beetles in Group II). In this context, fungal associates may be of increased
importance to these beetles.
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For the single species in this group that kills trees and whose brood feed as
solitary larvae, D. parallelocollis, we predict similar requirements for fungi as
for beetles in Group I. This beetle is associated with an ophiostomatoid fungus
that produces an ambrosial spore layer in the pupal chamber (pictured in
Cibrian Tovar et al., 1995). However, neither the identity nor the effects of
this fungus on the beetle host are known.

Considerable work remains to be done on the beetles in this group and their
fungi. The presence of mycangia has not been investigated for any members of
this group, nor have the impacts of their associated fungi.

Group IV

Beetles in Group IV differ in many ways from Dendroctonus found in all other
groups. All but one species feeds on members of the Pinaceae other than Pinus
(Picea, Larix, and Pseudotsuga) (Table 1) (Wood, 1982). Furthermore, this group
contains species that exhibit a wide variety of feeding and colonization
behaviors. The brood of two Group IV species feed gregariously in live trees.
One Group IV species kills its host tree yet its larvae feed gregariously, and
three species kill their host and exhibit solitary larval feeding (Table 1).
Associations with fungi for most beetles in this group remain poorly or
completely uncharacterized. Of the three beetles that develop in living hosts,
fungal associates have been investigated for only one species. Ophiostoma
canum (Munch) H. & P. Syd. is the most common fungus associated with D.
micans (Kugelann) (Lieutier et al., 1992). However, the highly variable
frequency at which this fungus has been isolated (0.5-90%) is consistent with
our prediction that beetles that feed in phloem of living trees may not be
highly dependant upon fungal associates. However, as with most phloem or
wood feeding insects, associations with some sort of microbe (e.g. filamentous
fungi, yeasts, bacteria) are likely essential to successful development (Martin,
1987).

The fungal associates of D. punctatus (LeConte) and D. murrayanae Hopkins
have not been investigated. D. murrayanae is the only Dendroctonus species
that feeds gregariously as larvae, yet kills its host tree (Wood, 1982). D.
murrayanae is also the only beetle in Group IV to feed on Pinus; a trait that
may be the result of a reversal to the ancestral Pinus-feeding state (Kelley and
Farrell, 1998).

The remaining three species of beetles in this group kill the host tree during
colonization or colonize recently killed trees and feed as solitary larvae (Table
1). Dendroctonus pseudotsugae Hopkins is commonly associated with O.
pseudotsugae (Rumbold) von Arx and Leptographium abietinum (Peck)
Wingfield which are transported by the beetle in pit mycangia located on the
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elytra and pronotum (Lewinsohn et al.,, 1994; D.L. Six and K. Skov, unpubl.
data). These pits contain pores in the exoskeleton indicating that these
mycangia may be associated with endodermal glands (Lewinsohn et al., 1994).
Dendroctonus simplex LeConte carries O. americanum Jacobs & Wingfield
(Jacobs et al., 1997; D.L. Six, unpubl. data). Unfortunately, no studies have been
conducted to investigate impacts of these fungi on their hosts.

Dendroctonus rufipennis (Kirby) is consistently associated with L. abietinum
(Reynolds, 1992; Six and Bentz, 2003) which is disseminated in what appear to
be pit mycangia (Solheim, 1995). For all three of these beetles, fungi are
predicted to fill a role similar to that predicted for fungi associated with
Group II beetles. However, these beetles experience very different environments
during development than beetles in all other groups, (non-Pinus hosts with
different chemical and physical defenses, and potentially very different
nutritional contents).

Pit mycangia are the only type of mycangium described for species in Group
IV. Pit mycangia may have evolved to facilitate spore transfer, or may merely
consist of structures that developed for other purposes but are fortuitously
positioned to trap spores prior to beetle emergence and for providing protection
to the spores during transit. Further investigations into the prevalence and
structure of pit mycangia within Dendroctonus may help answer questions as to
their origin and importance in maintaining symbioses with fungi.

Group V

Group V contains but a single Asian species, D. armandi Tsai & Li ,that feeds
on Pinus (Wood, 1982). The basic biology of this beetle (Zhongqi, 1989) is
similar in many ways to Dendroctonus in Group I. Therefore, we predict that
this beetle is likely to have similar requirements for nutritional
supplementation by fungi. Pronotal pit mycangia (glandular status unknown)
that carry L. terebrantis and O. minus (Hedgc.) H. and P. Sydow (Chen and
Yuan, 2002) have been described for this beetle (Ming and Hui, 1999); however,
the effects of these fungi on the host remain uninvestigated. Like beetles in
Group II, D. armandi has been observed to maturation feed in the pupal
chamber prior to dispersal from the natal host (Zhongqi, 1989).

3. Established Associates vs. Invaders in Dendroctonus-Fungus
Symbioses

Some associations between Dendroctonus beetles and fungi have been
established for long periods of time, while others appear to be relatively new.
Six and Paine (1999) found evidence for cospeciation among several sac
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mycangium-bearing Dendroctonus and their most common fungal associates,
except for a single instance of an apparent host shift. However, several beetles
that exhibit parallel cladogenesis with some associates also posses associates
that appear to be relatively recent "invaders". The presence of still other
associates appears to be, at least in part, determined by the presence of
alternate hosts such as phoretic mites (discussed below).

Given the common occurrence of multiple fungal associates with individual
bark beetle species, and the fact that some of these fungal partners are
relatively new in association with their host, it is important to consider what
factors or conditions may allow the invasion of established associations and
new associations to form. Invasibility may be an inherent risk in ectosymbioses
where contact between associates may lapse during periods of growth and
development of each partner. For bark beetles, the period when larvae and
fungi are developing in phloem presents just such a situation where contact
among the associates can be lost. Some new associations may then potentially
arise from cross-contamination with fungi associated with other beetles or
insects cohabiting a tree (Six, 2003b). Cross-contamination may provide an
avenue of exposure to new fungi. If establishment of a new associate occurs,
isolation with the new host potentially may lead to adaptations to the new
host, and eventually to speciation. Evidence for host switching has been found
for an undescribed mycangial Leptographium associate of D. approximatus (Six
and Paine, 1999).

Certain characteristics may increase the ability of particular fungi to invade
already established associations between beetles and fungi. Most invaders, as
well as long established associates, are ophiostomatoid fungi that possess
many similar characteristics such as insect-dispersed spores (Six and Paine,
1999). The possession of such shared characteristics may pre-adapt some fungi
to successful invasion of non-typical hosts. Hosts may not be able to select
against these newcomers without also selecting against their established
symbionts.

Competitiveness may also play an important role in the development of new
associations. Highly competitive fungi may capture and retain host tree
resources (and consequently host beetles) ahead of less competitive established
associates. Many invader species and more incidental associates are pathogenic
to the host tree, while many established associates are not pathogenic, or are
only weakly virulent. Potentially, pathogenicity, by increasing
competitiveness, may allow some fungi to invade established associations
because it allows them to grow in, and capture, still living or recently killed
tree tissues ahead of the less pathogenic established associates.

Some associations of fungi with beetles may truly be considered "new",
having developed very recently (in ecological time). However, most “invader”
fungi can probably only be considered newcomers on an evolutionary time scale.
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Many share extensive geographic ranges with their hosts indicating relatively
long association, ostensibly long enough for selection to act, allowing some
degree of adaptation to the host to occur. If this is the case, using a combination
of descriptive, phylogenetic, and experimental approaches, it may be
enlightening to look at variation in characteristics among incidental (no
adaptation predicted), invader (moderate adaptations to the host), and
established (high level of adaptations to the host) associates.

4. Specific Examples: Dendroctonus-Fungus Symbioses
Southern pine beetle

The southern pine beetle (Group I), D. frontalis, is an aggressive beetle that
attacks and kills weakened or healthy living trees through mass colonization
(Raffa et al., 1993; Paine et al., 1997). As the adult female lays eggs within
the inner bark, fungi from the mycangia and exoskeleton are inoculated into the
phloem tissue (Bramble and Holst, 1940). Three fungi in particular, are known
symbionts of this beetle: O. minus, O. ranaculosum, and Entomocorticium sp. A
(an undescribed basidiomycete) (Hsiau and Harrington, 2003).

Ophiostoma minus is an ascomycete fungus carried phoretically on the
exoskeleton of D. frontalis (Rumbold, 1931; Bridges and Moser, 1983) as well as
by phoretic mites (Bridges and Moser, 1983). Although this fungus is very
frequently carried by attacking beetles, its presence is not necessary for tree
death to occur (Hetrick, 1949; Bridges, 1985; Bridges et al., 1985). The benefit of
association with the beetle to the fungus is clear: consistent transport to an
ephemeral resource, a newly killed tree. The fungus produces sticky spores,
within pupal chambers, that easily adhere to emerging beetles. In addition,
these spores are actively collected by Tarsonemus spp. mites which themselves
are phoretic on the beetles. Thus, bark beetles and their mite associates serve
as effective means by which this fungus can be transported to new host material
(Dowding, 1969). The mites have a vested interest in ensuring transport of O.
minus to new hosts; feeding on this fungus supports their development and
reproduction (Lombardero et al.,, 2000). This mite-fungus relationship,
therefore, is a classic mutualism, albeit superimposed on an insect-fungus
relationship that is not so easily categorized.

Benefits, if any, to the beetle are less clear (Hofstetter, 2004). During the
early stages of colonization of the tree, the D. frontalis-O. minus relationship
might be categorized as a mutualism. At this point, the pathogenicity of the
fungus may aid the beetles in overcoming tree defenses (Paine et al., 1997).
However, later in the colonization process, O. minus becomes highly
antagonistic to the beetle. As D. frontalis eggs hatch within pine phloem and
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larvae begin to tunnel, O. minus spores deposited in the gallery earlier by
parental beetles or mites germinate and the fungus begins to grow and colonize
the phloem. When O. minus colonizes areas of phloem where larvae are
feeding, the larvae fail to complete development. The relationship between
fungus and beetle at this point is clear; increased levels of O. minus lead to
reduced beetle brood survival and an overall reduction in beetle fitness (Barras,
1970; Franklin, 1970; Hofstetter, 2004).

Interactions of O. minus with the beetle are mediated by interactions with
two other fungal associates of the beetle, O. ranaculosum and Entomocorticium
sp. A. that are carried in a pair of glandular pronotal mycangia on female
beetles (Barras and Perry, 1972; Happ et al., 1971). Each mycangium can
contain either a pure culture of O. ranaculosum or of Entomocorticium sp. A, or
occasionally, no fungus (Barras and Perry, 1972; Happ et al., 1976; Bridges,
1985; Hsiau, 1996; Hofstetter, 2004).

Once a tree is successfully attacked, female beetles construct egg galleries in
the phloem where they oviposit and where spores from her mycangia inoculate
the gallery walls. After eggs hatch, the larvae feed first in individual
galleries in the phloem, but eventually excavate obovate "feeding chambers”
partially within the phloem but extending into the outer bark. Within these
chambers develops luxuriant growth of either, but not both, of the two
mycangial fungi. Although it has never been explicitly demonstrated, it is
generally held that the larvae feed on fungal hyphae and spores while
developing within these chambers. Pupation later occurs within these same
chambers.

Feeding on the two mycangial fungi positively impact brood development
and survival of D. frontalis (Barras, 1973; Bridges, 1983; Goldhammer et al.,
1990; Ayres et al., 2000). Female D. frontalis carrying Entomocorticium sp. A, or
O. ranaculosum and Entomocorticium sp. A, produce more brood (Bridges, 1983;
Goldhammer et al.,, 1990). Furthermore, brood developing with
Entomocorticium sp. A are larger and contain higher lipid contents than those
carrying only O. ranaculosum (Coppedge et al., 1995). Differences in lipid
content can greatly affect survival (Safranyik, 1976; Botterweg, 1982; 1983;
Anderbrandt, 1988), dispersal ability (Atkins, 1969; Thompson and Bennett,
1971) and reproductive capacity of female beetles (Reid, 1962; Amman, 1972;
Clarke et al., 1979). The high lipid content of Dendroctonus eggs (Barras and
Hodges, 1974) also indicates that the nutrition of parental females beetles may
be important for optimal egg production. Additional nutritional benefit may
come from the provisioning of dietary nitrogen by Entomocorticium sp. A and O.
ranaculosum (Ayres et al., 2000). The two fungi are, although to different
degrees, clearly nutritional mutualists with their host beetles.

The relationships among D. frontalis and its fungal associates, however, are
much more complex than implied by the description presented above. D.
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frontalis is associated with, and may transport, over 57 species of mites (Moser
and Roton, 1971; Moser et al., 1971; 1974). The mites associated with southern
pine beetle include parasites, predators, fungivores, and omnivores. In
particular, phoretic fungivorous Tarsonemus mites including Tarsonemus ips
Lindquist, T. krantzii Smiley and Moser, and T. fusarii Cooreman, are all
common southern pine beetle associates. All three mite species are transported
to new host trees with no directly deleterious effects on the beetle (Moser and
Roton, 1971; Smiley and Moser, 1974; Moser, 1976; Bridges and Moser, 1983;
Moser and Bridges, 1986). However, all three can impact the beetle-fungus-tree
interaction.

All three mite species possess sporothecae, which are specialized, flap-like
structures of the integument somewhat analogous to the mycangia of the host
beetles. These sporothecae frequently contain ascospores of O. minus (Bridges
and Moser, 1983; Moser, 1985) and O. ranaculosum (Moser et al.,, 1995). The
mites readily feed and develop on O. minus as well as occasionally on O.
ranaculosum, but do not feed or develop on cultures of Entomocorticium sp. A
(Lombardero et al., 2000). The mites, therefore, transport only their mutualist
fungi and not the fungus upon which they do not feed.

Competition among the fungi may determine which fungi individual mites
and beetles develop with and carry to the next host tree. Therefore, the
outcome of competition among these fungi is of key importance to D. frontalis
and its associated mites (Klepzig and Wilkens, 1997). In experiments conducted
on standard artificial media and within pine logs, O. minus is clearly the
superior competitor by virtue of its rapid growth rate and aggressive resource
capture (Klepzig and Wilkens, 1997). However, under these same conditions,
Entomocorticium sp. A is able to retain substrate it has colonized in the presence
of O. minus, while O. ranaculosum is not (Klepzig and Wilkens, 1997). Such
differences in competitive abilities in a host tree may indicate that O. minus
can develop in areas colonized initially by O. ranaculosum but not in areas
initially colonized by Entomocorticium sp. A. thus making areas colonized by
Entomocorticium sp. A safe for feeding by D. frontalis larvae. The selection
pressure maintaining O. minus with D. frontalis, which at times is deleterious
not only to the host beetle but to at least one of the other fungal symbionts,
comes from a third partner in the interaction, the mites. Mites as vectors and
mutualists with O. minus, as much as, or more than, beetles and their
mycangial fungi, may drive symbiotic interactions in the southern pine beetle
system (Hofstetter, 2004).

Mountain pine beetle

The mountain pine beetle, Dendroctonus ponderosae (Group I), like the
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southern pine beetle, is an aggressive bark beetle that exhibits large
population eruptions at periodic intervals that result in significant mortality
of host pines. Unlike the southern pine beetle, D. ponderosae larvae form no
feeding chambers and complete all development in galleries in the phloem.
Mountain pine beetles are typically univoltine and thus experience substantial
declines in host tree quality during development. The phloem of colonized trees
is brown, dry, and thin by the time of brood emergence the year after the initial
attack.

D. ponderosae possesses sac mycangia on the maxillary cardines that are
functional in both sexes (Whitney and Farris, 1970). These mycangia are
associated with two fungi, O. clavigerum and O. montium (Whitney and Farris,
1970; Six and Paine, 1997). Most individual beetles carry only one of the fungi in
their mycangia, but occasionally an individual will carry both, although in
separate mycangia (Six, 2003b).

The mycangial fungi of D. ponderosae can also be carried phoretically on the
exoskeleton. Ophiostoma clavigerum is very commonly found in mycangia, but
only rarely on the exoskeleton (Six, 2003b). Ophiostoma montium, however,
appears to be equally well suited for phoretic as well as mycangial
dissemination. The difference in how the two fungi are disseminated is not
surprising. Ophiostoma clavigerum has a long shared evolutionary history
with its host, and thus is likely to be highly adapted for mycangial
dissemination. However, O. montium appears to be a more recent "invader" (Six
and Paine, 1999) that may have begun its association with D. ponderosae as an
incidental phoretic fungus, but preadaptations typical for Ophiostoma (sticky
spores, etc) may have allowed it to exploit the mycangium and establish itself
as a mycangial associate (Six, 2003b).

Spores and mycelium from the mycangia and from the exoskeleton become
inoculated into the phloem by colonizing parental adult beetles as they
excavate galleries in newly attacked trees. The fungi then grow in the phloem,
where they are likely fed upon by larvae (A.S. Adams and D.L. Six, unpubl.
data), and the sapwood until, nearly a year later, they produce a dense
sporogenous layer in host pupal chambers. In these pupal chambers, newly
enclosed teneral adults maturation feed on the fungi for a period of days to
weeks prior to emergence from the tree (Whitney, 1971; Six and Paine, 1997). At
this time the mycangia become charged with fungi.

Ophiostoma clavigerum is a moderately virulent pathogen and is able to
colonize living sapwood more rapidly than O. montium (Reid et al., 1967;
Yamaoka et al., 1990). Only O. clavigerum is capable of killing mature trees,
but only if inoculated at very high rates (Yamaoka et al., 1995). The presence of
O. clavigerum, however, is not necessary for tree mortality to occur, as
populations of beetles carrying near 100% O. montium can successfully attack
and kill pines (D.L. Six and B.]. Bentz, unpubl. data).
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The two fungi associated with D. ponderosae mycangia appear to
differentially affect the reproductive potential of their host beetle (Six and
Paine, 1998). For D. ponderosae reared in bolts, the production of progeny adults
was significantly higher, and emergence significantly earlier, when brood
developed with O. clavigerum than when brood developed with O. montium
(Six and Paine, 1998). Indeed, brood development in the presence of O. montium
barely exceeded the parental replacement rate. In contrast, when fungus-free
parental adults were introduced into bolts, most rapidly re-emerged and did not
excavate galleries; none laid eggs. This reemergence behavior and lack of brood
production by fungus-free beetles highlights the fact that, while O. montium
appears to be an inferior associate to O. clavigerum in respect to its effects on
beetle reproduction, it's presence still imparts a degree of benefit to the host
beetle.

Although Six and Paine (1998) observed no brood production by fungus-free
beetles reared in bolts, mountain pine beetles can be successfully reared on
axenic diets (Whitney, 1971; Safranyik and Whitney, 1985); however, only if
yeast is added (H.S. Whitney, pers. comm. in Strongman (1987). Likewise,
Strongman (1987) found that D. ponderosae development was much slower on
autoclaved fungus-free phloem blocks than in phloem blocks inoculated with
fungi. These studies indicate that a fungal product, or products, may be required
for optimal development and survival of D. ponderosae brood.

Given that beetle-associated fungi may have substantial effects on beetle
reproductive potential, the relative abundance of fungal associates within a
given population may also have substantial effects on beetle population
dynamics. Little attention has been given to determining whether and how
fungal associates of bark beetles vary across the geographic range of their
hosts. However, it is well known that the frequency of the two mycangial
associates of D. frontalis, as well as of the mite associate, O. minus, varies
among populations (Bridges, 1983; Six and Paine, 1999). A recent study on D.
ponderosae also found substantial variation in the proportion of its two
mycangial fungi across its geographic range (D.L. Six and B.]. Bentz, unpubl.
data). Potentially, through differential effects on host beetle reproduction,
variation in the relative abundance of the fungal associates of D. ponderosae
may differentially influence its ability to respond to changing environmental
conditions, and thus, potentially affect its population dynamics and outbreak
behavior.

The spruce beetle

The spruce beetle (Group IV), D. rufipennis, is a weak to moderately
aggressive beetle that colonizes several species of Picea. During colonization,
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adult beetles transport fungal spores and yeast cells into host trees in what are
likely pit mycangia located on the pronotum and elytra (Solheim, 1995). Once
in the tree, the spores germinate and the fungi colonize the phloem and
sapwood of the tree in a manner similar to the fungi associated with the
mountain pine beetle and the southern pine beetle. It is not known when, or even
if, this beetle feeds on its associated fungi; however, given the extensive
colonization of tree tissues by its associated fungi, such feeding, at least by
larvae, is likely to be unavoidable.

Leptographium abietinum appears to be the most common associate of this
beetle (Davidson, 1955; Hinds and Buffam, 1971; Reynolds, 1992; Solheim, 1995;
Six and Bentz, 2003) with often greater than 90% of beetles in a given
population carrying this fungus (Reynolds, 1992; Six and Bentz, 2003).
Ceratocystis rufipenni Wingfield, Harrington, & Solheim, a virulent tree
pathogen, is also associated with some populations of D. rufipennis, but
apparently absent in others (Reynolds, 1992; Solheim, 1995; Six and Bentz,
2003). C. rufipenni has been hypothesized to be a mutualist of D. rufipennis
because of its virulence to host trees. However, it does not appear to be a
common associate and is not required for tree mortality to occur. Until more is
known regarding the distribution and consistency of association of C. rufipenni
with D. rufipenni, it will be difficult to assess what role, if any, this fungus
may have with the beetle.

The effect of L. abietinum on host beetle fitness is unknown. Experiments are
currently in progress investigating the effects of this fungus, as well as C.
rufipenni, on D. rufipennis development and reproduction (B.J. Bentz and D.L.
Six, unpubl. data) that may help clarify the role of these fungi with this
beetle.

Ophiostoma piceaperdum (Rumb.) von Arx (Rumbold, 1936), O. penicillatum
(Grosm.) Siemaszko (Davidson, 1955), O. olivaceum Mathiesen (Hinds and
Buffam, 1971), O. piliferum (Fries) H. & P. Sydow, O. piceae (Munch) H. & P.
Sydow (Safranyik et al., 1983) and O. ips (Six and Bentz, 2003) have also been
found in association with D. rufipennis but only incidentally. The occasional
presence of these fungi with D. rufipennis may result from cross-contamination
with fungal associates of other scolytids that co-infest Picea (Six and Bentz,
2003). It is unknown what impact occasional cross-contamination may have on
these, and other, bark beetle hosts.

5. Summary

In this paper, we have presented a framework for studying symbioses in
Dendroctonus-fungus systems. We also presented a set of predictions as to where
mutualistic fungal associates (primarily nutritional mutualists) may be most
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likely to occur within this genus based on beetle phylogeny and biology.
Because significant gaps in knowledge exist within the framework, especially
for the less aggressive beetle species and their fungal associates, in many cases
our predictions remain highly speculative. However, as information on these
beetles and their associates increases with additional research, and many of
these gaps are filled, these predictions can be further refined.

This genus of beetles and their fungal associates provide an ideal model
system for the study of ectosymbioses. The multiple independent origins of
mycangia and the presence of both coevolved fungal associates as well as
relative newcomers (invaders), along with the variable colonization and
feeding behaviors exhibited by host beetles, provide an ideal system to assess
the factors that can lead to, and maintain, ectosymbioses among unrelated
groups of organisms.

Acknowledgements

This paper was greatly improved by the comments and suggestions of
Matthew Ayres and David Langor.

REFERENCES

Amman, G.D. 1972. Some factors affecting oviposition behavior of the mountain pine beetle.
Environmental Entomology 1: 691-695.

Anderbrandt, O. 1988. Survival of parent and brood adult beetles, Ips typographus, in
relation to size, lipid content and reemergence or emergence day. Physiological
Entomology 13: 121-129.

Atkins, M.D. 1969. Lipid loss with flight in the Douglas-fir beetle. Canadian Entomologist
101: 164-165.

Ayres, M.P., Wilkens, R.T., Ruel, ].J., Lombardero, M.J,, and Vallery, E. 2000. Nitrogen
budgets of phloem-feeding bark beetles with and without symbiotic fungi (Coleoptera:
Scolytidae). Ecology 81: 2198-2210.

Barras, S.J. 1970. Antagonism between Dendroctonus frontalis and the fungus Ceratocystis
minor. Annals of the Entomological Society of America 63: 1187-1190.

Barras, S.J. 1973. Reduction of progeny and development in the southern pine beetle
following removal of symbiotic fungi. Canadian Entomologist 105: 1295-1299.

Barras, S.J. and Hodges, ].D. 1974. Weight, moisture and lipid changes during the life cycle
of the southern pine beetle. USDA Forest Service Experiment Station Research Note SO-
178.

Barras, S.J. and Perry, T. 1971a. Gland cells and fungi associated with prothoracic
mycangium of Dendroctonus adjunctus (Coleoptera: Scolytidae). Annals of the
Entomological Society of America 64: 123-126.

Barras, S.J. and Perry, T. 1971b. Leptographium terebrantis sp. nov. associated with
Dendroctonus terebrans in loblolly pine. Mycopathologica Mycologia Applicata 43: 1-10.




228 D.L. SIX AND K.D. KLEPZIG

Barras, S.J. and Perry, T. 1972. Fungal symbionts in the prothoracic mycangium of D.
frontalis (Coleoptera: Scolytidae). Zeitschrift fiir Angewandte Entomologie 71: 95-104.
Botterweg, P. F. 1982. Dispersal and flight behavior of the spruce beetle, Ips typographus, in
relation to sex, size and fat content. Zeitschrift fiir Angewandte Entomologie 94: 466—

489.

Botterweg, P.F. 1983. The effects of attack density on size, fat content and emergence of the
spruce beetle, Ips typographus L. Zeitschrift fiir Angewandte Entomologie 96: 7-55.

Bramble, W.C. and Hoilst, E.C. 1940. Fungi associated with Dendroctonus frontalis in
killing shortleaf pines and their effect on conduction. Phytopathology 30: 881-899.

Bridges, J.R. 1983. Mycangial fungi of Dendroctonus frontalis (Coleoptera: Scolytidae) and
their relationship to beetle population trends. Environmental Entomology 12: 858-861.

Bridges, R.L. 1985. Relationship of symbiotic fungi to southern pine beetle population
trends. In: Integrated- Pest Management Research Symposium: The proceedings. USDA
Forest Service, General Technical Report SO-56. Branham, S.]J. and Thatcher, R.C,, eds.
Asheville, NC, pp. 127-135.

Bridges, J.R. and Moser, J.C. 1983. Role of two phoretic mites in transmission of bluestain
fungus, Ceratocystis minor. Ecological Entomology 8: 9-12.

Bridges, J.R., Nettleton, W.A, and Connor, M.D. 1985. Southern pine beetle (Coleoptera:
Scolytidae) infestations without the bluestain fungus, Ceratocystis minor. Journal of
Economic Entomology 78: 325-327.

Chen, H., and Yuan, F. 2000. The mycangium position of the bark beetle Dendroctonus
armandi. Sientia Silvae Sinicae 36: 53-57.

Cibrian Tovar, D., Tulio Mendez Montiel, ]J., Campos Bolanos, R., Yates, H.O., and Flores
Lara, J. 1995. Forest Insects of Mexico. North American Forestry Commission, FAO.
Publication #6.

Clarke, A.L., Webb, ].W., and Franklin, T. 1979. Fecundity of the southern pine beetle in
laboratory pine bolt. Annals of the Entomological Society of America 72: 229-231.

Coppedge, B.R,, Stephen, F.M,, and Felton, G.W. 1995. Variation in female southern pine
beetle size and lipid content in relation to fungal associates. Canadian Entomologist 127:
145-154.

Davidson, R.W. 1955. Wood-staining fungi associated with bark beetles in Engelmann
spruce in Colorado. Mycologia 47: 58-67.

Dowding, P. 1969. The dispersal and survival of spores of fungi causing bluestain in pine.
Transactions of the British Mycological Society 52: 125-137.

Fox, JW., Wood, D.L., Akers, P.P,, and Parmeter, ] R, Jr. 1992. Survival and development of
Ips paraconfusus Lanier (Coleoptera: Scolytidae) reared axenically and with tree
pathogenic fungi vectored by cohabiting Dendroctonus species. Canadian Entomologist
124: 1157-1167.

Francke-Grosmann, H. 1967. Ectosymbiosis in wood-inhabiting insects. In: Symbiosis Vol.
II. .M. Henry, ed. Academic Press, NY. pp. 142-206.

Franklin, R.T. 1970. Observations on the blue stain-southern pine beetle relationship.
Journal of the Georgia Entomological Society 5: 53-57.

Furniss, M.M. 1995. Biology of Dendroctonus punctatus (Coleoptera: Scolytidae). Annals of
the Entomological Society of America 88: 173-182.

Goldhammer, D.S., Stephen, F.M., and Paine, T.D. 1990. The effect of the fungi Ceratocystis




DENDROCTONUS-FUNGUS SYMBIOSES 229

minor (Hedgecock) Hunt, Ceratocystis minor (Hedgecock) Hunt var. barrasii Taylor, and
SJB 122 on reproduction of the southern pine beetle, Dendroctonus frontalis Zimmermann
(Coleoptera: Scolytidae). Canadian Entomologist 122: 407-418.

Happ, G.M., Happ, C.M., and Barras, S.J. 1971. Fine structure of the prothoracic
mycangium, a chamber for the culture of symbiotic fungi, in the southern pine beetle,
Dendroctonus frontalis. Tissue and Cell 3: 295-308.

Happ, G.M., Happ, C.M., and Barras, S.J. 1976. Bark beetle fungal symbioses. II. Fine
structure of a basidiomycetous ectosymbiont of the southern pine beetle. Canadian
Journal of Botany 54: 1049-1062.

Harrington, T.C. 1993. Diseases of conifers caused by species of Ophiostoma and
Leptographium. In: Ceratocystis and Ophiostoma: Taxonomy, Ecology, and Pathogenicity.
M.J. Wingfield, K.A. Seifert, and ]J.F. Webber, eds. APS Press, St. Paul, MN. pp. 161-172.

Hausner, G., Reid, J., and Klasse, G.R. 1993. Ceratocystiopsis: A reappraisal based on
molecular criteria. Mycological Research 97: 625-633.

Hetrick, L.A. 1949. Some overlooked relationships of the southern pine beetle. Journal of
Economic Entomology 42: 466-469.

Hinds, T.E. and Buffum, P.E. 1971. Blue stain in Engelmann spruce trap trees treated with
cacodylic acid. USDA Forest Service Research Notes. Note RM-201.

Hofstetter, R.W. 2004. Community interactions and the population dynamics of the
southern pine beetle. PhD dissertation. Dartmouth College, Hanover, NH. 220 pp.

Hsiau, P.T.-W. and Harrington, T.C. 2003. Phylogenetics and adaptations of
basidiomycetous fungi fed upon by bark beetles (Coleoptera: Scolytidae). Symbiosis 34:
111-131.

Jacobs, K., Wingfield, M.J., and Bergdahl, D. 1997. A new species of Ophiostoma from North
America, similar to Ophiostoma penicilliatum. Canadian Journal of Botany 75: 1315-1322.

Jacobs, K. and Wingfield, M.]. 2001. Leptographium species: Tree pathogens, insect
associates, and agents of blue stain. APS Press, St. Paul, MN.

Kelley, S.T. and Farrell, B.D. 1998. s specialization a dead end? The phylogeny of host use
in Dendroctonus bark beetles (Scolytidae). Evolution 52: 1731-1743.

Klepzig, K.D and Wilkens, R.T. 1997. Competitive interactions among symbiotic fungi of the
southern pine beetle. Applied Environmental Microbiology 63: 621-627.

Klepzig, K.D. and Six, D.L. 2004. Bark beetle-fungal symbiosis: Context dependency in
complex associations. Symbiosis 37: 189-205.

Klepzig, K.D., Raffa, K.F., and Smalley, E.B. 1991. Asociation of an insect-fungal complex
with red pine decline in Wisconsin. Forest Science 37: 1119-1139.

Klepzig, K.D., Smalley, E.B., and Raffa, K.F. 1995. Dendroctonus valens and Hylastes
porculus (Coleoptera: Scolytidae): vectors of pathogenic fungi (Ophiostomatales)
associated with red pine decline disease. Great Lakes Entomologist 28: 81-87.

Klepzig, K.D., Moser, ].C., Lombardero, F.J. Hofstetter, RW., and Ayres, M.P. 2001a.
Symbiosis and competition: complex interactions among beetles, fungi and mites.
Symbiosis 30: 83-96.

Klepzig, K.D., Moser, J.C., Lombardero, M.J., Ayres, M.P., Hofstetter, RW., and
Walkinshaw, C.J. 2001b. Mutualism and antagonism: Ecological interactions among
bark beetles, mites and fungi. In: Biotic Interactions in Plant Pathogen Associations. M.].
Jeger and N.J. Spence, eds. CABI 2001.




230 D.L. SIX.AND K.D. KLEPZIG

Lewinsohn, D., Lewinsohn, E., Bertagnolli, C.L., and Partridge, A.D. 1994. Blue-stain fungi
and their transport structures on the Douglas-fir beetle. Canadian Journal of Forest
Research 24: 2275-2283.

Lieutier, F.,, Voland, G., Pettinetti, M., Garcia, J., Romary, P., and Yart, A. 1992. Defence
reactions of Norway spruce (Picea abies Karst.) to artificial insertion of Dendroctonus
micans Klug. (Col., Scolytidae). Journal of Applied Entomology 114: 174-186.

Lombardero, M.J., Klepzig, K.D., Moser, J.C., and Ayres, M.P. 2000. Biology, demography,
and community interactions of Tarsonemus (Acarina: Tarsonemidae) mites phoretic on
Dendroctonus frontalis (Coleoptera: Scolytidae). Agricultural and Forest Entomology 2:
193-202.

Martin, M.M. 1987. Invertebrate-Microbial Interactions: Ingested Fungal Enzymes in
Arthropod Biology. Comstock Publishing Associates, Cornell University Press. Ithaca,
NY. 148 p.

Ming, T. and Hui, C. 1999. Effect of symbiotic fungi of Dendroctonus armandi on host trees.
Scientia Silvae Sinicae 35: 63-66.

Moser, J.C. 1976. Surveying mites (Acarina) phoretic on the southern pine beetle
(Coleoptera: Scolytidae) with sticky traps. Canadian Entomologist 108: 809-813.

Moser, J.C. 1985. Use of sporothecae by phoretic Tarsonemus mites to transport ascospores
of coniferous bluestain fungi. Transactions of the British Mycological Society 84: 750~
753.

Moser, J.C. and Roton, L.M. 1971. Mites associated with southern pine bark beetles in
Allen Parish, Lousiana. Canadian Entomologist 103: 1775-1798.

Moser, ].C. and Bridges, J.R. 1986. Tarsonemus mites phoretic on the southern pine beetle:
attachment sites and numbers of bluestain ascospores carried. Proceedings of the
Entomological Society of Washington 88: 297-299.

Moser, J.C., Thatcher, R.C., and Pickard, L.S. 1971. Relative abundance of southern pine
beetle associates in East Texas. Annals of the Entomological Society of America 64: 72—
77

Moser, ]J.C., Wilkinson, R.C., and Clark, E.W. 1974. Mites associated with Dendronctonus
frontalis Zimmerman (Scolytidae: Coleoptera) in Central America and Mexico. Turrialba
24: 379-381.

Moser, J.C., Perry, T.]J., Bridges, J.R., and Yin, H.-F. 1995. Ascospore dispersal of
Ceratocystiopsis ranaculosus, a mycangial fungus of the southern pine beetle. Mycologia
87: 84-86.

Paine, T.D. and Birch, M.C. 1983. Acquisition and maintenance of mycangial fungi by
Dendroctonus brevicomis LeConte (Coleoptera: Scolytidae). Environmental Entomology
12: 1384-1386.

Paine, T.D., Raffa, K.F., and Harrington, T.C. 1997. Interactions among scolytids bark
beetles, their associated fungi, and live host conifers. Annual Review of Entomology 42:
179-206.

Raffa, K.F., Phillips, T.W., and Salom, S.M. 1993. Strategies and mechanisms of host
colonization by bark beetles. In: Beetle-Pathogen Interactions in Conifer Forests.
Schowalter, T. and Filip, G., eds. Academic Press, San Diego, CA. pp. 102-128.

Rane, K.K. and Tattar, T.A. 1987. Pathogenicity of blue-stain fungi associated with
Dendroctonus terebrans. Plant Disease 71: 879-883.




DENDROCTONUS-FUNGUS SYMBIOSES 231

Reid, R.W. 1962. Biology of the mountain pine beetle, Dendroctonus monticolae Hopkins, in
the east Kootenay region of British Columbia. I. Behavior in the host, fecundity, and the
internal changes in the female. Canadian Entomologist 94: 605-613.

Reid, R.W., Whitney, H.S., and Watson, J.A. 1967. Reactions of lodgepole pine to attack by
Dendroctonus ponderosae Hopkins and blue stain fungi. Canadian Journal of Botany 45:
1115-1126.

Reynolds, K.M. 1992. Relations between activity of Dendroctonus rufipennis Kirby on
Lutz spruce and blue stain associate with Leptographium abietiunum (Peck) Wingfield.
Forest Ecology and Management 47: 71-86.

Rumbold, C.T. 1931. Two blue-stain fungi associated with bark beetle infestation of pines.
Journal of Agricultural Research 43: 847-873.

Rumbold, C.T. 1936. Three blue staining fungi, including two new species associated with
bark beetles. Journal of Agricultural Research 52: 419-437.

Safranyik, L. 1976. Size and sex-related emergence, and survival in cold storage, of
mountain pine beetle adults. Canadian Entomologist 108: 209-212.

Safranyik, L. and Whitney, H.S. 1985. Development and survival of axenically reared
mountain pine beetles, Dendroctonus ponderosae (Coleoptera: Scolytidae), at constant
temperatures. Canadian Entomologist 117: 185-192.

Safranyik, L., Shrimpton, D.M., and Whitney, H.S. 1983. The role of host-pest interaction in
population dynamics of Dendroctonus rufipennis Kirby (Coleoptera: Scolytidae). In:
IUFRO/MAB Symposium Proceed. Host-Pest Interactions, Irkutsk, USSR, Isaev, A.S., ed.
24-27 Aug. 1981. Canadian Forest Service, Victoria, Canada. pp. 1-12.

Six, D.L. 2003a. Bark beetle-fungus symbioses. In: Insect Symbiosis. T. Miller and K.
Kourtzis, eds. CRC Press. pp. 99-116.

Six D.L. 2003b. A comparison of mycangial and phoretic fungi of the mountain pine beetle,
Dendroctonus ponderosae. Canadian Journal of Forest Research 33: 1331-1334.

Six, D.L. and Paine, T.D. 1996. Leptographium pyrinum is a mycangial fungus of
Dendroctonus adjunctus. Mycologia 88: 739-744.

Six, D.L. and Paine, T.D. 1997. Ophiostoma clavigerum is the mycangial fungus of the Jeffrey
pine beetle, Dendroctonus jeffreyi. Mycologia 89: 858-866.

Six, D.L. and Paine, T.D. 1998. Effects of mycangial fungi and host tree species on progeny
survival and emergence of Dendroctonus ponderosae (Coleoptera: Scolytidae).
Environmental Entomology 27: 1393-1401.

Six, D.L. and Paine, T.D. 1999. Phylogenetic comparison of ascomycete mycangial fungi and
Dendroctonus bark beetles (Coleoptera: Scolytidae). Annals of the Entomological Society
of America 92: 159-166.

Six, D.L. and Bentz, B.J. 2003. Fungi associated with the North American spruce beetle,
Dendroctonus rufipennis. Canadian Journal of Forest Research 33: 1815-1820.

Six, D.L., Harrington, T.C., Steimel, J.,, McNew, D., and Paine, T.D. 2003. Genetic
relationships among Leptographium terebrantis and the mycangial fungi of three western
Dendroctonus bark beetles. Mycologia 95: 781-792.

Smiley, R.T. and Moser, J.C. 1974. New tarsonemids associated with bark beetles (Acarina:
Tarsonemidae). Annals of the Entomological Society of America 67: 713-715.

Solheim, H. 1995. A comparison of blue-stain fungi associated with the North American
Spruce beetle Dendroctonus rufipennis and the Eurasian spruce bark beetle Ips



232 D.L. SIX AND K.D. KLEPZIG

typographus. In: Forest Pathology Research in the Nordic Countries. Proceedings from
SNS Meeting in Forest Pathology, Norway 9-12 August, 1994, Skogbrukets Kurssenter,
Biri. Aamlid, D., ed. Akuelt fra Skogforsk 4/95: 61-67.

Strongman, D.B. 1987. A method for rearing Dendroctonus ponderosae Hopk. (Coleoptera:
Scolytidae) from eggs to pupae on host tissue with or without a fungal complement.
Canadian Entomologist 119: 207-208.

Thomas, J.B. and Bright, D.E. 1970. A new species of Dendroctonus (Coleoptera: Scolytidae)
from Mexico. Canadian Entomologist 102: 479-483.

Thompson, S.N. and Bennett, R.B. 1971. Oxidation of fat during flight of male Douglas-fir
beetles, Dendroctonus pseudotsugae. Journal of Insect Physiology 17: 1555-1563.

Whitney, H.S. 1971. Association of Dendroctonus ponderosae (Coleoptera: Scolytidae) with
blue-stain fungi and yeasts during brood development in lodgepole pine. Canadian
Entomologist 103: 1495-1503.

Whitney, H.S. and Farris, S.H. 1970. Maxillary mycangium in the mountain pine beetle.
Science 167: 54-55.

Whitney, H.S.R., Bandoni, J., and Oberwinkler, F. 1987. Entomocorticium dendroctoni gen. et
sp. nov. (Basidiomycotina), a possible nutritional symbiote of the mountain pine beetle
in lodgepole pine in British Columbia. Canadian Journal of Botany 65: 95-102.

Wingfield, M.]. 1983. Association of Verticicladiella procera and Leptographium terebrantis
with insects in the lake states. Canadian Journal of Forest Research 13: 1238-1245.

Wingfield, M.]J., Harrington, T.C., and Solheim, H. 1997. Two species in the Ceratocystis
coerulescens complex from conifers in western North America. Canadian Journal of
Botany 75: 827-834.

Wood, S.L. 1963. A revision of the bark beetle genus Dendroctonus Erichson (Coleoptera:
Scolytidae). Great Basin Naturalist 23: 1-117.

Wood, S.L. 1982. The bark and ambrosia beetles of North and Central America
(Coleoptera: Scolytidae), a taxonomic monograph. Great Basin Naturalist Memoirs 6.
1359 pp.

Yamaoka, Y., Swanson, R.H., and Hiratsuka, Y. 1990. Inoculation of lodgepole pine with
four blue stain fungi associated with mountain pine beetle, monitored by a heat pulse
velocity (HPV) instrument. Canadian Journal of Forest Research 20: 31-36.

Yamaoka, Y., Hiratsuka, Y., and Maruyama, P.J. 1995. The ability of Ophiostoma
clavigerum to kill mature lodgepole-pine trees. European Journal of Forest Pathology 25:
401-404.

Zhonghi, Y. 1989. Dendroctonus armandi Tsai et Li (Coleoptera: Scolytidae) in China: Its
natural enemies and their potential as biological control agents. In: Potential for
Biological Control of Dendroctonus and Ips Bark Beetles. Kulhavy, D.L. and Miller, M.C,,
eds. Center for Applied Studies, School of Forestry, Stephen F. Austin State University,
Nacogdoches, TX.

Zuniga, G., Salinas-Moreno, Y., Hayes, ]J., Gregoire, ]J.-C., and Cisneros, R. 2002.
Chromosome number in Dendroctonus micans and karyological diversification within
the genus Dendroctonus (Coleoptera: Scolytidae). Canadian Entomologist 134: 503-510.




