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ABSTRACT Insects require sterols for normal growth, metamorphosis, and reproduction, yet they
.are unable to synthesize these organic compounds and are therefore dependent upon a dietary source.
For phloephagous species, such as Dendroctonus bark beetles, whose food does not necessarily contain
appropriate types or adequate gquantities of sterols, fungal symbionts may provide an alternative source
in the form of ergosterol. We determined and compared the relative amounts of ergosterol in the
primary fungal associates of Dendroctonus ponderosae Hopkins and Dendroctonus rufipennis Kirby.
Ergosterol content of host tree phloem naturally infested with larvae (and their fungal symbionts) of
both species also was compared with ergosterol contents in uninfested phloem tissue. Mycelia of
Ophiostoma montium (Rumfold) von Arx and Ophiostoma clavigerum (Robinson-Jeffrey & Davidson)
Harrington isolated from D. ponderosae mycangia, and Leptographium abietinum (Peck) Wingfield'
isolated from the exoskeleton of D. ruifpennis contained relatively large quantities of ergosterol,
although no significant differences in content were found among these fungal species. Phloem
colonized by larvae of both species contained significantly more ergosterol than did uninfested host
phloem tissue. Our results suggest that larval life stages of D. ponderosae and D. rufipennis may obtain
vital nutrients not only from the host tree phloem but also from fungal symbients, in the form of

ergosterol, while mining larval galleries.
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SEVERAL BARK BEETLE SPECIES within the genus Dendroc-
tonus (Coleoptera; Curculionidae, Scolytinae) can ex-
hibit dramatic population eruptions at periodic inter-
vals, resulting in tree mortality across vast forested
areas. Although the mechanisms are not always clear,
both density-dependent and -independent processes
can contribute to these population fluctuations, in-
cluding interactions with other organisms (Bridges

1983). Many Dendroctonus are symbiotically associ- -

ated with at least one filamentous fungal species that
is mutially beneficial to the beetle host, whereas re-
lationships with other fungal associates may be antag-
onistic or commensalistic {Six 2003b). The fungi ben-
efit from association with the beetle host by consistent
dissemination to an ephemeral and relatively rare re-
source (a freshly killed tree) upon which they are
dependent for growth and reproduction. In some as-
sociations, growth and reproductive success of beetle
brood is increased in the presence of fungi, often
because of ‘a nutritional benefit (Whitney 1971,
Bridges 1983, Goldhammer et al. 1990, Coppedge et al.
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1995, Six and Paine 1998, Ayres et al. 2000). Although
mycophagy may not be obligatory for all bark beetle
species, fungal feeding may provide vital nutrients not
found in woody plant tissues or only present in inad-
equate concentrations (Harrington 2005). For exam-
ple, most plant tissnes have relatively low levels of
nitrogen, and a fungal mutualist of D. fronfalis Zim-
mermann was found to benefit larval growth by con- -
centrating nitrogen in phloem tissue where feeding
ocecurs {Ayres et al. 2000). .
Insects also require sterols for normal growth, meta
morphosis, and reproduction, yet are unable to syn-
thesize these organic compounds and .are therefore
dependent upon a dietary source {Clayton 1964, Rich-
mond and Thomas 1975, Svoboda et al. 1978). Sterols

" in woody plant tissues are typically present only in low

concentrations (Kramer and Kozlowski 1960} or in
forms not usable by insects (Clayton 1964). For insects
that feed in woody tissues, fungi may provide an al-
ternate source of sterols in the form of ergosterol
(2483-methylcholesta-5,7 trans 22-trien-38-0l) (Norris
et al. 1969, Kok et al. 1970, Noris 1972, Maurer et al.
1992, Morales-Ramos et al. 2000). This major fungal
sterol is produced by most fungi (Weete 1973, 1989)
and is highly usable by many insects for the production
of hormones and cell membranes {Clayton 1964). Al-
though ubiquitous in fungi, ergosterol varies in its
concentration in mycelia by species, age of the cul-
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ture, developmental stage, and growth conditions
(Pasanen et al. 1999},
In several insect-fungus symbioses, the insect asso-

ciate has.been found to be dependent upon sterols -

provided by the fungal associate (Norris et al. 1969,
Kok et al. 1970, Norris 1972, Maurer et al, 1992,
Morales-Ramos et al. 2000, Nasir and Noda 2003).
These include ambrosia beetles (Scolytinae) that feed
solely on fungi they garden in galleries in the sapwood
of trees {Norxis 1972, Kok 1979, Mueller et al. 2005}
Ambrosia beetles are dependent upon ergosterol pro-
duced by their fungal symbionts for successful oocyte
development, oviposition, larval development, and
pupation {Norris and Baker 1967, Norris et al. 1969,
French and Roeper 1975, Kok 1979). This relationship
holds for another scolytine, the coffee berry borer,
Hipothenemus hampei (Ferrari). This beetle bores in,
and feeds on, coffee berries but cannot molt or re-
produce without ergosterol from its symbiotic fungus
Fusarium solani Martius (Morales-Ramos et al. 2000).

Although almost all fungi produce ergosterol, the
varying levels of ergosterol present in the mycelia of
different species of fungi may account for the relative
differences in benefits to host beetles exhibited by
some fungal associates. For example, studies by Kok et
al. (1970} and Kok and Norris (1973) found that the
- most beneficial species of fungi associated with Xyle-
borus ambrosia beetles were those that possessed the
greatest concentrations of ergosterol.

Dendroctonus rufipennis Kirby and Dendroctonus
ponderosae Hopkins, two economically important bark
beetle species in western North American forests; are
closely associated with fungi. Leptographium abieti-
num (Peck) Wingfield is commonly found in special-
ized pits on adult D. rufipennis pronota and elytra
(Solheim 1995, Six and Bentz 2003). Although Cera-
tocystis ryfipenni (Wingfield) Harrington & Solheim
has been isolated from wood colonized by D. rufipen-
nis in some populations (Reynolds 1892, Solheim
1993), Six and Bentz (2003} did not isolate this fungus
from any D. rufipennis adults collected in Alaska, Utah,
Colorado, and Minnesota, and they considerittobe a
minor or incidental associate. Little research has
been conducted on these fungi, and it is unclear
whether they play a mutualistic or antagonistic role in
D. rufipennis population dynamics.

D. ponderosae is closely associated with two fung,

Ophiostoma montium (Rumfold) von Arx and Ophios- .

toma clavigerum (Robinson-Jeffrey & Davidson) Har-
rington. Both species can be found on the exoskeleton
of adult D. ponderosae and in specialized structures of
the maxillae termed sac mycangia that function in
fungal transport (Six 2003a,b). Sac mycangia are rel-
atively rare in bark beetles, and those that do possess
them are also mycophagous; suggesting that mycangia
evolved to maintain tight associations with specific
fungi that provide sources of nutrition for the beetle
host (Harrington 2003). Effects of the two fungi on
their host beetle are not well understood. Only two
studies have been conducted investigating potential
nutritional effects of the fungi, and the results of
these two studies seem to conflict (Six and Paine 1998;
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K. Bleiker and D.L.S., unpublished data}. In one study,
D. ponderosae were reared in logs colonized with pa-
rental beetles associated with either O. clavigerum,
0. montium, or without fungi (Six and Paine 1998).
Resulting brood that developed with O. clavigerum
were more numerous and emerged significantly ear-
lier than brood that developed with O. montium. Bee-
tles introduced without fungi did not produce brood.
These results indicate that both fungi support brood
production but that O. clavigerum may be a superior
associate in conferring nutritional benefit. However,
in a recent study conducted in phloem sandwiches
(K. Bleiker and D.I.S., wnpublished data), beetles
developing with O. montium consumed significantly
less phloem than insects developing with O. clap-
igerum or no fungi, suggesting that O. montium pro-
vides superior nutritional benefits. Beetles developing
with O. clavigerum or no fungus had to consume more
phloem to meet their dietary requirements,

As has been found with other mycophagous seoly-
tine beetles, we hypothesized that D. ponderosae and
D. rufipennis obtain sterols, in particular ergosterol,
from their close fungal associates. Because D. rufipen-
nis does not have sac mycangia, as has been found for
D). ponderosee, and thus may not have as highly an
evolved association with its fungus or as strong a de-
pendence on fungi for nutrients, we predicted that the
fungal associate of D. rufipennis may provide less of a
beneficial nutrient resource in the form of ergosterol
compared with one or both of the fungi associated
with D. ponderosae. Our objective was to determine
and compare the relative amounts of ergosterol con-
tained in the primary fungal associates of D. pondero-
sae and D. rufipennis. Furthermore, the ergosterol con-
tent of phloem from host trees of both beetle species
containing feeding larvae (and symbiotic fungi) also
was compared with that of uninfested phloem.

Materials and Methods

Fungal Identification and Growth for Extraction.
Fungal isolates nsed in this study were taken from the
culture collection of D.L.S. and were initially identi-
fied by using morphological characteristics as well as
keys and descriptions contained in Upadhyay (1981),
Grylls and Seifert (1993), and Jacobs and Wingfield
{2003). The identity of select isolates was further con-
firmed using DNA sequencing and morphological
comparisons with known strains (Lee et al. 2003)
{J. Kim and C. Breuil, personal communication})
(Table 1).

Three replicates of each isolate of each of the three
fungal species were analyzed for ergosterol content.
Each replicate was grown on 2% malt extract agar for
10 d. Then, a small plug of mycelium of each isolate
was placed into a 123-ml Erlenmever flask containing
2% malt yeast extract broth and allowed to grow for an
additional 10 d. Fungal mats were removed from the
licuid broth, placed on a filter, and rinsed with distilled
water while a vacuum was applied to remove culture
broth residue. Mycelial mats were then freeze-driedin
individual vials. After lyophilization, vials were topped
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Table 1. Collection information for fungal isolates used in ergosterol analysis
Fungal Beetle species/location of Site name Collection . .
species isolation USDA National Forest (NF) yr Isolate no. Latitude/longitude
Q. montium D, ponderosae/mycangium  Hell Roaring 2002 DLS1117, DL$1121 N 44° 2’
Sawtooth NF, TIX W114°51’
D. ponderosee! mycanginm Truickes 1996 DLS1057 N 39° 20"
Sierra Nevada NF, CA W120° 11
D. ponderosae/ mycangium  Williams 2001 DLS1109 Narg
Sawtooth NF, IF} W 114° 50"
0. clavigerum D, ponderosae/ mycangium 12 mile 2002 DLS1095, DIS1126 N 47723
Lolo NF, MT W15 14
D. ponderosae! mycangium Truckee 1996 DES1061 N 39° 20
Sierra Nevada NF, CA W120°11
D. ponderosae/ mycangium  Smiley 2001 DiS112s N 43° 53"
Sawtooth NF, D> W 114° 48"
L. abietinum D, rufipennis/ exoskeleton Floyd Mountain 2001 DES1122, DLS1108 N 40° 87
Routt NF, CO W 106° 60
D. rufipennis/ exoskeleton North Lake 2002 DLS1123, DLS1124, DL51107 N 40° 757
Rouit NF, CO W 106° 60

with nitrogen and held in the dark at 2°C until ergos-
terol extraction.

Phloem Sampling. To compare concentrations of
ergosterol estimated from known fungal isolates in
culture with actual ergosterol concentrations con-
sumed by larvae feeding in trees colonized by fungal
associates, we collected and extracted ergosterol from
phloem from trees infested by the two host beetles.
Samples of phloem were collected on 16 April 2003
from four D. rufipennis-infested Picea englemanni
Parry and four uninfested P. englemanni at three sites
on the Fishlake National Forest, Utah. Phloem samples
from one D. ponderosae-infested Pinus contorta Doug-
las and four uninfested P. contorta were collected
28 January 2003 on the Wasatch Cache National For-
est, Utah. Additional phloem samples were collected
23 April 2003 from four D. ponderosae-infested P. con-
torta and two uninfested P. contorta on the Sawtooth
National Forest, Idaho. Phloem was collected by using
a sterile knife to remove a 100-cm? section of phloem
from live and beetle-infested tree boles 1.37 m above

the ground. Samples removed from trees infested with .

D. rufipennis and D. ponderosae were taken from areas
where larvae were mining. Phloem samples were
transported to the laboratory on ice, oven-dried for
24 h, and stored at —30°C until lyophilization.
Ergosterol Determination, Before transfer to ex-
traction vials, the dry weight of each mycelial and
phloem sample was recorded to the nearest 0.1 mg.
Freeze-dried fungal samples used in the extraction
process weighed =0.03 g and phloem samples =~1.0 g,
Ergosterol content of the fungal mats and phloem was
analyzed using previously published methods (Newell
et'al. 1988, Padgett and Posey 1993), High-perfor-
mance liquid chromatography (HPLC)-grade meth-
anol (20 ml) was added to a round-bottomed flask
containing the dried mycelium or phleem and re-
fhuxed for 2 h at 80°C. Five milliliters of a 4% solution
of KOI in 95% ethanol was added to the neutral
extracts obtained from the methanolic pathway and
refluxed for 30 m at 80°C to hydrolyze the esters.
Sterols were removed from the alcoholic base by par-
titioning into pentane after cooling to 25°C and adding

10 ml of distilled water. A series of three pentane
additions (10, 5, and 5 ml) were mixed by repeatedly
inverting tightly sealed flasks. After each addition and
mixing, the solution was placed in a separatory funnel.
The pentane layer was withdrawn, and pentane frac-
tions from each sample were pooled. The pentane
samples were evaporated in open glass flasks at 30°C
under a stream of nitrogen. Each sample was redis-
solved in 2 m] of methanol, and the vials were tightly
sealed and sonicated for 5 min to enhance the rate of
dissolution. Redissolved samples were filtered through
0.22-um polytetrafiovroethylene membranes and
stored in the dark at 2°C for 1-7 d until ITPLC analysis.

Samples were analyzed by isocratic liquid chroma-
tography on an Agilent 1100 {Agilent Technologies,
Palo Alto, CA) by using 2 250- by 4.6 mm 5-pm Supelco
LiChrospher RP18 column {Supelco, Bellefonte, PA)
held at 45°C. Samples (5 pl) were injected by a ther-
mostatted autosampler cooled to 5°C by using meth-
anol (2 ml/min) as a mobile phase. Ergosterol was
detected by an Agilent diode array detector at 282 nm
and quantified using an ergosterol four point external
standard calibration curve (Sigma, St. Louis, MQ).
Three replicates of each extracted fungal and phloem
isolate were analyzed. Final ergosterol concentration
of each sample was expressed as milligrams of ergos-
terol per gram of fungal or phloem dry mass.

Statistical Analysis. Differences in ergosterol con-
centration among the fungal species were analyzed
using mixed model analysis within SAS (Littell et al.
1996). Fungal species was included as a fixed effect,
and replicate and isolate within species were included
as random effects. Because the phloem data violated
normality assumptions, and our main objective was to
test for presence or absence of ergosterol in unin-
fested and infested phloem, we transformed the data
to a binomial format, Samples with an ergosterol guan-
tity >0 were coded as 1 and as 0 otherwise. GLIMMIX,
a SAS procedure for fitting generalized linear mixed
models (Littell et al. 1996), was used to accommodate
the random effects of replicate and isolate within
species, with host tree species included as a fixed
effect and a binomial error distribution.
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Fig. 1. Ergosterol content {milligrams per gram) quan-
tified from mycelium of three bark beetle-associated fungal
species grown for 10 d on 2% malt yeast extract followed by
10,d on 2% malt yeast extract broth (L. abietinum: x = 8.80,
n = 18; O. clavigerum: X = 8.15,n = 12; O. montium: x = 10.57,
n = 13). Shown are the median (solid line), mean (dotted
line), and 5th and 95th percentiles.

Results

Mycelia of the three fungal species contained rel-
atively large levels of ergosterol, as determined after
20 d growth at 20°C. However, no significant differ-
ences were found among the fungal species in total
ergosterol content (Fig. 1). The probability of con-
taining ergosterol was significantly greater in P. en-
gelmanni and P. contorta phloem infesteéd with Den-
droctonus larvae (and their fungal symbionts) than
uninfested phloem samples which contained either no
detectable ergosterol or only trace amounts (F= 8.92;
df = I, 21.56; P = 0.0069) (Fig. 2). We found no
significant differences in ergosterol concentrations
bhetween the two host tree species or among sample
dates. '

Discussion

We found no differences in the ergosterol content
of mycelia of O. montium and O. clavigerum isolated
from D. ponderosae mycangia and L. abietinum iso-
lated from the exoskeleton of D. rufipennis. Mean
percentage of ergosterol (0.85-1.06% dry weight) of
these fungi was similar to levels found in filamentous
fungi associated with decaying building materials
(0.26-1.40%) {Pasanen et al. 1999), but it was much
greater than levels quantified from fungal associates of
Xyleborus ambrosia beetles (0.12-0.24%) (Kok and
Norris 1973). Xyleborus feed almost entirely on con-
centrated spore layers of their associated fungi, and
the ergosterol obtained from these layers is vital to
successful development and reproduction (Baker and
Norris 1068). Because Dendrocionus larvae feed on
phloem colonized by fungal hyphae (A.8. Adams and
D.L.S., unpublished data), they consume fungal bio-
mass in much lower concentrations than do ambrosia

beetles, Consequently, the ergosterol in the mycelium |
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Fig. 2. Ergosterol content {milligrams per gram) quan-
tified from uninfested and larval-infested phloem samples of
two tree species, P, contorta (n = 14) and P. englemanni (n =
12), associated with D, ponderosae and D. rufipennis respec-
tively. Shown are the median (solid line), mean (dotted
line), and 5th and 95th percentiles.

of the fungi would in effect be diluted by the phloem
within which the fungi grow. This may necessitate a
greater amount of ergosterol per dry weight of my-
celium to fulfill the basic sterol requirements of the
host beetles.

As expected, phloem of uninfested host trees
contained zero to only trace levels of ergosterol. Con-
versely, phloem taken from trees colonized by
D. ponderosae and D. rufipennis and their fungal sym-
hionts contained significantly more ergosterol than
did phloem taken from uninfested trees. Samples were
taken from infested trees when both D. ponderosae
and D. rufipennis were in larval life stages. Larvae of
Dendroctonus feed upon both fungi and phloem as
they mine (A.S. Adams and D.L.S., unpublished data).
Consequently, they potentially gain nutrients from
both the host tree and the fungal symbionts. Our
results suggest that larval life stages of D. ponderosae
and D. rufipennis may obtain sterols, in the form of
ergosterol, while mining larval galleries,

Only one nonambrosia scolytine, the coffee berry
borer, has been assessed for dependence upon ergos-
terol provided by its symbiotic fungus (Morales-
Ramos et al. 2000). In laboratory experiments, it was
determined that a diet containing an ergosterol con-
centration between 0.015 and 0.020% (dry weight)
was required to achieve normal reproduction by the
beetle. Although uninfested coffee berries contained
no ergosterol, coffee berries colonized by the fungal
symbiont contained levels of =0.011%. Although this
level is slightly below that required by the beetle, the
authors attributed this to the fact that whole berry
extractions were used in their analyses rather than
extractions of berry tissues directly adjacent to larvae
where colonization of the berry by the fungus, and
consequently ergosterol concentrations, are likely to
be the greatest. Similarly, our infested phloem sam-
ples, which contained less ergosterol than did the
fungal-colonized coffee berries (x = 0.006%), were
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taken from areas of host trees where larvae were
mining, but most likely also included phloem uncolo-
nized by fungi.

Because of the presence of sac mycangia and known
mycophagy in D. ponderosae, we hypothesized that its
associated fungi would contain more ergostercl and
thereby potentially confer a greater benefit to its host
than would L. abietinum associated with D. rufipennis,
which possesses only rudimentary pit mycangia. Sac
mycangia are specialized structures thought to have
evolved specifically to carry fungi, thereby suggesting
a more obligate relationship between beetle host and
fungal associate (Six 2003a). We also hypothesized
that O. dlavigerum would provide greater quantities
of ergosterol to D. pondersoae than would O. montium.
0. clavigerum has a long shared evolutionary history
with D. ponderosae (Six and Paine 1998), whereas
0. montium is considered a more recent associate {Six
and Paine 1999). However, although we found no
difference in the amount of ergosterol among any of
the primary fungi, our results suggest that these asso-
ciates of D. ponderosae and D. rufipennis do make
relatively large quantities of ergosterc! available to
their beetle hosts. Future studies should investigate
the degree of mycophagy and the use and degree of
dependence of Dendroctonus beetles on ergosterol
provided by their fungal symbionts.
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