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Rapid monoterpene induction promotes the susceptibility of a novel host pine to mountain pine 1 

beetle colonization but not to beetle-vectored fungi.  2 
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 22 

Abstract 23 

Chemical induction can drive tree susceptibility to and host range expansions of attacking insects 24 

and fungi.  Recently, mountain pine beetle (Dendroctonus ponderosae; MPB) has expanded its 25 

host range from its historic host lodgepole pine (Pinus contorta var. latifolia) to jack pine (P. 26 

banksiana) in western Canada.  Beetle success in jack pine forests likely depends upon the 27 

suitability of tree chemistry to MPB and its symbiotic phytopathogenic fungi.  In particular, how 28 

rapid induced defenses of jack pine affect MPB colonization and the beetle’s symbionts is 29 

unknown.  In the field, we characterized and compared differences in rapid induced phloem 30 

monoterpenes between lodgepole and jack pines in response to various densities of Grosmannia 31 

clavigera—a MPB symbiotic fungus used to simulate beetle attack—inoculations.  Overall, 32 

lodgepole pine had higher limonene and myrcene, but lower α-pinene, concentrations than jack 33 

pine.  However, myrcene concentrations in jack pine increased with inoculation density, while 34 

that in lodgepole pine did not respond to density treatments.  We compared the growth and 35 

reproduction of MPB’s symbiotic fungi, G. clavigera, Ophiostoma montium, and Leptographium 36 

longiclavatum, grown on media amended with myrcene, α-pinene, and limonene at 37 

concentrations reflecting two induction levels from each pine species.  Myrcene and α-pinene 38 

amendments inhibited the growth but stimulated the reproduction of G. clavigera, whereas 39 

limonene stimulated its growth while inhibiting its reproduction.  However, the growth and 40 

reproduction of the other fungi were generally stimulated by monoterpene amendments.  Overall, 41 

our results suggest that jack pine rapid induction could promote MPB aggregation due to high 42 

levels of α-pinene (pheromone precursor), a positive feedback of myrcene (pheromone 43 

synergist), and low levels of limonene (resistance).  Jack pine is likely as susceptible to MPB-44 
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vectored fungi as lodgepole pine, indicating that jack pine induction will likely not adversely 45 

affect symbiont activities enough to inhibit the invasion of MPB into jack pine forests. 46 

47 
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 48 

Introduction 49 

Conifer trees possess an array of complex physical and chemical defenses (either constitutive or 50 

induced) that can combine to resist pathogen attack and insect herbivory (Franceschi et al. 2005, 51 

Raffa et al. 2005, Erbilgin et al. 2006, Wallis et al. 2008, Eyles et al. 2010).  For example, pine 52 

inner bark exudes pressurized oleoresin as a physical impediment to insect invasion of vascular 53 

tissues (Raffa and Berryman 1983b, Phillips and Croteau 1999, Keeling and Bohlmann 2006, 54 

Raffa et al. 2008).  Oleoresins also represent a chemical defense strategy as they contain a 55 

cocktail of toxic terpenoid compounds (e.g., sesquiterpenes, diterpenes, and monoterpenes), 56 

whose concentrations can rapidly increase (i.e., are induced) in response to attack (Paine and 57 

Hanlon 1994, Raffa et al. 2005, 2008, Keeling and Bohlmann 2006).  Concentrations exceeding 58 

the biological tolerance of invaders can persist for hours to seasons in order to confer prolonged 59 

resistance to additional attack (Erbilgin et al. 2006, Eyles et al. 2010).  However, invading 60 

insects and pathogens specialized to attack a group of related species (e.g., pines [Pinus spp.]) 61 

often have adapted ways to circumvent, tolerate, or exploit host defenses (Jermy 1984, 62 

Brenebaum 1995, Becerra 1997, Futuyma 2008).  For example, bark beetles (Coleoptera: 63 

Curculionidae, Scolytinae) can attack host pines en masse and utilize the phytopathogenicity of 64 

their symbiotic fungi to overwhelm tree defenses, ultimately resulting in tree death (Wood 1982, 65 

Franceschi et al. 2005, Raffa et al. 2005, 2008).  Therefore, effective early-onset (rapid) and 66 

localized defensive induction is critical to halting beetle colonization and tree mortality 67 

(Keefover-Ring et al. 2016).  Thus, the intra- and interspecific variability of defense induction 68 

helps define gradients of host susceptibility to specialized invaders such as bark beetles and their 69 
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symbiotic fungi (Byers and Birgersson 1990, Keeling and Bohlmann 2006, Eyles et al. 2010, 70 

Lusebrink et al. 2011, Raffa et al. 2013, Taft et al. 2015b).   71 

 Mountain pine beetle (Dendroctonus ponderosae Hopkins; MPB) has killed at least 28 72 

million hectares during outbreaks in primarily lodgepole pine (Pinus contorta var. latifolia 73 

Douglas ex Loudon) forest over the past two decades and is one of the most destructive forest 74 

pests in North America (Bentz et al. 2009, 2010, Safranyik et al. 2010, Man 2012).  In Canada, 75 

the recent MPB outbreak in lodgepole pine forests of British Columbia and Alberta has spread 76 

into naïve jack pine (Pinus banksiana Lamb) forests after passing through a dividing zone of 77 

lodgepole-jack pine hybrids (Cullingham et al. 2011, Lusebrink et al. 2013).  Whether MPB will 78 

expand through the corridor of jack pine to attack eastern pine forests is unclear.  However, 79 

predicting the likelihood of this threat requires a clear understanding of the factors underlying 80 

jack pine susceptibility to MPB colonization.   81 

 The host and geographical range expansion into jack pine forests of Alberta was 82 

potentially facilitated in part by the less pronounced defenses of jack pine as well as the use of 83 

jack pine secondary compounds by MPB for conspecific aggregation (Erbilgin and Colgan 2012, 84 

Clark et al. 2014, Erbilgin et al. 2014, Taft et al. 2015a).  If constitutive defense-related 85 

chemicals do not halt MPB ingress, beetle attack can induce the production of defense-related 86 

monoterpenes that are toxic to invading beetles and are a part of oleoresin-based defenses (Raffa 87 

et al. 2005).  In lodgepole pine, the rate at which these compounds are induced is a critical factor 88 

in colonization success as beetle aggregation is likely to fail when monoterpenes that rapidly 89 

accumulate at entrance sites kill beetles invading at low densities (Raffa and Berryman 1983b, 90 

Raffa et al. 2008, Boone et al. 2011).  Thus, the success of MPB attacks may be higher in trees 91 

slower to deploy or with a lower production capacity of effective defense-related monoterpenes.  92 
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Upon arrival, female beetles synthesize the aggregation pheromone trans-verbenol, from α-93 

pinene derived from the host tree, which then synergizes with host myrcene and initiates a mass 94 

attack that overwhelms pine defenses  (Raffa and Berryman 1983a, Pureswaran et al. 2000, 95 

Erbilgin et al. 2014, Taft et al. 2015b).  Thus, tree defensive responses can vary with beetle 96 

attack density, and the rapid deployment of chemical defenses at high concentrations is critical to 97 

beetle colonization success and mass attack occurrence (Raffa et al. 2005, Boone et al. 2011).  98 

While more delayed induction responses (e.g., six weeks post-attack) have been examined in 99 

lodgepole and jack pines (Lusebrink et al. 2011, 2016, Erbilgin and Colgan 2012, Clark et al. 100 

2012), whether rapid induction responses (e.g., seven days post-attack) differ between these 101 

species is unknown.  If rapid induction, and thus the susceptibility to MPB, differs between jack 102 

and lodgepole pines, then this response may be a strong indicator of beetle colonization success 103 

and thus outbreak potential in jack pine.    104 

 Mountain pine beetle success in jack pine will depend on the growth and reproduction of 105 

the beetle’s symbiotic fungi in this novel host environment.  Three symbiotic, phytopathogenic 106 

fungi (Ascomycota: Ophiostomataceae) are vectored by MPB in western Canada: Grosmannia 107 

clavigera (Robinson-Jeffery and Davidson) Zipfel, de Beer, and Wing., Ophiostoma montium 108 

(Rumford) von Arx, and Leptographium longiclavatum Lee, Kim and Breuil (Whitney and Farris 109 

1970, Six 2003, Lee et al. 2005, Roe et al. 2011).  These fungi weaken host pines by infecting 110 

and necrotizing phloem and sapwood tissues, reducing pine health and resistance to MPB attack 111 

(Raffa et al. 2008, Six 2013).  The successful development of beetle larvae depends upon the 112 

presence of fungal hyphae, a preferred food source rich in essential nitrogen and ergosterol 113 

(Bentz and Six 2006, Adams and Six 2007, Bleiker and Six 2007, Goodsman et al. 2012).  114 

Further, these fungi metabolize certain host monoterpenes that can be toxic to adult MPB 115 
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(DiGuistini et al. 2011, Wang et al. 2013, 2014).  Adult beetles fill their mycangia with fungal 116 

spores prior to emergence in order to facilitate the colonization of new host trees (Bleiker et al. 117 

2009).  How the growth and reproduction of MPB-vectored fungi respond to rapid monoterpene 118 

induction in host pines is largely unknown.  However, the dependency of MPB on its symbiotic 119 

fungi makes elucidating these responses critical to predicting beetle success in jack pine forests.   120 

 Here, the fungal symbionts of MPB were used in field and laboratory experiments to 121 

examine potential differences in lodgepole and jack pine susceptibility to beetle colonization and 122 

fungal infection.  In a field experiment, rapid monoterpene induction was compared between 123 

these pine species and in response to increasing densities of G. clavigera inoculations used to 124 

simulate changing MPB attack-pressure.  Based on the results of this experiment, low (1
st
 125 

quartile) and high (3
rd

 quartile) concentrations of myrcene, α-pinene, and limonene were used to 126 

amend artificial media to determine their effects on the growth and reproduction (as conidia 127 

density) of G. clavigera, O. montium and L. longiclavatum.  These methods were used to 128 

investigate several research questions.  (1) Does rapid monoterpene induction differ between 129 

jack and lodgepole pines?  (2) Does this induction respond to increasing densities of simulated 130 

MPB attack?  (3) Do rapid induction levels in lodgepole and jack pine phloem differentially 131 

affect the growth and reproduction of MPB-vectored fungi?  (4) How do these responses relate to 132 

the relative susceptibility of jack pine to MPB colonization and fungal infection?   133 

 134 

Materials and methods 135 

Field experiment 136 

Seventy-seven study trees were selected from lodgepole (N=39) and jack pine (N=38) stands 137 

located near Hinton (N53°45.925', W118°22.298') and Lac La Biche (N55°07.054', 138 
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W111°59.360'), Alberta, respectively, in July 2013.  For each species, trees with 25.0 – 30.0 cm 139 

diameter at breast height (DBH; 1.4 m above the ground) were randomly assigned one of five 140 

wound-inoculation treatment groups (seven to eight replications per treatment).  Treatments 141 

consisted of several densities of G. clavigera inoculations following the methods of Raffa and 142 

Berryman (1983b) to reflect MPB densities (i.e., attack pressure) during the colonization of host 143 

trees: 2, 4, 8, 16, or 32 inoculations per 0.3 m
2
 of bole area.  Grosmannia clavigera was chosen 144 

for inoculation over the other fungi for several reasons.  (1) This fungus is the most aggressive 145 

pathogen vectored by MPB (Raffa and Berryman 1983b, Solheim 1995, Solheim and Krokene 146 

1998).  (2) Grosmannia clavigera often has the highest relative abundance compared to O. 147 

montium and/or L. longiclavatum in MPB-colonized/killed trees and in the mycangia of 148 

dispersing beetles (Six 2003, Roe et al. 2010).  Each inoculation was applied by first boring a 149 

hole through the outer bark to the sapwood with a 4-mm-diameter cork borer and into which 150 

fungal inoculum (a 4-mm-dia plug of a ten day-old G. clavigera cultures grown on malt extract 151 

agar [MEA]) was inserted such that mycelium was in contact with tree sapwood.  Inoculations 152 

were equally spaced for treatments with more than two inoculations, and were applied to the 153 

north side of tree boles at 1.4 m above the ground.  A single inoculation was also administered 154 

on the south side of each study tree as a paired control against which to compare treatment 155 

responses.  A pre-inoculation control representing constitutive conditions was not collected 156 

because others have demonstrated pine monoterpenes rapidly quantitatively and qualitatively 157 

respond to G. clavigera inoculations (Raffa and Berryman 1983b, Keefover-Ring et al. 2016).  158 

For example, Raffa and Berryman (1983b) showed pine induction responses begin at least as 159 

early as three days post-inoculation, with induced monoterpene levels in lesions/phloem 160 

exceeding constitutive levels by 4.5 times seven days post-inoculation.  Monoterpene induction 161 
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in response to G. clavigera inoculation is also evident in both lodgepole and jack pine after 162 

longer periods of time (Erbilgin and Colgan 2012, Erbilgin et al. 2017).  However, including 163 

controls representing constitutive conditions may be appropriate for studies investigating 164 

questions operating at large spatial scales where there is a high chance of sampling individuals or 165 

populations with wide chemotypic variation, or when investigating the effects of factors that 166 

limit or alter tree induction responses.   167 

 For each tree, phloem sections (2 x 2 cm), containing both non-infected phloem and 168 

fungal lesion tissues, were excised from two randomly-chosen inoculation points (treatments 169 

with more than two inoculations) or both points (treatment with two-inoculation points) at least 3 170 

cm apart seven days after treatment application.  Thus, samples possessed both G. clavigera-171 

infected (lesion) and non-infected phloem, with the former representing at least 75% of the 172 

sample area.  Both tissue types were collected in combination in order to ensure enough material 173 

was available for monoterpene extraction.  These samples were wrapped in tin foil, with samples 174 

from inoculation treatments wrapped separately from the controls, and flash frozen in the field 175 

using dry ice and stored at -40°C in the laboratory.   176 

 177 

Chemical analysis 178 

To extract monoterpenes from phloem, samples were ground in liquid nitrogen, and 100 mg of 179 

ground tissue were extracted twice with 0.5 mL methyl tert-butyl ether containing a surrogate 180 

standard of 0.004% tridecane at room temperature.  Samples were vortexed for 30s at 3,000 rpm 181 

before being sonicated for 15 min.  After this, each sample was centrifuged for 15 min at 0°C 182 

and 13,000 rpm.  Extracts were transferred into glass chromatography vials and stored at −40°C 183 

until analysis.  Extracts (0.2 µL) were injected in splitless mode into a coupled gas 184 
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chromatograph-mass spectrometer (7890A/5062C, Agilent Tech., Santa Clara, CA, USA) 185 

equipped with an enantioselective column (HPChiral 20β; ID 0.25 mm, length 30 m; Product ID: 186 

9091GB233; Agilent Tech.).  Extracts were analyzed with hydrogen as the carrier gas at a flow 187 

of 1.2 mL min
-1

 and with a temperature program of 75° C for 6.8 min, then 15°C min
-1

 to 130° C 188 

(held for 5 min), then 120°C min
-1

 to 235°C.   189 

Peaks were identified using the following standards: (–)-α-pinene, (+)-α-pinene, (–)-β-190 

pinene, (+)-β-pinene, (–)-camphene, (+)-camphene, myrcene, (S)-(–)-limonene, (R)-(+)-191 

limonene, 3-carene, terpineol (chemical purity > 90%), γ-terpinene (>97%), (+)-cymene, 192 

sabinene, β-thujone (enantiomeric ratio of 92.5/7.5), pulegone (>97%), terpinolene (>90%), 193 

borneol, α-terpinene (>95%) (Sigma-Aldrich), cis-ocimene (>90%, SAFC Supply Solutions, St. 194 

Louis, MO, USA), and β-phellandrene (>74%, Glidco Inc., Jacksonville, FL, USA).  Chemical 195 

purities were 99%, unless noted otherwise above.  Compounds were identified by comparing 196 

retention times and mass spectra to those of the standard chemicals.  Chemical quantities were 197 

calculated using response curves generated from analyses of a dilution sequence of known 198 

quantities of standards and reported as concentration (µg/mg fresh weight of tissue). 199 

 200 

Bioassays of MPB-associated fungi 201 

Because the results of the field experiment identified myrcene, limonene, and α-pinene to differ 202 

between jack and lodgepole pine induction responses and/or respond to the inoculation density 203 

treatments, artificial media was amended with these compounds to test their effects on the 204 

growth (as culture area) and reproduction (as conidia density) of G. clavigera, L. longiclavatum, 205 

and O. montium.  The responses of these three fungi to pine induction levels resulting from G. 206 

clavigera infection were tested because in planta this fungus infects, necrotizes, and elicits an 207 
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induction response in pine phloem in advance of at least O. montium, which invades the resulting 208 

lesions (Solheim 1995).  Thus, pine induced defenses are experienced by the primary invading 209 

G. clavigera as well as the slower invading O. montium and presumably L. longiclavatum.  210 

Cultures of the fungi were grown on the same MEA formulation used in the field experiment 211 

except with individual amendments of limonene, myrcene, or α-pinene from the above standards.  212 

For limonene and α-pinene amendments, a racemic mix of enantiomers was used because both 213 

positive and negative enantiomers of these compounds differed between pine species, with the -214 

/+ enantiomeric ratio of both compounds being greater in lodgepole compared to jack pine.  215 

Fungal responses to four amendment concentrations (Table 1)—representing low (first quartile) 216 

or high (third quartile) induction levels of each monoterpene separately for lodgepole and jack 217 

pine responses pooled across inoculation treatments of the field experiment—of each 218 

monoterpene and a non-amended MEA control (Table 1) were compared, resulting in 13 219 

treatments/control per fungus.  These concentrations used in limonene and α-pinene amendments 220 

represent the sum concentration of positive and negative enantiomers (i.e., total detected 221 

limonene or α-pinene).  The media was amended by mixing a pure (99%) chromatography 222 

standard of each monoterpene into autoclaved MEA (cooled for 10 minutes) prior to pouring into 223 

plates.  Each treatment was replicated 15 times.   224 

 Culture area (mm
2
) was measured by image analysis using ImageJ (National Institutes of 225 

Health, Bethesda, MD, USA) (Abramoff et al. 2004) after a growth period of four days in 226 

permanent darkness at 22ºC.  Although the change in monoterpene concentration in or emitted 227 

from the media was not quantified, the scent of compounds was detectable at the end of the 228 

experiment indicating the fungi were exposed to the monoterpenes throughout the duration of the 229 

experiment.    A 1 mm-tall (5 mm in diameter) section of the plug originally used to inoculate the 230 

Page 11 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

culture plates was used to assess conidia production (as a proxy for fungal reproduction) as 231 

described in Cale et al. (2016).  Conidia density was quantified by vortexing the 1-mm (5-mm 232 

diameter) section in a microtube with 1 mL 0.5% Tween20 for 30 sec.  This spore suspension 233 

was pipetted into a hemocytometer to quantify conidia concentration (number per mL).  Conidia 234 

concentrations were standardized using culture area (plus the plug section area) prior to data 235 

analysis.   236 

 237 

Data analysis 238 

We calculated descriptive statistics for concentrations of all detected monoterpenes, which were 239 

summed to get total monoterpenes. Descriptive statistics for compounds not used in the below 240 

analyses are listed by pine species and inoculation treatment in Supplementary Table 1.  Total 241 

monoterpenes as well as a subset of nine individual (chiral and non-chiral) monoterpenes with 242 

known bioactivities in the MPB-pine system and occurred in both lodgepole and jack pine were 243 

used in the statistical analyses described below.  The overall effect of inoculation on 244 

monoterpene profiles (all nine individual compounds) was examined by comparing the profiles 245 

of single inoculation controls to those of all inoculation treatments pooled. These comparisons 246 

were analyzed using permutational multivariate analysis of variance (PerMANOVA; 10,000 247 

permutations), and separate tests were performed for lodgepole and jack pines.  Variation in 248 

monoterpene profiles among inoculation treatments (excluding controls) and between species as 249 

well as inoculation-species interactions were tested using two-way PerMANOVA.   250 

 To determine if the induction of all or certain monoterpenes responded to inoculation 251 

treatments (at least two inoculations), we separately tested treatment and species main effects 252 

and interaction for total and individual monoterpenes using two-way ANOVA.  This procedure 253 
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also tested inoculation-species interactions.  Tukey’s honest significant differences tests were 254 

used to examine pairwise differences for significant main effects or simple effects for significant 255 

interactions.  These analyses were further used for two additional derived response variables for 256 

chiral compounds: total concentration (sum of negative and positive enantiomer concentrations) 257 

and enantiomeric ratio (negative divided by positive enantiomer concentrations).   258 

 One-way ANOVA was used to test the statistical significance of differences in fungal 259 

growth and reproduction responses to amendment treatments for a given monoterpene-fungus 260 

combination.  Pairwise comparisons using Tukey’s honest significant difference tests were 261 

performed following significant omnibus tests.  Overall, study data were either log- or rank-262 

transformed prior to analysis to satisfy assumptions of normality and heteroscedasticity, as 263 

needed.  Figures were constructed using non-transformed data.   264 

 All analyses were performed within the R software environment version 3.3.1 (R Core 265 

Team 2016).  PerMANOVAs were performed using the “Adonis” function of R package Vegan 266 

version 2.0-10 (Oksanen et al. 2013).  All study data are freely available through the University 267 

of Alberta Libraries’ Dataverse network (doi: 10.7939/DVN/10850).   268 

 269 

Results 270 

Monoterpene profile responses to Grosmannia clavigera inoculation density 271 

One-way PerMANOVA indicated monoterpene profiles did not significantly differ (i.e., P>0.05) 272 

between controls and treated (inoculation treatments pooled) phloem for either lodgepole or jack 273 

pine.  However, lodgepole and jack pines differed in monoterpene profiles as indicated by a 274 

significant species main effect from a two-way PerMANOVA (F1,67=42.99, P=0.001).  No 275 

significant inoculation main effect or species-inoculation interactions were detected.   276 
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 277 

Total and individual induced monoterpenes 278 

Variation in total induced monoterpenes among treatments and between pine species is shown in 279 

Table 2.  Although total monoterpenes did not significantly differ among treatments, they did 280 

significantly differ between pine species (F1,67=6.74, P=0.012).  Overall, total monoterpenes 281 

were 73% more concentrated in jack pine (mean=32.8 (± 4.6 SE) µg/mg fresh weight of tissue) 282 

compared to lodgepole pine (mean=19.0 (± 2.3 SE) µg/mg). No significant species-treatment 283 

interactions were detected.   284 

 The nine individual (chiral and non-chiral) monoterpenes were detected in lodgepole and 285 

jack pine phloem and among inoculation treatments (Table 2).  Five of these compounds 286 

responded to inoculation treatments and/or differed between pine species: myrcene as well as (+) 287 

and (–) enantiomers of limonene and α-pinene.  These compounds together represented the 288 

majority of monoterpenes detected among inoculation treatments and between species (Table 2).  289 

For myrcene, induction significantly interacted with inoculation treatment and pine species (Fig. 290 

1, F4,67=3.49, P=0.012).  Simple effects of the pine species-inoculation density interaction 291 

indicated myrcene concentrations increased with inoculation density in jack pine, with 292 

concentrations increasing 500% when inoculation density increased from 2 to 32 per 0.3 m
2
 (Fig. 293 

1, Table 2).  Myrcene concentrations in lodgepole pine did not respond to inoculation treatments.  294 

Further, simple effects indicated that concentrations were lower in jack pine as compared to 295 

lodgepole pine by 83% for the 2 inoculations treatment, and by 77% for the 4 inoculation 296 

treatment (Fig. 1). Myrcene concentrations were comparable between species at greater 297 

inoculation densities (Fig. 1).  298 
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 Two-way ANOVA detected significant species main effects for total limonene (Fig. 2A), 299 

limonene enantiomeric ratio (Fig. 2B).  Overall, limonene was less concentrated in jack than in 300 

lodgepole pine, with total limonene being 80% lower (Fig. 2A, F1,67=25.21, P<0.001), and the 301 

ratio of (–)- to (+)-limonene being 44% lower (Fig. 2B, F1,67=16.16, P<0.001).  Similarly, (–)-302 

limonene was 81% lower (F1,67=32.12, P<0.001) in jack pine (mean=0.2 (± 0.1 SE) µg/mg) 303 

compared to lodgepole pine (mean=1.0 (± 0.2 SE) µg/mg), whereas (+)-limonene was 79% lower 304 

(F1,67=13.13, P<0.001) in jack pine (mean=0.1 (± 0.1 SE) µg/mg) compared to lodgepole pine 305 

(mean=0.5 (± 0.1 SE) µg/mg).  Species-inoculation interactions were non-significant for total 306 

limonene, limonene enantiomeric ratio, and individual limonene enantiomers.  307 

 Overall, α-pinene concentrations did not respond to inoculation treatments but differed 308 

between lodgepole and jack pines.  The magnitude of these differences varied by α-pinene form, 309 

with total α-pinene being 3,000% higher (Fig. 2C, F1,67=292.75, P<0.001) and the α-pinene 310 

enantiomeric ratio being 87% lower (Fig. 2D, F1,67=281.29, P<0.001) in jack pine compared to 311 

lodgepole pine.  Similarly, (–)-α-pinene was 1,675% more concentrated (F1,67=64.63, P<0.001) 312 

in jack pine (mean=7.1 (± 2.3 SE) µg/mg) compared to lodgepole pine (mean=0.4 (± 0.1 SE) 313 

µg/mg), whereas (+)-α-pinene concentrations were 7,350% higher (F1,67=514.68, P<0.001) in 314 

jack pine (mean=14.9 (± 1.9 SE) µg/mg) compared to lodgepole pine (mean=0.2 (± 0.1 SE) 315 

µg/mg).  No significant species-inoculation interactions were detected for these compounds.  316 

 317 

Fungal growth and reproduction on monoterpene- amended media 318 

Monoterpene levels reflecting lodgepole and jack pine rapid defensive responses to G. clavigera 319 

inoculations affected the growth and reproduction of G. clavigera, L. longiclavatum, and O. 320 

montium.  However, the magnitude and directionality of these responses varied by fungal 321 
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species, amendment concentration (low and high levels detected in lodgepole or jack pine 322 

phloem), and individual monoterpene (myrcene, limonene, and α-pinene).   323 

 Overall, myrcene concentrations either did not affect or negatively affected fungal growth 324 

while simultaneously stimulating fungal reproduction.  For amendments simulating lodgepole 325 

pine induction levels of myrcene, fungal growth did not respond to myrcene amendments, except 326 

G. clavigera whose growth was inhibited in the low amendment treatment (Table 3, Fig. 3A, C, 327 

E).  However, low and high myrcene concentrations from this pine stimulated the reproduction 328 

of each fungus (Table 3, Fig. 3B, D, F).  For amendments simulating jack pine induction levels 329 

of myrcene, the growth of G. clavigera and L. longiclavatum were inhibited by the low and high 330 

concentration treatments (Table 3, Fig. 3A, E).  However, O. montium growth was only slightly 331 

inhibited and did not respond to low and high treatments, respectively (Table 3, Fig. 3C).  These 332 

treatments simulating jack pine induction stimulated the reproduction of each fungus, except G. 333 

clavigera did not respond to the high myrcene concentration amendment (Table 3, Fig. 3B, D, 334 

F).   335 

 Media amended with low and high limonene concentrations from lodgepole and jack 336 

pines tended to differentially affect the fungi, with the effects of limonene being more consistent 337 

between amendment concentrations from jack and lodgepole pine than was observed for 338 

myrcene.  For amendments simulating limonene induction in lodgepole pine, G. clavigera 339 

growth was stimulated and inhibited by low and high concentration treatments, respectively 340 

(Table 3, Fig. 4A).  However, these treatments inhibited the reproduction of this fungus (Table 3, 341 

Fig. 4B).  Conversely, O. montium and L. longiclavatum growth and reproduction were 342 

stimulated by limonene concentration treatments simulating lodgepole pine induction (Table 3, 343 

Fig. 4C-F).  For amendments simulating limonene induction in jack pine, G. clavigera growth 344 
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was stimulated while reproduction was inhibited by low and high concentration amendments 345 

(Table 3, Fig. 4A, B).  However, O. montium and L. longiclavatum growth and reproduction 346 

were stimulated by these amendments (Table 3, Fig. 4C-F).   347 

 Fungal growth and reproduction responded to most α-pinene amendments simulating 348 

lodgepole and jack pine induction concentrations.  For amendments simulating lodgepole pine 349 

induction, G. clavigera growth did not respond to either low or high concentration amendments, 350 

whereas the reproduction of this fungus was stimulated by the low concentration but did not 351 

respond to the high concentration (Table 3, Fig. 5A, B).  However, O. montium and L. 352 

longiclavatum growth and reproduction was stimulated by these amendments (Table 3, Fig. 5C-353 

F).  For amendments simulating α-pinene induction in jack pine, G. clavigera growth was 354 

inhibited by low and high concentration amendments, whereas G. clavigera reproduction did not 355 

respond to the low concentration and was stimulated by the high concentration (Table 3, Fig. 5A, 356 

B).  Ophiostoma montium growth and reproduction were stimulated by these amendments.  357 

Although L. longiclavatum growth was stimulated by low and high α-pinene concentrations 358 

simulating jack pine induction, its reproduction did not respond to either amendment (Table 3, 359 

Fig. 5C-F).   360 

 361 

Discussion 362 

On the basis of rapidly induced monoterpenes, jack pine is likely more susceptible to MPB 363 

colonization than lodgepole pine due to differences in the levels of monoterpenes that promote 364 

beetle aggregation behavior (e.g., myrcene and α-pinene) and inhibit beetle attack (e.g., 365 

limonene).  Between tree species, myrcene concentrations only in jack pine phloem responded to 366 

inoculation density, such that concentrations of this compound increased 500% between the 367 
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lowest and highest density treatments.  While α-pinene induction did not respond to inoculation 368 

density in either pine, induction of this compound in jack pine was 18 – 77 times greater than 369 

that in lodgepole pine.  Our findings support those of others (Clark et al. 2012), indicating that 370 

mountain pine beetle attack increases myrcene concentration in lodgepole pine phloem.  Such 371 

changes likely coincide with an increase in the emission concentration of this compound from 372 

attacked trees, as phloem and emission monoterpene concentrations can be positively associated 373 

(Taft et al. 2015a).  Volatile myrcene synergizes with beetle aggregation pheromones, and thus is 374 

important to beetle mate finding and reproduction as well as overwhelming host tree defenses 375 

(Pureswaran et al. 2000, Raffa et al. 2005, Borden et al. 2008).  Further, mass attack of host trees 376 

is invariably linked to α-pinene as newly arrived females hydroxylate this compound to 377 

synthesize trans-verbenol (an aggregation pheromone attractive to both sexes), whose emission 378 

from beetles increases with α-pinene levels in lodgepole and jack pine phloem (Pitman et al. 379 

1968, Pitman and Vite 1969, Gries et al. 1990, Blomquist et al. 2010, Taft et al. 2015a).  Thus, as 380 

long as α-pinene occurs at non-toxic concentrations, trees with high α-pinene levels could 381 

experience heavy beetle colonization (Pureswaran et al. 2000, Safranyik et al. 2010).  Our results 382 

indicate that a positive feedback between MPB attack and myrcene induction could occur as 383 

beetles colonize jack pine.  Such a feedback could likely synergize with the substantially higher 384 

levels of α-pinene to encourage rapid MPB colonization resulting in jack pine mortality from 385 

mass attack.   386 

 Low levels of limonene in the rapid induction response may limit jack pine resistance to 387 

MPB colonization.  Although limonene concentrations did not respond to inoculation density, we 388 

found that overall limonene concentrations seven days after inoculations were 78 – 80% lower in 389 

jack pine compared to lodgepole pine phloem.  This compound is toxic to MPB and thus is an 390 
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important component of pine defenses against beetle attack and colonization, and limonene 391 

levels can be a defining characteristic of beetle-resistant lodgepole pine (Raffa and Berryman 392 

1983a, Raffa et al. 2005, Boone et al. 2011, Reid and Purcell 2011, Manning and Reid 2013).  In 393 

lodgepole pine, MPB-attacked trees can have phloem limonene concentrations greater than those 394 

of non-attacked trees (Clark et al. 2010, 2014, Boone et al. 2011, Goodsman et al. 2013).  For 395 

example, limonene concentrations can increase by 95% following initial MPB attack (Raffa and 396 

Berryman 1987).  Although we used G. clavigera inoculations as a surrogate for MPB attack, 397 

pines can respond to ophiostomatoid fungi by accumulating monoterpenes such as limonene to 398 

high concentrations that negatively affect beetle vectors (Raffa and Smalley 1995).  Thus, lower 399 

levels of limonene in jack pine phloem indicate a greater susceptibility to MPB colonization 400 

which may compound with that of myrcene and α-pinene to hasten mass attack onset and tree 401 

death relative to that of lodgepole pine.   402 

 Rapid induction of myrcene, α-pinene, and limonene in lodgepole and jack pine to 403 

simulated MPB attack can cause shifts in the growth-reproduction balance of G. clavigera, but 404 

may not arrest both biological functions.  In general, myrcene amendments reflecting pine 405 

induction levels favored G. clavigera reproduction over growth.  α-Pinene elicited similar 406 

responses as myrcene concentrations present in jack pine, but did not affect G. clavigera growth 407 

at concentrations reflecting lodgepole pine induction.  Although the growth and reproduction of 408 

this fungus was inhibited by the most concentrated limonene amendment treatment, less 409 

concentrated treatments favored fungal growth over reproduction.  Our results indicate that 410 

myrcene and α-pinene can be fungistatic to G. clavigera, as they inhibited but not halted 411 

mycelial growth.  Furthermore, these compounds may act as stressors or environmental cues to 412 

shift G. clavigera development from assimilative to reproductive growth thereby increasing 413 
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propagule availability to vectoring MPB (Kendrick 2000).  Limonene amendments likely 414 

stimulated assimilative growth because G. clavigera can detoxify and metabolize this compound 415 

(DiGuistini et al. 2011, Wang et al. 2013, 2014).  However, our results indicate that the capacity 416 

of this fungus to utilize limonene likely has a concentration threshold above which fungal growth 417 

and reproduction are inhibited.  The presence of α-pinene levels in jack pine that are fungistatic 418 

to G. clavaigera may suggest that this host is at least in part less susceptible than lodgepole pine.  419 

However, considering the overall effects of myrcene, α-pinene, and limonene on fungal growth, 420 

the susceptibility of jack pine to G. clavigera may in fact be similar to that of lodgepole pine.  421 

Because monoterpenes are simultaneously induced in planta, additional work using media 422 

amended with a combination of these compounds is needed in order to reveal potential chemical 423 

synergisms or additive effects that influence the biology and activity of ophiostomatoid fungi in 424 

host pines.  Elucidating such effects may allow us to integrate our understanding of how MPB 425 

and its vectored fungi respond to host chemical induction in order to help clarify MPB holobiont-426 

pine interactions and in turn the phytochemical factors underlying pine resistance to the 427 

holobiont (Six 2013).  428 

 Inter-pine differences in rapid monoterpene responses to simulated MPB attack similarly 429 

facilitate O. montium and L. longiclavatum growth and reproduction.  We demonstrated that the 430 

growth and reproduction of O. montium and L. longiclavatum was generally stimulated by low 431 

and high levels of induced monoterpenes elicited by G. clavigera.  Although where L. 432 

longiclavatum occurs in the invasion sequence of pine phloem/sapwood is unknown, G. 433 

clavigera is the primary invader, whose lesions are later colonized by O. montium (Solheim 434 

1995).  Ophiostoma montium can maintain positive growth and is not nutrient-limited in these 435 

lesions despite their high monoterpene and low carbohydrate concentrations (Bleiker and Six 436 
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2009, Goodsman et al. 2012, 2013, Lusebrink et al. 2016).  Such facilitation is likely explained 437 

by a capacity to detoxify and metabolize host terpenes, as has been demonstrated for limonene 438 

utilization by O. montium and L. longiclavatum (Wang et al. 2014).  Thus, our results indicate 439 

that lodgepole and jack pine are likely similarly susceptible to O. montium and L. longiclavatum 440 

under the induction environment created by simulated MPB attack.  However, whether 441 

monoterpene induction is similar among the MPB-associated fungi and potentially interacts with 442 

host pine species is unknown. Such an understanding could help more accurately predict the 443 

relative susceptibility of lodgepole and jack pine to these fungi.   444 

 445 

Conclusions 446 

Pine secondary compounds are a critical component underlying tree susceptibility to bark beetles 447 

and their symbiotic fungi.  Here, we showed that the rapid induced monoterpene responses to 448 

simulated MPB attack may promote beetle aggregation and colonization of jack pine trees.  The 449 

rapid monoterpene induction responses of jack pine have likely evolved in the absence of MPB 450 

pressure, potentially resulting in induction responses with a relatively low capacity to inhibit 451 

early stages of beetle colonization and in turn mass attacks.  Thus, given beetle populations of a 452 

size conducive to mass attack, jack pine may be colonized and mass attacked by MPB faster than 453 

lodgepole pine.  The susceptibility of jack pine to infection by the MPB-vectored 454 

phytopathogenic fungi is less clear.  However, our results show that these fungi respond similarly 455 

to the rapid monoterpene induction levels of jack and lodgepole pines.  Because these fungi are 456 

critical to successful MPB colonization and mass attack, this similarity indicates that the 457 

induction responses of jack pine will likely not adversely affect symbiont activities enough to 458 

inhibit the invasion of MPB into jack pine forests.   459 

Page 21 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 460 

Funding 461 

Funding for this research was provided by Natural Sciences and Engineering Research Council 462 

of Canada (NSERC) Strategic Network Grants program in support of the TRIA NETWORK 463 

projects (http://www.thetriaproject.ca) of which NE is co-investigator as well as by Alberta 464 

Innovates New Faculty Award and NSERC Discovery Award to NE. 465 

 466 

Acknowledgements  467 

We thank Tom Hutchison and Andrea Sharpe from Alberta Agriculture and Forestry as well as 468 

Kandis Dickhaut and Rick Bonar from West Fraser Mills Ltd. for their help with site selection 469 

and sample collection. We also acknowledge that all research presented in the manuscript was 470 

conducted in accordance with the applicable laws set forth by provincial (Alberta) and federal 471 

governments as well as the University of Alberta. All necessary permits were in hand when the 472 

research was conducted.   473 

  474 

Conflict of interest 475 

None declared 476 

 477 

478 

Page 22 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 479 

References 480 

Abramoff MD, Magalhaes PJ, Ram SJ (2004) Image processing with ImageJ. Biophotonics Int 481 

11:36–42. 482 

Adams AS, Six DL (2007) Temporal variation in mycophagy and prevalence of fungi associated 483 

with developmental stages of Dendroctonus ponderosae (Coleoptera: Curculionidae). 484 

Environ Entomol 36:64–72. 485 

Becerra JX (1997) Insects on plants: macroevolutionary chemical trends in host use. Science (80- 486 

) 276:253–256. 487 

Bentz B, Logan J, MacMahon J, Allen C, Ayres M, Berg E, Carroll A, Hansen M, Hicke J, Joyce 488 

L, Macfarlane W, Munson S, Negron J, Paine T, Powell J, Raffa K, Regniere J, Reid M, 489 

Romme B, Seybold S, Six D, Tomback D, Vandygriff J, Veblen T, White M, Witcosky J, 490 

Wood D (2009) Bark Beetle Outbreaks in Western North America: Causes and 491 

Consequences. University of Utah Press, Salt Lake City, Utah. 492 

Bentz BJ, Régnière J, Fettig CJ, Hansen EM, Hayes JL, Hicke JA, Kelsey RG, Negrón JF, 493 

Seybold SJ (2010) Climate change and bark beetles of the Western United States and 494 

Canada: direct and indirect effects. Bioscience 60:602–613. 495 

Bentz BJ, Six DL (2006) Ergosterol content of fungi associated with Dendroctonus ponderosae 496 

and Dendroctonus rufipennis (Coleoptera: Curculionidae, Scolytinae). Ann Entomol Soc 497 

Am 99:189–194. 498 

Bleiker KP, Potter SE, Lauzon CR, Six DL (2009) Transport of fungal symbionts by mountain 499 

pine beetles. Can Entomol 141:503–514. 500 

Bleiker KP, Six DL (2007) Dietary benefits of fungal associates to an eruptive herbivore: 501 

Page 23 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

potential implications of multiple associates on host population dynamics. Environ Entomol 502 

36:1384–1396. 503 

Bleiker KP, Six DL (2009) Effects of water potential and solute on the growth and interactions 504 

of two fungal symbionts of the mountain pine beetle. Mycol Res 113:3–15. 505 

Blomquist GJ, Figueroa-Teran R, Aw M, Song M, Gorzalski A, Abbott NL, Chang E, Tittiger C 506 

(2010) Pheromone production in bark beetles. Insect Biochem Mol Biol 40:699–712. 507 

Boone CK, Aukema BH, Bohlmann J, Carroll AL, Raffa KF (2011) Efficacy of tree defense 508 

physiology varies with bark beetle population density: a basis for positive feedback in 509 

eruptive species. Can J For Res 41:1174–1188. 510 

Borden JH, Pureswaran DS, Lafontaine JP (2008) Synergistic blends of monoterpenes for 511 

aggregation pheromones of the mountain pine beetle (Coleoptera: Curculionidae). J Econ 512 

Entomol 101:1266–1275. 513 

Brenebaum MR (1995) The chemistry of defense: theory and practice. Proceeding Natl Acad Sci 514 

92:2–8. 515 

Byers JA, Birgersson G (1990) Pheromone production in a bark beetle independent of myrcene 516 

precursor in host pine species. Naturwissenschaften 77:385–387. 517 

Cale JA, Collignon RM, Klutsch JG, Kanekar SS, Hussain A, Erbilgin N (2016) Fungal volatiles 518 

can act as carbon sources and semiochemicals to mediate interspecific interactions among 519 

bark beetle-associated fungal symbionts. PLoS One 11:e0162197. 520 

Clark EL, Carroll AL, Huber DPW (2010) Differences in the constitutive terpene profile of 521 

lodgepole pine across a geographical range in British Columbia, and correlation with 522 

historical attack by mountain pine beetle. Can Entomol 142:557–573. 523 

Clark EL, Huber DPW, Carroll AL (2012) The legacy of attack: Implications of high phloem 524 

Page 24 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

resin monoterpene levels in lodgepole pines following mass attack by mountain pine beetle, 525 

Dendroctonus ponderosae Hopkins. Environ Entomol 41:392–398. 526 

Clark EL, Pitt C, Carroll AL, Lindgren BS, Huber DPW (2014) Comparison of lodgepole and 527 

jack pine resin chemistry: implications for range expansion by the mountain pine beetle, 528 

Dendroctonus ponderosae (Coleoptera: Curculionidae). PeerJ 2:e240. 529 

Cullingham CI, Cooke JEK, Dang S, Davis CS, Cooke BJ, Coltman DW (2011) Mountain pine 530 

beetle host-range expansion threatens the boreal forest. Mol Ecol 20:2157–2171. 531 

DiGuistini S, Wang Y, Liao NY, Taylor G, Tanguay P, Feau N, Henrissat B, Chan SK, Hesse-532 

Orce U, Alamouti SM, Tsui CKM, Docking RT, Levasseur A, Haridas S, Robertson G, 533 

Birol I, Holt RA, Marra MA, Hamelin RC, Hirst M, Jones SJM, Bohlmann J, Breuil C 534 

(2011) Genome and transcriptome analyses of the mountain pine beetle-fungal symbiont 535 

Grosmannia clavigera, a lodgepole pine pathogen. Proc Natl Acad Sci 108:2504–2509. 536 

Erbilgin N, Cale JA, Lusebrink I, Klutsch JG, Sherwood P, Bonello P, Evenden ML (2017) 537 

Water-deficit and fungal infection can differentially affect the production of different 538 

classes of defense compounds in two host pines of mountain pine beetle. Tree Physiol 539 

37:338–350. 540 

Erbilgin N, Colgan LJ (2012) Differential effects of plant ontogeny and damage type on phloem 541 

and foliage monoterpenes in jack pine (Pinus banksiana). Tree Physiol 32:946–957. 542 

Erbilgin N, Krokene P, Christiansen E, Zeneli G, Gershenzon J (2006) Exogenous application of 543 

methyl jasmonate elicits defenses in Norway spruce (Picea abies) and reduces host 544 

colonization by the bark beetle Ips typographus. Oecologia 148:426–436. 545 

Erbilgin N, Ma C, Whitehouse C, Shan B, Najar A, Evenden M (2014) Chemical similarity 546 

between historical and novel host plants promotes range and host expansion of the mountain 547 

Page 25 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

pine beetle in a naive host ecosystem. New Phytol 201:940–950. 548 

Eyles A, Bonello P, Ganley R, Mohammed C (2010) Induced resistance to pests and pathogens 549 

in trees. New Phytol 185:893–908. 550 

Franceschi VR, Krokene P, Christiansen E, Krekling T (2005) Anatomical and chemical 551 

defenses of conifer bark against bark beetles and other pests. New Phytol 167:353–376. 552 

Futuyma DJ (2008) Ecology, speciation, and adaptive radiation: the long view. Evolution (N Y) 553 

62:2446–2449. 554 

Goodsman DW, Erbilgin N, Lieffers VJ (2012) The impact of phloem nutrients on overwintering 555 

mountain pine beetles and their fungal symbionts. Environ Entomol 41:478–486. 556 

Goodsman DW, Lusebrink I, Landhäusser SM, Erbilgin N, Lieffers VJ (2013) Variation in 557 

carbon availability, defense chemistry and susceptibility to fungal invasion along the stems 558 

of mature trees. New Phytol 197:586–594. 559 

Gries G, Leufvén A, Lafontaine JP, Pierce HD, Borden JH, Vanderwel D, Oehlschlager AC 560 

(1990) New metabolites of α-pinene produced by the mountain pine beetle, Dendroctonus 561 

ponderosae (Coleoptera: Scolytidae). Insect Biochem 20:365–371. 562 

Jermy T (1984) Evolution of insect/host plant relationships. Am Nat 124:609–630. 563 

Keefover-Ring K, Trowbridge A, Mason CJ, Raffa KF (2016) Rapid induction of multiple 564 

terpenoid groups by ponderosa pine in response to bark beetle-associated fungi. J Chem 565 

Ecol 42:1–12. 566 

Keeling CI, Bohlmann J (2006) Genes, enzymes and chemicals ofter penoid diversity in the 567 

constitutive and induced defence of conifers against insects and pathogens. New Phytol 568 

170:657–675. 569 

Kendrick B (2000) The Fifth Kingdom, 3rd edn. Focus Publishing, Newburyport, MA. 570 

Page 26 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Lee S, Kim J-J, Breuil C (2005) Leptographium longiclavatum sp. nov., a new species associated 571 

with the mountain pine beetle, Dendroctonus ponderosae. Mycol Res 109:1162–1170. 572 

Lusebrink I, Erbilgin N, Evenden ML (2013) The lodgepole × jack pine hybrid zone in Alberta, 573 

Canada: a stepping stone for the mountain pine beetle on its journey east across the boreal 574 

forest? J Chem Ecol 39:1209–1220. 575 

Lusebrink I, Erbilgin N, Evenden ML (2016) The effect of water limitation on volatile emission, 576 

tree defense response, and brood success of Dendroctonus ponderosae in two pine hosts, 577 

lodgepole, and jack pine. Front Ecol Evol 4 578 

Lusebrink I, Evenden ML, Blanchet FG, Cooke JEK, Erbilgin N (2011) Effect of water stress 579 

and fungal inoculation on monoterpene emission from an historical and a new pine host of 580 

the mountain pine beetle. J Chem Ecol 37:1013–1026. 581 

Man G (2012) Major forest insect and disease conditions in the United States: 2011. USDA 582 

Forest Service, FS-1000, Washinton, DC. 583 

Manning CG, Reid ML (2013) Sub-lethal effects of monoterpenes on reproduction by mountain 584 

pine beetles. Agric For Entomol 15:262–271. 585 

Paine TD, Hanlon CC (1994) Influence of oleoresin constituents from Pinus ponderosa and 586 

Pinus jeffreyi on growth of mycangial fungi from Dendroctonus ponderosae and 587 

Dendroctonus jeffreyi. J Chem Ecol 20:2551–2563. 588 

Phillips MA, Croteau RB (1999) Resin-based defenses in conifers. Trends Plant Sci 4:184–190. 589 

Pitman G, Vite J (1969) Aggregation behaviour of Dendroctonus ponderosae (Coleoptera: 590 

Scolytidae) in response to chemical messengers. Can Entomol 101:143–149. 591 

Pitman G, Vite J, Kinzer G (1968) Bark beetle attractants– trans-verbenol isolated from 592 

Dendroctonus. Nature 218:168–169. 593 

Page 27 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Pureswaran DS, Gries R, Borden JH, Pierce, Jr. HD (2000) Dynamics of pheromone production 594 

and communication in the mountain pine beetle, Dendroctonus ponderosae Hopkins, and 595 

the pine engraver, Ips pini (Say) (Coleoptera: Scolytidae). Chemoecology 10:153–168. 596 

Raffa KF, Aukema BH, Bentz BJ, Carroll AL, Hicke JA, Turner MG, Romme WH (2008) 597 

Cross-scale drivers of natural disturbances prone to anthropogenic amplification: the 598 

dynamics of bark beetle eruptions. Bioscience 58:501. 599 

Raffa KF, Aukema BH, Erbilgin N, Klepzig KD, Wallin KF (2005) Interactions among conifer 600 

terpenoids and bark beetles across multiple levels of scale: an attempt to understand links 601 

between population patterns and physiological processes. Recent Adv Phytochem 39:79–602 

118. 603 

Raffa KF, Berryman AA (1983a) The role of host plant-resistance in the colonization behavior 604 

and ecology of bark beetles (Coleoptera: Scolytidae). Ecol Monogr 53:27–49. 605 

Raffa KF, Berryman AA (1983b) Physiological aspects of lodgepole pine wound responses to a 606 

fungal symbiont of the mountain pine beetle, Dendroctonus ponderosae (Coleoptera: 607 

Scolytidae). Can Entomol 115:723–734. 608 

Raffa KF, Berryman AA (1987) Interacting selective pressures in conifer-bark beetle systems: a 609 

basis for reciprocal adaptations. Am Nat 129:234–262. 610 

Raffa KF, Powell EN, Townsend PA (2013) Temperature-driven range expansion of an irruptive 611 

insect heightened by weakly coevolved plant defenses. Proc Natl Acad Sci 110:2193–2198. 612 

Raffa KF, Smalley EB (1995) Interaction of pre-attack and induced monoterpene concentrations 613 

in host conifer defense against bark beetle-fungal complexes. Oecologia 102:285–295. 614 

Reid ML, Purcell JRC (2011) Condition-dependent tolerance of monoterpenes in an insect 615 

herbivore. Arthropod Plant Interact 5:331–337. 616 

Page 28 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Roe AD, James PMA, Rice A V., Cooke JEK, Sperling FAH (2011) Spatial community structure 617 

of mountain pine beetle fungal symbionts across a latitudinal gradient. Microb Ecol 62:347–618 

360. 619 

Roe AD, Rice A V., Bromilow SE, Cooke JEK, Sperling FAH (2010) Multilocus species 620 

identification and fungal DNA barcoding: Insights from blue stain fungal symbionts of the 621 

mountain pine beetle. Mol Ecol Resour 10:946–959. 622 

Safranyik L, Carroll AL, Régnière J, Langor DW, Riel WG, Shore TL, Peter B, Cooke BJ, 623 

Nealis VG, Taylor SW (2010) Potential for range expansion of mountain pine beetle into 624 

the boreal forest of North America. Can Entomol 142:415–442. 625 

Six DL (2003) A comparison of mycangial and phoretic fungi of individual mountain pine 626 

beetles. Can J For Res 33:1331–1334. 627 

Six DL (2013) The bark beetle holobiont: why microbes matter. J Chem Ecol 39:989–1002. 628 

Solheim H (1995) Early stages of blue-stain fungus invasion of lodgepole pine sapwood 629 

following mountain pine beetle attack. Can J Bot 73:70–74. 630 

Solheim H, Krokene P (1998) Growth and virulence of mountain pine beetle associated blue-631 

stain fungi, Ophiostoma clavigerum and Ophiostoma montium. Can J Bot 76:561–566. 632 

Taft S, Najar A, Erbilgin N (2015) Pheromone production by an invasive bark beetle varies with 633 

monoterpene composition of its naïve host. J Chem Ecol 41:540–549. 634 

Taft S, Najar A, Godbout J, Bousquet J, Erbilgin N (2015) Variations in foliar monoterpenes 635 

across the range of jack pine reveal three widespread chemotypes: implications to host 636 

expansion of invasive mountain pine beetle. Front Plant Sci 6:1–12. 637 

Wallis C, Eyles A, Chorbadjian R, McSpadden Gardener B, Hansen R, Cipollini D, Herms DA 638 

(2008) Systemic induction of phloem secondary metabolism and its relationship to 639 

Page 29 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

resistance to a canker pathogen in Austrian pine. New Phytol 177:767–778. 640 

Wang Y, Lim L, DiGuistini S, Robertson G, Bohlmann J, Breuil C (2013) A specialized ABC 641 

efflux transporter GcABC-G1 confers monoterpene resistance to Grosmannia clavigera, a 642 

bark beetle-associated fungal pathogen of pine trees. New Phytol 197:886–898. 643 

Wang Y, Lim L, Madilao L, Lah L, Bohlmann J, Breuil C (2014) Gene discovery for enzymes 644 

involved in limonene modification or utilization by the mountain pine beetle-associated 645 

pathogen Grosmannia clavigera. Appl Environ Microbiol 80:4566–4576. 646 

Whitney H, Farris S (1970) Maxillary mycangium in the mountain pine beetle. Science (80- ) 647 

167:54–55. 648 

Wood DL (1982) The Role of pheromones, kairomones, and allomones in the host selection and 649 

colonization behavior of bark beetles. Annu Rev Entomol 27:411–446. 650 

 651 

652 

Page 30 of 79

http://mc.manuscriptcentral.com/tp

Manuscripts submitted to Tree Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 653 

Figure captions 654 

Figure 1.  Interaction plot showing mean (±SE) myrcene concentration (µg/mg fresh weight of 655 

tissue) in lodgepole (Pinus contorta var. latifolia) and jack (P. banksiana) pine phloem by 656 

Grosmannia clavigera inoculation density treatments (2, 4, 8, 16, or 32 inoculations per 0.3 m
2
 657 

of bark; n=7 or 8).    658 

 659 

Figure 2. Mean (±SE) total limonene concentration (µg/mg fresh weight of tissue; sum of 660 

enantiomer concentrations, A), limonene enantiomeric ratio (B, negative divided by positive 661 

enantiomer concentrations), total α-pinene concentration (µg/mg; C), and α-pinene enantiomeric 662 

ratio (D) in the rapid induction (seven days post-inoculation) responses of jack (Pinus banksiana, 663 

n=38) and lodgepole (P. contorta var. latifolia, n=39) pine phloem inoculated with Grosmannia 664 

clavigera, a fungal symbiont of mountain pine beetle (Dendroctonus ponderosae). 665 

 666 

Figure 3.  Mean percent differences in fungal growth (culture area; left column) and 667 

reproduction (conidia density; right column) between cultures of Grosmannia clavigera (A, B), 668 

Ophiostoma montium (C, D), and Leptographium longiclavatum (E, F) grown on myrcene-669 

amended and non-amended (control) media.  Myrcene amendments reflect induction levels 670 

detected in lodgepole (Pinus contorta var. latifolia; LP; Low concentration=0.25 µg/mg, High 671 

concentration=2.25 µg/mg) and jack (P. banksiana; JP; Low concentration=0.09 µg/mg, High 672 

concentration=0.36 µg/mg) pines.  Control culture area means were 2,289.6 (±72.0) mm
2
 for G. 673 

clavigera, 1,477.7 (±19.3) mm
2
 for O. montium, and 2,474.0 (±63.7) mm

2
 for L. longiclavatum.  674 

Control conidia density means were 726.3 (±87.0) conidia mm
-2

 for G. clavigera, 1,236.1 675 
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(±214.3) conidia mm
-2

 for O. montium, and 158.9 (±20.5) conidia mm
-2 

for L. longiclavatum.  676 

Each media treatment was replicated fifteen times. As indicated by Tukey’s honest significant 677 

difference tests, non-significant differences between treatments are indicated by “NS” notation 678 

between bars, whereas significant differences are indicated with “*” (P<0.05 – 0.01), “**” 679 

(P<0.01 – 0.001), or “***” (P<0.001). 680 

 681 

Figure 4.  Mean percent differences in fungal growth (culture area; left column) and 682 

reproduction (conidia density; right column) between cultures of Grosmannia clavigera (A, B), 683 

Ophiostoma montium (C, D), and Leptographium longiclavatum (E, F) grown on limonene-684 

amended and non-amended (control) media.  Limonene amendments reflect induction levels 685 

detected in lodgepole (Pinus contorta var. latifolia; LP; Low concentration=0.17 µg/mg, High 686 

concentration=0.48 µg/mg) and jack (P. banksiana; JP; Low concentration=0.07 µg/mg, High 687 

concentration=0.26 µg/mg) pines.  Control culture area means were 2,289.6 (±72.0) mm
2
 for G. 688 

clavigera, 1,477.7 (±19.3) mm
2
 for O. montium, and 2,474.0 (±63.7) mm

2
 for L. longiclavatum.  689 

Control conidia density means were 726.3 (±87.0) conidia mm
-2

 for G. clavigera, 1,236.1 690 

(±214.3) conidia mm
-2

 for O. montium, and 158.9 (±20.5) conidia mm
-2 

for L. longiclavatum.  691 

Each media treatment was replicated fifteen times. As indicated by Tukey’s honest significant 692 

difference tests, non-significant differences between treatments are indicated by “NS” notation 693 

between bars, whereas significant differences are indicated with “*” (P<0.05 – 0.01), “**” 694 

(P<0.01 – 0.001), or “***” (P<0.001). 695 

 696 

Figure 5.  Mean percent differences in fungal growth (culture area; left column) and 697 

reproduction (conidia density; right column) between cultures of Grosmannia clavigera (A, B), 698 
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Ophiostoma montium (C, D), and Leptographium longiclavatum (E, F) grown on α-pinene-699 

amended and non-amended (control) media.  α-Pinene amendments reflect induction levels 700 

detected in lodgepole (Pinus contorta var. latifolia; LP; Low concentration=0.22 µg/mg, High 701 

concentration=0.69 µg/mg) and jack (P. banksiana; JP; Low concentration=9.28 µg/mg, High 702 

concentration=21.39 µg/mg) pines.  Control culture area means were 2,289.6 (±72.0) mm
2
 for G. 703 

clavigera, 1,477.7 (±19.3) mm
2
 for O. montium, and 2,474.0 (±63.7) mm

2
 for L. longiclavatum.  704 

Control conidia density means were 726.3 (±87.0) conidia mm
-2

 for G. clavigera, 1,236.1 705 

(±214.3) conidia mm
-2

 for O. montium, and 158.9 (±20.5) conidia mm
-2 

for L. longiclavatum.  706 

Each media treatment was replicated fifteen times. As indicated by Tukey’s honest significant 707 

difference tests, non-significant differences between treatments are indicated by “NS” notation 708 

between bars, whereas significant differences are indicated with “*” (P<0.05 – 0.01), “**” 709 

(P<0.01 – 0.001), or “***” (P<0.001). 710 

 711 

 712 
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Figure 4.  Mean percent differences in fungal growth (culture area; left column) and reproduction (conidia 
density; right column) between cultures of Grosmannia clavigera (A, B), Ophiostoma montium (C, D), and 

Leptographium longiclavatum (E, F) grown on limonene-amended and non-amended (control) 

media.  Limonene amendments reflect induction levels detected in lodgepole (Pinus contorta var. latifolia; 
LP; Low concentration=0.17 µg/mg, High concentration=0.48 µg/mg) and jack (P. banksiana; JP; Low 
concentration=0.07 µg/mg, High concentration=0.26 µg/mg) pines.  Control culture area means were 

2,289.6 (±72.0) mm2 for G. clavigera, 1,477.7 (±19.3) mm2 for O. montium, and 2,474.0 (±63.7) mm2 
for L. longiclavatum.  Control conidia density means were 726.3 (±87.0) conidia mm-2 for G. clavigera, 

1,236.1 (±214.3) conidia mm-2 for O. montium, and 158.9 (±20.5) conidia mm-2 for L. 
longiclavatum.  Each media treatment was replicated fifteen times. As indicated by Tukey’s honest 

significant difference tests, non-significant differences between treatments are indicated by “NS” notation 
between bars, whereas significant differences are indicated with “*” (P<0.05 – 0.01), “**” (P<0.01 – 

0.001), or “***” (P<0.001).  
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Figure 5.  Mean percent differences in fungal growth (culture area; left column) and reproduction (conidia 
density; right column) between cultures of Grosmannia clavigera (A, B), Ophiostoma montium (C, D), and 
Leptographium longiclavatum (E, F) grown on α-pinene-amended and non-amended (control) media.  α-

Pinene amendments reflect induction levels detected in lodgepole (Pinus contorta var. latifolia; LP; Low 
concentration=0.22 µg/mg, High concentration=0.69 µg/mg) and jack (P. banksiana; JP; Low 

concentration=9.28 µg/mg, High concentration=21.39 µg/mg) pines.  Control culture area means were 
2,289.6 (±72.0) mm2 for G. clavigera, 1,477.7 (±19.3) mm2 for O. montium, and 2,474.0 (±63.7) mm2 
for L. longiclavatum.  Control conidia density means were 726.3 (±87.0) conidia mm-2 for G. clavigera, 

1,236.1 (±214.3) conidia mm-2 for O. montium, and 158.9 (±20.5) conidia mm-2 for L. 
longiclavatum.  Each media treatment was replicated fifteen times. As indicated by Tukey’s honest 

significant difference tests, non-significant differences between treatments are indicated by “NS” notation 
between bars, whereas significant differences are indicated with “*” (P<0.05 – 0.01), “**” (P<0.01 – 

0.001), or “***” (P<0.001).  
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