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The mountain pine beetle (MPB; Dendroctonus ponderosae) has recently expanded its range from lodgepole pine forest into the lodgepole × jack pine hybrid zone in central Alberta, within which it has attacked pure jack pine. This study tested the effects of water limitation on tree defense response of mature lodgepole and jack pine (Pinus contorta and Pinus banksiana) trees in the field. Tree defense response was initiated by inoculation of trees with the MPB-associated fungus Grosmannia clavigera and measured through monoterpene emission from tree boles and concentration of defensive compounds in phloem, needles, and necrotic lesion tissues. Lodgepole pine generally emitted higher amounts of monoterpenes than jack pine; particularly from fungal-inoculated trees. Compared to non-inoculated trees, fungal inoculation increased monoterpene emission in both species, whereas water treatment had no effect on monoterpene emission. The phloem of both pine species contains (−)-α-pinene, the precursor of the beetle's aggregation pheromone, however lodgepole pine contains two times as much as jack pine. The concentration of defensive compounds was 70-fold greater in the lesion tissue in jack pine, but only 10-fold in lodgepole pine compared to healthy phloem tissue in each species, respectively. Water-deficit treatment inhibited an increase of L-limonene as response to fungal inoculation in lodgepole pine phloem. The amount of myrcene in jack pine phloem was higher in water-deficit trees compared to ambient trees. Beetles reared in jack pine were not affected by either water or biological treatment, whereas beetles reared in lodgepole pine benefited from fungal inoculation by producing heavier female offspring. Female beetles that emerged from jack pine bolts contained more fat than those that emerged from lodgepole pine, even though lodgepole pine phloem had a higher nitrogen content than jack pine phloem. These results suggest that jack pine chemistry is suitable for MPB pheromone production and aggregation on the host tree.
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INTRODUCTION

Conifers possess complex defense mechanisms, which can protect them from herbivory (Phillips and Croteau, 1999; Franceschi et al., 2005; Raffa et al., 2005). In response to a stem–invading insect, trees exude resin that provides a physical barrier to prevent further insect damage (Raffa and Berryman, 1983; Phillips and Croteau, 1999; Keeling and Bohlmann, 2006; Raffa et al., 2008). Resin contains a diverse mixture of defensive terpenoid compounds, such as monoterpenes, sesquiterpenes, and diterpenes (Keeling and Bohlmann, 2006). Some herbivores can utilize these compounds for host species selection, and to identify weakened trees that can be easily colonized (Keeling and Bohlmann, 2006). A few bark beetle species are even known to exploit host monoterpenes as precursors for pheromone production to attract mates and to initiate mass attacks that allow them to rapidly overcome tree defense (Wood, 1982; Seybold et al., 2000), ultimately resulting in tree death. Thus, bark beetles are ecologically and economically important disturbance agents in conifer forests (Raffa et al., 2008; Bentz et al., 2010) and due to the significance of chemical defenses to bark beetle biology, differences in chemical characteristics among hosts may be important in determining beetle attack behavior and host susceptibility.

The recent outbreak of the mountain pine beetle (MPB; Dendroctonus ponderosae, Coleoptera: Curculionidae) has killed 18.1 million hectares of mainly lodgepole pine (Pinus contorta) forests in British Columbia alone (https://www.for.gov.bc.ca/hfp/mountain_pine_beetle/facts.htm). In 2002, the outbreak expanded beyond the Rocky Mountains and since then has moved beyond the eastern edge of the lodgepole pine range in north-central Alberta (Safranyik et al., 2010). In this region, forest composition shifts from lodgepole pine to jack pine (Pinus banksiana)-dominated boreal forests through a zone of lodgepole × jack pine hybrids (Moss, 1949; Mirov, 1956). Within this hybrid zone, MPB has attacked both hybrid and pure jack pines (Cullingham et al., 2011).

There is a close relationship between tree secondary metabolites and MPB during host colonization and establishment (Wood, 1982). During the early stages of host location, host volatiles can act as kairomones for flying bark beetles, like β-phellandrene (Miller and Borden, 1990) which is the main monoterpene of lodgepole pine. During the colonization process female MPBs require the host monoterpene α-pinene as a precursor for production of their aggregation pheromone trans-verbenol (Conn et al., 1984; Blomquist et al., 2010). In general Dendroctonus species convert the respective S or R enantiomer of α-pinene into the corresponding enantiomer of trans-verbenol (Byers, 1983, 1989), hence MPB most likely requires (−)-α-pinene to produce the significantly more attractive stereoisomer of its aggregation pheromone: (−)-trans-verbenol (Whitehead et al., 1989), which attracts beetles of both sex. During further host colonization, male beetles produce exo-brevicomin which acts synergistically with trans-verbenol to attract conspecifics to overwhelm tree defenses (Pureswaran et al., 2000). Once the optimal attack density is achieved, males produce the anti-aggregation pheromone frontalin, and both sexes produce the anti-aggregation pheromone verbenone to minimize intraspecific competition (Rudinsky et al., 1974; Ryker and Libbey, 1982; Blomquist et al., 2010). Additionally, some host monoterpenes including myrcene, 3-carene, terpinolene, and α-pinene are known to synergize the response of MPB to its aggregation pheromone (Borden et al., 2008). The blue stain fungi, Grosmannia clavigera and Ophiostoma montium, associated with D. ponderosae help the beetle to deplete tree defenses and kill their host (Reid et al., 1967; Rice et al., 2007). G. clavigera is considered more virulent than O. montium (Yamaoka et al., 1990) and is often used to simulate beetle attack in order to study tree defenses (Reid et al., 1967; Boone et al., 2011).

Outbreaks of phytophagous insects, including MPB and other bark beetles (Dobbertin et al., 2007; Alfaro et al., 2010; Netherer et al., 2015), have been linked to drought (Mattson and Haack, 1987). Drought stress can affect the production of secondary plant metabolites (Herms and Mattson, 1992), and thus might interfere with host defenses. Jack pine may be less influenced by drought conditions than lodgepole pine, since it can sustain growth in relatively dry and nutrient poor soils across its range (Vidacović, 1991). Currently, studies on the defensive response of lodgepole and jack pine under drought conditions are largely lacking. Particularly, an understanding of how variation in host tree defense chemistry affects tree colonization by MPB could be crucial to predict beetle behavior in its expanding range. Hence the objectives of our study are: (1) to develop chemical profiles of volatile organic compounds released from the bole of mature lodgepole and jack pines in the field, as well as profiles of needle and phloem tissue; (2) to determine changes of volatile chemical profiles when exposed to different water (water-deficit vs. ambient) and biological treatments that stimulate tree stress/defense; (3) to evaluate whether the monoterpene content of phloem and needle tissue is affected by any of our treatments; and (4) to assess whether water and biological treatments applied to trees affect MPB brood success in both host species.

MATERIALS AND METHODS

A field study was conducted in the summer of 2010 to investigate the role of water limitation on chemically mediated interactions between MPB and its historical and novel host, lodgepole and jack pine, respectively. The study was conducted at two sites in Alberta, Canada: a lodgepole pine site located 80 km NW of Hinton (53°45′55.5″ N, 118°22′17.9″ W), and a jack pine site at the Alberta Tree Improvement and Seed Centre east of Smoky Lake (54°05′18.5″ N, 112°14′48.6″ W). Due to the geographic distribution of pine hosts in Alberta, it is not possible to select field sites where both pine species occur naturally. At the lodgepole pine site, 60 mature healthy pine trees with a diameter at breast height (DBH) of 22.0 cm ± 1.63 SD were randomly selected. None of the selected trees contained any signs or symptoms of infection or insect attack. Twenty of the 60 trees were part of a MPB management plot implemented and managed by Alberta Agriculture and Forestry. Three of the 20 trees were baited with a MPB lure (Contech Enterprises Inc., Delta, B.C., Canada) to attract MPB into the area and achieve natural attack in the management plot. At the jack pine site, 40 pine trees with a DBH of 21.9 cm ± 2.35 SD were randomly chosen.

Water Treatments

Thirty and 20 trees were randomly chosen at the lodgepole and jack pine sites, respectively, for inclusion in one of two water treatments that were initiated in the first week of May, 2010. Ambient trees were left under natural conditions, whereas the soil at the base of water-deficit trees was covered with a tarpaulin [size: 12 × 14′ (3.66 × 4.27 m); G. Hjukstrom Limited, Surrey, B.C., Canada] to hold off rain water. Soil water content around each tree was measured using time domain reflectometry (Hillel, 1998). The apparent dielectric constant of the soil was measured with a Tektronix 1502B (Beaverton, Oregon, USA) connected to stainless steel probes of varying length that were put into the soil and related it to its water content using the empirical equation for mineral soils (Robinson et al., 2003). At the jack pine site, soil water content was measured at depths of 30 and 90 cm 1 day, 3 and 9 weeks after biological treatment applications (described below). Due to a broken cable, we were unable to collect soil water content data for all jack pines at the time of harvest. At the lodgepole pine site, soil water content was measured only at a depth of 30 cm, since the ground remained frozen at the depth of 90 cm throughout the summer. Measurements at the lodgepole pine site took place 1 day, 3 and 9 weeks after biological treatment applications. Soil water content was also measured at 12 and 13 months after treatment application around the 20 trees in the management plot.

Biological Treatments

Five weeks after the water treatments were initiated, 15 lodgepole and 10 jack pine trees in both water treatment groups were additionally exposed to one of two biological treatments: a control (no inoculation) or inoculation with G. clavigera. In inoculated trees, eight wounds were made with a cork borer (1 cm diameter) evenly spaced around the bole at DBH located at the cardinal points: N, NE, E, SE, S, SW, W, and NW. Bark plugs removed by the cork borer were kept on ice for phloem monoterpene analysis (described below). A malt extract agar plug with active fungal mycelium was placed into the wound sites with the mycelium facing the sapwood. The inoculation sites were covered with a layer of Parafilm M® (Bemis Flexible Packaging, Oshkosh, WI, USA) and a 15 cm wide strip of fiberglass insect screening. Control trees were simply left unharmed. No mechanical wounding alone treatment was applied, since our previous work showed that it only caused a minor defense response in mature lodgepole pine × jack pine hybrids in Alberta (Lusebrink et al., 2013).

Volatile Collection

Volatile organic compounds released from the bole of the variously treated trees were collected 1 day before, and 1 day, 3 and 6 weeks post biological treatment application. None of the lodgepole pine trees in the MPB management plot were naturally attacked by beetles during the summer of 2010 and therefore were left on site until the summer of 2011. Volatile organic compounds were also collected from the 20 lodgepole pine trees that were left on site over winter 1 year after fungal inoculation. To enable volatile collection, two strips of foam were attached to each experimental tree: one 15 cm above and one 15 cm below breast height (Figure 1). An oven bag (LOOK®, 45 × 55 cm) was cut open and wrapped around the tree covering both pieces of foam and then secured to the tree. A pump (Grab Air Sample Pump, SKC Inc., Pennsylvania, USA) was attached to each tree with Velcro below the foam, and an absorbent tube [Porapak Q (OD 6 mm, length 110 mm; absorbent: front layer 150 mg, back up layer 75 mg; separated by glass wool) SKC Inc.] was inserted into the space covered by the oven bag. Volatiles were collected on the north aspect of each tree for 1 h at a flow rate of 1 L/min. During volatile collection, we recorded temperature, light intensity (HOBO Pendant® Temperature/Light Data Logger, Onset Computer Corp, 470 MacArthur Blvd, Bourne, MA 02532, USA) and humidity at each tree using dataloggers (Temperature and Humidity Data Logger 16540, Climate Doctors, 8505 K Street, Omaha, NE 68127, USA). Porapak Q tubes were extracted with 1 mL of dichloromethane (Sigma-Aldrich, St. Louis, Missouri, USA) spiked with 0.01% (v/v) tridecane (Sigma-Aldrich) as a surrogate standard and subsequently stored at −40°C before GC/MS analysis (Lusebrink et al., 2011).
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FIGURE 1. Volatile collection of fungal inoculated lodgepole pine.



Tissue Extracts and Lesion Length

After the volatile collection period in 2010, all jack pine trees and 40 of the 60 lodgepole pine trees were felled in mid-August. The 20 lodgepole pine trees left on site over winter were felled in July 2011. The lesion lengths induced by G. clavigera inoculation on each tree that received the biological treatment in the two water treatment groups at each site were measured to the nearest mm and tissue inside the lesion was sampled. Phloem from between the lesions at DBH and needle samples from the mid-crown were also sampled from all felled trees. Tissue samples were directly frozen on dry ice and stored at −40°C in the lab prior to extraction. Tissue was ground in liquid nitrogen, and 100 mg of tissue was transferred to 1.5 mL microcentrifuge tubes. Samples were extracted twice with 0.5 mL dichloromethane and 0.01% tridecane as a surrogate standard. After adding solvent, samples were vortexed for 30 s, sonicated for 10 min, subsequently centrifuged at 13,200 rpm and 0°C for 15 min, and placed in a freezer for at least 2 h to let the pellet freeze. Extracts were transferred individually into an amber GC vial and stored at −40°C before GC/MS analysis.

In addition to lesion length, phloem thickness, the tissue between the outer bark and sapwood, was measured after trees were felled in the field using digital calipers (d = 0.01 mm). A cross section from the base of each harvested tree was transported to the laboratory to determine tree age (see Table 2). We scanned the stem cross sections and analyzed the tree rings with WinDENDRO™ (Regent Instruments Inc., Quebec, Canada).

GC/MS Analysis

Volatile and tissue sample extracts (3 μL) were injected at a split ratio of 20:1 in an Agilent 7890A/5062C Gas Chromatograph/Mass Spectrometer (Agilent Technologies, Santa Clara, California, USA) with a HP-Chiral-20B column (I.D. 0.25 mm, length 30 m; Agilent Technologies), helium carrier gas flow at 1.1 mL/min, temperature 75°C for 15 min, increased to 230°C by 5°C.

Peaks were identified using the following standards: Borneol, pulegone, α-terpinene, γ-terpinene, α-terpineol (Sigma-Aldrich, St. Louis, Missouri, USA), camphor, 3-carene, α-humulene, terpinolene, α- and β-thujone, (−)-α- and β-pinene, (+)-α- and β-pinene, (S)-(−)- and (R)-(+)-limonene, sabinene hydrate, myrcene, camphene, p-cymene (Fluka, Sigma-Aldrich, Buchs, Switzerland), bornyl acetate, cis-ocimene, α-phellandrene (SAFC Supply Solutions, St. Louis, Missouri, USA), β-phellandrene (Glidco Inc., Jacksonville, Florida, USA). Compounds were identified by comparing retention times and mass spectra to those of the standard chemicals. Calibration with these standards allowed for quantification of chemicals in the volatile and tissue samples, as well as the analysis of differences in stereoisomer composition of compounds derived from the differently treated trees.

Elemental and Nutrient Content Analysis

Phloem samples of all experimental trees and lesion samples from trees that received the biological treatment were ground under liquid nitrogen and oven dried for 24 h at 70°C before total N and C analysis at the University of Alberta Biogeochemical Analytical Service Laboratory (University of Alberta, Edmonton, Canada).

Beetle Condition Experiment

To test the hypothesis that water and biological treatment combinations affected beetle fitness, 50 cm bolts from 1.5 m above the ground from all 80 felled pine trees (40 lodgepole pine, 40 jack pine) were transported to the lab and stored in a walk-in growth chamber (22°C, 50% humidity, 16 h light/8 h dark). Both ends of each bolt were covered in paraffin wax to avoid desiccation. Four pairs of live MPB were artificially introduced into each log. Beetles were collected from infested pine trees (harvested at the Eagle fire lookout tower, east of Fox Creek, Alberta; 54°33′23.7″ N, 116°33′57.7″ W). One female beetle was introduced into each of four 1.5 mL microcentrifuge tubes that were glued to each bolt at evenly spaced intervals around the bolt. Once frass excavated by female beetles was visible in the tubes, a male beetle was added to each tube. Beetles were replaced if needed until the introduction of both sexes was successful. All bolts were kept in a growth chamber (22°C, 50% humidity, 16:8 h L:D) for 4–5 weeks to allow for gallery establishment and larval development. At the end of this period, bolts from all treatment combinations were divided into two groups: the bolts of the first group were transferred into a cold room at 4°C for 3 months to emulate winter conditions and then kept in a growth chamber until all beetles emerged and the second group was transferred directly into rearing bins (114 L hinged top tote, 81 × 51.4 × 44.5 cm, Rubbermaid, Mogadore, OH, USA) and remained in the growth chamber without exposure to a cold period. Fresh weight to the nearest 0.01 mg (Mettler Toledo, XS105, Columbus Ohio), size [mm3; cylindrical body = π(pronotum width/2)2 × total body length] and sex of adult beetles that emerged were measured before beetles were killed and stored at −20°C prior to fat extraction. Dead beetles were oven dried for 24 h at 60°C and their dry weight (mg) was determined. The mass of fat (mg) from each beetle and fat content (% of removed dry weight) was determined by fat extraction with petroleum ether (Fisher Scientific, Ottawa, ON, Canada). Each individual oven-dried beetle was transferred into a perforated 0.2 mL microcentrifuge tube and placed into the extraction unit of a 250 mL soxhlet apparatus. Beetle fat was extracted for 8 h before beetles were dried again for 24 h and then weighed. Mass of fat was calculated as the difference in mass before and after fat extraction. After all beetles had emerged, the outer bark was removed and the number and length of each maternal gallery was measured.

Statistical Analyses

All statistical analyses were conducted using SPSS 20.0 for Windows (IBM Corporation, Armonk, NY, USA), unless otherwise stated. Data were checked for assumptions of homogeneity of variance and normality using Levene's and Kolmogorov-Smirnov tests, respectively. Soil water content data was analyzed with a repeated measures ANOVA to compare the difference across water treatments (ambient and water-deficit trees) separately at each of the study sites. The effect of water and biological treatment on total monoterpene emission at the different time points was analyzed with a repeated measures ANOVA, for which the monoterpene data were log(x+1) transformed to meet the assumptions of the analysis. The impact of water and biological treatments on the emission of individual monoterpenes from both tree species separately at each time point was analyzed by canonical redundancy analysis (RDA) with the rdaTest package (Legendre and Durand, 2010) in R (R Development Core Team, 2015). RDA axes were tested for significance by permutations with the vegan package (Oksanen et al., 2010). Explanatory variables included water and biological treatments, DBH and tree age (see Table 2), and temperature, humidity and light intensity data recorded from dataloggers. The quantities of all individual monoterpenes released at each time point were the response variables in each individual model. Factors that influenced lesion length including water and biological treatment and the inoculation position on the tree bole were analyzed separately for each tree species with an ANOVA followed by the Bonferroni post-hoc procedure. A Mann–Whitney U-test was employed to compare lesion length data between inoculated lodgepole pine trees harvested in 2010 and 2011. The amount of each chemical compound in the different tissues was distributed normally among treatment groups, therefore the treatment effect on individual compounds in phloem and needles was analyzed with ANOVAs for each compound tested. The assumption of homogeneity was not met, however, so tissue extract data was pooled when the alpha level for non-significant differences between treatment groups was P > 0.25. Pooled data was analyzed using independent t-tests. Since variances were not equal, t-statistics not assuming homogeneity of variance were computed. For significant interaction terms of heterogeneous data, bootstrapped 95% confidence intervals were computed and reported. The water treatment effect on lesion chemical composition was tested using independent t-tests for each compound tested. The comparison of total carbon and nitrogen content of the phloem and lesion tissue was analyzed with a paired t-test, and the effect of water and biological treatment on carbon and nitrogen tissue content was analyzed with a two-way ANOVA for each tree species. The effect of cold storage (with or without exposure to winter conditions), biological and water treatment on the dependent variables of beetle fresh weight and fat content was analyzed with ANOVAs.

Direct statistical comparisons between lodgepole and jack pine were not conducted, since our experimental design does not allow us to statistically separate a treatment effect from a location effect (see Heffner et al., 1996), as only one field site per species is used. However, it is still important to be aware of possible differences between the tree species that might influence host attractiveness by MPB as it expands its range eastward into the boreal forest and therefore tree species differences are presented in a descriptive manner.

RESULTS

Soil Water Content

In 2010, water-treatment significantly affected soil water content at the lodgepole pine site [repeated measures ANOVA, F(1, 28) = 8.394, P = 0.007], the soil water content was lower around the water-deficit trees than around the ambient trees. No difference in soil water content was observed between the two water tr eatment groups 1 year after biological treatment application and at the time of harvest of lodgepole pine trees in 2011. Within the jack pine site, soil water content was measured at two depths: 30 and 90 cm. Soil water content was significantly lower for the water-deficit trees at both soil depths compared to the ambient trees [repeated measures ANOVA, 30 cm: F(1, 15) = 14.148, P = 0.002; 90 cm: F(1, 15) = 57.483, P < 0.001, Figure 2].
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FIGURE 2. Soil water content (mean ± S.E.) measured at 30 cm soil depth for the lodgepole pine site (P. contorta; repeated measures ANOVA, 2010: P = 0.007; 2011: not significant) and at 30 and 90 cm soil depth for the jack pine site (P. banksiana; repeated measures ANOVA, 30 cm: P = 0.002; 90 cm: P < 0.001) over the time course of the experiment.



Volatile Emission from Stem Section

The following monoterpenes were detected in one or both of the species volatile profiles: (−) and (+)-α-pinene, myrcene, camphene, 3-carene, (−)-β-pinene, cis-ocimene, (S)-(−)- and (R)-(+)-limonene, β-phellandrene, γ-terpinene, terpinolene. The volatile profile of lodgepole pine was dominated by β-phellandrene, followed by 3-carene and (−)-β-pinene (Table 1), whereas, in jack pine the main compound was (+)-α-pinene, followed by 3-carene and (−)-α-pinene. Interestingly, in jack pine one quarter of the trees tested did not emit any 3-carene. Water treatment had no effect on total monoterpene emission in either pine species (Figure 3A). However, fungal inoculation increased volatile emission compared to control trees in both pine species [repeated measures ANOVA, lodgepole pine: F(1, 36) = 147.047, P < 0.001; jack pine: F(1, 36) = 32.563, P < 0.001; Figure 3A]. The RDA triplots illustrate the correlation between explanatory variables and the emission of individual monoterpenes in lodgepole and jack pines (Figure 3B). In both species, the first axis of the RDA was significant (P = 0.001 for both species) and explained 13.86 and 16.07% of the variation in lodgepole and jack pines, respectively. The second axis was not significant (lodgepole pine: P = 0.450, jack pine: P = 0.623) and explained <1% of the variation in the RDA. In lodgepole pine, the emission of (−)-β-pinene, 3-carene, and β-phellandrene was correlated mainly with fungal inoculation and light intensity. In jack pine the emission of (−) and (+)-α-pinene, myrcene, and 3-carene was correlated with fungal inoculation, as well as with temperature and light intensity.

Table 1. Chemical profiles (ratios %) of bole volatiles (VOCs) of all untreated control trees throughout the experiment, phloem from the start and end of the experiment without biological treatment, and needle extracts of control trees from the day of harvest 2010.
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FIGURE 3. (A) Total monoterpene emission (mean + S.E.) of ambient and water-deficit lodgepole (P. contorta) and jack (P. banksiana) pines before (0 days) and after biological treatment (1 day, 3 and 6 weeks; and 1 year in lodgepole pine) application. Water treatment had no effect, but fungal inoculation increased volatile emission in both pine species (repeated measures ANOVA, lodgepole pine: P < 0.001; jack pine: P < 0.001; (B) Canonical redundancy analysis (RDA) triplots (scaling 2) illustrating the influence of water and biological treatments as well as tree characteristics [age, and diameter at breast height (DBH)] and environmental variables [temperature, humidity, and light intensity (light)] on volatile emission of individual monoterpenes in lodgepole pine (P. contorta) and jack pine (P. banksiana).



Independent of the water treatment, both species' volatile emission increased upon fungal inoculation, which was more pronounced in lodgepole than jack pine. Volatile emission was 6.8-fold higher in lodgepole pine compared to jack pine on day 1, only 2.8-fold higher in week 3, and remained at high levels in week 6 in lodgepole pine, whereas the emission in jack pine was reduced to the amount before treatment application (see Figure 3A).

Phloem, Needle, and Lesion Extracts

Chemical profiles of phloem and foliage are listed in Table 1. Briefly, the major compound emitted from the stem of lodgepole pine trees, β-phellandrene, also dominated the chemical profile of the phloem and needle extracts in that species (Table 1). In jack pine, the main bole volatile (+)-α-pinene is also the key compound in the phloem extract, but it is not as abundant in the needle tissue, which is dominated by (−)-β-pinene and bornyl actetate.

As with volatile emission, a quarter of the jack pine trees sampled did not contain 3-carene in their phloem. The stereoisomer composition of α-pinene, of which (−)-α-pinene is the main MPB aggregation pheromone precursor, differed between control trees of lodgepole and jack pine: lodgepole pines contained more (−)-α-pinene (111.33 ng/mg (±11.31 S.E.) and less (+)-α-pinene (41.57 ng/mg (±3.81 S.E.), than jack pines [(−)-α-pinene: 54.22 ng/mg (±9.30 S.E.); (+)-α-pinene: 195.95 ng/mg (±27.32 S.E.)].

In lodgepole pine phloem sampled in 2010, a significant interaction between the water and biological treatments affected the amount of L-limonene [ANOVA, F(1, 34), P = 0.019]. However, the data did not fulfill the assumption of homogeneity, therefore bootstrapped confidence intervals were computed, which confirmed that within the group of trees under ambient conditions, the phloem of fungal inoculated trees had a higher L-limonene concentration than control trees (ambient, control: mean = 1059, 95% CI [472, 1684], fungus: mean = 6270, 95% CI [2214, 10320]; water-deficit, control: mean = 1334, 95% CI [600, 2145], fungus: mean = 774, 95% CI [360, 1174]; Figure 4). Within the water-deficit trees the biological treatment had no effect on L-limonene concentration.
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FIGURE 4. Interaction effect of water and biological treatment on L-limonene concentration in phloem of lodgepole pine (P. contorta). Error bars represent bootstrapped 95% CI, non-overlapping error bars indicate a significant difference.



In jack pine phloem, myrcene was the only compound that showed a response to the water treatment with a higher concentration in water-deficit trees than in trees exposed to ambient weather conditions [t-test, t(21.550) = 2.236, P = 0.036; Figure 5]. In 2011, there was a higher 3-carene concentration in the phloem of water-deficit lodgepole pine trees [t-test, t(12.448) = 2.236, P = 0.049; Figure 5] and a lower β-phellandrene concentration [t-test, t(8) = −2.846, P = 0.022; Figure 5] as compared to ambient control trees.
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FIGURE 5. Individual monoterpene concentrations (mean ± S.E.) in phloem and lesion tissue of lodgepole (P. contorta) and jack pine (P. banksiana) influenced by water- and biological treatment. Significant differences are marked with an asterisk (independent t-test, P < 0.05).



Fungal inoculation significantly increased terpinolene in lodgepole pine phloem in 2010 [t-test, t(24.057) = −2.240, P = 0.035; Figure 5]. The biological treatment did not influence the concentration of any other individual monoterpene in lodgepole pine or have any impact on the phloem chemistry of jack pine. However, fungal inoculation increased the monoterpene concentration of the phloem in the lesion area from day 0 to harvest by 9.83-fold in lodgepole pine and by 71.85-fold in jack pine (Table 2).

Table 2. Mean measurements of variables measured in experimental trees and for beetles reared in experimental trees.
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Total monoterpene concentrations were higher in phloem and lesion tissue of lodgepole pine compared to jack pine (Table 2). The needles of both species contained similar amounts of monoterpenes (Table 2).

Lesion Length upon Fungal Inoculation

Water treatment did not influence lesion length in fungal-inoculated trees in either species in 2010. It did, however, influence lesion length in trees that were harvested in 2011 at the lodgepole pine site, with water-deficit trees having significantly smaller lesions than ambient ones [ANOVA, F(1, 64) = 12.323, P = 0.001; Figure 6]. In lodgepole pine, the location where the inoculum was placed on the stem significantly affected lesion formation. Lesions from south-facing inoculation points were smaller than those placed at the other cardinal directions [ANOVA, ambient: F(7, 72) = 3.652, P = 0.002; water-deficit: F(7, 72) = 3.316, P = 0.004; Figure 6]. This pattern was preserved in the water-deficit trees harvested in 2011. The lesions of inoculated and harvested lodgepole pine trees in 2011 were significantly shorter compared to lesions from the lodgepole pine trees harvested in 2010 (Mann–Whitney U: U = 2678.500, z = −7.340, P < 0.001; Figure 7). Lesions were twice as long in lodgepole pine compared to jack pine (Table 2).
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FIGURE 6. Lesion length (mean ± S.E.) in lodgepole pine (P. contorta) after tree harvest in 2010 and 2011 and in jack pine (P. banksiana) in 2010. Cardinal point of the fungal inoculum significantly influenced lesion length in lodgepole pine. Bars marked with different uppercase letters indicate a statistically significant difference in ambient trees, whereas bars marked with different lowercase letters indicate a statistically significant difference in water-deficit trees (ANOVA, P < 0.05).
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FIGURE 7. Lesions in lodgepole pine: (A) lesion in 2010, (B) lesion in 2011, and (C) close up on lesion in 2011 showing new tissue growth ([image: image]) into the lesion caused by fungal inoculation in 2010.



Nutrient Content of Phloem

In both pine species, the carbon content of lesion tissue was significantly higher than the carbon in the surrounding phloem [paired t-test: lodgepole pine: t(18) = 27.008, P < 0.001; jack pine: t(19) = 24.124, P < 0.001; Figure 8]. Fungal-inoculated lodgepole pine phloem showed a higher carbon content compared to control trees [ANOVA, F(1, 35) = 5.500, P = 0.025; Figure 8]. The lesions of jack pine exposed to ambient water condition had a higher nitrogen content than water-deficit trees [ANOVA, F(1, 16) = 6.789, P = 0.018]. Phloem total nitrogen concentrations were higher in lodgepole pine than in jack pine (Table 2).
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FIGURE 8. Total carbon content (mean ± CI) in lodgepole (P. contorta) and jack pine (P. banksiana). Lesion tissue contains significantly more total carbon (marked by asterisk, independent t-test, p < 0.05) than phloem in both species. Additionally there is a significant difference in total carbon in lodgepole pine phloem caused by biological treatment (ANOVA, P < 0.05).



Beetle Condition

In lodgepole pine, 146 of 160 beetle-pair introductions were successful, whereas in jack pine only 112 of 160 introductions were successful. Altogether 144 mature adult beetles emerged from lodgepole pine bolts (75 female, 69 males), but only 41 beetles emerged from jack pine bolts (24 female, 17 male). The low number of brood beetles from the jack pine bolts was most likely caused by the presence of saprophytic fungi (e.g., like Phlebiopsis gigantea) which hindered successful colonization in some bolts.

Fresh weight and beetle size are correlated (Pearson correlation; lodgepole pine, female: r = 0.866, P < 0.001, male: r = 0.883, P < 0.001; jack pine, female: r = 0.698, P < 0.001, male: r = 0.828, P < 0.001), therefore the analysis was conducted on just fresh weight. In lodgepole pine, the biological treatment significantly affected female beetle fresh weight [F(1, 60) = 10.151, P = 0.002]. Female beetles had a higher fresh weight when reared in fungal-inoculated trees. The biological treatment influenced male beetles that emerged from lodgepole pine differently depending on water treatment. This interaction was significant for fresh weight [F(1, 59) = 6.730, P = 0.012], as male beetles that emerged from ambient fungal inoculated bolts weighed more than those that emerged from any other treatment combination. In jack pine, neither the water nor the biological treatment or the way bolts were stored had an effect on male beetles which emerged from jack pine bolts. Cold storage increased the fresh weight [F(1, 17) = 14.576, P = 0.001] of female beetles that emerged from jack pine. No treatment affected the fat content of emerging beetles.

Female beetles that were reared in lodgepole pine excavated maternal galleries that were more than double the length of those made by female beetles in jack pine (Table 2). Female beetles which emerged from jack pine bolts contained more fat than female beetles which emerged from lodgepole pine bolts, the opposite relationship occurred in male beetles (Table 2).

DISCUSSION

Chemical Profiles of Stem Volatiles, Needle, and Phloem Tissue and their Importance in MPB Biology

This is the first study to collect bole volatiles from live, mature lodgepole, and jack pine in the field. Earlier studies report bole volatile profiles from cut bolts or tree disks (Pureswaran et al., 2004a,b; Jost et al., 2008; Erbilgin et al., 2014), which might not represent stem volatile emission under natural conditions. In general, lodgepole pine emits higher amounts of volatile monoterpenes than jack pine. Lodgepole pine trees mainly emit β-phellandrene, which is the only known monoterpene to elicit attraction from MPB in the absence of aggregation pheromones (Miller and Borden, 1990). The volatile bole profile of jack pine is dominated by an unequal mixture of α-pinene stereoisomers. Volatiles from the stem of host trees may be important in host-finding and colonization behavior of MPB as conifer-infesting bark beetles disperse at lower stem height (Byers, 2000; Safranyik and Carroll, 2006; Seybold et al., 2006). Our results suggest that lodgepole pine might be more apparent to MPB than jack pine during beetle dispersal. Although debate exists over the role of tree volatiles in primary attraction of MPB (Pureswaran and Borden, 2005), MPB discriminates between hosts and prefers lodgepole pine within mixed pine stands (Raffa et al., 2013), suggesting the role of species-specific chemical profiles in host location by beetles.

In both pine species, the main volatile compound also dominated the respective phloem chemistry, as β-phellandrene and α-pinene were the major constituents of the phloem chemistry of lodgepole pine and jack pine, respectively. β-Phellandrene was also the main constituent of lodgepole pine needle extracts, whereas in jack pine (−)-β-pinene and bornyl acetate were the major compounds of needle tissue. High amounts of bornyl acetate in jack pine needles has been previously reported (Pauly and von Rudloff, 1971; Lapp and von Rudloff, 1982). Bornyl acetate might not be biologically important for MPB, since its antennae do not respond to it (Pureswaran et al., 2004b). The low amount of α-pinene in jack pine needles compared to phloem suggests that foliar chemistry alone is likely not a good predictor of chemically mediated interactions between bark beetles and their host trees.

Phloem chemistry is relevant to chemically mediated bark beetle—host interactions, as some beetles require chemical precursors from the phloem to synthesize aggregation pheromones (Wood, 1982). In particular, female MPB require (−)-α-pinene to produce their aggregation pheromone: (−)-trans-verbenol (Whitehead et al., 1989). In this, and many other studies, α-pinene is the most abundant monoterpene in jack pine phloem, but its enantiomeric composition has rarely been measured. Our results show that jack pine phloem contains only half the amount of (−)-α-pinene per unit of phloem tissue compared to lodgepole pine, which is in accordance with the findings of Clark et al. (2014). Nonetheless, in laboratory experiments, MPB females emit twice the amount of (−)-trans-verbenol when tunneling in jack pine bolts compared to lodgepole pine (Erbilgin et al., 2014).

Effect of Water and Biological Treatment on Volatile Emission

The canonical redundancy analysis reveals that environmental variables (temperature, light intensity, and humidity) influence volatile emission in the two pine species differently. Light intensity at the volatile collection site increases stem volatile emission in both species, but temperature was only positively correlated with volatile emission in jack pine. Humidity was negatively correlated with monoterpene emission in jack pine and played no apparent role in lodgepole pine. Generally, extrinsic factors like mechanical and biotic wounding, light, temperature, and relative humidity can influence volatile emissions from trees (Tingey et al., 1991; Zhang and Schlyter, 2004). Damaging the bark of a pine tree will enhance monoterpene release by liberating resin at the plant surface (Gershenzon and Croteau, 1991). Therefore, it is not surprising that fungal inoculation with G. clavigera increased stem volatile emission in both species. Water treatment had no effect on total monoterpene emission in either pine species. The fact that volatile emission from both pine species relates differently to the measured environmental factors might be due to the thicker outer bark in jack pine, which might add more diffusion resistance.

Effect of Water and Biological Treatment on Tissue Defense Response

Lesions caused by inoculation with G. clavigera in this study are twice as long in lodgepole pine compared to those in jack pine. These findings are in contrast to those of Rice et al. (2007) who show that G. clavigera induce shorter lesions in lodgepole pine (8.2 cm) relative to jack pine (11.5 cm). In the current study, lesion size might be affected by differences in soil water content at the two sites; the lodgepole pine site had higher soil water content than the jack pine site at the time of tree harvest likely due to water release through seasonal thawing. Arango-Velez et al. (2015), however, also found longer lesions in lodgepole pine than jack pine in an arboretum-based study in Alberta, where both pine species occur at the same field site. Although it is commonly assumed short lesions indicate host plant resistance (Raffa and Berryman, 1983; Krokene and Solheim, 1998), assessment of qualitative and quantitative changes in phloem chemistry following fungal inoculation might be more relevant to explain tree resistance against bark beetles (Peterman, 1977; Raffa and Berryman, 1982, 1983; Paine et al., 1997). We found that the concentration of phloem monoterpenes increases 10-fold upon inoculation with G. clavigera, in lodgepole pine and 70-fold within the area of the lesion in the jack pine, suggesting that the localized defense response in jack pine is more efficient and precise compared to lodgepole pine.

Water treatment variably impacts the concentration of some monoterpenes in the phloem of both tree species. In lodgepole pine the water treatment influences the L-limonene response to the biological treatment. L-Limonene concentration remains at a similar level within water-deficit trees when stimulated with G. clavigera, but increases highly after inoculation under ambient conditions. Low limonene concentration is associated with low soil moisture levels in loblolly pine (Pinus taeda) (Gilmore, 1977). Limonene is toxic to Dendroctonus species (Smith, 1965; Coyne and Lott, 1976; Raffa and Berryman, 1983), and increases survivorship of ponderosa pine (Pinus ponderosae) under beetle attack (Smith, 1966, 1975; Sturgeon, 1979). Hence, the water-deficit condition seems to reduce the defense response against bark beetles in lodgepole pine. In this study, fungal inoculation causes an increase of terpinolene concentrations in the phloem of lodgepole pine. Myrcene is the only monoterpene that varies with water treatment in jack pine. Mycerne levels are higher in the phloem of trees from the water-deficit treatment. The MPB has evolved to use the compounds that increase either upon fungal inoculation (terpinolene) or due to water stress (myrcene) as kairomones for host location, since they synergize beetle response to the aggregation pheromone trans-verbenol (Borden et al., 2008).

Mountain Pine Beetle Brood Success

Fungal inoculation of trees influences the fresh weight of female beetles that emerge from lodgepole pine bolts. Females weigh more when reared in fungal-inoculated trees. In a previous study in which beetles were reared in lodgepole × jack hybrid bolts, female beetles benefited from the water-deficit treatment by exhibiting a higher fat content (Lusebrink et al., 2013). The condition of MPB that emerge from jack pine was not influenced by either the water- or biological treatment.

In the current study, jack pine phloem was much thinner than that of lodgepole pine, however the fat content of females was higher in beetles reared in jack pine bolts. Fat content and beetle size are important measures for beetle dispersal capacity, since heavier beetles with higher fat content can disperse further than small beetles (Evenden et al., 2014). Besides dispersal, larger body size and high fat content might positively influence host colonization and reproductive success of MPB. Trees with thick phloem produce larger broods of beetles (Amman and Pace, 1976), with higher absolute fat content (Graf et al., 2012). However, Erbilgin et al. (2014) found that female MPBs that emerge from jack pine weigh more than brood beetles from lodgepole pine, despite shorter maternal galleries, and equal phloem thickness. In this study, maternal galleries in jack pine are also shorter than in lodgepole pine, females reared in jack pine must consume less phloem (thinner phloem and shorter galleries) than those reared in lodgepole pine. Less consumption of nutritious phloem might lead to smaller eggs (Elkin and Reid, 2005), which might result in smaller offspring beetles (McGhehey, 1971), unless jack pine phloem is higher in nutrients.

The performance of wood-feeding insects has been mainly studied in relation to nitrogen, starch and water content (Haack and Slansky, 1987). In the ambrosia beetle (Pityophtorus lautus) adult, reproductive success is positively correlated with phloem nitrogen and total available carbohydrate levels (Kirkendall, 1983). MPBs respond to dietary nitrogen as a result of G. clavigera inoculation through increased body size (Bleiker and Six, 2007). In the current study, total carbon content was the same in both pine species, but lodgepole pine phloem contained more nitrogen than jack pine. Despite the lower nitrogen content in the phloem of jack pine, female brood beetles from jack pine still contain more fat than beetles from lodgepole pine, suggesting that other nutrients might be important for beetle performance, or that the beetles need to spend less energy on detoxifying tree defensive compounds in jack pine.

CONCLUSION

The phloem of both pine species contains the necessary precursor for MPB's main aggregation pheromone. Water-deficit inhibits an increase in the defensive compound limonene in response to inoculation with G. clavigera in lodgepole pine phloem. Jack pine could be more attractive than lodgepole pine during periods of drought, since the kairomone myrcene, increases due to water-deficit in jack pine. The localized defense response of jack pine is more efficient than that of lodgepole pine. However, the total monoterpene concentrations of lesion and phloem tissue in jack pine remain below those of lodgepole pine. Female brood beetles emerge with high fat content from jack pine bolts despite short maternal galleries. Jack pine might support a higher attack density and its thicker bark could protect the brood from harsh winter temperatures and therefore facilitate further range expansion into the boreal forest of eastern Canada.
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