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Abstract
Lodgepole pine (Pinus contorta) forests have experienced severe mortality from mountain pine beetle (MPB) (Dendroctonus
ponderosae Hopkins) in western North America for the last several years. Although the mechanisms by which beetles kill host
trees are unclear, they are likely linked to pine defense monoterpenes that are synthesized from carbohydrate reserves. However,
how carbohydrates and monoterpenes interact in response to MPB colonization is unknown. Understanding this relationship
could help to elucidate how pines succumb to bark beetle attack. We compared concentrations of individual and total monoter-
penes and carbohydrates in the phloem of healthy pine trees with those naturally colonized byMPB. Trees attacked byMPB had
nearly 300% more monoterpenes and 40% less carbohydrates. Total monoterpene concentrations were most strongly associated
with the concentration of sugars in the phloem. These results suggest that bark beetle colonization likely depletes carbohydrate
reserves by increasing the production of carbon-rich monoterpenes, and other carbon-based secondary compounds. Bark beetle
attacks also reduce water transport causing the disruption of carbon transport between tree foliage and roots, which restricts
carbon assimilation. Reduction in carbohydrate reserves likely contributes to tree mortality.
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Introduction

The physiological and chemical mechanisms underlying tree
death due to insect attacks and drought have received much
attention from researchers during the last decade (de la Mata
et al. 2017; Leuzinger et al. 2009; McDowell et al. 2008; Sala
et al. 2010; van Mantgem et al. 2009). The mountain pine
beetle (MPB) (Dendroctonus ponderosae Hopkins)
(Coleoptera: Curculionidae) is the most important mortality
agent in pine trees, particularly lodgepole pine (Pinus
contorta) in Western North America (Raffa et al. 2008).
Since 1990, MPB has killed millions of hectares of lodgepole
pine in British Columbia (Canada) alone, costing the govern-
ments and forest industry billions of dollars (Safranyik et al.
2010). In addition, MPB has had serious ecological conse-
quences such as reducing forest carbon sinks (Kurz et al.

2008). Meanwhile, it has expanded its host range into novel
habitats (Erbilgin et al. 2014), which has had cascading im-
pacts on bird and mammal populations in post-MPB stands
(Saab et al. 2014). Studies onMPB-host tree interactions have
mainly focused on host defense chemistry (see references in
Erbilgin et al. 2017a, b). Yet, carbohydrate reserves used by
trees to produce these defense chemicals have received
less attention (Goodsman et al. 2013; Lahr and Krokene
2013; Page et al. 2012; Wiley et al. 2016). In particular,
how tree defensive chemistry and carbohydrate reserves
change in response to bark beetle attacks is less under-
stood (Raffa et al. 2017).

Tree death is required by MPB for the depletion of host
defenses, successful host colonization, and reproduction, and
it involves close interactions between beetles and their sym-
biotic phytopathogenic fungi (Safranyik et al. 2010). Beetles
directly girdle the phloem and inoculate their fungi into vas-
cular tissues during host colonization. Their combined effects
overcome tree defenses and disrupt nutrient and water trans-
port between foliage and roots (Frank et al. 2014), causing tree
death. Continuous resin production and allocation of carbon
resources toward resin production drains carbon resources,

* Nadir Erbilgin
erbilgin@ualberta.ca

1 4-42 Earth Science Building, Department of Renewable Resources,
University of Alberta, Edmonton, Canada

Journal of Chemical Ecology (2018) 44:209–214
https://doi.org/10.1007/s10886-017-0922-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s10886-017-0922-0&domain=pdf
mailto:erbilgin@ualberta.ca


especially considering that photosynthesis is hindered
(Goodsman et al. 2013; Lahr and Krokene 2013; Wiley et al.
2016). Thus, the interaction between defense compounds and
carbohydrate reserves during host aggregation should be in-
vestigated to help determine how lodgepole pine succumbs to
MPB attack.

Pine trees produce a variety of chemicals in their resin to
defend against insects and pathogens (Raffa et al. 2005). Some
of these compounds are volatile organic chemicals, for exam-
ple monoterpenes (Seybold et al. 2006). Monoterpenes are
important because they are not only toxic to beetles, but can
also affect symbiotic fungal pathogens transported in beetle
mycangia (Erbilgin et al. 2017a, b). For example, within two
weeks of the beetle’s entry into subcortical tissues, a localized
response occurs, resulting in the increase of monoterpene con-
centrations to approximately 300 times that of the first few
days of attack (Raffa et al. 2005). Some of these monoter-
penes , such as 3-carene and l imonene, and one
phenylpropanoid, 4-allylanisol, can be anti-feedants as well
as hinder beetle growth and reproduction. Others such as
myrcene and terpinolene may amplify the effects of MPB
pheromones (Erbilgin et al. 2017a). Pheromones are synthe-
sized either by de novo or by modifying host monoterpene α-
pinene. It is unknown, however, how such sudden increase in
defense chemistry production affects the carbohydrate re-
serves in trees.

Non-structural carbohydrates (NSCs) are thought to be the
primary energy source supporting all physiological functions
in trees (Barbaroux et al. 2003; Wiley et al. 2016), including
the production of carbon-rich monoterpenes (Keeling and
Bohlmann 2006). Starch and sugars constitute NSCs, which
are found in stem, roots, branches, and needles (Wiley et al.
2016). The level of tree defense against bark beetles may be
largely determined by NSC levels, because defense com-
pounds such as monoterpenes are energetically costly and
require carbohydrates. This suggests that an abundance of
carbohydrate reserves is an important factor in pine defenses
to beetles (Goodsman et al. 2013; Lahr and Krokene 2013;
Miller and Berryman 1986; Wiley et al. 2016). Previous stud-
ies have investigated how NSCs are distributed throughout
lodgepole pine after MPB attacks (Wiley et al. 2016) or fungal
inoculations (Goodsman et al. 2013). However, these studies
did not observe the effects of both MPB and their fungi on
monoterpenes and NSC levels simultaneously. Our study is
thus the first to investigate the relationship between monoter-
pene and NSC levels during the host colonization by MPB on
pine trees.

Our objective was to determine monoterpene and NSC
concentrations in the phloem shortly after MPB colonization
of trees and compare them to those in non-attacked, healthy
trees. Phloem is an ideal tissue to study these compounds
because its content represents the first tier of defense against
bark beetles and their fungi. The phloem also transports

carbohydrates between the crown and roots (Vose and Ryan
2002). Therefore, studying phloem chemistry can be critical to
determine the relationship between plant defenses and NSC
concentrations in beetle-attacked trees. We hypothesized
that lodgepole pine trees attacked by MPB will have
elevated monoterpene concentrations combined with re-
duced NSCs in comparison to healthy trees, which
would suggest that beetle colonization can deplete
NSC reserves (Goodsman et al. 2013).

Methods and Materials

Site Location and Selection A mixture of healthy and MPB-
attacked lodgepole pine trees were selected at two sites 15 km
apart in Jasper National Park, Alberta (Site 1: 52°41′50.3^N,
117°54′14.6^W; Site 2: 52°45′99.2^N, 118°01′53.7^W) in
late August, 2016.

Tissue Sampling Trees were visually inspected to determine if
they were successfully colonized by MPB or healthy (no in-
dications of bark beetle attacks or signs and symptoms of any
major disease or insect attacks). Attacked trees were chosen
based on how fresh the pitch tubes were, because hard and dry
pitch tubes indicate a beetle attack from previous seasons.
Successful MPB attacks were evident from the presence of
early instar larval galleries and staining around oviposition
galleries. All trees attacked by MPB died the following year
(2017). Trees with the presence of disease or mechanical dam-
age were not sampled. Once a tree was selected, bark was
scraped off with a chisel, and a section of inner bark and
phloem (5 × 2 cm) was extracted at 1.3 m height above the
ground. Tissues from attacked trees were collected from
healthy portions of phloem and were free of staining and bee-
tle galleries. We estimated that MPB colonization on these
trees likely began 6–8 weeks prior to sample collection based
on observed larval development (a mixture of different life
stages from eggs to 2nd larval instars). The 6–8 week
timeframe also allows the tree to produce an adequate induced
response (Erbilgin et al. 2017b). Samples from all attacked
(N = 37) and healthy (N = 37) trees were collected on the same
day and stored on dry ice in the field until they could be stored
at −40 °C in the laboratory prior to chemical analysis.

Monoterpene Analysis To prepare phloem samples for mono-
terpene extraction, the outer bark was removed to expose only
the phloem. The samples were ground in liquid nitrogen using
a cryogrinder (SPEX Sample Prep Freezer Mill 6770, NJ,
USA) and then were stored at −40 °C.

One hundred milligrams of each ground sample was ex-
tracted twice with 0.5 mL of dichloromethane plus 0.004%
tridecane as an internal standard at room temperature as de-
scribed in Goodsman et al. (2013). Samples were vortexed for
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30 sec at 3000 rpm, sonicated for 10 min, then centrifuged for
15 min at 0 °C and 16,100 rpm at 2 °C for 15 min. Extracts
were transferred to 2 ml glass vials and stored at −40 °C until
analysis. Extracts (1 μl) with a split ratio of 10:1 were injected
into a coupled Gas Chromatograph-Mass Spectrometer (GC-
MS, 7890A/5975C, Agilent Tech., Santa Clara, CA, USA)
equipped with a non-chiral column (HP-Innovax; ID
0.50 mm, length 30 m; Product ID: 9091IN233I; Agilent
Tech.). Extracts were analyzed with helium as the carrier gas
at a flow of 1.0 ml min−1 and with a temperature program of
55 °C for 1 min, then 40 °C min−1 to 65 °C (held for 1 min),
then 40 °Cmin−1 to 75 °C (held for 0.5 min), then 12 °Cmin−1

to 130 °C (held for 0.08 min), then 25 °C min−1 to 220 °C
(held for 0.08 min) and then 50 °C min−1 to 250 °C (held for
0.5 min). Peaks were identified using the following standards:
α-pinene, β-pinene, 3-carene, myrcene, limonene, p-cymene,
camphor, 4-allyanisole, borneol (Fluka, Sigma-Aldrich,
Buchs, Switzerland; chem. Purity >90%), γ-terpinene, α-
terpinene, pulegone, terpineol (Sigma-Aldrich, St. Louis,
MO, USA; chem. Purity >90%), ocimene, terpinolene, bornyl
acetate (chem. Purity >90%), camphene (SAFC Supply
Solutions, St. Louis, MO, USA; chem. Purity >80%), and β-
phellandrene (Erbilgin laboratory; chem. Purity >90%).
Compounds were identified by comparing retention times
and mass spectra to those of the authentic standard
chemicals. The quantity of chemicals was calculated
using calibrated curves generated from analyses of a
serial of dilution of known quantities of standards
(20 μg/ml, 2 μg/ml, 0.2 μg/ml), and calculated as μg
of compound/mg of fresh tissue.

Non-structural Carbohydrate Analysis Water-soluble sugar
and starch concentration analysis followed the protocol listed
in Chow and Landhäusser (2004). The first step began with
three days of freeze-drying 150 mg of each ground sample to
remove excess moisture. Then, 50 mg of each sample was
oven dried at 60 °C for 24 hr to avoid the conversion of
starches to sugars. Water-soluble sugar was extracted from
the sample in hot ethanol (80%), combined with phenol-
sulfuric acid, then measured using a spectrophotometer
(Pharmacia LKB Ultrospec III, Sparta, NJ, USA) set at
490 nm. The starches residing in the pellet were digested
and mixed with the resultant glucose hydrolyzate with
peroxidase-glucose oxidase/o-dianisidine, a color reagent.
Starch concentrations (glucose hydrolysate) were measured
at a wavelength of 525 nm.

Data Analysis

Concentrations (μg/mg fresh weight of phloem) of seven most
abundant monoterpenes (α-pinene, β-pinene, 3-carene,
myrcene, limonene, terpinolene, β-phellandrene), total

monoterpenes, one phenylpropanoid, 4-allylanisol, and three
carbohydrates (sugar, starch, and total carbohydrates) were
analyzed. Other monoterpenes were identified and included
in calculating total monoterpenes, but were not statistically
analyzed separately. Differences in each of these variables
between attacked and healthy tree groups were evaluated for
statistical significance using two-sample t-tests. The relation-
ship between total monoterpenes and potential explanatory
variables, that are sugar, starch, total carbohydrates, tree group
(attacked or attacked), and interactions between the carbohy-
drate variables and tree groups was investigated using a GLM
in order to identify which of the individual carbohydrate var-
iables was most strongly associated with overall monoterpene
production. Differences in monoterpene-carbohydrate profiles
between tree groups were tested using a permutational multi-
variate analysis of variance (perMANOVA), the results of
which were visualized in a non-metric multidimensional scal-
ing (NMDS) ordination plot. Variables were log-transformed
in order to satisfy statistical assumptions, as needed. All anal-
yses were conducted in the R software environment version
3.4.0 (R Core Team 2017). Multivariate analyses performed
with functions provided in R package Bvegan^ version 2.4–3
(Oksanen et al. 2017).

Results

Overall monoterpene-carbohydrate profiles differed between
attacked and healthy trees by MPB (perMANOVA F1,71 =
34.80, p < 0.001). NMDS indicated clear separation between
these groups of trees (Fig. 1). Furthermore, NMDS showed
attacked trees were associated with the monoterpene levels,
whereas healthy trees were associated with carbohydrate
levels (Fig. 1). These associations support the significant dif-
ferences between means of attacked and healthy trees men-
tioned below and shown in Fig. 2.

Trees attacked by MPB had higher concentrations of
monoterpenes (both individual and total) and lower concen-
trations of NSCs compared to healthy trees (Fig. 2a, b). The
mean total monoterpene concentration in attacked trees was
278% that of healthy trees (Fig. 2a). Similarly, concentrations
of each individual monoterpene significantly differed between
attacked and healthy trees (Fig. 2a). Each of the carbohydrates
significantly differed between tree groups. Mean total carbo-
hydrates, sugar, and starch were all less concentrated in phlo-
em of attacked trees (Fig. 2b).

The total monoterpene concentration in lodgepole pine
phloem showed a strong negative association with phloem
sugar concentration (Table 1; Fig. 3). This relationship was
indicated by the general linear model, which further supported
the above results that total monoterpene concentrations dif-
fered between tree groups (Table 1; Fig. 2a). However, neither
starch or total carbohydrate concentrations nor any of the
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carbohydrate-tree group interactions were significantly asso-
ciated with total monoterpene concentrations (Table 1).

Discussion

Attacked and healthy lodgepole pine trees differed in
their monoterpene and NSC concentrations. The former

trees had nearly 300% more monoterpenes and had
nearly 40% less NSCs. Similar reductions of carbohy-
drate concentrations in the stems of MPB-attacked trees
have been previously reported (Page et al. 2012; Wiley
et al. 2016). Although our approach does neither ac-
count for resistance/tolerance levels of trees sampled
nor for the variation in environmental conditions in the
expression of chemical defenses and NSC levels, our
results suggest that MPB attacks increased monoterpene
production while simultaneously decreasing carbohy-
drate reserves.

Our study provides evidence that bark beetles and their
fungi can affect tree carbohydrate reserves in three possible
ways. First, beetle attacks increase the production of carbon-
rich terpenes (Raffa and Berryman 1983a). Monoterpenes are
one of the primary defense compounds against MPB (Boone
et al. 2011; Erbilgin et al. 2017a, b; Raffa and Berryman
1983a). The increased production of these compounds can
occur as quickly as 3–7 days after beetle attacks (Cale et al.
2017; Raffa and Berryman 1983b). Such a rapid and large
increase (ranging from 300% to 500%) in the production of
monoterpenes requires a proportional increase in the metabo-
lism of NSC reserves and allocation of carbon, ultimately
depleting carbohydrate reserves (Goodsman et al. 2013).

Second, bark beetles and their associated fungi can
restrict and disrupt carbon transport between needles
and roots by killing the tree’s phloem, the primary tis-
sue involved in translocating photosynthate such as
sugars (Paine et al. 1997; Wiley et al. 2016). Thus,
through the consumption of phloem, bark beetle feeding
reduces not only local NSC availability for defense me-
tabolism, but also inhibits the host’s ability to replenish
carbohydrate reserves.

Fig. 2 Means (±S.E.) of phloem monoterpenes (a) and carbohydrates (b)
(concentrations, μg/mg fresh weight) in mountain pine beetle
(Dendroctonus ponderosae)-attacked (open circle) or non-attacked,
healthy (closed circle) lodgepole pine (Pinus contorta) trees. Results of

t-tests comparing the mean concentrations of each compound between
these groups of trees are indicated with B***^ when p < 0.001 or B**^
when p = 0.01–0.001

Fig. 1 NMDS ordination showing the separation of mountain pine beetle
(Dendroctonus ponderosae)-attacked (open circle) or non-attacked,
healthy (closed circle) lodgepole pine (Pinus contorta) trees on the
basis of phloem monoterpene and carbohydrate variables
(concentrations, μg/mg fresh weight). Abbreviations: Total mono =
Total monoterpenes; Total carb. = Total carbohydrates
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Finally, bark beetles and their fungi can reduce carbon as-
similated during photosynthesis by disrupting water transport
(Lahr and Krokene 2013; Miller and Berryman 1986; Regier
et al. 2010; Wiley et al. 2016). Since phloem is not the major
structure for water transport in trees, the activities of bark
beetles themselves likely do not directly affect water transport.
However, their associated phytopathogenic fungi can infect,
proliferate in, and consequently occlude the xylem, thus
disrupting water flow (Miller and Berryman 1986; Regier
et al. 2010). Furthermore, reduced vascular water transport
and availability likely leads to stomatal closure, causing re-
duced stomatal conductance and photosynthetic rates
(Arango-Velez et al. 2016). Indeed, a loss of water conduc-
tance can be a primary cause of pine death following MPB
colonization (Wiley et al. 2016). In fact, all trees attacked by
MPB in our experiment died the following year (2017),
whereas all control trees remained alive. We conclude that
MPB and their associated fungi together may not only affect

the production of carbohydrates, but also alter the allocation
carbon to the production of defense compounds (Goodsman
et al. 2013), further hastening the death of MPB-attacked trees
(Wiley et al. 2016).

In conclusion, we found that trees colonized by MPB had
substantially higher monoterpene levels than healthy trees.
Lower levels of NSCs in the former group of trees suggest
that the production of monoterpenes likely consumed NSCs
and altered the carbon balance in trees (Goodsman et al.
2013). Furthermore, bark beetles and their associated fungi
possibly affected the translocation of carbon and photosyn-
thate. Together this may have led to the death of MPB-
colonized trees that were no longer capable of producing de-
fense chemicals or failed to allocate sufficient resources to-
ward tolerating MPB colonization (Raffa and Berryman
1983a). Because the decrease in NSCs only partially ex-
plained the enhanced production of monoterpenes in the cur-
rent study, other physiological processes such as hydraulic
failure (McDowell et al. 2008; Wiley et al. 2016) or the dif-
ferential allocation of resources along tree stem (Goodsman
et al. 2013) likely contributed to tree death as well. Further
studies should quantify other carbon-based secondary
compunds, such as diterpene acids and phenolics, as well as
primary compounds, such as lipids and proteins, in relation to
NSC in pines.
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