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ORIGINAL ARTICLE

Inducible pine rosin defense mediates interactions between an
invasive insect—fungal complex and newly acquired sympatric

fungal associates
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Abstract

Mutualism between insects and fungi drives insect evolutionary diversification and niche expansion; for inva-
sive insects, however, mechanisms by which they maintain mutualistic relationships with beneficial fungi have
not been clearly explored. Here, we report that an invasive herbivorous insect, the red turpentine beetle (RTB),
with its co-invasive mutualistic fungus, Leptographium procerum, has newly acquired a set of sympatric fungi
during invasion, which could potentially outcompete the RTB mutualistic fungus. Host pine Pinus tabuliformis
exhibited more rosin-based responses to the sympatric fungi than to RTB mutualistic fungus and, in return, the
rapidly induced rosin suppressed the sympatric fungi more significantly than L. procerum. In addition, from di-
rect fungal pairing competitions, we found that the antagonistic effects of sympatric fungi on L. procerum were
drastically reduced under induced rosin defense. Our results together with previous findings imply that pine
oleoresin defense (turpentine and rosin) might have been exploited by the invasive mutualistic fungus L. proce-
rum, which helps to explain its invasion success and, by extension, its mutualistic partner RTB in China.

Key words: bark beetle—ophiostomatoid fungi—conifer interactions, diterpene resin acid, invasive species,
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INTRODUCTION

The mutualistic interaction between insects and fun-
gi is one of the oldest and most successful relationships
in animal-microbe symbiosis (Graham 1967; Muel-
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bionts for protection against pathogen infections (Kon-
rad et al. 2015), or display expanded niches (host plant
resources use) and lineage diversification (Joy 2013).
Owing to the importance of mutualistic fungi, multi-
ple strategies have evolved for insect vectors to keep the
symbiotic interactions safe from competitive microbial
“weeds” and parasites, including the behavior of tend-
ing to their fungal mutualists (Bass & Cherrett 1994) or
application of antibiotics secreted from “auxiliary fun-
gi” in the genus Penicillium (Wang et al. 2015). In cat-
egories of herbivorous insect vectors that attack or live
in healthy plants, impacts of opportunistic competitive
microbes on their fungal mutualists and mechanisms by
which mutualists enhance their fitness have rarely been
considered in the context of chemical mediations from
the plant partner. Although complicated, such research
is indispensable to elucidate the constancy of insect—
fungal mutualism.

For aggressive bark beetles that attack healthy trees,
their colonization successes in large part depend on be-
havioral and physiological regulations from symbiot-
ic ophiostomatoid fungi (Paine et al. 1997; Hofstetter
et al. 2006), among which some establish relatively sta-
ble mutualistic relationships with host vectors as prima-
ry symbionts, often transmitted between trees through
beetle exoskeleton or even specialized body struc-
ture “mycangium” (Six & Klepzig 2004). The invasive
bark beetle, the red turpentine beetle (RTB), Dendroc-
tonus valens LeConte (Coleoptera: Scolytidae), was in-
troduced from North America to China in the 1980s and
has killed over 10 million Pinus tabuliformis since 1999
(Yan et al. 2005). The fungus Leptographium procerum,
which is the most consistently associated with RTB in
invaded regions (M. Lu et al. 2009), has been evidenced
to have been introduced into China with RTB (Lu ef al.
2011). This invasive fungus appears to form a mutualis-
tic relationship with RTB vector due to its induction of
attractant 3-carene for adult RTB recruiting to host pine
P. tabuliformis and involvement in retention of nutrition
for RTB larvae (Lu ef al. 2010; Zhou et al. 2015, unpub-
lished data). This insect—fungal mutualistic complex has
also picked up an assemblage of fungal species found in
association at relatively lower frequency, the majority of
which might be newly acquired during the invasion pro-
cess and have not been reported in association with RTB
in North America, such as Leptographium sinoproce-
rum, Leptographium truncatum and Hyalorhinocladiel-
la pinicola (M. Lu et al. 2009; Q. Lu et al. 2009; Sun
et al. 2013; Taerum et al. 2013; Table 1). For maintain-
ing its constant symbiosis with RTB vector, mechanisms

whereby the invasive mutualist L. procerum enhances
its fitness against competition from these sympatric fun-
gi should be investigated, given the close relatedness
in phylogeny between L. procerum and these sympatric
fungi suggesting that intensive competition could occur
in the same niches.

Bark beetle associated ophiostomatoid fungi are
pathogenic to conifers; although these fungi do not play
direct roles in tree killing, they initiate variable degrees
of induced defense responses (Lieutier ef al. 2009; Six
& Wingfield 2011). Conifer oleoresin defense consists
of two fractions, turpentine (monoterpene and sesquit-
erpene) and rosin (diterpene resin acid) (Phillips & Cro-
teau 1999). The volatile turpentine fraction has been
well studied and reported as being exploited as beetle
chemical cues (Wood 1982; McLeod ef al. 2005) or dis-
couraging beetle and fungal attacks (Raffa & Smalley
1995); however, the higher molecular weight diter-
pene resin acids are relatively less explored and are sug-
gested to mainly inhibit fungal associates with no obvi-
ous effects on bark beetle (Kopper ez al. 2005). Of the
oleoresin in Chinese pine, P. tabuliformis, rosin (with-
in which abietic, neoabietic, palustric, levopimaric, and
dehydroabietic acids altogether are grouped as abictane
and account for 73% of all rosin) and turpentine make
up 53.9% and 46.1% of oleoresin content, respectively
(Song et al. 1993). The non-volatile diterpene resin ac-
ids can be retained in oleoresin around the sites of injury
after volatile turpentine evaporates (Gijzen et al. 1993),
suggesting their longer-term influences on infecting or-
ganisms. Therefore, induced rosin defense of P. tabuli-
formis should be essential for the colonization success
of the invasive mutualist L. procerum, and its competi-
tiveness with other sympatric fungi.

Based on the above considerations, we set out exper-
imental studies to investigate whether host pine P. tabu-
liformis differentially responds to the RTB invasive mu-
tualist L. procerum and the newly acquired sympatric
fungi, whether L. procerum and its sympatric fungi have
differences in tolerance of the induced defensive com-
ponent, and whether antagonisms from sympatric fun-
gi on L. procerum are dramatically attenuated under ele-
vated chemical defense.

MATERIALS AND METHODS

Pine seedlings, fungal isolates and inoculations

For the present study, 4-5-year-old P. tabuliform-
is seedlings (diameter: mean + SE = 10.03 + 0.13 mm;
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measured at 2 cm above the soil line) were grown in
plastic pots (diameter: 12 cm) in open-air conditions.
Seedlings were transferred to a glasshouse (air tempera-
ture: 25 °C; relative humidity: 60%; 12 h photoperiod)
for at least 1 month before the inoculation experiments.
Fungal species used in this study were originally isolat-
ed from body surfaces and galleries of D. valens in its
invaded regions in China (Table 1); cultures were col-
lected in the Forestry and Agricultural Biotechnology
Institute, University of Pretoria, South Africa and the
Belgian Coordinated Collections of Microorganisms,
Belgium (M. Lu ef al. 2009; Q. Lu et al. 2009).

To avoid excessive mechanical damage, we did not
apply multi-point inoculations on seedlings but rather
chose to use single-point inoculation that was conduct-
ed by making a wound on each P. tabuliformis seed-
ling with a sterile 5S-mm-diameter cork borer on the
main stem at 2 cm above the soil line (Lu ef al. 2010). A
S5-mm-diameter plug was taken from the margin of one

Interactions between RTB fungal associates

actively growing fungal species cultured on 2% MEA
(malt extract: 7 g; agar: 7 g; distilled water: 350 mL),
placed into the hole to contact the cambium layer and
wrapped by laboratory Parafilm (Pechiney Plastic Pack-
aging, USA) to prevent contamination. We set seedlings
inoculated with 2% MEA alone (mechanical wound) as
controls. At the end of the inoculation experiments, fun-
gal isolates were re-isolated from the inoculation areas
to confirm that there had been no cross-contamination
(Eckhardt et al. 2004).

Inoculation of main fungal associates of Chinese
red turpentine beetle and identification of
inducible rosin components in Pinus tabuliformis
seedlings, after 12 days (Experiment 1)

We evaluated the inducibility of pine diterpene resin
acids by fungal species that are mainly associated with
RTB in China. Three seedlings per treatment were inoc-

Table 1 Fungal species associated with Dendroctonus valens in China and the representative isolates used in the experiments

Fungal species’ Type' Position where isolated® Frequency (%)° Isolate number’
North American/ Adult body surface and adult/larval

Leptographium procerum  Chinese RTB-associated; gallery of RTB in Shanxi, Henan, and 47.4 CMW25626
Invasive and mutualistic Shaanxi Provinces

L?ptographzum Adult/lar\{al gal'lery of RTB in Shanxi 105 MUCLA46352

sinoprocerum and Hebei Provinces

Leptographium truncatum Adul.t /larval gallery of RTB in Shanxi 6.2 CMW25684

Province

Leptoeraphium pini- Adult body surface/gallery and larval

deilj < iﬁonlzj o P Chinese RTB-associated; galle.ry of RTB in Shanxi and Shaanxi 6.2 CMW25600
Newly acquired in Provinces

; i invaded regions

Ophiostoma minus g Adult bc?dy surfa.ce anq larval gallery 29 CMW26254

(European variety) of RTB in Shanxi Province

Ophiostoma . . Adul.t gallery of RTB in Shanxi 10 CMW26258

rectangulosporium-like Province

H.yc?lorhmocladzella Adul't body surface of RTB in Shanxi 0.7 CMW25613

pinicola Province

"These fungal species are main associates of D. valens in China, which account for approximately 75% of all isolations. *Strong
population genetics evidence from Lu ef al. 2011 showed that L. procerum populations associated with Chinese red turpentine bee-
tle (RTB) originate from those with North American RTB. According to studies by M. Lu ef al. (2009, as well as Table 2 in this ref-
erence), Q. Lu ef al. (2009), Wang et al. (2013) and Taerum et al. (2013), these 6 fungal species mentioned here have not been ob-
served in association with North American RTB during decades of researches, but have been found in association with RTB in
China. “Newly acquired” means RTB has a new association with a fungus after its invasion into China. ‘Position and frequency of
these fungal species referred to comprehensive studies by M. Lu ez al. (2009), Q. Lu et al. (2009) and Wang et al. (2013), in which
133, 71 and 102 isolates were obtained, respectively. Our calculation of frequency for fungi was based on the overall 306 isolates.
‘CMW, Cultures of Mike Wingfield, the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Af-
rica; MUCL, a part of the Belgian Coordinated Collections of Microorganisms (BCCM), Belgium.
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ulated using the methods described above and after 12
days, trees were uprooted and phloem tissues around the
inoculation points (5-mm below and above) were finely
excised using a sterile razor blade and immediately fro-
zen in liquid nitrogen. Tissues were homogenized into
powder under cold temperature and diterpene resin acids
were extracted in 0.5 mL HPLC-grade methanol (J & K
Chemical, Beijing, China) twice for 14 h. For each sam-
ple, the overall 1 mL extract was filtered through a 0.45-
um PTFE syringe filter, then concentrated to 0.4 mL un-
der ultrapure nitrogen gas, and stored at —20 °C prior to
HPLC.

The abietane-type resin acids were separated by a re-
versed-phase HPLC (Agilent 1260 series, CA, USA)
equipped with a photo-diode array detector. An Agilent
Zorbax XDB column in tandem with a HC-C18 column
was carried out for chromatographic separation. The in-
jection volume was set at 20 pL. The mobile phase,
multi-wavelength detection and data processing fol-
lowed the rapid analysis methods described by Kersten
et al. (2006), with minor modifications. Briefly, an iso-
cratic ternary solvent system (85%, 5% and 10%: meth-
anol, 5% acetic acid, water, respectively) was run at a
flow rate of 1 mL/min; four wavelengths (240, 268, 293
and 300 nm) could optimize quantification of underi-
vatized dehydroabietic, levopimaric, palustric, neoabi-
etic and abietic acids; peak identification of these phy-
tochemicals were conducted on Agilent ChemStation
through comparison of retention times and co-injection
tests with each of the following standards: dehydroa-
bietic acid (99+%, Orchid cellmark), levopimaric acid
(95+%, Orchid cellmark), palustric acid (90-95%, Or-
chid cellmark), neoabietic acid (98+%, Fluka), and ab-
ietic acid (85%, Acros); peak areas were quantified by
standard calibration curves of standards and resin acid
concentrations were determined on a dry weight of
phloem tissue after extraction.

Characterization of rosin components inductions
by L. procerum and 3 newly acquired sympatric

fungi across time (Experiment 2)

We assessed the induction dynamics of diterpene res-
in acids in 4-5-year-old P. tabuliformis seedlings across
time by three newly acquired sympatric fungal species
(H. pinicola, L. truncatum and L. sinoprocerum) and the
invasive mutualist L. procerum. Seedlings received sin-
gle-point inoculation by each of the 4 fungal species fol-
lowing the steps mentioned above. At 3, 6,9, 12, 18 and

24 days after inoculation, seedlings were uprooted and
necrotic tissues around inoculation points were sampled
and quickly transferred into liquid nitrogen (5 seedlings
per treatment for 18 and 24 days, and 10 seedlings per
treatment for each of other time points) and extracted
diterpene resin acids were identified and analyzed as in
Experiment 1.

Evaluation of growth rates of fungal associates
under elevated concentrations of abietic acid,
the main component of P. tabuliformis rosin

(Experiment 3)

Abietic acid is a characteristic component of oleo-
resin and also one of the most abundant constitutive di-
terpenes (approximately 20% of all rosin) in mature P,
tabuliformis trees (Song et al. 1993); of the abietanes in-
duced by fungi in P. tabuliformis seedlings, abietic acid
is abundantly produced and maintained at a level more
than other compounds in phloem (see results); and abi-
etic acid seems more easily synthesized and accessible
than other chemicals for bioassays. Based on these rea-
sons, we determined the effects of abietic acid on the
growth of 4 fungi (H. pinicola, L. truncatum, L. sinopro-
cerum and the invasive mutualistic fungus L. procerum)
using the methods of Kopper ef al. (2005), with minor
modifications. Briefly, we amended 2% MEA with abi-
etic acid by dissolving different quantities of this chemi-
cal in ethyl acetate and added this into the molten media
to yield the appropriate percentages by dry mass (mil-
ligrams of abietic acid per gram of dry MEA media).
Five levels of abietic acid (0.01, 0.1, 1, 10 and 100 mg/g)
were applied (abietic acid was filter-sterilized before be-
ing added into media). Ethyl acetate alone was used as
control. Ethyl acetate as solvent did not affect fungal
growth rates (L. procerum: t = 0.69, df =7, P=0.51; H.
pinicola: t = —1.66, df = 8, P = 0.14; L. truncatum: t =
2.10, df =8, P =0.08; L. sinoprocerum: t =1.16, df =7,
P =0.28). A 5S-mm-diameter plug of MEA colonized by
actively growing fungal mycelia was added to the cen-
tre of 90-mm diameter plates of MEA, so that the myce-
lial side was in contact with media surface. Plates were
incubated at 25 °C in the dark and linear growths were
recorded daily until fungal mycelia in control plates
reached the edges. Reduced growth rate was measured
as: (average growth rate of fungus in control — growth
rate of fungus in treatment)/average growth rate of fun-
gus in control. Each treatment contained 4 to 5 repli-
cates.
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Determination of antagonistic effects of
three newly acquired sympatric fungi on
Leptographium procerum with and without

abietic acid (Experiment 4)

We quantified the antagonistic effects of the three
sympatric fungi (H. pinicola, L. truncatum, and L. sino-
procerum) on L. procerum in the presence or absence of
abietic acid, using the dual culture experimental design
(Campanile et al. 2007). Each Petri dish (90 mm in di-
ameter) containing 20 mL autoclaved 2% MEA was in-
oculated with 2 5-mm-diameter plugs at a distance of 50
mm after solidification: one was from L. procerum and
the other was from 1 of the 3 fungi. MEAs were amend-
ed with ethyl acetate (solvent) or abietic acid at the 100-
mg/g level following the methods in Experiment 3. Petri
dishes inoculated with L. procerum and sterile 2% MEA
plug were set as control. Each combination was repeat-
ed 5 times. The area of L. procerum was measured at the
time when the mycelia of this fungus reached the edg-
es in control plates with solvent alone (at 15 days after
inoculation). An antagonism index (Al) of each of the 3
fungi on L. procerum was calculated following this for-
mula: Al = (C,.., = Tyea)/Cirea X 100%. C,.., is the average
area of L. procerum in control Petri dishes and T,,., is
the area of L. procerum in the presence of another fun-
gal species. Area was quantified through taking a pho-
tograph of the plate followed by outlining fungal edge
using Image J software (National Institutes of Health,
Maryland, USA).

Statistical analysis

For Experiment 1, we used principal components
analysis to describe the composition of diterpene res-
in acids in P. tabuliformis seedlings infected with vari-
ous fungal species. Then, we used one-way ANOVA to
determine differences in PC1 values and the concentra-
tion of individual diterpene resin acid induced by fun-
gal associates, and employed the Duncan test for pair-
wise comparisons among treatments. For Experiment 2,
we applied a 2-way ANOVA with a full factorial mod-
el (time, treatment, and time-treatment interaction) for
each of the 5 compounds in phloem (mg/g phloem dry
mass); as new seedlings were used at each time point,
all the responses were assumed to be independent of
each other. For Experiment 3, we used 1-way ANOVA
to analyze differences in reduced growth rates between
treatments for each of the 4 fungi. For all ANOVA anal-
yses, normality of residues and homogeneity of varianc-
es were tested. When ANOVA consumptions of homo-
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geneity were not met, data were Box—Cox transformed,
and in Experiments 2 and 3, were followed by Bonfer-
roni pairwise comparisons. For Experiment 4, the an-
tagonism index of each of the 3 fungi on L. procerum in
MEA amended with solvent alone and 100 mg/g abiet-
ic acid was compared by independent-sample #-test. All
analyses were performed using SPSS Statistics 20 (IBM,
Armonk, NY, USA).

RESULTS

Three Chinese red turpentine beetle fungal
associates induce high amounts of diterpene
resin acids in Pinus tabuliformis seedlings after
12 days

Among these main fungal associates of RTB in Chi-
na (Table 1), principal component analysis showed that
compositions of diterpene resin acids (abietic, neoabi-
etic, palustric, levopimaric and dehydroabietic acids) in
phloem infected by three newly acquired fungal asso-
ciates (H. pinicola, L. truncatum and L. sinoprocerum)
differed greatly from those with other treatments (Fig.
la); this was further confirmed by significant differenc-
es in the first principal component (PC1) values among
treatments, with the 3 fungi having higher PC1 values
than all others (Fig. 1b; 1-way ANOVA: F, = 8.04, P
=0.0003).

For individual compounds, abietic acid and palustric
acid were significantly induced in phloem by the 3 fun-
gi, compared to mechanical wound (Fig. 1c,d; 1-way
ANOVAs: F; s =10.52, P < 0.0001; F,,, = 6.25, P =
0.0012; respectively); neoabietic acid, levopimaric acid
and dehydroabietic acid were shown to have significant
inductions only by L. truncatum and H. pinicola after 12
days of inoculations (Fig. le—g; 1-way ANOVAs: F, |, =
6.88, P =0.0007; F; s =9.39, P =0.0001; F,,, = 14.23,
P <0.0001, respectively).

The 3 newly acquired fungal associates exhibit
higher inductions of diterpene resin acids than L.

procerum across time

There were significant differences in inductions of
the 5 diterpene resin acids in host pine phloem among H.
pinicola, L. truncatum, L. sinoprocerum and L. proce-
rum across time (Fig. 2a—e; 2-way ANOVAs: dehydroa-
bietic acid: treatment, F;,,, = 67.07, P < 0.0001, time,
Fs 6 = 146.45, P < 0.0001, treatment X time, 5,5 =
5.28, P < 0.0001; abietic acid: treatment, F; ;s = 38.36,
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Figure 1 Rosin composition
(a), the first principal com-
ponent (b), and concentra-
tions (Mean + SEM) of ab-
ietic acid (c), palustric acid
(d), neoabietic acid (e), levo-
pimaric acid (f) and dehy-
droabietic acid (g) in phloem
of 4-5-year-old Pinus tabuli-
formis seedlings induced by
mechanical wound and Den-
droctonus valens fungal as-
sociates. Different letters on
bars indicate significant dif-
ferences between treatments
(P < 0.05). Mw, mechanical
wound; abbreviations of fun-
gal names are based on full
names shown in Table 1.
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Figure 2 Induction dynamics of concentrations (mean + SEM) of dehydroabietic acid (a), abietic acid (b), palustric acid (c), levo-
pimaric acid (d), and neoabietic acid (e¢) by the invasive mutualist Leptographium procerum and 3 newly acquired sympatric fungi,
L. sinoprocerum, L. truncatum and Hyalorhinocladiella pinicola, in phloem of 4-5-year-old Pinus tabuliformis seedlings. Differ-
ent letters on curves indicate significant differences between treatments within each time point (P < 0.05); N.S, not significant. In-
set: Changes in average concentrations (+ SEM) of diterpene resin acids of fungal treatments across time points; different letters on
curves indicate significant differences between time points (P < 0.05).

P <0.0001, time, Fs,, = 9.85, P < 0.0001, treatment
x time, F5,,6 = 1.55, P = 0.0937; palustric acid: treat-
ment, F;,,, = 29.63, P < 0.0001, time, Fs,,, = 11.14, P
< 0.0001, treatment x time, F5,5 = 2.14, P = 0.0102;
levopimaric acid: treatment, /% ;, = 32.22, P < 0.0001,
time, Fs 5 = 9.49, P < 0.0001, treatment X time, F5,7
= 1.93, P = 0.0233; neoabietic acid: treatment, F; ,, =
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33.05, P <0.0001, time, Fs,,, = 11.32, P <0.0001, treat-
ment X time, F5 5, = 1.53, P =0.0991).

Fungal infections gradually elevated the inductions
of dehydroabietic acid until 18 days after inoculation to
reach a plateau (Fig. 2a inset); H. pinicola induced high-
er concentrations of dehydroabietic acid than L. proce-
rum from three days and all three newly acquired fun-

459



C. Cheng et al.

gi exhibited higher inductions after 18 days compared to
L. procerum (Fig. 2a). Whereas for the other four com-
pounds the trends were substantially different, with fun-
gal inductions starting at 3 days and rapidly achieving
peak induction at 6 days, then descending at 9 days and
then maintaining at the steady level (Fig. 2b—e inset);
all 4 compounds were more highly induced by H. pini-
cola and L. truncatum at 3 and 6 days after inoculation,
while, in comparison to by L. procerum, after 12 days
only neoabietic acid was not induced at higher levels by
the 3 newly acquired fungi (Fig. 2b—e).

Invasive mutualistic L. procerum is more
tolerant of abietic acid than the 3 newly acquired

fungal associates

As an important component of diterpene resin ac-
ids, abietic acid significantly reduced the fungal growth
rates of H. pinicola, L. truncatum and L. sinoprocerum,
as well as the invasive mutualistic fungus L. procerum
(Fig. 3a—d; Brown—Forsythe one-way ANOVA, F, , 4,
=604.94, P < 0.0001; one-way ANOVA, F, ;3 = 508.57,
P <0.0001; 1-way ANOVA, F,,, = 364.95, P <0.0001;
Brown—-Forsythe 1-way ANOVA, F,,,, = 428.86, P <
0.0001; respectively). There were great variations in
their tolerances of abietic acid: beginning at 1 mg/gdw of
abietic acid, the reduced growth rates of H. pinicola and
L. truncatum became higher than those at 0.01 mg/gdw
of abietic acid, while L. sinoprocerum and L. proce-
rum had significantly higher reduced growth rates until
10 mg/gdw; at 100 mg/gdw, which was the magnitude
of induced concentration in seedling phloem, the extent
of the reduced growth rate for L. procerum was around
60%, smaller than that for H. pinicola, L. truncatum and
L. sinoprocerum, which were near 97%, 100% and 77%,
respectively (Fig. 3a—d).

Invasive mutualistic L. procerum suffers from
weaker suppression by newly acquired fungal

associates in the presence of abietic acid

The competitive suppression by each of H. pinicola,
L. truncatum and L. sinoprocerum on L. procerum was
compared in dual cultures with and without abietic acid.
Compared to those in media with solvent alone, antag-
onistic effects of the three newly acquired fungal asso-
ciates on L. procerum were significantly reduced in the
presence of abietic acid (Fig. 4), indicating that L. pro-
cerum could enhance its fitness when host pine (P. tabu-
liformis) produces high levels of diterpene resin acids in
response to newly acquired sympatric fungi (Fig. 5).
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Figure 3 Reduced growth rates (%; mean + SEM) of Hya-
lorhinocladiella pinicola (a), Leptographium truncatum (b),
L. sinoprocerum (c) and L. procerum (d) under elevated con-
centrations of abietic acid. Different letters on bars indicate
significant differences between treatments (P < 0.05).

DISCUSSION

The interactions between bark beetle-associated fun-
gi were shown to be significantly mediated by conifer
defensive chemicals, in which monoterpenes have been
greatly explored (Bridges 1987; Delorme & Lieutier
1990). In most situations, mycangial fungi that are ben-
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Figure 4 Antagonism indices (%; mean + SEM) of Hyalorhinocladiella pinicola (a), Leptographium truncatum (b) and L. sinopro-
cerum (c) on the invasive mutualist L. procerum under solvent control (absent) or 100 mg/g abietic acid (present).

--------- » 3-carene mediated interactions

—> Rosin mediated interactions

Mutualism

RTB Leptographium procerum Newly acquired
sympatric fungi

Figure 5 Schematic presentation of Pinus tabuliformis oleoresin defense in mediation of interactions between invasive mutualist
Leptographium procerum and newly acquired sympatric fungi by red turpentine beetle (RTB) during invasion. The invasive bark
beetle, RTB, gains benefits from co-introduced mutualistic fungus L. procerum; however, this fungus is competitively suppressed by
newly acquired sympatric fungi. L. procerum not the sympatric fungi induces host pine to produce 3-carene (turpentine) that heavily
suppresses sympatric fungi while slightly influences itself (Lu ez al. 2010) (see dotted lines); the other component of oleoresin-rosin
(also diterpene resin acid) of host pine, contrarily, is induced by sympatric fungi not by L. procerum, which also more heavily sup-
presses sympatric fungi than L. procerum, leading to dramatic reduction in competitive suppression of sympatric fungi on L. proce-
rum (see solid lines). The combined strategies of utilizing host pine oleoresin defense by L. procerum may enhance its own fitness
in invaded regions, providing a basis for its mutualism with co-introduced vector RTB.
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eficial to their vector hosts are more adaptable to coni-
fer monoterpenes than opportunistic ones and, thus, it
has been regarded as an important mechanism for ex-
plaining the sustainable symbiotic relationship be-
tween bark beetles and mycangial fungi (Hofstetter et
al. 2005). Beetle colonization of coniferous hosts goes
through several stages, including aggregation attacking,
reproduction, and offspring development until emer-
gence; however, considering the nature of conifer de-
fensive volatiles, these types of chemicals were mainly
described to have effects on initial stages of beetle col-
onization, such as aggregation and initial attacks (Paine
et al. 1997). This means that roles of monoterpenes in
mediating interactions of symbiotic fungi might only be
part of the whole story. In fact, by means of constitu-
tive and inducible production (Christiansen et al. 1999;
Zhao et al. 2010), conifer oleoresins also contain di-
verse non-volatile defensive chemicals that could poten-
tially confer persistent selection forces on the fitness of
symbiotic fungi throughout the course of beetle coloni-
zation. As an invasive beetle—fungus complex, the fit-
ness of L. procerum directly links to the invasiveness of
D. valens in P. tabuliformis forests. It would be compre-
hensive and interesting to assess mechanisms by which
L. procerum enhances its fitness to mitigate competi-
tions from sympatric fungi in the context of whole pine
oleoresin defense, including both volatile (turpentine)
and non-volatile (rosin) chemicals.

During the invasion process of D. valens—L. proce-
rum complex, a set of ophiostomatoid fungi have been
picked up by the invasive complex in China. Among
those found in galleries or body surfaces of Chinese
RTB (Chinese-RTB-associated fungi), it was the three
newly acquired sympatric species (H. pinicola, L. trun-
catum and L. sinoprocerum), not the invasive L. proce-
rum itself, that induced high amounts of diterpene res-
in acids in host pines; however, the L. procerum showed
stronger tolerance of these non-volatile chemicals than
the inducers, which means that this fungus may benefit
from the elevated chemical stress provided by sympatric
fungi. The dual culture results further implied that the
antagonistic effects of sympatric fungi on the invasive
fungus L. procerum were significantly weakened when
diterpene resin acids were induced in host pine phloem.
The higher induction/lower tolerance of diterpene resin
acids by the three sympatric fungi and lower induction/
higher tolerance by L. procerum may partly result from
the slower evolutionary recognition of invasive fungus
L. procerum by P. tabuliformis rosin defense. Host pine
rosin defense could evolve more rapidly to recognize

newly acquired sympatric fungi and respond effective-
ly, possibly due to longer co-adaptation time between
them, while L. procerum could, therefore, escape from
inducible rosin defense. Our previous study demonstrat-
ed that at the initial stage of beetle colonization, L. pro-
cerum induces host pine to produce high amounts of
3-carene, a monoterpene not only recruiting beetle at-
tacks but also suppressing other beetle-associated fun-
gi (Lu et al. 2010). The higher induction of 3-carene
from host pine by L. procerum might attribute to its rap-
id evolution (Lu et al. 2011) in putative effectors where-
by host pine could more easily recognize it and express
monoterpene-related elicitors. The higher tolerance of
3-carene and diterpene resin acids may also derive from
faster evolution of L. procerum than other species or this
fungus may have innately acquired this ability before its
introduction into China. The enhanced fitness of the in-
vasive fungus L. procerum appears to be attained by to-
tally taking advantage of the host pine’s induced oleo-
resin (turpentine and rosin) defense, contributing to its
release from competitive suppression by sympatric fun-
gi (Fig. 5).

From the induction dynamics curves of diterpene res-
in acids across time, we found that the five abietanes
that accounted for considerable percentages in induced
pine oleoresin were rapidly increased in the 3 days fol-
lowing fungal infection; more importantly, for abiet-
ic acid, neoabietic acid, palustric acid and levopimaric
acid, there were obvious peaks in their productions at 6
days after fungal inoculations; these phenomena indi-
cate that pine non-volatile rosin chemicals may even ex-
ert early-period selection forces, to determine coloniza-
tion success at the initial stages after fungal and beetle
landing. Future studies should focus on their bioactiv-
ities on both beetles and fungi, although studies on di-
terpene resin acids have lagged behind research on oth-
er pine chemicals such as monoterpenes and phenolics,
mostly due to rather recent breakthroughs in rapid de-
tection technology and the costly biosynthesis of pure
chemicals for bioassays.

In the most recent 3 to 4 years, increasing examples
have demonstrated that insect invasion successes are
boosted by mutualistic microbes (Himler et al. 2011;
Vilcinskas et al. 2013; Zhao et al. 2014). Symbionts
confer enhanced fitness or extended phenotypes to inva-
sive insect hosts and, to some extent, the fitness of these
microbes determines the persistence of insect invasions.
Therefore, elucidating interactions between mutualists
of invasive insects and newly associated sympatric mi-
crobes can provide novel insights into the fates of sym-
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biotic invasions in introduced regions. Future risk as-
sessments for symbiont-driven insect invasions should
not simply pay attention to characteristics of the “player”
symbionts, but should also consider potential positive or
negative network interactions from other sympatric mi-
crobial species, acquired by insect vectors during their
invasion processes.
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