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SUMMARY

The invasive fungal pathogen Cronartium ribicola infects and kills
whitebark pine (Pinus albicaulis) throughout western North
America. Whitebark pine has been proposed for listing under the
Endangered Species Act in the USA, and the loss of this species
is predicted to have severe impacts on ecosystem composition
and function in high-elevation forests. Numerous fungal endo-
phytes live inside whitebark pine tissues and may influence the
severity of C. ribicola infection, either directly by inhibition of
pathogen growth or indirectly by the induction of chemical
defensive pathways in the tree. Terpenes, a form of chemical
defence in pine trees, can also influence disease. In this study,
we characterized fungal endophyte communities in whitebark
pine seedlings before and after experimental inoculation with C.
ribicola, monitored disease progression and compared fungal
community composition in susceptible vs. resistant seedlings in a
common garden. We analysed the terpene composition of these
same seedlings. Seed family identity or maternal genetics influ-
enced both terpenes and endophyte communities. Terpene and
endophyte composition correlated with disease severity, and ter-
pene concentrations differed in resistant vs. susceptible seed-
lings. These results suggest that the resistance to C. ribicola
observed in natural whitebark pine populations is caused by the
combined effects of genetics, endophytes and terpenes within
needle tissue, in which initial interactions between microbes and
hosts take place. Tree genotype, terpene and microbiome combi-
nations associated with healthy trees could help to predict or
reduce disease severity and improve outcomes of future tree
breeding programmes.

Keywords: fungal endophytes, fungal pathogens, Illumina
sequencing, microbial community ecology, QIIME, terpenes,
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INTRODUCTION

Cronartium ribicola J.C. Fisch is a non-native fungal pathogen
which causes the disease white pine blister rust in five-needle
pine trees native to North America. Cronartium ribicola spores col-
onize five-needle pine trees through needle stomata (Liu et al,
2015). Cronartium ribicola mycelium then grows through the nee-
dles and branches of susceptible trees and into the main stem,
where it eventually girdles and kills the tree (Campbell and Antos,
2000; Patton and Johnson, 1970). Cronartium ribicola has spread
to nearly the entire range of whitebark pine in western North
America (Schwandt et al., 2010) and, in some areas, has reduced
whitebark pine to less than 10% of its natural population (Keane
and Arno, 1993; Kendall and Arno, 1990). The loss of whitebark
pine is predicted to have severe impacts on forest composition
and its distribution in high-elevation ecosystems (Hoff et al,
2001), but some genetic resistance to C. ribicola has been docu-
mented (Sniezko et al,, 2011).

To defend against diseases such as white pine blister rust,
conifers produce organic defensive compounds, such as terpenes,
which can directly inhibit pathogen infection and spread within
the host (Karst et al, 2015; Trapp and Croteau, 2001). Conifers
continuously produce some terpenes as a form of constitutive
resistance to kill or contain pathogens, or to repel herbivores
(Bonello et al, 2006; Keeling and Bohlmann, 2006). Terpenes in
trees may also be produced as a form of induced resistance, in
which compounds are synthesized in response to stressors. Ter-
penes are an important first line of defence to inhibit the initial
growth of pathogenic fungi that infect conifer species (Bridges,
1987; Evensen et al, 2000; Lombardero et al,, 2006; Michelozzi
et al, 1990), and higher concentrations of terpenes have been
linked to increased disease resistance (Michelozzi et al., 1990).

In addition to terpenes, organisms that colonize conifers may
also inhibit pathogen infection. Referred to as endophytes, many
microorganisms live symbiotically within plant tissues without
showing any visible signs or symptoms of infection (Carroll, 1988,
Rodriguez et al, 2009). Endophytes can facilitate plant defences
by direct interaction with pathogens inside host tissues, decreas-
ing pathogen damage through mycoparasitism or the production
of toxic compounds (Atanasova et al, 2013; Evans et al., 2003;
Stierle and Stierle, 2015). By the inhibition of pathogens,
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endophytes act as a complementary or even substitutive layer of
resistance for plants, allowing plants to invest less in their own
defensive mechanisms. For example, Arnold et al. (2003) found
that fungal endophytes decreased pathogen damage in a tropical
tree and that endophyte-mediated protection from pathogens was
significantly greater in mature leaves, which were less equipped
with endemic defences.

Endophytes and pathogens co-occur in trees and endophytes
have ample opportunity to influence the initiation and progression
of disease. Numerous studies have already demonstrated the
potential of fungal endophytes as biocontrols of disease in forest
ecosystems (Berube et al,, 1998; Ganley et al,, 2008; Ridout and
Newcombe, 2015). Foliar fungal endophytes isolated from eastern
white pine (Pinus strobus) have produced compounds toxic to at
least two rust pathogens (Sumarah et al, 2011) and some toxic to
C. ribicola specifically (Sumarah et al,, 2015). Hundreds of fungal
endophyte species have been recovered in white pines (Bullington
and Larkin, 2015; Larkin et al, 2012), and some have already
shown the potential to decrease the severity of white pine blister
rust disease when inoculated into individual white pine trees
(Berube et al., 1998; Ganley et al., 2008).

Terpenes and other chemical compounds in host plants filter
the available pool of microbial colonizers from the surrounding
environment, both pathogens and endophytes, and also affect the
outcome of their interactions (Fig. S1, see Supporting Informa-
tion). For example, Arnold et al (2003) observed that endophytes
in tropical forests were host specific, and that outcomes of fun-
gal-fungal interactions were dependent on specific host leaf
chemistry. Endophytes in that study also reduced pathogen dam-
age in trees. These findings suggest that host chemistry influences
microbial community composition by promoting the colonization
of some species whilst inhibiting that of others. Pathogens that
can tolerate initial host defensive chemistry and are able to colo-
nize the plant must then compete with co-occurring endophytic
colonizers, highlighting the dual importance of host chemistry and
endophytic community composition in understanding host plant
pathology.

Despite the growing body of evidence on endophytes and their
influence on conifers and disease, little is known about how host
chemistry and pathogen infection shape the microbial community
composition within trees, or vice versa. In order to understand the
function of the plant fungal microbiome in these systems, we
must first better understand the dynamics of fungal community
composition. In this study, we investigated the relationship
between C. ribicola, (the pathogen causing white pine blister
rust), fungal endophytes and terpenes in 20 whitebark pine seed-
ling families (half-siblings or seeds sourced from the same mater-
nal parent) that were experimentally infected with C. ribicolain a
common garden. We characterized the foliar fungal microbiome
both before and after inoculation with blister rust to determine

the effect of the pathogen on the endophyte community composi-
tion. We looked for fungal endophytes that occurred more often
in disease-resistant seedlings to find those species most likely to
aid in blister rust resistance. We also analysed terpene composi-
tion in the needle tissue of these same seedlings and investigated
the relationships between terpene concentration and disease
severity characteristics. In addition, we compared terpene concen-
trations in resistant and susceptible seedlings, whilst accounting
for differences caused by genetic variation of the hosts. We also
explored the relationships between individual terpenoid com-
pounds and high-abundant endophytic taxa. We hypothesized
that exposure to C. ribicola would alter endophyte communities in
inoculated seedlings, possibly as a result of an induced response
of the host as reflected in terpene concentrations. We also pre-
dicted that, after inoculation with C. ribicola, terpene concentra-
tions and abundances of some endophytes would be higher in
resistant than in susceptible seedlings. With this study, our aim
was to elucidate the complex relationships between host defen-
sive chemistry, fungal endophyte communities and disease in
whitebark pine to assist future restoration efforts. Terpenes and
endophyte communities associated with healthy trees in these
studies will greatly contribute to our knowledge of the mecha-
nisms underlying disease resistance in natural whitebark pine
populations.

RESULTS

Disease development

For this experiment, 141 seeds belonging to 20 whitebark pine
seed families (half-siblings or seedlings with the same maternal
parent) were inoculated with C. ribicola in a common garden set-
ting. We analysed the foliar endophyte communities prior to inoc-
ulation and both foliar endophyte communities and terpene
concentrations in each seedling approximately 1 year after inocu-
lation. We also assessed the phenotypic characteristics associated
with resistance to blister rust of each seedling at 8 months
(inspection 1) and 14 months (inspection 2) after inoculation. All
131 inoculated seedlings showed needle spots at inspections 1
and 2. Of the 131 inoculated seedlings, 100 developed cankers on
stems or branches by inspection 2, and were labelled as ‘suscepti-
ble" to C. ribicola infection (Table S1, see Supporting Information)
for all subsequent analyses. Susceptible seedlings occurred in all
half-sibling families. Susceptible seedlings developed 5.4 total
cankers on average, ranging from 1 to 13 cankers per seedling.
The remaining 31 seedlings from 11 families appeared to be
resistant to blister rust, developing zero cankers on stems or
branches at the time of needle collection. These seedlings were
labelled as ‘resistant’ for all subsequent analyses. Seed family
influenced disease resistance (XZ =45.7, P<0.001) in inoculated
seedlings. The most resistant seed families were CA-62 collected
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from North Cascades National Park in Region 1, CO-121 from
Colville National Forest in Region 1 and CL-72 from Crater Lake
National Park in Region 4 (Table S1). The ten seedlings that were
never inoculated and served as controls did not present any symp-
toms of blister rust infection at any point during this study.

Terpenes and disease in whitebark pine

In the needles sampled 1 year after inoculation with C. ribicola, we
detected 23 total terpenes, including 17 monoterpenes and six ses-
quiterpenes. The monoterpenes were B-phellandrene, p-cymene,
~-terpinene, terpinolene, sabinene hydrate, 4-allylanisole, bornyl
acetate, borneol, 3-carene, myrcene, (-)-a-pinene, (+)-a-pinene,
(-)-B-pinene, (+)-B-pinene, (-)-limonene, (4)-limonene and ter-
pineol acetate, and the sesquiterpenes were [-caryophyllene,
humelene, germacrene, +y-cadinene, cubebene and ~-elemene.
Considering only those terpenes whose concentrations could be
calculated from available standards, the most abundant terpenes
in whitebark pine were 3-carene, followed by (-)-a-pinene and
B-phellandrene.

The overall terpene composition showed significant genetic
variation amongst families (Adonis, R =0.332, P<0.001), indi-
cating the heritability of the foliar terpene profiles of whitebark
pine. The terpene profiles also correlated with seedling group
(resistant, susceptible and control seedlings) (Adonis, R =0.047,
P=0.01). Individual terpene compounds and total terpene
concentrations varied with overall disease severity when genetic
variation amongst seedlings was accounted for systematically
(Table 1). As predicted, resistant seedlings contained higher
concentrations of multiple terpenes, including (+)-limonene, (-)-
a-pinene, total monoterpenes and total terpenoid compounds
recovered from needle tissues (Fig. 1). Pearson's correlations
between phenotypic characteristics of blister rust infection and
these terpenes revealed that (+)-limonene showed a negative
correlation with disease severity at the time of collection
(RP=—0.171, P=0.049), but a positive correlation with the
number of needle spots at inspection 1 (R =0.248, P=0.004).

Fungal endophytes

After quality filtering and demultiplexing, 1 631 451 total sequen-
ces remained, representing 1348 operational taxonomic units
(OTUs) in seedlings sampled at inspection 2. The most abundant
OTUs were found in at least 75% of seedlings and most closely
matched Cladosporium, unidentified Ascomycota, Paraphoma,
Gibberella and Pleosporacea spp. No single OTU was recovered
from all trees. We did not detect fungal DNA matching the 1TS2
region of C. ribicola in needle tissue of any seedlings sampled in
this study, despite detecting it in other seedlings at the Dorena
Genetic Resource Center (DGRC) that were inoculated and
sampled at the same time.

Genetics, terpenes, fungi and disease 3

Table 1 Summary of generalized linear mixed models (GLLMs) for white pine
blister rust disease severity, showing the relationship between terpenes and
disease resistance in 123 Pinus albicaulis seedlings inoculated with Cronar-
tium ribicola.

Compound x P
Montoterpenes (—)-Limonene 1.12 0.29
(-)-a-Pinene 5.83 0.01
(-)-B-Pinene 0.16 0.71
(+)-Limonene 4.48 0.04
(+)-a-Pinene 0.1 0.75
3-Carene 3.00 0.08
4-Allylanisole 0.10 0.75
Borneol 2.06 0.16
Bornyl acetate 0.21 0.66
Myrcene 0.25 0.64
Terpineol acetate 1.66 0.19
Terpinolene 1.07 033
B-Phellandrene 1.95 0.17
p-Cymene 0.03 0.85
Total monoterpenes 5.45 0.02
Sesquiterpenes Germacrene 0.01 0.93
Humulene 0.30 0.60
{3-Caryophyllene 0.77 0.39
v-Cadinene 0.43 0.54
v-Elemene 0.74 0.41
~v-Terpinene 2.21 0.16
Total terpenoids 5.43 0.02

Bold P values are significant.

Of all the variables tested, endophyte communities showed
the highest correlation with seedling family (Adonis, R =0.160,
P=0.038). The geographical regions in which seeds were col-
lected (Fig. 2a) also influenced fungal endophyte composition
(Fig. 2b; envfit R*=0.070, P=0.030; Adonis, R®=0.101,
P=0.054). Seedlings exhibited a north to south trend in endo-
phyte community variability. Endophyte communities from the
most northern seedling populations in Washington and British
Columbia differed from communities in seedlings sourced from
the most southern populations in southern Oregon. However, the
effects of latitude and longitude of the source populations were
not significant.

We observed little difference in endophyte community compo-
sition between resistant and susceptible seedlings when using a
nested design to account for the influence of seed family, after
inoculation with C. ribicola (Adonis, Rz = 0.009, P = 0.082): how-
ever, differences were observed between all inoculated and con-
trol seedlings. Using a nested model to account for the influence
of seed family, seedling group (resistant, susceptible and controls)
explained most of the variation in endophyte community composi-
tion after inoculation (Adonis, R* = 0.025, P= 0.025). Endophyte
communities in susceptible and resistant seedlings were more
similar to each other than to those in control seedlings that were
never inoculated (Fig. 3). Control seedlings most closely resembled
endophyte communities in seedlings before inoculation, indicating
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Fig. 1 Concentrations of individual terpenes in resistant and susceptible Pinus albicaulis seedlings after infection with Cronartium ribicola. *Significant differences.

a direct effect of inoculation on the endophyte community. The blister rust, but many maintained high abundances in control seed-
experimental design already underway at DGRC did not allow us lings that were never inoculated.

to implement a full factorial design including all seed families, and Looking only at resistant and susceptible seedlings inoculated
so, to confirm our results, we also tested only control and inocu- with white pine blister rust, we saw correlations between abun-
lated seedlings from the same families. With this reduced dataset, dant endophytes and blister rust disease characteristics. OTUs
endophyte communities also differed between control and inocu- associated with Lophodermium and Paraphoma spp. were nega-
lated seedlings (Adonis, R = 0.081, P< 0.020; Fig. S2, see Sup- tively correlated with the overall disease severity of inoculated
porting Information). Of the more abundant endophytes recovered seedlings (df = 121; R =-0216, P=0.017; R =—0.207,
in the complete dataset, six individual OTUs and three taxonomic P=0.021; respectively). The second most abundant OTU belong-
groups varied amongst resistant, susceptible and control seedlings ing to Ascomycota was recovered from 102 seedlings and was
(Table S2, see Supporting Information). All of these endophytes positively correlated with both 3-carene and the number of needle

decreased in abundance after seedlings were inoculated with spots (df =121; R =0.222, P=0.013; R =0.182, P=0.044,
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Fig. 2 (a) Map of seed family source locations in the Pacific Northwest grouped by geographical region from north to south. (b) Non-metric multidimensional scaling
(NMDS) of fungal endophyte communities in Pinus albicaulis seedlings after inoculation with Cronartium ribicola. Shapes represent centroids for seed source regions
and error bars represent standard errors (stress = 17.95; n= 123). Individual seed source populations are grouped by region, from north to south, where the most
northern populations are represented here as Region 1 and the most southern populations as Region 4.

respectively). Most interestingly, the OTU matching 100% to the
[TS2 region of Metarhizium anisopliae was recovered from 88
seedlings and its presence was negatively correlated with both
the number of needle spots and the number of cankers on white-
bark pine seedlings (df =121; R =-0.233, P=0.009;
R = —0.191, P= 0.034; respectively). Another OTU belonging to
Helotiales was recovered from 81 seedlings and was negatively
correlated with 3-carene (df = 121, R2 = —0.187, P=0.038).

Measures of evenness (Pielou’s J evenness; J = H/H ,.,) and
rarefied richness of fungal communities also differed between
seedling groups. We saw differences in evenness and richness of
seedlings before blister rust inoculation compared with susceptible
seedlings after inoculation (Fig. 4, P=0.003 and P= 0.006,
respectively). Richness decreased more in susceptible seedlings
than in resistant seedlings or seedlings never inoculated, but
endophyte composition was more even in susceptible seedlings
than in any other group.

DISCUSSION

In this study, blister rust infection influenced the endophytic pro-
files in whitebark pine seedlings. Subsequent relationships
between disease severity, fungal endophytes and terpene profiles
of whitebark pine suggest that the interactions which take place
inside needle tissue, at the point of infection, relate to the result-
ing pathology. Terpene profiles and fungal endophytes were also
both influenced by host seed family, or the maternal parent iden-
tity, indicating that the genetic resistance observed in natural pop-
ulations may actually be a combination of both endophytes and

terpenes in needle tissue, in which the initial interactions between
the host, endophytes and pathogen take place.

Terpenes correspond with disease outcome

The phenotypic characteristics of partial resistance to blister rust
disease include fewer stem infections, fewer bark reactions and a
higher survival rate (Sniezko et al, 2014). The underlying
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Fig. 3 Results of non-metric multidimensional scaling (NMDS) analysis of
foliar fungal endophyte communities in seedlings inoculated with blister rust
that were susceptible (red circle) or resistant (blue circle) to blister rust
disease, control seedlings that were never inoculated (triangle) and all
seedlings before inoculation (diamond). Shapes indicate centroids and error
bars represent standard error (stress = 16.93; n = 132).
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Fig. 4 Rarefied richness and evenness measurements of Pinus albicaulis seedlings before inoculation with Cronartium ribicola spores compared with susceptible and

resistant seedlings after infection and control seedlings that were never inoculated.

mechanisms of these resistance traits are unknown in whitebark
pine, but our study shows that resistance may be related to the
terpene composition and endophyte communities within foliar tis-
sue. The terpene (+)-limonene was more concentrated in resist-
ant seedlings than in susceptible seedlings. (+)-Limonene was
also positively correlated with the number of needle spots, but
negatively correlated with overall disease severity later on, sug-
gesting that initial infection severity may induce the production of
(+)-limonene, inhibiting disease progression. (+)-Limonene is a
common terpene in nature and is known to inhibit fungal growth
(Duetz et al., 2003).

Concentrations of (—)-a-pinene were higher in trees exposed
to C. ribicola and highest in resistant seedlings (Fig. 1). A recent
study by Burke and Carroll (2016) suggested that elevated levels
of a-pinene might increase attack success and aggregation by
mountain pine beetle. These results, combined with the current

study, support the observations by Six and Adams (2007) and
Jules et al. (2016) that mountain pine beetles appear to be more
attracted to trees infected by blister rust disease, but it should be
noted that, in the former study, the healthiest trees were avoided.
Further investigations should be conducted to determine whether
mountain pine beetles are indeed more attracted to rust-resistant
phenotypes as a result of specific resistance characteristics, espe-
cially if levels of a-pinene remain elevated in resistant trees as a
form of acquired resistance to blister rust disease.

We did not detect fungal DNA matching the ITS2 region of C.
ribicola in the needle tissue of any seedlings sampled in this study.
We do not believe that this was a result of the methods used, as
we have detected C. ribicola in the needle tissue of five other nee-
dle pines 1 year after inoculation using the same methods. It is
more likely that blister rust was undetectable because it had
grown into branch and stem tissues or succumbed to tree
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defences in needles, or both. As such, the differences in terpene
concentrations in resistant vs. susceptible seedlings are perhaps
even more striking, because this indicates that terpene concentra-
tions persist even after the pathogen has senesced or been elimi-
nated from needle tissues. This again may suggest that whitebark
pine forms an acquired resistance to C. ribicola, or an increase in
resistance to blister rust after exposure to the pathogen (Kloepper
et al,, 1992; Sticher et al,, 1997). Alternatively, resistant trees may
already maintain elevated levels of these terpenes before expo-
sure to the pathogen as a constitutive defence.

As in Sampedro et al. (2010), in which terpenes were analysed
in Pinus pinaster families, we also saw a significant effect of seed
family on the terpene profile of individual seedlings (Adonis,
R =0.332, P<0.001). To our knowledge, this is the first evi-
dence of genetic variation in terpenes in whitebark pine. As a
result of the heritability of terpene composition, and because we
did not analyse terpenes in seedlings both before and after inocu-
lation, we can only speculate whether the terpene concentrations
reported here represent constitutive or induced levels. We also
hesitate to use control seedlings as a baseline, as they only repre-
sent two seed families, one of which has exhibited high resistance
to blister rust when inoculated in other trials. However, when
using mixed models in which we accounted for seed family iden-
tity, we still saw significant differences in terpene composition
between resistant and susceptible seedlings.

Endophyte communities correlate with disease
characteristics and host defensive chemistry

In accordance with our hypothesis that endophyte community
composition would shift in response to blister rust infection, C.
ribicola inoculations altered the foliar endophyte community com-
position of inoculated whitebark pine seedlings relative to controls
and pre-inoculation seedlings (Figs 3, S2) by decreasing the over-
all richness and abundance of multiple taxonomic groups. After
infection, we observed fewer fungal species in susceptible seed-
lings compared with all seedlings before inoculation (Fig. 4). A
possible explanation for this observation is that altered host
chemistry as a result of disease may filter the endophytic commu-
nity, reducing low-abundant species that are already less tolerant
of the host's chemical environment. This may explain the higher
species evenness we see within susceptible seedlings, as well as
the significant reduction in the abundance of many individual fun-
gal species after C. ribicola inoculation (Table S2).

Host genotype is known to structure endophyte communities
(Balint et al,, 2013), and we found additional support for this. The
strongest signal found for a change in endophyte communities
was the half-sibling family of the host seedling. Using many of the
same whitebark pine populations as used here, Liu et al. (2016)
found similar geographical trends in population genetic structure
to those found in endophyte community differences. Liu et al.
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(2016) also found that half-sibling family explained 27% of the
genetic variation in whitebark pine populations, suggesting that
family variation is a strong driver of genetic variation in whitebark
pine. We would expect half-sibling families to exert a structural
force on endophyte communities, but, in this case, we also found
that this signal persisted through a common garden study in which
all the seedlings were exposed to the same airborne fungal propa-
gules. This indicates that host genotype filters the locally available
fungal propagules and structures fungal endophyte communities.

In this study, we found that the structure and composition of
endophytes may largely be a product of host filtering, with con-
specific hosts supporting significantly different fungal commun-
ities based on their maternal genetics. For any endophyte to
potentially alter the growth of C. ribicola in plant tissue or change
the progress of blister rust disease in some other way, the endo-
phyte must first show compatibility with the host's defensive
chemistry at an individual tree level. This fact may contribute to
the variability in endophyte—host assemblages amongst individu-
als in a species and, by extension, the same can be said of sym-
biont community variability amongst half-sibling families. Those
endophytes able to colonize multiple whitebark pine seed families,
and also having negative correlations with disease characteristics,
may offer protection against blister rust and be good candidates
for inoculations in future restoration efforts. Of the OTUs tested
here, multiple fungal endophytes were correlated with disease
characteristics and terpene concentrations in whitebark pine. Spe-
cifically, the presence of Metarhizium anisopliae was negatively
correlated with both the number of needle spots and cankers on
individual seedlings. Metarhizium is in the family Clavicipitaceae,
which contains many well-known plant mutualists (Rodriguez
et al, 2009) and, to our knowledge, this is the first report of
Metarhizium in the foliar tissue of conifers. Some Metarhizium
spp. can produce secondary compounds toxic to both insects and
other microbes, and have been widely demonstrated as effective
biocontrols for pathogens of various hosts (Barelli et al., 2016;
Keyser et al., 2016). In this study, seedlings with few or no can-
kers were associated with higher abundances of this fungus. This
suggests that endophytes may act as complementary defences in
conifers; higher abundances of this beneficial fungus may inhibit
blister rust, but many other factors, including terpenes, can con-
tribute to resistance or susceptibility. Lophodermium also nega-
tively correlated with overall disease severity. Lophodermium
belongs to the family Rhytismataceae, whose members are com-
mon in other white pine species (Ganley et al, 2004), and have
shown potential in reducing symptoms of white pine blister rust in
previous studies (Ganley et al., 2008). These and our results sug-
gest that these endophytes have potential as biocontrol agents to
protect whitebark pine from C. ribicola infection.

We detected little variation in the endophyte community com-
position between resistant and susceptible seedlings after
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inoculation, which may be partly a result of the pool of available
colonizers at DGRC. Naturally occurring whitebark pines are not
found near the common garden, and the surrounding habitat at
DGRC is much different from the whitebark pine habitat, which is
restricted to high-elevation ecosystems. Many of the fungal spe-
cies that most influence blister rust severity in whitebark pine may
be absent from the surrounding environment at DGRC. However,
whitebark pine seed families supported specific endophytic com-
munities within needle tissue, and previous studies have shown
evidence of genetically correlated resistance in natural whitebark
pine populations (Retzlaff et al, 2016; Sniezko et al, 2011).
Future studies of endophyte communities in naturally occurring,
resistant whitebark pine exposed to blister rust may provide more
information as to which endophytic species or clades are more
likely to increase resistance to the pathogen.

Future applications

The results of this study highlight the ecological relationships
between tree genetics, terpenes and foliar endophytes with impli-
cations for white pine blister rust resistance. Blister rust infection
influenced both terpene and endophytic profiles of whitebark pine
seedlings, and subsequent correlations of endophytes, terpenes
and disease severity indicated that interactions that take place
inside needle tissue can influence disease outcome. The response
of both terpene and endophytic profiles to infection was addition-
ally related to seed family. This suggests that the genetic resist-
ance seen in natural populations may be a result of the additive
effects of both endophytes and the composition of terpenes in
needle tissue, in which initial interactions between endophytes,
the host and C. ribicola take place. The quantification of terpene
concentrations in whitebark pine exposed to blister rust demon-
strates the potential physiological mechanisms of disease resist-
ance, where higher or lower concentrations of certain terpenes
indicate a resistant phenotype. Terpene profiles that can predict
disease severity can then act as biomarkers for disease resistance
in the future, and may indicate preferred parent trees as seed
sources for replanting forests in areas threatened by white pine
blister rust.

Recent next-generation sequencing (NGS) technology has
highlighted the complex nature of plant microbiomes and has pro-
vided us with a much clearer understanding of endophytic com-
munity composition in plants than ever before. This is essential
because, in order to understand the function of the fungal micro-
biome and to optimize its potential in disease resistance, we must
first understand how different microbial species coexist together
in natural settings, as well as the abiotic and biotic factors, such
as host genetics, that shape these communities. This study,
although limited in providing a direct mechanistic solution for dis-
ease resistance, provides the first evidence that both terpenes
and endophyte communities in individual host trees may

simultaneously contribute to disease resistance. In the future,
direct manipulations of fungal endophyte communities (Bullington
and Larkin, 2015), as well as investigations into the production of
secondary compounds (e.g. terpenes) by fungal species, will help
us to better understand the functional roles of specific fungi and
the mechanisms underlying their effects on host plants. In addi-
tion, this study provides valuable information for experimental
inoculations of nursery seedlings with beneficial fungal endo-
phytes for out-planting into high-rust areas. Five-needle pines
remain an ecologically and culturally important species across the
western USA and Canada, and a comprehensive understanding of
what constitutes a resistant or susceptible tree in natural settings
will increase the success of future restoration outcomes.

EXPERIMENTAL PROCEDURES

Data collection

DGRC in Cottage Grove, OR, USA breeds five-needle pines to look for
genetic resistance to rust infection (Sniezko and Koch, 2017; Sniezko
et al., 2014). Seeds collected from healthy, surviving trees are germinated
and grown in an open-air glasshouse. After 1-2 years, seedlings are
experimentally inoculated with C. ribicola spores present on infected
leaves of the alternative host (Ribes plants) collected from natural Ribes
populations. For this experiment, 141 seeds belonging to 20 whitebark
pine seed families (half-siblings or seeds produced by the same parent
tree) were sourced throughout the Pacific Northwest, from British Colum-
bia to southern Oregon (Fig. 2a). All seedling families are currently under-
going rust resistance screening at DGRC. Seeds were stratified and sown
directly into Cone-tainers in accordance with standard DGRC protocols
(Riley et al, 2007). After two growing seasons (~18 months), seedlings
(four to seven seedlings per family) were placed in an inoculation chamber
and inoculated with C. ribicola rust spores. Inoculation with C. ribicola
spores also followed the standard DGRC protocol, as described in Sniezko
et al. (2011). Briefly, infected Ribes leaves are suspended over whitebark
pine seedlings in a fog chamber with high humidity. Cronartium ribicola
spores then fall onto seedlings and hyphae enter the seedling through
needle stomata. No mechanical wounding is necessary for infection. Ten
seedlings, belonging to two of the same families as those that were inocu-
lated, served as controls and were never inoculated (Table S1). After
inoculation, all seedlings were out-planted into a common garden at
DGRC. As only two seedling families were available for control treat-
ments, we use caution when making direct comparisons with treated
seedlings, and instead focus our results on seedling characteristics before
and after inoculation with C. ribicola, and between resistant and suscepti-
ble seedlings.

Needles were sampled from all seedlings at two time periods. The first
collection occurred immediately prior to blister rust inoculation on 11 Sep-
tember 2014. Both primary and secondary needles were collected from
each seedling. The needle tissue of four to seven seedlings was pooled
within each family to ensure sufficient sample volume. This resulted in a
total of 22 pooled samples (20 treated families, two control families)
before blister rust inoculation. Phenotypic characteristics associated with
resistance to blister rust were assessed at 8 months (inspection 1) and 14
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months (inspection 2) after inoculation. Inspection 1 included a count of
needle spots per seedling caused by the pathogen C. ribicola. Data
recorded at inspection 2 included the number of bark and stem cankers,
height and severity of infection. Severity ranged from 0 to 9, with ‘0’ rep-
resenting seedlings with no symptoms and ‘9" representing seedlings
dead from blister rust (Sniezko et al, 2014). Approximately 1 month
before inspection 2 we collected needle tissue from the same seedlings as
sampled before (collection 2). In this sampling, each seedling represented
one replicate and needles were pooled within seedlings for a total of 141
individual seedlings (131 inoculated and 10 control seedlings), sampled
after the presentation of symptoms on inoculated seedlings. On each
seedling we again collected both primary and secondary needles that
appeared green and healthy with the exception of some needle spotting
caused by blister rust disease on inoculated seedlings. Samples were kept
on ice or at —20°C until processing.

Terpene analysis

At collection 2, subsamples of needle tissue from all seedlings were used
to analyse tree defensive chemistry in the form of terpene composition.
The needle tissue was ground in liquid nitrogen, weighed and sent on dry
ice to the University of Alberta for terpene analysis. Extraction and analy-
sis of terpenes were performed as described by Erbilgin et al. (2014) and
Karst et al. (2015). The quantity of chemicals was calculated using
response curves generated from analyses of a dilution sequence of known
quantities of standards. Calibration with these standards allowed for the
analysis of quantitative differences in terpenes amongst seedling groups.
For some compounds (terpineol acetate, elemene, cadinene and germa-
crene), no standards were available, and so the peak area was compared
for qualitative and quantitative differences amongst samples; however,
concentrations between these compounds and all other compounds could
not be compared.

Fungal endophyte community characterization

The remaining needle tissue from individual seedlings and the 22 pooled
samples collected before blister rust inoculation were washed and surface
sterilized according to Larkin et al. (2012). To verify sterilization efficacy,
sterilized needles were imprinted on malt extract agar and monitored for
fungal growth. No evidence of contamination was observed. Tissue was
freeze—dried using a Labconco Freezone benchtop freeze dry system
(Labconco, Kansas City, MO, USA). Dried needle tissue was then macer-
ated to a fine powder using a 1600 MiniG® tissue homogenizer and cell
lyser (Spex SamplePrep, Metuchen, NJ, USA)

Genomic DNA was extracted from ground needle tissue using a modi-
fied cetyltrimethylammonium bromide (CTAB) extraction protocol (Bullington
and Larkin, 2015). Fungal DNA was amplified directly from pine needle tis-
sue and prepared for lllumina sequencing using a two-step polymerase chain
reaction (PCR) protocol to first amplify our target region and then to attach
unique identifiers. The ITS2 region was initially amplified using a mix of for-
ward fungal primers flITS7 (Ihrmark et al,, 2012) and fl [TS70 (Kohout et al,
2014) and the reverse primer ITS4 (White et al, 1990). To reduce problems
related to low sequence diversity at the conservative regions (Fadrosh et al,,
2014), we increased the sequence variability of our amplicon libraries using
a heterogeneity spacer region (0—6 nucleotides) between target primers and
22-bp Fluidigm universal tags, CS1 and CS2, which act as sticky ends for the

Genetics, terpenes, fungi and disease 9

PCR2 reaction (Fluidigm Inc., San Francisco, CA, USA). Reactions were
carried out in 12.5-pL reaction volumes containing 1 pL of template and
20 pmol of each primer in 1 X GoTaq® Green Master Mix (Green GoTaq®™
Reaction Buffer, 200 pum dATP, 200 um dGTP, 200 um dCTP, 200 um dTTP
and 1.5 mm MgCly; Promega, Madison, WI, USA). Each reaction was
performed in a Techne TC-4000 thermocycler (Bibby Scientific, Burlington,
NJ, USA) under the following conditions: 3 min at 94 °C, followed by
35 cycles of 60 s at 95 °C, 40 s at 57 °C and 40 s at 70 °C, and a final
extension step of 7 min at 68 °C, before storage at 4 °C.

To confirm the presence of our target amplicon, all reactions were
analysed by 1.5% agarose gel electrophoresis using a 100-bp ladder
(O'GeneRuler DNA Ladder, Thermo Scientific, Waltham, MA, USA). PCR2
primer complexes consisted of Fluidigm tags (CS1 or CS2), 8-bp lllumina
Nextera barcodes (Illumina Inc., San Diego, CA, USA) and Illumina adapt-
ers P5 and P7. PCR2 was carried out in 25-pL reaction volumes containing
1 L of template and 20 pmol of each primer in 1 X GoTaq® Green Mas-
ter Mix (Promega). Each reaction was performed under the following con-
ditions: 95°C for 1 min; 10 cycles of 95°C for 30 s, 60°C for 30 s and 68°C
for 1 min; and 68°C for 5 min. Samples were pooled on the basis of band
intensities in 1.5% agarose gel electrophoresis of the PCR2 product.
Sequencing was performed at the Institute for Bioinformatics and Evolu-
tionary Studies (iBEST) genomics resources core at the University of Idaho
(http://www.ibest.uidaho.edu/; Moscow, ID, USA). Amplicon libraries
were sequenced using 2 X 300 paired-end reads on an lllumina MiSeq
sequencing platform (lllumina Inc.).

Initial bioinformatics analyses were conducted using ‘quantitative
insights into microbial ecology’ (QIIME version 1.9.1; Caporaso et al,
2010). Paired reads were assembled using fastg-join (Aronesty, 2013)
with a minimum overlap of 20 bp and allowing a maximum mismatch of
10% within the region of overlap. We followed primary quality filtering
parameters as recommended from Bokulich et al. (2013) with the excep-
tion of the minimum acceptable Phred quality score, which we adjusted to
27 to ensure that only high-quality reads were included in our analyses.
All trimmed and quality-filtered sequences were clustered via subsampled
open-reference OTU picking using the QIIME implementation of Sort-
MeRNA and the UNITE fungal ITS sequence database (Koljalg et al,
2013) as a reference database, followed by Sumaclust for de novo cluster-
ing (Kopylova et al,, 2012). OTUs were delineated at 97% pairwise simi-
larity (Nilsson et al, 2008). Chimera checking was performed on all
sequences using USEARCH 6.1 chimera checking software in QIIME
(Edgar, 2010; Edgar et al, 2011). Taxonomic identification was deter-
mined using the QIIME-based SortMeRNA taxonomy assigner (Mercier
et al,, 2013) and the UNITE fungal ITS sequence database (Koljalg et al,
2013). All taxonomic designations refer to assignments based on a mini-
mum pairwise similarity of 97% to sequences within the UNITE fungal
database with 90% sequence coverage. OTUs that did not meet these
guidelines were subsequently searched against the National Center for
Biotechnology Information (NCBI) database, which revealed sufficient
(>80%) similarity and coverage to other known fungi as to be retained in
our dataset, as they probably belong to fungal species that do not yet
have a reference barcode. All OTUs that were represented by less than
0.001% of total sequences (16 sequences), or present in fewer than two
seedlings, were removed to avoid potential PCR and sequencing artefacts.
All sequence data have since been deposited into GenBank under the
accession numbers MG206237-MG207680.
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Data analysis

The relationships between terpenes, endophytes and disease phenotype
of the same individual seedlings were analysed using R (version 3.3.1, R
Core Team, 2017) with the MASS, PMCMR, Ime4, vegan, mvabund and
afex packages (Bates et al, 2015; Oksanen et al,, 2017; Pohlert, 2014;
Singmann et al, 2017; Venables and Ripley, 2002; Wang et al.,, 2016),
unless otherwise noted. Significance was inferred at P< 0.05 for all tests.

We first performed a y? test of independence to determine whether or
not disease resistance was related to seed family identity or genetic varia-
tion using the chist.test function in the MASS package (Venables and
Ripley, 2002). We also tested for genetic variation in overall terpene com-
position, as well as differences amongst seedling groups (control, resistant
and susceptible seedlings), by performing permutational multivariate anal-
yses of variance using the adonis function with 999 permutations on
Bray—Curtis distances of terpene concentrations (Oksanen et al., 2017). To
then assess the relationship between tree defensive chemistry and C. ribi-
cola infection in inoculated whitebark pine seedlings, we used a general-
ized linear mixed model (g/mer, Bates et al, 2015) with Poisson error
distribution and a log-link function. We used this analysis as data were
obtained from seedlings belonging to the same seed family, which was
significantly related to terpene concentration and violates the assumption
of sampling independence. We considered disease severity as the
response, concentrations of each terpene as a fixed factor in individual
models and the interaction between terpene concentration and seed
family as a random effect. All models were individually assessed for over-
dispersion. Statistical significance was assessed using parametric boot-
strapping and 999 permutations (mixed function, Singmann et al.,, 2017).
Only terpenes with available standards were considered in total terpene
and total monoterpene analyses. Pearson correlations were conducted
between individual terpene concentrations and phenotypic characteristics
of disease, as well as relative abundances of endophytic fungal OTUs, to
assess the relationships between endophytes, terpenes and disease. Trace
compounds and rare OTUs were not included in these analyses.

For all endophyte community analyses, we rarefied sequencing depth
to 900 sequences per seedling. Seedlings with fewer than 900 sequences
were excluded from further analyses, including five pooled samples before
inoculation, eight inoculated seedlings and one control seedling.

To identify the main factors influencing fungal communities, we exam-
ined seedling inoculation status (before or after inoculation), seedling
group (resistant vs. susceptible seedlings), disease characteristics, seed
family identity and seed source characteristics, including latitude, longi-
tude and region, for significant relationships with endophyte composition
using the envfit and adonis (permutational multivariate analysis of
variance) functions with 999 permutations on Bray—Curtis distances
(Oksanen et al., 2017). To elucidate patterns in fungal community compo-
sition in all seedlings before and after inoculation, as well as amongst
seedling groups (resistant, susceptible and control seedlings), we used
non-metric multidimensional scaling (NMDS) based on the Bray—Curtis
distances of rarefied relative abundances of OTUs (metaMDS function,
Oksanen et al., 2017).

Kruskal-Wallis tests were performed on rarefied data for abundant
individual OTUs and higher order taxonomic groups to look for differences
in mean abundances between resistant and susceptible seedlings (those
that developed cankers and those that did not), as well as before and

after inoculation. Post hoc analyses were performed using Dunn's test for
multiple comparisons with a Bonferroni correction using the PMCMR
package (Pohlert, 2014).

OTU data were used to estimate foliar fungal species richness within
seedlings and diversity indices (evenness, Fisher's alpha) in all samples
using the vegan community ecology package (Oksanen et al, 2017).
Diversity was visualized using box and whisker plots, and analyses were
performed using a one-way analysis of variance (ANOVA), followed by
Tukey's honestly significant difference (HSD) to assess post hoc contrasts
amongst seedling groups.

ACKNOWLEDGEMENTS

We thank MPG Ranch, Florence, MT, USA for generously funding this
research. We also thank technicians at the Dorena Genetic Resource Cen-
ter (DGRC), Cottage Grove, OR, USA for assistance in rust inoculations
and assessments, especially Doug Savin, Brianna McTeague and Angelia
Kegley. We are also thankful to John McCutcheon and Diana Six for pro-
viding valuable advice and edits in earlier versions of the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

L.S.B. designed the research, performed the research, wrote the
manuscript and analysed the data. Y.L. designed the research and
extensively edited the manuscript. R.S. designed the research,
contributed supplies, collected data and edited the manuscript.
B.L. edited the manuscript and contributed statistics knowledge.

REFERENCES

Arnold, A.E., Mejia, L.C., Kyllo, D., Rojas, E.I., Maynard, Z., Robbins, N. and
Herre, E.A. (2003) Fungal endophytes limit pathogen damage in a tropical tree.
Proc. Natl. Acad. Sci. USA, 100, 15 649-15 654.

Aronesty, E. (2013) Comparison of sequencing utility programs. Open Bioinform. J.
7,1-8.

Atanasova, L., Crom, S.L., Gruber, S., Coulpier, F., Seidl-Seiboth, V., Kubicek, C.P.
and Druzhinina, 1.S. (2013) Comparative transcriptomics reveals different strategies
of Trichoderma mycoparasitism. BMC Genomics, 14, 121.

Balint, M., Tiffin, P., Hallstrom, B., O'Hara, R.B., Olson, M.S., Fankhauser, J.D.,
Piepenbring, M. and Schmitt, 1. (2013) Host genotype shapes the foliar fungal
microbiome of balsam poplar (Populus balsamifera). PLoS One, 8, €53987.

Barelli, L., Moonjely, S., Behie, S.W. and Bidochka, M.J. (2016) Fungi with
multifunctional lifestyles: endophytic insect pathogenic fungi. Plant Mol. Biol. 90,
657-664.

Bates, D., Machler, M., Bolker, B. and Walker, S. (2015) Fitting linear mixed-
effects models using Ime4. J. Stat. Softw. 67, 1-48. doi:10.18637/jss.v067.i01.

Berube, J., Trudelle, J., Carisse, 0. and Dessureault, M. (1998) Endophytic fungal
flora from eastern white pine needles and apple tree leaves as a means of biologi-
cal control for white pine blister rust. In: Proceedings of the 1st IUFRO Rusts of For-
est Trees Working Party Conference, August 2-7, 1998 (Jalkanen, R., Crane, P.E.,
Walle, J.A. and Aalto, T. eds.), pp. 305-309. Saariselka: Finnish Forest Research
Institute.

Bokulich, N.A., Subramanian, S., Faith, J.J., Gevers, D., Gordon, J.I., Knight, R.,
Mills, D.A. and Caporaso, J.G. (2013) Quality-filtering vastly improves diversity
estimates from Illumina amplicon sequencing. Nat. Methods, 10, 57-59. doi:
10.1038/nmeth.2276.

Bonello, P., Gordo, T.R., Herms, D.A., Wood, D.L. and Erbilgin, N. (2006) Nature
and ecological implications of pathogen-induced systemic resistance in conifers: a
novel hypothesis. Physiol. Mol. Plant Pathol. 68, 95—104.

MOLECULAR PLANT PATHOLOGY (2018) © 2018 BSPP AND JOHN WILEY & SONS LTD


info:doi/10.18637/jss.v067.i01
info:doi/10.1038/nmeth.2276

Bridges, J.R. (1987) Effects of terpenoid compounds on growth of symbiotic fungi
associated with the southern pine beetle. Phytopathology, 77, 83. doi:10.1094/
Phyto-77-83

Bullington, L.S. and Larkin, B.G. (2015) Using direct amplification and next-
generation sequencing technology to explore foliar endophyte communities in
experimentally inoculated western white pines. Fungal Ecol. 17, 170-178.

Burke, J.L. and Carroll, A.L. (2016) The influence of variation in host tree monoter-
pene composition on secondary attraction by an invasive bark beetle: implications
for range expansion and potential host shift by the mountain pine beetle. Forest
Ecol. Manag. 359, 59-64.

Campbell, E.M. and Antos, J.A. (2000) Distribution and severity of white pine blis-
ter rust and mountain pine beetle on whitebark pine in British Columbia. Can. J.
Forest Res. 30, 1051-1059. doi:10.1139/x00-020

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D.,
Costello, E.K., Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A.,
Kelley, S.T., Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D.,
Muegge, B.D., Pirrung, M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J.,
Walters, W.A., Widmann, J., Yatsunenko, T., Zaneveld, J. and Knight, R. (2010)
QIIME allows analysis of high-throughput community sequencing data. Nat. Methods.
7, 335-336. doi:10.1038/nmeth.f.303

Carroll, G. (1988) Fungal endophytes in stems and leaves—from latent pathogen to
mutualistic symbiont. Ecology, 69, 2-9.

Duetz, W.A., Bouwmeester, H., Van Beilen, J.B. and Witholt, B. (2003) Biotrans-
formation of limonene by bacteria, fungi, yeasts, and plants. Appl. Microbiol.
Biotechnol. 61, 269-277. doi:10.1007/s00253-003-1221-y.

Edgar, R.C. (2010) Search and clustering orders of magnitude faster than BLAST.
Bioinformatics, 26, 2460-2461.

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C. and Knight, R. (2011) UCHIME
improves sensitivity and speed of chimera detection. Bioinformatics, 27,
2194-2200.

Erbilgin, N., Ma, C., Whitehouse, C., Shan, B., Najar, A. and Evenden, M. (2014)
Chemical similarity between historical and novel host plants promotes range and
host expansion of the mountain pine beetle in a naive host ecosystem. New Phytol.
201, 940-950.

Evans, H., Holmes, K. and Thomas, S. (2003) Endophytes and mycoparasites asso-
ciated with an indigenous forest tree, Theobroma gileri, in Ecuador and a prelimi-
nary assessment of their potential as biocontrol agents of cocoa diseases. Mycol.
Prog. 2, 149-160.

Evensen, P.C., Solheim, H., Hoiland, K. and Stenersen, J. (2000) Induced resist-
ance of Norway spruce, variation of phenolic compounds and their effects on fun-
gal pathogens. Forest Pathol. 30, 97—-108. doi:10.1046/j.1439-0329.2000.00189.x.

Fadrosh, D.W., Ma, B., Gajer, P., Sengamalay, N., Ott, S., Brotman, R.M. and
Ravel, J. (2014) An improved dual-indexing approach for multiplexed 16S rRNA
gene sequencing on the lllumina MiSeq platform. Microbiome, 2, 6. doi:10.1186/
2049-2618-2-6.

Ganley, R.J., Brunsfeld, S.J. and Newcombe, G. (2004) A community of unknown,
endophytic fungi in western white pine. Proc. Natl. Acad. Sci. USA, 101, 10 107-
10 112. doi:10.1073/pnas.0401513101.

Ganley, R.J., Sniezko, R.A. and Newcombe, G. (2008) Endophyte-mediated resist-
ance against white pine blister rust in Pinus monticola. For. Ecol. Manage. 255,
2751-2760. doi:10.1016/j.foreco.2008.01.052.

Hoff, R.J., Ferguson, D.E., McDonald, G.I. and Keane, R.E. (2001) Strategies for
managing whitebark pine in the presence of white pine blister rust. In: Whitebark
Communities: Ecology and Restoration (Tomback D.F., Arno S.F. and Keane R.E.,
eds.), pp. 346—366. Washington DC: Island Press.

lhrmark, K., Bodeker, I.T.M., Cruz-Martinez, K., Friberg, H., Kubartova, A.,
Schenck, J., Strid, Y., Stenlid, J., Brandstrom-Durling, M., Clemmensen, K.E.
and Lindahl, B.D. (2012) New primers to amplify the fungal ITS2 region—
evaluation by 454-sequencing of artificial and natural communities. FEMS
Microbiol. Ecol. 82, 666-677.

Jules, E.S., Jackson, J.I., van Mantgem, P.J., Beck, J.S., Murray, M.P. and
Sahara, E.A. (2016) The relative contributions of disease and insects in the decline
of a long-lived tree: a stochastic demographic model of whitebark pine (Pinus albi-
caulis). For. Ecol. Manag. 381, 144-156.

Karst, J., Erbilgin, N., Pec, G.J., Cigan, P.W., Najar, A., Simard, S.W. and
Cahill, J.F. (2015) Ectomycorrhizal fungi mediate indirect effects of a bark beetle
outbreak on secondary chemistry and establishment of pine seedlings. New Phytol.
208, 904-914.

Keane, R.E. and Arno, S.F. (1993) Rapid decline of whitebark pine in Western
Montana: evidence from 20-year remeasurements. West. J. Appl. Forest. 8, 44-47.

Genetics, terpenes, fungi and disease 1"

Keeling, C.I. and Bohlmann, J. (2006) Genes, enzymes and chemicals of terpenoid
diversity in the constitutive and induced defence of conifers against insects and
pathogens. New Phytol. 170, 657-675.

Kendall, K.C. and Arno, S.F. (1990) Whitebark pine an important but endangered
wildlife resource. In: Proceedings of the Symposium: Whitebark Pine Ecosystems:
Ecology and Management of a High Mountain Resource. 1989 March 29-31;
Bozeman, MT. Gen. Tech. Rep. INT-270. Ogden, UT: USDA For. Serv., Intermoun-
tain Research Station: 264-274.

Keyser, C.A., Jensen, B. and Meyling, N.V. (2016) Dual effects of Metarhizium
spp. and Clonostachys rosea against an insect and a seed-borne pathogen in
wheat. Pest Manag. Sci. 72, 517-526.

Kloepper, J., Sadik, T. and Kuc, J. (1992) Proposed definitions related to induced
disease resistance. Biocontrol. Sci. Technol. 2, 349-351.

Kohout, P., Sudova, R., Janouskova, M., Cturtlikova, M., Hejda, M., Pankova, H.,
Slavikova, R., Stajerova, K., Vosatka, M. and Sykorova, Z. (2014) Comparison of
commonly used primer sets for evaluating arbuscular mycorrhizal fungal communities:
is there a universal solution? Soil Biol. Biochem. 68, 482—493.

Koljalg, U., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M.,
Bates, S.T., Bruns, T.D., Bengtsson-Palme, J.,, Callaghan, T.M., Douglas, B.,
Drenkhan, T., Eberhardt, U, Duenas, M., Grebenc, T. Griffith, G.W.,
Hartmann, M., Kirk, P.M., Kohout, P., Larsson, E., Lindahl, B.D., Lucking, R.,
Martin, M.P., Matheny, P.B., Nguyen, N.H., Niskanen, T., Oja, J., Peay, K.G.,
Peintner, U., Peterson, M., Poldmaa, K. Saag, L., Saar, I, SchiiBler, A.,
Scott, J.A, Senés, C., Smith, M.E, Suija, A, Taylor, D.L, Telleria, M.T.,
Weiss, M. and Larsson, K.H. (2013) Towards a unified paradigm for sequence-based
identification of fungi. Mol. Ecol. 22, 5271-5277. doi:10.1111/mec.12481.

Kopylova, E., Noé, L. and Touzet, H. (2012) SortMeRNA: fast and accurate filtering
of ribosomal RNAs in metatranscriptomic data. Bioinformatics, 28, 3211-3217.
doi:10.1093/bioinformatics/bts611.

Larkin, B.G., Hunt, L.S. and Ramsey, P.W. (2012) Foliar nutrients shape fungal endo-
phyte communities in Western white pine (Pinus monticola) with implications for white-
tailed deer herbivory. Fungal Ecol. 5, 252-260. doi:10.1016/}.funeco.2011.11.002.

Liu, J.-J., Sturrock, R.N., Sniezko, R.A., Williams, H., Benton, R. and Zamany, A.
(2015) Transcriptome analysis of the white pine blister rust pathogen Cronartium
ribicola: de novo assembly, expression profiling, and identification of candidate
effectors. BMC Genomics, 16, 678.

Liu, J.-J., Sniezko, R.A., Murray, M., Wang, N., Chen, H., Zamany, A. and
Kegley, A. (2016) Genetic diversity and population structure of whitebark pine
(Pinus albicaulis Engelm.) in Western North America. PLoS One, 11, €0167986.

Lombardero, M.J., Ayres, M.P. and Ayres, B.D. (2006) Effects of fire and mechani-
cal wounding on Pinus resinosa resin defenses, beetle attacks, and pathogens. For.
Ecol. Manag. 225, 349-358. doi:10.1016/j.foreco.2006.01.010

Mercier, C., Boyer, F., Bonin, A. and Coissac, E. 2013. SUMATRA and SUMA-
CLUST: fast and exact comparison and clustering of sequences. SeqBio (abstract),
p. 27. Available at http://doi.wiley.com/10.1002/ejoc.201200111 [accessed 25-26
November 2013].

Michelozzi, M., Squillace, A.E. and White, T.L. (1990) Monoterpene composition
in fusiform rust resistance in slash pine. Forest Sci. 36, 470-475.

Moreira, X., Mooney, K.A., Rasmann, S., Petry, W.K., Carrillo-Gavilan, A.,
Zas, R. and Sampedro, L. (2014) Trade-offs between constitutive and induced
defences drive geographical and climatic clines in pine chemical defences. Ecol.
Lett. 17, 537-546.

Nilsson, R.H., Kristiansson, E., Ryberg, M. and Hallenberg, N. (2008) Intraspe-
cific TS variability in the kingdom fungi as expressed in the international sequence
databases and its implications for molecular species identification. Evol. Bioinform.
Online, 4, 2193-2201.

Oksanen, A.J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D,
Minchin, P.R., O'Hara, R.B., Simpson, G.L., Solymos, P., Henry, M.,
Stevens, H., Szoecs, E., and Wagner, H. (2017) Vegan: Community Ecology Pack-
age. R package version 2.4-2. Available at https://CRAN.R-project.org/package=
vegan [accessed 2 February 2018].

Patton, R.F. and Johnson, D.W. (1970) Mode of penetration of needles of eastern
white pine by Cronartium ribicola. Phytopathology, 60, 977-982. doi:10.1094/
Phyto-60-977.

Pohlert, T. (2014) The pairwise multiple comparison of mean ranks package
(PMCMR). R package. Available at http://CRAN.R-project.org/package=PMCMR
[accessed 2 February 2018].

R Core Team. (2017) R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available at https://www.R-
project.org/.

© 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018)


info:doi/10.1094/Phyto-77-83
info:doi/10.1094/Phyto-77-83
info:doi/10.1139/x00-020
info:doi/10.1038/nmeth.f.303
info:doi/10.1007/s00253-003-1221-y
info:doi/10.1046/j.1439-0329.2000.00189.x
info:doi/10.1186/2049-2618-2-6
info:doi/10.1186/2049-2618-2-6
info:doi/10.1073/pnas.0401513101
info:doi/10.1016/j.foreco.2008.01.052
info:doi/10.1111/mec.12481
info:doi/10.1093/bioinformatics/bts611
info:doi/10.1016/j.funeco.2011.11.002
info:doi/10.1016/j.foreco.2006.01.010
http://doi.wiley.com/10.1002/ejoc.201200111
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
info:doi/10.1094/Phyto-60-977
info:doi/10.1094/Phyto-60-977
http://CRAN.R-project.org/package=PMCMR
http://CRAN.R-project.org/package=PMCMR
https://www.R-project.org/
https://www.R-project.org/

12 L. S. BULLINGTON et al.

Retzlaff, M.L., Leirfallom, S.B. and Keane, R.E. (2016) A 20-Year Reassessment of
the Health and Status of Whitebark Pine Forests in the Bob Marshall Wilderness
Complex, Montana, p. 1-10. Reseach Note No. RMRS-RN-73. Fort Collins, CO: U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station.

Ridout, M. and Newcombe, G. (2015) The frequency of modification of Dothis-
troma pine needle blight severity by fungi within the native range. For. Ecol.
Manag. 337, 153-160. doi:10.1016/j.foreco.2014.11.010

Riley, L.E., Coumas, C.M., Danielson, J.F. and Berdeen, J.C. (2007) Seedling
nursery culture of whitebark pine at Dorena Genetic Resource Center: headaches,
successes and growing pains. In: USDA Forest Service R6-NR-FHP-2007-01,
pp. 122-131. Pacific Northwest Forest Research Station, Portland, Oregon, USA.

Rodriguez, R.J., White, J.F., Arnold, A.E. and Redman, R.S. (2009) Fungal endo-
phytes: diversity and functional roles. New Phytol. 182, 314-330.

Sampedro, L., Moreira, X., Llusia, J., Penuelas, J. and Zas, R. (2010) Genetics,
phosphorus availability, and herbivore-derived induction as sources of phenotypic
variation of leaf volatile terpenes in a pine species. J. Exp. Bot. 61, 4437-4447.

Schwandt, J.W., Lockman, 1.B., Kliejunas, J.T. and Muir, J.A. (2010) Current
health issues and management strategies for white pines in the western United
States and Canada. Forest Pathol. 40, 226-250.

Singmann, H., Bolker, B., Westfall, J. and Aust, F. (2017) afex: Analysis of facto-
rial experiments. R package version 0.17-8. Available at https://CRAN.R-project.
org/package=afex [accessed 2 February 2018].

Six, D. and Adams, J. (2007) White pine blister rust severity and selection of individ-
ual whitebark pine by the mountain pine beetle (Coleoptera: Curculionidae, Scolyti-
nae). J. Entomol. Sci. 42, 345-353.

Sniezko, R.A., Mahalovich, M.F., Schoettle, A.W. and Vogler, D.R. (2011) Past
and current investigations of the genetic resistance to Cronartium ribicola in high-
elevation five-needle pines. In: The Future of High-Elevation, Five-Needle White
Pines in Western North America: Proceedings of the High Five Symposium, Pro-
ceedings RMRS-P-63 (Keane, R.E., Tomback, D.F., Murray, M.P. and Smith, C.M.,
eds.), pp. 246-264. Fort Collins, CO: U.S. Department of Agriculture, Forest Serv-
ice, Rocky Mountain Research Station. Available at http://www.fs.fed.us/rm/pubs/
rmrs_p063/rmrs_p063_246_264.pdf [accessed 30 October 2016].

Sniezko, R.A. and Koch, J. (2017) Breeding trees resistant to insects and diseases:
putting theory into application. Biol. Invasions 19, 3377-3400.

Sniezko, R., Smith, J., Liu, J.-J. and Hamelin, R. (2014) Genetic resistance to fusi-
form rust in southern pines and white pine blister rust in white pines—a contrast-
ing tale of two rust pathosystems—current status and future prospects. Forests, 5,
2050-2083. doi:10.3390/f5092050

Sticher, L., Mauch-Mani, B. and Métraux, J.P. (1997) Systemic acquired resist-
ance. Annu. Rev. Phytopathol. 35, 235-270. doi:10.1105/tpc.8.10.1809.

Stierle, A.A. and Stierle, D.B. (2015) Bioactive secondary metabolites produced by
the fungal endophytes of conifers. Nat. Prod. Commun. 10, 1671-1682.

Sumarah, M.W., Kesting, J.R., Serensen, D. and Miller, J.D. (2011) Antifungal
metabolites from fungal endophytes of Pinus strobus. Phytochemistry 72, 1833—
1837. doi:10.1016/j.phytochem.2011.05.003.

Sumarah, M.W., Walker, A.K., Seifert, K.A., Todorov, A. and Miller, J.D. (2015)
Screening of fungal endophytes isolated from eastern white pine needles. In: The
Formation, Structure and Activity of Phytochemicals (Jetter, R., ed.), pp. 195-206.
Cham: Springer International Publishing.

Trapp, S.C. and Croteau, R.B. (2001) Genomic organization of plant terpene syn-
thases and molecular evolutionary implications. Genetics, 158, 811-832.

Venables, W.N. and Ripley, B.D. (2002) Modern Applied Statistics with S, 4th edn.
New York: Springer.

Wang, Y., Naumann, U., Wright, S., Eddelbuettel, D. and Warton, D. (2016)
mvabund: Statistical methods for analysing multivariate abundance data. R pack-
age version 3.11.9. Available at https://CRAN.R-project.org/package=mvabund
[accessed 2 February 2018].

White, T.J., Bruns, T., Lee, S. and Taylor, J.W. (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. In: PCR Protocols: A
Guide to Methods and Applications (Innis, M.A., Gelfand, D.H., Sninsky, J.J. and
White, T.J., eds), pp. 315-322. New York: Academic Press, Inc.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Fig. S1 Hypothesized theoretical framework of potential inter-
actions between host chemistry, blister rust and fungal endo-
phytes. Host-imposed biotic and abiotic interactions shape
microbial communities in host plants. Host plants are first
exposed to a large diverse pool of microbes in the environ-
ment, including both pathogens and endophytes. Host chemis-
try downsizes the pool of microbes by inhibiting initial
colonization (C, F). Subsequent fungal—fungal interactions that
take place inside the plant after initial colonization further
reduce the number of successful colonizers (A, B). In addition,
host chemistry can mediate these interactions (G), and both
endophytes and pathogens can, in turn, induce a chemical
response in the host (D, E). Together, these interactions deter-
mine the realized microbial species assemblage of the host.
Fig. S2 Non-metric multidimensional scaling (NMDS) showing
direct comparisons of the endophyte communities in seedling
families 102 and 62 that were included in both inoculated and
control treatments.

Table S1 Information on seed families used in this study,
including coordinates of parent trees and the number of seed-
lings from each family that developed cankers (susceptible
seedlings). Control seed families are shown in bold.

Table S2 Differences in mean abundance of individual fungal
operational taxonomic units (OTUs) and taxonomic groups
amongst Pinus albicaulis seedlings before inoculation, after
inoculation and in controls.
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