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Abstract: Plant endosymbionts (endophytes) influence host plant health and express genotype-
dependent ecological relationships with plant hosts. A fungal species intended to confer host plant
resistance to a forest pathogen was used as inoculum to test for effects of inoculation on disease
resistance, microbiomes, and phytochemistry of a threatened pine species planted in a restoration
setting. Correlations of inoculation presence/absence, phytochemistry, spatial location of seedlings,
maternal seed sources, and fungal endophytic communities in the foliage of six-year-old whitebark
pine (Pinus albicaulis) seedlings were assessed five years after an experimental inoculation of seedlings
with foliar endophytic fungi cultured from whitebark pine trees at Crater Lake National Park,
including Paramyrothecium roridum. We hypothesized that P. roridum would modify host microbiomes
in a manner that combats white pine blister rust disease. Our assessment of seedlings in the field five
years after inoculation allowed us to consider whether inoculation stimulated long-lasting changes
in microbiome communities and whether effects varied by seedling genetic family. Tests for effects
of endophyte inoculation on disease resistance were inconclusive due to current low levels of rust
infection observed at the field site. Foliar fungal endophyte richness and Shannon diversity varied
with maternal seed sources. Isotopic stoichiometry and phytochemistry did not vary with seedling
spatial proximity, inoculation treatment, or maternal seed family. However, endophyte community
composition varied with both seedling spatial proximity and maternal seed sources. Endophytic
communities did not vary with the inoculation treatment, and the hypothesized biocontrol was not
detected in inoculated seedlings. We draw three conclusions from this work: (1) fungal microbiomes
of whitebark pine seedlings across our study site did not vary with host phytochemical signatures
of ecophysiological status, (2) the inoculation of P. albicaulis seedlings with a mixture of fungal
endophytes did not lead to persistent systemic changes in seedling foliar microbiomes, and (3) in
correspondence with other studies, our data suggest that maternal seed source and spatial patterns
influence fungal endophyte community composition.

Keywords: Pinus albicaulis; Cronartium ribicola; Paramyrothecium roridum; fungal endophyte; biocontrol
inoculation; phytochemistry

1. Introduction

Microbes that inhabit plant interiors (endophytes) associate differently with host plants
depending on host genotype [1–4]. Endophyte–plant interactions range from mutualistic
to parasitic [5] and often influence important parameters of host plant physiology [6]. For
instance, fungal endophytes may improve plant performance under periods of abiotic and
biotic stress by altering plant water relations through adjustment of host tissue osmotic
potential [6,7], improving host plant heat tolerance [8,9], and influencing host plant disease
resistance [10–12]. Endophytic microbe–microbe interactions also indirectly influence plant
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growth and disease susceptibility (see review by Chaudhry et al. [13]). As a result, there is
increasing interest in how best to engineer plant–microbe interactions for applications in
agronomy [14,15], forestry [16,17], and biological conservation [4,18].

Plant chemical characteristics (phytochemistry), including carbon (C) and nitrogen
(N) stable isotope ratios and non-structural carbohydrate concentrations, can vary with
plant physiological responses to environmental factors [19,20]. For example, the extent
to which plants discriminate against 13C in photosynthesis varies with plant drought
stress integrated across the lifespan of foliar tissue [21,22] and has also been shown to
vary with fungal endophyte composition [23]. Plant foliar N isotope discrimination varies
with differences in N availability as well as plant mycorrhizal colonization [24]. The
concentration of plant non-structural carbohydrates, i.e., sugars and starches that serve as
carbon reserves and osmolytes [25], may vary with shifts in fungal endophyte communities
and functions [26,27]. Endophytic fungi may also alter defensive host phytochemistry and
produce their own suite of chemicals that influence or complement host plant defenses
against pathogens [10,11,28–33].

Plant–microbe associations that aid in plant disease resistance may be engineered
through controlled plant microbial inoculation [34–36]. Such microbiological controls are
often achieved by encouraging antagonistic interspecific interactions among microbes in
planta [37,38]. Of particular interest are alterations to mechanisms of ecological succession
characterized by physical or chemical interference among endophytes and pathogenic
microbes [10,11,28,29,32,39]. Difficulties exist for pre-planting biocontrol inoculations of a
long-lived species to confer long-term resistance against a disease. Under this framework,
the inoculant must become incorporated into new host tissue as the host develops, re-
structure the host mycobiome (sensu priority effects) in a manner that confers a biocontrol
benefit to the host, or induce systemic resistance in the host. In any case, inoculation-based
forest biocontrols would be economically viable only if the beneficial effect of inoculation
protects against timber volume loss at least until trees reach stand rotation age, in the
context of commercial forestry, and until trees reach reproductive maturity, in the context
of forest restoration.

1.1. Whitebark Pine

Whitebark pine (Pinus albicaulis Engelm. (Pinaceae)) is a seral, high-elevation white
pine (subgenus Strobus [40]) unique to western North America, where it moderates the
rate of snowmelt and provides crucial habitat for alpine flora and a protein source for
fauna [41,42]. White pine blister rust disease (WPBR), caused by the non-native fungal
pathogen Cronartium ribicola J.C. Fisch. (Basidiomycota Pucciniales), poses a lethal threat
to all North American species of five-needle white pines. WPBR causes early mortality in
whitebark pines, can reduce or eliminate seed production [43], and has caused extensive
mortality in many whitebark pine populations. Mountain pine beetle infestations, climate
change, and WPBR together have led to the listing of whitebark pine as an endangered
species in Canada, and the recommendation in 2020 for listing as a threatened species
under the U.S. Endangered Species Act [44,45].

Enhancing forest resilience through microbiome engineering is increasingly considered
an important approach for forest management [46]. In a study of western white pine (P. mon-
ticola) seedlings following inoculation with multiple species of fungal endophytes cultured
from the foliage of wild P. monticola, endophyte inoculations led to longer survival and re-
duced WPBR disease severity as compared to the control treatment following experimental
infection with WPBR [12]. One year post-infection, only 18% of control-group seedlings
survived, whereas 39% of endophyte-treated seedlings survived. Reduced WPBR disease
severity may relate to characteristics of host defensive chemistry, which has been found to
vary with host plant genotype as well as host foliar microbiomes of whitebark pine [4]. If
inoculation with fungal endophytes is capable of providing long-term resistance against
WPBR, or can be reapplied to enhance the longevity of disease resistance, inoculations may
serve as a useful complement to genetic resistance screening programs already used to help
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protect P. albicaulis [47]. However, little is known about the longevity of fungal endophyte
inoculations under field conditions or their long-term effects on host ecophysiology.

1.2. Hypotheses

For this field trial, an endophyte inoculation solution was developed and applied
to P. albicaulis seedlings in the same way as that described in [12], but with endophytes
isolated from P. albicaulis at Crater Lake National Park (CLNP), including Paramyrothecium
roridum Tode (Ascomycota Hypocreales). Seedlings from seed cones collected within CLNP
were inoculated prior to outplanting in a restoration garden located near seed source trees.
Using this study system, we investigated the influence of the inoculum on blister rust
incidence, fungal endophyte community composition, and whitebark pine phytochemistry.
Samples were collected during the fifth growing season post-inoculation. We tested four
hypotheses to elucidate the influence of endophyte inoculation on WPBR incidence after
multiple seasons post-inoculation, the association of fungal endophyte communities with
host phytochemistry, and the post-inoculation associations of endophytic communities
with maternal seed sources.

Hypothesis 1: Fewer endophyte-inoculated seedlings will show signs of WPBR infection as
compared to seedlings in the control group.

Hypothesis 2: Host phytochemistry will vary with fungal endophyte community composition.

Hypothesis 3: Fungal endophyte inoculation of whitebark pine seedlings will result in a durable
change in host phytochemistry and fungal endophyte community diversity and composition com-
pared to a paired control group.

Hypothesis 4: Fungal endophytic diversity and community composition will vary with maternal
seed sources, due to underlying genetic differences in seedlings.

2. Materials and Methods
2.1. Seedling Germination, Inoculation, and Sample Collection

The maternal families examined in this field trial originated from seed collections
made in 2005 from five wind-pollinated seed trees occupying the periphery of Crater Lake
at Crater Lake National Park, Oregon, USA. Along with macroclimatic characteristics,
soil parent materials were similar among maternal trees due to the predominance of
pumice and basaltic cobble deposited by the eruption of Mt. Mazama approximately
7700 years ago [48] which formed the cavity now known as Crater Lake. Progeny of
the five seed parents showed varying levels of resistance to white pine blister rust in
a nursery screening trial (Sniezko, unpublished). Seeds from the maternal trees were
germinated in spring 2007 at the U.S. Forest Service Dorena Genetic Resource Center
(DGRC; Cottage Grove, OR). Germinated seedlings in 164 cm3 Ray Leach SC 10 Super Cell
containers (with cell diameters of 3.8 cm and depths of 21 cm) were grouped by maternal
genetic family in three experimental blocks. In October 2008 (after two growing seasons),
seedlings were randomly assigned to experimental control (n = 100) and inoculation groups
(n = 100; Figure 1). Inoculation group seedlings were inoculated at DGRC with a sterile
water suspension of fungal hyphae from endophytes cultured from whitebark pines at
Crater Lake NP using methods described in [12]. The mixture contained P. roridum, and
P. roridum was the only species identified from the inoculation mixture. Inoculation was
conducted by mist-dispersal of the hyphal suspension upon seedling roots and shoots
(G. Newcombe, pers. comm.). The P. roridum isolate was collected from healthy whitebark
pine needles from Crater Lake NP, as described in [49]. In this study, we focused on the P.
roridum component of the inoculation mixture due to its hypothesized potential to act as
a deterrent of C. ribicola based on evidence of antagonistic behavior of P. roridum against
crop pathogens [49–51]. Following inoculation, seedlings were transplanted into larger
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growth containers for the third and final growing season at DGRC. A total of 192 surviving
seedlings from the five maternal families, half inoculated and half control, were planted in
fall 2009 on a 5000 m2 plot near the southern rim of CLNP (latitude: 42.90276◦, longitude:
−122.14541◦) in single-family clusters with inoculated and uninoculated individuals in
the same cluster (Figure 1C). Randomly selected, paired inoculant/control seedlings were
planted adjacent to one another within family groups. In July 2013, three healthy needle
fascicles were collected from evenly spaced branches of the lower canopy of each seedling
(following [52]). Sampling was limited to 79 individual trees because of high levels of
rodent-related seedling mortality (Table 1, Figure 1). Sampled seedlings were visually
assessed in the field for WPBR presence. Needle fascicles clipped from each seedling were
placed in separate plastic bags and frozen at −20 ◦C within 12 h of collection following [53].
The spatial extent of the study was small (<300 m2), resulting in mesoscale environmental
conditions (substrate, slope, aspect) that were relatively constant among maternal families,
and we explicitly controlled for spatial effects in analyses. However, the clustered planting
of seedlings from each maternal family (Figure 1) hampered inferences concerning maternal
family effects on endophytic communities.
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Figure 1. Maps: (a) Northwest portion of USA, including the state of Oregon; (b) the Crater Lake
area; (c) specific area of sample collection, showing locations of whitebark pine seedlings from five
seed source trees (11p, 21p, 22p, 24p, 25p) with the original inoculum versus control treatment levels
shown by purple (inoculated) and green (control) circles.

Table 1. Sample sizes for the maternal family (11p, 21p, 22p, 24p, 25p; where “p” refers to parent) and
fungal inoculum treatment (C = control, I = inoculum) factor level combinations in the experiment.

Treatment 11p 21p 22p 24p 25p Total

C 10 7 8 4 10 39

I 9 8 9 4 10 40

Total 19 15 17 8 20 79

2.2. Surface Sterilization and DNA Extraction

Sample fascicles were immersed in sterile deionized water and stirred for 1 min
prior to immersion for 1 min in EtOH, 3 min in NaOCl (4% available Cl), 30 s in EtOH,
and 30 s in sterile deionized water following [54]. Sterilized samples were air-dried in a
sterile flow-hood, and dried needles were then stored at −20 ◦C under sterile conditions.
Following [55,56], negative and positive controls were produced using sterile culturing of
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pine needles on potato dextrose agar to establish that surface sterilization was adequate
but did not preclude fungal growth from inside needle tissue.

Separately for each sample, pine needle tissue was ground to a fine powder using
liquid nitrogen in a sterilized mortar and pestle. Genomic DNA was isolated from each
sample as follows. Fifty-milligram samples of powderized tissue were added to a separate
bead tube from the MoBio PowerPlant Pro kit (Carlsbad, CA, USA), which received 40 µL
of the MoBio phenolic separation solution. Two rounds of bead maceration were applied
(two minutes per round), punctuated by two minutes on ice. Extracted DNA concentrations
were quantified using a NanoDrop 1000 Spectrophotometer (Thermo Scientific). A MoBio
extraction tube without needle tissue was included in the DNA extraction protocol as a
negative control and treated as a normal sample throughout the protocol through the PCR
amplification step.

2.3. Amplification, Sequencing, and Library Analysis

Extracted genomic DNA was amplified following a semi-nested PCR approach. Two
sequential combinations of primers specific to the internal transcribed spacer (ITS) region
of fungal rDNA were used to isolate the ITS1 locus for next-generation sequencing. The
internal primer set was chosen to selectively amplify PCR products contained within the
external target region. The external and internal primer pairs both included the ITS1-
F forward primer from [57]. We used ITS4 for the external reverse primer and ITS2
as the internal reverse primer [58]. Internal ITS1-F and ITS2 primers were constructed
with overhanging adapters prescribed for use with the Illumina MiSeq platform, and
an additional guanine for Tm optimization of the ITS1-F primer directly between the
primer and adapter. For the internal primers, 5′ ends of ITS1-F and ITS2 primers were
ligated to Illumina adapters: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3′,
and 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3′, respectively.

Touchdown annealing was used in the semi-nested reaction to enhance primer speci-
ficity for fungal DNA and to maximize the breadth of taxa that could be amplified [59].
Internal amplicons were generated directly after completion of the external PCR, and
semi-nested PCR products were used for all downstream applications directly after internal
amplification. The external PCR reaction solution contained 12.5 µL of 2× Dream Taq DNA
polymerase (Thermo Scientific), 25 µM ITS1-F primer + adapter, 25 µM ITS4 primer, 10 ng
template DNA, and molecular-grade nanopure H2O to 25 µL. The external thermal cycle
included an initial denaturation step of 85 s at 95 ◦C; 10 cycles of 35 s at 95 ◦C, 55 s at
57.5 ◦C, and 45 s at 72 ◦C; 10 cycles of 35 s at 95 ◦C, 55 s at 57.5 ◦C, and 120 s at 72 ◦C; and a
final 72 ◦C elongation step of 10 min.

The internal PCR reaction solution consisted of 5 µ/µL HotStarTaq (Qiagen), 2.5 µM
ITS1-F primer + adapter, 2.5 µM ITS2 primer + adapter, 25 mM MgCl2 (Qiagen), 10 mM
dNTPs (Qiagen), 2.5 µL of 10× PCR buffer (Qiagen), 10% diluted external PCR product,
and nanopure H2O to 25 mL. The internal thermal cycle included an initial hot-start Taq
activation step of 15 min at 95 ◦C followed by an additional 3 min of denaturation at 94 ◦C;
13 touchdown cycles of 60 s at 94 ◦C, 60 s starting at 67 ◦C and decreasing 1 ◦C for each of
the final 12 steps of the touchdown cycle, and 120 s at 72 ◦C; 12 cycles of 60 s at 94 ◦C, 60 s
at 55 ◦C, and 120 s at 72 ◦C; and a final elongation of 10 min at 72 ◦C.

Cloning of one mixed-template amplicon sample was conducted to confirm the efficacy
of the PCR protocol following [53]. Sanger sequencing and MegaBLAST of a cloned product
yielded a 100% identity match to the uncultured endophyte Phialocephala sp. (E = 2 × 10109).
PCR amplicons were cleaned with the Agencourt AMPure XP-PCR Purification kit (Beck-
man Coulter) and ligated with a unique sequence barcode indicating host tree using the
Nextera XT DNA indexing kit from Illumina. Libraries of 250–300 nt paired-end reads were
generated using Illumina MiSeq (V3-600 cycle).

Sequenced reads were de-multiplexed at the Molecular Research Core Facility (MRCF)
at Idaho State University in Pocatello, Idaho, with the bcl2fastq Conversion Software from
Illumina. All further sequence processing was performed in mothur (v.1.35.1) following the
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mothur MiSeq standard operating procedure (accessed March of 2020) as described in [60].
Briefly, bi-directional reads were assembled into contigs using consensus screening [61].
Reads that failed to join were discarded. Contigs of length < 225 nt, containing ambiguous
bases, or containing ≥ 8 homopolymers were discarded. Contig length was constrained
from an average of 265 nt to 225 nt. Contigs were pre-clustered using single-linkage
hierarchical agglomerative classification, which results in lower OTU-calling error rates
than pre-clustering using the more common complete-linkage approach [62], and then
screened for chimeras using the de novo UCHIME detection algorithm [63]. Sequence
libraries were normalized to 2646 unique sequences per tree; the largest common number
of unique sequences detected across all trees. We then aligned contigs against the dynamic
UNITE database formatted for mothur (v. 7) and clustered to operational taxonomic units
(OTUs) at ≥97% sequence similarity using the Needleman–Wunsch average neighbor
clustering algorithm [64,65]. The UNITE database and 97% cutoff for OTU delimitation,
common to studies of Basidiomycetes, as well as the PCR protocol described above were
chosen to optimize the detection of the Basidiomycete species of particular interest in this
study, C. ribicola (the fungal pathogen hypothesized to be controllable with P. roridum).
The steps above were used to generate a multivariate endophytic community dataset
with 637 fungal operational taxonomic units (OTUs) distinguishing 79 sampled whitebark
pine trees. Molecular data from this Targeted Locus Study project have been deposited at
DDBJ/EMBL/GenBank under accession No. KBTW00000000. The version described in
this paper is the first version, KBTW01000000.

2.4. Phytochemical Analysis

Our assessment of phytochemistry included C and N isotope discrimination and
non-structural carbohydrates in healthy-looking seedlings. Concentrations of foliar non-
structural carbohydrates (NSCs; glucose, fructose, and sucrose in our study), were mea-
sured using a Roche Yellow-Line Glucose/Fructose and Sucrose Assay Kit. Ground pine
needle tissue was weighed to 4 mg ± 0.1 mg, and 2 mL of water was added to each sample
and heated for 30 min to extract soluble sugars into an aqueous solution following [66]. A
200 µL aliquot of each sample was treated with the enzymes invertase, phosphoisomerase,
and glucose hexokinase to convert sucrose, fructose, and glucose to 6-phosphogluconate.
Spectrophotometric analysis was then conducted on digested aliquots using a Synergy
Microplate Reader (Biotek Instruments, Winooski, VT, USA) set to read absorbance at
340 nm to determine the quantity of NAD converted to NADH, which is directly propor-
tional to soluble sugar concentrations. These determinations were made on a subset of the
homogenized pine needle tissue remaining after DNA extraction, drawn from a balanced
proportion of experimental/control seedlings and maternal families (n = 30). Absolute
mass and relative proportions of NSCs were calculated for glucose, fructose, and sucrose
per gram of leaf sample.

Foliar tissue carbon and nitrogen isotope discrimination (denoted δ13C and δ15N,
respectively) were measured using isotope ratio mass-spectrometry, on a random subset of
ground needle samples from the five maternal families (n = 53). Four milligrams of needle
tissue were packed into 4× 6 mm tins and analyzed at the Center for Archaeology, Materials
and Applied Spectroscopy at Idaho State University using a Costech ECS 4010 Elemental
Analyzer interfaced to a Delta V advantage isotope ratio mass spectrometer through
the ConFlo IV system. Elemental analyses were conducted using evolutionary flash-
combustion and chromatographic separation techniques with a furnace temperature of
1000 ◦C and reduction oven temperature of 650 ◦C. We measured δ13C as ‰ values relative
to the VPDB standard. We report δ15N values as ‰ values relative to atmospheric N2. Four
in-house standards (ISU Peptone, Costech Acetanilide, Glycine, and DORM-3), calibrated
against international standards (IAEA-N-1, IAEA-N-2, USGS-25, USGS-40, USGS-41, USGS-
24, IAEA-600), were used to create a two-point calibration curve to correct raw isotope
measures [67,68].
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2.5. Statistical Analyses

We used general linear mixed effect models (Ch. 10 of [69]) to consider treatment
(inoculum vs. control), maternal family, and interaction effects on endophytic fungal OTU
Shannon diversity [70], OTU richness, and phytochemistry (non-structural carbohydrate
composition, δ13C, and δ15N). As noted above, carbohydrate analyses were conducted on a
stratified random subset of 30 of the 79 sampled trees, whereas δ13C and δ15N values were
obtained for a stratified random subset of 50 of the 79 sampled trees. In all linear mixed
effect models, inoculum treatment was designated as a fixed effect, and maternal family
and the interaction of treatment and family were designated as random effects. To help
address spatial clustering of genetic families, linear mixed effect models were spatially
explicit. Spherical spatial covariance structures were used [71] based on preliminary
analyses of potentially valid spatial autocorrelation structures using the Akaike information
criterion (AIC; [72,73]). We performed indicator species analyses [74] to determine whether
endophytic species demonstrated a preference for treatment levels, using the R function
indval from the package labdsv [75]. Only sequences that could be given a taxonomic
assignment with ≥90% confidence were assessed in indicator species analyses [76].

Multivariate approaches were specifically chosen and applied to gauge the main
effects of maternal family and inoculum treatment on multivariate responses (i.e., fungal
endophyte community composition, isotopic stoichiometry (δ13C, δ15C), non-structural
carbohydrate composition (glucose, fructose, sucrose)) and to parse these effects from
potentially confounding patterns in the spatial planting of seedling families. We created
distance-based Moran eigenvector maps (MEMdbs) from sample spatial coordinates to
quantify multivariate patterns in spatial proximity at multiple independent spatial scales.
To create MEMdbs, we used the length of the largest edge from a minimum spanning tree
of Euclidean distances of spatial coordinates as the truncation threshold for analyses and
binary weighting [77] (p. 863). Of the 78 Moran eigenvectors generated, only the first 11 had
positive eigenvalues. Following [77], we limited our multivariate spatial considerations to
those dimensions. The resulting eigenvectors were vector-fit onto ordinations and included
as covariates in variance partitioning analysis and distance-based redundancy analysis.

Variance partitioning analysis (VPA; [78]) calculates variation in a multivariate re-
sponse, accounted for by two to four explanatory variables and their combined effects.
VPA was used to parse out the effects of confounding multivariate covariates, including
spatial effects to allow undiluted expression of the variance explained by the main effects
of interest.

Variance partitioning analyses are complementary to distance-based redundancy anal-
ysis (dbRDA; refs. [79,80]), which can be used to apply formal multivariate null hypothesis
tests, while expressly conditioning on covariates. We used this approach to test for the
effect of genetic family, the inoculum treatment, spatial proximity (positive MEMdbs),
and their interactions on endophyte community composition, isotopic stoichiometry, and
non-structural carbohydrate composition in separate dbRDA models. We used Bray–Curtis
dissimilarity [81] as the underlying resemblance metric in dbRDAs.

Non-metric multidimensional scaling (NMDS [82]) was used to visualize patterns
among the endophytic OTU communities of whitebark pine seedlings. Bray–Curtis dis-
similarity was again used as the resemblance metric. NMDS projections were the lowest
stress solution obtained from 20 random starting configurations to prevent convergence
to local minima. We used vector and factor fitting analyses [83] to test for associations of
environmental variables, including MEMdbs, with the simplified community space of the
ordination projection.

3. Results

Sampled seedlings did not show signs of WPBR, and thus hypothesis 1 was discarded.
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3.1. Sequence Library Summary

Sequence filtering and screening retained 209,034 sequences that were grouped into
637 OTUs, 148 of which could be classified as Linnaean taxa within 123 genera, 75 families,
44 orders, 18 classes, and 4 phyla. As expected, the dominant phylum was Ascomycota,
comprising 98.4% of the sequences. Basidiomycota accounted for 1.6% of the sequences.
Neither P. roridum nor C. ribicola were identified in samples. See Appendix A for further
details concerning sequence library results.

3.2. Host Phytochemistry Did Not Vary with Fungal Endophyte Community Composition

Non-structural carbohydrates were unassociated with either fungal endophyte OTU
Shannon diversity (Pearson’s r = 0.16, p = 0.39, n = 30) or community composition, as
summarized by a three-dimensional NMDS ordination of samples (n = 30) for which
isotope data were obtained (R2 = 0.06, p = 0.75, NMDS stress = 0.129). Significant Pearson
correlations were also absent between fungal endophyte OTU diversity and either δ15N or
δ13C (r = 0.12, p = 0.41 and r = 0.02, p = 0.87, respectively, n = 53), and associations were
not present for either δ15N or δ13C and fungal endophyte OTU community composition,
as summarized by a three-dimensional NMDS ordination of samples (n = 50) for which
isotope data were obtained (R2 = 0.02, p = 0.84 and r < 0.01, p = 0.98, respectively, NMDS
stress = 0.153). See Appendix B for a summary of sample phytochemistry values.

Endophyte inoculation of whitebark pine seedlings did not influence host phytochem-
istry or fungal endophyte community diversity and composition.

Inoculation treatment did not influence total non-structural carbohydrates (X2
1 = 0.93,

p = 0.334), δ15N (X2
1 = 0.04, p = 0.837), δ13C (X2

1 = 0.21, p = 0.664), fungal endophyte diversity
(X2

1 = 1.68, p = 0.194), or fungal endophyte community composition (F1.65 = 0.85, p = 0.58;
Table 2).

Table 2. Distance-based redundancy analysis for endophyte composition, isotope stoichiometry, and
non-structural carbohydrates for predictor main effects, 999 permutations used. p-values are adjusted
for simultaneous inference using Holm’s sequential Bonferroni procedure.

df SS F p-Value

Endophyte composition
Maternal family 4.62 2.468 1.609 0.004

Treatment 1.62 0.325 0.847 0.591
Spatial proximity 11.62 5.306 1.258 0.026

Isotope stoichiometry
Maternal family 4.41 0.14 1.019 0.423

Treatment 1.41 0.002 0.066 0.938
Spatial proximity 6.41 0.24 1.164 0.334

Carbohydrates
Maternal family 4.18 0.335 0.953 0.516

Treatment 1.18 0.044 0.498 0.707
Spatial proximity 6.18 0.502 0.953 0.521

3.3. Fungal Endophyte Community Composition Varied with Seed Source

Shannon OTU diversity (X2
0.5 = 5.19, p = 0.011; Figure 2A) and OTU richness (X2

1 = 6.61,
p = 0.005; Figure 2B) varied across maternal families. Spatial proximity patterns defined by
the first 11 MEMdbs are shown in Figure 3. MEMdb 1, 3, and 6 were particularly relevant to
our analyses. Note that in MEMdb 1, loadings of spatial coordinates increased from south to
north, but in a counterclockwise pattern, with the lowest weights occurring in the southwest
and the highest weights occurring in the northwest (Figure 3). For MEMdb 3, eigenvector
loadings generally increased from northwest to southeast, strongly distinguishing family
24p (Figure 3). We assessed the associations of the first 11 MEMdbs, easting, northing, and
maternal family with the projection using vector and factor fitting (Table 3).
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Table 3. Results of vector (quantitative variables) and factor (categorical) fitting to the NMDS projec-
tion (Figure 4), 999 permutations used. Statistically significant results are shown in boldface type.

R2 p-Value

Vectors
MEMdb 1 0.37 0.001
MEMdb 2 0.03 0.486
MEMdb 3 0.29 0.001
MEMdb 4 0.01 0.794
MEMdb 5 0.01 0.851
MEMdb 6 0.11 0.030
MEMdb 7 0.01 0.837
MEMdb 8 0.02 0.658
MEMdb 9 0.02 0.733

MEMdb 10 0.01 0.901
MEMdb 11 0.01 0.817

Easting 0.01 0.833
Northing 0.23 0.001
Factors

Maternal family 0.24 0.001

Treatment 0.01 0.508

Based on the stress criterion [82], a three-dimensional NMDS solution (stress = 0.16)
was required to adequately describe variation in foliar fungal endophyte OTU communities
(Figure 4). Statistically significant (α= 0.05) correlates of the projection are overlaid on the
ordination as arrows. Levels for the statistically significant categorical variable maternal
family are distinguished with 95% confidence ellipses.
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Figure 4. A 3-dimensional NMDS ordination based on Bray–Curtis dissimilarities (stress = 0.16).
Arrows show statistically significant associates of the NMDS projection based on vector fitting
analyses. Arrows point in the direction of most rapid increase along projection axes. Arrow length is
scaled by the magnitude of R2 statistics (Table 3). Ellipses are 95% confidence ellipses for the true
bivariate centroids of maternal family OTU communities within the projection.
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Fungal endophyte community composition remained strongly correlated with ma-
ternal family after explicitly controlling for spatial proximity (MEMdbs 1-11) in a dbRDA
model (F11.62 = 1.61, p = 0.004; Table 3). The cause for this outcome is clear in the variance
partitioning analysis shown in Figure 5. Note that although spatial proximity and the inter-
action of spatial proximity and maternal genetic family explain relatively large proportions
of variation in endophyte composition, a non-trivial amount of explained variation can
be attributed to genetic family alone (Figure 5a). This trend, however, did not extend to
isotopic stoichiometry or carbohydrates. For isotopic stoichiometry (δ15N or δ13C consid-
ered jointly), an appreciable amount of variation is explained by the interaction of spatial
proximity and genetic family; however, these predictors are almost entirely confounded,
and their individual effects are small (Figure 5b, Table 3). For non-structural carbohydrates
(glucose, fructose, and sucrose considered jointly), very little variation was explained by
the measured predictors (Figure 5c, Table 3).

Forests 2022, 13, x FOR PEER REVIEW 12 of 19 
 

 

 

Figure 5. Variance partitioning analyses for the multivariate responses: (a) endophyte community 

composition, (b) isotopic stoichiometry, and (c) non-structural carbohydrate composition, with re-

spect to maternal genetic family, inoculation treatment, spatial proximity, and their interaction. 

Circles, representing predictors, are scaled by their coefficient of partial determination, 𝑅𝑝𝑎𝑟𝑡𝑖𝑎𝑙
2  

(i.e., the proportion of explained variation when conditioning on other predictors) in the variance 

partitioning models. Note that 𝑅𝑝𝑎𝑟𝑡𝑖𝑎𝑙
2  for the treatment was ≈ 0 for all models. The conventional 

multiple coefficient of determination, 𝑅2 (i.e., the proportion variance explained in the model col-

lectively by all the predictors), and the adjusted coefficient of the determination 𝑅𝑎𝑑𝑗
2  (i.e., 𝑅2 ad-

justed for the spurious effect of additional variables, see the work of Aho (2016)) are shown in the 

lower right-hand corner of figures. 

4. Discussion 

The lack of WPBR presence on sampled seedlings led us to discard hypothesis 1, 

which asserted that fewer endophyte-inoculated seedlings than control seedlings would 

show signs of WPBR infection. We also rejected research hypotheses 2 and 3, i.e., that 

host phytochemistry varies with endophytic communities and that the inoculation 

treatment produced lasting differences in host phytochemistry and endophytic commu-

nities. Spatial confounding in the restoration planting trial complicated the interpreta-

tion of maternal family results. Nonetheless, given (1) strongly significant results for ma-

ternal family effects in univariate mixed effect models and dbRDAs, (2) a lack of varia-

tion in mesoclimate across planting locations within the restoration site, (3) the explicit 

consideration of proximity effects in analyses, and (4) ample prior evidence of correla-

tions between fungal endophyte communities and host genetics [3,4,84,85], we cautious-

ly suggest that our data provide evidence of host genotype-mediated variation in fungal 

endophyte communities of whitebark pine in their natural habitat, and thus support hy-

pothesis 4. 

Seeds from each maternal family were naturally wind-pollinated, and resulting 

seedlings are thus a mixture of half- and full-sib progeny. Maternal family explained 

24% of the variation in the NMDS summary of fungal endophyte communities across 

whitebark pine genotypes, but only 12% of the variation ( 𝑅𝑚𝑢𝑙𝑡
2 = 0.12, 𝑅𝑎𝑑𝑗

2 =

Figure 5. Variance partitioning analyses for the multivariate responses: (a) endophyte community
composition, (b) isotopic stoichiometry, and (c) non-structural carbohydrate composition, with respect
to maternal genetic family, inoculation treatment, spatial proximity, and their interaction. Circles,
representing predictors, are scaled by their coefficient of partial determination, R2

partial (i.e., the
proportion of explained variation when conditioning on other predictors) in the variance partitioning
models. Note that R2

partial for the treatment was ≈ 0 for all models. The conventional multiple

coefficient of determination, R2 (i.e., the proportion variance explained in the model collectively by
all the predictors), and the adjusted coefficient of the determination R2

adj (i.e., R2 adjusted for the
spurious effect of additional variables, see the work of Aho (2016)) are shown in the lower right-hand
corner of figures.

4. Discussion

The lack of WPBR presence on sampled seedlings led us to discard hypothesis 1,
which asserted that fewer endophyte-inoculated seedlings than control seedlings would
show signs of WPBR infection. We also rejected research hypotheses 2 and 3, i.e., that host
phytochemistry varies with endophytic communities and that the inoculation treatment
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produced lasting differences in host phytochemistry and endophytic communities. Spatial
confounding in the restoration planting trial complicated the interpretation of maternal
family results. Nonetheless, given (1) strongly significant results for maternal family effects
in univariate mixed effect models and dbRDAs, (2) a lack of variation in mesoclimate across
planting locations within the restoration site, (3) the explicit consideration of proximity
effects in analyses, and (4) ample prior evidence of correlations between fungal endophyte
communities and host genetics [3,4,84,85], we cautiously suggest that our data provide evi-
dence of host genotype-mediated variation in fungal endophyte communities of whitebark
pine in their natural habitat, and thus support hypothesis 4.

Seeds from each maternal family were naturally wind-pollinated, and resulting
seedlings are thus a mixture of half- and full-sib progeny. Maternal family explained 24%
of the variation in the NMDS summary of fungal endophyte communities across whitebark
pine genotypes, but only 12% of the variation (R2

mult = 0.12, R2
adj = 0.067, R2

partial = 0.034)
in VPAs. Presumably, this is because the latter approach controlled for spatial proximity.

Maternal families in our trial were previously shown to vary in their susceptibility
to C. ribicola. For instance, previous unpublished data revealed that family 22p displayed
greater quantitative resistance to C. ribicola infection than all other families, whereas 25p
was the most susceptible of the families included in the present study. Although our
dbRDAs found that fungal endophyte communities varied significantly across maternal
families after conditioning for spatial effects (Table 3), maternal families 22p and 25p
were not significantly different in permutational analysis of variance (PERMANOVA [77])
pairwise comparisons after controlling for both spatial effects and family-wise type I error.
Significant pairwise differences between other families are summarized in Table S11 in the
Supplementary Materials. The lack of community difference between families 22p and
25p may be due to experimental noise introduced by uncontrolled spatial autocorrelation
(e.g., spatial variation in wind-dispersed fungal propagules), a lack of importance of
WPBR resistance to fungal endophyte community assembly, unmeasured variation in
the heritability of quantitative WPBR resistance, or an artifact of the age of the pines we
sampled. With respect to the last effect, a microbiome study of young tomato plants found
that microbiomes varied across plant genotypes, but that microbiomes were decreasingly
distinct among host genotypes as plants aged [86]. Identifying persistent differences in
fungal endophyte communities based on host susceptibility to WPBR could be of value
to forest protection efforts, but such a trend was not detected in this study or in previous
related research [60]. A previous study reported that differences between endophytic
communities of resistant and susceptible whitebark pine seedlings only occurred after
inoculation with C. ribicola [4]. That study also showed that OTU richness of susceptible
genetic families was lower than resistant genetic families following inoculation and that
fungal endophyte communities varied with host defensive phytochemistry (terpenes).

Non-structural carbohydrate levels and C and N isotopic stoichiometry did not vary
with maternal family after controlling for spatial autocorrelation (Figure 5, Table 3), al-
though maternal family was a significant predictor of phytochemistry when spatial effects
were ignored (p = 0.005, Figure S8, Table S1, Supplementary Materials). This discrepancy
suggests that unmeasured clumped spatial microgradients of light intensity, soil chemistry,
and proximity to surrounding vegetation within our planting site may have influenced
plant chemistry. Further study of this trend should be considered in other restoration sites
to understand potential drivers of variation in seedling performance, as the heterogeneity
we observed in δ13C and δ15N across measured plants suggests that potentially important
differences in drought stress may have existed among plants. Differences in plant drought
stress may qualitatively change interactions that occur between hosts and endophytes [6].
However, we found a lack of correlation of δ13C and δ15N to either maternal family or
inoculation treatment, and a lack of association between endophytic composition and
diversity and variation in either non-structural carbohydrates or isotopic signatures. We
conclude that host non-defensive phytochemistry was not a driver of variation in fungal
endophyte communities across maternal families observed in this study, and conversely
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that differences in fungal endophyte communities observed across maternal families did
not produce variation in phytochemistry.

Whereas our results were negative with respect to our first three hypotheses and
represent only a snapshot of the endophyte communities of whitebark pines, this study is
the first to investigate drivers of fungal endophyte community variation in the seedlings
of whitebark pine in their natural habitat. We note that the lack of difference between
microbiomes of inoculated and non-inoculated seedlings may have simply resulted from
short-lived effects of inoculation or unsuccessful inoculation. However, as the endophyte
inoculation mixture originated from CRLA whitebark pine needles, it is possible that upon
outplanting, both inoculated and non-inoculated seedlings became naturally colonized
with fungal consortia similar to that represented in the inoculum mix, which would have
precluded identification of microbiome differences attributable to inoculation. Nonetheless,
among other contributions of the present work, fungal endophyte and phytochemical
results described here provide useful baseline data for subsequent studies of the permanent
restoration plot that was sampled for this work. To our knowledge, this study is the first to
report host-genetic effects on foliar fungal communities of a high-elevation conifer species
of imminent conservation concern in a permanent restoration outplanting.

Given that the seedlings in this field trial did not show signs of WPBR infection, the
most parsimonious explanation for our lack of detection of C. ribicola is that it indeed was
not present in our samples. Similarly, though our methods were adequate for detecting
reads of P. roridum in sequence libraries (pers. comm. G. Newcombe), we did not detect the
species in either inoculated or control samples despite the fact that the strain of P. roridum
from which the inoculant was developed had been cultured from whitebark pines naturally
occurring at CLNP [49]. However, the P. roridum cultures obtained from whitebark pine
(described in [49]) were reportedly found in only 2 of the 10 trees sampled in that work,
so our lack of detection of P. roridum in our samples may be due to the low abundance
of that species at CLNP. Additionally, detection of P. roridum in host plants may have
been precluded by a lack of systemic establishment of the endophyte in hosts following
inoculation such that the inoculant was not present in the cohort of needles that was
sampled. However, reports suggest that the longevity of whitebark pine foliage ranges
from five to eight years [87].

5. Conclusions

Three conclusions can be drawn from this work: (1) fungal microbiomes of whitebark
pine seedlings across our study site did not vary with host phytochemical signatures of
ecophysiological status, (2) the inoculation of P. albicaulis seedlings with a mixture of fungal
endophytes did not lead to persistent systemic changes in seedling foliar microbiomes,
and (3) in correspondence with other studies, our data suggest that maternal seed source
and spatial patterns influence fungal endophyte community composition. Progress can
be made on related study systems by attempting to re-isolate P. roridum from inoculated
host-plant foliage shortly after inoculation and yearly thereafter using both next-generation
and culturing techniques, such as those used by the group that isolated the P. roridum strain
at CLNP that was used in the present study [49]. Additionally, it is unknown whether
differences exist between fungal endophyte communities of naturally occurring seedlings in
the wild versus nursery-grown seedlings before and after outplanting, which could indicate
an influence of nursery rearing on the microbial biodiversity of restoration sites. It also
remains unknown whether there is a long-term microbiome of pines and other perennial
plants that grow new foliage annually, and to what extent it is influenced by the microbiome
of previous plant tissue versus the microbiomes of surrounding plants. The potential benefit
of microbial inoculation of seedlings to serve ecosystem management and restoration
objectives will be clarified through a better understanding of the processes involved in plant
microbiome assembly. In turn, elucidation of the ecological rules that govern endophytic
fungal community characteristics and dynamics can be achieved through continuing work
in this and related study systems.
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Appendix A

Sequence Library Summary (Continued)

Leotiomycetes was the most abundant fungal class, accounting for 77% of sequences
classified to or below that taxonomic level. Leotiomycetes contains the order Leotiales,
which occurred in the greatest abundance in our sequence library and is typically the most
abundant order in gymnosperm foliage [88]. The second most abundant order represented
12.4% of classified sequences and is placed in the holding group Ascomycota incertae
sedis, exemplifying the large number of presently unidentified taxa uncovered in this
study. The most abundant orders found are known to contain plant-associated, largely
saprotrophic fungal taxa, such as the Leotiales and Rhytismatales. However, sequences
aligning with ≥80% confidence to the Chytridiales, containing many plant pathogens;
Teloschistales, containing mostly lichenized species; and even Diaporthales, which are
mostly found on angiosperms, were well-represented. The most abundant sequences
classifiable to at least the level of genus belonged to class Leotiomycetes, order Leotiales
or Rhytismatales. Hyaloscypha sp. was the most abundant classifiable taxon, accounting
for 19% of the total reads. The genus has been observed on decaying snags and, like most
endophytes, may be a latent saprotroph [89]. Coccomyces multangularis, which has been
reported as a saprophyte on fallen leaves in Japan [90], was the second most abundant
species (12.6% of all reads). Lophophacidium dooksii, the causal agent of Dooks needle blight
in eastern North America [91], was the third most abundant species at 9.3% of the library
(megablast = 91% similarity, 3 × 1061). Gyoerffyella entomobryoides, a saprophyte of woody
tissue [92], accounted for 9.1% of the 209,034 total reads.

https://www.mdpi.com/article/10.3390/f13060824/s1
https://www.mdpi.com/article/10.3390/f13060824/s1
https://doi.org/10.6084/m9.figshare.14071448.v1
https://doi.org/10.6084/m9.figshare.14071448.v1
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Appendix B

Table A1. Average phytochemical values of whitebark pine needles. Numbers are means (ranges
given in parentheses).

δ13C (‰) δ15N (‰)
Glucose (g/g

Sample)
Fructose (g/g

Sample)
Sucrose (g/g

Sample)

−29.028
(−30.8–>−25.7)

−0.786
(−2.9–>−2.2)

0.0083
(0.0009–0.0501)

0.0096
(0.0–0.0443)

0.0106
(0.0–0.0788)
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