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To determine the role of environmental and host genetic factors in shaping fungal endophyte communities we
used culturing and metabarcoding techniques to quantify fungal taxa within healthy Scots pine (Pinus sylvestris)
needles in a 7-y old provenance-progeny trial replicated at three sites. Both methods revealed a community of
ascomycete and basidiomycete taxa dominated by the needle pathogen Lophodermium seditiosum. Differences in
fungal endophyte taxon composition and diversity indices were highly significant among trial sites. Within two
sites, fungal endophyte communities varied significantly among provenances. Furthermore, the communities
differed significantly among maternal families within provenances in 11/15 and 7/15 comparisons involving
culture and metabarcoding data respectively. We conclude that both environmental and host genetic variation
shape the fungal endophyte community of P. sylvestris needles.

1. Introduction

The tissues of plants are naturally inhabited by distinct communities
of endophytic fungi (Rodriguez et al., 2009; Partida-Martinez and Heil,
2011). Within leaves and needles the foliar endophyte community,
dominated by ascomycete and basidiomycete taxa, becomes established
following spore-based transmission (Porras-Alfaro and Bayman, 2011).
Experimental evidence demonstrates that fungal endophytes can alter
the expression of many genes within the tissues they inhabit (Mejia
et al., 2014). Consequently, variation in endophyte communities may
influence a range of existing host phenotypic traits (Hawkes et al.,
2021), including resistance to herbivory and pathogen attack, (Arnold
et al., 2003; Mejia et al., 2008; Telford et al., 2014; Ridout and New-
combe, 2015; Christian et al., 2017), and plant - water relations
(Rodriguez et al., 2009; Albrectsen and Witzell, 2012). Given the
ecological importance of the foliar endophyte community to the host
plant, it is vital that we understand the factors that influence its
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composition.

The composition of naturally occurring foliar endophyte commu-
nities is strongly dependent upon the host plant species (Arnold and
Lutzoni, 2007; U’Ren et al., 2019; Christian et al., 2020; Romeralo et al.,
2022). However, within a host taxon, foliar endophyte communities can
vary both among populations, and among individuals within pop-
ulations (Helander et al., 2007; Persoh, 2013; Reignoux et al., 2014;
Millberg et al., 2015; Bowman and Arnold, 2018). Endophyte commu-
nity composition within host taxa can potentially be affected both by
biotic and abiotic environmental factors, and by host genetic factors.
Environmental factors include the local rain of endophyte spores, and
climatic variables that interact with both the host and endophyte species
to affect the probability of infection of plant tissue (Kraft et al., 2015;
Cadotte and Tucker, 2017; Seabloom et al., 2019). Genetic variation
within the host plant can also potentially affect the probability of
infection and persistence of endophyte species, and hence the compo-
sition of the endophyte community (Cordier et al., 2012; Balint et al.,
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2013, 2015; Rajala et al., 2013; Qian et al., 2018) shaping it as the
extended phenotype of the host tree (Whitham et al., 2003; Parti-
da-Martinez and Heil, 2011; Fort et al., 2021). This genetic variation
may be present among populations of the host plant species, and/or
among individuals within these populations.

To disentangle and compare the influence of environmental and host
genetic effects on endophyte community composition, a common garden
experimental approach is needed (Elamo et al., 1999). Here host plants
from the same array of populations, and families within populations, are
grown at multiple sites and exposed to natural infection by endophytes.
Comparisons among sites measure the environmental influence over
endophyte communities. Comparisons among host populations, or
among families within a host population, allow the influence of host
genetic variation to be assessed (Balint et al., 2013, 2015; Lamit et al.,
2014; Albrectsen et al., 2018).

A major technical issue with implementing these studies is the
development of suitable techniques for quantifying, with sufficient
depth and accuracy, the fungal endophyte communities residing within
large numbers of host individuals. Traditional studies of foliar endo-
phyte communities have been based on culturing of fungi isolated from
surface sterilised leaves and needles followed by identification of cul-
tures on the basis of morphology alone, or with additional information
from sequencing of selected loci e.g. ITS (Ko et al., 2011; Sun and Guo,
2012; Koljalg et al., 2013). There are several inherent limitations and
biases associated with this approach. Unculturable fungi will not be
identified, and taxa that grow faster on artificial media are more likely to
be recorded. In addition, the technique is very labour intensive and it
may be impractical to conduct the large number of isolations required to
detect low frequency taxa. Culturing provides a limited window on the
foliar endophyte community and may therefore be subject to significant
bias.

In recent years the study of fungal endophyte communities has been
revolutionised with the development of metabarcoding based on
amplification of ITS sequences from DNA extracted from individual
samples, including in pines (Persoh, 2013; Bullington and Larkin, 2015;
Millberg et al., 2015; Taudiere et al., 2018, Lazarevic¢ and Menkis, 2020).
This technique has the ability to detect unculturable and slow-growing
taxa, can signal the presence of taxa at very low frequency (Thomas
etal., 2016; Zinger et al., 2019), and with suitable caution (Amend et al.,
2010), can be used to estimate the relative frequencies of taxa from
counts of amplicon number. Rigorous screening of amplified DNA
sequence data to remove artefacts is a prerequisite for any such analysis.
So too is a comprehensive ITS sequence database of the fungal species
that are likely to be present in the study system (Nilsson et al., 2019a)
ideally integrated into software designed to link ITS sequence infor-
mation to fungal taxa (Gweon et al., 2015). If these prerequisites are
met, metabarcoding can provide an extremely powerful method for
quantifying fungal endophyte communities in large numbers of samples.

In this study we jointly apply culturing and metabarcoding tech-
niques to the same set of samples to study the degree to which envi-
ronmental and genetic factors affect the fungal endophyte
community present in the needles of Scots pine, Pinus sylvestris. This
study system has been chosen because there is already a wealth of in-
formation on the fungal endophytes inhabiting P. sylvestris needles
(Minter, 1981; Kowalski, 1982; Helander et al., 1994; Millberg et al.,
2015; Oono et al., 2015; Taylor et al., 2019; Rim et al.,, 2021).
Furthermore, a comprehensive database of ITS sequences has been
compiled for these taxa, UNITE (https://unite.ut.ee/), and software has
been developed to link ITS sequences generated in metabarcoding to
species identities (Gweon et al., 2015).

The samples analysed here are derived from an experiment in which
the same set of Scots pine populations (provenances) and families within
these provenances have been planted at three sites within Scotland and
allowed naturally to develop needle endophyte communities. Our study
design enables us to investigate three important questions. The first is
the extent to which the environment occupied by the host affects the
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community of fungal endophytes that colonise its needles. The second is
whether genetic differences among provenances, and/or among families
within these provenances, affect endophyte community composition.
The third is the degree to which the endophyte communities revealed by
culturing and metabarcoding are congruent. Although there are previ-
ous studies that have compared endophyte communities assessed by
culturing and metabarcoding (Johnston et al., 2017; Dissanayake et al.,
2018; U’Ren et al., 2019; Hoyer and Hodkinson 2021; Oita et al., 2021),
no such studies have been carried out for Pinus.

2. Materials and methods
2.1. Scots pine trial

A common garden provenance-progeny trial comprising material of
Scots pine (Pinus sylvestris) sampled from across its natural range in
Scotland was replicated at three contrasting planting sites (Fig. 1). These
sites were:

1. Glensaugh in northeast Scotland with a relatively cool/dry climate.
The planting site is former agricultural land adjacent to a plantation
of mature P. sylvestris.

2. Inverewe in northwest Scotland with a relatively warm/wet climate.
The site was previously occupied by a clearfelled plantation of Sitka
spruce (Picea sitchensis) and Pinus contorta.

3. Yair in southeast Scotland with a relatively warm/dry climate. The
site was previously an Abies plantation and is now surrounded by
plantations of Picea sitchensis and P. contorta

In 2007, to establish the trial, open-pollinated seed was collected
from 8 mother trees in each of 21 native Caledonian pinewood
populations (provenances). Of these, five were sampled for needle
endophytes in this research: Beinn Eighe (—5.349°E, 57.630°N), Glen
Affric (—4.921°E, 57.273°N), Glen Loy (—5.130°E, 56.908°N), Glen
Tanar (—2.862°E, 57.048°N), and Rhidorroch (—4.979°E, 57.894°N)
(Fig. 1). The rationale for choosing these five provenances was that they
cover the full climatic range occupied by P. sylvestris within Scotland and

Fig. 1. Geographic locations of the five provenances of Pinus sylvestris sampled
from the provenance/progeny trial (circles) GA, Glen Affric; GL, Glen Loy; BE,
Beinn Eighe; RH, Rhidorroch; GT, Glen Tanar and the three trial sites (squares)
INV, Inverewe; GLE, Glensaugh; YAI, Yair.
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are located in five of the seven biochemical Scots pine seed zones
(Salmela et al., 2010). Seeds were sown in 2007 and grown on at the
James Hutton Institute, Aberdeen, UK. Saplings were planted out in
2012 in a balanced, randomised block design at each of the three sites,
with a single sapling from every family in every block, and three
(Inverewe) or four (Glensaugh, Yair) blocks per site.

2.2. Needle sampling and processing

Sampling of needles from the three common garden trials was un-
dertaken over a 14-d period in 2014 (Glensaugh 7th September, Inver-
ewe 20th September, Yair 15th September) when trees were 7 y old. At
each trial site, we aimed to sample needles from three trees from each of
the eight families in the five provenances, making a total of 360 samples.
However, due to early tree mortality (deer damage) we were only able to
collect samples from 316 trees (Glensaugh n = 115, Inverewe n = 94,
Yair = 107).

From each sampled tree, nine pristine, apparently healthy needles of
the previous years growth flush (spring 2013, 16 months prior) were
randomly collected across all aspects and heights of each tree and kept
refrigerated for a maximum of 5 d prior to processing. We deployed a
comprehensive surface sterilization and treatment protocol to ensure
that we assayed only true endophytes within needle tissue. Glassware
used in this process was cleaned in a Miele laboratory dishwasher with
Neodisher detergent using sterile distilled water throughout. Whole
needles were surface sterilised by immersion for 1 min in 70% ethanol
followed by 5 min in 3.5% sodium hypochlorite, 30 sec in 70% ethanol,
and finally, 3 min in 0.5 ml/L Tween20 solution in an ultrasonicator.
After surface sterilization the nine needles from each tree were dissected
into 5 mm length fragments.

2.3. Endophyte culturing and identification with Sanger sequencing

A single 5 mm fragment from each of the nine surface sterilised
needles per plant was plated onto malt extract agar (MEA, Fluka, Sigma
Aldrich, Germany) supplemented with 0.3 g/L streptomycin sulphate
(Sigma Aldrich, Germany) to culture endophytes. Fungal isolates
growing from sterilised needle fragments were sub-cultured, with the
plates checked regularly for further fungal development over a period of
3 months.

Sub-cultured endophyte colonies were designated as morphotypes,
and the number of each of the different morphotypes isolated from the
nine needle pieces plated for each tree was recorded. DNA was extracted
from individual morphotypes for identification by Sanger sequencing of
the ITS region using primers ITS1F (Gardes and Bruns, 1993) and ITS4A
(Larena et al., 1999). Morphotypes were assigned to taxa using infor-
mation from the UNITE database (Nilsson et al., 2019a), and taxonomic
names for all ranks are also aligned to this database.

2.4. DNA extraction for metabarcoding

A further 5 mm fragment was taken from each of the nine surface
sterilised needles per plant, ensuring that three tip-, base- and mid-
sections were included, to create a pooled sample for each individual
tree. The pooled needle fragments were placed in 2 ml Eppendorf tubes
and stored at —80 °C before DNA extraction. All samples from a trial site
were processed within 4 days.

Prior to DNA extraction samples were freeze dried (Christ Alpha 1-4
LD plus, Osterode im Harz, Germany) and finely powdered using a
Qiagen Tissue Lyser (LT, Hilden, Germany) at 50Hz for 2 min. DNA
extraction was undertaken using DNeasy Plant Mini Kits (Qiagen, Hil-
den, Germany) as per the manufacturer’s instructions, with the
following modifications. After addition of AP buffer, samples were
placed for 1 h on a Thermomixer C (Eppendorf, Germany) at 800 rpm,
and as the final step, two volumes of 50 pl TE were eluted through the
filter provided in the kit.
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2.5. Amplicon library construction and sequencing for metabarcoding

For each of the 304 successfully extracted pooled DNA samples a
fungal ITS region 2 (ITS2) gene library was constructed. We employed
the dual indexing strategy of Kozich et al. (2013) utilising the fITS7
(forward; GTGARTCATCGAATCTTTG) and ITS4 (reverse: TCCTCCG
CTTATTGATATGC) primers described in Ihrmark et al. (2012), which
anneal to the 5.8S and LSU rRNA genes flanking the ITS2 region. Briefly,
each primer consisted of the appropriate Illumina adapter, an 8-nt index
sequence, a 10-nt pad sequence, a 2-nt linker and the gene-specific
primer. Triplicate amplicons were generated using a high-fidelity DNA
polymerase (Q5 Taq; New England Biolabs) and pooled. PCR was con-
ducted on 10 ng of template DNA employing an initial denaturation of
30 sec at 95 °C, followed by 30 cycles of 30 sec at 95 °C, 30 sec at 52 °C
and 2 min at 72 °C. A final extension of 10 min at 72 °C was also included
to complete the reaction.

Amplicons were quantified using the Agilent 2200 Tape Station
bioanalyser, and an equimolar pool (library) was prepared prior to pu-
rification by gel extraction (QIAEX II; Qiagen). The final concentration
of the library was calculated using a SYBR green quantitative PCR
(qPCR) assay with primers specific to the Illumina adapters (Kappa,
Anachem).

The ITS2 library was sequenced at a concentration of 5.4 pM with a
0.6 pM addition of an Illumina generated PhiX control library.
Sequencing runs, generating 2 x 300 bp reads were performed on an
Illumina MiSeq using V3 chemistry. The read 1 (R1), read 2 (R2) and
index sequencing primers used were also ITS specific: R1 = sequence of
the combined pad, linker and fITS7; R2 = sequence of the combined pad,
linker and ITS4; I = reverse complement of the R2 primer (See Fig. S1 in
Gweon et al.,, 2015). Sequencing generated a total of 24,469,237
paired-end sequences across the 304 samples. All data used for this study
are available at https://www.ebi.ac.uk/ena/data/view/PRJEB21684.
Two samples, INVE271 & INVE231, produced less than 1000 reads and
were not included in any further analyses.

2.6. Converting sequence data to OTUs

The raw sequence data were processed using the pipeline PIPITS
(https://github.com/hsgweon/pipits) described in detail by Gweon
et al. (2015). All processing steps were performed with PIPITS default
settings. Briefly, all raw read pairs were joined at the overlapping region
and then quality filtered, chimera filtered, singleton filtered, contami-
nant filtered, merged, and clustered into OTUs defined at 97% sequence
similarity. The taxonomic assignment of OTUs was performed using RDP
Classifier (Wang et al., 2007) against the UNITE 7.0 fungal reference
data (Koljalg et al., 2013) at an RDP bootstrap threshold of 85%. The
resulting table consisted of a total of 7610 OTUs.

2.7. Rarefaction of OTU data

Using this dataset we inspected the relationship between the number
of ITS sequences generated per tree sample (a measure of the intensity of
sampling for endophytes) and OTU richness by generating rarefaction
curves using the specaccum function with a random method in
the Vegan package 2.3-5 (Oksanen et al.,, 2016) in R (v. 3.1.3)
(R Core Team, 2015). The number of OTUs was uneven between samples
and thus the dataset was rarefied to 1138, the smallest number of reads
in any sample using rrarefy in Vegan v.2.3-5 (Oksanen et al., 2016).
Rarefying resulted in a reduction to 2079 OTUs.

2.8. Assigning taxa from OTU data

Within the rarefied dataset some of the 2079 OTUs have unresolved
taxonomic assignments, i.e. matches at lower taxonomic levels that fall
below the confidence threshold applied in PIPITs (RDP bootstrap
threshold > 85%). In some cases, multiple OTUs were assigned to the
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same species hypotheses (SH) within the reference database UNITE. For
these, our strategy was to pool the OTUs referring to the same SH and
remove the ones not assigned to species level; 821 taxa were retained of
which 600 (73%) have matches to specific, named UNITE species hy-
potheses. The remaining 27% were matched to a sequence in UNITE but
the sequence was of an unknown species. Where a taxon at a frequency
of >1% fell into this latter category, further DNA database searches were
made in GenBank to determine whether a species identity had very
recently been assigned to the sequence. Subsequent analyses were
conducted on the rarefied dataset that recorded the number of reads for
each of the 821 taxa for each of the trees sampled. Taxonomic names at
all ranks are aligned with the UNITE database.

3. Data analysis
3.1. Data from cultures

3.1.1. Number of isolates

Analysis of variance was used to determine the effect of trial site,
provenance, and family within provenance on the total number of
endophyte isolates obtained from each tree sample after 3 months
culturing.

3.1.2. Endophyte community composition and diversity

Alpha diversity at each site was measured as taxon richness and
Shannon diversity index using data on total number of isolates of each
taxon at each site.

3.1.3. Effect of site, provenance, and family within provenance on
endophyte community composition

Contingency y2 analysis was used to determine the significance of
differences in the relative frequency of endophyte taxa among trial sites,
among provenance within each site, and among families within prove-
nance and site. For tests at the provenance level, the categories
compared were each of the seven most common taxa together with a
category containing all other taxa combined. At the provenance and
family levels, where relatively small numbers of most taxa were present,
difference in the relative frequencies of taxa were tested by collapsing
the data into two categories: the most common taxon present and all
remaining taxa.

3.2. Data from metabarcoding

3.2.1. Endophyte community composition and diversity

The rarefied read numbers for the dataset of 821 taxa were used to
quantify taxon abundance for analyses of alpha diversity (Taylor et al.,
2016). Taxon richness and Shannon diversity were calculated for each
site using combined data from all the trees at that site. Taxon richness,
chaol estimates of taxon richness, and Shannon diversity were also
calculated for individual trees to test for significant differences in alpha
diversity of individual trees among sites.

3.2.2. Distinguishing core and satellite taxa

Core taxa, those that consistently occupy the environment of our
Scots pine needle samples, were distinguished from opportunistic sat-
ellite taxa using the approach of Magurran and Henderson (2003) and
van der Gast et al. (2011). This posits that the abundance distribution for
core taxa follows a lognormal distribution, while that for satellite taxa
matches a log-series or exponential distribution. We applied their
method by jointly analysing the number of trees (samples) with a taxon
present (occupancy), and the maximum abundance it reaches in any of
the samples (both log-transformed). A piecewise linear model was
employed where the break point was moved along the x-axis, (log
(occurrence)), to identify the point where residual variance was mini-
mised (Crawley, 2007). Species below that point were putative satellite
species and those above it were putative core species. Abundance
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distributions in both groups were assessed using the fitdist and gofstat
functions in the R package fitdistrplus (Delignette-Muller and Dutang,
2015).

3.2.3. Effect of site, host provenance, and host family within provenance on
endophyte community composition

To assess the impact of site, host provenance and host family within
provenance on variation in community composition, we employed
multivariate general linear models using methods available in the
package mvabund 3.12 (Wang, Eijkemans, et al., 2012; Wang, Nau-
mann, et al., 2012). Here the abundance patterns for each taxon were
analysed separately for the effect of the relevant factor, and the results
summarised across the community (Wang, Naumann, et al., 2012).
Consequently, unlike dissimilarity-matrix-based methods, multivariate
GLMs do not confound location with dispersion effects, which can inflate
type 1 and 2 error (Warton et al., 2012).

The models on which mvabund 3.12 is based do not allow for anal-
ysis of nested designs as used in our experiment. Therefore, multivariate
general models were applied separately to analyse variation in com-
munity composition at three different levels; among the three sites,
among host provenances within each site, and among families within
each provenance at each site. The data used in the analyses were rarefied
read counts for each of the 821 taxa recorded for each tree. Models were
specified with negative-binomial errors and significance was assessed
using permutation tests with Monte Carlo resampling based on log-
likelihood ratios.

4. Results
4.1. Data from cultures

4.1.1. Taxa detected by culturing

Fungal endophytes were isolated from needle samples for 308 of the
316 trees sampled (Glensaugh n = 115, Inverewe n = 94, Yair = 107)
yielding a total of 2436 isolates, grouped into 11 morphotypes. The vast
majority of the taxa isolated were ascomycetes (98.3%), the remainder
being basidiomycetes. Morphotyping in combination with Sanger
sequencing of ITS allowed 96% of the ascomycete samples to be classi-
fied into 9 taxa, 6 at the species level (Lophodermium seditiosum, L.
pinastri, L. conigenum, Cenangium ferruginosum, Sydowia polyspora,
Dothistroma septosporum), 1 at the level of genus (Preussia) and 2 at the
level of family (Xylariaceae, Pleosporaceae). Remaining unidentified
isolates, classified as ‘Other’, represented singletons, basidiomycetes
yeasts plus other low frequency taxa and comprised 5.2%, 8.5% and
6.7% of the total isolates at Glensaugh, Inverewe and Yair respectively.

4.1.2. Number of isolates obtained from culturing

Analysis of variance indicated a highly significant effect of site
(F(2,266) = 53.35, P < 0.001), but no effect of tree provenance or family
within tree provenance on the total number of fungal isolates obtained
from each tree. The mean number of fungal cultures isolated was
significantly greater at Glensaugh (10.24, SE = 0.335) than at either
Inverewe (6.36, SE = 0.356) or Yair (6.16, SE = 0.261).

4.1.3. Endophyte community composition based on data from culturing

The needle pathogen L. seditiosum was by far the most abundant
taxon overall, and was the dominant taxon at both Glensaugh and
Inverewe (Fig. 2A). The endophyte, L.pinastri, that fruits on dead nee-
dles, was also an important component of the community at all sites. The
only other taxa at appreciable frequency were Cenangium ferruginosum,
which reached a frequency of 24.9% at Yair, and a Xylariaceae taxon that
was found at a frequency of 11.7% at Inverewe.

4.1.4. Endophyte community diversity based on data from culturing
The taxon richness as measured by culturing techniques was very
similar among the three sites, with 10, 10 and 11 taxa isolated from
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Fig. 2. Relative frequency (per cent) of fungal endophyte taxa in samples from a provenance/progeny trial of P. sylvestris replicated at three trial sites (Glensaugh,
Inverewe and Yair). Shown are taxa whose frequency exceeded 1% and were identified using either a. culture (seven out of eleven identified taxa) or b. meta-
barcoding. Key to taxa: A — Lophodermium seditiosum, B — L. pinastri, C — L. conigenum, D — Cenangium ferruginosum, E — Xylariaceae, F - Pleosporaceae, G - Sydowia
polyspora, H - Helotiales OTU2253, I — Phaeomoniella, J. - Phaeotheca fissurella, K — Capnodiales, L — Chaetothyrales, M - Perusta inaequalis, N - Pyrenopeziza revincta, O —

Cyclaneusma minus, P — Davidiellaceae, X - Other.

Glensaugh, Inverewe and Yair respectively. However due to the domi-
nance of L. seditiosum at Glensaugh, the Shannon diversity index for this
site (1.04) was considerably lower than that for either Inverewe (1.40)
or Yair (1.43).

4.1.5. Effect of site, provenance, and family within provenance on
endophyte community composition

There were highly significant differences among sites in the relative
proportions of the complete set of taxa identified in the culturing study
(Table 1, P < 0.001). Within each site, the frequency of the most com-
mon endophyte taxon (L. seditiosum for Glensaugh and Inverewe, L.
pinastri for Yair) was significantly different among provenances at
Glensaugh (P < 0.001) and Yair (P < 0.05) but not at Inverewe. When
tested within a site, the frequency of the most common endophyte taxon
differed significantly among families within a provenance in 11 of the 15
%2 tests (P < 0.05).

Table 1

Results of X tests for differences in the relative proportions of all taxa (among
sites) or the most abundant taxon (Lophodermium seditiosum for Glensaugh and
Inverewe, L. pinastri for Yair) in endophyte communities assessed using
culturing. Analyses were conducted among sites, among provenances within
site, and among families within provenance at each site. n.s. non-significant, * -
P<0.05, ** - P< 0.01, *** - P<0.001.

XZ4) = 908.12 ***

Among Sites

Site Glensaugh Inverewe Yair

Among Provenances X%y = 40.5 ***
Among Families within Provenance

X%y = 1.33 n.s. X%y = 11.50 *

Glen Tanar X%y = 22.17 ** X%) = 12.19 n.s. X%) = 13.30 *
Beinn Eighe X%y =16.84 * X%y =27.15 *** X% = 2.47 ns.
Glen Affric X%y =19.14 ** X%y = 20.37 ** X&) = 20.15 **
Rhidorroch X&) = 15.56 * X&) = 4.91 n.s. XE) =17.18 *
Glen Loy X%) = 50.24 *** X%) = 9.16 n.s. X%) = 17.58 **

4.2. Data from DNA metabarcoding

4.2.1. Diversity of taxa detected by metabarcoding

Taxa detected by metabarcoding belonged to five different fungal
phyla: Ascomycota, Basidiomycota, Zygomycota, Chitridiomycota and
Glomeromycota (Fig. 3). The community was dominated by members of
the Ascomycota, which accounted for 18 of the 20 most abundant genera
and 98.4% of the amplicons from the top 20 genera.

4.2.2. Endophyte community composition measured with metabarcoding
data

The total number of endophyte taxa detected by metabarcoding was
extremely high (821), two orders of magnitude larger than the number
of taxa identified through culturing. The vast majority of those 810 taxa
not detected by culturing were present at a read frequency well below
1% (Supplementary Table 1). However, nine taxa detected only by
metabarcoding had overall frequencies above 1%, and one, a taxon in
the Helotiales, was found at a frequency as high as 13% at Inverewe.
Despite the predominantly very low frequency of taxa detected only by
metabarcoding, their very large number means that together they
comprised a substantial fraction of the total endophyte community
detected (32%, 66% and 55% of total reads at Glensaugh, Inverewe and
Yair respectively).

Compared to data from culturing metabarcoding identified nine
additional taxa, whose overall read frequency reached at least 1%
(Fig. 2B). At Glensaugh and Inverewe the pathogen L. seditiosum shows
the highest read frequency, and though not the dominant taxon at Yair,
it is present at a relatively high frequency of 16%. This pattern shows
congruence with the results from culture isolations (Fig. 2A). At Yair,
but not elsewhere, a high proportion of reads come from C. ferruginosum,
again reflecting the distribution of this taxon found in the culturing
study. In contrast, the endophyte L. pinastri, which was isolated at a
substantial frequency through culturing at all three sites, shows a
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Fungal Class (coloured sectors)

a: Chytridiomycetes

b: Lecanoromycetes

c: Orbiliomycetes

d: Leotiomycetes

e: Dothideomycetes

f: Pezizomycetes

g: Saccharomycetes

h: Taphrinomycetes

i: Sordariomycetes

j: Eurotiomycetes

k: Ustilaginomycetes

I: Tremellomycetes

m: Microbotryomycetes
n: Exobasidiomycetes
o: Agaricomycetes

p: Pucciniomycetes

q: Cystobasidiomycetes
r: Wallemiomycetes

v: Incertae sedis

Species
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Fig. 3. Taxonomic tree of endophytes found in needles of P. sylvestris by metabarcoding. The colour of branches indicates phyla: Ascomycota - yellow; Basidiomycota
— red; Zygomycota - green; Chytridiomycota — cyan. Sector colours indicate classes (see legend). Bars on the outer ring mark core taxa.

uniformly very low number of metabarcoding reads; and the high
number of cultures of a Xylariaceae taxon isolated at Inverewe is not
reflected in a correspondingly high read count in metabarcoding data.
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4.2.3. Endophyte community diversity measured with metabarcoding data
At the level of the total endophyte community present within each
site, taxon richness was greatest at Glensaugh, intermediate at Yair, and

lowest at Inverewe (586, 385 and 292 taxa respectively) (inset to

B .
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Fig. 4. Measures of taxon richness and a diversity of endophyte communities in sample trees at the three trial sites measured using data from metabarcoding. (A)
Observed taxon richness, (B) Chaol estimate of taxon richness and (C) Shannon diversity. The horizontal line and box indicate the mean + 1 SE. The inset in (B)
shows the number of taxa observed at each site and shared between trial locations. (A further breakdown of the results by provenance can be found in Suppl. Fig. 1).
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Fig. 4B). Only 17% of taxa were present at all sites, with 19% present at
two sites and 64% at one. In terms of Shannon diversity, the pattern was
different. Glensaugh had a much lower diversity index (2.27) than either
Inverewe (3.05) or Yair (2.95). This reflected the dominance of L. sed-
itiosum at Glensaugh compared with the other sites.

At the level of the endophyte community present within individual
trees at a site, there were no significant differences in taxon richness or
Chaol estimates of taxon richness among the sites with a mean of 21.22
(£1.0) and 26.73 (+4.7) taxa per tree respectively (Fig. 4A and B).
However, community diversity within trees as measured by the Shannon
index was lower at Glensaugh (mean 1.188 + 0.068) compared with
both Inverewe (1.551 + 0.067) and Yair (1.605 + 0.048) (P < 0.001)
(Fig. 4C). Again, this reflects the dominance of L. seditiosum at
Glensaugh.

4.2.4. Core and satellite species

When a piecewise regression of log(occurrence) vs log(abundance)
was conducted for the 821 taxa resolved by metabarcoding a breakpoint
was indicated where the mean square error (MSE) was minimised at log
(occurrence) = 1.39, implying that core species were those occurring in
more than 4 samples (Fig. 5A). The piecewise model provided a better fit
than a simple linear model despite the additional parameters (likeli-
hood-ratio test p < 0.001, AICpiecewise = 1945.8 < 1962.6 AlClinear).
The species abundance distribution for the core fungal endophyte
community from Scots pine needles was well described by a lognormal
distribution (Kolmogorov — Smirnov D = 0.08, p > 0.05) (Fig. 5B). That
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the Leotiomycetes or Dothideomycetes, core species were only missing
from fungal classes that were generally not well represented. Of the 120
core species, 11 occurred at only one of the three trial locations, 15
species were shared between Glensaugh and Inverewe, 18 species be-
tween Glensaugh and Yair, while eight species were shared between Yair
and Inverewe. Sixty-eight core species were found at all three trial
locations.

4.2.5. Effect of site, provenance, and family within provenance on
endophyte community composition

Probability values derived from Monte Carlo resampling show that
there were highly significant differences in endophyte community
composition, as measured by rarefied read abundance, among sites
(Table 2, P < 0.001).

Within sites, communities differed significantly among provenances
at Inverewe (P < 0.05) and Yair (P < 0.05) but not at Glensaugh. There
was no evidence that endophyte communities differed among families
within provenances at Inverewe, but at Glensaugh and Yair significant

Table 2

Results of general linear models run in mvabund (Wang et al., 2012) using
rarefied amplicon abundance data to test for differences in endophyte commu-
nity composition among sites, among provenances within each site, and among
families within provenance at each site. Probability levels derived from Monte
Carlo resampling simulations are shown. n.s. - non-significant, * - P<0.05, ** -
P< 0.01, *** - P<0.001.

for the satellite species was significantly different from an exponential Among Sites 0.001%**
(i'lstrlbutlon (K-SD=0.41 ; p < 0.95), though it provided a much better Site Glensaugh Inverewe Yair
fit than to a lognormal distribution (AICexp = 1018 < AICInorm =
1586) Among Provenances 0.093 n.s. 0.013* 0.021*
' . ) . . . Among Families within Provenance
The piecewise model differentiated 120 core species from the Glen Tganar 0.038* 0.127 ns. 0.019*
remaining satellite or opportunistic species (Supplementary Table 2). Beinn Eighe 0.018* 0.077 n.s. 0.042*
Fig. 3 indicates the distribution of the core taxa at genus level across the Glen Affric 0.363 n.s. 0.153 n.s. 0.030*
fungal taxonomy. While there were clusters within some classes such as Rhidorroch 0.031* 0.089 n.s. 0.004**
Glen Loy 0.289 n.s. 0.120 n.s. 0.111 n.s.
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Fig. 5. (A) Split regression of log(abundance) on log(occurrence) for 821 needle fungal endophyte taxa in sample trees, showing break point at log(occurrence) =
1.39 where the mean square error (mse) is minimised. (B) Probability density plots for fit of core species to lognormal distribution and for fit of the satellite species to

an exponential function.
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differences in endophyte communities among families were found for
more than half the provenances (P < 0.05).

5. Discussion

The design of our experiment, in which a set of P. sylvestris prove-
nances and families were replicated at three sites, allowed us to separate
the influence of both environment and host genotype on the composition
of endophyte communities establishing within needles of P. sylvestris.
Our results demonstrate that both environment and host genotype have
significant effects on the endophyte communities. These conclusions are
supported by data derived from both culturing and metabarcoding.

The influence of the local environment on endophyte community
composition is demonstrated by comparison among the three sites which
differ in both their biotic and climatic characteristics. Our analyses show
significant differences in the abundance, community composition and
diversity of the endophyte populations among these sites using both
culture and metabarcoding data. This is in accordance with previous
studies which involve comparisons of site effects on endophyte com-
munities (Miiller and Hallaksela, 1998; Helander et al., 2006; Jump-
ponen and Jones, 2009; Matsumura and Fukuda, 2013; Millberg et al.,
2015; Nguyen et al., 2016). However, none of these studies used repli-
cated common garden experiments, and therefore could not rule out the
possibility that endophyte community differences between sites were at
least partially accounted for by genetic differences between host pop-
ulations at these different sites.

A major cause of these differences may be that the sites vary with
respect to their endophyte spore rain (Seabloom et al., 2019). The rain of
endophyte spores compatible with P. sylvestris is expected to be greatest at
Glensaugh, adjacent to a P. sylvestris plantation, while at Inverewe and Yair
the local endophyte spores will primarily come from the non-native spe-
cies, Picea sitchensis and P. contorta. This could account for the greater rate
of endophyte isolations, larger number of taxa identified, and distinctness
of the endophyte community at Glensaugh compared with the other two
sites. The important influence on endophyte communities of spore rain
from the same or closely related species has previously been noted by Hata
and Futai (1996) and has been shown for the endophyte recruitment of
non-native host-tree species (Gundale et al., 2016). Other factors that may
be important in determining differences in endophyte communities among
trees from different sites are climatic differences affecting the success of
endophyte infection, and variation in host phenotype among the three sites
caused by differences in growing conditions.

While environmental variation among sites has a very large influence
on the endophyte communities establishing within P. sylvestris needles,
our results also demonstrate that genetic variation among host trees
influences the endophyte communities that establish. Given the limited
data available from cultures it was only possible to test for variation in
community composition by analysing differences in frequency of the
most common taxon. However, for metabarcoding data we could anal-
yse for changes in frequency across all endophyte taxa.

For both datasets, differences in the composition of endophyte
communities among provenances were supported by moderate evidence
at two sites, but evidence was weaker at the third site. In addition,
variation in endophyte community among families within provenances
was found for 11 of the 15 tests conducted using culture data, and 7 of
the 15 tests using metabarcoding data. Following the principles of
graduated evidence-based reporting (Muff et al., 2021), we can conclude
that, though an effect is not apparent for every site or provenance, the
overall support for host genotype influencing the composition of needle
fungal endophyte communities is moderate to strong. Our results concur
with previous research that has provided evidence for a significant effect
of a host’s genotype on various aspects of its fungal endophyte com-
munity (Cordier et al., 2012; Rajala et al., 2013; Balint et al., 2013,
2015).

Our finding that genetic effects on endophyte community composi-
tion are only apparent at certain sites could be due to lack of statistical
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power to observe such an effect. It could also signal that there may be
limited opportunity for genetic variation to influence endophyte com-
munity composition due to local environmental conditions. Variation in
abiotic factors such as humidity and air movements can cause both
spatial and temporal localisation of particular endophyte taxa. If they
are not present in the spore rain, there can be no host genetic influence
on their frequency in the community.

Some idea of the number and identity of taxa able to infect P. syl-
vestris needles consistently and across a diversity of sites can be obtained
from our analysis of core and satellite species. This classified 120 taxa as
core species, 68 of which were recorded in needles from all three sites,
41 from two sites and 11 from single sites where they were present in
almost all samples at high abundance. This presence of numerous core
taxa distributed across all three sites suggests that absence of an
appropriate spore rain or of conditions for infection are unlikely to be
major impediments to detecting host genetic effects on endophyte
community composition in our experiment.

In this study we used the complementary approaches of culturing
and metabarcoding to quantify the endophyte communities of P. syl-
vestris needles. The two approaches have different strengths, limitations
and biases and provide contrasting windows on the endophyte com-
munity. Here we explore the extent to which results from the two
methods agree, how and why they may differ, and ascertain the benefits
that can be gained by conducting both forms of assessment on the same
endophyte community.

The first point to note is that the 11 morphotypes and largely un-
identified ‘other’ taxa in the culture dataset form a similar community,
in terms of diversity, to previous culture studies of Scots pine needles.
Just a few species dominate, while a long tail of ‘other’ species occur at
much lower frequency (Helander et al., 1994; Helander, 1995; Kowalski
1982, 1993; Taylor et al., 2019). The 11 taxa at high frequency in the
culture samples were all detected under metabarcoding, providing a
form of quality control for the metabarcoding study. Furthermore, in
both datasets the dominant taxon was Lophodermium seditiosum, the
frequency of which declined from Glensaugh to Inverewe to Yair. This
species is known as a primary pathogen of P. sylvestris causing damage
on seedlings in forest nurseries, and on stressed mature trees (Minter,
1981; Minter and Millar, 1980; Diwani and Millar, 1987). The domi-
nance of this pathogen in healthy needles (up to 60% of the endophyte
community) is striking proof that the presence of a pathogen within a
needle, even at high frequency, is insufficient on its own to incite dis-
ease; the appropriate environmental conditions must be present for
transition from latent to active pathogen. A high frequency of L. sed-
itiosum in healthy needles has previously been detected in natural pop-
ulations of P. sylvestris in Scotland and is characteristic of young trees
similar in age to those sampled in this study (Taylor et al., 2019).

Another feature common to both datasets was the scarcity of Cen-
angium ferruginosum at Glensaugh and Inverewe, but its presence at
relatively high frequency at Yair in both culture and metabarcoding
samples (24.9% and 29.8% respectively). Together with the data on L.
seditiosum, these results provide reassurance that culturing and meta-
barcoding are providing a degree of congruence in descriptions of the
composition of the endophyte community of P. sylvestris (Taylor et al.,
2016).

Despite these agreements, there are also some striking differences
that require explanation. The most obvious of these is that the total
number of taxa detected by culturing (11) were an order of magnitude
lower than that detected by metabarcoding (821). The vast majority of
the additional taxa identified using metabarcoding were present at fre-
quencies of less than 1%, though a Helotiales taxon, absent from the
cultured samples, was found at a frequency of 12.9% in the meta-
barcoding of a sample from Inverewe. Likely explanations for this dif-
ference are that additional taxa detected by metabarcoding were either
at too low a frequency to be detected in the limited number of culture
samples, that the taxa cannot be cultured under the conditions used, or
that though they are culturable, they are overgrown and their presence
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obscured by more vigorous taxa. Other metabarcoding studies concur
that hyperdiversity, with many taxa present at very low frequency, is a
common feature of fungal endophyte communities that is not revealed
by culturing methods (Arnold et al., 2007; Millberg et al., 2015; Chris-
tian et al., 2017; Dissanayake et al., 2018; Jayawardena et al., 2018).

The other clear discrepancy between the cultured and metabarcod-
ing datasets was that two taxa, L. pinastri and a member of the Xylar-
iaceae, were detected at far higher frequency under culturing than under
metabarcoding (approximately 20x for L. pinastri). This could be due to
poor PCR amplification of the ITS sequences of these taxa. However, this
can be ruled out for L. pinastri, because all three cryptic species of this
taxon are identical to L. seditiosum at both the forward and reverse ITS
primer sequences used in this study (Reignoux et al., 2014) and the latter
showed no PCR inhibition. A more likely explanation is that the taxa
occur at low frequency in the needles in vivo, but rapidly colonise dead
needles on culture plates and overgrow other taxa, thereby leading to
overrepresentation in the culture samples.

While the analysis above highlights limitations of culturing for
quantifying endophyte communities, it should be remembered that
metabarcoding techniques are themselves subject to bias. Differential
amplification of ITS sequences among taxa, differential ITS copy number
among taxa, delineation of OTUs across taxa on the basis of a single
clustering threshold, and the inability to link ITS sequences to species
hypotheses above a certain level of confidence have all been described as
potential problems (Schirmer et al., 2015; Thomas et al., 2016; Zinger
et al., 2019; Nilsson et al., 2019b).

Our results indicate a need for caution when comparing results from
culture-based studies of endophyte communities with those from met-
abarcoding studies. Differences between the endophyte communities
may reflect idiosyncrasies associated with the different assessment
techniques rather than true biological differences. However, datasets
collected using a common methodology should be legitimate for
studying factors that influence endophyte community diversity and
composition. We can conclude that there is added value in undertaking
cultural alongside metabarcoding assessments of endophyte commu-
nities, not least for quality control purposes (for cross checking retrieved
species). Furthermore, when results from both methods are in agree-
ment concerning the factors that influence endophyte community
composition (as here) this lends strength to the conclusions.

The endophyte community living in a host needle represents an
aspect of the extended phenotype of the tree (Partida-Martinez and Heil,
2011; Whitham et al., 2003). Here we have presented evidence that
variation in this extended phenotype can be under host genetic control.
A possible consequence for the endophyte community may be an in-
crease in functional redundancy and phylogenetic relatedness because
favoured fungal taxa will tend to share common traits that adapt them to
the P. sylvestris environment, and/or benefit the host (Shade and Han-
delsman, 2012). A possible consequence for the host tree is that natural
selection could act on ecologically important variation in the endophyte
community (Mejia et al., 2014; Christian et al., 2017). Further research
is now required to explore these potential ecological and evolutionary
consequences of host control of endophyte community composition.
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