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Abstract Foliar fungal endophytes (FFE) colonized the phyllosphere at least 400
million years ago and have since diversified across every terrestrial ecosystem that
supports plant life. Understanding how these complex symbiotic associations are
generated, distributed and maintained is a challenging task that requires an
understanding of host specificity. We propose a conceptual framework that outlines
four ‘dimensions’ of host specificity that account for the geographic, phylogenetic
or sampling scale under consideration. These ‘dimensions’ quantify FFE abundance
and evenness (structural specificity), interaction strength (network specificity),
evolutionary relationships (phylogenetic specificity) and the spatial or temporal
consistency of the interaction (beta-specificity). We present one case study that
quantifies and compares structural, network and phylogenetic specificity across FFE
communities partitioned by taxonomy (Ascomycota vs. Basidiomycota). We focus
on the effects of rare FFE species, approximated as Operational Taxonomic Units
(OTUs), as a key methodological consideration for communities surveyed with
next-generation sequencing (NGS) because the statistical nature of rarity confounds
the quantification of host specificity. The exclusion of rare FFE OTUs consistently
changed ecological inference by decreasing host specificity averages and increasing
variances within FFE phyla. To evaluate the degree to which rare FFE OTUs affect
statistical power, we compared our empirical community to that of randomized
communities. Excluding rare FFE OTUs (>10% of total sequences in the case
community removed) may lead to spurious host specificity metrics that are not
statistically significant from that of randomized communities. Therefore, rare
FFE OTU removal should be done with explicit rationale. We propose conceptu-
alizing FFE host specificity with a multidimensional framework that will allow
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future studies to use quantitative, comparable and theory-driven metrics that can
scale towards more meaningful estimates of global fungal biodiversity.

Abbreviations

FFE Foliar fungal endophytes
NGS Next-generation sequencing
OTU Operational taxonomic unit

1 Introduction

Foliar fungal endophytes (FFE; Class 3 endophytes sensu Rodriguez et al. 2009)
asymptomatically inhabit the aboveground, photosynthetic tissues of all currently
described plant phyla. They are a species-rich and phylogenetically diverse guild
distributed worldwide across every terrestrial biome (Bacon and White 2000),
ranging from arctic to tropical ecosystems (Arnold 2007; Higgins et al. 2007). The
ubiquity and apparent ‘hyperdiversity’ of FFE (Arnold et al. 2000) has elicited
decades of research documenting patterns of their diversity and distribution (e.g.,
Carroll and Carroll 1978; Saikkonen et al. 1998; Faeth and Fagan 2002; U’Ren
et al. 2012; Zhang and Yao 2015) with ultimately minimal consensus regarding the
measurement of one factor intrinsic to the study of their biodiversity and rela-
tionships within the plant kingdom—their host specificity. Host specificity is one
example of a biological process more broadly referred to in the literature as eco-
logical specialization (Poisot et al. 2012). This classic explanation for species
coexistence, as a result of resource partitioning (Walter 1991), describes a process
where the realized niche of an organism narrows in trade-off for higher fitness on a
smaller fraction of resources (Futuyma and Moreno 1988; Devictor et al. 2010).
For FFE, we propose defining host specificity as the state of occupying a restricted
proportion of hosts in a plant community.

Surveys of FFE biodiversity frequently investigate various aspects of FFE host
specificity (e.g., FFE community composition as a function of plant host identity),
but rarely define the type of specificity under consideration. Terminology can vary
across studies, such as host affinity (Higgins et al. 2007), host association (Vincent
et al. 2016), host preference (Cannon and Simmons 2002) and host range (Arnold
and Lutzoni 2007). Comparisons across different FFE studies are also challenging
because host specificity can be evaluated in different ways depending on the scale
of the study. The majority of FFE studies utilize multivariate ordination approaches
to qualitatively compare FFE compositional differences among plant host species or
environmental factors (e.g., Sun et al. 2012; Zhang and Yao 2015). These
approaches can assess the relative influences of host specificity, environmental
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filtering or stochastic assembly on community composition (Brooks et al. 2016).
However, ordination approaches can vary significantly by direct or indirect gradient
analyses (e.g., canonical correspondence analysis vs. nonmetric multidimensional
scaling), distance or dissimilarity metrics employed (e.g., Euclidean vs.
Bray-Curtis) and the number of dimensions or axes considered in multidimensional
space (Minchin 1987). Additionally, studies may explore different ‘dimensions’ of
host specificity that cannot be directly compared to one another (e.g., the number of
hosts vs. the phylogenetic breadth of hosts a FFE occupies). To transition future
studies to more quantitative and comparable approaches, we propose a common
framework of four ‘dimensions’ of host specificity (adapted and modified from
Poulin et al. 2011) that address different sampling, spatial and phylogenetic scales
for which FFE are studied in a plant community:

(1) Structural specificity (FFE abundance and evenness)
(2) Network specificity (interaction strength)
(3) Phylogenetic specificity (evolutionary relationships)
(4) Beta-specificity (spatial or temporal turnover).

For each of these metrics, a narrower host breadth indicates higher host specificity.
Structural specificity quantifies the most fundamental ‘dimension’ of host speci-
ficity, the sum and evenness of abundance among hosts (Poulin et al. 2011).
Network specificity quantifies the strength of plant-FFE interactions by accounting
for all potential hosts a FFE could occupy in a plant community. Phylogenetic
specificity quantifies host specificity relative to the phylogenetic scale of the plant
hosts in a community, or the mean phylogenetic distance among occupied hosts
(Webb et al. 2008). Structural, network and phylogenetic specificity quantify the
degree of host specificity within a single locality, termed alpha-specificity (Fig. 1;
Poulin et al. 2011). Analogous to alpha diversity (Whittaker 1972), these three host
specificity metrics do not account for spatiotemporal variation of the interaction.
Beta-specificity, however, quantifies the degree to which a given FFE displays
consistent host specificity across a range of contexts.

Among the three alpha ‘dimensions’ of host specificity, we explored the influ-
ence of (1) rare FFE species in the community, which tend to inflate host specificity,
(2) data structure (presence-absence vs. abundance-weighted metrics) and (3) cor-
relations among each of these metrics with a case study FFE community surveyed
with next-generation sequencing (NGS). We then compared the empirical host
specificity values to those of randomized communities to understand the influence
of rare FFE species and data structure on the statistical power of these metrics.
Throughout this review, we describe and quantify host specificity among
co-occurring plant species in a community context (e.g., Fig. 1). However, these
‘dimensions’ of host specificity could also be adapted to quantify specificity within
host individuals (e.g., tissue specificity) or among host populations (e.g., genotype
specificity), depending on the context of the study. We will use the term ‘plant host’
as a general descriptor that encompasses these various partitions of the host pool.
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2 Structural Specificity

Structural specificity of a given FFE describes the number of occupied hosts, also
referred to as ‘basic specificity’ (Poulin et al. 2011), or its differential abundance
among them. Host richness (Eq. 1) quantifies all hosts a FFE occupies, regardless
of FFE abundance in each host, and has a presence-absence data structure. In Eq. 1,
r is the number of plant hosts occupied by one FFE species. A given FFE will have
higher structural specificity if it occupies fewer plant hosts (Fig. 1). Shannon’s
H diversity index (Shannon and Weaver 1948), a commonly used
abundance-weighted metric in ecological studies, quantifies host richness and FFE
evenness among occupied hosts. In Eq. 2, r is the number of plant hosts occupied
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Fig. 1 Conceptual diagram of structural, network and phylogenetic specificity. Plant hosts within
the grey circles represent the realized ecological niche of each FFE. FFE ‘A’ has high structural
specificity (two occupied hosts), phylogenetic specificity (restricted to gymnosperm hosts) and
network specificity (three unoccupied hosts). FFE ‘H’ has low structural specificity (four occupied
hosts), phylogenetic specificity (bryophyte, monilophyte, gymnosperm and angiosperm hosts) and
network specificity (one unoccupied host). Plant species images were procured from a public
domain illustration repository, https://openclipart.org

18 A. Apigo and R. Oono

https://openclipart.org


by one FFE species and pi is the relative read abundance of that FFE species in the
ith host. For abundance-weighted Shannon’s H, a FFE will have higher structural
specificity if its abundance is unevenly distributed relative to another FFE, given
that host richness is equal between them. In this chapter, host richness and
Shannon’s H have been negated (multiplied by −1), such that lower host richness
indicates higher structural specificity (Figs. 1, 2, 3, 4, 5 and 6).

Host richness presence� absenceð Þ ¼ r ð1Þ

Shannon0s H abundance� weightedð Þ ¼ �
Xr
i¼1

pi ln pi ð2Þ

Structural specificity provides a straightforward metric to compare sites within a
single study with a standardized sampling design. However, the number of hosts in
which a given FFE is found or its abundance within a particular host is entirely
dependent on the scale of each study (Levin 1992; Cavender-Bares et al. 2009).
Sampling can also vary at the level of the community (e.g., number of host species
sampled), population (e.g., number of host conspecifics sampled) or individual
(e.g., number of leaves sampled). Consequently, structural specificity is challenging
to compare across different studies.

3 Network Specificity

Network specificity quantifies the number and ‘strength’ of interactions by
accounting for all potential hosts a given FFE could occupy (Fig. 1). The Resource
Range Index (RRI; Schoener 1989; Eq. 3) is a presence-absence metric that nor-
malizes the number of unoccupied hosts (R − r) by the total number of possible
hosts in the community minus one (R − 1). In Eq. 3, R is the total number of hosts
in the community and r is host richness. The abundance-weighted Paired Difference
Index (PDI; Poisot et al. 2012; Eq. 4) compares the relative link strengths (based on
FFE abundance) of all occupied and unoccupied hosts to the highest link strength
normalized by the total number of possible hosts in the community minus one
(R − 1; see Poisot et al. (2012), which shows PDI outperforms other network
indices for discriminating generalists and specialists). In Eq. 4, P1 is the read
abundance in the host with the highest link strength (maximum read abundance), Pi

is the link strength (read abundance) in the ith host and R is the total number of
plant hosts. RRI and the PDI are scaled such that 0 indicates a perfect generalist
(occurs in all plant hosts for RR; occurs in all plant hosts in equal abundance for
PDI) and 1 indicates a perfect specialist (occurs in only one plant host for RRI and
PDI).
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Resource Range Index presence� absenceð Þ ¼ R� r
R� 1

ð3Þ

Paired Difference Index abundance� weightedð Þ ¼ 1
R� 1

XR
i¼2

P1 � Pi

P1

� �
ð4Þ

Network metrics are reported as scale-independent measures that are robust to
variability in sampling and network structure (Blüthgen et al. 2006; Poisot et al.
2012), lending themselves as a potential common ‘unit’ across future FFE studies.
Network specificity can be quantified not only at the species-level (e.g., RRI or
PDI), but also at the group-level (e.g., plants or FFE) or network-level (whole
network architecture values; Dormann et al. 2009). Certain types of ecological
associations have been suggested to correlate with network-level structure
(Bascompte 2010; Thébault and Fontaine 2010). For example, obligate, mutualistic
associations are thought to display higher modularity, or subgroups of strong
species interactions (Wardhaugh et al. 2015), relative to facultative, mutualistic
associations. Modularity may promote network stability by localizing the effects of
a perturbation within a module of tightly associated species (Olesen et al. 2007).
Alternatively, more facultative, mutualistic relationships have been thought to
display higher nestedness, or reciprocal specialization, where specialists of one
class (e.g., plants or FFE) strongly interact with generalists of the other class.
Nestedness may also promote network stability by reducing competition among
organisms of one class (Saavedra et al. 2011).

Cultured FFE were found to have lower reciprocal specialization (nestedness), a
lower number of realized interactions to their plant hosts (connectance) and dis-
tributed in more compartmentalized interacting sub-groups (modularity), relative to
cultured endolichenic fungi (fungal endophytes living within lichen thalli; Chagnon
et al. 2016). The consistency of these patterns across a diverse array of host species
and environments (Chagnon et al. 2016) suggests cultured FFE are more intimately
associated with their hosts relative to cultured endolichenic fungi. Although these
network-level metrics that consider all members of a community will correlate with
the species-level metrics (RRI and PDI), these network-level metrics are useful for
comparing communities that may differ in composition and structure, such as
endophytic and endolichenic fungi. Alternatively, species-level metrics, such as RRI
or PDI, measured per FFE could reveal specific fungal or host taxa that predomi-
nately contribute to observed patterns among communities or across studies.

4 Phylogenetic Specificity

Structural and network specificity do not consider the phylogenetic diversity of the
plant community, which may strongly influence symbiont community structure
(Webb et al. 2002; Cavender-Bares et al. 2009; Brooks et al. 2016). Phylogenetic
specificity quantifies the Mean Pairwise Phylogenetic Distance (MPD; Webb 2000;
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Eq. 5). Among all hosts occupied by a FFE and can be used to compare host
specificity across different phylogenetic scales (Fig. 1). For presence-absence MPD,
a given FFE will have higher phylogenetic specificity if it occupies hosts that are
more closely related to one another. This metric can also be abundance-weighted
(‘structural phylogenetic specificity’ in Poulin et al. 2011). For abundance-weighted
MPD, a given FFE will have higher phylogenetic specificity if its abundance is
unevenly distributed relative to another FFE, given that MPD is equal between
them. In Eqs. 5 and 6, r is host richness, i,j are the phylogenetic distances between
hosts i and j. For abundance-weighted phylogenetic specificity, f is the FFE
abundance in hosts i and j. In this chapter, presence-absence and
abundance-weighted MPD have been negated (multiplied by −1), such that lower
MPD indicates higher phylogenetic specificity (Figs. 1, 2, 3, 4, 5 and 6).

Mean Pairwise Distance presence� absenceð Þ ¼
Pr

i

Pr
j di;j

r
; i 6¼ j ð5Þ

Mean PairwiseDistance abundance� weightedð Þ ¼
Pr

i

Pr
j di;jfifjPr

i

Pr
j fifj

; i 6¼ j ð6Þ

If phylogenetically conserved traits of the host influence the community com-
position of symbionts, decreasing host phylogenetic distance is predicted to be
associated with increasing similarity in FFE community composition (Webb et al.
2002; Brooks et al. 2016). The relative roles of host evolutionary history (Webb
et al. 2002), environmental filtering (Kraft et al. 2014) and drift (Hubbell 2001) can
be inferred from how FFE community composition is distributed relative to the
phylogenetic distance, environmental dissimilarity and geographic distance among
hosts. For example, if FFE community assembly is strongly influenced by host
evolutionary relationships, a FFE cluster dendrogram or other metric for compo-
sitional similarity (e.g., non-metric multidimensional scaling; NMDS) will show
topological congruence in FFE community composition as a function of host
phylogenetic distance (i.e., phylosymbiosis; Brooks et al. 2016). Alternatively, if
FFE community assembly is strongly influenced by environmental filtering, FFE
compositional dissimilarity will have a positive relationship with increasing dis-
tance or increasing environmental dissimilarity among sites.

There seems to be mixed support for the influence of phylogenetic specificity in
FFE systems depending on the host phylogenetic scale and the ecosystem. In
temperate forests, there is empirical evidence for host specificity at coarse host
taxonomic levels (e.g., gymnosperms vs. angiosperms; Higgins et al. 2007; U’Ren
et al. 2012) for cultured FFEs. Intriguingly, U’Ren et al. (2012)’s findings of host
specificity patterns in temperate environments may correlate with the divergence of
the fungal orders Diaporthales and Helotiales with angiosperms and gymnosperms,
respectively, approximately 300 million years ago (Sieber 2007). However, within
finer host taxonomic levels (e.g., FFE among plant congeners), geography may be a
stronger predictor of FFE community composition relative to host evolutionary
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distance (Davis and Shaw 2008; Davey et al. 2013). In tropical forests, phyloge-
netic specificity has not been strongly supported at either coarse or fine phyloge-
netic scales (Pandey et al. 2003; Arnold and Lutzoni 2007; Gilbert et al. 2007;
Vincent et al. 2016). For example, the composition of epi- or endophytic fungi in
tropical rainforests did not significantly vary with plant species relatedness (Gilbert
et al. 2007; Vincent et al. 2016). This suggests that the tropics have widespread FFE
phylogenetic generalism compared to temperate regions, which may be due to
higher plant species diversity at lower latitudes (Mittelbach et al. 2007; Kerkhoff
et al. 2014). A greater diversity of plant hosts could constrain the ability of spe-
cialist FFE to transition among hosts due to increasing functional differences in host
life history, physiology or immunology (Walker et al. 2013). Host diversity,
therefore, may be a key determinant for specialist FFE population dynamics as FFE
generalists would not be constrained by similar adaptive barriers (Poisot et al.
2011).

Host population genetic effects have not been a common focus of FFE host
specificity studies, but Ahlholm et al. (2002) demonstrated that the infection fre-
quency and genotypic diversity of one endophytic species, Venturia ditricha, was
associated with specific genotypes of birch trees (Betula pubescens ssp.
czerepanovii). Birch genotypes with low V. ditricha incidence had higher
V. ditricha genotypic diversity and vice versa, although this pattern depended on
environment (Ahlholm et al. 2002), highlighting variation in host specificity even
among host conspecifics. To understand variation in FFE community composition
within the same plant hosts in different environments or different studies, a common
framework for host specificity is needed.

5 Biological and Methodological Considerations:
A Comparative Case Study for Structural,
Network and Phylogenetic Specificity

FFE are horizontally transmitted through the environment, as opposed to vertical
transmission from parent to progeny in graminoid-FFE symbioses (Class 1 vs. Class
3 endophytes; sensu Rodriguez et al. 2009). The degree to which plants can
preferentially admit specific FFE species at the epi- to endofoliar interface is
unknown. Therefore, ‘accidental tourism’, or observations in peripheral hosts
(Moran and Southwood 1982; Vega et al. 2010) may be prevalent in FFE com-
munities. These ‘tourist’ FFE may be in low biological abundance within any one
sample (Vega 2008; Vega et al. 2010), as they could be poorly adapted to host
tissues or outcompeted by the locally-adapted microbial community. However,
today’s NGS-based data are typically highly asymmetric and dominated by rare
OTUs. Rare OTUs could be derived from biological (e.g., ‘accidental tourism’) or
methodological (e.g., sequencing error or sequencing depth; Patin et al. 2013)
sources. This presents a challenge to quantifying host specificity because rarity

22 A. Apigo and R. Oono



highly correlates with specificity, particularly for presence-absence metrics. For
example, singleton OTUs will always have the lowest host richness and thus
highest structural specificity.

We demonstrate how the three alpha ‘dimensions’ of host specificity vary as a
function of rare OTU exclusion and metric type (presence-absence vs.
abundance-weighted) using a case study FFE community taxonomically partitioned
into two groups (Ascomycota vs. Basidiomycota). The FFE community was sur-
veyed using NGS (see methodology) where one individual of every co-occurring
plant species in five 50 m2 quadrats were sampled. Comparisons of host specificity
among coarse FFE taxonomic groups (e.g., phylum, class or order) may reveal key
traits that distinguish their association with distantly-related host species.
For example, cultured Ascomycete FFE in the classes Dothideomycetes,
Sordariomycetes and Leotiomycetes are abundant within the plant families
Cupressaceae, Fagaceae and Pinaceae, respectively (Arnold 2007). We chose to
compare host specificity between fungal phyla because the scale of our sampling
encompassed all co-occurring plant species in a community; however, other taxo-
nomic partitions could also be used (e.g., class-level). Comparisons among lower
taxonomic groups may reveal key traits for association with a narrower phyloge-
netic subset of plant hosts in the community. For example, FFE within the genus
Lophodermium (Rhytismataceae, Leotiomycetes) are prevalent within the family
Pinaceae (Pinus, Abies and Picea spp.; Stone and Petrini 1997; Ortiz-García et al.
2003), but not other gymnosperm families (e.g., Cupressaceae; Arnold 2007).

Ecological differences between Ascomycota and Basidiomycota FFE may lead
to predictable differences in their host specificity. For example, FFE typically have
higher representation within the phylum Ascomycota (Arnold 2007; Rodriguez
et al. 2009) than Basidiomycota, possibly because Basidiomycete endophytes prefer
woody over foliar tissues (Arnold 2007). If rare Basidiomycete FFE tend to be
‘accidental tourists’ and are indiscriminately distributed across fewer host species,
they should tend to have higher structural and network specificity, but lower
phylogenetic specificity relative to Ascomycete FFE.

Our case community showed similar structure to other FFE communities where
Basidiomycete FFE OTUs occurred less frequently compared to Ascomycete FFE
OTUs (structural and network specificity: 301 vs. 1087 OTUs, 21.7 vs. 78.3%;
phylogenetic specificity: 289 vs. 1053 OTUs, 21.5 vs. 78.5%) and a had lower mean
read abundance per OTU (structural and network specificity: 106.37 ± 15.12 vs.
423.66 ± 89.03; phylogenetic specificity: 90.29 ± 13.81 vs. 354.42 ± 77.36;
mean ± standard error). The complete Basidiomycete FFE community consistently
displayed higher structural, network and phylogenetic specificities across
presence-absence and abundance-weighted metrics, relative to the complete
Ascomycete FFE community (host specificity for 0% removed values in Figs. 2 and
3). This suggests that, on average, Basidiomycete FFE OTUs are more asymmet-
rically distributed (Fig. 3a–d) across fewer hosts (Fig. 2a–d) that comprise a nar-
rower phylogenetic breadth (Figs. 2e, f and 3e, f) than Ascomycete FFEs. Even
though Basidiomycete FFEs tend to be rarer, these OTUs are not necessarily more
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likely to be ‘accidental tourists’ than Ascomycete FFEs since they occupy a rela-
tively narrower host phylogenetic breadth (Fig. 3e, f).

For all ‘dimensions’ of host specificity, sequence exclusion from rare FFE OTUs
decreased average host specificities and increased variances within phyla. The
inclusion of rare OTUs made the differences between the host specificities of the
two phyla more pronounced (Figs. 2a–f and 3a–f). However, the statistical differ-
ences between these groups cannot define an exclusion threshold for rare FFE
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Fig. 2 Structural (a, b), network (c, d) and phylogenetic specificity (e, f) measured as a function
of rare OTU removal with presence-absence data. a, b Host Richness (HR) quantifies the number
of hosts per FFE (Eq. 1). c, d The Resource Range Index (RRI) quantifies the host niche per FFE
and is scaled from 0 (perfect generalist) to 1 (perfect specialist; Eq. 3). e, f The Mean Pairwise
Phylogenetic Distance (MPD) quantifies the mean phylogenetic distance of occupied hosts per
FFE (Eq. 5). OTUs (structural and network specificity: n = 1388; phylogenetic specificity:
n = 1342) were rank ordered according to read abundance with reads sequentially removed from
the rarest OTUs in 1% and then 5% intervals thereafter. HR and MPD were multiplied by −1, such
that more positive values indicate higher host specificity. Host specificity measurements of
Ascomycete and Basidiomycete OTUs are color-coded by red or blue, respectively, with shaded
regions indicating standard error (panels a, c and e). Colored points represent host specificity
measurements for each OTU (panels b, d and f). The vertical dashed line references a commonly
used ‘rare’ OTU threshold of 0.01% relative read abundance (Liu et al. 2015). For panels a, c and
e, asterisks correspond to statistical significance (***: p < 0.001, **: p < 0.01, *: p < 0.05)
between the host specificities of Ascomycete and Basidiomycete FFE OTUs using a Wilcoxon
rank sum test
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because the proportion of rare taxa that are biologically informative is unknown.
For example, in our case study (Figs. 2 and 3), if many rare OTUs were products of
sequencing error, their inclusion would incorrectly indicate that the host speci-
ficities of Ascomycota and Basidiomycota are significantly different (type I error).
Alternatively, if the majority of rare OTUs represented highly host-specific FFE,
their exclusion would incorrectly suggest that their host specificities are not
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Fig. 3 Structural (a, b), network (c, d) and phylogenetic specificity (e, f) measured as a function
of rare OTU removal with abundance-weighted data. a, b Shannon’s H (SH) quantifies host
richness and FFE evenness within hosts per FFE (Eq. 2). c, d The Paired Differences Index
(PDI) quantifies differential abundance among all hosts in the community and is scaled from 0
(perfect generalist) to 1 (perfect specialist; Eq. 4). e, f The abundance-weighted variant of the
Mean Pairwise Phylogenetic Distance (MPD) quantifies the mean phylogenetic distance of
occupied hosts per FFE with greater weight given to hosts where a given FFE is more abundant
(Eq. 6). OTUs (structural and network specificity: n = 1388; phylogenetic specificity: n = 1342)
were rank ordered according to read abundance with reads sequentially removed from the rarest
OTUs in 1% and then 5% intervals thereafter. SH and MPD were multiplied by −1, such that more
positive values indicate higher host specificity. Host specificity measurements of Ascomycete and
Basidiomycete OTUs are color-coded by red or blue, respectively, with shaded regions indicating
standard error (panels a, c and e). Circles represent host specificity measurements for each OTU
and are size-scaled by total read abundance of the OTU (panels b, d and f). The vertical dashed
line indicates a commonly used ‘rare’ OTU threshold of 0.01% relative read abundance (Liu et al.
2015) for reference. For panels a, c and e, asterisks correspond to statistical significance (***:
p < 0.001, **: p < 0.01, *: p < 0.05) between the host specificities of Ascomycete and
Basidiomycete FFE OTUs using a Wilcoxon rank sum test
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significantly different (type II error). We do not outline an explicit rare OTU
exclusion threshold as every dataset can vary depending on the biological com-
munity, sequencing platform, bioinformatic processing and normalization method,
for example. However, our case study highlights how balancing the exclusion of
sequencing artifacts with the inclusion of biologically informative sequences will
affect ecological inference. To investigate the probability of observed host speci-
ficity occurring by random chance, we compared our empirical results to that of a
model of random community assembly (see Sect. 7).

Each ‘dimension’ of host specificity is useful for understanding different eco-
logical or evolutionary aspects of plant-FFE assemblages. In this case study, we
provided examples of structural, network and phylogenetic specificity from the FFE
perspective. Alternatively, from the plant perspective, host specificity can vary
depending on the composition of the FFE community among plant species or
functional groups. For example, FFE communities could also be partitioned by
plant functional traits (woody vs. herbaceous plants), plant taxonomy (angiosperms
vs. gymnosperms) or life history traits (annual vs. perennial). When comparing
different plant communities, we suggest randomly and uniformly sub-sampling
each community (e.g., 10 hosts per group), generating a distribution of values (e.g.,
50 values of host specificity) and comparing statistical significance among these
simulated distributions because differences in the number of plant hosts considered
can affect observed host specificity.

6 Relationships Among Host Specificity Dimensions

We evaluated rank correlations (Spearman’s rho) between each of the three alpha
‘dimensions’ of host specificity from our case community to better demonstrate
each of their unique and complementary features. We then evaluated how host
specificity varied as a function of read abundance (log-scaled; Figs. 4 and 5).

Structural and network specificity were perfectly (Host Richness, HR vs.
Resource Range Index, RRI; q = 1; Fig. 4a) or highly correlated in rank
(Shannon’s H, SH vs. Paired Difference Index, PDI; q = 0.99; Fig. 5a) based on
presence-absence or abundance-weighted metrics, respectively. These two ‘di-
mensions’ of host specificity were highly correlated because the number of occu-
pied hosts is always inversely related to the number of unoccupied hosts per
FFE OTU. Rarer OTUs tended to have higher structural and network specificity
than more abundant OTUs, but the variances in SH and PDI were explained less by
the read abundance compared to the variances in HR or RRI (Figs. 4b vs. 5b and 4d
vs. 5d).

The read abundance of an OTU was less likely to explain the variance in
phylogenetic specificity (Mean Pairwise Phylogenetic Distance; MPD) compared to
the variance in structural or network specificity for presence-absence metrics
(Fig. 4b, d vs. f). The variance in presence-absence MPD may be the least explained
by read abundance because rare FFE could still occupy distantly-related hosts. For
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abundance-weighted metrics, the variance in network specificity was less likely to
be explained by read abundance compared to structural or phylogenetic specificity
(Fig. 5b, f vs. d), which could be due to the properties of PDI (Eq. 4). Although
host specificity and read abundance were more negatively correlated for SH and
MPD (slope of regression lines; Fig. 5b, f), even OTUs with relatively moderate
read abundances tended to be highly host-specific for PDI because they were
unevenly distributed within their hosts.

Positive correlations between phylogenetic specificity and structural or network
specificity (Figs. 4c, e and 5c, e) suggest that FFE OTUs that occupy a broader host
phylogenetic breadth tended to be more evenly distributed across more hosts,
whereas FFE OTUs that are restricted within a narrower host phylogenetic breadth
tended to be more asymmetric in abundance in fewer hosts. This pattern could
occur due to methodological or biological reasons. For example, when a FFE
occupies only one host (i.e., highest HR and RRI values) or is sequenced so rarely
that it can only be found in one host (i.e., high SH and PDI values), its phylogenetic
specificity is the highest possible value (i.e., zero). Host richness has been shown to
be less correlated with MPD relative to other phylogenetic distance metrics, such as
Faith’s phylogenetic distance (Swenson 2014). However, phylogenetic specificity is
still a scale-dependent metric because the variance of MPD decreases predictably
with increasing HR (Fig. 4e).

One possible solution to address this scale-dependence is to calculate the stan-
dardized effect size of the mean pairwise host phylogenetic distance (SES.MPD)
per FFE OTU. SES.MPD is calculated by taking the difference between the
observed MPD and the mean MPD of a set of randomized communities and
dividing this difference by the standard deviation of the random set of MPDs
(Swenson 2014). The random set of MPDs is calculated from a randomized set of
ultrametric phylogenetic trees at a given level of HR (Swenson 2014) that
are generated by either shuffling tip labels, abundances within samples or abun-
dances within species (see ses.mpd{picante} in R for more details; Kembel et al.
2010). However, technical constraints of a randomization method can preclude its
use. For presence-absence data, if any FFE OTU occurs in all sampled hosts (e.g.,
the most abundant OTU in our case community), a randomization method that
randomizes tree tip labels or OTUs within samples will have the same MPD for all
randomized ultrametric trees and therefore, have a standard deviation of
zero. Alternatively, for abundance-weighted data, the randomized phylogenies will
always have a standard deviation greater than zero because all randomization
methods change how the phylogenetic distance between hosts i and j are multiplied
with respect to the abundance in any given cell (Eq. 6). We suggest utilizing SES.
MPD to account for the scale-dependence of phylogenetic specificity only if the
randomized distributions of the most cosmopolitan OTUs remain statistically
meaningful.
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Fig. 4 Correlations among alpha-host specificities with presence-absence data (a, c and e) and
between host specificities and read abundances per OTU (b, d and f). Panels a, c and e compare the
three alpha-host specificities per FFE OTU (n = 1360) and report their rank correlation
coefficients, Spearman’s rho (q). Panels b, d and f compare host specificity values to read
abundance (log-scaled) per FFE OTU (n = 1360) and report the coefficients of determination and
p-values. The points in panel a are jittered for clarity
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Fig. 5 Correlations among alpha-host specificities with abundance-weighted data (a, c and e) and
between host specificities and read abundances per OTU (b, d and f). Panels a, c and e compare the
three alpha-host specificities per FFE OTU (n = 1360) and report their rank correlation coefficients,
Spearman’s rho (q). Panels b, d and f compare the host specificity values to read abundance
(log-scaled) per FFE OTU (n = 1360) and report the coefficients of determination and p-values
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7 Comparisons to a Random Community Assembly Model

NGS-based community surveys with high numbers of rare OTUs could be partic-
ularly vulnerable to biased ecological inferences of these ‘dimensions’ of host
specificity since host specificity is highly correlated with the number of rare OTUs.
The technical constraints of each metric make it necessary to evaluate the proba-
bility that the observed patterns arose due to random chance. We calculated the
probability that our observed host specificity values were different from that of
randomized communities (see methodology). We compared the host specificity
values per FFE OTU for the full dataset of the case community (i.e., not partitioned
by fungal phyla) to the averaged host specificity per OTU across 1000 randomized
tables. We evaluated statistical significance between empirical and randomized
communities (each with an equal number of host specificity values and OTUs) with
a two-sample test using the non-parametric bias-corrected and accelerated bootstrap
method (Efron 1987) with 9999 bootstrap replicates. We repeated the randomiza-
tion and bootstrap tests as we incrementally excluded rare OTUs, as in previous
analyses.

Excluding rare FFE OTUs (e.g., >10% of total sequences; Fig. 6a–f) resulted in
specificity values that were not statistically significant from those of randomized
communities. Thresholds for statistical power as a function of rare OTU removal
varied among the host specificity ‘dimensions’ with abundance-weighted structural
and phylogenetic specificity having the lowest and highest thresholds for statistical
power (Fig. 6b, f), respectively. Abundance-weighted data has a greater capacity to
be structurally distinct from randomized communities (i.e., there are more possible
ways to restructure the community), relative to presence-absence data. This could
explain why abundance-weighted phylogenetic specificity was less sensitive to rare
OTU removal compared to presence-absence phylogenetic specificity (Fig. 6e vs.
f). The empirical distributions for presence-absence structural and network speci-
ficity completely overlapped with randomized distributions (Fig. 6a, c) because
connectance (i.e., the proportion of zeros to counts, or the number of realized
interactions) was constrained during randomization. The lack of statistical signifi-
cance at any removal threshold is a technical constraint of the randomization
method which resulted in identical host specificity averages between the empirical
and randomized communities (Fig. 6a, c). Utilizing a different randomization
method that either adds or subtracts counts ad hoc (i.e., altered connectance) could
result in statistically meaningful randomized communities.

OTUs with low read abundance are common among NGS data (Brown et al.
2015), such that low thresholds for OTU removal based on relative abundance
results in a disproportionately large number of OTUs to be removed. In Fig. 6, the
removal of reads with less than 0.01% relative abundance, which is a commonly
utilized threshold, removed 70.7% of OTUs (994 of 1406) for structural and net-
work specificity and 68.5% of OTUs (932 of 1360) for phylogenetic specificity. It is
unlikely that commonly accepted filtering techniques, such as rarefying or relative
abundance thresholds, would remove enough sequences that would prevent
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distinction from a randomized community (white areas; p > 0.05; Fig. 6).
However, comparisons with randomized communities highlight how statistical
power can vary widely depending on data-structure and the host specificity metric.
We only applied one randomization method here, but suggest comparing the
structure of the empirical community with communities from multiple random-
ization methods because the type of randomization (e.g., constrained marginal totals
or connectance) can critically alter the structure of a simulated community.

Fig. 6 Structural (a, b), network (c, d) and phylogenetic specificity (e, f) measured as a function
of rare OTU removal with presence-absence (a, c and e) and abundance-weighted (b, d and f) data
for empirical and randomized communities. OTUs (structural and network specificity: n = 1406;
phylogenetic specificity: n = 1360) were rank ordered according to read abundance with reads
sequentially removed from the rarest OTUs in 1% and then 5% intervals thereafter. The green
dotted and black solid lines represent host specificity averages for the empirical and randomized
communities, respectively. For the randomized communities, the mean host specificity value per
OTU was averaged across 1000 randomized OTU tables. Shaded regions indicate standard error
(minimal for OTUs from the randomized datasets). The vertical dashed line indicates a commonly
used ‘rare’ OTU threshold of 0.01% relative read abundance (Liu et al. 2015) for reference.
Shaded and white backgrounds correspond to statistical significance at p < 0.05 and p > 0.05,
respectively, between the empirical and randomized datasets using the non-parametric
bias-corrected and accelerated bootstrap method (Efron 1987) with 9999 bootstrap replicates
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8 Beta-Specificity

Structural, network and phylogenetic specificity describe host specificity at the local
scale, analogous to the scale of alpha-diversity (Whittaker 1972), whereas
beta-specificity describes host specificity at a scale analogous to the regional scale
of beta-diversity (Poulin et al. 2011). Beta-specificity, or turnover in host speci-
ficity, can quantify the degree to which FFE host specificity varies across space
(e.g., the geographic range of a given plant host) or time (e.g., disturbance or host
ontogeny; Krasnov et al. 2011). For example, a given FFE would display higher
beta-specificity if it was found in the same plant host at different localities relative
to another FFE that occupied completely different plant hosts at different localities
(Fig. 7). A measure of host specificity across multiple scales is important to con-
sider as the abundance of the host and environmental context can be highly variable
at regional scales, but homogenous at local scales. Significant FFE community
turnover across the geographic range or developmental stages of a given host could
reveal important features of FFE biology such as dispersal limitation or adaptation
to particular host life stages. We outline a beta-specificity metric across replicate
sampling sites as an example (Fig. 7), but this metric could be applied across other
contexts, such as sites that vary in plant community structure or multiple stages
during plant development.

We propose a multiple-site similarity measure recommended by Poulin et al.
(2011), which was derived from the Sørensen similarity index, to quantify turnover
in host specificity. Instead of using an averaged similarity among all pairwise
comparisons of communities (Ricotta and Pavoine 2015), this multiple-site simi-
larity metric quantifies the consistency of the interaction by preserving the identity
of hosts across two or more localities (Diserud and Odegaard 2007). This
presence-absence multiple-site similarity measure is scaled from 0 to 1, such that 1
indicates a FFE that occupies the same plant hosts in all considered localities

Community A Community B

Endophyte A

Endophyte B

Fig. 7 Conceptual diagram of beta-specificity. The realized ecological niche of each FFE within
two replicate plant communities is represented by colored circles around a plant host. Endophyte
‘A’ occupies completely different plant hosts in the two communities, such that beta-specificity
equals zero. Endophyte ‘B’ occupies the same plant host in both communities, such that
beta-specificity equals one. Plant species images were procured from a public domain illustration
repository, https://openclipart.org
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(high beta-specificity) and 0 indicates a FFE that occupies completely different
plant hosts in all considered localities (low beta-specificity). We recommend the
original beta-specificity equation from Diserud and Odegaard (2007), such that
more positive values indicate higher beta-specificity (but see the modification in
Poulin et al. 2011). T is the number of localities under consideration, R is the total
number of plant hosts occupied by a given FFE across all T localities and r is the
total number of plant hosts occupied at locality i (Diserud and Odegaard 2007).

Multiple site similarity ¼ T
T � 1

1� RPT
i¼1 ri

 !
ð7Þ

9 Conclusion

Any ‘dimension’ of FFE host specificity depends on methodological approaches
(e.g., sampling, bioinformatic pipeline) as well as the scale of the study (e.g.,
phylogenetic, spatial). The removal of rare OTUs is often recommended before
proceeding with ecological analyses because it may be statistically inappropriate to
assess specificity from low abundance OTUs (Nguyen et al. 2014; Brown et al.
2015). The exclusion of biologically uninformative sequences that are confounded
with specificity could be removed relative to a read abundance threshold, a positive
control (e.g., Nguyen et al. 2014) or a uniform sequencing depth per sample (but
see McMurdie and Holmes 2014). We do not outline an explicit rare OTU
exclusion threshold as every NGS dataset can vary in structure due to different
library preparation methods (e.g., sample collection and primers) or sequencing
platforms (e.g., errors and depths). Rare OTU exclusion should be done with
explicit rationale because removal can have significant effects on ecological
inference (Figs. 2 and 3) and statistical power (Fig. 6).

Structural specificity metrics are useful within individual studies with uniform
sampling designs. However, FFE with similar structural specificities in different
localities could have significantly different network specificity depending on plant
community diversity (Fig. 1). Network specificity metrics are more comparable
across studies because they quantify how the distribution of a FFE species varies
among all sampled hosts in a plant community. FFE could also occupy similar
proportions of the plant community, but differ in the phylogenetic composition of
hosts they occupy. Phylogenetic specificity can quantify the distribution of a FFE
species relative to the evolutionary relationships among occupied hosts. Finally, the
biogeographical approach of beta-specificity has important implications for global
fungal biodiversity measurements.

FFE have been suggested as an indicator group for global fungal biodiversity
due to their prevalence (Suryanarayanan 2011). Estimates of FFE diversity from
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Dreyfuss and Chapela (1994) and others (Fröhlich and Hyde 1999; Arnold and
Lutzoni 2007) suggest that the commonly referenced 1.5 million species estimate,
based on a uniform plant-to-fungal ratio (e.g., 1:6; Hawksworth 2001), for global
fungal biodiversity is a vast underestimate. Accounting for spatial variability in FFE
host specificity can provide more accurate fungal biodiversity estimates through the
use of correction factors. For example, high FFE host specificity has been suggested
to characterize boreal forest biomes (Arnold and Lutzoni 2007). This would pro-
duce high FFE beta-diversity among plant host species. Higher heterogeneity in
FFE community composition among plant hosts could increase regional diversity
(i.e., gamma diversity) depending on the spatial scale under consideration and
within host diversity (i.e., alpha diversity). Alternatively, in tropical ecosystems,
generalism may play a predominant role in structuring diversity (Arnold and
Lutzoni 2007; Schleuning et al. 2012). Low host specificity would produce lower
beta-diversity in FFE community composition among plant species dampening
gamma diversity at larger regional scales. Hence, a uniform plant-to-fungal ratio
underestimates biodiversity in areas of high host specificity, but overestimates
biodiversity in areas of low host specificity. These predictions demonstrate how
understanding alpha and beta ‘dimensions’ of host specificity in foliar fungal
endophytes can have significant effects on future assessments of global fungal
biodiversity.

10 Methodology

10.1 Sampling Design

Plant samples were collected from the James San Jacinto Reserve (University of
California, Natural Reserve System; 33° 48′ 29″, −116° 46′ 36″) in July of 2016
from five randomly placed 50 m2 quadrats within a 3 km2 sampling range. The
canopy of this forest was dominated by Pinus ponderosa and Quercus kelloggii.
Sampling was designed to maximize plant breadth within quadrats with more
abundant hosts sampled across quadrats. Ten leaves or 5 shoots from one individual
of every co-occurring plant species (n = 79 plant samples, n = 37 plant species)
were collected and surface sterilized as in Oono et al. (2015).

10.2 Molecular Methods and Sequencing

DNA was extracted with a modified 2% CTAB method (Branco et al. 2015) and the
internal transcribed spacer 1 of the ribosomal DNA (ITS1 rDNA) was amplified
with ITS1F-KYO1 and ITS2-KYO1 (Toju et al. 2012) primers modified with
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Illumina overhang adapters. Samples were sequenced on the Illumina MiSeq
(Genomics Center, Institute for Genomic Medicine, UC San Diego) with 250
paired-end reads for 500-cycles. Reads were processed according to the UNOISE
pipeline (Edgar 2016) and clustered at 97% sequence similarity with USEARCH
(version 9.2.64). Sequences were deposited in GenBank with SRA BioProject
Accession Number: PRJNA356423. OTUs were taxonomically assigned with
BLAST+ (Camacho et al. 2009) and non-fungal OTUs were removed with
MEGAN (Huson et al. 2007) and QIIME (Caporaso et al. 2010). Reads from
replicate plant species across quadrats were summed and sequencing depth was
normalized by rarefying to 13,322 reads per plant species. We considered only
Ascomycete and Basidiomycete OTUs for Figs. 2 and 3 (structural and network
specificity: n = 1388; phylogenetic specificity: n = 1342), only OTUs shared
among the structural, network and phylogenetic specificity datasets for Figs. 4 and
5 (n = 1360) and all OTUs for Fig. 6 [structural and network specificity: total
OTUs (n = 1406), Ascomycota (n = 1087), Basidiomycota (n = 301),
Chytridiomycota (n = 6), Mucoromycota (n = 6), Neocallimastigomycota (n = 5)
and Zoopagomycota (n = 1); phylogenetic specificity: total OTUs (n = 1360),
Ascomycota (n = 1053), Basidiomycota (n = 289), Chytridiomycota (n = 6),
Mucoromycota (n = 6), Neocallimastigomycota (n = 5) and Zoopagomycota
(n = 1)].

10.3 Host Species Phylogeny

Sequences from host conspecifics or congeners were procured from GenBank for
phylogenetic analyses (rbcl accession numbers: AB063374.1, KJ773371.1,
AY300097.1, KX582009.1, GU135146.1, AF297134.1, JX258357.1, KM980628.1,
KM372993.1, Z37457.1, JN033544.1, KC237117.1, HM024269.1, KF683137.1,
KT178128.1, JN847834.1, AY497224.1, KC482774.1, HQ600457.1, KX679216.1,
AB029648.1, JF940720.1, GU176649.1, JF940720.1, FJ548255.1, D88906.1,
KM003101.1, KX371919.1, KJ841515.1, JF944117.1, JN681689.1; matk accession
numbers: AB080924.1, KC539612, FR865060.1, HQ593182.1, GU134983.1,
KJ772764.1, JN895143.1, HQ593309.1, KM372683.1, JX981412.1, JN033545.1,
KJ028426.1, AF152178.1, LM652873.1, KT176610.1, JN585004.1, EF546716.1,
KC474725.1,HQ600036.1,AY386910.1,APC92700.1,KC474077.1,KC473972.1,
FJ548086.1, HM850737.1, KM002235.1, EU628517.1, KC290085.1, KJ840981.1,
JF956157.1, JF729129.1; see Appendix D). Host species that did not have rbcl and
matk sequences available in GenBank were excluded from phylogenetic specificity
analyses (7 of 37 host species). Sequences were aligned inMAFFT (Katoh et al. 2002)
and trimmed with trimAl (Capella-Gutiérrez et al. 2009) using the phyloGenerator
platform (Pearse and Purvis 2013). The phylogenetic tree was constructed in RAxML
(Stamatakis 2014) with bootstrapped nodal support (1000 permutations) with default
parameters.
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10.4 Sequence Removal

Truncated data sets were generated with Multivariate Cutoff Level Analysis
(MultiCoLA; Gobet et al. 2010). OTUs (structural and network specificity:
n = 1406; phylogenetic specificity: n = 1360) were rank ordered according to read
abundance with reads sequentially removed from the rarest OTUs in 1% and then
5% intervals thereafter. One percent sequence removal corresponded to 4948 of
492,914 reads for structural and network specificity and 4010 of 399,660 for
phylogenetic specificity. Five percent removal corresponded to 24,781 of 492,914
reads for structural and network specificity and 20,002 of 399,660 reads for phy-
logenetic specificity. The 0.01% relative abundance threshold corresponded to
10,023 of 492,914 reads or 2.0% sequence removal (994 of 1406 OTUs; 70.7%
OTUs removed) for structural and network specificity and 8000 of 399,660 reads or
2.0% sequence removal (932 of 1360 OTUs; 68.5% OTUs removed) for phylo-
genetic specificity. For Figs. 2 and 3, only Ascomycete (structural and network
specificity: n = 1087; phylogenetic specificity: n = 1053) and Basidiomycete
(structural and network specificity: n = 301; phylogenetic specificity: n = 289)
OTUs were included in the analysis. For Fig. 6, all OTUs (structural and network
specificity: n = 1406; phylogenetic specificity: n = 1360) were included in the
analysis.

10.5 Host Specificity Metrics

All host specificity metrics were calculated in R (version 3.4.2). Structural speci-
ficity was calculated using the ‘specnumber’ and ‘diversity’ functions in the vegan
package (Oksanen et al. 2017). Network specificity was calculated using the ‘PDI’
function in the bipartite package (Dormann et al. 2008; Dormann 2011).
Phylogenetic specificity was calculated using the ‘mpd’ function in the picante
package (Kembel et al. 2010). Structural and phylogenetic specificity were negated
(multiplied by −1), such that more positive values indicated higher host specificity.
For structural and network specificity, we chose the randomization method ‘shuffle.
web’ within the ‘nullmodel’ function in the bipartite package (Dormann et al. 2009;
Dormann 2011). This randomization method redistributed all abundance data
among OTUs and hosts, thereby changing marginal totals, but maintained con-
nectance (i.e., the OTU table has same number of zeros and values). For phylo-
genetic specificity, we used the randomization method ‘frequency’ within the ‘ses.
mpd’ function in the picante package (Webb et al. 2008), which randomized
abundances within OTUs.
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10.6 Rank Correlations Between Structural,
Network and Phylogenetic Specificity

For Figs. 4 and 5, we used 1360 OTUs that were shared among the structural,
network and phylogenetic specificity datasets. We calculated the rank correlation
coefficient, Spearman’s rho (q), among the three types of alpha specificity and two
types of data structure (presence-absence vs. abundance-weighted). We then
regressed observed host specificity as a function of read abundance (log-scaled).

10.7 Comparisons to a Random Community
Assembly Model

Using the above functions, we generated 1000 randomized community matrices for
the two types of data structure (presence-absence vs. abundance) and three alpha
‘dimensions’ of host specificity. Because host specificity was quantified per FFE
and not as one total community metric (unlike for network-level metrics), we
calculated host specificity per FFE OTU across each of the 1000 randomized tables
and then averaged the 1000 host specificity measurements per FFE OTU. We then
compared the randomized and empirical communities (n = 1406 OTUs each) with a
non-parametric two-sample test using the bias-corrected and accelerated bootstrap
method (Efron 1987) implemented with the ‘boot.two.bca’ function in the package
wBoot (Weiss 2016) with 9999 bootstrap replicates. Resampling occurred with
replacement and resampling size was consistent with the size of the original pop-
ulation (see Appendix E).
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Appendices

Supplementary material and reproducible code for bioinformatic processing,
sequence removal and host specificity measurements can be accessed on Github at
https://github.com/austenapigo.

Appendix A

Bioinformatic pipeline using USEARCH (version 9.2.64; Edgar 2010), BLAST+
(Camacho et al. 2009),MEGAN(Husonet al. 2007) andQIIME(Caporaso et al. 2010).
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Appendix B

OTU tables used for structural, network and phylogenetic specificity with fungal
taxonomic annotations.

Appendix C

R code for (1) sequence removal using Multivariate Cutoff Level Analysis
(MultiCoLA; Gobet et al. 2010), (2) structural (vegan; Oksanen et al. 2017), net-
work (bipartite; Dormann et al. 2008; Dormann 2011) and phylogenetic (picante;
Kembel et al. 2010) specificity, and (3) randomized community analysis using the
‘nullmodel’ function (bipartite; Dormann et al. 2008) for structural and network
specificity and ‘ses.mpd’ function (picante; Kembel et al. 2010) for phylogenetic
specificity.

Appendix D

Host species phylogenetic tree used to calculate phylogenetic specificity in Newick
format.

Appendix E

Table of p-values for Figs. 2, 3 and 6.
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