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SUMMARY
Understanding how symbiotic associations differ across environmental gradients is key to predicting the fate
of symbioses as environments change, and it is vital for detecting global reservoirs of symbiont biodiversity in
a changing world.1–3 However, sampling of symbiotic partners at the full-biome scale is difficult and rare. As
Earth’s largest terrestrial biome, boreal forests influence carbon dynamics and climate regulation at a plan-
etary scale. Plants and lichens in this biome host the highest known phylogenetic diversity of fungal endo-
phytes, which occur within healthy photosynthetic tissues and can influence hosts’ resilience to stress.4,5

We examined how communities of endophytes are structured across the climate gradient of the boreal
biome, focusing on the dominant plant and lichen species occurring across the entire south-to-north span
of the boreal zone in eastern North America. Although often invoked for understanding the distribution of
biodiversity, neither a latitudinal gradient nor mid-domain effect5–7 can explain variation in endophyte diver-
sity at this trans-biome scale. Instead, analyses considering shifts in forest characteristics, Picea biomass
and age, and nutrients in host tissues from 46� to 58� N reveal strong and distinctive signatures of climate
in defining endophyte assemblages in each host lineage. Host breadth of endophytes varies with climate fac-
tors, and biodiversity hotspots can be identified at plant-community transitions across the boreal zone at a
global scale. Placed against a backdrop of global circumboreal sampling,4 our study reveals the sensitivity of
endophytic fungi, their reservoirs of biodiversity, and their important symbiotic associations, to climate.
RESULTS AND DISCUSSION

To evaluate how fungal symbiont communities shift across the

environmental gradients that span an entire biome, we collected

fresh photosynthetic material from common plants and lichens

that occur across the south-to-north (SN) extent of the boreal

biome in eastern North America (Figure 1): Picea mariana (Mill.)

Britton, Sterns & Poggenb. (black spruce), Pleurozium schreberi

(Brid.) Mitt (red-stemmed feather moss), and Cladonia rangifer-

ina (L.) Nyl. (gray reindeer lichen). Each is abundant throughout

the boreal zone of eastern North America, where Pi. mariana

represents the dominant tree species (hereafter, Picea), Pl.
schreberi is the most common moss (hereafter, Pleurozium),

and C. rangiferina (hereafter, Cladonia) is the most common

terricolous lichen found across the breadth of the boreal belt

(Figure 1).8 Collection sites (SN1–SN9) represented nine points

along a biome-spanning latitudinal gradient (Figure 1A). Each

site consisted of three subsites, and each subsite contained

three microsites, for a total of 81 collection localities. Our sam-

pling spanned 1,246 km in geographic distance, 11.2� of latitude,
9.6�C in mean annual temperature (MAT), 600 mm in mean

annual precipitation (MAP), and vegetation types ranging from

the northern edge of mixed hardwood forests—where birch

and fir stands represent the southern extent of the boreal
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Figure 1. Sampling the diversity and composition of fungal endophyte communities at a trans-biome scale

(A) Qu�ebec, Canada: inset, position globally; colored map, vegetation types and sampling sites along the south-north (SN) transect. Each SN site (black circles,

SN1–SN9) consists of three subsites (east, central, and west), each of which contains threemicrosites. We collected each of the three host taxa in eachmicrosite.

To consider spatial structure independent of climate, we conducted longitudinal sampling (white circles, east-west [EW] transect, E400-W400), collecting the

3 focal hosts in each of 3 microsites in 15 sites (white dots). For map source and license details, see STAR Methods.

(B) Forest characteristicsmeasured in 203 20mplots at eachmicrosite, including canopy cover, percent of forested area, and basal area (STARMethods); colors

match (A).

(C) Climate and biotic data for SN1–SN9, including mean annual temperature (MAT, x axis) and mean annual precipitation (MAP, darkness of bars); age of

sampled Picea individuals (x axis) and their estimated biomass (colors; STARMethods); stacked bars indicating richness of vascular plants (green), non-vascular

plants (dark blue), and lichens (teal); and relative abundance of focal hosts (Picea, green; Pleurozium, dark blue; Cladonia, teal) (see also Table S1).

See also Tables S2 and S3.
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zone—to the southern edge of the Arctic biome (trans-biome

sampling; Figure 1A). In each microsite, we measured forest

cover, canopy cover, basal area, the diameter at breast height

and age of individual Picea trees, the richness of plant and lichen

communities, the relative abundance of focal host taxa, and car-

bon and nitrogen content of host tissue (Figures 1B and 1C;

Table S1). We then characterized endophyte communities in

surface-sterilized tissues of each species (leaves of Picea,

phyllids ofPleurozium, or thalli ofCladonia) via barcode amplicon

sequencing on the Illumina platform. We used both negative

controls (extraction and PCR blanks) and positive controls

(mock communities containing a diversity of fungal strains, pre-

pared with equimolar and variable DNA concentrations) (STAR

Methods). Rarefaction showed sufficient sampling depth across

all sites for each host taxon, providing a basis for robust ecolog-

ical analyses (Figure S1).

The latitudinal gradient of biodiversity often is invoked in

defining landscape-scale distributions of species richness.5,6

However, when all three host species were considered simulta-

neously, our survey across the SN scope of the boreal biome re-

vealed that neither a simple latitudinal gradient (whereby diver-

sity decreases with increasing latitude5,6) nor mid-domain

effect (whereby diversity peaks in the midpoint of a geographic

range7) could explain the distribution of species richness or

phylogenetic diversity of endophytic fungi (Figures 2 and S2).

Variation in endophyte richness could not be explained simply

by host age or biomass at the scope of this study: multiple

regression analyses of endophyte richness in Picea, for which

we measured tree age by tree-ring analysis and estimated

biomass via the allometric equation for that species, revealed

the significance of climate factors (defined as the first principal

component based onMAT andMAP; STARMethods) in defining

endophyte richness (p = 0.01), while neither age nor biomass of
2 Current Biology 34, 1–9, March 11, 2024
sampled individuals was significant (p = 0.31 and 0.21, respec-

tively). Similarly, variation in endophyte richness at the trans-

biome scale could not be explained simply by nutrient status

of host tissue (i.e., C, N, or C:N ratio) or by forest characteristics

(e.g., richness of host communities or vegetation factors such as

the percent of forest to non-forest in the area, canopy cover, and

basal area read of standing dead wood, Figure 1; Tables S1 and

S2). Instead, we found that each host species had distinctive

distributions of endophyte richness (Figures S1 and S2) and

phylogenetic diversity, taxonomic composition, and community

composition (Figure 2) across the SN extent of the boreal belt.

We predicted that these distinctive distributions of richness,

phylogenetic diversity, and composition represented distinctive

sensitivity of the symbioses between each host species and its

endophytes to climate. A previous study at the circumboreal

scale found that endophytic fungal communities are structured

primarily by their hosts rather than climate differences.4 How-

ever, that study focused on individual sites in Eurasia and North

America and could not address regional climate gradients. In

the present study, sampling the same host species in

geographically proximate sites from the southern to northern

extent of the boreal biome (spanning ca. 1,250 km), and from

east to west (EW) at approximately the same latitude (also

spanning ca. 1,250 km), provided the basis to identify the rele-

vance of climate factors versus geographic distance alone,

without the challenge of considering intercontinental or biogeo-

graphic differences in endophyte assemblages. Our observa-

tion of distinctive assemblages of endophytes in each host

taxon, and host-specific differences in endophyte richness

and phylogenetic diversity (Figures 2 and S1), led us to analyze

data for each host species separately when testing our predic-

tion that endophyte communities are structured by climate

across the boreal biome.
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Figure 2. Differences in phylogenetic diversity of endophytic fungi, relative abundance of major endophytic taxa, and fungal community

composition within and among focal hosts across the south-to-north extent of the boreal biome

(A) The scale and distribution of phylogenetic diversity of endophytes (number of fungal classes, including all classes shown in B, and additional classes that

occurred at lower abundances; see publicly available data for this article) did not follow a simple latitudinal gradient for any host and differed among hosts.

(B) Phylogenetic composition of endophyte communities differed for each host across the gradient and among host taxa within sites. Summary data for all hosts

in (A) and (B) are in Figure S2.

(C) Endophyte communities differed in composition among the three host taxa (NMDS; PERMANOVA, R2 = 0.27; p < 0.001) and among sites in a host-specific

manner. Colors match vegetation types in Figure 1A. Each sample was subsampled to 17,672 reads; individuals with <5,000 reads and OTUwith <25 reads were

excluded. Stress = 0.15.

See also Figure S2 and Tables S1, S3, and S4.
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We examined the relationship of endophyte assemblages to

climate for each locality studied here, and for all localities in

which endophytes of these host species were sampled previ-

ously in circumboreal surveys, which allowed us to decouple lati-

tude, forest characteristics, and climate4 (Figure 1). In our ana-

lyses, climate represented MAT and MAP together as a single

eigenvector based on a principal-component analysis (STAR

Methods; this eigenvector represented >97% of climate varia-

tion across the SN gradient). In examining endophyte richness

of each host species, we considered both linear and quadratic

fits to permit species-specific mid-domain effects or other

non-linear relationships,7 with a focus on the SN gradient. We

then examined how the dominant endophyte taxa in each host

species varied in prevalence at the whole-biome scale, consid-

ering both our trans-biome sampling and previous sampling of

the global circumboreal belt.4

Consistent with our prediction, differences in endophyte com-

munity composition for each host in the trans-biome sampling

were best explained by major climatic factors captured by

MAP andMAT (i.e., 12%–35%of variation in compositional shifts

after accounting for inter-site distances; Table S3). However,

increasing differences in climate among sites in the trans-biome

survey occurred in parallel with increasing geographic distances

between sites (Table S3). Therefore, to infer a direct role of

climate factors in driving endophyte community structure, we

considered alternative hypotheses that could explain endophyte

distributions. For example, it is plausible that dispersal limitation

at a landscape scale could drive the patterns we observed. We

explored this in four ways.

First, if endophyte community structure is shaped primarily by

dispersal limitation rather than climate, turnover in endophyte

communities would increase with increasing distance among

sites. However, we did not detect a simple, positive relationship

between inter-site distance and turnover (estimated as beta di-

versity; Figure 3A). Instead, beta diversity of endophytes differed
across the gradient, generally increasing among sites at the

highest latitudes compared with lower latitudes (Figure 3A).

This pattern was driven primarily by endophytes of two host

taxa (Picea and Cladonia; Figure 3A). The strongest structuring

of endophyte communities was observed for Picea, which

demonstrated an especially notable transition in composition

at the shift from spruce-moss to spruce-lichen communities

from SN4 to SN5 (Figures 1A,3A, and 3B).

Consistent with this observation, latent Dirichlet allocation

(LDA),9 which can detect gradual shifts in communities, pre-

dicted a shift in the relative abundance of distinct endophyte

communities for each host between SN4 and SN5 (Figure 3B).

These sites correspond roughly to the latitude at which soils

shift between discontinuous and continuous permafrost and

forests transition to lichen-dominated understories10 (Figure 1A).

Permafrost impacts the depth of plant roots, and colder soil tem-

peratures typically limit soil nutrient uptake and turnover, result-

ing in low plant productivity. This transition also corresponds to a

marked reduction in the number of growing degree days in sum-

mer, which is hypothesized to impact tree productivity11 and

thus can influence the amount of carbon and nutrients available

to fungal symbionts of leaves (Table S1).

Second, there is strong evidence that fungal endophytes are

not dispersal-limited within sites,4 but it is plausible that even

airborne propagules could be dispersal-limited at the trans-

biome scale despite the occurrence of hosts across all sites (Fig-

ure 1). If endophytes were dispersal-limited between but not

within sites, we would expect that (1) endophyte communities

in hosts located near to one another would be more similar to

one another than to those in the same host species in other sites.

Moreover, under such a scenario we would expect that (2) endo-

phyte host use would not vary across the SN gradient: that is,

beta diversity between hosts would be consistent across all

sites. We examined these predictions through the lens of beta

-diversity, first evaluating turnover in endophyte communities
Current Biology 34, 1–9, March 11, 2024 3
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Figure 3. Endophyte community structure shifts at a bioclimatic transition zone linked to a change to lichen-dominated understories

(A) Endophyte communities in each SN site were compared with those in the next closest SN sites, those in the southernmost site (SN1), and those in the

northernmost site (SN9). Beta diversity was calculated as Hellinger’s distance. Sites north of SN5 tended to harbor endophyte communities that weremore similar

to the northernmost site (SN9) than to the southernmost site (SN1), and sites south of SN5 tended to harbor endophytes that were more similar to the south-

ernmost site (SN1) than the northernmost site (SN9). Data for all hosts combined are shown in Figure S2.

(B) Latent Dirichlet allocation9 (LDA) predicted at least two distinct communities (‘‘components’’) per host genus across the SN gradient, with a transition where

forests shift to lichen-dominated understories (near SN5). Each horizontal bar includes three rows that correspond to replicates (i.e., east, west, and central

subsites); colors indicate the relative abundance of each component community per host genus.

(C) Pairwise dissimilarity of endophyte communities among host taxa shifts from SN1–SN9 (p < 0.0001 in all comparisons).

See also Figure S2 and Tables S1 and S3.
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in the same host species in different sites and then evaluating

changes in the dissimilarity of endophyte communities among

host species at sites across the SN gradient (Figure 3).

In contrast to these predictions, we found that endophyte

communities differed both among host species overall (Fig-

ure 2C) and between the same host species in different sites

(Figures 2C and 3A). Moreover, the degree of turnover in endo-

phyte communities between host taxa varied markedly across

the gradient (Figure 3C; Table S4). Notably, communities of en-

dophytes became more distinct between mosses and lichens

at the colder, northern latitudes relative to the warmer, southern

latitudes (Figure 3C). These lines of evidence underscore the

relevance of climate in shaping endophyte communities at the

trans-biome scale, and they are coherent with previous sampling

along larger latitudinal gradients that predicted increasing host

specificity at higher latitudes.5

Third, to provide insight into endophyte community shifts

over geographic space with less marked differences in climate,

we concurrently sampled hosts in 15 locations along a ca.

1,250 km transect in a single latitudinal band and vegetation

type (spruce-moss forests; EW transect: 126 host collections;

Figure 1A). The EW transect comprised <20% of the variation

in MAT and <51% of the variation in MAP observed in the

trans-biome sample (Table S1). Low turnover in endophyte com-

munity composition was observed along the EW transect

(Table S4). Compositional changes in endophyte communities

along the EW transect were not related to geographic distance

between sites or the relatively small differences in climate among

sites (Tables S3 and S4).

Finally, we placed our trans-biome results into a global circum-

boreal context, considering endophytes that were detected

with the same methods in Eurasia and additional sites in North

America4 (Figure 4). We found that phylogenetic diversity of
4 Current Biology 34, 1–9, March 11, 2024
endophytes varied positively with climate dissimilarity across

boreal forests worldwide. Endophyte community turnover (beta

diversity) was high when climate conditions changed markedly

among even relatively proximate sites, such as those along the

SN gradient, consistent with climate filtering as a driver of com-

munity structure. This interpretation was supported by network

analyses of the trans-biome dataset, which revealed that endo-

phyte communities in each host differ among sites due to the

high turnover in endophyte species (mean turnover = 0.88;

Table S4).

Together, our data provide strong evidence that endophyte

richness at the whole-biome scale varied with climate and,

moreover, that it did so in a host-specific manner (Figure 4;

Table S5). For example, endophytes of Picea generally

decreased in richness in warmer and wetter climates (Figure 4A),

where communities were largely dominated by a putatively novel

species of unknown function that is closely related to the conifer

needle pathogen Nothophaeocryptopus gaeumannii (Capno-

diales, Dothideomycetes) (Figure S2). Fungal endophytes of

Pleurozium peaked in richness in both colder and drier and

warmer and wetter extremes (Figure 4B). Endophytes of Clado-

nia increased in richness with warmer, wetter conditions (Fig-

ure 4C), consistent with the high species richness of endophytes

observed in this genus and other lichens in temperate forests.5,12

Overall, endophyte richness was very high across the trans-

biome gradient because few fungal endophyte species were

shared among sites. Instead, climate-specific assemblages

were found with each host species at sites along the gradient

(Tables S4 and S5). Network analyses found that less diverse

endophyte communities did not represent subsets of the species

at more diverse sites (i.e., nestedness was low; mean = 0.03;

Table S4). We anticipated that the sensitivity of endophytes to

climate would be detectable in terms of observed endophyte
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Figure 4. Relationship of endophyte richness and climate differs among hosts and fungal clades and identifies endophyte biodiversity

hotspots at a global scale

(A–E) Richness of endophytes in Picea, Pleurozium, and Cladonia (A–C), SN1–SN9 (solid circles), as a function of climate (higher values = warmer and wetter).

Data were rarefied as in Figure 2. Bands show 95% confidence intervals for transboreal data. Open circles indicate endophytes of congeneric hosts from North

America (black) and Eurasia (purple), as shown in (D). Climate data for sites from the transboreal (solid black circles) and circumboreal sites (open symbols, U’Ren

et al.4) (D). Decomposition of (A)–(C) reveals that richness in the most common fungal classes, presented as the residual richness after adjustment by the square

root of the read number, varies with climate and host (E). For statistical analyses, see Table S5.

See also Tables S1 and S2.
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species (Figures 4A–4C) and also the evolutionary history of

those endophyte-containing lineages. This evolutionary signal

would be expected to be especially strong if, as observed

here, endophytes affiliate preferentially with particular lineages

with which they may have established climate-specific symbio-

ses.We therefore tested the prediction that the richness of endo-

phytes in the five most common classes of Pezizomycotina also

varied with climate in a host-specific manner.

As anticipated, trans-biome sampling showed that the rich-

ness of these classes differs both as a function of climate and

in the context of symbioseswith different host taxa. For example,

the richness of Dothideomycetes in Picea diminished toward

warmer and wetter conditions, becoming dominated by a single

taxon (Figures 4A, 4D, and 4E; Table S5). In Pleurozium, the rich-

ness of Dothideomycetes, Eurotiomycetes, and Leotiomycetes
increased at the ends of the gradient (Figures 4B, 4D, and 4E).

Overall, the trend in all fungal classes occurring as endophytes

of Cladonia (Figures 4C–4E), which has a range that extends

far into the Arctic, was to decrease in richness under colder

and drier conditions. This pattern was most pronounced in clas-

ses known for their high species richness in temperate forests

and other biomes to the south (i.e., Sordariomycetes and Dothi-

deomycetes).5,12 Such results are consistent with the expecta-

tion of fewer and relatively more host-specific endophytes in

relatively extremophilic lichens as they become one of the pre-

dominant life forms at the transition to tundra.5

Our results complement and extend previous circumboreal

sampling by showing that marked turnover can occur across

contiguous locations that differ in climate (Figure S2). Trans-

biome sampling captured representative phylogenetic diversity
Current Biology 34, 1–9, March 11, 2024 5
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of endophytes when compared against larger-scale circumbor-

eal sampling (Figure S2), although Pezizomycetes were more

prevalent in Pleurozium and Cladonia in Qu�ebec relative to sites

across Eurasia and other regions of North America. Sampling

across the boreal biome in Qu�ebec captured 33%–47% of the

boreal endophyte diversity detected at a global circumboreal

scale by U’Ren et al.4 (Figure S2), highlighting the influence of

climate-driven turnover in endophyte communities at local and

regional scales.

The climate sensitivity of endophytes suggests that climate-

informed data may be used to identify global hotspots of

endophyte diversity. For example, when placed against a global

backdrop of climate for sites surveyed at a circumboreal scale4

(Figure 4D), richness values above the expected 95% confi-

dence interval based on climate in the trans-biome surveys iden-

tified notable biodiversity hotspots for endophytes at locations

across boreal forests worldwide (Figures 4A–4C). Among the

sites we surveyed, these include boreal forests in Eastern Russia

(endophytes of all three host genera), Northern Michigan, USA

(endophytes of Picea and Pleurozium), and Northern Alberta,

Canada (endophytes of Picea) (Figures 4A–4C). Together, these

sites encompass a relatively wide range of climate conditions

(Figure 4D), but they share a proximity to other plant commu-

nities and represent relatively heterogeneous landscapes with

high local turnover in plant species over small geographic dis-

tances. In contrast, the sites across Qu�ebec and the other boreal

sites studied previously4 were typically locatedwithin large areas

of contiguous forest with relatively consistent plant and lichen

communities.

At a global scale, boreal forests represent ca. 30% of forest

cover, have disproportionate effects on global climate and hy-

drology, and are massively threatened by climate change.13–18

As ancient and foundational symbionts that preceded the evo-

lution of mycorrhizal fungi19 and exceed the diversity of all other

guilds of plant-symbiotic fungi,20 endophytes are central to re-

sponses of their hosts to climate stress over ecological and

evolutionary time.19–25 In experimental settings, endophytes

are sensitive to climate shifts, and their functional roles can

be altered as climate conditions change.25,26 Our results

show that across large environmental gradients, the diversity

and composition of these symbiont communities is driven by

climate but with variation among hosts, fungal lineages, and

their associations. Thus, differences in endophyte communities

are not easily characterized by geographic distances, latitude,

or climate gradients alone, instead representing ‘‘bespoke sym-

bioses,’’ as differentially sensitive to climate factors as their

hosts may be.27,28 In a rapidly changing environment, the

dual sensitivity of horizontally transferred symbionts and their

hosts to climate may frame cascading losses of biodiversity

at a local to global scale28: the iconic plants and lichens that

define the rapidly changing boreal biome may diminish in resil-

ience, not only through the direct effects of climate change

but also due to losses of their climate-sensitive endophytic

partners.

STAR+METHODS

Detailed methods are provided in the online version of this paper
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, A. Elizabeth Arnold

(arnold@ag.arizona.edu).

Materials availability
Cultures generated in this study were deposited as living vouchers at the Robert L. Gilbertson Mycological Herbarium, University of

Arizona (Table S6). Host specimens were deposited at the Duke University Herbarium (Table S1) and at the University of Arizona.

Data and code availability

d Raw sequence data andmetadata are deposited at DDBJ/EMBL/GenBank (sampling inQu�ebec: BioProject PRJNA647873, SRA

BioSamples SAMN15641885- SAMN15642127 and SAMN39598376-39598441; Circumboreal: BioProject PRJNA514023, SRA

BioSamples listed in Table S1).

d All original code used in this study is publicly available in Figshare as of the date of publication. DOIs are listed in the key re-

sources table.

d All other data are released with this article in the supplemental information.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Field collections
Field sampling on the trans-biome scale was conducted in the height of the growing season in July 2011 in the boreal biome of

Qu�ebec, Canada (Figure 1A). With access by float plane, we sampled along a trans-biome latitudinal transect (south-north, SN),

which consisted of nine major points (sites SN1-SN9; Figure 1A) spaced at ca.�160 km intervals from the southern limit of the boreal

biome to the northern edge at the tree limit (Figure 1A; Table S1). In total, sampling spanned 11.2� of latitude (46.76� - 57.96� N) and
1,246 km south-to-north (SN, Figure 1), encompassing sites that differ in mean annual temperature (MAT) by 9.6�C (range, 3.1�C to

-6.5�C), mean annual precipitation (MAP) by 600 mm (range, 497 - 1097 mm), and vegetation structure and associated forest char-

acteristics (Figure 1; Table S1). Each latitudinal point consisted of three subsites (East, Central, andWest), each located ca. 3.2 km to

the west (W) and east (E) of a central (C) subsite. Sampling in each of the three subsites (W, C, and E) was conducted in three replicate

microsites (locations, M1-M3; ca. 20m in diameter) located�10-20m apart (see Figure 1A), for a total of 81 sampling locations on the

SN transect (Table S1).

Concurrently we sampled along a longitudinal transect (east-west, EW), located at roughly the latitude of SN4 (51.03�N), which

spanned ca. 1250 km (18.4� of longitude) from the westernmost (W400: 50.28�N, 77.50�W) to the easternmost site (E400:

51.68�N, 59.15�W (Table S1). The 14 EW sites encompassed only 2.1� of latitude and as a result, climatic variation was limited among

them (range of MAT, 1.8�C; range of MAP, 310 mm (Table S1). Instead of being evenly spaced as in the SN transect, sites along the

EW transect ranged from 2.4 km to over 600 km from the central locality (i.e., EW0: 51.11�N, 68.52�W; located�320 km to the east of

SN4) to facilitate evaluation for distance decay in the context of relatively little environmental change over geographic distance. Each

EW sampling location consisted of a single subsite, each with three microsites (Figure 1A).

Circumglobal sampling encompassed seven boreal forest sites in North America and Eurasia that together encompassed ca. 18.6�

of latitude (46.85�–65.48�N) and 218� of longitude (135.96� to -145.42�), with a range of MAT of 12.6�C (-8.1�C to 4.5�C), and a range

of MAP of 816 mm (281 - 1097 mm) (see U’Ren et al.4.29 and Table S1).

Vegetation zone information and the basemapmodified for Figure 1 were obtained from theMinistère des Forêts, de la Faune et des

Parcs Qu�ebec (accessed online, fall 2019: https://mffp.gouv.qc.ca/les-forets/amenagement-durable-forets/inventaire-ecoforestier/)

and modified for use under a ShareAlike 4.0 International Creative Commons License.

For thepresent study, in eachmicrositewecollected three small branchescontaininghealthyneedlesofPiceamariana (Mill.) Britton,

Sterns &Poggenb. (black spruce), one smallmat (4–9 cm2) of themossPleurozium schreberi (Brid.) Mitt. (red-stemmed feathermoss),

and one mature thallus of Cladonia rangiferina (L.) Nyl. (grey reindeer lichen) (Table S1). These host species are representative of the

boreal biome in eastern Canada, with distributions spanning the entirety of the SN and EW transects. In addition, previous work
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demonstrated these hosts harbor diverse and abundant endophytic communities.4,5 The same genera were sampled with the same

methods inU’Ren et al.4 at a circumboreal scale. Sufficientmaterial was collected forDNAextraction andendophyte isolations, chem-

ical and isotopic analyses, and herbarium specimens for each collection. All lichen specimenswere deposited at DUKE (Table S1) and

material from plant collections has been archived at the University of Arizona. In total, we sampled 81 host collections per species

along theSNgradient (243 total host collections) and 42host collections per species along theEW transect (126 total host collections).

METHOD DETAILS

Characterization of environmental factors
In each microsite, we recorded details on the richness and composition of vascular and non-vascular plant and lichen communities

(i.e., the total number of vascular plants, non-vascular, plants, and non-rock inhabiting lichens, as well as the relative abundance of

each of the three focal hosts per sampling location), basal area forest cover (m2/ha), percent forest to non-forest (estimated visually

from the float plane), percent canopy cover, basal area read of standing dead wood (m2/ha), and fire history in each microsite

(Table S1). We observed no evidence of recent fire in any microsite (based on tree cores and observations of fire damage; i.e., char-

coal, scarring, and related indicators), which was verified by interviews with forestry agents and forestry data (when available).

Climate data for each sampling location were obtained from the WorldClim database (www.worldclim.org) at 30 arcsecond resolu-

tion. Metadata for each sampling location are provided in Table S1. Due to multicollinearity among climatic variables along the SN

latitudinal gradient, we compared climate among sites using the eigenvector with the highest eigenvalue (i.e., first principal compo-

nent) from the principal component analysis (PCA) of two variables (mean annual temperature, MAT; mean annual precipitation,

MAP). The eigenvector (PCA1) explained 97.3% of the variation in climate at the trans-biome scale in terms of MAT and MAP.

Estimation of tree age and biomass
We estimated the height of each Picea individual sampled for endophytes, measured the diameter of those trees at breast height

(DBH), and collected one tree core at the base of each individual. To estimate age of each Picea individual, we prepared tree cores

by sanding until tree rings were clearly visible. After cores were cross-dated visually, we used the LINTAB measuring system

(RinnTech) with Tellervo software31 to measure tree ring width for further cross-dating. Cross-dating quality was checked with

COFECHA across all tree cores from the same site.45 We used a pith locator to reduce dating error for cores without piths.46 Average

growth rate was calculated as the number of tree rings divided by the total length of tree ring width. We used the DBH of each tree for

the allometric equation established specifically for Picea mariana in Canada to estimate tree biomass.47 Tree cores have been

archived at the Trouet lab at the University of Arizona. We could not measure age or estimate biomass of Pleurozium or Cladonia,

and thus analyses considering age and biomass of hosts refer only to Picea.

Tissue processing
Fresh tissues from each host collection were cut into 2 mm2 segments, which were surface-sterilized following U’Ren et al.4 Ninety-

six surface-sterilized segments per host collection were chosen haphazardly and placed in CTAB buffer (1M Tris HCl pH 8, 5MNaCl,

0.5MEDTA and 20 gCTAB) under sterile conditions.48,49 CTAB tubeswere stored at room temperature until shipped to the University

of Arizona, where they were stored at -80 �C until DNAwas extracted (seemethods below). In two focal sites for each transect (SN5C

and EW0) we haphazardly chose another 96 tissue segments from each host collection to isolate endophytes in culture (see below for

isolation details) to complement culture-free data from the same tissues.4 Portable laminar flow hoods were used for sterile process-

ing at remote locations, and sterile methods were used for all tissue processing steps within 24-48 h after collection. Extra photo-

synthetic material from each host collection that was used for endophyte isolations was air dried at room temperature and �10 g

of tissue was ground to a fine powder using a sterile mortar and pestle in liquid nitrogen. Ground tissues from 45 host collections

(representing the odd SN subsites and microsites in the central locations; i.e., SN1C, SN3C, SN5C, SN7C, SN9) were used for an-

alyses of carbon and nitrogen (see Table S1, methods below).

Endophyte isolation, DNA extraction, amplification, and Sanger sequencing
Surface-sterilized tissue pieces (96 per host collection) were placed on 2%malt extract agar (MEA) under sterile conditions.4 Emer-

gent fungi were vouchered in sterile water and deposited at the Robert L. Gilbertson Mycological Herbarium at the University of Ari-

zona (Table S6). Total genomic DNAwas extracted directly from each fungal isolate following U’Ren.50 The nuclear ribosomal internal

transcribed spacers and 5.8S gene (ITS nrDNA) and an adjacent portion of the nuclear ribosomal large subunit (LSU nrDNA; ca. 500

base pairs; bp) was PCR-amplified as a single fragment using the primer pair ITS1F/LR351,52 and sequenced bidirectionally at the

University of Arizona Genetics Core. Sanger sequences were manually curated to ensure accuracy.12 High quality Sanger sequence

data were obtained for 442 endophytic isolates obtained from the three host taxa in the two focal sites (SN5 and EW0; accession

numbers listed in Table S6).

DNA extraction, amplification, and Illumina sequencing
Total genomic DNA was extracted from host collections along the SN gradient using a modified protocol for the MoBio PowerPlant

Pro DNA Isolation Kit (Qiagen, Germantown,MD).53 The fungal ITS nrDNA locuswas amplified for each of the 243 collections from the

SN gradient via a two-step library preparation process following U’Ren and Arnold54 with the primer pair ITS1F/ITS4.51,55 PCR for
e3 Current Biology 34, 1–9.e1–e7, March 11, 2024

http://www.worldclim.org


ll

Please cite this article in press as: U’Ren et al., Environmental drivers and cryptic biodiversity hotspots define endophytes in Earth’s largest terrestrial
biome, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.01.063

Report
each sample was performed in triplicate and amplification was verified on a 2% agarose gel stained with SYBR Green I (Molecular

Probes, Invitrogen, Carlsbad, CA, USA). Final PCR products were quantified fluorometrically with SYBR, normalized, and pooled in

equimolar amounts. The final amplicon pool was purified with Agencourt AMPure XP beads following themanufacturer’s instructions

(Beckman Coulter, Indianapolis, IN, USA). A BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) was used to determine

DNA concentration and fragment size distribution of the final library prior to paired-end sequencing on an Illumina MiSeq with the

Reagent Kit v3 (2x300 bp) at the University of Idaho IBEST Genomics Core. All SN collections were sequenced on a single Illumina

run in parallel with a phylogenetically diverse mock community as a positive control and extraction blanks and PCRwater controls as

negative controls following U’Ren et al.4 Dedicated workspaces and other precautions against cross-contamination were as

described in U’Ren et al.4 and Daru et al.56

Bioinformatics
Raw Illumina data were demultiplexed and sequences representing PhiX and a ‘‘diversity shotgun library’’ (i.e., genomic DNA repre-

senting a non-fungal organism that is spiked into the run to improve cluster density during sequencing; IBEST Genomics Core, per-

sonal communication), as well as sequences containing > 1 mismatches to the barcode and > 4 mismatches to primers, were

removed. The remaining 6,867,452 reads corresponding to the ITS2 nrDNA region were trimmed for quality using a truncation length

of 170 bp and a maximum error rate of 1.0 in USEARCH v10.0.240,32,33 resulting in 3,187,113 high-quality sequences. To combine

Sanger sequences from cultures with Illumina sequences for direct comparisons, we first used ITSx 1.0.757 to identify Sanger se-

quences that did not contain at least 50 bp of either ITS1 or ITS2 nrDNA for removal (n = 2). For the remaining Sanger sequences

(Table S6), all bases after the conserved region at the start of LSU nrDNA were removed and sequences were trimmed to a length

of 170 bp to match the length of Illumina sequences. Sanger and Illumina sequences were dereplicated in parallel and clusters rep-

resented by only one or two Illumina sequences (i.e., singletons or doubletons) were removed.

After these filtering steps, dereplicated sequences from both the culture-based and culture-free Illumina analyses were clustered

into operational taxonomic units (OTU) at 95% sequence similarity with USEARCH,32 which accurately clustered sequences in the

mock community (see U’Ren et al.4 for details of clustering verification). In addition to de novo chimera checking performed during

clustering,58 representative sequences for each OTU were subjected to reference-based chimera checking using the UNITE data-

base59 with UCHIME.60 Raw Illumina reads and all Sanger reads were mapped back to sequences of chimera-checked OTU to

construct an OTU table containing 3,555,004 reads and at least 2,852 OTU. Analyses of the phylogenetically diverse mock commu-

nity confirmed the accuracy of bioinformatic methods for estimates of species boundaries and consistent read counts among repli-

cate samples for Illumina sequencing4 (see below).

Following clustering, a representative sequence from each OTU was queried with ITSx57 and OTU lacking the ITS2 region were

removed fromdownstreamanalyses. Sequences from the remainingOTUwerequeriedagainstNCBI nr (but excluding all unidentified,

environmental sequences) withBLASTn.61 BLASToutputwas analyzed inMEGANv. 5.11.334with default parameters for lowest com-

monancestor (LCA).OTU representing the lichenmycobiont or plant hosts, sequenceswith nohits, and/or sequences not classified to

Fungi were removed from subsequent analyses. The remaining OTUwere queried against the UNITE fungal database59 with the RDP

Classifier62 for taxonomic classification using a cutoff threshold of 80% confidence as implemented in QIIME v. 1.8.35

Comparison of zOTU to 95% OTU
Clustering of all sequences from Illumina MiSeq and Sanger sequencing at 95% sequence similarity resulted in 2,852 OTU, whereas

analyses of the same data using UNOISE263 zOTU resulted in a 1.4-fold increase in richness (3,989 zOTU after removing singletons

and doubletons). However, the majority (i.e., 53%) of 95% OTU were represented by a single zOTU (mean zOTU per 95% OTU =

2.24 ± 2.18; range 1 to 24 zOTU per OTU). Although zOTU may reveal true sequence variation, our analyses of the mock community

revealed spurious zOTU compared to when OTU were clustered at 95% (see below). Therefore, subsequent analyses were per-

formed with OTU resulting from UPARSE due to the lower rate of spurious errors.

Negative controls for NGS
We sequenced negative controls representing DNA extraction blanks and PCR negative controls. Extraction blanks were generated

for eachMoBio PowerPro kit lot number used to extract DNA as well as intermittently throughout extractions. We used PCR negative

template controls (NTC) with molecular grade water as template for each 96-well plate of PCR1. NTCs from PCR1 were carried

through to PCR2 to ensure no cross-contamination during PCR2 setup. In addition, a separate NTC using water as template was

used for each 96-well plate of PCR2. We observed no bands on agarose gels that would indicate contamination. All PCR NTCs

were pooled and sequenced along with other samples on an Illumina MiSeq. We used these negative controls to assess the potential

for OTU in our dataset to represent laboratory contamination following U’Ren et al.4 and Daru et al.56

Positive controls for NGS
We sequenced amock community that contained 32 phylogenetically diverse taxa representing four phyla (Chytridiomycota, Mucor-

omycota, Basidiomycota, and Ascomycota) as a positive control.4,56 DNA from each taxon was amplified individually in PCR1, quan-

tified with a Qubit fluorometer, and normalized to 1 ng/ml. Normalized PCR1 products for each taxon were pooled in equimolar

amounts and used as the template for PCR2. All samples and positive and negative controls were sequenced in the same run to elim-

inate any possible variation that could occur among sequencing runs.
Current Biology 34, 1–9.e1–e7, March 11, 2024 e4



ll

Please cite this article in press as: U’Ren et al., Environmental drivers and cryptic biodiversity hotspots define endophytes in Earth’s largest terrestrial
biome, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.01.063

Report
Mock community data were used to validate the bioinformatic approach we used to estimate species boundaries. Our previous

assessment of four endophyte-rich genera in the Sordariomycetes and Dothideomycetes demonstrated that 5% ITS nrDNA diver-

gence (i.e., 95% sequence similarity) conservatively estimated sister species boundaries when compared against published phylog-

enies.64,65 Here, we clustered OTU in USEARCH with UPARSE32,58 at 95% and 97% ITS2 nrDNA sequence identity, and we

compared the number of reads matching taxa in the mock for five replicates of the mock community. For all replicates, OTU defined

at 95% ITS2 nrDNA sequence similarity resulted in the most accurate estimates of species boundaries and richness. Representative

sequences for OTU were correctly assigned to each taxon with an average of 99.99% sequence similarity between the known

sequence and sequences recovered from NGS. This approach limited the number of spurious OTU resulting from sequencing errors

(i.e., each mock taxon was represented by a single OTU; see U’Ren et al.49). We also confirmed that our bioinformatic methods

limited spurious OTU due to barcode or tag shifting (i.e., ’cross-talk66’). After careful examination, we identified three OTU in the

mock dataset that likely resulted from tag switching (i.e., each OTU was represented by a single read in the mock, but numerous

reads in real samples). Although this estimate (< 1%) is low, we used beta diversity indices that take abundance into account (i.e.,

Hellinger), rather than using only presence/absence measures that give equal weight to low-abundant OTU derived from barcode

’cross-talk’.

We compared these results to those generated by a pipeline consisting of denoising followed by clustering of sequences into am-

plicon sequence variants with UNOISE263 (i.e., zero radius OTU; zOTU) and DADA2.67 Quality control and trimming in UNOISE2 fol-

lowed methods for UPARSE (i.e., maximum error rate of one, truncation at 170 bp). For analyses with DADA2, we discarded all reads

containing Ns or corresponding to PhiX and the remaining reads were truncated at 170 bp to match analyses using UPARSE/

UNOISE2. Results from denoising and clustering into sequence variants using UNOISE2 or DADA2 were similar to results when clus-

tering into 95%OTU;we observed a corresponding zOTU/ASV for each known taxon in themock, with the exception ofMicrodiplodia

sp. AK1800 and H. polyrhiza JEL142. The latter taxon also was missing when data were clustered with UPARSE.58 However,

UNOISE2 and DADA2 each resulted in more than one zOTU/ASV with high sequence identity to each taxon in the mock community.

Because these were represented by fewer reads they likely represent spurious zOTU/ASV resulting from sequencing errors.49

Primer choice and rationale for sequencing
Fungal-specific primers that amplify the ITS2 region for fungi while excluding plants are not presently available.68We therefore ampli-

fied the entire ITS nrDNA region with the forward primer ITS1F51 (which results in the fewest reads for plants during in silico PCR69)

and the reverse primer ITS4. Thus, forward NGS reads (i.e., R1) corresponded to the ITS1 nrDNA region and the reverse NGS reads

(i.e., R2) corresponded to the ITS2 region. Analysis of R1 and R2 reads yielded similar results, but we analyzed the R2 reads for two

reasons. First, analysis of R2 allows direct comparisons to previous studies that used the ITS2 nrDNA region (see U’Ren et al.4). Sec-

ond, because Sanger sequences for cultures extended into the LSU nrDNA region, they could be trimmed to match the exact start

and end positions of the NGS sequences, providing a basis for comparison of OTU generated by culture-based and NGS ap-

proaches. Sanger sequences were trimmed manually as part of the sequence validation and editing process and thus did not all

encompass the exact start position of R1 as generated by NGS. The primers used here successfully amplified isolates from all

four phyla in the mock community (as confirmed with agarose gel electrophoresis of PCR1 products) with consistent read counts

among the five replicates of the mock community. Illumina reads were recovered from 31 of 32 taxa in the normalized mock com-

munity after stringent quality control.

Chemical analyses of photosynthetic tissues
Carbon and nitrogen content of host tissues, as well as their isotopic fractions (d15N and d13C), weremeasured on a continuous-flow

gas-ratio mass spectrometer (Finnigan Delta PlusXL) coupled to an elemental analyzer (Costech) at the University of Arizona Isotope

Laboratory (Tables S1 and S3). Samples were combusted in the elemental analyzer and values were standardized based on acet-

anilide for elemental concentration, NBS-22 and USGS-24 for d13C, and IAEA-N-1 and IAEA-N-2 for d15N. Repeated comparisons

to an internal standard revealed precision greater than ± 0.10 for d13C and ± 0.2 for d15N (1s).

Characterization of dominant Capnodiales OTU in Picea

The ITS2 sequence for the dominant Capnodiales OTU (OTU4) in Picea at lower latitudes along the SN gradient has 100% BLASTn

sequence identity to sequences of Nothophaeocryptopus gaeumannii, the causal agent of Swiss needle cast on Pseudotsuga men-

ziesii.70 Other studies using NGS also have sequenced this same OTU in species of Picea sp. in boreal forests (i.e., Norway

spruce71,72), but have not paired culture-free with culture-based methods to provide additional information on the identity of short

NGS sequences (but see McMullin et al.73). Culturing efforts at the trans-biome scale yielded 13 representatives from two individuals

ofPicea in SN5C and EW0 (Table S6). For four of these cultures, we PCR -amplified the LSU nrDNA region using the primers LSU1fd74

and LR5.52 Amplicons were Sanger sequenced bi-directionally at the University of Arizona Genetics Core. Sequences were pro-

cessed and edited as described above for Sanger ITS Sequencing. New sequences were aligned with reference taxa from Videira

et al.30 with the profile alignment feature in MAFFT v736 and analyzed in RAxMLv8.2.1237 with 1000 bootstrap replicates (Figure S2).

Phylogenetic analyses indicate OTU4 represents a putatively novel species of Capnodiales with close affinity to the needle pathogen,

N. gaeumannii71,73 (Figure S2). The non-pathogenic interaction of OTU4 with Piceawas further supported with quantitative real-time

PCR (rtPCR), which revealed that samples dominated by OTU4 do not contain higher fungal biomass relative to other Picea samples

along the SN transect.
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Molecular analyses for EW transect
Total genomic DNAwas extracted for host collections along the EW transect with the Qiagen Plant DNeasy kit (Qiagen, Germantown,

MD) with modifications following U’Ren et al.49 The fungal ITS nrDNA locus was amplified for each of the 82 Picea and Pleurozium

collections from the EW transect with the primer pair ITS1F/ITS4.51,55 Amplification was verified on a 2% agarose gel stained with

SYBR. Final PCR products were quantified fluorometrically, normalized, and pooled in equimolar amounts. The final amplicon

pool was purified with Agencourt AMPure XP beads following the manufacturer’s instructions (Beckman Coulter, Indianapolis, IN,

USA). A BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) was used to determine DNA concentration and fragment

size distribution of the final library prior to sequencing on an Ion Torrent personal sequencer at the Duke University Sequencing Fa-

cility. EW collections were sequenced on five IonTorrent runs. Positive controls on all runs included the following: (i) three clone se-

quences from Pleurozium sequenced individually; (ii) a mixture of the three clone sequences from Pleurozium pooled in equimolar

amounts and sequenced; and (iii) replicate samples sequenced across each run. The accuracy of OTU clusteringmethodswas deter-

mined using positive controls as described above. Ion Torrent ITS1 sequences from Picea and Pleurozium from the EW transect were

trimmed for primers and adapters with cutadapt 1.16 with Python 3.6.2.38 The remaining sequences from each run were subse-

quently trimmed for quality with a truncation length of 200 bp and a maximum error rate of 0.75 in USEARCH.32,33 Quality filtered

sequences from all runs were pooled into a single file and dereplicated, and singleton and doubleton clusters were discarded.

The remaining dereplicated sequences were clustered into operational taxonomic units (OTU) at 95% sequence similarity with

USEARCH and a representative sequence for each OTU was subjected to reference-based chimera checking via the UNITE59 data-

base with UCHIME.60 Raw Ion Torrent reads were mapped back to sequences of chimera-checked OTU to construct an OTU table

containing 1,639,281 reads and 543 OTU. We did not compare endophyte richness among samples analyzed by two different

sequencing platforms (i.e., IonTorrent for longitudinal sampling vs. Illumina for trans-biome and circumboreal sampling), but we

used these data to consider turnover (see Statistical analyses, EW transect, below).

QUANTIFICATION AND STATISTICAL ANALYSIS

Richness and phylogenetic diversity, trans-biome sampling
Read counts among SN samples differed by greater than 2-3x; thus, to remove the effect of differential sequencing depth we rarefied

the number of NGS reads per host species (after pooling replicate microsites for each host species in each subsite) to the lowest

number of sequences (i.e., 17,672) following recommendations by Weiss et al.75 (see Figure S1). The Cladonia collection from

SN5W yielded <5,000 reads from all microsites; thus, it was removed from subsequent analyses involving rarefied data. Calculation

of OTU richness estimators and rarefaction analyses were done with the vegan package40 in R39 with rarefied data.

Multiple regression analyses of endophyte richness with Picea age and biomass, climate factors (PCA1, per above), nutrients in

host tissues, and forest characteristics were carried out in JMP (versions 12 and 13. SAS Institute, Cary, NC, USA) (see Tables S2

and S5). We followed the principles of U’Ren et al.,4 Zimmerman et al.,76 and Barge et al.77 in distinguishing spatial vs. environ-

mental factors. In analyses presented in Table S2, we considered the relationship of endophyte richness to nutrients in host tis-

sues and forest characteristics in analyses with and without accounting for an influence of climate. To consider the influence of

climate in these cases, we used linear regression of endophyte richness (log transformed) with climate (PCA1) to generate resid-

uals, which we then used as the dependent variable in regressions with nutrients from host tissues and forest characteristics

(Table S2). The approach of analyzing residuals precludes including climate statistics in the usual way (e.g., with climate

(PCA1) as an explanatory factor listed as a row on the table), but all relevant statistics are available in Table S2. In analyses

presented in Table S5, we included climate (PCA1) as an explanatory variable, and thus PCA1 appears accordingly. We used

the R package phyloseq41 to extract the number of fungal classes represented by endophyte communities in each host as an es-

timate of phylogenetic diversity (short sequencing reads of the variable ITS2 region precluded robust phylogenetic analyses, as

discussed in U’Ren et al.4).

Endophyte community structure
A Hellinger transformed distance matrix, constructed after removing rare OTU (i.e., OTU < 25 reads), was used as the input for the

‘‘betadisp’’ function in the vegan package40 in R39 to quantify the degree of multivariate beta dispersion among circumboreal vs.

trans-biome endophyte communities from each of the three focal hosts. Venn diagrams and total Hellinger distance for circumboreal

vs. trans-boreal endophyte communities were computed for each host genus using all OTU, including singletons. To quantify differ-

ences in beta diversity due to differences in climate at the southern and northern extremes of the transect, we calculated pairwise

Hellinger distances between hosts from each site to hosts in SN1 (i.e., ‘‘southern’’), SN9 (i.e., ‘‘northern’’), and the closest site(s).

We visualized the effect of host on endophyte community structure along the SN gradient via NMDS ordinations based onHellinger

distance after removing OTU with < 25 reads. PERMANOVAs, implemented using the "adonis" function in vegan,40 were used to

assess the statistical significance of host species on endophyte community composition. Pairwise values of Hellinger distance be-

tween combinations of different host genera in each site (e.g., Picea vs. Cladonia) were calculated to assess the degree to which

interspecific differences in endophyte communities shifted along the SN transect.

To identify the number of distinct endophyte communities present in each host species along the SN gradient, we used the Latent

Dirichlet Allocation (LDA).9 LDA is a probabilistic model that represents gradual changes in community composition while allowing for

missing data and estimates of uncertainty.9 We identified the most likely number of component communities for each host species
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based on the Akaike information criterion (AIC) for models with different numbers of component communities (chosen a priori).9 LDA

assigns each component community a value of theta, which indicates the proportion of each component.

Spatial autocorrelation and distance-based redundancy analyses (dbRDA)
We computed Mantel correlograms of Hellinger community distance and intersite geographic distances to quantify spatial autocor-

relation for endophytes of each host.78 Intersite distances were measured with the Haversine method in the R package fields.42

Correlation coefficients were computed after 999 permutations. We plotted pairwise endophyte community Hellinger distances

and intersite distances to assess potential distance decay. To test the significance of site and environmental variables on commu-

nities while constraining variation attributable to distance alone, we used distance-based redundancy analysis (dbRDA) constrained

by principal components of neighbor matrices (PCNM), implemented in vegan as the ‘‘capscale’’ function42,79–81 (Table S3). For the

SN transect, analyses were conducted with and without detrending the Hellinger transformed OTUmatrix by latitude, as recommen-

ded by Legendre and Legendre82 when the response variable represents a linear gradient in one or two geographic dimensions

(Table S3). However, detrending the community data spatially removed any significant effect of climate. The "ordiR2step" function

in veganwas used for forwardmodel choice solely on adjusted R2 and P-values.We also used dbRDA to assess variation attributable

to spatial eigenvectors alone (Table S3).

Endophyte networks
We assessed the degree of host specialization for endophyte communities across the SN gradient with bipartite networks calculated

with the package bipartite in R43,83 (Table S4). We calculated the frequency-based specialization index, H2’ for all hosts in each sub-

site using the ‘‘H2fun’’ function.H2’ is a measure of specialization generalized across the entire network.83 Values ofH2’ are based on

the potential associations given the abundance of OTU and range from 0 (no specialization) to 1 (perfect specialization). At each site

we observed a consistently high level of network specialization for each host genus (average value of H2’ for all hosts after Hellinger

transformation: 0.83 ± 0.04; Table S4).

Using the ‘‘dfun’’ function, we also calculated the species-level specialization index d’ for each host separately at each site

(Table S4). The d’ index calculates how strongly a species deviates from a random sampling of available interacting partners.83

Values of d’ range from 0 (generalized network) to 1 (specialized network). For each network, replicate samples for each host species

were collapsed and the matrix was transformed with Hellinger prior to network calculations. Endophytes of all hosts displayed

specialized networks and we observed no significant difference in d’ values for each host species along the SN transect (Table S4).

Analyses of nestedness and turnover
For each host we used the R package betapart44 to assess whether differences in endophyte communities across the SN gradient

were related to nestedness or turnover, or combinations of both processes (Table S4). Nestedness occurs when OTU in sites with

lower richness are subsets of the OTU found at sites with higher richness, whereas spatial turnover implies the replacement of some

species by others as a consequence of environmental sorting or spatial and historical constraints.84 The rarefied OTU matrix was

transformed to presence/absence data and the Sorenson index was used with the function ‘‘beta.multi’’ to calculate the turnover

component (measured as Simpson dissimilarity), the nestedness component (measured as nestedness-resultant fraction of Soren-

sen dissimilarity), and the overall beta diversity (measured as Sorensen dissimilarity).

Statistical analyses, EW transect
Read counts among EW samples differed by greater than 2-3x; thus, to remove the effect of differential sequencing depth we rarefied

the number of NGS reads per host species (after pooling replicatemicrosites for each host species in each subsite) to the lowest num-

ber of sequences (i.e., 5,559) following recommendations byWeiss et al.75 To visualize endophyte community structure across in en-

dophytes of Picea and Pleurozium along the EW transect we used NMDS ordinations based on Hellinger dissimilarity after removing

rareOTU (i.e., OTU<25 reads) in conjunctionwith PERMANOVA to assess the statistical significance of host species in defining endo-

phyte community composition (Table S3). PERMANOVAwere implemented using the "adonis" function in vegan. Distance decay and

Mantel correlogramswere conducted as described above for the SN transect. We used dbRDAwith PCNM to assess variation attrib-

utable to spatial eigenvectors alone (Table S3). We also tested the significance of sequencing run and environmental variables on

endophyte communities while constraining variation attributable to distance or run alone. After accounting for sequencing run or sig-

nificant eigenvectors (Pleuroziumonly),weobservednosignificant differences in community composition amongendophytes ofPicea

orPleurozium as a function of site or climate variables (MAT orMAP) across the EW transect (Table S3). Two spatial eigenvectorswere

significant forPleurozium in PCNM (TableS3),which together explained 8%of the variation in endophyte community compositionwith

dbRDA. However, variation partitioning analysis85 revealed that sequencing run explained more variation than spatial eigenvectors

(run adjusted R2 = 0.08; PCNM10 adjusted R2 = 0.04; residuals = 0.88). Variation partitioning was implemented with the function

"varpart" in vegan. Network analyses, including host specialization, species-level specialization index d’ for each host, nestedness

and turnover were performed for endophyte communities along the EW transect as described above (Table S4).
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Figure S1. Rarefaction of endophytic fungal communities associated with boreal hosts, 
Related to STAR Methods. (A) All sites across the transboreal SN gradient, and each focal 
host shown separately on that gradient: (B) Picea, (C) Pleurozium, and (D) Cladonia; (E) 
comparison of transboreal (SN) and longitudinal (EW) gradient for Pleurozium, and (F) for 
Picea. For panels A-D, lines are colored according to Figure 1A, and each sample was 
subsampled to 17,672 reads (after removal of samples with < 5000 reads). For panels E-F, data 
from the SN transect were sub-setted to match the same number of samples as the EW 
transect, and OTU with < 25 reads were removed from the analyses (see Methods; results are 
similar when all OTU were included). Thin grey lines represent 95% confidence intervals around 
the means. 
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Figure S2. Summary of transboreal data for all host species from culture-free Illumina 
analyses and culture-based collections, and comparison of transboreal and circumboreal 
data sets, Related to Figure 2, Figure 3, and STAR Methods. (A) Beta diversity (mean ± SD), 
(B) species richness, (C) phylogenetic diversity, and (D) phylogenetic composition of 
endophytes from three hosts at a transboreal scale. Phylogenetic diversity was calculated as 
the number of fungal classes per sample. Colors for fungal classes follow Figure 2B. Beta 
diversity was calculated as Hellinger’s distance between endophyte communities in the closest 
site vs. the southernmost (SN1) and northernmost (SN9) site. For example, the endophyte 
community in the southernmost site, SN1 was more similar to that in SN2 (lower Hellinger’s 



 

distance) than in the northernmost site (higher Hellinger’s distance). (E) Phylogenetic analysis 
of four cultured representatives of the dominant Capnodiales OTU in Picea from the transboreal 
transect (shown in blue) illustrates a sister relationship to the pathogen of Douglas fir, 
Nothophaeocryptopus gaeumannii. The tree represents a subset of the phylogenetic analysis of 
LSU nrDNA (see Methods). Thickened branches indicate bootstrap support > 70%. (F-G) 
Comparison of culture-free NGS and culturing on the richness (F) and taxonomic composition 
(G) of endophytes of Picea, Pleurozium, and Cladonia at SN5. All sequences and OTU were 
included in analyses. Taxonomic comparisons were limited to the most abundant classes for 
visualization purposes. Symbols denote non-Ascomycota classes (i.e., Basidiomycota: asterisk; 
Chytridiomycota: double dagger). Comparison with cultures revealed seventeen-fold greater 
richness obtained by NGS compared to culturing. When Illumina data were subsampled to 
match the total number of sequenced cultures per sample, NGS provided an approximately 
twofold increase in richness relative to culturing. (H) Richness from transboreal sampling (TB) in 
Québec (SN1-SN9) vs. circumboreal sampling (CB) of the same host genera (Picea, 
Pleurozium, Cladonia) across Eurasia and North America, with the same methods for culture-
free analyses4. CB methods and details are in ref. 4. (I) Composition of endophyte communities 
obtained by barcode amplicon sequencing for TB vs. CB (symbols denote non-Ascomycota). (J) 
Phylogenetic and beta dispersion (asterisks indicate significant differences, CB vs TB). (K) For 
CB (lighter) and TB (darker), distinctive and shared species and Hellinger community distance 
(below circle).  
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