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Abstract The ecological significance of fungi occurring

asymptomatically inside living plant leaves is poorly

understood. Given the broad saprotrophic potential of

many endophytic fungi, we hypothesized that they persist

in decaying litter for an extended period of time after leaf

abscission. Fungal assemblages were assessed by high-

throughput sequencing in autumn leaves of beech (Fagus

sylvatica) and in the corresponding leaf litter in 388 sam-

ples from 22 beech forest plots in three widely distant

regions of Germany. A considerable proportion of the leaf-

endophytic fungi was also found in 1-year-old litter. Co-

occurrence networks revealed that the fungi formed

unstructured assemblages inside the living leaves, rather

than well-structured communities. Previously endophytic

fungi constituted an integral part of the fungal litter com-

munity and were by far the most active fungi in 1-year-old

litter. We therefore consider these endophytic occurrences

to represent transient stages. Composition of the above-

ground microbiome appears therefore to be closely con-

nected to the process of litter decomposition. Considering

the respective linked fungal habitat will facilitate predict-

ing nutrient and carbon cycling and storage in forest

ecosystems as well as elucidating the ecology of leaf

microbiomes.
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Introduction

All macroorganisms are associated with microorganisms,

the so-called microbiome. The microbiome has been shown

to affect morphology, physiology, development, behaviour,

health, immunology, reproduction and fitness of the host

organisms (Rosenberg and Zilber-Rosenberg 2016). The

holobiont, i.e. the macroorganism with its associated

microbiome (Margulis and Fester 1991; Rohwer et al.

2002; Zilber-Rosenberg and Rosenberg 2008), was there-

fore suggested to represent the unit to be considered in

ecological and evolutionary contexts (Hawksworth 1991).

Plants are rooted in the environment and connected below

ground by a network of mycorrhizal fungi (e.g., Simard

et al. 1997; Beiler et al. 2010; Dickie et al. 2015). Indi-

vidual plant holobionts are therefore not clearly delim-

itable (Peršoh 2015). The aboveground microbiome also

includes a huge diversity of fungi, the majority of which is

shared among host individuals and species (Saikkonen

2007; Rodriguez et al. 2009; Suryanarayanan et al. 2003;

Suryanarayanan 2011, Sun et al. 2012), even though the

aboveground plant organs are physically disconnected.

Compositions of aboveground microbiomes nevertheless

differ between hosts, due to individual microbes occurring

at different abundances (Okane et al. 1998; Saikkonen

2007; Peršoh et al. 2010; Weig et al. 2013). Their
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composition, however, changes through time and space and

is influenced by climatic and environmental conditions

(Fisher et al. 1994; Collado et al. 1999; Gao et al. 2005;

Jumpponen and Jones 2010; Cordier et al. 2012b; Peñuelas

et al. 2012; Coince et al. 2013; Peršoh 2013, 2015). Due to

their immense diversity, low host preference and temporal

variability, microbiomes characteristic for a certain host

are challenging to identify.

Plant leaves are colonized asymptomatically by two

different types of endophytic fungi: While a huge diversity

of fungi is found in all plants, grasses may be (in addition)

systemically inhabited by Clavicipitacean endophytes

which are vertically transmitted and produce secondary

metabolites protecting the host from feeding damage

(Porras-Alfaro and Bayman 2011; Purahong and Hyde

2011). By contrast, the non-Clavicipitacean leaf-endo-

phytes were rarely found to have beneficial effects for the

host plant (Hyde and Soytong 2008; Rodriguez et al. 2009;

Khan et al. 2016). While several saprotrophic fungi were

recently shown to be capable of biotrophic interactions

with host plants (Smith et al. 2017), growing evidence

suggests that some endophytic fungi become saprobes after

leaf fall (Guo et al. 2001, 2003; Promputtha et al.

2002, 2005, 2007, 2010; Shirouzu et al. 2009; Surya-

narayanan 2013; Saikkonen et al. 2015; Szink et al. 2016;

Promputtha et al. 2017). Their endophytic occurrence

might thus be just one stage in their life cycle. As pioneer

colonizers, they may take advantage of easily accessible

and readily utilizable chemical compounds in the freshly

fallen leaves (Osono and Takeda 1999; Koide et al. 2005).

They are thought to persist in litter for only a short period

of time and quickly re-colonize living leaves to complete

their life cycle (Osono 2006). However, many possess the

enzymatic machinery to degrade complex structural plant

compounds, such as cellulose and lignin (Kumaresan and

Suryanarayanan 2002; Fukasawa et al. 2009; Promputtha

et al. 2010; Yuan and Chen 2014). While part of these

enzymes may facilitate invading plant hosts, their activity

is also beneficial for saprotrophic decomposition of litter.

We therefore hypothesized that a considerable propor-

tion of endophytic fungi persists in fallen leaves for a

prolonged period of time (i.e. for at least 1 year). As an

integral part of the early litter decomposing community,

these fungi might represent a part of the holobiont micro-

biome which may fulfil functional roles when detached

from the macroorganism. We analysed the fungal assem-

blages in beech-dominated forest plots across three distinct

regions in Germany. The fungal microbiome in autumn

leaves of beech (Fagus sylvatica) was compared to the

corresponding community in 1-year-old leaf litter in the

following year (Fig. 1). We analysed integration of co-

occurring fungi in the microbiomes of living and decaying

leaves by calculating their embeddedness in the respective

co-occurrence networks. Contribution of former endo-

phytic fungi to fungal activity in litter was assessed by

targeting the short-lived precursor rRNA in addition to the

rRNA gene.

Materials and methods

Study area and sample collection

To reliably assess the interconnectivity between endo-

phytic and litter degrading fungal assemblages, we chose

an adequate spatial scale for tracing ecosystem processes

1 2
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(9 plots)
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Swabian Alb
(7 plots)
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S
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Fig. 1 Study design. Foliar and endophytic fungal assemblages were

assessed in autumn 2014 (and 2015; not depicted) in five leaves of

each of five beech trees in 22 forest plots in three regions of Germany

�. The corresponding fungal community in decaying (1-year-old)

litter was assessed in 2015 `. While leaf litter has often been thought

to be mostly colonized by soil fungi (brown symbols) according to the

current ideas, we hypothesized that some former endophytic fungi

(green symbols) persist in decaying leaves for at least 1 year. Plant-

indigenous endophytes (yellow symbols) were not differentiated from

other endophytes for the litter analyses. Exclusively epiphyllous fungi

(blue symbols) were hypothesized to played a minor role in the litter

community, in agreement with current ideas. Colours code for fungal

guilds and symbols for species
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while focusing on a single tree species, i.e. European

Beech (Fagus sylvatica). The studied sites were beech-

dominated forest plots selected in the frame of the German

Biodiversity Exploratory project for large-scale and long-

term functional biodiversity research (Fischer et al. 2010).

In each of three widely separated ([ 300 km) regions

(Hainich-Dün, Schorfheide-Chorin and Swabian Alb),

three unmanaged and three age-class forest plots were

selected (Table S1). In addition, three plots in selection-cut

forests were selected in Hainich-Dün and a fourth age-class

forest plot in the Swabian Alb. Each plot is

100 m 9 100 m in size and separated from the nearest

neighbouring plot by 15 km (± 9 km).

Falling beech leaves were collected in autumn 2014 in

nets by shaking trees and/or twigs at five positions (corners

and centre) per plot (Table S2). In autumn 2015, still

attached and greenish leaves were picked from the trees.

From each of the 5 replicate collections, five leaves were

selected, stacked, and 15 disks (Ø 6 mm) were obtained

using a cork borer. These were placed in 15 mL reaction

tubes with 10 mL of silica gel beads for rapid drying at

ambient temperature. Another five leaves were stored at

4 �C and surface sterilized within 12 h. The surface ster-

ilization was achieved by successively washing the leaves

in 700 mL of water for 1 min, 500 mL of 70% ethanol

(2 min), 500 mL of 1.4% NaOCl (5 min), 500 mL of 70%

ethanol (1 min), and 3 times in 500 mL of double distilled

water. Disks from the surface sterilized leaves were dried

in silica gel as detailed above.

One-year-old beech leaf litter was collected in autumn

2015 at the corresponding five positions per plot

(Table S2). Disks were obtained as detailed above, but

immediately transferred to 2 mL screw cap tubes and

placed in liquid nitrogen in the field and stored at -80 �C
in the laboratory until further processing.

Nucleic acid extraction and RNA processing

DNA from two dried disks was extracted using the gDNA

Plant Kit (InvitrogenTM, ChargeSwitch�) as recommended

by the manufacturer, but with all volumes scaled down to

10%. Cell disruption was achieved in a FastPrep�-24

Instrument (MP Biomedicals) at 6 m s-1 for 60 s after

adding a bead mixture (0.03 g of Ø 0.1–0.25 mm, 0.06 g of

Ø 0.25–0.5 mm and 5–6 glass beads Ø 1.25–1.55 mm) to

the samples.

To cope with interfering humic substances, nucleic acids

from litter were extracted (under RNase-free conditions) by

adapting and combining two protocols (Peršoh et al. 2008;

Paulin et al. 2013). A bead mixture (0.15 g of Ø

0.1–0.25 mm, 0.12 g of Ø 0.25–0.5 mm and 0.12 g of Ø

1.25–1.55 mm glass beads and 3 Ø 3 mm steel beads) and

1535 lL of an extraction buffer supplemented with Salmon

Sperm DNA [700 lL Tris–buffer (0.1 M, pH 5.5); 10 lL
Salmon Sperm DNA sodium salt (Roth) (10 g L-1);

325 lL 49 extraction buffer (0.4 M LiCl, 200 mM Tris–

HCl [pH 8], 120 mM EDTA [pH 8], 10% SDS) and

500 lL phenol] were added to the frozen samples. Cells

were disrupted after thawing in the FastPrep�-24 Instru-

ment at 4.0 m s-1 for 30 s, followed by two times

6.5 m s-1 for 40 s, with intermediate incubation on ice for

5 min. After centrifugation (14,165 g for 1 min, 20 �C),
750 lL phenol:chloroform:isoamyl alcohol (25:24:1 v/v)

was added to 750 lL of the supernatant, thoroughly mixed

and incubated on ice for 5 min, interrupted by thorough

shaking every 90 s. Three repetitive cleaning cycles of

centrifugation (17,650 g, 15 min, 4 �C), addition of an

equal volume of chloroform:isoamyl alcohol (24:1) to the

supernatant and incubation on ice (5 min, regular shaking)

were applied to remove the phenol. In the meantime, 500

lL of a DEPC-treated PVPP suspension

(Polyvinylpolypyrrolidone, Sigma-Aldrich, 0.5 g mL-1)

were loaded on a spin column (Maxima Spin Column GF-

F1 2 mL, GeneON), and centrifuged at 2150 g for 3 min.

The flow-through was discarded and 500 lL of the nucleic

acid extract were loaded on the spin column with PVPP.

After centrifugation (2150 g, 3 min, 20 �C), 200 lL of

ddH2O were added to the column and the centrifugation

repeated. Of the flow-through, 500 lL were amended with

250 lL LiCl (8 M, Sigma-Aldrich) and incubated over-

night at -20 �C. After ultracentrifugation (210,000 g,

30 min, 4 �C), the pellet was resuspended in 15 lL of

RNAse-free ddH2O. Concentration and quality of the

extract was assessed using a NanoDrop 1000 spectropho-

tometer (Thermo Fisher Scientific Inc.).

DNA was separated from 2.5 lL of the nucleic acid

extracts from litter after electrophoresis on agarose gels

{0.8% (w/v) agarose dissolved in 19 TBE–buffer [88 mM

Tris, 88 mM boric acid, 2.0% (v/v) 0.1 M EDTA, pH 8.0],

supplemented with 0.005% of ethidium bromide}, at 100 V

(400 mA) for 20 min. The parts containing large-sized

DNA (C 10,000 bp) were excised and DNA was extracted

from gel slices using the NucleoSpin� Gel and PCR Clean-

up kit (Macherey–Nagel), according to the manufacturer’s

instructions.

To compare community structures between living and

decaying leaves, we extracted DNA from a subset of eight

litter disks and eight surface-sterilized dried leaf disks

(collected in 2014), collected in five positions in each of

five plots (AEW05, HEW06, HEW11, SEW05 and

SEW09), as detailed above. DNA from litter and leaf disks

was extracted as detailed above for nucleic acid extraction

from litter samples (Table S3).

To purify RNA, 2.5 lg of nucleic acids from litter were

treated with 37.5 U of DNase I (New England BioLabs

Inc.) in the corresponding buffer [10 mM Tris (pH 7.6),
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2.5 mM MgCl2, 0.5 mM CaCl2] for 30 min at 37 �C. The
reaction was stopped by dilution with ddH2O to a volume

of 500 lL, and addition of 500 lL phenol:chloro-

form:isoamyl alcohol solution (25:24:1). Phenol was

removed and RNA precipitated with LiCl as detailed

above. The RNA pellet washed with 400 lL of 80%

ethanol, ultracentrifuged again (210,000 g, 30 min, 4 �C)
air dried for 10 min and resuspended in 9.5 lL of H2O.

After quantification with the NanoDrop 1000 spectropho-

tometer, up to 100 ng of RNA was reverse transcribed

using the ProtoScript� II First Strand cDNA Synthesis Kit

(New England BioLabs Inc.), according to the manufac-

turer’s instructions. Negative controls (without addition of

reverse transcriptase) were processed in parallel for all

RNA extracts. Absence of (amplifiable) DNA contamina-

tions in the RNA extracts was confirmed by consistently

negative amplification results under the conditions detailed

below.

Library preparation and sequencing

The fungal barcoding region (i.e. ITS rRNA gene region)

(Schoch et al. 2012) was amplified for assessing the com-

position of the fungal assemblages. Preparation of the

amplicon libraries comprised two sequential amplification

steps to allow for multiplexing of multiple samples. The

first PCR was performed with the fungal specific primer

combination ITS1F (Gardes and Bruns 1993) and ITS4

(White et al. 1990) extended at the 50-ends by TAG

sequences and part of the sequencing primers (Table S4).

The reactions contained 5.25 lL of ddH2O, 0.25 lL of each

primer (10 lM), 0.5 lL of template and 6.25 lL of

GoTaq� G2 Hot Start Colorless Master Mix (Promega).

The amplification started at 95 �C for 3 min, followed by

33 cycles of 94 �C for 27 s, 57 �C for 60 s and 72 �C for

90 s, and ended after a final elongation step at 72 �C for

7 min. Of the Rapid PCR Cleanup Enzyme Set kit (New

England Biolabs), 2 lL diluted 1:5 in ddH2O, were added

to 5 lL of PCR product and incubated at 37 �C for 15 min

followed by 80 �C for 15 min. The primers applied in the

second PCR included sequences of the sequencing primer,

indices and the P5 and P7 adapters for the Illumina

sequencing (Table S4). The reactions included 6.5 lL of

ddH2O, 0.5 lL of each primer (10 lM), 5 lL of purified

PCR product and 12.5 lL of GoTaq� G2 Hot Start

Colorless Master Mix. The amplification was achieved in 6

cycles of 94 �C for 27 s, 53 �C for 60 s and 72 �C for 90 s,

between initial denaturation and final extension as detailed

for the first PCR. The final PCR products were visualized

in 0.8% agarose gels stained with ethidium bromide and

ImageJ version 1.50b (https://imagej.nih.gov/ij) (Schneider

et al. 2012) was used to quantify the amplified fragments.

Similar concentrated PCR products were pooled

equimolarily and purified with Dynabeads� Sequencing

Clean-Up (InvitrogenTM, LifeTechnologies) or with

CleanPCR� Nucleic acid Clean up (CleanNA, GC biotech

B.V.), according to the manufacturer’s instructions.

Amplicons between 450 and 1500 bp in length were

selected from purified pools using the Blue Pippin (Sage

Science, United States). DNA concentration was assessed

with a Qubit� 2.0 fluorometer (Life Technologies, Carls-

bad, CA, USA) and amplicon size distribution using a

Bioanalyzer 2100 (Agilent Technologies GmbH & Co. KG,

Waldbronn, Germany). Sequencing was performed by the

sequencing service of the Faculty of Biology at LMU

Munich, using an Illumina MiSeq� sequencer (Illumina,

Inc., San Diego, CA, USA) with 2 9 250 bp paired end

sequencing (MiSeq Reagent Kit v3 Chemistry, Illumina,

Inc., San Diego, CA, USA).

Processing of sequencing data

The sequence reads were processed using the open-source

software QIIME version 1.9.0 (Caporaso et al. 2010) as

detailed by Röhl et al. (2017). Briefly, the TAG sequences

were extracted and the reads were quality filtered

(Phred[ 19), allowing a maximum of one ambiguity base

on each sequence. Reads were retained when at least 0.35%

of the read consisted of consecutive high quality base calls

and truncated after 19 consecutive low quality base calls.

Reads were assigned to samples (i.e. demultiplexed)

according to their indices and TAGs. ITS1 reads were

extracted and trimmed at the 50-end to comprise only the

final 11 bp of the SSU rRNA gene region in addition. The

pre-processed sequence data were deposited in the Euro-

pean Nucleotide Archive database (http://www.ebi.ac.uk/

ena, accession numbers PRJEB19870 and PRJEB21700).

Based on comparative analyses of clustering algorithms

(Röhl et al. 2017), we decided to cluster the demultiplexed

reads into operational taxonomic units (OTUs) using CD-

HIT-OTU for Illumina reads version 0.0.1 (Fu et al. 2012),

applying a similarity threshold of 97%. A table listing the

read count per OTU and sample (Table S5) was generated

and used for further analyses. Taxonomic affiliation for the

representative sequence of each OTU was assigned using

UNITE database version 7.0 (Kõljalg et al. 2013) as ref-

erence (Table S6). The samples considered to compare

community structures between living and decaying leaves

were independently processed (Tables S3, S7, S8).

Samples with less than 1000 reads were discarded. After

processing, the original dataset included 610 fungal OTUs

(represented by 16,571,285 quality-filtered sequence reads)

in 388 successfully processed samples (Table S9). To

account for potential errors due to tag switching (Carlsen

et al. 2012; Sinha et al. 2017), we applied an abundance

threshold for each OTU, only above which it was
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considered to be present in the respective sample (see

Supplementary file S1 for details, Fig. S1). To filter

potential erroneous detections, an equivalent to 1% of the

total read count of each sample was subtracted from the

read counts of each OTU in the respective sample. This

trimmed dataset included 470 fungal OTUs (represented by

14,988,069 quality-filtered sequence reads) in the 388

samples (Table S10).

Statistical analyses and guild delimitation

Classification of OTUs to fungal guilds (endophytic, foliar

and litter-indigenous fungi) reflects their detection in the

respective sampling categories according to the trimmed

dataset. Fungi detected in surface-sterilized samples were

defined as endophytes (i.e. occurring inside the leaves),

while fungi were considered as foliar when detected in

non-surface sterilized leaves (i.e. occurring on the leaf

surface and/or inside the leaves). Fungi detected only in

litter samples were considered as indigenous litter fungi.

Sequencing depth of the original dataset did not corre-

late with OTU richness in samples of the foliar assem-

blages in 2014 and the DNA-derived litter communities

(i.e. present fungi) in 2015 (Fig. S2). While comparisons of

species richness are therefore reliable for these categories,

those for the DNA-derived (i.e. present) endophytic and

RNA-derived (i.e. active) litter fungi may be slightly

biased. We consider the weak correlation (r2\ 0.07)

between sequencing depth and OTU richness in these

categories tolerable and therefore refrained from excessive

data manipulation by rarefying (McMurdie and Holmes

2014). RNA-derived data were more strongly correlated to

sequencing depth (r2 = 0.19), but the results were consis-

tent with the DNA-derived data and the higher variation

between samples did not compromise statistical signifi-

cance. Significant positive correlations were not observed

in the trimmed datasets, but applying the threshold resulted

partly in significant negative correlations (Fig. S3).

The OTU tables generated from the original and trim-

med datasets, respectively (Tables S5, S10) were imported

into Primer7 version 7.0.11 (Clarke and Gorley 2015) and

read counts were standardized per sample by the total

number of reads. For analyses considering the relative read

abundance, a Bray–Curtis similarity matrix was calculated.

For analyses considering the OTU occurrence, the

table was transformed into presence/absence data and a

Jaccard similarity matrix was calculated. For each of the

performed analyses, the same number of samples from

each compared sampling category was considered per plot.

The same samples were considered when DNA- and RNA-

derived data was compared. Analyses of similarity

(ANOSIM) were calculated using 10,000 permutations.

Species richness (N), Shannon diversity (H0) and Pielou’s

eveness (J0) were calculated using Primer7 DIVERSE

methods. Area-proportional Euler Diagrams were gener-

ated using the BioVenn web application (Hulsen et al.

2008). Kruskal–Wallis test was performed using STA-

TISTICA 64 version 12 (StatSoft, Inc.). All statistical tests

were considered significant at P\ 0.05.

Co-occurrence networks per sampling category were

calculated based on the original dataset (Table S5) for each

plot using CoNet version 1.1.beta (Faust et al. 2012). To

compare community structures between living and decay-

ing leaves the dataset derived from 8 discs was used

(Table S7). Network inference was adapted from Faust

et al. (2015), considering OTUs with a minimum occur-

rence in at least 3 samples from the respective plot. The

obtained networks were visualized and processed as undi-

rected networks in Cytoscape version 3.3.0 (Shannon et al.

2003), with only positive edges being considered for the

analyses. The (local) clustering coefficient of a node (i.e.

OTU) was considered as a measure of interconnectivity

among its neighbours, where 0 represented no connections

among neighbours and 1 denoted that every neighbour was

connected to each other (Albert and Barabasi 2002).

Data accessibility

The sequence data are available from the European

Nucleotide Archive (http://www.ebi.ac.uk/ena/) under

study PRJEB19870 and PRJEB21700. Corresponding

metadata are provided in Tables S2 and S3. All data gen-

erated or analysed during this study are included in this

published article and its supplementary information files.

Results

Rare fungi distinguish foliar from endophyllous

assemblages

To assess the impact of the host plant on composition of the

initial litter decomposing community, we compared foliar

and leaf-endophytic fungal assemblages, which are pre-

sumably separated by the host’s defence response. In the

falling autumn leaves, we found 119 fungi; i.e. fungal

OTUs, which represent clusters of highly similar barcoding

sequences. Seventy-two of these fungi also occurred inside

the leaves; i.e. as endophytes (Fig. 2a). The 47 fungi not

detected inside leaves accounted for\ 2% of the total

foliar fungal assemblage (Fig. 2b) and were three times

less frequent than fungi co-occurring endophytically

(Fig. 2c). The 31 fungi detected exclusively in surface-

sterilized, but not in untreated leaves occurred at similarly

low abundance and frequency, indicating a technical bias

due to undersampling. Only half (58%) of the endophytic

Fungal Diversity (2018) 89:237–251 241

123

http://www.ebi.ac.uk/ena/


fungi, however, were also detected at the same plot in the

untreated foliar samples at the time of sampling (Fig. S5).

The proportion of endophytic fungi with foliar occurrence

at a certain plot increased significantly to 75 and 88%,

when calculated in relation to the entirety of fungi found in

all foliar samples from the corresponding region or the

whole sampling area (i.e. Germany), respectively. All these

trends were similar when the original dataset was analysed

(Figs. S4, S6).

Assemblages of fungi (i.e. Operational Taxonomic

Units, OTUs) were statistically indistinguishable between

the foliar and endophyllous habitats (Fig. 3a, b) according

to OTU occurrence (ANOSIM R = -0.011, P = 0.657)

and abundance (R = 0.002, P = 0.397). Species richness

and diversity were also statistically indistinguishable, but

endophytic assemblages were more even than the corre-

sponding foliar assemblages at the same plot (Fig. 3c–e).

Considering the original dataset (i.e. all obtained sequence

reads), foliar and endophytic assemblages differed signifi-

cantly according to species richness and similarity of fun-

gal composition (Fig. S7a–e).

Fungi occurring inside autumn leaves are more

active in 1-year-old litter than indigenous litter fungi

Occurrence and contribution to the communities (relative

abundance) was comparatively analysed for fungi in living

and decaying leaves to estimate fungal turnover rates

between the two habitats. Species overlaps were more

pronounced according to the original dataset (Fig. S8a–d),

but only presented for the trimmed dataset in the following:

One-third (i.e. 46 out of 121) of the fungi inside autumn

leaves also occurred in 1-year-old litter (Fig. 4a). A fifth of

the 240 litter fungi were accordingly capable of colonizing

the interior of living autumn leaves. The 46 litter fungi with

endophytic occurrence in 2014 and/or 2015 accounted

together for 42% of the fungal community in 1-year-old

litter, even though they represented only 19% of the fungal

OTUs. Five times more fungi were restricted to litter, i.e.

presumably represent litter- or soil-indigenous fungi, but

contributed only 58% to the fungal abundance in the

community. The 47 litter fungi restricted to the leaf surface

in 2014 accounted for\ 6% of the litter community.

To exclude the possibility that the formerly endophytic

fungi were merely present as inactive stages in the 1-year-

old litter, we targeted the barcoding region in the short-

lived precursor rRNA in addition. This approach revealed

36 of the fungi with endophytic occurrence to be physio-

logically active in 1-year-old litter (Fig. 4c). They only

represented 16% of the active fungi there, but their average

activity clearly exceeded that of the other fungi in litter

(Fig. 4d). Fungi detected endophytically in both years

contributed on average[ 4 times more to the overall

fungal activity in litter than litter-indigenous fungi

(Fig. 4d). Litter fungi detected as endophytes only in the

year of litter sampling (i.e. 2015) were slightly more active

in the litter than fungi occurring only as endophytes in the

year before (i.e. 2014, Fig. 4d). Their activities were

intermediate between soil-indigenous and fungi with

recurring endophytic stage. Litter fungi with non-endo-

phytic foliar occurrence contributed to the active
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community in litter as little as litter-indigenous fungi; i.e.

0.1% on average.

Fungi with endophytic occurrence are well

embedded into the litter community

Despite the large number of fungi shared between autumn

leaves and decaying litter, composition of the fungal

communities colonizing 1-year-old litter in 2015 was

clearly distinct from all phyllosphere assemblages (Fig. 3a,

b). The litter communities were more diverse and richer in

fungi and these were more evenly distributed than in the

phyllosphere (Figs. 3c–f, S7c–f).

Co-occurrence networks revealed that fungal assem-

blages in leaves and litter are fundamentally differently

structured: connections among fungi in the litter commu-

nity exceeded those in the endophytic assemblages by 3.6

times (Fig. 5). Only in the litter community, were fungi

with endophytic occurrence well connected among each

other. The network clustering coefficients indicated that

fungi with endophytic occurrence were consistently at least

as well integrated into the litter community as fungi

restricted to litter (Fig. 6). Integrating over all 22 plots,
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fungi with endophytic occurrence in one year were even

significantly and slightly better embedded in the litter

community than fungi restricted to litter (Kruskal–Wallis

P\ 0.05).

Detection of litter fungi inside autumn leaves

increased along spatial scales

We ascribed the unexpectedly strong connection between

leaf- and litter-inhabiting fungi to the extensive study area

spanning three distant regions across Germany. To test this

hypothesis, we analysed the distribution patterns across

different spatial scales by assessing the contribution of

fungi detected in falling leaves in autumn 2014 to the

1-year-old litter community in autumn 2015. Fungi

detected just locally as endophytes contributed only to a

limited degree to the litter community at the same plot,

concerning fungal richness, abundance and activity

(Figs. 7a–c, S9). This contribution increased more than 6, 3

and 19 times, respectively, when all fungi detected as

endophytes in the corresponding region were defined as

litter fungi with endophytic occurrence. Only by classify-

ing all fungi as endophytic which occurred as such at any

plot in the study area, previously endophytic fungi con-

tributed as extensively to the litter community as detailed

above (Fig. 3).

This indicated an interdependency of the fungal

assemblages in leaves and communities in litter across

larger spatial scales and accordingly a similar susceptibility

to habitat conditions. Neither the fungal assemblages pre-

sent in autumn leaves nor the active communities in litter

were indeed influenced by forest management (ANOSIM

R\ 0.136, P[ 0.143; Table S1). Only a weak impact of

forest management on the communities present in litter was

observed (ANOSIM R = 0.248, P = 0.041). Among

regions, the litter communities differed much stronger in

composition (ANOSIM R[ 0.832, P\ 0.0001) than fun-

gal assemblages associated with autumn leaves did

(R = 0.324, P = 0.007; Fig. 7d). Litter communities dif-

fered even among plots within regions (R[ 0.402,
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P\ 0.0001), while the corresponding endophytic assem-

blages were regionally indistinguishable (R = 0. 051

P = 0.088).

Discussion

Methodological constraints

Massive multiplexing of samples for metabarcoding is

known to be prone to assignment of sequences to wrong

samples due to ‘‘tag switching’’, i.e. swapping of the

sequences (i.e. tag and/or index sequences) which are

introduced to designate samples (Carlsen et al. 2012; Sinha

et al. 2017). To eliminate artefacts due to this tag switch-

ing, we applied an abundance threshold for accepting the

presence of each OTU in each sample. Multiple lines of

evidence (Supplementary File S1) indicate that tag

switching effects are no longer relevant in the resulting

trimmed dataset. However, the approach also eliminated

140 rare OTUs from the dataset. Because these OTUs were

actually detected, the elimination was not restricted to false

positive detections. This is also indicated by the correlation

between read and OTU counts turning negative for some

categories (Figs. S2, S3). This suggests a data processing

artefact, because it is biologically implausible to detect

fewer species (OTUs) by the expanding sampling effort

(sequencing depth). This applies in particular if the sam-

pling density is too low, as for the foliar communities

(Fig. S3). Furthermore, the detected OTU richness in litter

approached saturation according to the original dataset but

still increased nearly linear according to the trimmed

dataset (Figs. 3, S7). While OTU turnover between habitats

was supported by both, the original and the trimmed

dataset, it was generally more pronounced according to the

original data (Figs. 2, 4, S4, S8). These results indicate that

the magnitude of overlap between habitats is probably

intermediate between those indicated by the corresponding

original and trimmed datasets. We therefore regard the
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following discussion, which is based on the latter, as a

conservative scenario.

Methodological biases are probably not the only reason

to consider the discussed results as conservative. OTU

turnover between foliar (Figs. S5, S6) and between endo-

phytic assemblages and litter communities (Figs. 7, S9)

consistently increased with the spatial scale considered. We

therefore predict that an even more extensive sampling

than already applied would reveal higher fungal turnover

rates between the habitats; but the exact magnitude remains

to be quantified.

Overlap of phyllosphere mycobiomes and fungal

litter communities

At the time of budburst, leaves are virtually free of endo-

phytes (Toti et al. 1993; Scholtysik et al. 2013) and dis-

tribution of the endophytes occurring later is highly

localized within leaves (Espinosa-Garcia and Langenheim

1990; Lodge et al. 1996; Kinkel 1997; Duong et al. 2006;

Johnston et al. 2006). This indicates that the majority of

leaf-endophytes do not invade the leaves by extension from

perennial (woody) organs. Fungi occurring endophytically

are therefore supposed to predominantly invade leaves

from the leaf surface (Cabral et al. 1993; Viret et al. 1994;

Santamaria and Bayman 2005), and consequently occur

first as epiphytes (Fig. 1). Differences between cultivat-

able epi- and endophytic assemblages (Santamaria and

Bayman 2005; Osono 2008; Flessa and Rambold 2013;

Zambell and White 2015) indicate that only part of the

epiphytic fungi invades the leaves. This supports the idea

that plants actively filter invading fungi (Vacher et al.

2016) and explain why plants growing at the same location

harbour different microbiomes (Espinosa-Garcia and Lan-

genheim 1990; Peršoh 2013). By the cultivation-indepen-

dent approach we found that only rare and infrequent

epiphytic fungi were restricted to the leaf surface, consid-

ering the whole extensive study area (Fig. 2a–c). This

indicates the host plant only weakly filters invading fungi

in autumn, which may be ascribed to decreasing defence

capabilities in aging leaves (Balázs et al. 1973; Iwasa et al.

1996). These differences may be caused by methodological

imbalances, such as cultivation biases, or biologically, such

as by seasonal changes in leaf physiology. Identifying the

actual cause will require assessment of the dynamics of

leaf-endophytes throughout the growing season.

Endophytic fungi are supposed to rapidly sporulate and

re-infect living leaves after leaf fall (Osono 2006). How-

ever, they have long been suspected to be involved in the

decomposition of leaf litter (Hudson 1968; Promputtha

et al. 2002, 2007, 2010; Suryanarayanan 2013; Saikkonen

et al. 2015; Szink et al. 2016; Promputtha et al. 2017). On

the other hand, soil fungi have been found earlier to con-

stitute a major component of the endophytic fungal

assemblage (Promputtha et al. 2007; Peršoh 2013). The

close connection of both habitats is supported by the

finding that a considerable proportion of endophytic fungi

persists in litter for 1 year (Fig. 4a, b). This raises the

question if there is a difference between endophytic fungi

persisting in litter and litter fungi with transient endophytic

occurrence. Colonizing the insides of leaves at the time of

leaf-fall appears to be advantageous for the fungi in 1-year-
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old litter, because fungi with endophytic occurrence were

more active in the litter than indigenous litter fungi without

endophytic occurrence (Fig. 4c, d). While their activity

inside the living leaves remains to be studied, endophytic

fungi in general formed only unstructured loose assem-

blages there (Fig. 5). By contrast, litter fungi formed a

strongly interconnected network with formerly endophytic

fungi well integrated into the litter communities (Figs. 5,

6). Litter therefore appears to be their primary habitat and

their occurrence in living leaves just a transient stage. The

manifold interactions of endophytic fungi with plant hosts

(for reviews see Hyde and Soytong 2008; Porras-Alfaro

and Bayman 2011; Debbab et al. 2012; Hamilton et al.

2012; Hardoim et al. 2015; Berg et al. 2016; Vacher et al.

2016) are therefore probably mostly ascribable to fungal

individuals and not to fungal communities.

Previous studies suggested a lower overlap between

fungi of leaves and litter and faster species turnover during

early decomposition (Müller et al. 2001; Osono 2006;

Vorı́šková and Baldrian 2013; Szink et al. 2016). These

studies were mostly locally restricted, and agree largely

with the conditions we observed for single plots. Fungi

detected inside falling leaves at a certain plot contributed

little to the corresponding local litter community, while

those occurring anywhere in the study area as endophytes

contributed considerably to each local litter community

(Fig. 7a–c). As it appears implausible that the capability of

litter fungi to invade living leaves is locally restricted, only

a fraction of the transient endophytic occurrences was

obviously detected at the time of sampling in a certain

location. The species accumulation curves (Figs. 3, S7)

indicate that compositional heterogeneity of endophytic

fungal assemblages (Cordier et al. 2012a; Izuno et al. 2016)

renders an undersampling at the local scale likely; even at

the applied extensive sampling scale. In addition, the rapid

changes in composition of endophytic assemblages

(Suryanarayanan and Thennarasan 2004; Peršoh 2013) may

have been only detected by sampling plots with different

(micro)climatic conditions, thus representing different

compositional stages of the phyllosphere microbiome at the

sampling time. Leaves falling at a certain location and time

may accordingly not include the entire spectrum of tran-

sient endophytic stages of the year’s litter fungi (Fig. 4a).

Only litter accumulating over the leaf-falling period (Bray

and Gorham 1964) may harbour the whole diversity of

fungi assembling together with indigenous litter fungi into

a locally structured litter community (Figs. 4a, c, 7d). This

transition from endophytic assemblages to litter commu-

nities obviously involves rapid changes in the abundances

of individual species (Vorı́šková and Baldrian 2013).

Future analyses on this transition phase may provide

valuable insights into the assembly of litter fungal

communities and thus into the globally important decom-

position process.

In this study, we compared for the first time fungal

assemblages in falling and decaying leaves across exten-

sive spatial and temporal scales. Fungal assemblages col-

onizing the phyllosphere were weakly structured,

suggesting that the phyllosphere is colonized by a loose

assemblage of fungi, which contribute to a well-structured

community in decaying leaf litter. Assuming that the

findings are generalizable for other tree species and

developmental stages of leaves, this challenges our current

understandings of the ecology of horizontally transmitted

endophytic fungi and of litter decomposition processes. At

the time of leaf-fall, endophytic fungi persisting in litter for

less than 1 year represented only one part of the foliar

microbiome (Fig. 4a). The other part became integrated

into the litter community, indicating that they play a major

role in early litter decomposition. It was shown that the

initial decomposer community sustainably influences the

assembly of successive decomposer communities and the

decomposition process via priority effects (Cline and Zak

2015; Szink et al. 2016). Predictions of decomposition

processes (Braakhekke et al. 2013) may therefore be

refined by considering factors affecting composition of the

endophytic assemblage during the leaf-falling period.

Accounting for the immense spatiotemporal heterogeneity

of leaf-endophytic fungal assemblages throughout the leaf-

falling period (Fig. 7a–c) will be the major challenge for

future experimental studies and modelling approaches.

Conclusion

A crucial function of the microbiome inside beech-leaves is

apparently realized in dead leaves detached from the

macroorganism. Decomposer communities originating

from different tree individuals and species become inter-

mixed on the forest floor. This renders delimitation of

holobiont microbiomes aboveground as difficult as

belowground. The close connection of plant individuals by

their associated microbiomes challenges feasibility of the

‘plant holobiont’ concept in ecological field studies. Its

striking relevance for nutrient (re)cycling, however, sug-

gests an important role in ecology and evolution, i.e. in the

adaptation of plants to changing environments (Zilber-

Rosenberg and Rosenberg 2008).
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Coince A, Caël O, Bach C, Lengellé J, Cruaud C, Gavory F, Morin E,
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