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Abstract

Grapevines (Vitis vinifera) are colonized by ubiquitous microorganisms known as endophytes, which may have advanta-
geous or neutral effects without causing disease symptoms. Certain endophytes are uncultivable, so culture-independent
approaches such as next generation sequencing (NGS) can help for a better understanding of their ecology and distribution.
To date, there are no studies which directly link NGS results with taxa derived from a culturing approach, integrating
morphological and multi-gene phylogenetic analysis of endophytes. In this study, a culture-dependent and high-resolution
culture-independent approach (next generation sequencing) were used to identify endophytes in grapevine stems. In the
culture-dependent approach, a total of 94 isolates were recovered from 84 of 144 healthy grapevine stem fragments
(colonization rate = 58.3%). The study is unique as we used subsets of combined multi-gene regions to identify the
endophytes to species level. Based on each multi-gene phylogenetic analysis, 28 species belong to 19 genera (Acremonium,
Alternaria, Arthrinium, Ascorhizoctonia, Aspergillus, Aureobasidium, Bipolaris, Botryosphaeria, Botrytis, Chaetomium,
Cladosporium, Curvularia, Hypoxylon, Lasiodiplodia, Mycosphaerella, Nigrospora, Penicillium, Phoma, Scopulariopsis)
were identified. A higher number of culturable fungi were obtained from 13 year-old vines, followed by eight and three year-
old vines. In the culture-independent approach, a fungal richness of 59 operational taxonomic units (OTU) was detected,
being highest in 13 year-old grapevines, followed by eight and three years. Even though the cultivation approach detected
lower fungal richness, the results related to stem are consistent for fungal community composition and richness. Comparison
of the fungal taxa identified by the two approaches resulted in an overlap of 53% of the fungal genera. Due to interspecific
variability of the sequences from NGS, in many cases the OTUs (even with the highly abundant ones) were only assignable
to order, family or genus level. Incorporating multi-gene phylogenies we successfully identified many of the NGS derived
OTUs with poor taxonomic information in reference databases to the genus or species levels. Hence, this study signifies the
importance of applying both culture-dependent and culture-independent approaches to study the fungal endophytic com-
munity composition in Vitis vinifera. This principle could also be applied to other host species and ecosystem level studies.
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Endophytes are microorganisms that reside asymptomati-
cally within interior tissues of living plants for all or part of
their life cycle without damaging the host plant (Navarro-
Meléndez and Heil 2014; Zhou et al. 2015). Fungal
endophytes have been found in all plant species studied in
the plant kingdom (Hyde and Soytong 2008; Sanchez et al.
2010; Tejesvi et al. 2010; Garcia et al. 2013; Bonfim et al.
2016; Busby et al. 2016), and have been associated with
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lichens (Li et al. 2007; Chagnon et al. 2016; Muggia et al.
2017) and sea grasses (Supaphon et al. 2017). The biodi-
versity of endophytes in a plant can be significant; in cer-
tain species, more than 100 endophytic taxa have been
discovered (Tan and Zou 2001; Stone et al. 2004). Over the
last three decades, endophytic fungi have fascinated tax-
onomists, mycologists, ecologists (Promputtha et al.
2007, 2010; Purahong and Hyde 2011), chemists and
evolutionary biologists (Garo€ et al. 2012).

Vitis vinifera L. is an extensively grown, highly
important crop and naturally hosts a reservoir of microor-
ganisms. Therefore, a complete survey of the grapevine
endophytes under natural conditions is of upmost impor-
tance, as grape production and quality can be affected by
the vineyard’s active microbial community (Pinto et al.
2014; Busby et al. 2016). Recent studies have shed some
light upon the bacterial endophytic communities in
grapevines (Bulgari et al. 2011; Compant et al. 2011;
Andreolli et al. 2016; Lopez-Fernandez et al. 2017), while
investigations on fungal endophytic communities have
been rare and often limited to culture-dependent approach
(Compant et al. 2011; Gonzalez and Tello 2011; Camp-
isano 2012; Morgan et al. 2017). However, knowledge of
the diversity, distribution or influence of endophytic fungi
in the development or prevention of certain fungal diseases
is still incomplete and the majority of studies have involved
European grapevines (Bruez et al. 2016; Rondot and
Reineke 2016; Varanda et al. 2016).

Although fungal endophyte research has received con-
siderable attention, their ecology and community compo-
sition are poorly characterized, due to methodological
limitations. Endophytic fungi have traditionally been
studied and described based on culture-dependent approach
and characterization of morphological characters in culture
(Hyde and Soytong 2008; Gonzélez and Tello 2011; Busby
et al. 2016). This approach is still used worldwide (Ghimire
et al. 2011; Gonzalez and Tello 2011; Ko et al. 2011;
Rocha et al. 2011; Heinonsalo et al. 2016; Bhattacharyya
et al. 2017; Mahmoud et al. 2017; Morgan et al. 2017), but
the results must be considered with some caution, since it is
a selective method and subject to factors including surface
sterilization techniques, culturing media, incubation con-
ditions, and ability of some fungi to sporulate in culture
(Clay et al. 2016; Steinrucken et al. 2016). Many factors
such as sampling site, tissue specificity, plant age, physi-
ology or associated vegetation can influence the composi-
tion of endophytic communities (Martin-Garcia et al. 2011;
Vivas et al. 2015; Donayre et al. 2014; Wicaksono et al.
2015; Christian et al. 2016; Yadav et al. 2016; Dastogeer
et al. 2017). The fungal endophyte colonization frequency
vary with the age of the host (Arnold and Lutzoni 2007,
Goveas et al. 2011; Park et al. 2012; Gupta and Chaturvedi
2017). Nascimento et al. (2015) reported that the rates of
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endophyte colonization varies with the plant age/develop-
ment. Several other studies also found that endophyte
colonization varied with the plant age (Osono and Mori
2005; Olejniczak and Lembicz 2007; Gupta and Cha-
turvedi 2017; Fuchs et al. 2017; Liu et al. 2017b).

Endophyte research could benefit from advances in
molecular techniques that infer the genetic structure of
cultures and the taxonomic composition of endophyte
communities. In this sense, multi-locus genetic analyses of
isolates are much-needed to obtain consistent information
from evolutionary and ecologically determinant loci (Cai
et al. 2009; Hyde et al. 2014, 2016; Ariyawansa et al. 2015;
Liu et al. 2015). Even though a culture-dependent approach
may contain biases, it provides reliable morphological and
molecular taxonomic information of fungal endophytes
(Ko et al. 2011).

Recently, meta-barcoding approaches have become
important tools for assessment of the mycobiomes (Setati
et al. 2015; Deagle et al. 2017; Lobo et al. 2017). The use
of whole plant tissues for DNA extraction and molecular
analysis of the fungal barcode is an alternative tool for the
study of endophytic fungi (Duong et al. 2006; McKinnon
2016; Tejesvi et al. 2016; Liu et al. 2017a; Ruiz-Pérez and
Zambrano 2017). These culture-independent approaches
have been used to investigate the genetic diversity and
population structure of endophytes, especially for those
taxa that do not grow on standard media (Bullington and
Larkin 2015; Ting et al. 2015; David et al. 2017; Purahong
et al. 2018). Liicking and Moncada (2017) suggested that
bulk of new fungal taxa is revealed through environmental
high throughput sequencing with an astounding extent of
information. However, these techniques have serious lim-
itations in identifying the majority of unknown taxa into
species level and obtaining correct names, since many
sequences deposited in GenBank are associated with
erroneous taxon names and many species groups cannot be
discriminated by using ITS or other portions of the rDNA,
in particular in the Ascomycota. Another fact is that many
fungi have not been sequenced (Cai et al. 2009; Crouch
et al. 2009; Nilsson et al. 2012, 2015).

NGS are mainly based on ITS regions, the fungal DNA
barcode (Schoch et al. 2012), but using short fragments
such as the ITS2 fragment. Such short sequences or even
the whole sequences of ITS do not give the reliable
sequence alignments to derive a phylogenetic tree at the
species level. Furthermore due to their high inter- and
intra-specific variability the taxonomic assignments at the
generally agreed threshold of 97% similarity are not con-
sistent for species level identification (Nilsson et al. 2008).
Thus, the fungal taxonomic results derived from NGS are
probably reasonable only to the genus level. Thus, they are
usually reported at the genus level or even higher taxo-
nomic levels such as family or order (Ovaskainen et al.
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2010; Purahong et al. 2017a). To date there are no studies
that directly link the NGS based fungal OTUs to the cul-
ture-dependent morphologically and molecularly (incor-
porating phylogenetic analysis using multiple genes)
identified fungal species that are derived from the same
sample.

The present study focused on (i) the comparison of a
culture-dependent approach (culturing applying identifica-
tion using morphological and phylogenetic analysis of
multiple genes based identification), versus a culture-in-
dependent approach (meta-barcoding of the fungal ITS
rDNA barcode) for characterization of diversity and com-
munity composition of fungal endophytes associated with
stems of grapevines (Vitis vinifera cv. Summerblack) with
different ages (3, 8 and 13 years old), (ii) assessing the
shared community between two approaches detected from
the same grapevine stem and (iii) revealing the potential
functions of the endophytic fungal communities inhabiting
the grapevine stem. For a better comparison, the same plant
organ (stems of grapevines) located in the same vineyard
was investigated. We hypothesized that (i) diverse fungal
endophytes inhabit stems of grapevines and that the dif-
ferent approaches will reveal different fungal communities
implying a higher diversity from the culture-independent
approach as compared to culture-dependent approach, (ii)
fungal endophytic communities are influenced by the age
of grapevine plants and (iii) frequent taxa should be
detected with both culture-dependent and culture-inde-
pendent approaches.

Material and methods
Site description and sampling strategy

Samples were collected during summer of 2015 from a
vineyard in Beijing, which comprised three age levels of
grapevines (3, 8 and 13 years old Vitis vinifera cv. Mid-
night beauty). Growers spray a fungicide with pyra-
clostrobin and lime sulphur for four-to-five times a year.
The cultivation style is ‘rain-shelter cultivation’. This
region has a temperate and continental monsoon climate,
with a mean annual temperature of 26 °C. Mean annual
precipitation ranges from 550 to 960 mm of which more
than 45% usually falls in August (China Agriculture
Yearbook 2014). Asymptomatic grape samples from four
stems (or trunks; two inner and two outer parts) were
collected from one grapevine. Three healthy grapevines
(without any disease symptom) for each age level (3, 8 and
13 years) were selected as replicates and processed within
24 h for fungal endophyte isolation. The remaining sam-
ples from these three grapevines per age were subsampled,

pooled and homogenized for culture-independent myco-
biome analysis through paired-end Illumina sequencing.

Culture-dependent approach
Isolation and identification of endophytic fungi

Following pilot tests, the optimum conditions for surface
sterilization were established (Kaewkla and Franco 2016).
Samples were cut into 0.5 x 0.5 cm?® sections. Under
sterile conditions, tissue segments were surface disinfected
in 70% ethanol for 1 min, 1.5% sodium hypochlorite
solution for 1 min and three times in sterile-distilled water.
To test the efficacy of this method, random surface-disin-
fected samples were repeatedly imprinted on PDA petri
dishes, followed by incubation for two weeks at 20 °C to
confirm the absence of epiphytes. After disinfection, sam-
ples were placed on PDA with the vascular vessels facing
the medium. The plates were incubated for 7-15 days at
20 °C, and all morphologically different colonies were
isolated. Fungal isolates were selected and grouped toge-
ther as morphotypes (Lacap et al. 2003), according to the
morphological characters such as the spore production,
spore length and morphology, aerial mycelium colour,
texture and form, exudates and growth rate.

DNA isolation and PCR

Fungal material for DNA extraction was harvested from 1
to 2 weeks-old cultures grown on potato dextrose agar
(PDA) by scraping the mycelium. Specific gene regions
were amplified with particular primers, i.e. ITS1 and ITS4
to amplify the internal transcribed spacers (ITS) (White
et al. 1990), LROR and LR5 to amplify the large subunit
rDNA (LSU) (Vilgalys and Hester 1990), NS1 and NS4 to
amplify region of nuclear small subunit rDNA (SSU)
(White et al. 1990), a fragment of translation elongation
factor 1-a (TEF) was amplified using EF-728F and EF-
986R (Carbone and Kohn 1999), GPD1 and GPD2 to
amplify  glyceraldehyde 3-phosphate dehydrogenase
(GPDH) (Berbee et al. 1999), RPB2-5F and RPB2-7¢cR to
amplify RNA polymerase second largest subunit (RPB2)
(Sung et al. 2007), HSP60for+ and HSP60rev+ to amplify
heat shock protein (HSP60) (Staats et al. 2005), BT2A and
BT2B to amplify - tubulin (TUB) (Glass and Donaldson
1995), ACT-512F and ACT783R to amplify partial actin
gene (ACT) (Carbone and Kohn 1999). The amplification
reactions were performed in 25 pl final volumes and con-
sisted of TaKaRa Ex-Taq DNA polymerase 0.3 pl, 12.5 pl
of 2x PCR buffer with 2.5 pl of dNTPs, 1 pl of each
primer, 9.2 pl of double-distilled water and 100-500 ng of
DNA template. PCR products were checked on 1% agarose
electrophoresis gels stained with ethidium bromide. PCR
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Fig. 1 Distribution of species of
the culture-dependent method in
class level

Table 1 The community
composition of endophytic
fungi in stems of Vitis vinifera,
isolated from culture-dependent
approach

products were Sanger sequenced by Sunbiotech Company,

Beijing, China.
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.. Sordariomycetes
A Dothideomycetes
= Eurotiomycetes
% Leotiomycetes

&8 Pezizomycetes

Genus Species No. of isolates Relative abundance (%)
Acremonium Acremonium alternatum 2 2.1
Alternaria Alternaria alternata 27 28.7
Arthrinium Arthrinium rasikravindrii 2 2.1
Ascorhizoctonia Ascorhizoctonia sp. 2 2.2
Aspergillus Aspergillus pseudoglaucus 4 4.2
Aspergillus pseudodeflectus 4 4.2
Aspergillus japonicus 1 1.1
Aspergillus niger 1 1.1
Aureobasidium Aureobasidium pullulans 3 32
Bipolaris Bipolaris sorokiniana 3 32
Botryosphaeria Botryosphaeria dothidea 5 5.3
Botrytis Botrytis cinera 2 2.1
Chaetomium Chaetomium globosum 3 32
Cladosporium Cladosporium cladosporioides 4 4.2
Cladosporium ramotenellum 4 4.2
Cladosporium silenes 1 1.1
Cladosporium sphaerospermum 4 4.2
Cladosporium tenellum 3 32
Cladosporium tenuissimum 4 4.2
Curvularia Curvularia americana 4 4.2
Hypoxylon Hypoxylon lateripigmentum 1 1.1
Lasiodiplodia Lasiodiplodia theobrpmae 1 1.1
Mpycosphaerella Mpycosphaerella graminicola 1 1.1
Nigrospora Nigrospora oryzae 1 1.1
Nigrospora sphaerica 1 1.1
Penicillium Penicillium digitatum 2 2.1
Phoma Phoma herbarum 3 32
Scopulariopsis Scopulariopsis brevicaulis 1 1.1

Sequence alignment and phylogenetic analyses

A BLAST search with the ITS sequence data was used to
reveal the closest matching taxa of endophytes. After they
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Fig. 2 Alternaria alternata. a, b Colonies on PDA (14 days old) from
surface and reverse, ¢ Conidia attached to conidiophore, d—i conidia.
Scale bars: ¢—i = 20 pm. Phylogenetic tree inferred from maximum
likelihood (ML) and Bayesian inference (BI) using combined ITS,
LSU, GPDH, EF and RPB2 sequence data of the genus Alternaria.

were identified in to genus level, other necessary gene
regions were sequenced for particular genera. The
sequences obtained in this study were aligned with
sequences retrieved from GenBank using MAFFT (http:/
www.ebi.ac.uk/Tools/msa/mafft/) (Katoh and Toh 2010)
and were manually optimized with BioEdit (Hall 2006). All
available type sequences of each genus were included in a
preliminary phylogenetic analysis and phylogenetically
closely related species were selected for further analysis of
the combined gene regions. Maximum parsimony analysis
(MP) was performed using phylogenetic analysis using
PAUP (v. 4.0b10) (Swofford 2003). Ambiguously aligned
regions were excluded from all analyses and gaps were
treated as missing data. Trees were inferred using the
heuristic search option with TBR branch swapping and
1000 random sequence additions. Branches of zero length
were collapsed, and all equally most parsimonious trees
were saved. The trees were visualized with TreeView v.
1.6.6 (Page 1996).

Alternaria alternata MFLUCC 17-0172
Alternaria alternata MFLUCC 17-0185
Alternaria alternata MFLUCC 17-0143
Alternaria alternata MFLUCC 17-0149
Alternaria alternata MFLUCC 17-0184
Alternaria alternata MFLUCC 17-0159
Alternaria alternata MFLUCC 17-0176
Alternaria alternata MFLUCC 17-0186
Alternaria alternata MFLUCC 17-0175
Alternaria alternata EGS 34-016
90 | Alternaria sp. CBS 174.52
Alternaria limoniasperae EGS 45-100
Alternaria daucifolii CBS 118812
[ Alternaria arborescens EGS 39-128
Alternaria tenuissima EGS 34-015
— Alternaria gaisen CBS 632.93
Alternaria sp. CBS 108.27
100 Alternaria burnsii CBS 108.27
Alternaria tomato CBS 103.30
Alternaria jacinthicola CBS 133751
100 Alternaria eichhorniae ATCC 22255
Alternaria iridiaustralis CBS 118486
Alternaria gossypina CBS 100.23
Alternaria alstroemeriae CBS 118808
— Alternaria longipes EGS 30-033
Alternaria sp. CBS 115267
191 Atternaria perpunctulata CBS 115267
Alternaria alternantherae CBS 124392
Alternaria macrospora CBS 117228
Alternaria tagetica CBS 479.81
Alternaria porri EGS48-147
Alternaria solani CBS 116651
Alternaria dauci CBS 117097
Alternaria pseudorostrata EGS 42-060
Alternaria nobilis CBS 116490
90 Alternaria saponariae CBS 116492
Alternaria gypsophilae CBS 107.41
Alternaria juxtiseptata CBS 119673
Alternaria vaccariicola CBS 118714
Alternaria radicina CBS 245.67
Alternaria carotiincultae CBS 109381
|: Alternaria cinerariae CBS 116495
Alternaria sonchi CBS 119675
Alternaria brassicicola ATCC 96836
Ulocladium arborescens CBS 115269
0.1

95

100

Only the topology generated from the ML analysis is shown. ML
values greater than the 90% are indicated. Bayesian Posterior
Probability greater than 0.90 are indicated with thick branch. Taxa
isolated in this study are in blue

For the Bayesian analyses, the models of evolution were
estimated using MrModeltest v. 2.3 (Nylander 2004).
Posterior probabilities (PP) were determined by Bayesian
Markov Chain Monte Carlo (BMCMC) sampling in
MrBayes 3.0b4 (Ronquist and Huelsenbeck 2003), using
the estimated model of evolution. Six simultaneous Mar-
kov chains were run for 1,000,000 generations, and trees
were sampled every 100th generation (resulting in 10,000
total trees). The first 2000 trees, which represented the
burn-in phase of the analyses, were discarded and the
remaining 8000 trees were used to calculate PP in the
majority-rule consensus tree. The sequences used for
phylogenetic analysis were deposited in GenBank and
provided in the Supporting Information (Table S1).
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Fig. 3 Aspergillus pseudoglaucus (a—e), Aspergillus japonicas (f-Kk),
Aspergillus niger (1-p). a, b Colonies on PDA (14 days old) from
surface and reverse, c—f conidia. g, h Colonies on PDA (14 days old)
from surface and reverse, i-m conidia. n, o Colonies on PDA
(14 days old) from surface and reverse, p—s conidia. Scale bars: c—
f =20 pm, i-m = 20 pm, p—s = 20 pm. Phylogenetic tree inferred

Culture-independent approach
Endophytic mycobiome analysis: paired-end sequencing

Total genomic DNA from homogenized stem samples was
extracted using the CTAB/SDS method. DNA concentra-
tion and purity was monitored on 1% agarose gels.
Accordingly, the DNA was diluted to 1 ng/pL using sterile
water and used as PCR template. Nuclear ribosomal
internal transcribed spacer (ITS1) region was amplified
using specific primers (ITS5-1737F and ITS2-2043R)
(Huang et al. 2016) with sample specific barcodes. All PCR
reactions were carried out with Phusion® High-Fidelity
PCR Master Mix (New England Biolabs). Thirty-five
cycles (95 °C for 45 s, 56 °C for 45 s, and 72 °C for 60 s)
were performed with a final extension at 72 °C for 7 min.
Samples with amplified products of 400-450 bp were
chosen for further analysis. These PCR products were
quantified using SYB green and all products were mixed in
equimolar ratios. The PCR product mix was then purified
with Qiagen Gel Extraction Kit (Qiagen, Germany).
Sequencing libraries were generated using TruSeq® DNA
PCR-Free Sample Preparation Kit (Illumina, USA) fol-
lowing the manufacturer’s recommendations and index
codes were added. The library quality was assessed on the
Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent
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Aspergillus pseudoglaucus MFLUCC 17-0169
Aspergillus pseudoglaucus MFLUCC 17-0151
100 | Aspergillus pseudoglaucus MFLUCC 17-0154
Aspergillus pseudoglaucus MFLUCC 17-0155
Aspergillus pseudoglaucus UFMGCB 12345
Aspergillus pseudoglaucus UH275
r Aspergillus pseudodeflectus MFLUCC 17-0198
Aspergillus pseudodefiectus F18
100 [[ASPeroilus psoudodofioctus UAMH 11858

MFLUCC 17-0197
I Aspergillus pseudodeflectus MFLUCC 17-0153
Aspergillus japonicus VIT-SB1
100} Aspergillus japonicus CBS 114.51
190 | L Aspergiltus japonicus MFLUCC 17-0160
Aspergillus homomorphus CBS 101889
90 Aspergillus oryzae NRRL 35226
Aspergillus flavus CBS 100927
LAspelgWus elipticus CBS 707.79
Aspergillus heteromorphus CBS 117.55

Aspergillus tubingensis ATCC 10550

Aspergillus tubigensis CBS 134.48

Aspergillus tubingensis CBS 115.29

Aspergillus tubingensis CBS 126.52

Aspergillus costaricaensis CBS 115574

Aspergillus piperis CBS 112811

Aspergillus foetidus CBS 564.65

Aspergillus vadensis CBS 113365

Aspergillus tubingensis CBS 116417

Aspergillus tubingensis CBS 425.65

Aspergillus niger MFLUCC 17-0163
90 | [| Aspergitlus niger ATCC 1015
Aspergillus niger ATC 16888

Aspergillus niger CBS 554.65
Aspergillus brasiliensis CBS 101740
Aspergillus lacticoffeatus CBS 101883
Aspergillus sclerotioniger CBS 115572
Aspergillus carbonarius CBS 111.26

L conoidea CBS 616.75

from maximum likelihood (ML) and Bayesian inference (BI) using
ITS sequence data of the genus Aspergillus. Only the topology
generated from the ML analysis is shown. ML values greater than the
90% are indicated. Bayesian Posterior Probability greater than 0.90
are indicated with thick branch. Taxa isolated in this study are in blue

Bioanalyzer 2100 system. At last, the library was
sequenced on an [llumina HiSeq2500 platform and 250 bp
paired-end reads were generated.

Endophytic mycobiome analysis: bioinformatic analysis

Paired-end reads were assigned to samples based on their
unique barcode and truncated by cutting off the barcode
and primer sequence. The unique barcode sequence for
each sample is provided in the Supporting Information
(Table S2). Paired-end reads were merged using FLASH
(V1.2.7, http://ccb.jhu.edu/software/FLASH/) (Mago¢ and
Salzberg 2011), and the splicing sequences were called raw
tags as described in Bokulich et al. (2013). Quality filtering
on the raw tags was performed under specific filtering
conditions to obtain the high-quality clean tags (Bokulich
et al. 2013) according to the QIIME (V1.7.0, http://qiime.
org/index.html) (Caporaso et al. 2010) quality controlled
process. The tags were compared with the reference data-
base (Unite Database, https://unite.ut.ee/) using UCHIME
algorithm (UCHIME Algorithm, http://www.drive5.com/
usearch/manual/uchime_algo.html) (Edgar et al. 2011) to
detect chimera sequences, and then the chimera sequences
were removed (Haas et al. 2011). Sequences analyses of
the clean tags were performed using the Uparse software
(Uparse v7.0.1001, http://driveS.com/uparse/) (Edgar
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2013). Sequences with > 97% similarity were assigned to
the same OTUs. Representative sequences of each OTU
were screened for further annotation. Taxonomic assign-
ment of the representative sequences was done against the
Unite Database (https://unite.ut.ee/) (Koljalg et al. 2013)
using the Blast algorithm. OTUs abundance was normal-
ized to the sample with the least sequences (55, 822).
Singletons were removed from the dataset. All subsequent
analyses were performed based on this normalized dataset.
Raw Illumina reads were submitted to the Sequence Read
Archive (SRA) of National Center for Biotechnology
Information (NCBI) wunder the BioProject number
PRINA433252.

Comparison of the NGS and culture based endophytes

Similarity of the endophyte community derived from the
NGS analysis with that of the culture-based approach was
done using the CD-HIT-EST-2D algorithm (http://weiz
hong-lab.ucsd.edu/cd-hit/) to compare ITS2 sequence
similarity between two datasets using a 90% similarity to
see the genus level similarity of the two databases followed
by a manual BLAST based identification of the respective

Fig. 4 Botryosphaeria dothidea. a, b Colonies on PDA (14 days old)
from surface and reverse, c—e conidia. Scale bars: c—e = 20 pum.
Phylogenetic tree inferred from maximum likelihood (ML) and
Bayesian inference (BI) using combined ITS and TEF sequence data

OTUs. Functional group assignment of each OTU was
done using the FUNGuild data base to (Nguyen et al. 2016;
https://github.com/UMNFuN/FUNGuild).

Statistical analysis

All statistical analyses were performed using PAST
(Hammer et al. 2001). To visualize the endophytic com-
munity compositions among different age levels of grape
plants derived from culture-dependent and culture-inde-
pendent approaches, we used non-metric multidimensional
scaling (NMDS) analysis based on Jaccard distance mea-
sure (presence-absence OTU matrix). The stress values
from NMDS were zero in both cases. To test for the dif-
ference in endophytic community compositions among
different age levels of grape plants we used cluster analysis
based on Jaccard (presence-absence OTU matrix) distance
measure. To assess the coverage of the sequencing depth in
mycobiome analysis, individual rarefaction analysis (with
95% confidence) was performed for each sample using the
“diversity” function.

100 -| Botryosphaeria minutispermatia GZCC 16-0014

Botryosphaeria minutispermatia GZCC 16-0013
[ Botryosphaeria auasmontanum CMW 25413
100 | Botryosphaeria sinensia CGMCC 3.17724
_| Botryosphaeria sinensia CGMCC 3.17722
Botryosphaeria dothidea MFLUCC 17-0170
Botryosphaeria dothidea MFLUCC 17-0174
Botryosphaeria dothidea MFLUCC 17-0177
Botryosphaeria dothidea MFLUCC 17-0178
Botryosphaeria dothidea MFLUCC 17-0179

920
Botryosphaeria dothidea CBS 110302

Botryosphaeria dothidea CBS 115476
100 ]' Botryosphaeria agaves CBS 133992
Botryosphaeria agaves MFLUCC 10-0051

Botryosphaeria fabicerciana CBS 127193

Botryosphaeria fabicerciana CMW 27108

166 Botryosphaeria fusispora MFLUCC 11-0507

100 — Botryosphaeria fusispora MFLUCC 10-0098

100 | Botryosphaeria corticis ATCC 22927

Botryosphaeria corticis CBS 119047

100 Botryosphaeria scharifii CBS 124703
100 | ! Botryosphaeria scharifil IRAN 1543C

Botryosphaeria ramosa CBS 122069

ina CBS 227.33
0.1

of the genus Botryosphaeria. Only the topology generated from the
ML analysis is shown. ML values greater than the 90% are indicated.
Bayesian Posterior Probability greater than 0.90 are indicated with
thick branch. Taxa isolated in this study are in blue

@ Springer


https://unite.ut.ee/
http://weizhong-lab.ucsd.edu/cd-hit/
http://weizhong-lab.ucsd.edu/cd-hit/
https://github.com/UMNFuN/FUNGuild

92

Fungal Diversity (2018) 90:85-107

Cladosporium cladosporioides CBS 112388
Cladosporium cladosporioides CJ080107
Cladosporium cladosporioides MFLUCC 17-0150
Cladosporium cladosporioides MFLUCC 17-0144
Cladosporium cladosporioides MFLUCC 17-0156
Cladosporium cladosporioides MFLUCC 17-0196

I Cladosporium cucumerinum CBS 171.52
Cladosporium angustisporum CBS 125983

I Cladosporium subuiiforme CBS 126500

100 | | Cladosporium tenuissimum MFLUCC 17-0160

Cladosporium tenuissimum MFLUCC 17-0165

Cladosporium tenuissimum MFLUCC 17-0173

Cladosporium tenuissimum MFLUCC 17-0189

Cladosporium tenuissimum CBS 125995

Cladosporium colocasiae CBS 386.64

I Cladosporium rectoides CBS 125994
Cladosporium xylophilum CBS 125997

[ Cladosporium funiculosum CBS 122120
Cladosporium pseudocladosporioides CBS 125993

Cladosporium gamsianum CBS 125989

f Gadosporium phaenocomas CBS 126769
Cladosporium australiense CBS 125984

L Cladosporium verrucocladosporioides CBS 126363

Cladosporium acalyphae CBS 125982

Cladosporium inversicolor CBS 401.80

100} Cladosporium silenes MFLUCC 17-0195

Cladosporium silenes CBS 109082

Cladosporium delicatulum CBS 126344

Cladosporium lycoperdinum CBS 574.78

Gl ECIadaspan‘um chubutense CBS 124457

Cladosporium colombiae CBS 274.80

100

Cladosporium pini ponderosae CBS 124456
Cladosporium chalastosporoides CBS 125985
100T=L Cladosporium hillianum CBS 125988
’._ Cladosporium myrtacearum CBS 126350
Cladosporium asperulatum CBS 126340
Cladosporium licheniphilum CBS 125990
Lt Cladosporium phylactiniicola CBS 126355
Cladosporium phyllophilum CBS 125992
Cladosporium iranicum CBS 126346
Cladosporium globisporum CBS 812.96
Cladosporium paracladosporioides CBS 171.54
Cladosporium exile CBS 125987
Cladosporium grevilleae CBS 114271
Cladosporium flabellforme CBS 126345
Cladosporium exasperatum CBS 125986
Cladosporium scabrellum CBS 126358
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Cladosporium macrocarpum CBS 121623
Cladosporium herbarum CBS 121621
Cladosporium herbaroides CBS 121626
Cladosporium variabile CBS121635
Cladosporium iridis CBS 138.40
Cladosporium echinulatum CBS 123191
Cladosporium phlei CBS 358.69
Cladosporium sinuosum CBS 121629
Cladosporium pseudiridis CBS 116463
Cladosporium allii CBS 10181
Cladosporium allicinum CBS 121624
Cladosporium subtilissimum CBS 113754
Cladosporium antarcticum CBS 690.92
Cladosporium subinflatum CBS 121630
Cladosporium tenellum CBS 121634
Cladosporium tenellum MFLUCC 17-0181
Cladosporium tenellum MFLUCC 17-0182
Cladosporium tenellum MFLUCC 17-0183
Cladosporium soldanellae CPC 13153
Cladosporium ossifragi CBS 842.91
Cladosporium spinulosum CBS 119907
Cladosporium arthropodii CBS 124043
Cladosporium ramotenellum MFLUCC 17-0187
Cladosporium ramotenellum CBS 121628
Cladosporium ramotenellum MFLUCC 17-0188
Cladosporium ramotenellum MFLUCC 17-0189
Cladosporium ramotenellum MFLUCC 17-0192
Cladosporium basiinflatum CBS 822.84
_[ Cladosporium psychrotolerans CBS 119412
Cladosporium langeronii CBS 189.54
“—— Cladosporium aphidis CPC 13204
Cladosporium sphaerospermum CBS 193.54
Cladosporium sphaerospermum MFLUCC 17-0193
Cladosporium sphaerospermum MFLUCC 17-0158
Cladosporium sphaerospermum MFLUCC 17-0194
Cladosporium velox CBS 119417
Cladosporium fusiforme CBS 119414
Cladosporium halotolerans EXF 572

100

[100|

100

Cladosporium dominicanum CBS 119415
Cladosporium salinae CBS 119413
Cercospora beticola CBS 116456

Fig. 5 Cladosporium  cladosporioides ~ (a—d),  Cladosporium
ramotenellum (e-h), Cladosporium silenes (i-m), Cladosporium
sphaerospermum (n-r), Cladosporium tenellum (s—v), Cladosporium
tenuissimum (W-z) a, e, i, n, s, w Colonies on PDA (14 days old) from
surface and reverse, b—d, f-h, j-m, o-r, t-v, x—z Conidia. Scale bars:
b—d, f-h, j-m, o-1, t—v, x—z = 20 pm. Phylogenetic tree inferred from

Results

Culture-dependent approach: low fungal
diversity and strong effect of grapevine age

In total, 94 isolates were recovered from 84 of the 144 stem
samples analyzed (colonization rate = 58.3%); thus, 60
stem fragments did not yield any endophytic fungi. All of
the culturable endophytic fungi recovered were ascomy-
cetes, and were distributed in five classes (Doth-
ideomycetes, Eurotiomycetes, Leotiomycetes,
Pezizomycetes and Sordariomycetes). As shown in Fig. 1,
71.2% of the isolates were assigned to Dothideomycetes, of
which Pleosporales and Capnodiales were dominant,
accounting for 55.2 and 31.3% of this group. The
remaining  Dothideomycetes isolates belonged to
Botryosphaeriales and Dothideales, accounting for 8.9 and
4.4%, respectively. There were 12.7% of isolates in Sor-
dariomycetes. Of the Sordariomycetes group, Sordariales
(27.2%) and Xylariales (27.2%) were prominent, while
18.1, 18.1, 9.0% respectively were in Hypocreales, Tri-
chosphaeriales and Microascales. A considerable fraction
of isolates (11.7%) were Eurotiomycetes with all belonging
to Eurotiales. In addition, 2.1 and 1.1% of isolates belong
to Leotiomycetes and Pezizomycetes correspond-
ingly.Based on morphology and phylogenetic analysis of
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Cladosporium perangustum CBS 125996 01

maximum likelihood (ML) and Bayesian inference (BI) using
combined ITS, TEF and ACT sequence data of the genus Cladospo-
rium. Only the topology generated from the ML analysis is shown.
ML values greater than the 90% are indicated. Bayesian Posterior
Probability greater than 0.90 are indicated with thick branch. Taxa
isolated in this study are in blue

subsets of combined ITS, LSU, SSU, TEF, GPDH, RPB2,
HSP60, TUB and ACT sequence data, the isolates obtained
from the culture-dependent method were identified as 28
species (Table 1), 9 of which were observed only once.
Alternaria alternata was the most abundant (relative
abundance = 28.7%), followed by Cladosporium (21.1%),
Aspergillus (10.6%), Botryosphaeria dothidea (5.3%),
Aureobasidium pullulans (3.2%), Bipolaris sorokiniana
(3.2%), Chaetomium globosum (3.2%) and Phoma her-
barum (3.2%). The relative abundance of the other species
were between 2.1 and 1.1% (Table 1). Fungal morphology
and phylogenetic analysis of most frequent taxa are pre-
sented in Figs. 2, 3, 4 and 5 and the other prominent taxa
are presented in Figs. 6, 7 and 8. Fungal richness of the
culture-dependent approach ranged from 23 isolates (three
year-old grapevines) to 32 isolates (13 year-old grapevi-
nes). Non-metric multidimensional scaling (NMDS) ordi-
nation and cluster analysis showed different fungal
endophytic community composition among different ages
of grapevine (Fig. 10). In three year-old stems, we detected
13 species, in eight year-old, 16 species and in 13 year-old,
17 species. The fungal endophytic community comprised
several taxa, known as plant pathogens (Table 1). As an
example, Botryosphaeria dothidea (associated with
Botryosphaeria dieback in grapevine) could be considered
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a

100

Dothidea hippophaeos AFTOL-ID 919
Stylodothis puccinioides CBS 193.58
Dothidea insculpta CBS 189.58
Dothidea insculpta MFUCC 13-0686
Dothidea sambuci AFTOL-ID 274
Coleophoma crateriformis CBS 473.69
Coleophoma oleae CBS 615.72
Cylindroseptoria ceratoniae CBS 477.69
Dothiora elliptica CBS 736.71
Dothiora cannabinae AFTOL-ID 1359
Endoconidioma populi UAMH 10902
Plowrightia abietis ATCC 24339
Rhizosphaera oudemansii thoubc
Rhizosphaera kalkhoffii ATCC 26605
Phaeocryptopus nudus CBS 268.37
Plowrightia periclymeni 178096
Sydowia polyspora AFTOL-ID 1300
Delphinella strobiligena AFTOL-ID 1257
Rhizosphaera pini thpisr
Cylindroseptoria pistaciae CBS 471.69
Pringsheimia smilacis CBS 873.71
Aureobasidium pullulans MFLUCC 17-0142
Aureobasidium pullulans AFTOL-ID 912
Aureobasidium pullulans MFLUCC 17-0166
Aureobasidium pullulans MFLUCC 17-0168
Aureobasidium proteae CPC 2826
Aureobasidium proteae CPC 2824
Aureobasidium proteae CPC 2825
Kabatiella lini CBS 125.21
Discosphaerina fagi CBS 171.93
00 | Aureobasidium leucospermi CPC 15081
Aureobasidium leucospermi CPC 15180
Selenophoma mahoniae CBS 388.92
Kabatiella microsticta CBS 114.64
Kabatiella caulivora CBS 242.64
Pseudoseptoria collariana CBS 135104
Pseudoseptoria obscura CBS 135103
Selenophoma linicola CBS 468.48
Sydowia eucalypti CPC 14028
Sydowia eucalypti CPC 14927

100

is CBS 124776

| 100 E Elsinoe phaseoli AFTOL-ID 1855
Elsinoe veneta AFTOL-ID 1853

Celosporium larixicola L3-1
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Curvularia borreriae CBS 859.73
Curyularia trifolii CBS 173.55
urvularia ischaemi ICMP 6172
Curvularia gladioli CBS 210.79
irvularia richardiae BRIP 4371
Curvularia gudau_sé(%su

100 - Curvularia tropicalis BRIP 14!

Bipolaris bamagaensis BRIP 14847
Bipolaris bamagaensis BRIP 13577
Bipolaris bamagaensis BRIP 15934
Bipolaris bamagaensis BRIP 10711
Bipolaris chioridis BRIP 10965

100 | — Bipolaris clavata BRIP 12530
100-] {_{ Bipolaris cynodontis CBS 109894

100

Bipolaris coffeana BRIP 14845
Bipolaris austrostipae BRIP 12490
L Bipolaris axonopicola BRIP 11740
Bipolaris sivanasaniana BRIP 15822
Bipolaris sivanasaniana BRIP 15847
100—f={ Bipolaris oryzae MFLUCC10-0715
Bipolaris panici-miliacei BRIP 12282

90 —f

°
8

100

Bipolaris simmondsii BRIP 12030
Bipolaris heveae CBS 241.92
Bipolaris microlaenae CBS 280.91

Bipolaris peregianensis BRIP 12790
Bipolaris sacchari ICMP 6227

100 4— [~ Bipolaris maydis LH1505b

100 —

Bipolaris heliconiae BRIP1 7189

Bipolaris yamadae CBS 202.29

Bipolaris salviniae BRIP 16571
Bipolaris sorokiniana MFLUCC 17-0147

100} Bipolaris sorokiniana MFLUCC 17-0145

Bipolaris sorokiniana CBS 480.74

90— Bipolaris crotonis BRIP 14838 1

Bipolaris drechsleri AR4841
:Eipolaris urochloae ATCC 58317
Bipolaris pluriseptata BRIP 14839
[ Bipolaris victoriae CBS 327.64 3
Bipolaris microstegii AR 4840
Bipolaris zeicola FIP532
Bipolaris woodii BRIP 12239
Bipolaris zeae BRIP 11512

100 Bipolaris

i BRIP 15929

100 Bipolaris shoemakeri BRIP 15806 2

Bipolaris secalis BRIP 14453
Bipolaris subramanianii BRIP 16226

100 ——
Bipolaris bicolor CBS 690.96
Bipolaris gossypina BRIP 14840
Bipolaris luttrellii BRIP 14643
“— Bipolaris cookei MAFF 511191
Curvularia lunata CBS 730.96
0.1

d

95

ularia hawaiiensis BRIP 11987
= Curvularia dactyloctenii BRIP 12846
Bipolaris buchloes CBS 246.49
urvularia srplclfera CBS 274.52
Curvularia tsudae ATCC 44764
Curvularia perotidis CBS 350.90
Curvularia ellisii CBS 193.62
- Curvularia neergaardii BRIP 12919
Bipglaris subpapendorfii CBS 656.74
Curvularia australiensis BRIP 12044
ria aeri
laria homomorpha CBS 156.60
Curvularia canca-p__ae@/ae CBS 135941
Curvularia prasadii CBS 143.64
urvularia brachyspora CBS 186.50
Curvularia chlamydospora UTHSC-07-27
urvularia pseudolunata UTHSC-09-209%
Curvularia americana MELUCC 17-0200
Curvularia americana MELUCGC 17-0202
100| Curvularia americana MELUCC 17-0201
Curvularia americana UTHSC-08-3414
Curyularia americana MFLUCC 17-0203
Ol el (R 15055
urvularia tul ul L
Curvularia oryzae CBS 169.53 |
urvilaria sesuvii Bp-zj-01
100" Bjpolaris indica
Curvularia portulacae CBS 239.48
Curvularia portulacae BRIP 14541
Bipolaris kusanoi CBS 137.29
ochliobolus nodulosus CBS 160.58
Curvularia nicotiae BRIP 11 9888 &7

Curvularia papendorfii CBS 3
malina FLS

N
1}
(%}

9.4
Curvularia Igr_am/n/cola BRIP 23186
Curvularia intermedia CBS 334.64

0.1

ia alternata EGS 34-0160

Fig. 6 Phylogenetic trees inferred from maximum likelihood (ML)
and Bayesian inference (BI). a Combined LSU, SSU and ITS
sequence data of the genus Aureobasidium, b combined ITS, GDPH,
TEF and LSU sequence data of the genus Bipolaris, ¢ combined ITS,
GDPH, TEF and LSU sequence data of the genus Curvularia,

0.1

100 | Ascochyta viciae CBS 451.68
100 {' Ascochyta fabae CBS 524.77
100 | L Ascochyta lentis CBS 370.84
Ascochyta herbicola CBS 629.97
Phomatodes aubrietiae CBS 627.97
Phoma herbarum MFLUCC 17-0199
100 Phoma herbarum MFLUCC 17-1034
100 Phoma herbarum MFLUCC 17-1035
Phoma herbarum CBS 615.75
Phoma neerlandica CBS 134.96
100 - Calophoma clematidina CBS 108.79
{ Calophoma vodakii CBS 173.53
100 Stagonosporopsis lupini CBS 101494
100 T—
Allophoma minor CBS 325.82
Epicoccum nigrum CBS 173.73
Macroventuria anomochaeta CBS 525.71
100 | Didymella aliena CBS 379.93
-L Didymella acetosellae CBS 179.97
100 HiL[— Nothophoma anigozanthi CBS 381.91
{ Nothophoma infossa CBS 123395
L— Xenodidymella asphodeli CBS 375.62

100 )L~ paraboeremia putaminum CBS 130.69

[~ Neodidymelliopsis xanthina CBS 383.68
L— Xenodidymella applanata CBS 195.36
Neoascochyta desmazieri CBS 297.69
Leptosphaeria doliolum CBS 505.75
Pyrenochaeta nobilis CBS 407.76
Paraleptosphaeria nitschkei CBS 306.51
Pleospora herbarum CBS 191.86
Pyrenochaetopsis pratorum CBS 445.81
minima CBS 524.50

Boeremia exigua var heteromorpha CBS 443.94

d combined LSU, ITS, BT and RPB2 sequence data of the genus
Phoma. Only the topology generated from the ML analysis is shown.
ML values greater than the 90% are indicated near the node. BI
greater than 0.90 are indicated with thick branch. Taxa isolated in this

study are in blue
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a b
Acremonium sp. r028 Arthrinium arundinis CBS 732.71
Acremonium sp. 11G019 Arthrinium arundinis CBS 450.92
: Arthrinium arundinis CBS 133509
Acremonium sp. AX119 Arthrinium arundinis CBS 114316
) Arthrinium arundinis CBS 449.92
Acremonium sp. 1437 Arthrinium arundinis CBS 106.12
90 | | acremonium so. s089 100 | Arthrinium arundinis CBS 124788
P- Arthrinium arundinis CBS 464.83
Acremonium sp. r479 100 _{ Arthrinium malaysianum CBS 251.29
{— Arthrinium malaysianum CBS 102053
Acremonium sp. 1093 Arthrinium kogelbergense CBS 117206
. Arthrinium kogelbergense CBS 114734
ASlHolG SRk EHans Arthrinium kogelbergense CBS 113333
100
. Arthrinium kogelbergense CBS 113335
A . 1442
CIRMONEIToP= T Arthrinium kogelbergense CBS 113332
90 | Acremonium sp. CNU122033 Arthrinium xenocordella CBS 478.86
'—* Arthrinium xenocordella CBS 595.66
Acremonium sp. 1116 Arthrinium rasikravindrii MFLUCC 17-0167
2 ] 591 Arthrinium rasikravindrii CBS 337.61
\cremonium sp. I Arthrinium rasikravindrii MFLUCC 17-0152
Acremonium sp. P42E5 [ = Arthrinium hydei CBS 114990
100 Arthrinium aureum CBS 244.83
BAFSCC Arthrinium pterospermum CBS 123185
Arthrinium pterospermum CPC 20193
Acremonium alternatum MFLUCC 17-0205 Arthrinium ovatum CBS 115042
0 . Arthrinium phragmites CPC 18900
Acremonium alternatum BAFSCH Arthrinium phaeospermum CBS 114315
Acremonium alternatum MFLUCC 17-0164 Arthrinium phaeospermum CBS 114318
Arthrinium phaeospermum CBS 114314
Acremonium sp. F2-K48 Arthrinium phaeospermum CBS 114317
. Arthrinium phaeospermum CBS 142.55
Acremonium sp. AP3-F4 Arthrinium pseudosinense CPC 21546
100 — inii "
Acremonium charticola UOAJHCPF 14413 Y Arthrinium sacchari CBS 334.86
Arthrinium saccharicola CBS 463.83
100 Acremonium sp KF2014 Arthrinium saccharicola CBS 831.71
Arthrinium saccharicola CPC 18977
100 | Acremonium acutatum FMR 10368 Arthrinium saccharicola CBS 191.73
" - Arthrinium sacchari CBS 372.67
Acremonium tubakii F277761 Arthrinium sacchari CBS 212.30
Acremonium sp. OUCMBI101028 Arthrinium sacchari CBS 664.74
Arthrinium sacchari CBS 301.49
Acremonium sp. CBS115996 Arthrinium marii CBS 113535
100 ) Arthrinium marii CBS 497.90
Acremonium sp. F2-K28 100 Arthrinium marii CBS 114803
] Arthrinium marii CPC 18904
A . OUCMBI101253
ORGSR Arthrinium marii CBS 200.57
CBS 866.73 Arthrinium marii CPC 18902
Arthrinium marii 17LY-2
Geosmithia morbida Gm146 Arthrinium pseudospegazzinii CBS 102052
0. Xylaria ATCC 42768
01
c 100 Botrytis gladiolorum 9701 d
90 Botrytis gladiolorum MUCL 3865
Botrytis byssoidea MUCL 94 Chaetomium globosum DTO 319-C9
Botrytis narcissicola MUCL 2120
Botrytis polyblatis CBS 287.38 Chaetomium globosum DTO 319-C3
90 Botrytis globosa MUCL 21514 Chaetomium globosum MFLUCC 17-0157
Botrytis globosa TMUCL 444
Botrytis sphaerosperma MUCL2 1481 Chaetomium globosum CBS 666.82
Botrytis tulipae 9830 Chaetomium globosum MFLUCC 17-0148
100 Botrytis croci MUCL 436
Botrytis hyacinthi MUCL 442 Chaetomium globosum CBS 112386
Botrytis caroliniana CB15 Chaetomium globosum DTO 318-H3
Botrytis fabiopsis BC2
Botrytis galathina MUCL 435 Chaetomium globosum MFLUCC 17-0162
100
100 ! Botrytis galathina MUCL3 204 ¢l globosum DTO 319-B4
90 — Botrytis deweyae CBS 134649
100 |1 potrytis eeliptica 9714 Chaetomium globosum CBS 148.51
Botrytis squamosa MUCL 1107 Chaetomium coarctatum DTO 324-H2
Botrytis ficarciarum TMUCL 376
0 Botrytis ficarciarum CBS 176.63 Chaetomium elatum DTO 333-E9
Boffylis EUREUI CBS (7868 Chastomium elatum DTO 333-F8
Botrytis sinoallii BC-59
Botrytis convoluta MUCL 11595 Chaetomium elatum DTO 319-83
Botrytis paeonie Bpru-1.5 Chaetomium elatum DTO 333-E5
Botrytis paeonie TMUCL 16084
Botrytis aclada MUCL 8415 Chaetomium elatum DTO 318-H9
Botrytis porif MUCL 3234 100 Chaetomium cochliodes DTO 089-E2
Botrytis cinerea MFLUCC 17-0180
100 Botrytis cinerea MFLUCC 17-0190 Chaetomium cochliodes DTO 318-H2
Botiytisicinrsa MUCL:S7 Chaetomium cochliodes DTO 013-C2
Botrytis pelargonii CBS 497.50
Botrytis pelargonii MUCL 1152 Chaetomium cochliodes DTO 319-B6
HotiytisifabssMUGC8 - Chastomium cvicicola DTO 318-G6
Botrytis pseudocinerea 10091
100 [ Botrytis calathae TMUCL1089 Chaetomium tectifimeti DTO 318-G8
Botrytis calathae MUCL 2830 o ectum GBS 140.86
$55415B0 01
0,01
Fig. 7 Phylogenetic trees inferred from maximum likelihood (ML)  Chaetomium. Only the topology generated from the ML analysis is

and Bayesian inference (BI). a ITS sequence data of the genus
Acremonium. b ITS sequence data of the genus Arthrinium. ¢ Com-
bined G3PDH, HSP60 and RPB2 sequence data of the genus Botrytis.
d Combined ITS, TUB2, RPB2 and LSU sequence data of the genus
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shown. ML values greater than the 90% are indicated near the node.
BI greater than 0.90 are indicated with thick branch. Taxa isolated in

this study are in blue
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Nigrospora oryzae MFLUCC 17-0161

Ascorhizoctonia sp. HKD 2015
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100 | Ascorhizoctonia sp. CSE148

Ascorhizoctonia sp. CSE195
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Ascorhizoctonia sp. MFLUCC 17-0191
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Ascorhizoctonia sp. ZC-W-2-2

Lotinia verna SESTAO
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Annulohypoxylon s {yglum MUCL 54600
Annulohﬁlpoxylon stygium EK13020

Annulohypoxylon arroroseum EK14006

Hypoxylon atroroseum H6A

Annulo ypoxylon s?fglum var. annulatum STMA 14066
Annuloh; f/poxylon stygium var. annulatum STMA 14067
Annulohypoxylon viridistratum EK14010
Annulohypoxylon sp. MFLUCC 11-0020
Annulohypoxylon Ieplasc(t)/lr.n‘tM;LéJCC 13-0587

Annulohypoxylon annulatum M
Annulohypoxylon thailandicum MFLUCC 13-0118
Annulohypoxylon moriforme 123579
Annulohypoxylon mor:ﬂo@oeeSTMA 14065

Annulohypoxylon truncatum EKTX
Annulohypoxylon truncatum CBS 14077
Annulohypoxylon cf truncatum EKTX140201
Annulohypoxylon truncatum EKTX140202
Annulohypoxylon truncatum EKTX14003
Annulohypoxylon annulatum EKTX14008
Annulohypoxylon annulatum CBS 140775
Annulohypoxylon fulvum MUCL 54617
Annulohypoxylon fulvum MUCL 54622
Annulohypoxylon maeteangense CBS 123835
Annulohypoxylon bahnphadengense STMA 13115
Annulohypoxylon nitens 91022108
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as abundant, representing 5.3% of the total strains char-
acterized (Table 1; Fig. 4).

Culture-independent approach: mycobiome
with low diversity and strong effect of grapevine
age

Despite the high number of sequences per sample (55, 822
reads), low fungal richness was detected (59 OTUs in total,
Table 2) ranging from 23 (three year-old samples) to 43
(13 year-old samples) OTUs (Fig. 9). The richness of
endophytic fungi from different age levels were signifi-
cantly different (P < 0.05), being highest at 13 years fol-
lowed by eight and three years (Fig. 9). The majority of
fungal OTUs were rare: 51 out of 59 had relative abun-
dance lower than 0.1% (Table 2). Fungi identified by the
culture-independent approach belonged to three phyla,
Ascomycota  (93.6%), Basidiomycota (4.2%) and
Zygomycota (2.1%). Ascomycetous taxa were distributed
among five classes: Dothideomycetes (34%), Euro-
tiomycetes (40.9%), Leotiomycetes (4.5%), Pezizomycetes
(4.5%) and Sordariomycetes (15.9%). The frequently
detected OTUs were CladosporiumOTU_1 (39.03%),
PleosporaceaeOTU_2 (33.53%), CladosporiumOTU_4
(12.54%), AscomycotaOTU_15 (11.60%), Cadophor-
aOTU_5 (1.60%), CladosporiumOTU_6 (0.56%), Botryo-
sphaeriaOTU_7 (0.45%) and AscomycotaOTU_3 (0.29%).
Non-metric multidimensional scaling (NMDS) ordination
and cluster analysis showed different fungal endophytic
community composition among different ages of grapevine
(Fig. 10). In three year-old stems, we frequently detected
four OTUs: PleosporaceaeOTU_2 (56.30%), Ascomyco-
taOTU_15 (24.75%), CladosporiumOTU_1 (13.05%) and
CadophoraOTU_S5 (4.74%). In eight year-old stems,
PleosporaceaeOTU_2 (43.66%), CladosporiumOTU_1
(31.14%), CladosporiumOTU_4 (14.76%) and Ascomy-
cotaOTU_15 (9.50%) were often detected. Cladospo-
riumOTU_1 (72.92), CladosporiumOTU_4 (22.77%),
BotryosphaeriaOTU_7 (1.32%) and CladosporiumOTU_6
(1.02%) were commonly associated with 13 year-old
grapevines (Table 2).

Comparison between culture-dependent and culture-
independent approaches

The results regarding the influence of age of grapevine
plants on endophytic fungal communities were similar
(Fig. 10). Detected all fungal genera were Acremonium,
Alternaria, Arthrinium, Ascorhizoctonia, Aspergillus,
Aureobasidium, Bipolaris, Botryosphaeria, Botrytis,
Cadophora, Chaetomium, Chaetothyriales, Cladosporium,
Cryptococcus, Curvularia, Eupenicillium, Exophiala, Hy-
poxylon, Kernia, Lasiodiplodia, Lophiostoma, Mortierella,
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Mycosphaerella, Nigrospora, Oidiodendron, Penicillium,
Phialosimplex, Phoma, Pyrenochaeta, Scopulariopsis, To-
mentella and Toxicocladosporium (Tables 1, 2). However,
only Acremonium, Aspergillus, Botryosphaeria, Botrytis,
Cladosporium, Lasiodiplodia and Phoma were detected in
both approaches. The results from both approaches showed
that members of ascomycetes were dominant in the endo-
phytic fungal community inhabiting grapevine stems.
However, we identified members of Basidiomycetes (7o-
mentellaOTU_29, CryptococcusOTU_41 and Agari-
comycetesOTU_46) in the culture-independent approach.
Direct matching of the ITS sequences of fungal endophytes
detected from these two approaches confirmed that the
results obtained in most cases are consistent, except for
Curvularia, where the sequence similarity was lower than
90% and did not cluster together and for Penicillium dig-
itatum that clustered with its sexual morph state Eupeni-
cillium. In total, direct matching of ITS sequences of fungal
endophytes detected by the two approaches matched 13/28
fungal species from the culture-dependent approach and
16/59 fungal OTUs from the culture-independent approach
at genera (90% similarity) or species (97% similarity or
higher) levels (Table 3). We were able to assign 9/16 and
7/16 OTUs from NGS at genus and species levels,
respectively (Table 3). Five fungal OTUs that were iden-
tified only at the phylum, order or family level in the
culture-independent approach were identified at genus
level by direct matching (91-95% similarity). These
include AscomycotaOTU_3 (overall relative abun-
dance = 0.29) and AscomycotaOTU_15 (overall relative
abundance = 11.60; Cladosporium), AscomycotaOTU_22
(overall relative abundance = 0.01%; Chaetomium), Euro-
tialesOTU_25 (overall relative abundance = 0.01%;
Aspergillus) and PleosporaceaeOTU_2 (overall relative
abundance = 33.53%; Alternaria) (Table 3). All frequently
detected genera in the culture-dependent approach (i.e.
with relative abundance higher than 5%; Alternaria,
Aspergillus, Botryosphaeria and Cladosporium) were also
detected in culture-independent approach. Alternaria (de-
tected as PleosporaceaeOTU_2 in culture-independent
approach), Cladosporium sp. and Botryosphaeria were the
frequently detected endophytes in both approaches.
Aspergillus sp. was frequently detected in the culture-de-
pendent approach, but exhibited low relative abundances in
the culture-independent approach. On the other hand, one
highly detected fungal taxon from culture-independent
approach (Cadophora sp.) was not isolated in the culture-
dependent approach.

Fungal guilds and endophytic fungal functional groups

Fungal guild analysis showed that endophytes from the
culture-independent  approach potentially comprised
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Table 2 Mycobiome analysis data show potential functions and the relative abundances (in each sample and average across samples) of all
fungal OTUs detected from the next generation sequencing

Final Taxon Function Confidence ranking 3 Years 8 Years 13 Years  Abundance
CryptococcusOTU_41 Animal pathogen/saprotroph ~ Highly probable 0.000 0.004 0.002 0.002
TomentellaOTU_29 Ectomycorrhizal Highly probable 0.000 0.000 0.013 0.004
CadophoraOTU_5 Endophyte Highly probable 4.740 0.014 0.018 1.591
CladosporiumOTU_1 Endophyte/plant pathogen Possible 13.052 31.135 72.916 39.034
CladosporiumOTU_17 Endophyte/plant pathogen Possible 0.004 0.007 0.011 0.007
CladosporiumOTU_4 Endophyte/Plant pathogen Possible 0.075 14.761 22.772 12.536
CladosporiumOTU_6 Endophyte/plant pathogen Possible 0.138 0.516 1.021 0.558
OidiodendronOTU_58 Ericoid Mycorrhizal Probable 0.000 0.000 0.004 0.001
BotryosphaeriaOTU_7 Plant Pathogen Probable 0.005 0.014 1.322 0.447
CurvulariaOTU_27 Plant pathogen Probable 0.005 0.005 0.000 0.004
LasiodiplodiaOTU_9 Plant pathogen Probable 0.038 0.011 0.149 0.066
Penicillium_ citrinumOTU_53 Plant pathogen Probable 0.000 0.004 0.002 0.002
BotrytisOTU_31 Plant pathogen/saprotroph Highly probable 0.000 0.000 0.014 0.005
PhomaOTU_28 Plant pathogen/saprotroph Highly probable 0.000 0.016 0.004 0.007
PhomaOTU_34 Plant pathogen/saprotroph Highly probable 0.000 0.009 0.000 0.003
Acremonium alternatumOTU_11 Saprotroph Highly probable 0.000 0.018 0.099 0.039
AspergillusOTU_10 Saprotroph Probable 0.104 0.000 0.014 0.039
AspergillusOTU_14 Saprotroph Probable 0.000 0.018 0.005 0.008
AspergillusOTU_S51 Saprotroph Probable 0.007 0.000 0.000 0.002
EupenicilliumOTU_16 Saprotroph Probable 0.011 0.011 0.023 0.015
EupenicilliumOTU_52 Saprotroph Probable 0.000 0.002 0.002 0.001
EurotialesOTU_18 Saprotroph Possible 0.000 0.013 0.011 0.008
EurotialesOTU_19 Saprotroph Possible 0.016 0.000 0.000 0.005
EurotialesOTU_24 Saprotroph Possible 0.034 0.000 0.000 0.011
EurotialesOTU_25 Saprotroph Possible 0.016 0.002 0.004 0.007
EurotialesOTU_36 Saprotroph Possible 0.005 0.000 0.000 0.002
EurotialesOTU_50 Saprotroph Possible 0.000 0.004 0.002 0.002
ExophialaOTU_54 Saprotroph Probable 0.000 0.004 0.000 0.001
HypocrealesOTU_13 Saprotroph Possible 0.000 0.000 0.048 0.016
KerniaOTU_30 Saprotroph Highly probable 0.000 0.005 0.004 0.003
LophiostomaOTU_56 Saprotroph Probable 0.000 0.000 0.005 0.002
MortierellaOTU_48 Saprotroph Probable 0.000 0.002 0.002 0.001
PenicilliumOTU_49 Saprotroph Highly probable 0.000 0.000 0.004 0.001
PenicilliumOTU_S55 Saprotroph Highly probable 0.000 0.007 0.000 0.002
PenicilliumOTU_8 Saprotroph Highly probable 0.113 0.005 0.095 0.071
PhialosimplexOTU_59 Saprotroph Probable 0.000 0.000 0.004 0.001
PyrenochaetaOTU_42 Saprotroph Highly probable 0.000 0.004 0.000 0.001
AgaricomycetesOTU_46 Unknown - 0.000 0.000 0.004 0.001
AscobolaceaeOTU_32 Unknown — 0.000 0.000 0.009 0.003
AscomycotaOTU_15 Unknown - 24.745 9.450 0.595 11.596
AscomycotaOTU_20 Unknown - 0.000 0.000 0.023 0.008
AscomycotaOTU_22 Unknown - 0.000 0.000 0.018 0.006
AscomycotaOTU_3 Unknown - 0.557 0.195 0.106 0.286
AscomycotaOTU_37 Unknown - 0.000 0.000 0.004 0.001
AscomycotaOTU_43 Unknown — 0.013 0.000 0.000 0.004
ChaetothyrialesOTU_40 Unknown - 0.002 0.005 0.000 0.002
DiaporthaceaeOTU_23 Unknown - 0.000 0.013 0.000 0.004
FungalOTU_21 Unknown - 0.000 0.013 0.014 0.009
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Table 2 (continued)

Final Taxon Function Confidence ranking 3 Years 8 Years 13 Years  Abundance
FungalOTU_33 Unknown 0.000 0.000 0.009 0.003
FungalOTU_39 Unknown 0.007 0.000 0.000 0.002
FungalOTU_44 Unknown 0.000 0.000 0.004 0.001
FungalOTU_60 Unknown 0.000 0.002 0.002 0.001
PleosporaceaeOTU_2 Unknown 56.304 43.661 0.636 33.534
PleosporalesOTU_12 Unknown 0.000 0.038 0.000 0.013
PyronemataceaeOTU_45 Unknown 0.000 0.009 0.002 0.004
SordariomycetesOTU_35 Unknown 0.000 0.004 0.005 0.003
SordariomycetesOTU_38 Unknown 0.000 0.000 0.004 0.001
SordariomycetesOTU_47 Unknown 0.000 0.004 0.000 0.001
ToxicocladosporiumOTU_26 Unknown 0.009 0.018 0.000 0.009
13 years
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Fig. 9 Individual rarefaction curves of endophytic fungi detected in each age level. Blue lines indicate 95% confidence

various functional groups. This study indicates that the
symptomless endophytes living in grapevine stems, can
also exist in numerous life modes, such as being sapro-
trophs, pathogens or symbionts. Cadophora and Cla-
dosporium sp. were frequently detected endophytes. The
prevailing pathogen was Botryosphaeria dothidea. All
saprotrophs were detected at low relative abundances (less
than 0.1%) (Table 2). A list of all fungal endophytes
detected in this study, with their possible functions, are
listed in Table 2. The -culture-independent approach
revealed that fungal endophytes comprised endophytes,
saprotrophs and pathogens.

Discussion

Comparison of culture-dependent versus culture-
independent approaches

This is the first study conducted to compare the diversity
and community composition of fungal endophytes in stems
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of grapevine (Vitis vinifera) using a culture-dependent
approach, incorporating multigene phylogenetic analysis
and a culture-independent approach using meta-barcoding
and paired-end Illumina sequencing. The traditional
approach for studying the diversity of endophytic fungi is
the culture-dependent approach. Many studies have used
sequence data from the ITS region to identify and evaluate
endophytic fungi (Guo et al. 2000, 2001, 2003; Arnold
2002; Lacap et al. 2003; Promputtha et al
2005, 2007, 2010; Tejesvi et al. 2011; Jeewon et al. 2003;
Haghighi and Shahdoust 2015). In the present study we
used subgroups of combined ITS, LSU, SSU, TEF, GPDH,
RPB2, HSP60, TUB and ACT sequence data to identify the
endophytes obtained from grapevine stems. Two isolates of
Acremonium belong to A. alternatum were identified using
analysis of ITS sequence data (Fig. 7a). Twenty-seven
Alternaria isolates were subjected to combined analysis of
ITS, LSU, GPDH, TEF and RPB2 sequence data and all
Alternaria isolates were identified as A. alternata sensu
stricto (Fig. 2). Two Arthrinium isolates were identified as
A. rasikravindrii by using ITS sequence data (Fig. 7b).
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Fig. 10 Non-metric multidimensional scaling (NMDS) ordinations
and cluster analysis of fungal community composition derived from
culture-dependent (a, b) and high resolution culture-independent (c,

Analysis of ITS sequence data, showed that one isolate was
Ascorhizoctonia sp. (Fig. 8a) and confirmed the identifi-
cation of four Aspergillus species as A. japonicas, A. niger,
A. pseudodeflectus and A. pseudoglaucus (Fig. 3). Analysis
of combined LSU, SSU and ITS sequence data identified
three Aureobasidium taxa to be A. pullulans (Fig. 6a). The
phylogeny inferred from combined ITS, GDPH, TEF and
LSU sequence data resolved three Bipolaris isolates as B.
sorokiniana (Fig. 6b). Combined ITS and TEF sequence
data identified five Botryosphaeria taxa to be B. dothidea
(Fig. 4) and resolved one isolate as Lasiodiplodia theo-
bromae (Fig. 8d). Two Botrytis isolates were subjected to
combined G3PDH, HSP60 and RPB2 sequence data and
were identified as B. cinerea (Fig. 7c). Analysis of com-
bined ITS, TUB2, RPB2 and LSU sequence data, resolved
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d) approaches. Similarity from cluster analysis is ranged from 0
(completely different) to 1 (completely overlap)

three isolates as Chaetomium globosum (Fig. 7d). The
phylogenetic tree inferred from combined ITS, TEF and
ACT sequence data resolved 20 Cladosporium strains as C.
cladosporioides, C. ramotenellum, C. silenes, C.
sphaerospermum, C. tenellum and C. tenuissimum (Fig. 5).
Analysis of combined ITS, GDPH, TEF and LSU sequence
data from four Curvularia isolates resolved C. americana
(Fig. 6¢). One isolate of Hypoxylon lateripigmentum was
identified by combined ITS and BT sequence data
(Fig. 8c). An isolate of Mycosphaerella was identified as
M. graminicola by the combined analysis of ITS, ACT and
TEF sequence data. Two Nigrospora isolates were identi-
fied as N. oryzae and N. sphaerica using ITS sequence data
(Fig. 8b). Analysis of combined ITS, LSU and SSU
sequence data resolved the two Penicillium isolates as P.
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Table 3 Direct matching of ITS sequences of fungal endophytes inhabiting healthy stems of grapevines using culture-dependent and culture-

independent approaches

Fungal taxon Relative abundance

Fungal taxa (mycobiome)

Relative abundance in Cluster identification Number of

(culture) in culture (%) mycobiome (%) (coverage) % OTUs in cluster

Cladosporium 7.38 CladosporiumOTU_1 50.92 91-92 (98-99) 3
cladosporioides AscomycotaOTU_3

AscomycotaOTU_15

Cladosporium 1.85 CladosporiumOTU_6, 0.57 93-98 (98) 2
sphaerospermum CladosporiumOTU_17

Lasiodiplodia 1.11 LasiodiplodiaOTU_9 0.07 100 (99) 1
theobromae

Aspergillus 4.2 AspergillusOTU_10 0.04 100 (99) 1
pseudoglaucus

Acremonium 1.48 AcremoniumOTU_11 0.04 100 (99) 1
alternatum

Aspergillus 1.1 AspergillusOTU_S51 < 0.01 99 (99) 1
Jjaponicus

Botryosphaeria 4.06 BotryosphaeriaOTU_7 0.45 99 (99) 1
dothidea

Aspergillus 4.2 EurotialesOTU_25 0.01 95 (99) 1
pseudodeflectus

Alternaria 16.24 PleosporaceaeOTU_2 33.53 91 (99) 1
alternata

Penicillium 0.37 EupenicilliumOTU_16 0.01 90 (98) 1
digitatum

Chaetomium 1.11 AscomycotaOTU_22 0.01 91 (100) 1
globosum

Botrytis cinerea 0.74 BotrytisOTU_31 <0.01 99 (100) 1

Phoma herbarum 1.48 PhomaOTU_28 0.01 92 (98) 1

Relative abundances of fungal taxa and OTUs in culture culture-dependent and culture-independent approaches are showed. A fungal taxon from
culture-dependent approach was matched to one to three fungal OTUs from culture-independent approach with different matching (cluster

identification; 90-100%) and coverage (98-100%) percentages

digitatum. A phylogeny inferred from combined LSU, ITS,
BT and RPB2 sequence data resolved the three Phoma
isolates as P. herbarum (Fig. 6d). An isolate of Scopular-
iopsis was analysed with combined ITS, LSU and SSU
sequence data and was identified as Scopulariopsis brevi-
caulis. The current study identified all isolated taxa from
culture-dependent method to species level with strong
support in multi-gene phylogenetic analysis, setting a
robust goal for future fungal community studies. Some
endophytes such as Acremonium, Alternaria, Aureobasid-
ium, Penicillium and Phoma have been used as biocontrol
agents against pathogens in grapevines (Tables 1, 4).
Traditional taxonomy and nomenclature is unable to
accurately document the vast number of unrecognized taxa,
regardless of any doubts one might have to formally
describe fungi based on DNA sequence data only (Liicking
and Moncada 2017). The aim of environmental sequence
nomenclature is to place names on hundreds of thousands
of species of fungi that would otherwise be left undescribed
(Liicking and Moncada 2017). Environmental high
throughput sequencing reads almost 1000 times more than
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Sanger sequences for the fungal barcoding marker
(Jayawardena et al. 2018). A recent study conducted by
Liicking and Moncada (2017) showed that a formally
recognized unnamed lichenicolous basidiomycete (in
Agonimia and Normandina thalli) is a new genus, with
seven new species, although no physical type specimens
could be preserved. Liicking and Moncada (2017) sug-
gested that this opens the door to the formal recognition of
thousands of species of voucher less taxa detected through
environmental sequencing techniques.

The main limitation of the culture-dependent approach
is that unculturable species and some slow growing or
weakly competitive species may not be isolated. To over-
come the shortcomings of the culture-dependent approach,
culture-independent approaches have been suggested as an
alternative (Persoh 2015; Hoppe et al. 2016; Gomez et al.
2017; Zapka et al. 2017). However, culture-dependent
approaches do not seem to resolve species accurately, since
taxa are not resolved to species level. Some studies have
shown that endophytic fungi recovered by culture-depen-
dent approaches are different from those detected by
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Table 4 Functions of endophytic fungi reported in grapevine

Fungus

Function/activity

References

Acremonium byssoides

Acremonium sp.

Acremonium, Phoma, Chaetomium

Alternaria alternata
Aureobasidium pullulans
Aureobasidium pullulans

Aureobasidium pullulans and
Epicoccum nigrum

Penicillium expansum

Colletotrichum gloeosporioides,
Flavodon flavus

Epicoccum nigrum

Epicoccum nigrum

Penicillium sp.

Antagonistic endophyte of the downy mildew agent Plasmopara
viticola

Inhibit the germination of sporangia of Plasmopara viticola

Antagonistic activity against vine diseases

Inhibition of sporulation and ultrastructural alterations of
grapevine downy mildew

Against post-harvest diseases by Botrytis cinerea and Penicillium
expansum

Inhibit various grapevine pathogens

Plant growth promoters, biological control agents against
grapevine pathogens

Biocontrol agents against postharvest pathogens

Antagonistic activity against Fusarium oxysporum

Control agent of Plasmopara viticola

Inhibition of the grapevine pathogens Plasmopara viticola and
Botrytis cinerea

Potential biocontrol agent of Botrytis cinerea

Burruano et al. (2008)

Assante et al. (2005)
Gonzalez and Tello (2011)
Musetti et al. (2006)

Martini et al. (2009)

de Felice et al. (2008), Schmid
et al. (2011)

Martini et al. (2009)

Schena et al. (1999)
Brum et al. (2012)

Kortekamp (1997)
Elmer and Reglinski (2006)

Garoé et al. (2012)

culture-independent approaches, and some isolated strains
were never found in the culture-independent methods
(Campisano 2012; Krakova et al. 2017; Mendoza et al.
2017). This fact was also experienced in the current study
as we obtained 9 fungal genera from the culture-dependent
approach, which were absent in culture-independent
approach. Nevertheless, our study demonstrates that all
frequently detected fungal genera from the culture-depen-
dent approach can be detected in culture-independent
approach when we used a high resolution technique with a
high quality dataset. In this study, we used paired-end
Ilumina sequencing that provided a minimum of 55, 822
high quality sequences per sample (saturated rarefaction
curves for all samples) and revealed all frequently detected
fungal genera from culture-dependent approach that have
relative abundance higher than 5%. The most frequently
detected genera in culture-dependent and culture-indepen-
dent approaches are also mostly consistent, except some
OTUs, such as Aspergillus (frequently detected in culture-
dependent approach, but become less frequent in culture-
independent approach) and Cadophora sp. (commonly
detected fungal taxon in the culture-independent approach,
but not detected in the culture-dependent approach). One
reason for this observation might be that Aspergillus sp.
have a fast growing ability, but possibly occurring in low
amounts in the tissue samples. Thus, in the culture-de-
pendent approach, they could grow fast and result in a high
number of isolates, whereas they could not be detected in
next generation sequencing. Cadophora sp. are classified as
endophytes in this study based on FUNGUILD, but some
members of this genus can be plant pathogens that may not

be able to grow quickly on artificial media without their
host (Travadon et al. 2015).

Although there are some differences in the fungal taxa
and richness of the two approaches (culture-depen-
dent < culture-independent  approaches), the results
regarding the effect of stem ages on fungal community
composition and richness are consistent. Studies on the
community of endophytes have often ignored the impact of
plant age (Fuchs et al. 2017). To our knowledge, this is the
first study showing endophytic fungal composition in
grapevine in three different age levels. However, our
results based on both culture-dependent and culture-inde-
pendent approaches indicate that endophytic fungal com-
munity and richness is maximum at 13 years. Further
studies are needed to confirm whether there is any corre-
lation with age level and the number of endophytic taxa in
various hosts. Despite the highest per sample sequence read
coverage we detected low diversity of fungal endophytes in
grapevine stem samples. The same outcome was perceived
in culture-dependent approach, which comprises only 28
species from 94 isolates. The colonization rate was also
very low, with only 58.3% of the studied stem fragments
yielding endophytes, signifying that nearly half of the
fragments may not support culturable endophytes.

Why was there no species overlap
between the two approaches in the present
study?

The current study indicates that NGS data are only accurate
at the genus or family levels. Seven fungal genera obtained
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by the culture-dependent approach (Acremonium, Asper-
gillus, Botryosphaeria, Botrytis, Cladosporium, La-
siodiplodia and Phoma) overlapped with those of the
culture-independent approach (Table 3). NGS for fungal
community analysis mostly acquires short sequence frag-
ments of ITS (full, ITS1 or ITS2) that eventually is not
adequate for species level identification at the currently
agreed 97% sequence similarity for all fungi (Nilsson et al.
2008; Garnica et al. 2016). The ITS rDNA marker is not
consistent due to their high variability, therefore not reli-
able for species level identification (Nilsson et al. 2008). In
our study, we experienced that using NGS data to identify
the taxa in a community is not accurate at the species level,
as compared to the analyses using multigene sequence data
using cultures from the culture-dependent method. ITS
sequence data can be regarded as taxonomically less-in-
formative for most of the fungal taxa belonging to Doth-
ideomycetes and/or Sordariomycetes, which were
identified through the culture-dependent approach which
might account to the variable inter- and intra-specific
variation of the ITS fragment.

Matching of endophytic fungi detected

from the two approaches: opportunity to assign
more correct taxonomic information to NGS
datasets and reference databases

In this study, we were able to match sequencing and tax-
onomic data from culture-dependent techniques to assign
taxonomic information at genera and species level to 9 and
7 fungal OTUs from the culture-independent approach.
This matching allows us to assign better correct taxonomic
information and functions to the fungal OTUs detected in
culture-independent approach. Next generation sequencing
often results in sequences that are associated with taxa
which have not been reported in previous studies, as well as
sequences that are not linked with any fungal sequences in
GenBank (Tejesvi et al. 2010; Ko et al. 2011; Taylor et al.
2016). One of the major reasons for this might be the
insufficient number of cultures based on reference
sequences in GenBank or other databases, since early
fungal identifications did not provide genetic data. In this
study, we demonstrate that some commonly detected
endophytes from the culture-independent approach can
only be identified to phylum, order or family levels. These
include PleosporaceaeOTU_2 (overall relative abundance
33.53%), which was later found to match the most fre-
quently isolated endophytic species Alternaria alternata.
NGS technologies together with general culturing methods
allow synchronized exploration of a more complete picture
of endophytic communities in host plants (Hardoim et al.
2015). This concept applies when fungal genera are iden-
tified by sequencing the pure cultures obtained in culture-
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dependent method and then relate to OTUs obtained from
the culture-independent method with a defined similarity
threshold based on the intra- and inter-specific variation of
the isolate.

Potential functions of the endophytic fungal
communities inhabiting the grapevine stem

Taxonomy based functional assignment of fungi has been
used to study potential roles of endophytes in plant com-
munity structure and ecosystem functioning (Green et al.
2008; Roe et al. 2010). In the present study, culture-de-
pendent and culture-independent approach allows the
identification of potential roles of identified fungal taxa as
endophytes, saprotrophs, pathogens or symbionts in the
grapevine fungal community. Although the grapevines
look healthy, they were already colonized by pathogens
that may be inactive until suitable conditions arise to cause
diseases. In this study, we identified two important fungal
pathogens (Botryosphaeria dothidea and Botrytis cinerea)
from both culture-dependent and independent approaches.
A number of endophytes revealed by the culture-indepen-
dent approach are classified as potential saprotrophs. This
fact has been confirmed by earlier studies implying endo-
phytes can change their lifestyle to become saprotrophs
(Purahong and Hyde 2011; Fesel and Zuccaro 2016; Szink
et al. 2016) and they may play important role in plant litter
decomposition, especially at early decomposition stage
(Purahong et al. 2016).

In general this study has shown the potential of using
both approaches in a given study to link the NGS datasets
with culture-based fungal isolates that are morphologically
and phylogenetically identified. Such a complementary
approach enables to properly identify and give correct
taxonomic information to the fungal endophytes identified
with the NGS approach. NGS studies without reference
cultures may be misleading and many of the data generated
in the past must be seen as very critical.
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