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Abstract: Plant diseases and pests reduce crop yields, accounting for global crop losses of 30% to 50%. In
conventional agricultural production systems, these losses are typically controlled by applying chemical
pesticides. However, public pressure is mounting to curtail agrochemical use. In this context, employing
beneficial endophytic microorganisms is an increasingly attractive alternative to the use of conventional
chemical pesticides in agriculture. A multitude of fungal endophytes are naturally present in plants, producing
enzymes, small peptides and secondary metabolites due to their bioactivity, can protect hosts from pathogens,
pests and abiotic stresses. The use of beneficial endophytic microorganisms in agriculture is an increasingly
attractive alternative to conventional pesticides. The aim of this study was to characterize fungal endophytes
isolated from apparently healthy, feral wine grapes in eastern Canada that have grown without agrochemical
inputs for decades. Host plants ranged from unknown seedlings to long-lost cultivars not widely propagated
since the 1800s. HPLC-MS was used to identify unique endophyte-derived chemical compounds in the host
plants, while dual-culture competition assays showed a range in endophytes” ability to suppress the mycelial
growth of Botrytis, which is typically controlled in viticulture with pesticides. Twelve of the most promising
fungal endophytes isolated were identified using multilocus sequencing and morphology, while DNA
barcoding was employed to identify some of their host vines. These fungal endophyte isolates, which consisted
of both known and putative novel strains, belonged to seven genera in six families and five orders of
Ascomycota. Exploring the fungal endophytes in these specimens may yield clues to the vines” survival and
lead to the discovery of novel biocontrol agents.

Keywords: Botrytis; fungal endophytes; grapevines; Diaporthe; small metabolites

1. Introduction

When Leif Eriksson and his crew of Icelandic Norsemen first travelled to North America (c. 1000
AD), they called it Vinland, purportedly for the wild grapes that grew in abundance there [1,2]. The
people indigenous to what is now referred to as the Canadian Maritimes were of course familiar with
these wild grapes, which, in the form of fresh fruit, made up a small, seasonal part of their diet [3].
When a second wave of both English and French European explorers and settlers began to arrive in
the early 1600s, several contemporary accounts note their interest in the wild Vitis species that they
encountered [4]. Furthermore, a handful of optimistic European settlers, possibly inspired by their
observations of the local flora, established and tended early small-scale plantings in the Canadian
Maritimes, including some of the first vines to be cultivated in Canada [4].

Although favourable microclimates for grape growing do exist in the Maritimes, and the local
grape industry is currently undergoing rapid expansion and growth [5], likely due in part to recent
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climate warming, the region’s climate does not immediately seem auspicious for viticulture. In
fact, commercial viticulture in the region was deemed untenable by early researchers [6]. While the
maritime influence results in relatively mild winters, the region also experiences high humidity and
heavy precipitation, and has a shorter growing season and fewer growing degree days (GDD) than
other important grape-growing region in Canada. In spite of this, a genuine wine grape industry
was born and now thrives there, with the first commercial vineyards springing up in the 1970s and
1980s [4]. However, remnants of much earlier plantings—with both North American and European
lineages, some dating back centuries—still persist in many places throughout the Maritimes today.
So, given the long history of both indigenous and European grapes in the Maritimes, which is on the
edge of where wine grapes are traditionally grown, what microbial communities might be living
inside some of these specimens that have stood the test of time?

Complex and diverse microbial communities (microbiomes) exist inside all plants. Although the
relationship between these microbes and their hosts ranges from mutualism to pathogenicity, most
of these associations are in the little-known middle portion of this spectrum, according to the current
understanding [7,8]. Some of these relationships benefit both the endophyte and its plant host, and
possibly co-evolved over time [9]. Unfortunately, for the vast majority of the history of modern
horticulture, the relationship between the plants we grow and these microorganisms has been largely
ignored. Instead, gains in productivity have been achieved by fulfilling plants” growth requirements
using synthetic fertilizers and by eliminating factors harmful to growth, such as pests and disease,
which account for global losses in the range of 30% to 50%, through the use of pesticides. This over-
simplified approach ignores, and often disrupts, the beneficial natural roles played by many
microorganisms. In recent times, with the greater understanding of the adverse effects of
agrochemicals on the environment and animal and human health and the resulting tightening of
residue restrictions, public pressure is mounting to reduce the use of synthetic fertilizers and
pesticides in agriculture. This change is encouraging both governments and private companies to
pursue cleaner alternative technologies, including the use of beneficial endophytes as potential
growth promoters and biological control agents in commercial plant production [9-14].

While other research groups have previously explored the use of endophytic fungi in wild
grapes as potential biocontrol agents [15,16], our study is unique in its focus on wine grape cultivars
growing ferally in a region probably quite unlike that where most of their evolution took place. The
main objective of this study was to isolate and characterize the fungal endophytes in vines (especially
those with some European ancestry) that have managed to persevere and even thrive in the cool
climate of the Maritimes for many decades or even centuries. We, therefore, isolated fungal
endophytes from the leaves of the oldest vines and identified them through multilocus sequencing
and morphology. We also investigated the chemicals that these endophytes produce in order to
understand their potential roles as biocontrol agents. Exploring the fungal endophytes found in these
specimens could yield clues about their resiliency, as well as lead to the discovery of novel growth-
promoting and biocontrol agents.

2. Materials & Methods

2.1. Collection of grape samples and varietal testing

More than 80 leaf samples were collected from grapevines across the province of Nova Scotia,
Canada. Candidates chosen for sampling were unsprayed, uncared for and relatively free from
disease. Promising specimens were found in locations ranging from woods and the edge of meadows
(often long-lost farmsteads) hosting wild and feral grapevines to historic properties containing
unruly patches of grapevines of unknown origin. Varietal testing was done using DNA barcoding
(Foundation Plant Services, UC Davis, CA, USA) on vines from a small subsection of the locations
thought to be the most likely to contain early named cultivars (e.g., specimens growing near early
European settlement sites). Four sites, and the vines found on them, were chosen for DNA barcoding.
They included: (1) feral vines in the woods surrounding Bear River, Nova Scotia, a town founded in
the early 1600s and rumoured to have early grape plantings; (2) a vine located in the Annapolis Royal
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Historic Gardens (Annapolis Royal, NS), sourced from feral vines in Bear River, Nova Scotia, and
transplanted to its present location in 1980; (3) a vine growing around the old foundations of a former
farmstead in Miller Point Peace Park outside Lunenburg, Nova Scotia, a UNESCO World Heritage
Site. This vine was supposedly a ‘Diana’ and approximately 170 years old, according to a
nonagenarian living in the area who said that, as a young boy, he had harvested fruit from it, as had
his father and grandfather (personal communication) and (4) the French Mission in Poplar Grove,
Nova Scotia, purportedly built in 1699 and believed to be the oldest standing building in Canada east
of Quebec. Grapevines grow all over this historic property and locals believe that early monks used
the grapes at this site to make communal wine.

2.2. Leaf sterilization and isolation of foliar fungal endophytes

The sterilization and isolation procedure was modified from that described in [17]. Five healthy
leaves were randomly chosen from each vine sampled. For each leaf sample, the petiole was removed
and the blade bisected by a transverse cut. Three 1-cm? pieces were then cut out of the basal portion
of each leaf and retained; the remainder of the leaf was discarded. The five petioles and 15 leaf pieces,
representing one sample, were placed inside a tea infuser. In a sterile laminar flow hood, the infuser
containing the sample was immersed in a beaker containing 75% ethanol, swirled for one minute and
then transferred to a beaker containing 1 L of 6% sodium hypochlorite solution and 0.05% TWEEN
80, which was swirled intermittently for 7.5 min. The infuser was then transferred to a second ethanol
beaker and swirled for an additional minute before being rinsed in a series of three beakers containing
sterile ultrapure water (Barnstead™ Nanopure™ D11971, Van Nuys, CA, USA). Without removing
them from the sterile environment, the leaf pieces were transferred to a sterilized paper towel. Interior
~0.5-cm? pieces were removed from each section; the two ends were cut off each petiole and the
remaining piece was cut into three equal pieces approximately ~0.5 to 1 cm in length, making 30
pieces per sample. To test sterilization efficacy, three pieces of the petiole and three pieces of the blade
were pressed onto plates containing half-strength potato dextrose agar (PDA) for five minutes on
each side; the plates were then sealed with parafilm and checked after two weeks to confirm the
absence of microbial growth. For each sample, three pieces of each tissue type were then transferred
to a plate of half-strength PDA for a total of five plates of each tissue type. The plates were then sealed
with parafilm and stored in the dark at room temperature. The cut ends and edges were checked for
endophyte growth every few days. To obtain pure fungal isolates, the mycelium growing out from
these pieces was transferred to fresh PDA plates; in some cases, a second or third sub-culturing of the
isolates was performed. For the purpose of this study, we focused exclusively on slow-growing
fungal endophytes, i.e., those that took at least six days to emerge from the plated plant-tissue sample.
The isolated endophytes were given a sample ID based on the order of when the site / field sample
was collected and the order of when the endophyte emerged from the sample after a minimum of six
days (e.g., En01-2 would be the second endophyte to emerge, after a minimum of 6 d, from the first
site / sample collected). For samples that produced only one endophyte, the second number was not
used (e.g., En60).

2.3. Culturing and morphological observations

To induce in vitro sporulation, strains were inoculated on several media, including 2% malt
extract (MEA) (20 g Bacto malt extract, Difco Laboratories, Sparks, MD; 15 g agar, EMD Chemicals
Inc, NJ; 1 L distilled water); cornmeal agar (CA) (Difco Laboratories, Detroit, MI, USA); potato
dextrose agar (PDA) (Difco Laboratories, Detroit, MI, USA); oatmeal agar (OA) (extract of 30 g/L
boiled oatmeal, 15 g agar, 1 L distilled water); V8 juice agar (V8A) (200 mL Campbell’s V8 juice, 15 g
agar, 2 g CaCOs, 800 mL distilled water); and water agar (WA) (20 g agar, 1 L tap water), with or
without the addition of sterile filter paper or autoclaved leaves of Gaultheria shallon, Hedera helix, Ilex
aquifolium, or Rubus armeniacus (Tanney et al., 2023). Cultures were incubated at 20 °C in the dark or
with a 12 h:12 h fluorescent light cycle; or near a window under ambient conditions.

Micromorphological characters were visualized, described and measured from living material
mounted in deionized or tap water, using a Leica DM4 B light microscope (Leica Microsystems CMS
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GmbH, Wetzlar, Germany). Hand sections of perithecia and pycnidia were obtained using a double-
edge safety razor blade. Micrographs were captured using a Leica DFC450 C camera with Leica LAS
X 33.7.1 software. Colonies were observed and photographed using a Leica M165 C stereomicroscope
with a TL5000 Ergo light base (Leica Microsystems Ltd. Singapore) and Leica DMC5400 camera.
Photographic plates were assembled using Adobe Photoshop CC 2019 v.23.0.1 (Adobe Systems, San
Jose, California).

2.4. DNA extraction, amplification, sequencing and analysis

For DNA extraction, a sterilized scalpel was used to scrape 10-15 mg of mycelium from 5-10-
day-old cultures grown on PDA medium at 22 °C. The mycelium was then macerated with steel beads
in a 2-mL Eppendorf tube using a Qiagen TissueLyser II (Qiagen, Hilden, Germany) for 2 x 60 s cycles
at 30 beats per second. Total genomic DNA was isolated using an E.Z.N.A.® SP Fungal DNA Mini
Kit (Omega Bio-Tek, Norcross, GA 30071, USA) following the manufacturer’s instructions. The
partial B-tubulin (TUB2), internal transcribed spacer (ITS), translation elongation factor 1-alpha (TEF-
la), RNA polymerase second largest subunit (RPB2), partial actin (ACT), chitin synthase I (CHS-1)
and LSU genes were amplified by PCR using the primer pairs shown in Table S1. The PCR
amplification was carried out in a 50-uL reaction mixture using the same PCR conditions as
previously described [18,19]. PCR amplified products for all genes were run on 1% agarose in a 1X
Tris-borate-EDTA running buffer to confirm the size and amplification of the single band. The PCR-
amplified products were then cleaned with the ExoSAP-IT™ PCR Product Cleanup kit (Applied
Biosystems) following the manufacturer’s protocol. Sequencing was carried out at the Genome
Quebec Innovation Centre and Eurofins Genomics using ABI BigDye 3 Terminator Cycle sequencing
chemistry (Applied Biosystem’s 3730x] DNA Analyzer technology).

Sequence contigs were assembled and trimmed using Geneious Prime 2019 v.2019.0.4
(Biomatters, Auckland, New Zealand). Using BLASTn, the ITS sequences obtained were compared
with those in the National Centre for Biotechnology Information (NCBI) GenBank database, and
strains were tentatively identified against available ITS sequences in the NCBI GenBank Following
these identifications, additional taxon-specific secondary barcodes were sequenced and analyzed
(Table 1 and Table S1). Phylogenetic analyses were performed for each taxon using the appropriate
gene sequence datasets populated with sequences based on NCBI BLAST queries. Sequences were
aligned using MAFFT (Multiple Alignment using Fast Fourier Transform) [20] and then manually
verified and adjusted if required. Phylogenetic trees were constructed with maximum likelihood
(ML) using IQ-TREE v1.6.11 [21]. The best model for each partition was selected using ModelFinder
[22], which performed 1,000 ultrafast bootstraps [23], 1,000 SH-aLRT branch tests, and an
approximate Bayes test [24]. The best-fit substitution models based on the Bayesian information
criterion (BIC), selected outgroup taxa, and other information on each analysis are presented in Table
1. Phylogenetic trees were built with Geneious and edited with Adobe Illustrator CC 2019 v.23.0.1.

doi:10.20944/preprints202312.0585.v1
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Table 1. GenBank Accession Phylogenesis.
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Species 1zolate Hozt Location = TGE‘F‘::"‘ ;;‘;;"“:[?1'_ B e Reference
CES 3G Mienis saton South Africa — JEO44435 MNEE16EE — - = = Crous et al. (2011], Chen et al. (2022]
STE-UT353 | Gl cwapacs subsp. cuspiat South Africa — MTTS055 | MTTST336 — - - - Spics et al. [2020)
Ex6i1-2 itz g Bradails’ Canada  OK38338: MZI2THTS = = = OK3H034E Thiz study,
(= etz vt Erazil = KP2I31iE | KPRISHE  — = = = Ferreira ot al. (2013
NEO34E Locanora craineidis uzA = JATEE0 | — = = = = U'Ren <t al. (2012)
Es25-1 itz s Clinon Canada  OK333380 MZI2T183 | — OK4314TT | OK4314T2 — OK330352 This study.
MARIONZ1S | fwerces canariemsis Spain = MW 136055 — = = = = Fournicr et 31, (2020]
ATCCEOB13 | fwerces sp. Switzerlind | — AF201T04  — = = - - Pinto-Sherer (2001)
NiOC Unknasen Unknown | — AJ330827 — = = = = Finchea-Ballesteras ¢t al. (2000)
NEO2TE Dipterchicter rampeddanst | USa - JETETEe | — - - - - L'Ren ot al. [2012)
Cor 16 Ngmbrama dfeenigatom France - MGI1E3SE — - - - - Lugarde et al. [2015)
nemi46 Cuntaursa stoche s - EF553857 — - - - - Shipunay <t al. (2003)
Cor 15 Mg roms fnigatom France = ME31EaE2 — = = = = Lugarde et al. [2015)
Gir 0 Mpdroms fevigatim France = ME3TT01e — = = = = Lugarde et al. [2015)
Gir 3 Mpdroms fewigatim France = ME3ToNE — = = = = Lugarde et al. [2015)
Ntomaniz cerpens var, serpens | CBS 65370 Swil Canada | — MH353330 — = = = = W et al, (2013)
J T — Hize Unknasn Unknown | — AJ330436 — = = = = Finchea-Ballesteras ot al. (2000]
Nsmaniz serpens CES533.02 | Sormier sraflins Metherlands — Fl425523 — = = = = Sradler et al. [2010]
Nomaniz chetersi N23A Unknasen Unknown | — AJ330430 — = = - - Finchea-Ballesteras ot al. (2000)
Nomaniz werpens var, micrespore| N21A Unknasen Unknown | — AJI043T — = = = = Finchea-Ballesteras ¢t al. [2000]
Namani sarpens var, macrespers| WTCC BOS23  Unknovn Unknown | — AFZOITOT | — - - - - Pinto-Sherer (2001)
Niomaniz serpens CEIET9.86 | Swwu op. Switzerlind | — KUESSTES — - - - - 'ren et al. (2016)
Nilarie fongipes CES 34737 Unknown Unknown | — IMH355328 — = = = = W et 3l [2013)
Digporthe shonwongivensis CNUCE 201305 Ao regic China MM22701E MN216223 MR224ETE — = = = Zho ek al. [2015)
Disporthe guangiiensss JZEFA0034 | Ik e China MKSO016E MKS35TT2 | MKS23566 — = = = Manawazinghe ot al. (2013)
Digporthe darfeswarthi ERIP 54388m | Mupistram rigesim Australin | KJ13T268 NR_14T535 KN9T250 | — - - - Thempsan ¢t al. (2015)
Digporthe dhansionsis CFCOS256T | dbics chonsivnsts China MH121554 MR_165576 MH121544 — - - - ang et al. (2013)
Digporthe aeghaniansts CES435.02 | Seewls alfoghanionsts Cunada | KC84322% NR_10363¢ KC345T53 — - - - Gomes ot al. [2013]
Digporthe vaceind CBE16032 | Sweoccus mocrocapss | USA KC:544136 NR_103701 KC343954 — - - - Gomes ot al, [2013]
Digporthe colssting CBS 13321 | Swlestrar scandons Unknown | KG344015 NR_IS245T KG343TT5 — = = = Gomes <t al. [2013]
Siggarthe maritine DWOMG 25056 | Fices rubans Canada  KUST4615 NF_ 152463 KUSS2025 — - - - Tanney ot al. (2016)
Sigparthe bicicta CES 121004 | ghuns 3p. s K4 4102 NR_ 147526 KG34 5560 — - - - Gomes ot al. [2013]
Digporthe racuze CAASED | Maceinivm conmbosum Portugal  MK&3T32i MKT32306 MKS2507T — - - - Hiliria et al. {2020
Digporthe s CAABS0 | Mucsinium cormbosum Portugsl | MKS3T3 MKTI230 MKS280: — = = = Hiliria < al. {2020
Sigporthe recuee CAAIDDY uereus suber Porbugal  MT30345: MT237172 | MT30345¢ — = = = Lopes [Direct Submiszion]
o — CE2435.82 | Sotonesster sp. UK JX2T545T MHEEISH | GRAS034 — = = = Zankas o al. (2010), Udayangs et al. (2012, Yu et al. (2013)
Diaporthe eres Ex61-3 itz s Eradeeit® Canada  OK33333 MZf2T153 = = = OK330353 This study.
Diaparthe eres Es26-4 itz s Clinon Canada  OK333330 MZI2TI5T = = = OK330356 This study.
Diaparthe eres Es26-5 itz s Clinon Canada  OK333391 MZ12T153 = = - OK33035T This study.
Diaparthe eres Es25-6 itz g Clinon Canada  OK333383 MZ12T156 = = = MZ12T155 Thiz study.
Sigparthe biguttusic CEMGE 31708 dittesapes giedar China KFSTE506 MR_147533 KFSTE25T — - - - Gag ot al. [2015)]
Siggarthe aras ARS13S imas 3p. Germany | KJ420733 KJ210523 | KJ210550 | — - - - Udayanga ¢t al. [2014]
Digporthe rosicolz LU AT-0646 | Rosz 2p. 3 MEE435T NR_ISTHS | MGE2IZT — - - - “anasinghe ot al. [2013)
Digporthe slipicels CEMCE 31708, Lithocarpws plvber China KFSTE234 MR_14753 KFSTE245 — - - - Gae et 3l. [2015)
Sigporthe coferis CES 143543 | |iti- winitera UK ME2E130 MG2S01T | MG2E1535 — = = = Guarnaceia e al. [2015)
Digporthe momizats MFLUGCE 16-01 Sranes sersica China KUSSTSST MR_1T235€ KUSSTES — - - - Dizzanayahe <t al. (2017)
Digporthe makothocags CEMGE 315181 dithocarpes gisbra China KFSTE312 KC153096 | KO15305T — = = = Gae ot 3l (2014), Gao et = (2015)
Digporthe e CES 1646 | diws op. Unknown | KC:3433TE NR_14T525 KC345754 — - - - Gomes et al, [2013]
Digporthe betuie CFCCS04T0 | Seeulspiaepidpts China KTT33021 KTT32351 | KTT33017 — = = = D et 3l [2015)
Digporthe betuie CFCCS0463 | Seeulspiatypdatts China KTT33020 NR_147578 KTT53016 — - - - D et 3l [2015)
Digporthe padin CFCCS2530 | Fruwes padies Ghina MHI21604 NR_155573 MHI2156T — = = = Tang et al. (2013)
Siggarthe dungariee CES 43355 | i vinitera Hungary  ME2E123 ME2FH2E | MG25164T — - - - Guarnaceia st al. (2015)
Siggarthe digpanis: CES 14355 | Ieis vimitera Spain MG2E129 MG251123 | MG251644 — - - - Guarnaceia et al. [2015)
Digporthe myracroctions URM 7372 Astronium srundre Erazil MK20523 NR_163520 MK213405 — - - - Silva et al. [2013)
Digporthe sivensis ZIUPOO33-4 | Amaranthes 2p. China MKEE04S MEEITAS! | MKEE044E — = = = Feng ek al. [2015)
Sigporthe novem CES127270 | fweine mae Croatin  KC344124 MHSE4503 KC343582 — = = = Gomes ok al. [2013), Yu ek al. (2013)
Digporthe pevem: CES12T2T | e ma Croatin | KG344125 MHS64504 KG343583 — = = = Gomes ok al. [2013), Yu et al. (2013)
Digporthe phascoforim AR4203 Fhaosoais vaigaris usa KJBI0535 KJS30T38 | KJSI0T3E — - - = Udayanga <t al. (2015)
Digporthe sngelicas CES ISR | Merwctoum sobondin Austrin | KG343995 KG343027 KG343155 — = = = Gomes st al. [2013]
Digporthe guies BRIP54025 | Aufiantbur onneus fustralin | KJSTEM NR_THEIS | JNG45305 — - - - Schoch ot al. [2014), Thampson et al, (2011, 2015)
Digporthe cucurditas DAOM 42078 | Swcamis 2p. Canada | KP113345 KM453210 KM4532T | — = = = Udayanga <t al. [2015]
Diaparthe aff. gelpac | Ex20-4 Fitis g antai Canada  OK353351 MZI2TI35 - - - OKF50354 Thiz study,
Siggorthe arcti DPO452 Arctiim fymme fustrin | KJB10531 KJS30T36 | KJS30TTE | — - - - Udayanga <t al. [2015)
Digporthe nesarcti CES 103430 | dmbrosiz irifids s KC344113 MR_11E54 | KO3 56T — - - - Gomes et al. [2013), Schach ek al. [2014]
Biaporthe zp. Es1-1 itz ripars Canadn  OK353381 MZ127154 = = = OK380353 Thiz study.
Bigporthe fesitonicas CES 123212 | Foemicatam vulgare Portugal | KC:344104 MHSE327S KO345862 — - - - Gomes ok al. [2013), Yu ek al. (2013)
Digporthe cyppates CEEHT433 | dspadseter dueoris Touth Africa KG344028 MH3E5021 KG343T83 — = = = Gomes ok al. (2013), Yu et al. (2013)
Digporthelts corpiin CES12fi24 | Sompir ap. China 343372 KO345004 | KO345730 — = = = Gomes ot al, [2013]
Azmalariz_sw. ExG0-1 Vitis s, Marochalfocd’  Canada  OK353330 MZIZTIB0 | — OK4514T5 OK4T14TS — OK350353 Thiz study.

2.5. Screening of endophyte bioactivity against Botrytis

The isolated fungal endophyte strains were screened for their bioactivity against the common
grape pathogen Botrytis cinerea using dual-culture competition assays [25]. Briefly, a 4-mm agar plug
containing mycelia was removed from both a freshly grown pure culture of Botrytis cinerea and the
endophyte isolate of interest and transferred to a new 9-cm PDA plate using aseptic technique. The
plugs were kept 7 cm apart from each other and 1 cm away from the edge of the plate. The starting
time of the co-culture was based on the growth rate of endophytes and pathogens. In instances where
the endophyte grew slowly compared to Botrytis, the endophyte was incubated on the plate for 3-5
days before the pathogen was added; before the endophyte reached the middle of the plate, the same
plate was inoculated with Botrytis. The experiment was carried out in triplicate and repeated three
times. As a control, a solitary plug of Botrytis cinerea was placed on PDA plates to ensure the pathogen
grew normally in the absence of the endophytes. The plates were incubated in the dark at 22 °C and
the growth of both endophyte and pathogen were observed daily. Before the two cultures touched
each other, the growth of Botrytis on each plate was measured towards the pathogen (P), and oriented
vertically (VP) and oriented horizontally towards both sides of the plate (HP). The percent growth
inhibition index (GII) was calculated as: GII = (HP-VP)/HP x 100 [26]. Only endophytes that showed
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some ability to inhibit Botrytis growth (GII > 5% based on averaging alone) were characterized. An
ANOVA was later performed on this group to test for significance.

2.6. Metabolite screening by high resolution HPLC-MS

Extracts were analyzed using a Q-Exactive Quadrupole-Orbitrap mass spectrometer (MS)
(Thermo Scientific) coupled with an Agilent 1290 ultra-high-performance liquid chromatography
(HPLC) system. Metabolites were resolved using a Zorbax Eclipse Plus RRHD C18 column (2.1 x 50
mm, 1.8 um; Agilent Technologies, CA, USA) maintained at 35 °C. The mobile phase consisted of (A)
water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid (Optima grade, Fisher
Scientific, NJ, USA). The gradient consisted of 0% B for 30 s before increasing to 100% over 3 min. The
mobile phase B was held at 100% for 2 min before returning to 0% over 30 s. Heated electrospray
ionization was performed in positive mode using the following settings: capillary voltage, 3.9 kV;
capillary temperature, 400 °C; sheath gas, 19 units; auxiliary gas, 8 units; probe heater temperature,
450 °C; and S-Lens RF level, 45.00. MS data were acquired using untargeted data dependent
acquisition (DDA), which included a full MS scan at 70,000 resolution, with a scan range of 106.7-
1600 m/z; an automatic gain control target of 3 x 106, and a maximum injection time of 250 ms. The
five most intense ions in each full scan were selected for tandem mass spectrometry (MS/MS) analysis
using a 1.2-Da isolation window, and were analyzed under the following conditions: resolution,
17,500; automatic gain control target, 1 x 105 max injection time, 64 ms; normalized collision energy,
35%; intensity threshold, 1.5 x 105 and dynamic exclusion, 5 s.

3. Results

3.1. Grape site /| DNA barcoding results

The DNA barcoding results for the grapevines sampled from the four most promising (i.e.,
historically significant) sites were as follows: (1) surrounding woods, Bear River, NS: most likely a
seedling from an unknown mix of North American species and V. vinifera ancestry; (2) Annapolis
Royal Botanical Gardens, Annapolis Royal, NS: ‘Isabella’; (3) Abandoned farmstead, Miller Point
Peace Park, Lunenburg, NS: a seedling made up of entirely native North American species; and (4)
French Mission, Poplar Grove, NS: ‘Clinton.”

3.2. Isolation and identification of endophyte strains

A total of 12 fungal endophyte strains met the criteria for further characterization: (a) they were
collected from a historically significant site; (b) they did not emerge from the explant material for at
least six days; and (c) they showed some antagonism towards Botrytis based on averaging (GII > 5%).
On the basis of morphology, GenBank queries and subsequent phylogenetic analyses, nine of the 12
strains were confidently identified to species (Table 1). Six strains belonged to the genus Diaporthe
(Diaporthaceae, Diaporthales), including four strains of D. eres (formally D. vacuae; En25-6, En26-4,
En26-5, En61-3), which make up part of a strongly supported clade containing the former D. vacuae
(CAAB823) and D. cotoneastri (CBS 439.82) types in the TUB2-EF1-ITS phylogeny (Figure 1). En20-4
was not conclusively identified and was placed basally in a strongly supported clade that includes
the D. angelicae (CBS 111592), D. cucurbitae (DAOM 42078), and D. gulyae (BRIP 54025) types. The
remaining strain (En01-1) is a putative novel species basal to the D. gulyae clade and a clade including
the D. arctii (DP0492) and D. neoarctii (CBS 109490) types. The En25-6 (D. eres) strain formed
condiomata that produced alpha conidia on water agar amended with Ilex aquifolium leaves (Figure
2a-d); En20-4 produced alpha and beta conidia on OA (Figure 2e-h); and En01-1 produced both alpha
and gamma conidia and fertile perithecia on WA amended with Rubus armeniacus leaves (Figure 2i-
n). En61-1 was identified as Gnomoniopsis paraclavulata (Diaporthaceae, Diaporthales) based on its
sequence (ITS and RPB2) similarity with the type specimen (BPI 877448) and the morphology of the
conidiomata and the conidia formed on WA amended with R. armeniacus leaves (Figure 3i-k; Figure
4¢).

doi:10.20944/preprints202312.0585.v1
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Figure 1. IQ-TREE maximum likelihood consensus tree inferred from the combined TUB2, TEF1-a,
and ITS sequence alignment for Diaporthe. Strains representing species formally in the D. eres species
complex are now synonymized as D. eres. Strains originating from this study are highlighted by an
orange rectangular box. Support values at the nodes correspond to SH-aLRT (280%), aBayes (=0.95),
and ultrafast bootstrap (295%) support values; an asterisk (*) indicates full support (100% or 1.0); and
a hyphen (-) indicates support lower than the significant values listed for each branch test. The tree is
rooted to Diaporthella corylina (CBS 121124). The scale bar shows the expected number of nucleotide
substitutions per site. Ex-type and ex-epitype strains are indicated by the symbol ™.
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Figure 2. Morphology of Diaporthe spp. (A-D) D. eres (En25-6) on WA with Ilex aquifolium leaf. (A)
Conidiomata; (B) Conidioma with exuded droplet containing alpha conidia (on I. aquifolium leaf); (C)
Conidiogenous cells and alpha conidia; (D) Alpha conidia; (E-H) D. aff. gqulyae (En20-4); (E)
Conidiomata with conidial droplets; (F) Conidiogenous cells; (G) Alpha conidia; (H) Alpha and beta
conidia; (I-N) Diaporthe sp. (En01-1) on WA with Rubus armeniacus leaf; (I) Perithecia on leaf surface;
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(J) Whole perithecium; (K) Ascospores; (L) Apex of perithecial neck; (M) Alpha conidia (top row) and

gamma conidia (bottom row); (N) Conidiogenous cells. Scale bars: (A,E,I) =1 mm; (B) = 500 um; (C,
D, F-H, K-N) = 10 um; (J) = 100 pm.



https://doi.org/10.20944/preprints202312.0585.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 December 2023

Figure 3. Morphology of Neophaeomoniella niveniae, Colletotrichum fioriniae and Gnomoniopsis
paraclavulata. (A-F) N. nivenige (En61-2); (A) Two-week-old colony on V8A. (B,C) Intercalary
conidiogenous cells and conidia on oatmeal agar (OA); (D) Slimy mass of conidia on hypha (OA); (E)
Conidiomata (OA); (F) Conidia (OA); (G-H) C. fioriniae (En25-3) on water agar with Rubus armeniacus
leaf; (G) Conidiomata with salmon-colored masses of conidia on leaf veins; (H) Conidia; (I-K) G.
paraclavulata (En61-1) on WA with Rubus armeniacus leaf; (I) Conidiomata with orange masses of
conidia; (J) Conidiogenous cells and conidia; (K) Conidia. Scale bars: (A) =1 mm; (B-D, F, H, J, K) =
10 pum; (E) =100 pm. (G, I) =1 mm.
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Figure 4. IQ-TREE maximume-likelihood consensus trees, with the strain identified in the study
highlighted by an orange rectangular boxs. (A) IQ-TREE maximum likelihood consensus tree inferred
from the TEF1-a sequence alignment for Sphaerulina, rooted to Cercospora chrysanthemoides (CPC
20529), and strain En26-1originating from this study is highlighted by an orange rectangular box. The
tree is rooted to Cercospora chrysanthemoides (CPC 20529); (B) IQ-TREE maximum likelihood consensus
tree inferred from the combined ITS and TEF1-a sequence alignment for Neophaeomoniella. The strain
(En61-2) originating from this study is highlighted by an orange rectangular box. The tree is rooted to
Phaeomoniella chlamydospora (IBVDO01); (C) IQ-TREE maximum likelihood consensus tree inferred from
the combined ITS and RPB2 sequence alignment for Gnomoniopsis. The strain (En61-1) originating
from this study is highlighted by an orange rectangular box. The tree is rooted to Melanconis alni (AR
3748); (D) IQ-TREE maximum likelihood consensus tree inferred from the combined ACT, ITS, and
RPB2 sequence alignment for Ramularia. The strain (En60) originating from this study is highlighted
by an orange rectangular box. The tree is rooted to Zymoseptoria halophila (CBS 128854). Support values
at the nodes correspond to SH-aLRT (280%), aBayes (20.95), and ultrafast bootstrap (295%) support
values; an asterisk (*) indicates full support (100% or 1.0); and a hyphen (-) indicates support lower
than the significant values listed for each branch test. The scale bar shows the expected number of
nucleotide substitutions per site. Ex-type and ex-epitype strains are indicated by the symbol.

En25-3 is Colletotrichum fioriniae (Glomerellaceae, Glomerellales), with 100% similarity of the ITS
and CHS-1 sequences and those of the ex-type specimen of C. fiorinize (CBS 128517) (Figure 5a).
Conidiomata production was stimulated on WA with the addition of R. armeniacus leaves (Figure 3g—
h). En61-2 was identified as Neophaeomoniella niveniae (Celotheliaceae, Phaeomoniellales) based on the
similarity of with the ITS and EF1a sequences with those of the ex-type N. niveniae strain (CBS131316)
and the comparison of its conidiomata and yeast-like conidia, which were abundant when grown on
V8A (Figure 4b and Figure 3a-f). En25-1 was identified as Nemania aureolutea (Xylariaceae,
Xylariales;) based on its 100% similarity between its ITS sequence and that of the authenticated strain
MAR101219, and by its orange colony, a character distinguishing N. aureolutea from the closely
related N. aenea ((Fournier et al. 2020) (Figure 5b and Figure 6a).

En60 is an unidentified Ramularia sp. (Mycosphaerellaceae, Mycosphaerellales), which shares a
99% similarity with the ITS sequences of the ex-types of R. heraclei (CBS 108969) and R. weberiana (CBS
136.23) and authenticated cultures of R. alangiicola (CPC 10299), R. gei (CBS 113977), R. interstitiales
(CBS 120.68), R. ligustrina (CBS 379.52), R. pratensis (CBS 122105), and R. rumicicola (CPC 11295). The
concatenated ACT-ITS-RPB2 phylogeny placed En60 in a strongly supported clade with the ex-types
of R. heraclei (CBS 108969) and R. lamii var. lamii (CBS 108970) (Figure 4d and Figure 6b—f). En26-1
was identified as Sphaerulina amelanchieris (Mycosphaerellaceae, Mycosphaerellales) based on its
close sequence similarity (99% EF1, ITS) to the ex-type strain CBS 135100 (Figure 4a and Figure 6g-
h).
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Figure 5. IQ-TREE maximum likelihood consensus trees (A) IQ-TREE maximum likelihood
consensus tree inferred from the CHS-1 sequence alignment for Colletotrichum. The strain (En25-3)
originating from this study is highlighted by an orange rectangular box. The tree is rooted to
Colletotrichum spaethianum (CBS 167.49); (B) IQ-TREE maximum likelihood consensus tree inferred
from the ITS sequence alignment for Nemania. The strain (En25-1) originating from this study is
highlighted by an orange rectangular box. The tree is rooted to Xylaria longipes (CBS 347.37). Support
values at the nodes correspond to SH-aLRT (=80%), aBayes (=0.95), and ultrafast bootstrap (=95%)
support values, an asterisk (*) indicates full support (100% or 1.0); and a hyphen (-) indicates support
lower than the significant values listed for each branch test. The scale bar shows the expected number
of nucleotide substitutions per site. Ex-type and ex-epitype strains are indicated by the symbol ™.
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Figure 6. Morphology of Nemania aureolutea, Ramularia sp. and Sphaerulina amelanchier; (A)
Nemania aureolutea (En25-1) on PDA first two plates show front and reverse of two-week-old colonies
and last two plates show front and reverse of four-week-old colonies. (B-F) Ramularia sp. (En60); (B)
Two-week-old colony on V8A; (C) Conidiomata on WA with Ilex aquifolium leaf; (D-F)
Conidiophores, conidiogenous cells, and conidia; (G) Sphaerulina amelanchier En26-1 on MEA; (H)
Conidjia. Scale bars: (A, B) =1 cm; (C) = 500 pm; (D-F, H) = 10 pm.

3.3. Screening of antimicrobial activity of endophytic fungi against

Botrytis According to the dual-culture competition assays performed on the 12 selected isolates
thought to be potentially active against Botrytis, only five of the 12 isolates initially screened showed
statistically significant antagonistic activity. Values ranged from a GII of 27% (En61-3) to 35% (En26-
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5), while no inhibition (GII = 0%) was observed in the control (Figure 7 and Figure S1). All five of the
significantly antagonistic strains belonged to the genus Diaporthe, with four out of the five identified

as D. eres.
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Figure 7. Percent growth inhibition index of Botrytis cinerea by different grape fungal endophytes
isolated from ancient wine grapes. The percent growth inhibition index was calculated as: GII = (HP-
VP)/HP x 100, where HP is the average of horizontal growth (average radius) of the pathogen and VP
is the vertical growth of the pathogen (average radius) towards the endophyte.

3.4. Extrolite screening of bioactive strains

The full complement of ionizable compounds in the extracts were visualized using principal
component analysis (PCA) (Figure S2). As expected, the four strains of D. eres were grouped together;
however, no significant clusters of the other strains were observed. Specifically, the other Diaporthe
species (corresponding to isolates En20-4 and En01-1) did not strongly group with D. eres. C. fioriniae
(En25-3) was an outlier (Figure S2): the strain’s unique extrolite profile that is responsible for its
outlier position on the PCA plot was driven by unknown compounds (Table S2). Four of the
extrolites, with the formulas C1sH34Os, C21H3404, C11H200s and C11HisOs, are likely structurally similar
according to their respective MS/MS spectra (Figure S3c—f). Searching through published microbial
compound databases [27] did not yield any likely candidates for these compounds, thus making them
attractive targets for isolation and characterization. Strain En25-3 also had higher levels of carnitine,
a common quaternary ammonium compound, than the other tested strains.

En61-1, like N. niveniae, produced several known, but unique, secondary metabolites (Figure 54
and Table 52). A number of linear dipeptides were detected as a products of this strain, notably Ser-
Val, Leu-Val, lle-Thr, Ile-Ile, Ile-Pro and Ile-Phe, although the positions of the amino acids are only
putative. The series of unique extrolites produced by the strain G. paracalvulata was limited compared
to those of the other tested strains, and showed some degree of overlap with that of N. nivenige. Two
metabolites detected in this strain have the formulas C20H21NOs and C2sH29NQOs, which, based on their
respective MS/MS product spectra, are likely structurally similar (Figure S5). The similarity of
extrolite production in G. paracalvulata and N. niveniae is shown by their close proximity in Figure S2.

Six of the strains tested for metabolite profiling were identified as belonging to the order
Diaporthales (Figure 1 and Table 1). In agreement with the phylogeny established, the four strains
identified as D. eres_were found to produce a similar complement of metabolites and therefore are
clustered together in the PCA plot (Figure S2). The En20-4 and Enl1-1 strains did not strongly group
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with each other, nor with the D. eres_strains (Figures S2 and S6). Some metabolites were found to be
common across most of the tested Diaporthe strains, notably the osmoprotectant proline betaine.
Other metabolites detected in the D. eres strains include tryptamine and phenylethylamine.
Additionally, a number of related metabolites detected in D. eres include CisH3ssNOz, CisHNOy,
CisH3sNO, and CisHssNO (Table S2).

4. Discussion

The biological control of plant diseases through the use of antagonistic endophytic
microorganisms is an alternative approach for reducing or eliminating the use of chemical pesticides
in agriculture. Fungal endophytes belong to a taxonomically and metabolically diverse group of
organisms that colonize different plant niches without causing any harm to the host plants. Their
efficacy in controlling various plant pathogens has been investigated by a number of authors [28-31].

4.1. Feral endophyte host identification

The results of DNA barcoding showed that, although some vines had purely North American
ancestry, others were a mix of North American and European lineages. It is no surprise that some of
the tissue samples sent for DNA barcoding were found to be from unnamed seedlings. Feral grapes
growing in the woods or on the edges of fields and roadways have become commonplace in the
region, and are likely natural crosses distributed by birds and animals. This is most likely the case for
the vine from the woods surrounding Bear River, NS, which was shown to be a mix of Vitis vinifera
and North American species. However, one unexpected finding was the discovery that the old vine
located on a long-abandoned homestead outside the historic town of Lunenburg, NS—widely known
for nearly two centuries and believed to be ‘Diana’—is actually unnamed and a product of exclusively
native American species. Native North American species are not widespread in Nova Scotia, even
though they are abundant in the neighbouring province of New Brunswick. Lastly, our search did
yield two named heritage cultivars: ‘Clinton,” found at the French Mission in Poplar Grove, NS, and
‘Isabelle,” relocated to the Annapolis Royal Historic Gardens, Annapolis Royal, NS from a specimen
found growing wild over 40 years ago in Bear River, NS. Both cultivars are of historical importance,
and have likely been growing in Nova Scotia for well over a century. The ‘Clinton” is purely North
American in its lineage, and thought to be primarily derived from Vitis riparia, but with some Vitis
labrusca traits. It came to prominence in the 1830s and is widely cited as the first cultivated grape of
Vitis riparia lineage. It was popular in the 19th century because of its high vigour, hardiness and
fruitfulness, and its tolerance to Phylloxera. This cultivar was once a favourite in both North America
and France, but is now rarely found, although it continues to be influential due to its frequent use in
the past by grape breeders and its role as a founding parent of many important cultivars [32].
‘Isabella’ is the product of a natural cross between Vitis labrusca and Vitis vinifera that was later
discovered and named. The cultivar was introduced in 1816 and was the mainstay of the grape
industry for the next half century in New England and the neighbouring North Atlantic region, with
extensive plantings also found in Europe. However, the once popular cultivar eventually fell out of
favour. A factor in its downfall may have been the widely held belief that the source of the Great
French Wine Blight, a phenomenon that devastated the French wine industry, was Phylloxera
brought from North America to Europe on the roots of the ‘Isabella’ vine [32].

4.2. Botrytis suppression

In this study, five strains of Diaporthe successfully inhibited the growth of Botrytis in dual-culture
competition assays (Figure 7). Botrytis is a major grapevine pathogen, reducing yield through bunch
rot and premature cluster drop, and lowering table grape quality through postharvest fruit rot.
Several spray applications of a chemical fungicide are typically used annually to control Botrytis rot,
which not only increases production costs but also raise a range of the environmental issues
associated with agrochemical use. Although some biological control agents have been registered for
the management of Botrytis rot in grapevines, they are not very effective in completely eliminating
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the disease. It has been reported that species of the genus Diaporthe can alter the life style between
phytopathogens and endophytes on the same host or between different hosts [33,34].

In future work, it would be interesting to test Diaporthe isolates from this study in the in planta
inoculation of grapevine and then to challenge half of the plants with Botrytis and other common
grapevine pathogens. Plants inoculated with Diaporthe but not challenged with pathogens will show
whether these strains are pathogenic to grapevine or not. D. eres isolated from Prunus dulcis has been
reported to have significant antifungal activity against three fungal pathogens, Trichothecium roseum,
Fusarium avenaceum and Alternaria alternata [35]. Polonio, ef al. [36] observed that D. citri exhibited
antifungal activity against F. solani and Didymella bryoniae, as well as antibacterial activity against
Staphylococcus aureus. In addition, Diaporthe species isolated from the ornamental plant Pachystachys
lutea were able to inhibit the growth of F. oxysporum and Colletotrichum sp. [37]. In a recent study,
Verma, et al. [38] reported that D. melonis and D. longicolla suppressed the growth of Corynespora
cassticola and F. solani in dual-culture competition assays. Phomopsis oblonga (current name P. valeta)
serves as a natural biocontrol agent for Dutch elm disease by acting as a feeding deterrent for elm
bark beetles [39]. Our previous studies have shown that D. maritima isolated from Picea produces
antiinsectant and antifungal metabolites [40].Recently, D. miriciae, an endophytic fungus isolated
from tropical medicinal plants, has been shown to produce cytochalasins, which have antifungal and
antagonistic activity against plant pathogens [31].

4.3. Endophyte diversity and ecology

The twelve fungal endophyte strains isolated in this study represent seven genera in six families
and five orders in the phylum Ascomycota. Six of the 12 strains are classified as Diaporthe, a speciose
genus consisting of endophytes, saprotrophs, and pathogens that colonize a wide range of host plants
[41]. This genus has more than 800 described species, and more than 950 species in its asexual state
(formerly Phomopsis) [42]. Two of the isolated strains (En20-4 and En(1-1) appear to represent
putative novel species, based on their phylogenetic distinction from described species with
sequences available in GenBank. Four strains are closely related to D. vacuae, a recently described
species in the D. eres complex that has been associated with dieback and twig blight of Vaccinium
corymbosum [43]. These strains also had similar extrolite profiles (Figure S2). Recent work resulted in
D. vacuae and other related species in the D. eres complex being synonymized with D. eres [44]. En20-
4. species are commonly associated with diseases of grapevine worldwide, notably Phomopsis cane
and leaf spot, which is attributed to D. ampelina (=D. viticola), and symptoms such as stem and branch
dieback, perennial cankers, vascular discoloration, and rachis necrosis [45-48]. Phomopsis cane and
leaf spot can affect most parts of the grapevine, including the flowers and berries, and its potential to
cause large crop losses often leads to the application of fungicides and other control meaures [49].
Although D. eres causes minor disease in a broad range of hosts, it can also result in serious canker
disease in grapevine, apple, and blueberry [43]. For example, strains of D. eres isolated from
symptomatic apple rootstocks in the same region as this study (Annapolis Valley, NS) caused
necrosis, cankers, and eventually death in young apple plants within four weeks [19]. Other Diaporthe
species show varying degrees of virulence in grapevine: for example, the closely related D. ampelina,
D. hispaniae, and D. hungariae are highly virulent, while other species, such as D. bohemiae, appear to
be avirulent endophytes ). Overall, most Diaporthe species, including D. eres, tested in grapevine
pathogenicity experiments show some degree of virulence [45,50,51]. Reveglia, et al. [52]
demonstrated that a D. eres strain isolated from symptomatic grapevine wood produced phytotoxic
secondary metabolites; one phytotoxin, nectriapyrone, was identified in several of our Diaporthe
strains. Guarnaccia, et al. [53] reported that D. eres was the Diaporthe species most commonly isolated
in grapevines sampled in eight countries. Taken together, the fact that Diaporthe represents the
majority of endophytes isolated in this study is not unexpected. Its presence does not necessarily
reflect the overall health of the sampled grapevines, given its frequency of occurrence on
asymptomatic grapevines and potential host resistance [54]. However, it is notable that Kernaghan,
Mayerhofer and Griffin [16] did not report any Diaporthe endophytes in wild and hybrid Vitis leaves
sampled from wild grapes and vineyards in eastern Canada. Although pathogenicity experiments
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were not conducted in this study, the virulence of En20-4 and En01-1 should be assessed in the future,
especially considering the identification of the phytotoxin nectriapyrone in

Although Gnomoniopsis paraclavulata (En61-1) was isolated from grapevine leaves, this species is
best known from Quercus spp. in the US and Europe, where it is found in the stems, wood,
asymptomatic leaves, overwintering leaves, leaf litter, and acorns [55-58]. The most dominant species
isolated from asymptomatic and diseased stems of Quercus robur in Poland included G. paraclavulata
(and, incidentally, D. eres and C. fioriniae) [59,60]. Subsequent pathogenicity tests on young Q. robur
seedlings demonstrated that G. paraclavulata was the most pathogenic species tested, causing dieback
symptoms and small lesions on stems. Costa, et al. [61] also identified G. paraclavulata in symptomatic
and declining Q. suber in Portugal, while Tosi, et al. [62] implicated G. paraclavulata in chestnut bud
and shoot blight (Castanea sativa). Given G. paraclavulata’s apparently narrow association with
Quercus, or Fagaceae in general, its isolation from grape leaves is somewhat unexpected and its
interaction with this host is unknown.

N. niveniae (En61-2) is related to Phaeomoniella chlamydospora, believed to be one of the primary
causal agents of Petri disease and esca, two serious grapevine trunk diseases. Other Phaeomoniellales
taxa have recently been described as a result of spore trapping efforts in vineyards, but do not appear
to be pathogenic [63]. Similarly, Neophaeomoniella spp. have not been implicated in grapevine disease,
although N. niveniae has been identified from symptomatic plants, albeit in low relative abundance
[64]. Interestingly, N. niveniae was isolated from wild olive trees (Olea europaea subsp. cuspidata) in
South Africa, and was found to be present in 7.1% of the trees sampled; two strains exhibited low-to-
zero virulence and intermediate virulence, respectively, when inoculated on shoots of ‘Frantoio’ olive
trees (O. europaea L. subsp. europaea) in South Africa [65,66]. N. niveniae was first described from leaves
of Nivenia stokoei in South Africa, where it was isolated from leaf spots, but the causality of this was
not tested [67]. Our isolation of N. niveniae is likely a first record in Canada, and its interactions with
grapevines are unknown. Interestingly, among the tested strains, En61-2 produced a number of
dipeptides, all of which contain Ile or Leu. Although fungi are known to produce a wide range of
cyclic dipeptides [68], all the ones reported here are linear and have unknown bioactivity.

Species of Colletotrichum have been implicated in various diseases of agricultural crops and other
plants, such as bitter rot of pear and apple [69,70],anthracnose of apple [71], fruit rot of cranberry and
blueberry [72], anthracnose fruit rot of raspberry [73] leaf spot disease of walnut [74],anthracnose of
eggplant [75], seedling blight of poison ivy (Toxicodendron radicans; [76], and leaf blight of Mahonia
aquifolium [77]. Bitter rot of apple, for example, is considered a major disease of apples in warm and
humid regions [58]. On the other hand, several species in this genus are capable of forming symbiotic
and mutualistic relationships with plant species [78,79]. C. fioriniae was isolated as a leaf endophyte
from apple trees in orchards and from various plant species growing nearby, including angiosperm
trees, wild grapes and others, leading the authors to hypothesize that the species” main ecological
role was indeed that of a leaf endophyte [58]. In the same study, the C. fioriniae strains isolated were
also found to be pathogenic on apple fruit. Recently, C. fiorinize was reported as the causal agent of
grapevine anthracnose in New York [80], and is also associated with grapevine ripe rot [81]. C.
fiorinige not only has been widely reported as an endophyte and pathogen in a broad range of hosts,
but is also cited as an entomopathogen of the elongate hemlock scale (Fiorinia externa), the origin of
its specific epithet [82-84]. Therefore, C. fioriniae may act as a benign or potentially beneficial foliar
endophyte in some plant hosts, while also reducing the quality of and accelerating decay in, fruit. C.
gloeosponoides has also been reported to cause epizootics of the scale insect Orthezia praelonga, a major
pest of citrus in Brazil [83].

The family Xylariaceae contains a large number of commonly reported endophytes in a very
broad range of host plants, including bryophytes, liverworts, angiosperms and conifers, even
occurring in the form of endolichenic fungi [85]. These fungi are not only ubiquitous endophytes, but
also remarkably prolific producers of bioactive natural products [86,87]. The genus Nemania consists
of approximately 80 named species (www.indexfungorum.org), including species characterized as
endophytes producing described natural products [88-92]. N. serpens and Nemania spp. have
occasionally been isolated as endophytes of cultivated and wild grapes [88,93]. We isolated N.
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aureolutea (En25-1), a rarely observed species that is closely related to the common N. aenea. Our strain
produced the characteristic slow-growing orange colonies on PDA as described by Fournier, et al.
[94] (Figure 3a). Little is known about N. aureolutea because it is rarely collected, with a small number
of reports from Europe, the continental US, and Hawaii, where it grows in the wood, and sometimes
on the outer bark, of Acer, Corylus, Populus, Quercus, and Salix; most collections appear to be from
Quercus {Vasilyeva, 2006 #95;Fournier, 2020 #39}. Our strain may be the first report from Canada;
however, N. aureolutea is likely more common than perceived and some specimens identified as N.
aeneqa are actually N. aureolutea [95].

The genus Sphaerulina comprises more than 200 named species (www.indexfungorum.com),
with some causing leaf spot on various plant species; notably, S. musiva is responsible for one of the
most damaging diseases of poplar in northeastern and north-central North America [96]. S.
amelanchier (En26-1) was originally described from Amelanchier sp. leaf litter in the Netherlands, and
has also been isolated from leaves of unidentified species of Betula, Castanea, and Quercus ([97,98].
Given the infrequent reports, little is known about the ecology of S. amelanchier. A related species, S.
vaccinii, causes a common leaf spot and stem canker disease in lowbush blueberry (Vaccinium
angustifolium) in eastern Canada and the US [99-101]. We also isolated another Mycosphaerellaceae
species, a strain (En60) of an unknown Ramularia species that is a sister species to R. heraclei and R.
lamii var. lamii. Ramularia are also well-known and common associates of leaf spot diseases of varying
significance in a broad range of plant hosts. For example, Ramularia leaf spot of sugar beet and barley,
caused by R. beticola and R. collo-cygni, respectively, are serious emerging disease [102,103]. Species
of Ramularia have been reported as endophytes of grapevine [16], while a Ramularia sp. isolated
from Rumex gmelini Turcz has been noted to produce the bioactive secondary metabolite
chrysophanol [104]. According to the results of the phylogenetic analysis and the lack of similarity to
available sequences, Ramularia sp. (En60) is possibly a novel species.

In general, the host preferences of the endophyte species that we isolated from grapevine are
either demonstrably broad (e.g., Colletotrichum fioriniae, D. eres), suggestive of a broader host range
than currently known (e.g., G. paraclavulata, Nemania aureolata, Neophaeomoniella niveniae), or are
unknown due to possible novelty (e.g., Diaporthe spp. En20-4 and En01-1, Ramularia sp.). Many of
these endophytes produce slimy, bright yellow-orange masses of conidia that are presumably spread
via rain splash and water runoff, and potentially vectored by insects, including pollinators
[63,105,106]. Endophytes in the Xylariaceae family (e.g.,, Nemania aureolata) may be transmitted
horizontally to new leaves via dry, airborne conidia and ascospores. While grapevine is probably a
secondary host for N. aureolata, endophytes occurring on leaves as foliar endophytes may colonize
primary hosts (i.e., host substrate that supports sexual reproduction, such as hardwood trees)
through direct contact (viaphytism) [107]. Therefore, the senescent and overwintered leaves and
wood of both grapevine and other distantly related plant hosts may serve as inoculum for new
infections. Vertical transmission of endophytes is also possible in some cases, for example, as
demonstrated or suggested in Diaporthe, Ramularia, and G. paraclavulata [57,108,109].

Some grapevine endophytes are potentially opportunistic pathogens, such as Diaporthe spp. and
C. fioriniae, which may affect vines, leaves, and/or fruit. Other species may be commensal or
mutualistic, such as N. aureolata or even C. fioriniae, an endophyte that may protect against insect
herbivory and, as demonstrated in other Colletotrichum species, provide protection from plant
pathogens [72,110-112]. Interactions between endophytes and their hosts span the mutualist-
pathogen continuum and depend on the host’s status at the given moment [113]. Consequently, the
overall effect of endophyte colonization on host fitness may be difficult to generalize; for example, C.
fioriniae could benefit its host by protecting leaves against insect herbivory, but its colonization of
fruit could reduce seed dispersal by altering signals that attract animal seed dispersers, i.e., by
reducing palatability and altering nutrient content [114]. Conversely, the fungal infection of fruit may
actually increase dispersal, for example, by increasing levels of attractive volatiles, in which case an
anthropocentric view of fruit diseases may lead to the misinterpretation of a fungus’ effects on its
host’s fitness in natural systems [115].
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