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Abstract

Cirsium arvense is an important weed in temperate areas, causing yield losses in pasture and cropping systems. Endo-
phytes may affect fungal biocontrol agents deployed to control C. arvense. This was the first study sampling leaves, stems,
and roots of C. arvense multiple times in one growing season to determine which endophytic genera were associated with
this plant species. Eighty-eight endophytic genera were isolated by culture methods and identified with molecular markers.
Sixty-five of these have not previously been reported for C. arvense. This study was the first to document many genera
belonging to the orders Pleosporales, Hypocreales, and Diaporthales that have not previously been identified in association
with C. arvense. In addition, this study isolated more Leotiomycetes and Helothiales than previous studies on C. arvense
endophytes. Information on endophytic genera in C. arvense will aid our understanding of biotic factors influencing fungal

biocontrol agents and may improve effectiveness of biocontrol agents.
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Introduction

Cirsium arvense L. (Scop.), commonly referred to as Cali-
fornian thistle, is considered a major weed in temperate
areas. It thrives in disturbed or bare ground and therefore
is problematic on arable and pastoral farmlands. C. arvense
can form large contiguous patches in grazing lands and out-
competes more desirable vegetation (Burns et al. 2013).
Livestock avoids grazing this weed due to spines on the leaf
margin. The weed is extremely competitive in low-growing
vegetation, where its presence leads to yield losses in pas-
tures (Tiley 2010) as well as economically important crops,
such as oats, barley, wheat, peas, and beans (Kazinczi et al.
2001). C. arvense is commonly controlled by herbicides, but
application of these on steep slopes is problematic (Cripps et
al. 2019). Fungal biocontrol is an alternative option, which
would be long-lasting and a sustainable way of controlling
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C. arvense. The main fungi considered as fungal biocontrol
agents for C. arvense are Sclerotinia sclerotiorum and Puc-
cinia punctiformis. S. sclerotiorum would be utilised as an
inundative biocontrol agent, with at least annual application
required, whereas P. punctiformis would be a classical bio-
control agent, which would be introduced to an area once
and thereafter self-perpetuate. Both biocontrol agents cur-
rently perform inconsistently (Berner et al. 2013; Bourdot
et al. 2006).

Endophytes inhabit plant tissues without causing dis-
ease (Delaye et al. 2013). They are generally opportunists,
which infect plants when the opportunity arises e.g. when
the plant is wounded or stressed (Hardoim et al. 2015; Prell
and Day 2000). The effect on their host can be positive, neu-
tral, or negative depending on the relationship they estab-
lished with their host (Rodriguez et al. 2009; Zhou et al.
2018). If the relationship is mutualistic, the host provides
metabolites to the endophyte and the endophyte provides a
service to the plant, for example protection against patho-
gens, or improved nutrient acquisition (Basu and Kumar
2020; Khare et al. 2018). Endophytes can alter outcomes
of a host-pathogen interaction by inducing resistance in the
host or interacting with a pathogen directly (Grabka et al.
2022). Endophytes may thus affect efficacy of biocontrol
agents (Dodd et al. 2010).
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Endophytes within a plant can be identified with cul-
ture based or metabarcoding methods. Culturing is most
cost effective but is unable to identify unculturable species.
Metabarcoding can include unculturable species, provided
sequences with taxonomic identification are available,
which is not always the case (Durén et al. 2021).

To gain insights into endophytic communities within C.
arvense, leaves, roots, and stem sections were excised and
plated in winter spring, early- and mid-summer and autumn
from July 2021 to April 2022. The culture method was cho-
sen as it was cost-effective and would be sufficient to iden-
tify the majority of fungal genera. This study summarises
data from three separate endophyte studies and provides
invaluable information on endophyte populations of C.
arvense. It increases our understanding of factors affecting
performance of biocontrol agents.

Materials and methods
Sample collection

From one site near the arboretum at Lincoln University
campus (S43°38°45.82” E172°27°34.76”) in New Zealand
(F1 site), C. arvense shoots and roots were harvested at five
time points: July 2021, October 2021, November 2021, Feb-
ruary 2022, and April 2022. Six C. arvense shoots were col-
lected in July 2021, five in October 2021, five in November
2021, three in February 2022, and three in April 2022. From
each shoot, three leaves, three stem-, and three root-pieces
were collected from the following locations within a shoot:
upper, middle, and lower part. Adventitious root tissue was
taken from the subterranean part of the shoot, arising from
root buds emanating from the lateral roots. Additionally, one
leaf from six individual shoots was collected in February
2022, and two leaves from the same six individual shoots
in March 2022 at the F1 site. At a fence line along the field
research centre (P1), four additional shoots were collected
in October 2021, of which three leaf- and root-pieces were
collected. These shoots were in rosette form; hence a ran-
dom selection of leaves was taken. Further, from 16 Febru-
ary to 20 April 2022, six shoots were collected at fortnightly
intervals from a paddock of a farm (McMillan farm) at Days
Road in the Lincoln area (S43°38°49.69” E172°27°59.42”)
and one leaf from the middle area of the shoots was taken
for endophyte culturing.

Sample processing
All plant samples were surface sterilised by soaking for

I min in 96% ethanol followed by 5 min in 10% bleach
(0.53% available chlorine) and finally 1 min in 96% ethanol.
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Plant samples were subsequently rinsed twice with sterile
water and air-dried on a paper tissue within a laminar flow
hood. A leaf imprint was made on potato dextrose agar
(PDA; Difco) by pressing a surface sterilised leaf onto the
agar before excising sections from the leaf. This was done
to determine whether all epiphytic fungi were successfully
removed from the surface sterilisation procedure. From
each leaf, 2 mm? sections were excised and 16 of these sec-
tions were placed on a PDA plate. A total of four PDA plates
with leaf sections were made for each sample, thus a total of
64 leaf sections were plated. These four plates, plus the leaf
imprint plate, were incubated for 7 days at 20°C with a 12-hr
photoperiod. After 7 days, the presence of microorganisms
was visually observed, and fungi were isolated by removing
a 5 mm by 5 mm piece of agar with actively growing myce-
lium and plated onto new PDA plates.

Culture purification and morphotyping

After four weeks, fungal plates were morphotyped by visual
and microscopic examination. Visual examination was
done by examining the top and bottom of the culture and
comparing mycelial colour and appearance. Plates, which
macroscopically appeared similar, were examined with a
stereomicroscope. Observations of mycelium and the pres-
ence/absence of spores or sporoma were undertaken to
determine similarity between cultures. When applicable,
a slide was made to examine microscopic structures with
a compound microscope. If cultures were found identi-
cal by these examinations, they were assigned to the same
morphotype and if they differed, they would be assigned a
unique morphotype. For each morphotype, a plate was pre-
pared for single spore isolation to grow a pure culture. For
this, within a Class II biosafety cabinet, a sporoma or hyphal
material was placed in 500 mL of Millipore water. This was
vortexed for 30 s and 20 pL was streaked, with a sterile
inoculation loop, onto a PDA plate. One plate for each mor-
photype was placed in an incubator at 20°C with a 12-hr
photoperiod. After two days of incubation, using a dissect-
ing microscope, a single spore or a hyphal tip was located.
The spore or hyphal tip was subsequently removed from the
streak plate with a sterile needle and placed onto a new PDA
plate. These plates were placed in an incubator at 20°C and a
12-hr photoperiod. This resulted in pure cultures of the mor-
photypes. After growing in pure culture for 2 weeks, plates
were morphotyped for a second time, with any adjustments
to morphotype allocation undertaken. For each morphotype,
one representative was chosen for molecular analysis.
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PCR

The following primer pairs were used for the internal tran-
scribe spacer (ITS) region: ITS1F (5 CTTGGTCATTTAG
AGGAAGTAA3’) and ITS4 (5’ TCCTCCGCTTATTGATA
TGC 3’) (Gardes and Bruns 1993; White et al. 1990). The
intron of the beta tubulin gene was amplified using: Bt2a
(5" GGTAACCAAATCGGTGCTGCTTTC 3’) and a part of
the exon of this gene was amplified using the Bt2b primer
(5" ACCCTCAGTGTAGTGACCCTTGGC 3°) (Glass and
Donaldson 1995; Hubka and Kolarik 2012).

PCR was performed in a total reaction volume of 20 pL
containing: 2 pL of template DNA (10 ng/uL), 10 pL of
Dream Taq Green Master Mix (ThermoFisher Scientific), 1
pL of each primer (10 uM; Integrated DNA Technologies),
and 6 pL of ultra-pure water (ThermoFisher Scientific). A
non-template control was included in each run. Amplifica-
tion was performed in a ProFlexTM PCR thermal cycler
(ThermoFisher Scientific). The following conditions for the
ITSF and ITS4 primer set: initial denaturation at 95°C for
3 min; followed by 30 cycles at 95°C for 1 min, 53°C for
30 s and 72°C for 1 min and a final extension for 10 min at
72°C. For the Beta tubulin primer pair cycling parameters
were: initial denaturation at 95°C for 5 min; followed by 35
cycles at 95°C for 1 min, 56°C for 1 min and 72°C for 1 min
and a final extension for 10 min at 72°C.

PCR products were subjected to electrophoresis on a
1% agarose gel (Meridian Bioscience) cast with 1x GelRed
(Dnature). Electrophoresis was undertaken in 0.5 x TBE
buffer (45 mM Tris, | mM NaEDTA, pH 8.3) at 90 V for
30 min. The product size was visualised with the aid of a
1 kb plus DNA ladder (ThermoFisher Scientific) under UV
illumination using a UVIreader (Uvitec). The expected
product size for the ITS1F and ITS4 primer pair was 600—
700 base pairs (bp) 1 (Fujita et al. 2001), and the Bt2 primer
pair 723-808 bp (Rezaei-Matehkolaei et al. 2014).

Sequencing

The resulting PCR products were sent to BioProtection
Aotearoa for sequencing. A Thermo Scientific™ Hitachi
3500xL sequencer (ThermoFisher Scientific) was used for
sequencing. Forward and reverse sequences were aligned
using the software package Geneious Prime (Dotmatics)
and the resultant consensus sequence was compared to other
sequences in the NCBI database using a Basic Local Align-
ment Search tool (BLAST) (NCBI 2023).

Results

From July 2021 to April 2022, 32 C. arvense shoots were
sampled for this study at two sites at Lincoln University.
Further, 30 shoots were sampled at a nearby farm at Days
Road. Of these shoots, 234 samples were taken, and 14,976
sub-samples (2 mm x 2 mm) were plated onto PDA plates.
A total of 1774 isolates belonging to 88 fungal genera were
cultured from C. arvense shoots for this study (Fig. 1). As
the primers used for identification were not species-specific,
results will be presented at the genus level. Genera which
have currently not been submitted to GenBank are indicated
with an astrix (*).

Genera belonging to the phylum Ascomycota were most
commonly isolated (1698 isolates), with 75 genera (85% of
the total number of genera) from this phylum being cultured
(Fig. 2).

Of the Ascomycota, the class Sordariomycetes and
Dothiodeomycetes were predominantly isolated. Of the 75
genera isolated, 29 genera (39% of Ascomycota) belonged
to the class Sordariomycetes and these were: Acremonium,
Apiognomonia, Arthrinium®*, Beauveria, Chaetomium,
Clonostachys, Colletotrichum, Coniochaeta, Cryptodia-
porthe*, Cytospora®, Dactylonectria, Diaporthe, Fusar-
ium, Gliocladiopsis, Humicola, Ilyonectria, Microdochium,
Myxospora, Nigrospora, Phaeoacremonium, Plectosphaer-
ella, Podospora, Remersonia, Sarocladium, Schizothecium,
Sordaria, Thelonectria, Trichoderma, and Verticillium
(Figs. 3 and 4). Hypocreales was the largest order within the
Sordariomycetes, with the following 11 orders being rep-
resented: Acremonium, Beauveria, Clonostachys, Dactylo-
nectria, Fusarium, Gliocladiopsis, Ilyonectria, Myxospora,
Sarocladium, Thelonectria, and Trichoderma.

Thirty-three genera (44% of Ascomycota) belonged to
the class Dothideomycetes. These were Alternaria, Amy-
cosphaerella, Ascochyta*, Aureobasidium, Bipolaris, Boer-
emia, Cladosporium, Curvularia, Didymella, Epicoccum,
Exserohilum, Leptosphaeria, Neoascochyta, Neodidymel-
liopsis, Neofusicoccum, Neosetophoma, Ophiobolus*,
Paradendryphiella, Paraphoma, Parastagonospora, Phaco-
botryosphaeria, Phaeosphaeria, Phoma*, Plenodomus*,
Preussia, Pseudogymnoascus, Pseudopithomyces, Pyre-
nophora, Septoria, Septoriella, Setophoma, Stagonospora,
and Stemphylium (Fig. 5). Of the class Dothideomyce-
tes, 25 genera belonged to the order Pleosporales (76% of
Dothodeomycetes). These were: Alternaria, Ascochyta*,
Bipolaris, Curvularia, Didymella, Epicoccum, Exserohilum,
Leptosphaeria, Neoascochyta, Neodidymelliopsis, Neo-
setophoma, Ophiobolus*, Paradendryphiella, Paraphoma,
Parastagonospora, Phacosphaeria, Phoma*, Plenodomus*,
Preussia, Pseudopithomyces, Pyrenophora, Septoriella,
Setophoma, Stagonospora, and Stemphylium.
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Fig. 1 Heatmap of endophytic genera found in samples from Cirsium arvense plants in the Lincoln (New Zealand) area. Genera which were more
often isolated are displayed in darker shades of green, whereas genera which were isolated fewer times are displayed in lighter shades of green

Other classes recovered from C. arvense plants were
Eurotiomycetes (4 genera; 5% of Ascomycota) which
included Aspergillus, Penicillago, Penicillium, and Talaro-
myces, and Letiomycetes (7 genera; 9% of Ascomycota),
which were the genera Botrytis, Cadophora, Hyaloscypha*,
Mycochaetophora, Neofabraea, Pezicula, and Tricellula.
All previously stated 7 genera in the class Letiomycetes
belong to the order Helotiales.

@ Springer

Ascomycota genera, which were most isolated in this
study, included: Alternaria (398 isolates), Stemphylium (122
isolates), Epicoccum (146 isolates), Cladosporium (127 iso-
lates), Diaporthe (114 isolates), Fusarium (86 isolates), and
Colletotrichum (60 isolates). Genera for which only one iso-
late was obtained included Apiognomonia, Beauveria, Cryp-
todiaporthe*®, Cytospora*, Gliocladiopsis, Hyaloscypha*,
Leptospharia, Mycochaetophora, Myxospora, Neofabraea,
Neosetophoma, Paraphoma, Penicillago, Penicillium,



Endophytic genera in californian thistle (Cirsium arvense (L.) Scop.)

Basidiomycota, 34 Mucoromycota, 42

“~._ Ascomycota, 1698

Fig. 2 Number of isolates obtained for each division in this study

Phomopsis*, Plenodomus, Setophoma, Stagonospora, The-
lonectria, and Xylaria*.

The remaining isolated genera belonged to the phyla
Mucoromycota (6 genera) and Basidiomycota (7 genera).
Of the Mucoromycota, three genera belonged to the order
Mucorales (4bsidia (1 isolate), Gongronella (1 isolate),

and Mucor (28 isolates)), two to the order Mortierellales
(Linnemannia (4 isolates), and Mortierella (2 isolates)), and
only Umbelopsis (6 isolates) to the order Umbelopsidales
(Fig. 6).

Of the Basidiomycota, only one genus was recovered
for each of the following six orders: Agaricales (Copri-
nellus (2 isolates)), Cystofilobasidiales ({tersonilia (1
isolate)), Polyporales (Trametes (5 isolates)), Russulales
(Peniophora*(4 isolates)), and Trichosporonales (Apiotri-
chum (7 isolates) (Fig. 7). The two orders for Cantharel-
lales were Ceratobasidium (14 isolates) and Sistotrema (1
isolate).

In total, 65 of the 88 endophytic genera isolated from C.
arvense in this study were never reported as endophytes of
C. arvense (Table 1).

Discussion

This study has recorded the fungal endophytes associated
with C. arvense during one growing season, giving a bet-
ter understanding of organisms in various plant tissues of
this noxious weed. Endophytes were cultured from leaves,
stems, and roots of C. arvense plants in the Lincoln area
of New Zealand. There were 88 genera cultured from plant
tissue, of which 65 have not previously been reported for
C. arvense.

Ascomycota were most frequently isolated from C.
arvense plants sampled for this study. Comparatively,

Fig. 3 A selection of C. arvense endophytic Sordariomycetes isolated
from Cirsium arvense for the first time and cultured on PDA within the
current study: Coniochaeta culture 1a and sporoma 1b, Dactylonectria

culture 2a and mycelium 2b, Ilyonectria culture 3a and chlamydo-
spores 3b, and Schizothecium culture 4a and mycelium 4b

@ Springer
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Xylariales, 12

Pleosporales ,902 __—

Fig. 4 Orders of Ascomycota isolated in this study. Numbers follow
order equal isolate number. Note: All orders which were isolated less
than ten times have been removed. Incertae cedis were isolates of

Mucoromycota and Basidiomycota were isolated less fre-
quently. Ascomycota and Basidiomycota are major divi-
sions within the fungal kingdom with Basidiomycota more
commonly found in woody tissue than in leaves (Rodriguez
et al. 2009). Agaricales, Polyporales, and Cantharellales are
the most isolated Basidiomycota (Rashmi et al. 2019). In the
current study, we isolated the aforementioned three orders
plus the orders Russulales, Cystofilobasiales, and Trichos-
phaeriales. Mucoromycota are plant pathogens, saprophytes,
arbuscular mycorrhizae, and root endophytes. They assist
the plant in nutrient acquisition as well as induce resistance
to pathogens (Frac et al. 2018; Ozimek 2021). In the current
study, six genera of Mucoromycota were found, belonging
to the orders Mucorales, Mortierellales, and Umbelopsida-
les. No previous record of associations between Mucoromy-
cota and C. arvense have been published (Dodd et al. 2010;
Eschen et al. 2010; Gange et al. 2007; Wearn et al. 2012)
making these findings novel.

Ascomycota and Mucoromycota are generally faster
growing in culture than Basidiomycota, which may cause

@ Springer
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“~_Hypocreales, 170
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which the order is undetermined. These were of the genera Plecto-
sphaerella (26), Arthrinium (6), and Pseudogymnoascus (15)

underrepresentation of Basidiomycota in culture-based
research (Sun and Guo 2012; Tang et al. 2018). Usually
only a small fraction of isolated endophytes will be Basid-
iomycota (Gardes and Bruns 1993; Martin et al. 2015). This
was true for this current research with only seven genera of
Basidiomycota isolated. Additionally, Basidiomycota often
appear morphologically similar, which may lead to incorrect
morphotype grouping and a subsequent underestimation of
the true number. As in the current study, only one repre-
sentative of each morphotype was sequenced and subse-
quently the identity of this one representative was assigned
to all isolates of this morphotype. As such, morphologically
similar genera may have been grouped together. Thus, more
Basidiomycota may have been found if additional isolates
of each morphotype were sequenced. In addition, to ascer-
tain a more comprehensive genus identification for each of
the morphotypes, further gene regions need to be under-
taken (Reller et al. 2007).

In endophyte studies, genera belonging to Ascomycota
are predominantly isolated. In this study 75 genera of the 88
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Fig.5 A selection of C. arvense endophytic Dothideomycetes isolated
from C. arvense for the first time and cultured on PDA within the cur-
rent study: Boeremia culture 1a and conidia 1b, Exserohilum culture
2a and mycelium 2b, Neofusicoccum culture 3a and conidioma 3b,

genera endophytically recovered were Ascomycota. For the
division Ascomycota, multiple previous studies found that
classes Sordariomycetes and Dothideomycetes were most
abundant, followed by Letiomycetes and Eurotiomycetes
(Oita et al. 2021; Rashmi et al. 2019; Rim et al. 2021). In
the current study, Dothideomycetes and Sordariomycetes
were most frequently isolated, followed by Letiomycetes
and Eurotiomycetes.

Dothideomycetes is the largest class within the divi-
sion Ascomycota with many being saprotrophs, epiphytes,
and endophytes (Hyde et al. 2013). Current study found 25
genera of Dothiodeomycetes not previously known to be
associated with C. arvense. These included: Amycosphae-
rella, Ascochyta, Bipolaris, Boeremia, Didymella, Exsero-
hilum, Leptosphaeria, Neoascochyta, Neodidymelliopsis,
Neofusicoccum, Neosetophoma, Ophiobolus, Paradend-
ryphiella, Paraphoma, Parastagonospora, Phaeobotryos-
phaeria, Phaeospharia, Plenodomus, Pseudogymnoascus,

Paradendryphiella culture 4a and mycelium 4b, Phaeosphaeria cul-
ture 5a and conidiophore 5b, and Pyrenophora culture 6a and imma-
ture chlamydospore 6b

Pseudopithomyces, Pyrenophora, Septoria, Septoriella,
Setophoma, and Stagonospora. In previous studies on C.
arvense, 15 genera of Dothideomycetes were identified.
These included: Alternaria, Aureobasidium, Botryospharia,
Cladosporium, Curvularia, Davidiella, Drechslera, Epicoc-
cum, Eudarluca, Lewia, Periconiella, Phoma, Pithomyces,
Preussia, Pyrenochaeta, and Stemphylium (Dodd et al. 2010;
Eschen et al. 2010; Gange et al. 2007; Wearn et al. 2012).
The current study found eight genera of the class Dothio-
mycetes in common with previously mentioned studies on
C. arvense endophytes. These included: Alternaria, Aureo-
basidium, Cladosporium, Curvularia, Epicoccum, Phoma,
Preussia, and Stemphylium. 37% of the genera obtained in
this study were Dothideomycetes. Thus, this study showed
that associations between C. arvense and Dothideomycetes
are very common. As this study found 25 not previously
reported endophytic Dothideomycetes in C. arvense tissues
in addition to the 15 previously reported genera, this study
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Umbelopsidales, 6

Mortierellales, 6
~

Mucorales, 30

Fig.6 Orders of the division Mucoromycota and the number of isolates
obtained in this study. Numbers follow order indicate isolate number

has contributed significantly to our knowledge of these
associations.

Sordariomycetes are the second largest class in the division
Ascomycota. Many are saprophytes and some are known as
endophytes or pathogens of plants (Lee et al. 2019). The cur-
rent study found 18 genera of the class Sordariomycetes not
previously known to be associated with C. arvense. These
included: Apiognomonia, Beauveria, Coniochaeta, Cryp-
todiaporthe, Cytospora, Dactylonectria, Gliocladiopsis,
Humicola, llyonectria, Microdochium, Myxospora, Phaeo-
acremonium, Remersonia, Rosellinia, Sarocladium, Schizo-
thecium, Thelonectria, and Xylaria. In previous studies on
C. arvense, 21 genera of Sordariomycetes were identified.

Fig. 7 Orders of the division
Basidiomycota and the number
of isolates obtained in this study.
Numbers follow order indicate
isolate number

Trichosporonales, 7

-

Russulales, 4 __
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Table 1 Genera of C. arvense endophytes not previously reported in
other published studies (Dodd et al. 2010; Eschen et al. 2010; Gange et
al. 2007; Wearn et al. 2012)

Genus Genus Genus Genus

Amycosphaerella Exserohilum Neofabraea  Pyrenophora

Apiognomonia Gliocladiopsis ~ Neofusicoc-  Remersonia
cum

Apiotrichum Gongronella Neoseto- Rosellinia*
phoma

Ascochyta*® Humicola Ophiobolus*  Sarocladium

Beauveria Hyaloscypha ~ Paradendry-  Schizothe-
phiella cium

Bipolaris Ilyonectria Paraphoma  Septoria

Biscogniauxia Itersonilia Parast- Septoriella
agonospora

Boeremia Leptosphaeria  Penicillago  Setophoma

Botrytis Linnemannia  Peniophora*  Sistrotrema

Cadophora Microdochium  Pezicula Sordaria

Ceratobasidium Mortierella Phaeoacre-  Stagonos-
monium pora

Coniochaeta Mucor Phaeobotryo- Talaromyces
sphaeria

Coprinellus Mycochae- Phaeosphae-  Thelonectria

tophora ria

Cryptodiaporthe*  Myxospora Plenodomus* Trametes

Cytospora* Neoascochyta  Pseudogym-  Tricellula
noascus

Dactylonectria Neodidymel- Pseudopitho- Umbelopsis

liopsis myces*
Didymella

*QGenera for which sequences are currently not submitted to Genbank

These included: Acremoniella, Acremonium, Arthrinium,
Bionectria, Chaetomium, Clonostachys, Colletotrichum,
Cylindrocarpon, Fusarium, Geniculosporium, Gliomas-
trix, Hypocrea, Neonectria, Nigrospora, Pithoascus, Plec-
tosphaerella, Sordaria, Stachybotrys, Trichoderma, and

Agaricales, 2

Cystofilobasidiales, 1

——

Cantharellales, 15
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Trichothecium (Dodd et al. 2010; Eschen et al. 2010; Gange
et al. 2007; Wearn et al. 2012). The current study found a
total 29 Sordariomycetes and had 11 genera of Sordari-
omycetes in common with previously mentioned studies
on C. arvense endophytes. These included: Acremonium,
Arthrinium, Chaetomium, Clonostachys, Colletotrichum,
Diaporthe, Fusarium, Nigrospora, Plectosphaerella, Sor-
daria, and Trichoderma. These 29 genera of Sordariomy-
cetes made up 33% of the genera found in this study. Thus,
this study showed that C. arvense commonly assocites with
Soradariomycetes. This study has identified 18 endophytic
Sordariomycetes not previously reported in C. arvense tis-
sues in addition to the 21 previously reported genera. As
such, this study has contributed significantly to our knowl-
edge of these associations.

Letiomycetes were less frequently isolated in this study
than the Dothideomycetes and the Sordariomycetes. This
class includes plant pathogens, mycorrhizal species, dark
septate endophytes and aquatic hyphomycetes (conidial
moulds) (Johnston et al. 2019). The Leotiomycete Sclero-
tinia has been previously identified in studies on C. arvense
endophytes (Dodd et al. 2010). In the current study, the
genus Sclerotinia was not found, but this study did find
seven other genera of Leotiomycetes. These included:
Botrytis, Cadophora, Hyaloscypha, Mycochaetophora,
Neofabraea, Pezicula, and Tricellula.

Eurotiomycetes were another less frequently isolated
class in this study with only four genera being found. They
can be endophytes, ectomycorrhiza, endophytes or sapro-
trophs. Many Eurotiomycetes produce mycotoxic secondary
metabolites which shape their interactions with other micro-
organisms as well as with herbivores and plants (Pfliegler
et al. 2020; Prieto et al. 2021). In previous studies on C.
arvense endophytes, seven genera of the class Eurotiomyce-
tes have been identified. These included: Aspergillus, Exo-
philia, Penicillium, Phialophora, and Rhinocladiella (Dodd
et al. 2010; Eschen et al. 2010; Gange et al. 2007; Wearn et
al. 2012). In the current study, the genera Aspergillus and
Penicillium were also found. The current study also found
two genera which were not previously known to be associ-
ated with C. arvense: Penicillago and Talaromyces.

In the current study, Pleosporales (902), Hypocreales
(170), Capnodiales (129), and Diaporthales (118) were fre-
quently isolated. In weed endophyte research, Pleosporales
are commonly found in great abundance, followed by Cap-
nodiales, Helothiales, Hypocreales and Xylariales (Triolet
et al. 2022). The order Pleosporales is the largest order of
Dothideomycetes, currently including 41 families. They can
have epiphytic, endophytic, saprophytic, and parasitic life-
styles and occur in diverse habitats (Hyde et al. 2013; Zhang
et al. 2012). In the current study, this was the most isolated
order with 902 isolates being cultured. Nineteen genera of

the order Pleosporales which were not previously known
to be associated with C. arvense were identified in current
study. These included: Ascochyta, Bipolaris, Didymella,
Exserohilum, Leptosphaeria, Neoascochyta, Neodidymel-
liopsis, Neosetophoma, Ophiobolus, Paradendryphiella,
Paraphoma, Parastagonospora, Phaeosphaeria, Plenodo-
mus, Pseudopithomyces, Pyrenophora, Septoriella, Seto-
phoma, and Stagonospora. In other studies on C. arvense
endophytes, ten genera of the order Pleosporales were iden-
tified. These included: Alternaria, Curvularia, Drechslera,
Epicoccum, Eudarluca, Lewia, Phoma, Pithomyces, Pre-
ussia, Pyrenochaeta, and Stemphylium (Dodd et al. 2010;
Eschen et al. 2010; Gange et al. 2007; Wearn et al. 2012).
The current study had the following genera of the order
Pleosporales in common with the aforementioned stud-
ies: Alternaria, Curvularia, Epicoccum, Phoma, Preussia,
and Stemphylium. This study has found 19 not previously
reported endophytic Pleosporales in C. arvense tissues in
addition to the 10 previously reported genera. Capnodiales
is an order of the Dothideomycetes which is often found in
weed endophyte research (Triolet et al. 2022). The main rep-
resentative of this order is the genus Cladosporium, which
was found in all studies on C. arvense endophytes (Dodd
et al. 2010; Eschen et al. 2010; Gange et al. 2007; Wearn et
al. 2012). In the current study, the genus Cladosporium was
also found in great abundance (127 isolates).

Hypocreales and Diaporthales are larges orders of Sor-
dariomycetes. They consist of endophytes, saprophytes,
and plant- and animal- pathogens (Rica et al. 2006; Sena-
nayake et al. 2017; Zeng et al. 2020). In previous studies
on C. arvense endophytes, the following 12 genera of the
order Hypocreales were identified: Acremoniella, Acremo-
nium Bionectria, Clonostachys, Cylindrocarpon, Fusarium,
Gliomastrix, Hypocrea, Neonectria, Stachybotrys, Tricho-
derma, and Trichothecium (Dodd et al. 2010; Eschen et al.
2010; Gange et al. 2007; Wearn et al. 2012). The current
study had four genera in common with these previous stud-
ies. These included: Acremonium, Clonostachys, Fusar-
ium, and Trichoderma. In the current study, seven genera
of Hypocreales were found which were not previously
known to be associated with C. arvense. These included:
Beauveria, Dactylonectria, Gliocladiopsis, Ilyonectria,
Myxospora, Sarocladium, and Thelonectria. In previous
studies on C. arvense endophytes, only one genus of the
order Diaporthales was identified, which was the genus Dia-
porthe, also identified in the current study. In addition, three
other genera of the order Diaporthales were found. These
included: Apiognomonia, Cryptodiaporthe, and Cytospora.

Helothiales is the largest order in the Leotiomycetes, cur-
rently including 13 families (Wang et al. 2006). The current
study identified seven genera of this order. These included:
Botrytis, Cadophora, Hyaloscypha, Mycochaetophora,

@ Springer



W. Kentjens et al.

Neofabraea, Pezicula, and Tricellula. In previous studies
on C. arvense endophytes, only one study found a genus
in this order, which was the genus Sclerotinia (Dodd et al.
2010). Thus, the current study found more Helothiales than
previous studies on C. arvense endophytes. This study has
additionally identified many genera belonging to the orders
Pleosporales, Hypocreales, Diaporthales and Helothia-
les that have not previously been identified in association
with C. arvense. This is the first study to document these
associations.

This was the first study of C. arvense endophytes sam-
pling leaves, stems, and roots of C. arvense over one grow-
ing season and 65 not previously reported genera for C.
arvense have been found in current study. Possibly, the sam-
pling over the season and taking three tissue types into con-
sideration has contributed to the large number of new genera
found compared to the above-mentioned studies, suggesting
that variable climatic conditions, plant age and physiology
may influence survival and or expression of endophytes.

Effects of endophytic species on biocontrol agents are
on the spectrum of antagonism to synergism (Kurose et al.
2012). Hence, it is important to understand effects key endo-
phytic species have on functioning of biocontrol agents.
Endophytic mutualists may have implications for weed bio-
control. They may enhance the plant’s resistance to a bio-
control agent, or interact directly with the biocontrol (Currie
et al. 2019). Mechanisms of direct interaction could be anti-
biosis, competition, or mycoparasitism (Den Breeyen et al.
2022). The current study found four Eurotiomycetes (4sper-
gillus, Penicillium, Penicillago, and Talaromyces), which
are known to produce mycotoxic metabolites (Prieto et al.
2021). The genus Trichoderma was also found in the cur-
rent study and can be an antagonist of pathogens by myco-
parasitism as well as by antibiosis (Guzman-Guzman et al.
2023). Some endophytic members of the genera Beauvaria,
Diaporthe, Colletotrichum, and Fusarium are also known
to inhibit pathogen growth (Grabka et al. 2022). The afore-
mentioned genera are examples of endophytic genera found
in current study, which may aid C. arvense in its defence
against biocontrol agents. It is likely, however, that more
of the endophytic genera found in this study could have a
mutualistic relationship with C. arvense. Eluding the inter-
action of these plant mutualists with plants and biocontrol
agents would aid our understanding of success or failure of
biocontrol agents.

Endophytes can also have a synergistic relationship with
pathogens used for biocontrol. On barley and wheat, syner-
gistic effects were found between members of the Septoria
genus and Puccinia pathogens (Junior et al. 2014; Garin
et al. 2018, van der Wal et al. 1970). Another endophytic
genus found in current study which may be interesting in
this regard would be Phoma, as Phoma destructiva and P.
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punctiformis are known to have a synergistic effect with
more severe disease being present for both pathogens when
applied simultaneously on C. arvense (Kluth et al. 2005).
Future research could focus on elucidating relationships
of endophytes found in the current study with biocontrol
agents, with a focus on endophytes which may enhance the
effect of biocontrol agents. These could potentially be used
to augment endophyte communities to increase the effec-
tiveness of a biocontrol agent. Endophytes themselves could
be potential biocontrol agents. Many genera in the division
Ascomycota which contain pathogens have been isolated in
this study. Alternaria, Botrytis, llyonectria, Pezicula, Pha-
eobotryosphaeria, Pyrenophora, and Thelonectria are some
examples of these. The pathogenicity of these isolates on C.
Arvense could be explored in a future study.

Conclusions

This study contributed to current knowledge of C. arvense
endophytes. Sixty-five endophytic genera not previously
known to be associated with C. arvense were ascertained.
Seventy-five of the 88 genera found belonged to the divi-
sion Ascomycota. From this study, it was evident that C.
arvense commonly associates with Dothideomycetes and
Sordariomycetes. The order Pleosporales was most com-
monly isolated, followed by Hypocreales, Capnodiales, and
Diaporthales. This study was the first study to document
many genera belonging to the orders Pleosporales, Hypoc-
reales, and Diaporthales that have not previously been iden-
tified in association with C. arvense. In addition, this study
found more Leotiomycetes and Helothiales than previous
studies on C. arvense endophytes. This study was a signifi-
cant addition to current knowledge on endophytic genera
in C. arvense, which enhances our understanding of biotic
factors that may influence fungal biocontrol agents. This
knowledge may be used in future studies to further explore
the relationships between these fungi and biocontrol agents.
Ultimately, this could help to solve problems around the
inconsistent performance of biocontrol agents.
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