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Abstract: Eastern Mountain Avens (Geum peckii Pursh, Rosaceae) is a globally rare and endangered
perennial plant found only at two coastal bogs within Digby County (Nova Scotia, Canada) and
at several alpine sites in the White Mountains of New Hampshire (USA). In Canada, the G. peckii
population has declined over the past forty years due in part to habitat degradation. We investigated
the culturable foliar fungi present in G. peckii leaves at five locations with varying degrees of human
impact within this plant species’ Canadian range. Fungal identifications were made using ITS rDNA
barcoding of axenic fungal cultures isolated from leaf tissue. Differences in foliar fungal communities
among sites were documented, with a predominance of Gnomoniaceae (Class: Sordariomycetes,
Phylum: Ascomycota). Habitats with more human impact showed lower endophytic diversities
(10–16 species) compared to the pristine habitat (27 species). Intriguingly, several fungi may represent
previously unknown taxa. Our work represents a significant step towards understanding G. peckii’s
mycobiome and provides relevant data to inform conservation of this rare and endangered plant.

Keywords: foliar fungal endophytes; Eastern Mountain Avens; mycobiome; plant conservation;
Rosaceae

1. Introduction

The majority of land plants interact with fungi either as endophytes, which live
asymptomatically within plant tissues showing no signs of disease, or as arbuscular or
ectomycorrhizae living in symbiosis with plant roots [1,2]. Endophytes can be symbionts,
latent decomposers that will eventually aid in the rapid breakdown of the plant upon
its senescence, or latent pathogens that will only show symptoms when the host plant
experiences certain types of physiological stress [3,4]. Individual endophytic species can
play one or all three of these roles during its time within a host, or it may simply remain
inert until it re-enters the environment upon the plant’s death and decomposition [3].
Endophytic fungi can be beneficial; some improve plant health and confer resilience to
biotic and abiotic stressors, such as through the production of anti-herbivory or anti-
microbial toxins, or by the acquisition and biosynthesis of compounds for nutrition [1,4,5].
Overall, these factors can help host plants adapt to changes in the surrounding habitat
or environment [4]. Since endophyte-plant interactions can represent an important facet
of a plant’s lifecycle—and perhaps even its overall success and survival—it is crucial to
understand the endophytic fungi of rare and endangered plants as this knowledge can
inform restoration goals [6,7]. For example, exposure to select endophytes may aid in
the growth and development of host tissue [3,7] and pest protection. For example, the
foliar endophyte of spruce, Phialocephala scopiformis, produces rugulosin, which inhibits
the feeding of the spruce budworm, Choristoneura fumiferana. Consequently, the Canadian
forestry industry inoculates spruce seedlings with P. scopiformis to improve host health [8].
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The Eastern Mountain Avens, Geum peckii, is a perennial herbaceous plant (Figure 1a,b)
that is globally rare and is only found in the coastal sea level bogs of Brier Island and Digby
Neck in Digby County (Nova Scotia, Canada) and is considered to be endemic to the alpine
environments of the White Mountains in New Hampshire (United States; Figure 1c) [9,10].
Though separated by approximately 400 km, the New Hampshire and Nova Scotian
populations show little genetic drift from each other based on an allele frequency change
value of 0.0462 [11]. This suggests that this plant species may have spread from New
Hampshire to Nova Scotia after the retreat of the last ice age over 12,000 years ago and
before sea level rose, inundating the Georgian Bank and filling the Bay of Fundy [9,12].
Modern populations may therefore be the remnants of a once—larger North American
range [13]. G. peckii exhibits clonal growth by producing rosettes and the expansion of
rhizomes [9,10,13,14]. Low germination success was observed in wild population of G.
peckii and other Geum species [10,14]. Although G. peckii readily expands clonally when
conditions are suitable, greenhouse and field tests have shown that G. peckii seeds do not
germinate in the mineral soil of Brier Island and long seed storage periods below 0 ◦C
significantly reduce seed viability [15]. However, greenhouse trials have shown almost
100% success when rhizomes with or without rosettes are transplanted into peat amended
mineral soil from Brier Island [13]. Field trials with plants propagated by tissue culture
and transplanted into a new location with suitable habitat demonstrated almost 100%
survival [15].
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Figure 1. Study species and study sites. (A) Geum peckii flower (average leaf diameter = 2.5–3.5 cm) 
and (B) leaves (average width = 5–10 cm). (C) Locations of the global populations of Geum peckii. 
Locations sampled herein from the Nova Scotian populations are shown in map inset (I–A) (HL = 
Western Digby Neck, NS) and inset (I–B) All other sites = Brier Island, NS). (D) Examples of foli-
age at sites with different levels of habitat impact (moderately impact site shown is CRN). 

Figure 1. Study species and study sites. (A) Geum peckii flower (average leaf diameter = 2.5–3.5 cm)
and (B) leaves (average width = 5–10 cm). (C) Locations of the global populations of Geum peckii. Loca-
tions sampled herein from the Nova Scotian populations are shown in map inset (I–A) (HL = Western
Digby Neck, NS) and inset (I–B) All other sites = Brier Island, NS). (D) Examples of foliage at sites
with different levels of habitat impact (moderately impact site shown is CRN).

Interestingly, Geum species can produce over 200 biologically active compounds,
including antifungal methanols and antioxidant phenols [16]. The presence of these
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compounds aids in the survival of the plant in adverse habitat conditions and inhibits the
ability of some fungi to colonise the plant [16–19].

We examined plants from the declining Nova Scotian population from several loca-
tions (see sites in Figure 1 inset I–A and I–B). Factors contributing to habitat degradation
at some sites include: the former use of bog land as pasture, bog drainage for a failed
agricultural enterprise, presence of a large Herring gull (Larus argentatus) colony, as well as
ATV trails that are now unused [9]. Prior to our study, the endophytes of G. peckii had not
been examined.

Using several sites with differing degrees of human impact, we compared the foliar
endophytic fungi present in G. peckii. Our two aims were: a) to first characterise endophytic
species present in G. peckii, and then b) to investigate whether a relationship between imme-
diate habitat conditions and endophyte assemblages is evident. Our approach considered
two sampling times (June and July) and two nutrient media types (MEA and 1

2 MS + A).
Our dataset provides both valuable insight into the endophytes that can reside within G.
peckii in connection with habitat differences, as well as a list of fungi that will be of interest
for future restoration and conservation applications. From a broader perspective, our
methodology may also be of interest to the general study of endangered plant mycobiota.

2. Results

Using ITS rDNA barcoding we identified 327 endophytic isolates from 844 leaf discs
collected from five study sites across two months, representing 51 fungi (Table 1). Of these,
29 could only be identified to genus based only on the closest type sequence matches in
NCBI GenBank showing pair-wise identity scores of >97% for the isolates in question; see
Supplementary Table S1, and Figures S1–S6. Several fungi recovered may represent species
that are unrepresented in the current GenBank database.

It is important to note that the sampling effort differed by month due to i) the number
of sites that could be sampled, as outlined by the scientific permit issued by the Nova Scotia
Department of Natural Resources, and ii) during June sampling, the oldest + youngest
leaves were collected from each plant to determine if there was a difference in their
fungal community. Since no difference was observed between old and young leaves, this
procedure was not done in July to avoid oversampling this endangered plant species;
only youngest leaves were collected in July. Consequently, the total number of leaf discs
collected from each site varied: BM1 = 250 (148 in June + 102 in July), GH4 = 112 (July only),
CRN = 146 (116 in June + 74 in July), HL = 102 (July only), GH6 = 234 (130 in June + 104 in
July). As a result, of uneven sampling, the differing numbers of leaf discs per site hampers
in depth comparisons of the fungal communities present at each location. Nevertheless,
these data provide a snapshot of total culturable foliar fungal endophyte richness. Fungal
isolation from the leaf discs varied by site 74% (CRN) to 98% (GH4) and media type 62–96%
(MEA) and 87–100% (1/2 MS+A). Though specifics on isolation success and total number
of fungal isolates per disc were not recorded, the emergence of more than one endophyte
was observed for the majority of discs.

The total number of fungi observed by site (Table 1) was: GH6 (pristine site) = 27, BM1
(highly impacted) = 16, CRN (moderately impacted site) = 10, GH4 (moderately impacted
site) = 14, and HL (moderately impacted site) = 16. Of the 51 taxa observed, only two
species, Cryptodiaporthe aubertii and Plagiostoma lugubre, were found at all five sites (Table 1).
Conversely, 38 fungi were each only isolated from a single site, four species were isolated
from only two sites, one species was isolated from only three sites, and six species were
isolated from only four sites (Table 1). Only six fungi were isolated during both months;
however, this trend is likely affected to a great extent by sampling more individuals in
July than in June. We found a difference in the fungi recovered depending on isolation
media used.
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Table 1. Fungi identified according to site, collection month, and isolation media. Data used in MCA indicated by an
asterisk (*).

Taxa
Collection Site

No. Sites
Month Media

GH6 * HL * CRN GH4 BM1 * June July * MEA MS+A

Dothideomycetes
Alternaria sp. • 1 • • •

Cladosporium sp. • 1 • •
Didymocyrtis cladoniicola • 1 • •
Neostagonospora elegiae • 1 • •
Phaeosphaeria poagena • 1 • •

Ramularia sp. • 1 • •
Stagonospora perfecta • 1 • •

Eurotiomycetes
Penicillium sp. • 1 • •

Articulospora sp. • 1 • •
Coccomyces sp. • 1 • •
Leotiomycetes

Godronia sp. • • 2 • • • •
Helotiaceae sp. 1 • 1 • •
Helotiaceae sp. 2 • 1 • • •

Lachnum virgineum • 1 • •
Mollisia melaleuca • 1 • • •

Mollisia sp. • • • • 4 • • • •
Phacidium sp. • 1 • •
Phlyctema sp. • 1 • • •

Phlyctema phoenicis • 1 • •
Rhexocercosporidium sp. • • 2 • • •

Varicosporium elodeae • 1 • •
Sordariomycetes

Apiognomonia hystrix • 1 • •
Asteroma alneum • • • • 4 • • •

Colletotrichum sp. 1 • 1 • •
Colletotrichum sp. 2 • 1 • •

Cryptodiaporthe aubertii • • • • • 5 • • • •
Diaporthe sp. 1 • 1 • •
Diaporthe sp. 2 • 1 • • •
Diaporthe sp. 3 • 1 • •
Diaporthe sp. 4 • • • • 4 • • • •

Discula sp. • • 2 • • •
Fusarium sp. • 1 • • •

Gaeumannomycella caricicola • • 2 • • •
Gnomoniaceae sp. 1 • 1 • •
Gnomoniaceae sp. 2 • 1 • •

Gnomoniopsis idaeicola • 1 • • •
Gnomoniopsis macounii • 1 • •
Gnomoniopsis occulta • 1 • •

Microacsospora sp. • • • • 4 • • • •
Ophiognomonia acadiensis • • • • 4 • • •
Ophiognomonia alni-viridis • 1 • •

Ophiognomonia aff.
gardiennetii • 1 • • •

Ophiognomonia intermedia • • • 3 • • •
Ophiognomonia ischnostyla • 1 • •

Ophiognomonia sp. 1 • • • • 4 • • •
Ophiognomonia sp. 2 • 1 • •
Ophiognomonia sp. 3 • 1 • •
Physalospora vaccinii • 1 • •
Plagiostoma lugubre • • • • • 5 • • • •

Plagiostoma sp. • 1 • •
Trichoderma sp. • 1 • •

Totals = 27 16 10 14 16 14 44 31 40

In an effort to distil site trends related to human impact, multivariate analysis was
conducted on a subset of our data. For this analysis only data for sites GH6, HL, and
BM1 from July were compared, as these had approximately equivalent numbers of leaf
discs (for GH6 n = 104, for HL n = 102, and for BM1 n = 102). The overlap in fungi for
just these three sites is shown in the Venn diagram presented in Figure 2a. Overall, seven
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fungi were shared by all three sites, three fungi were shared between GH6 (pristine) and
HL (moderately impacted), while no fungi were shared between GH6 (pristine) and BM1
(highly impacted) nor HL (moderately impacted) and BM1 (highly impacted; Figure 2a).
In addition to observing an overlap in species composition, a multiple correspondence
analysis (MCA) was used to assess presence/absence trends. MCA results are shown in
Figure 2b. For the MCA, Dimension 2 (Dim2) captured 40.4% of the data and showed that
the fungi present at HL differ from those of GH6 or BM1 (Figure 2b). Interestingly, HL on
Digby Neck was the only site geographically separated from our other sites sampled (see
Figure 1 inset I–A). The MCA results suggest that geographic separation between plants
may have partially played a role in shaping endophyte assemblages among these three
sites. Of the species unique to HL, nearly all fungi were isolated on 1

2 MS + A media. The
remaining 59.6% of the dataset was captured by Dimension 1 (Dim1) of the MCA and
showed a separation of the sites by human impact (Figure 2b). Fungi that were unique to
GH6 were isolated on 1

2 MS + A media or both media types, while fungi unique to site BM1
were isolated on 2% MEA or both media types. The seven fungi that were isolated from all
sites (GH6, HL, & BM1) in July were found on both media types (Figure 2).
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3. Discussion

Our results uncovered for the first time a large fraction of the culturable fungi associ-
ated with Geum peckii. We observed 51 ascomycete fungi from the classes Sordariomycetes,
Leotiomycetes, Dothideomycetes and Eurotiomycetes. We observed foliar endophytic
richness was higher at the pristine site relative to impacted sites. When attempting to
correct for sampling bias, this trend was still upheld, suggesting that along the range of
human site impacts sampled, the endophytic richness changes and may act in response to
environmental conditions. Further work needs to be done using additional loci for more
precise identifications of some fungal specimens to better elucidate their ecological roles.
In the discussion that follows, we will review not only the trends in the fungi observed,
but also past studies of Sordariomycetes, the taxonomic group most frequently recovered
in our samples.
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3.1. Trends in the Endophytic Fungi from Geum peckii

Previous work has shown that a plant species living across a landscape will share
a common core fungal assemblage [20–22]. With this in mind, one would expect that all
sample sites would to some degree have similar fungal diversities that differ in species
due to the limitations of spore dispersal and ecological niches present at each site, while
some fungal species would be found regardless of site type [20,22]. There were seven
species that were observed at all three sites (i.e., for the sites that had similar sampling
intensity). These fungi may be part of a fungal community that is ‘common’ to the bog
ecosystems in Digby Neck (NS), and whose presence could be shaped by either a) similar
ecological niches being present at all sites, and/or b) these fungal species are associates
of G. peckii. Although it is difficult to tease apart the potential influence of these two
scenarios, the notion of fungi being associated with the mycobiome of G. peckii is of some
merit. For instance, Cryptodiaporthe aubertii, which was found at all five sites observed
during our study, was also found in aseptically grown G. peckii transplants, which were
out planted to a comparable bog habitat on Digby Neck at which G. peckii had not been
observed previously [15,23]. Despite the possibility of G. peckii having a core set of fungal
endophytes, our study found that disturbed sites had lower fungal richness than the
pristine site. Due to the human site impacts which have occurred, impacted sites display
altered plant communities, plant health, and available ecological niches, compared to
the pristine site. These factors are known to impact fungal richness present within a
habitat [20–22]. In particular, plant communities at the disturbed sites have also been
impacted by alterations in their water levels and nutrient deposition, which in turn, have
altered the plant species present, their abundance and their health. Others have shown
that plants that are healthier are better able to resist fungal colonisation by pathogens [20].
Weakened plant communities are less diverse and are more likely to host fast growing,
generalist fungi [21,22]. The majority of the species observed during our study (38 of
51) were documented only once, which is a common finding of endophytic work from
temperate climates investigating a single host species [3]. These fungi often have generalist
ecologies and may represent the fastest growing species in culture [3]. Our small study
size (844 leaf discs across five sites) further indicates that only a small portion of the foliar
fungal community of G. peckii may have been observed during this study.

Our MCA analysis (Figure 2b) also showed that all three of the similarly sampled sites
cluster separately based on species composition, suggesting that geography and/or habitat
status may be at play in shaping endophytic fungal assemblages. As indicated earlier, site
HL is located approximately 20 km northeast of the BM1 and GH6 sites. Although this
geographical distance may be enough to alter the fungal assemblages [21], it is important
to note that the degradation at BM1 is ongoing, whereas the ATV trail disturbance at HL
ended during the early to mid 2000s [13]. No species were shared between HL and BM1
nor GH6 and BM1, while three species were shared between HL and GH6. This would
indicate that despite a greater geographic distance, the fungal community present at HL is
more similar to GH6 then it is to BM1, yet HL still remains less diverse than GH6. These
findings are likely due to the differences in plant communities present at the three sampled
sites. The HL site hosts a wide variety of herbaceous and woody plants that were not
present at BM1 or GH6 (Supplemental Table S2). This difference in plant community could
account for the unique fungi at HL, while the recovered state of the HL bog could explain
the species shared between HL and GH6.

Despite all of the fungi being new records for G. peckii, the majority of the fungi
found are known plant pathogens or saprobes of either conifers, hardwoods, or herbaceous
plant hosts [24–28]. The encroachment of woody shrubs and competition with other
herbaceous plants contributes to the population loss of G. peckii and was observed to
varying degrees at all sites sampled (Supplemental Table S2). Woody plant species (e.g.,
huckleberry (Gaylussacia baccata), Labrador tea (Rhododendron groenlandicum), lambkill
(Kalmia angustifolia), bog laurel (Kalmia polifolia), sweet gale (Myrica gale), and saplings of
black spruce (Picea mariana) and speckled alder (Alnus incana ssp. rugosa) were common to
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all or most of our sampled sites (Supplemental Table S2). The fungi observed in G. peckii are
potentially pathogenic to these surrounding woody plant species indicating that G. peckii
may serve as a reservoir of numerous latent fungal pathogens, while further indicating
that the fungi may not be pathogenic for the duration of their life cycles or that they may
only be pathogenic to specific species in this bog ecosystem [3,29–31]. As pathogenicity
was not documented for G. peckii, this suggests that these fungi can be pathogenic to other
plant species in the surrounding environment, while they are non-pathogenic towards G.
peckii. From a conservation perspective, G. peckii may host pathogens of its competitor
plant species [30,32].

Due to sampling differences between months, it was not possible to determine the
effect of time on observed fungal species richness. This said, previous studies have found
that the foliar fungal diversity of plants in temperate to boreal climates can change with
season and appears to peak between July and August [29,33]. This would suggest that in
June, we likely sampled just prior to fungal peak, and in the future, it would be advanta-
geous to sample over a longer time period to see if additional endophytic fungi might be
uncovered. In the future we recommend a metagenomics approach to capture not only the
culturable but also the unculturable fungal species richness present. However, a strength
of our approach is the availability now of isolated fungi of interest for future research and
use in plant propagation and restoration studies.

3.2. Known Ecologies of Sordariomycetes Recovered from Geum peckii

Of the 51 fungal taxa observed during our study, the majority (59%) were Sordari-
omycetes. Previous studies have found that foliar fungal endophytes are typically com-
prised of plant pathogens, endophytes, and latent saprobes from Sordariomycetes (most
often isolated from woody material), as well as Dothideomycetes that are isolated from
herbaceous material [32,34]. Saprophytic fungi are responsible for the decomposition of
plant litter, which rapidly accumulates in bog habitats in temperate climates, and is broken
down and incorporated into the substrate [34–36]. Sordariomycetes produce an array of
enzymes capable of degrading cellulose, lignocellulose and hemicellulose present in woody
plant cells [37]. Along Digby Neck, the bog soils are comprised of peat and mineral soil,
and degradation of plant litter by microbes (including fungi) allows for the cycling of
bioactive nutrients to occur [34–36]. Of the Sordariomycetes observed, 16 of the species
were from the fungal family Gnomoniaceae. Fungi from this family typically occur on or in
plant leaves and have been documented globally [26,27,38].

Gnomoniopsis species have narrow host ranges and are often pathogens of Rosaceae [38].
The species herein observed from this genus, G. idaeicola, G. occulta, and G. macounii, have
been reported as only occurring within Rubus sp., Potentilla sp., and Spirea sp., respectively.
We can now report that G. peckii is another Rosaceae host for these species. Rubus sp.,
Potentilla sp., and Spirea sp. were documented at most of our sites, though not always
within the immediate vicinity of the G. peckii plants we sampled (see Supplementary
Table S2).

Similarly, four previously described Ophiognomonia species known from Picea rubens
(O. acadiensis) (detected at all sites other than the highly impacted site in our study), or
from Betula and Alnus sp. (O. alni-viridis, O. intermedia) (located at three of our sites) and O.
ischnostyla were reported by our study [27,38–40]. Ophiognomonia species were also found
during our study. The finding of these species in G. peckii is unsurprising, as this plant is
a member of the Rosaceae family, of which Ophiognomonia are known pathogens [27]. To
fully understand the ecology of this fungal genus expanded host sampling is needed, to
determine if the host range of this species is restricted to the Rosaceae [27,38]. Asteroma
alneum was found at all our sites and all habitat types except GH4 and is a known pathogen
of alder (Alnus spp.) [41]; Alnus incana ssp. rugosa was present at all our sites.

Of special note was the species Cryptodiaporthe aubertii, which was found as a G. peckii
foliar endophyte at all sites. Intriguingly, this species has also been reported from the foliar
tissues of G. peckii grown from seed in sterile tissue culture prior to ex situ planting in
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the Digby Neck bog habitat, where no G. peckii have previously been observed [15]. This
fungus is a known endophyte and is possibly a latent saprophyte of Sweet Gale (Myrica
gale), collected in bogs in Sweden and Russia [42,43]. Plagiostoma lugubre was also found at
all sites and is a known endophyte and latent saprophyte with a wide range of host plants
throughout the northern hemisphere [44]. Diaporthe sp. 4 was observed at all sites except
CRN, and members of this genus have broad plant associations in temperate climates,
where they have been reported as endophytes and minor plant pathogens [45]. Some
species prefer damp habitats and are quick to colonise plant tissues, outcompeting other
species [46,47].

Another commonly encountered endophyte was the hyphomycete Microacsospora sp.,
found at four sites (BM1, HL, GH4, GH6). Fungi in this genus may be coprophilous, with
some species known from rotting plant matter and soil [48].

Fourteen fungi from the classes Leotiomycetes and Eurotiomycetes were isolated
during our study, 11 of which were only found at a single site. Leotiomycetes are often
found as plant endophytes and pathogens, showing low host specificity, and often co-
occurring between hosts [49]. In the case of the coastal bog environment inhabited by
G. peckii, Leotiomycete species have previously been reported from Rhododendron sp.,
Vaccinium sp. (Coleophoma sp., Godronia sp., and Phacidium sp.) [29,50,51], Chamaedaphne
calyculata, Andromeda polifolia, Kalmia angustifolia, Alnus sp., Betula sp. (Godronia sp.) [29,52],
and Abies balsamea (Mollisia melaleuca) [53]. The aquatic hyphomycetes Varicosporium elodeae,
and Articulospora sp. have been isolated from the soil and roots of plants including Picea
glauca [54,55]. These plant species were common to the sites that were sampled for this
study. Eurotiomycetes are commonly saprobes [56].

4. Materials and Methods
4.1. Field Collection

Whole young healthy leaves were collected from living Geum peckii plants in the
field under a scientific collecting permit from the Nova Scotia Department of Natural
Resources which allowed each plant to be sampled only once. Specifically, tissues came
from populations at Harris Lake (Digby Neck) and Brier Island (Digby County, NS, Canada).
Five sites were sampled in 2015 (Figure 1 insets I–A and I–B): three on 12 June (BM1, GH6,
and CRN) and 13 July (BM1, GH6, and CRN), as well as an additional two (GH4) on 13
July and (HL) 29 July. The scientific permit issued by NSDNR allowed site visits in June
and July only, and limited which sites could be visited each month. The five sites sampled
encompassed differing degrees of human impact from the pristine GH6 site (no known
human impact) to the highly impacted BM1 site (impacted by bog draining, prior attempted
use for agriculture crops, and the presence of a large Herring gull colony), to the three
moderately impacted CRN, GH4, HL sites, which were characterised by past ATV trails
across the sites and former sheep pasture [13]. Figure 1d provides example photographs
of site conditions. For each month, at each site, the youngest healthy leaf, regardless of
size, was collected from five living Geum peckii rosettes that were a minimum of 10 m apart.
The tissue material collected from each plant sampled was placed into individual sterile
plastic resealable bags. The youngest leaf was determined by the most recent petiole to
emerge from the rosette. Leaves were then transported on ice to the laboratory and stored
at 4 ◦C. Additionally, the dominant plant species observed within a two-meter radius of
each sampled rosette were recorded (see Supplementary Table S2).

4.2. Endophyte Culturing and Molecular Identifications

Within 72 h of leaf collection, subsamples were taken using a sterile metal hole punch
to create 1-cm-wide tissue discs. For each leaf, 8–24 tissue discs were taken, depending on
the surface area of the leaf; discs were surface sterilised via: 30 s in 70% ethanol, immersion
in 20% bleach for 7.5 min, a second 30 min rinse in 70% ethanol, and then a final 30 s rinse in
autoclaved distilled H2O [57]. Tissue discs were plated onto two different growth media to
maximise recovery of fungal endophyte species as media type is known to bias the fungal
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species which are isolated on it [3,32,58]. Half of the total number of tissue discs from each
leaf were plated on 2% Malt Extract Agar (2% MEA), commonly used for fungal endophyte
isolation, and half were plated on 1

2 Murashige and Skoog + Agar ( 1
2 MS + A) [58]. Petri

dishes were sealed with Parafilm and incubated at 25 ◦C. Plates were observed daily, and
fungi were isolated and transferred to 2% MEA to obtain axenic cultures of each species.
Cultures were incubated as above (25 ◦C). Axenic cultures were preserved in the laboratory
collection of AK Walker (Department of Biology, Acadia University, Wolfville, NS, Canada)
in 2 mL sterile plastic microtubes containing 1 mL sterile distilled H2O stored at 4 ◦C and a
duplicate tube containing 1 mL sterile 10% glycerol stored at −80 ◦C.

DNA extractions from axenic cultures were completed using a DNeasy UltraClean
Microbial Kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol. PCR
amplified fungal ITS rDNA (the accepted species-level barcode region for fungi, [59]) using
primers ITS4 (5′-GCATCGATGAAGAACGCAGC-3′) and ITS5 (5′-TCCTCCGCTTATTGAT-
ATGC-3′) [60,61]. PCR reactions were carried out using 12.5 µL of 2× Ready PCR Mix
(AMRESCO, LLC., Solon, Ohio), 1 µL each of forward and reverse primers (10 mM), 9.5 µL
sterile distilled water, and 1µL of DNA template. Thermocycler settings were as follows:
95 ◦C for 3 min, then 35 cycles of 95 ◦C for 1 min, 56 ◦C for 45 s, and 72 ◦C for 90 s, followed
by a final elongation step of 72 ◦C for 10 min. Agarose gel electrophoresis [10% gel w/v using
1 × TAE buffer at 95 volts for 30 min] was used to confirm positive DNA amplification.
PCR products were sent for Sanger sequencing at Génome Québec Innovation Centre
(McGill University, Montreal, Canada). DNA sequences were compared to sequences
in the standard and TYPE sequence nucleotide BLAST database at GenBank (at NCBI
(National Center for Biotechnology Information) using a≥97% sequence identity threshold
for making preliminary identifications, recognising additional genetic loci may require
sequencing for species-level identifications in certain taxonomic groups (e.g., Penicillium,
Trichoderma, Fusarium) [61]. DNA sequence data generated during this study are available
on NCBI Genbank under accession numbers MW478644–MW478695.

4.3. Data Analyses

Photographs were taken on 13 July 2015 using a Canon Powershot SX240 HS camera;
photo exposures were uniformly increased for each picture to allow better visualisation
of the foliage/vegetation. Maps and the MCA analysis were constructed in RStudio
Version 1.3.1093 [62] using R Version 4.0.3 [63]. Map making required the following
additional R packages: ggplot2 [64], sf [65], tidyverse [66], ggspatial [67], and ggrepel [68].
Mapping data originates from https://gadm.org (accessed 31 October 2020). The MCA
analysis required the following additional R packages: FactoMineR [69], factoextra [70],
and ggplot2 [64]. To aid in making preliminary identifications based on ITS rDNA sequence
data, sequence alignments 450–600 bp in length were generated and maximum likelihood
phylogenetic trees were constructed in MEGAX65, each with 1000 bootstrap replications
(see Supplemental Figures S1–S6) [71].

5. Conclusions

In summary, we present the first preliminary survey of foliar endophytic fungi from
the rare and endangered Eastern Mountain Avens, Geum peckii. We documented 51 as-
comycete fungi from the classes Sordariomycetes, Leotiomycetes, Dothideomycetes, and
Eurotiomycetes. Endophytic fungal species richness changed with habitat degradation
status, suggesting that this may influence the fungal assemblage present within leaves. A
core fungal assemblage was documented for the first time in this plant host, from multiple
sites throughout its Canadian range. Additionally, we present new host records for Rosaceae
and make valuable linkages between host plants in the habitats and shared endophytes
within Geum peckii that warrant further ecological investigation. By approaching plant con-
servation from a mycological perspective, we provide the first mycobiome assessment of G.
peckii, an understudied component of the habitat. This new knowledge aids in ongoing
conservation and propagation of this endangered plant species.

https://gadm.org
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J.; Wojtyła, A. Pathogenic fungi in the work environment of organic and conventional farmers. Adv. Dermatol. Allergol. 2012, 4,
252–262. [CrossRef]

29. Filippova, N.V.; Thormann, M.N. The fungal consortium of Andromeda polifolia in bog habitats. Mires. Peat. 2015, 16, 29.
30. Karolina, G.; Ewa, W.; Rafał, S.; Marlena, L. Endophytic fungi and latent pathogens in the sedge Carex secalina (Cyperaceae), a

critically endangered species in Europe. Plant Prot. Sci. 2019, 55, 102–108. [CrossRef]
31. Vašutová, M.; Jiroušek, M.; Hájek, M. High fungal substrate specificity limits the utility of environmental DNA to detect fungal

diversity in bogs. Ecol. Indic. 2021, 121, 107009. [CrossRef]
32. Arnold, A.E. Understanding the diversity of foliar endophytic fungi: Progress, challenges, and frontiers. Fungal Biol. Rev. 2007,

21, 51–66. [CrossRef]
33. Albrectsen, B.R.; Björkén, L.; Varad, A.; Hagner, Å.; Wedin, M.; Karlsson, J.; Jansson, S. Endophytic fungi in European aspen

(Populus tremula) leaves—Diversity, detection, and a suggested correlation with herbivory resistance. Fungal Divers. 2010, 41,
17–28. [CrossRef]

34. Luo, B.; Sun, H.; Zhang, Y.; Gu, Y.; Yan, W.; Zhang, R.; Ni, Y. Habitat-specificity and diversity of culturable cold-adapted yeasts of
a cold-based glacier in the Tianshan Mountains, northwestern China. Appl. Microbiol. Biotechnol. 2018, 103, 2311–2327. [CrossRef]

35. Lau, M.K.; Arnold, A.E.; Johnson, N.C. Factors influencing communities of foliar fungal endophytes in riparian woody plants.
Fungal Ecol. 2013, 6, 365–378. [CrossRef]

36. Raja, H.A.; Schmit, J.P.; Shearer, C.A. Latitudinal, habitat and substrate distribution patterns of freshwater ascomycetes in the
Florida Peninsula. Biodivers. Conserv. 2008, 18, 419–455. [CrossRef]

37. Bomble, Y.J.; Lin, C.-Y.; Amore, A.; Wei, H.; Holwerda, E.K.; Ciesielski, P.N.; Donohoe, B.S.; Decker, S.R.; Lynd, L.R.; Himmel, M.E.
Lignocellulose deconstruction in the biosphere. Curr. Opin. Chem. Biol. 2017, 41, 61–70. [CrossRef] [PubMed]

38. Walker, D.M.; Castlebury, L.A.; Rossman, A.Y.; Sogonov, M.V.; White, J.F. Systematics of genus Gnomoniopsis (Gnomoniaceae,
Diaporthales) based on a three gene phylogeny, host associations and morphology. Mycology 2010, 102, 1479–1496. [CrossRef]

39. Shestibratov, K.A.; Baranov, O.Y.; Subbotina, N.M.; Lebedev, V.G.; Panteleev, S.V.; Krutovsky, K.V.; Padutov, V.E. Early Detection
and Identification of the Main Fungal Pathogens for Resistance Evaluation of New Genotypes of Forest Trees. Forests 2018, 9, 732.
[CrossRef]

http://doi.org/10.3119/15-39
http://doi.org/10.1111/j.0269-8463.2005.00951.x
http://doi.org/10.15273/pnsis.v50i2.10002
http://doi.org/10.1186/s13065-017-0343-8
http://doi.org/10.1002/1099-1573(200011)14:7&lt;561::AID-PTR651&gt;3.0.CO;2-H
http://doi.org/10.1002/ecy.3210
http://doi.org/10.1002/ece3.5711
http://doi.org/10.1002/ecy.2758
http://doi.org/10.1002/ecs2.1281
http://doi.org/10.5197/j.2044-0588.2015.031.009
http://doi.org/10.1111/bij.12189
http://doi.org/10.5114/pdia.2012.30463
http://doi.org/10.17221/120/2018-PPS
http://doi.org/10.1016/j.ecolind.2020.107009
http://doi.org/10.1016/j.fbr.2007.05.003
http://doi.org/10.1007/s13225-009-0011-y
http://doi.org/10.1007/s00253-018-9512-5
http://doi.org/10.1016/j.funeco.2013.06.003
http://doi.org/10.1007/s10531-008-9500-7
http://doi.org/10.1016/j.cbpa.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29100023
http://doi.org/10.3852/10-002
http://doi.org/10.3390/f9120732


Plants 2021, 10, 1026 12 of 13

40. Walker, A.; Hirooka, Y.; Walker, D. Ophiognomonia acadiensis. Fungal planet 274. Persoonia 2014, 32, 290–291.
41. Hüseyin, E.; Selçuk, F. Coelomycetous fungi in several forest ecosystems of Black Sea provinces of Turkey. Agric. For. 2014, 60,

19–32.
42. Holm, K.; Holm, L. Ascomycetes on Myrica gale in Sweden. Nord. J. Bot. 1991, 11, 675–687. [CrossRef]
43. Tobias, A.; Balashova, N.; Kiselev, G. The Materials to Study of Lebyazhy Nature Reserve Microfungi (Lomonosov District of

Leningrad Region). Available online: https://biocomm.spbu.ru (accessed on 12 November 2020).
44. Mejía, L.C.; Castlebury, L.A.; Rossman, A.Y.; Sogonov, M.V.; White, J.F. A systematic account of the genus Plagiostoma (Gnomo-

niaceae, Diaporthales) based on morphology, host-associations, and a four-gene phylogeny. Stud. Mycol. 2011, 68, 211–235.
[CrossRef]

45. Udayanga, D.; Castlebury, L.A.; Rossman, A.Y.; Chukeatirote, E.; Hyde, K.D. Insights into the genus Diaporthe: Phylogenetic
species delimitation in the D. eres species complex. Fungal Divers. 2014, 67, 203–229. [CrossRef]

46. Becker, R.; Ulrich, K.; Behrendt, U.; Kube, M.; Ulrich, A. Analyzing Ash Leaf-Colonizing Fungal Communities for Their Biological
Control of Hymenoscyphus fraxineus. Front. Microbiol. 2020, 11, 590944. [CrossRef] [PubMed]

47. Kowalski, T.; Kraj, W.; Bednarz, B. Fungi on stems and twigs in initial and advanced stages of dieback of European ash (Fraxinus
excelsior) in Poland. Eur. J. For. Res. 2016, 135, 565–579. [CrossRef]

48. Melo, R.F.R.; Gondim, N.H.D.B.; Santiago, A.L.C.M.D.A.; Maia, L.C.; Miller, A.N. Coprophilous fungi from Brazil: Updated
identification keys to all recorded species. Phytotaxa 2020, 436, 104–124. [CrossRef]

49. Johnston, P.R.; Quijada, L.; Smith, C.A.; Baral, H.-O.; Hosoya, T.; Baschien, C.; Pärtel, K.; Zhuang, W.-Y.; Haelewaters, D.; Park, D.;
et al. A multigene phylogeny toward a new phylogenetic classification of Leotiomycetes. IMA Fungus 2019, 10, 1–22. [CrossRef]
[PubMed]

50. Polashock, J.J.; Caruso, F.L.; Oudemans, P.V.; McManus, P.S.; Crouch, J.A. The North American cranberry fruit rot fungal
community: A systematic overview using morphological and phylogenetic affinities. Plant Pathol. 2009, 58, 1116–1127. [CrossRef]

51. Wu, W.; Sutton, B.C.; Gange, A.C. Coleophoma fusiformis sp. nov. from leaves of Rhododendron, with notes on the genus
Coleophoma. Mycol. Res. 1996, 100, 943–947. [CrossRef]

52. Filippova, N.V. Discomycetes from plant, leave and sphagnum litter in ombrotrophic bog (West Siberia). Environ. Dyn. Glob. Clim.
Chang. 2012, 3, 1–20. [CrossRef]

53. Tanney, J.; Seifert, K. Mollisiaceae: An overlooked lineage of diverse endophytes. Stud. Mycol. 2020, 95, 293–380. [CrossRef]
54. Walsh, E.; Duan, W.; Mehdi, M.; Naphri, K.; Khiste, S.; Scalera, A.; Zhang, N. Cadophora meredithiae and C. interclivum, new species

from roots of sedge and spruce in a western Canada subalpine forest. Mycology 2018, 110, 201–214. [CrossRef]
55. Asemaninejad, A.; Thorn, R.G.; Lindo, Z. Vertical distribution of fungi in hollows and hummocks of boreal peatlands. Fungal Ecol.

2017, 27, 59–68. [CrossRef]
56. Visagie, C.; Houbraken, J.; Frisvad, J.; Hong, S.-B.; Klaassen, C.; Perrone, G.; Seifert, K.; Varga, J.; Yaguchi, T.; Samson, R.

Identification and nomenclature of the genus Penicillium. Stud. Mycol. 2014, 78, 343–371. [CrossRef] [PubMed]
57. Schulz, B.; Wanke, U.; Draeger, S.; Aust, H.-J. Endophytes from herbaceous plants and shrubs: Effectiveness of surface sterilization

methods. Mycol. Res. 1993, 97, 1447–1450. [CrossRef]
58. Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Plant. Physiol. 1962, 15,

473–497. [CrossRef]
59. Schoch, C.L.; Seifert, K.A.; Huhndorf, S.; Robert, V.; Spouge, J.L.; Levesque, C.A.; Chen, W.; Fungal Barcoding Consortium.

Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proc. Natl. Acad. Sci.
USA 2012, 109, 6241–6246. [CrossRef] [PubMed]

60. White, T.J.; Bruns, T.J.; Lee, S.J.W.T.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylo-
genetics. In PCR—Protocols and Applications—A Laboratory Manual; Academic Press: San Diego, CA, USA, 1990; pp. 315–322,
ISBN 978-0-12-372180-8.

61. Raja, H.A.; Miller, A.N.; Pearce, C.J.; Oberlies, N.H. Fungal Identification Using Molecular Tools: A Primer for the Natural
Products Research Community. J. Nat. Prod. 2017, 80, 756–770. [CrossRef] [PubMed]

62. RStudio Team. RStudio: Integrated Development for R; RStudio, PBC: Boston, MA, USA, 2020.
63. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2020.
64. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4.
65. Pebesma, E. Simple Features for R: Standardized Support for Spatial Vector Data. R J. 2018, 10, 439–446. [CrossRef]
66. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.; François, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, J.; et al.

Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]
67. Dunnington, D. Spatial Data Framework for Ggplot2. Available online: https://paleolimbot.github.io/ggspatial/ (accessed on

17 March 2021).
68. Slowikowski, K.; Schep, A.; Hughes, S.; Dang, T.K.; Lukauskas, S.; Irisson, J.-O.; Kamvar, Z.N.; Ryan, T.; Christophe, D.; Hiroaki,

Y.; et al. Ggrepel: Automatically Position Non-Overlapping Text Labels with “Ggplot2”; R Foundation for Statistical Computing: Vienna,
Austria, 2020.

69. Lê, S.; Josse, J.; Husson, F. FactoMineR: AnRPackage for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1–18. [CrossRef]

http://doi.org/10.1111/j.1756-1051.1991.tb01279.x
https://biocomm.spbu.ru
http://doi.org/10.3114/sim.2011.68.10
http://doi.org/10.1007/s13225-014-0297-2
http://doi.org/10.3389/fmicb.2020.590944
http://www.ncbi.nlm.nih.gov/pubmed/33193255
http://doi.org/10.1007/s10342-016-0955-x
http://doi.org/10.11646/phytotaxa.436.2.2
http://doi.org/10.1186/s43008-019-0002-x
http://www.ncbi.nlm.nih.gov/pubmed/32647610
http://doi.org/10.1111/j.1365-3059.2009.02120.x
http://doi.org/10.1016/S0953-7562(96)80046-3
http://doi.org/10.17816/edgcc311-20
http://doi.org/10.1016/j.simyco.2020.02.005
http://doi.org/10.1080/00275514.2017.1406748
http://doi.org/10.1016/j.funeco.2017.02.002
http://doi.org/10.1016/j.simyco.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25505353
http://doi.org/10.1016/S0953-7562(09)80215-3
http://doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://doi.org/10.1073/pnas.1117018109
http://www.ncbi.nlm.nih.gov/pubmed/22454494
http://doi.org/10.1021/acs.jnatprod.6b01085
http://www.ncbi.nlm.nih.gov/pubmed/28199101
http://doi.org/10.32614/RJ-2018-009
http://doi.org/10.21105/joss.01686
https://paleolimbot.github.io/ggspatial/
http://doi.org/10.18637/jss.v025.i01


Plants 2021, 10, 1026 13 of 13

70. Kassambara, A.; Mundt, F. Factoextra: Extract and Visualize the Results of Multivariate Data Analyses; R Foundation for Statistical
Computing: Vienna, Austria, 2020.

71. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Bio. Evo. 2018, 35, 1547–1549. [CrossRef]

http://doi.org/10.1093/molbev/msy096

	Introduction 
	Results 
	Discussion 
	Trends in the Endophytic Fungi from Geum peckii 
	Known Ecologies of Sordariomycetes Recovered from Geum peckii 

	Materials and Methods 
	Field Collection 
	Endophyte Culturing and Molecular Identifications 
	Data Analyses 

	Conclusions 
	References

