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Abstract

Investigating the microbial communities associated with invasive plant species can provide insights into how these species
establish and thrive in new environments. Here, we explored the fungal species associated with the roots of the invasive
species Anthemis cotula L. at 12 sites with varying elevations in the Kashmir Himalaya. [llumina MiSeq platform was used
to identify the species composition, diversity, and guild structure of these root-associated fungi. The study found a total of
706 fungal operational taxonomic units (OTUs) belonging to 8 phyla, 20 classes, 53 orders, 109 families, and 160 genera
associated with roots of A. cotula, with the most common genus being Funneliformis. Arbuscular mycorrhizal fungi (AMF)
constituted the largest guild at higher elevations. The study also revealed that out of the 12 OTUs comprising the core myco-
biome, 4 OTUs constituted the stable component while the remaining 8 OTUs comprised the dynamic component. While
a-diversity did not vary across sites, significant variation was noted in p-diversity. The study confirmed the facilitative role
of the microbiome through a greenhouse trial in which a significant effect of soil microbiome on height, shoot biomass,
root biomass, number of flower heads, and internal CO, concentration of the host plant was observed. The study indicates
that diverse fungal mutualists get associated with this invasive alien species even in nutrient-rich ruderal habitats and may
be contributing to its spread into higher elevations. This study highlights the importance of understanding the role of root-
associated fungi in invasion dynamics and the potential use of mycobiome management strategies to control invasive species.

Keywords Arbuscular mycorrhizal fungi - Core mycobiome - Invasion - Illumina Miseq - Non-native - Spatio-temporal -
a-Diversity - p-Diversity

Introduction is important to document the entire guild structure of these
fungi associated with the roots of host plants to gain deeper
insights into the community structure and assembly of RAF.

Studies have revealed that the interactions of RAF with host

Root-associated fungi (RAF) play a crucial role in the
growth, development, and fitness of host plants (Bergelson

et al. 2019; Nguyen et al. 2020; Abrego et al. 2020). The
diversity of RAF is influenced by a range of factors, such
as host plant species, root exudates, soil fertility, tempera-
ture, and other biotic and abiotic factors (Oh and Lim 2018;
Goldmann et al. 2020; Abrego et al. 2020; Hu et al. 2021,
2022). Recent advances in metagenomics have enabled the
study of the diversity and guild structure of RAF associated
with a wide range of plants under different environmental
conditions (Orellana 2013). The mycorrhizal fungal guild
has received more attention (Rai and Agarkar 2016) but it

< Zafar A. Reshi
zreshi @gmail.com

Department of Botany, University of Kashmir,
Srinagar 190006, J&K, India

plants range from mutualism to parasitism (Ahmad and Zaib
2020). Understanding the role of RAF in the growth and
development of host plants is critical for developing sustain-
able agricultural practices and for conserving plant diversity
in natural ecosystems (Maciid-Vicente 2022; Tondera et al.
2023).

Recent studies have started to shed light on the diversity
of belowground microbial diversity in various ecosystems,
including those impacted by invasive species. For example,
Li et al. (2022) explored the effect of invasive bamboo spe-
cies, namely Phyllostachys edulis, on the microbial com-
munity structure and function(s) of bulk soil, rhizosphere,
and roots of a dominant native tree species (Cyclobalano-
psis glauca) in a subtropical evergreen forest. Similarly,
Rezacovi et al. (2022) investigated the root-associated and
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soil-dwelling arbuscular mycorrhizal fungi (AMF) of 11
invasive plant species in their native and exotic ranges and
found that root-associated AMF assemblages were simpli-
fied, and many AMF genera were not associated with the
invasive species in the exotic ranges. However, the domi-
nant fungal genera were the same in both native and exotic
ranges.

Notwithstanding these studies, role of root-associated
microbes in plant invasiveness has been less studied com-
pared to other factors, such as abiotic tolerance (Alpert et al.
2000; Levine et al. 2004), biotic resistance (Case 1990; Lev-
ine et al. 2004; Bogdziewicz et al. 2019), and propagule
pressure (Lockwood et al. 2005; Simberloff 2009). But
recent research has suggested that these microbes can have
a significant impact on the performance and spread of inva-
sive plant species (Byun et al. 2018; Paolucci et al. 2021).
For example, studies have shown that invasive plants often
have a greater abundance and diversity of root-associated
microbes compared to non-invasive plants (Byun et al. 2018;
Ramirez et al. 2019). These microbes can promote plant
growth and increase nutrient uptake, allowing invasive spe-
cies to outcompete native species for resources (Callaway
and Aschehoug 2000; Kamutando et al. 2019). Addition-
ally, some studies have found that root-associated microbes
can help invasive plants to tolerate environmental stressors,
such as drought or high salinity (Hierro et al. 2005). This
could allow invasive species to expand into new areas where
native species may not be able to survive (Vorstenbosch
et al. 2020).

The study of these interactions in relation to abiotic fac-
tors, such as elevation, is an important area of research that
could enhance our understanding of how plant—microbe
interactions are influenced by environmental conditions
(Zhang et al. 2021). Elevation can have a significant impact
on the composition and abundance of microbial communi-
ties associated with plant roots (Merino-Martin et al. 2023).
As elevation increases, environmental factors, such as tem-
perature, precipitation, and soil type, can change, which in
turn can influence the types of microbes that are able to
survive and thrive in a given location (Midolo and Wellstein
2020). Additionally, elevation can affect the physiology of
plants, which can also impact their ability to interact with
microbes (Rudgers et al. 2020). Studying the interaction
between resident microbes and non-resident host plants in
relation to elevation could shed light on the mechanisms by
which environmental factors shape plant—microbe interac-
tions. There is a growing body of research suggesting that
RAFs may play a facilitative role in the upward expansion of
alien (non-native) species in nature (Pauchard et al. 2016).
This is particularly relevant in the context of climate change,
where it is believed that the upward expansion of alien plant
species facilitated by microbes could increase significantly
(Dainese et al. 2017). The study by Petitpierre et al. (2016)
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suggests that climate change could lead to the range expan-
sion of non-native plant species through increased interac-
tions with beneficial microbes, including RAFs. Another
recent study by Ullah et al. (2022) also suggests that climate
change could increase the impact of RAFs on the upward
expansion of non-native plant species.

There is currently limited research on the specific rela-
tionship between the microbiome and the invasiveness of
Anthemis cotula L. (mayweed or stinking chamomile) in
Kashmir Himalaya. Given the well-known impact of micro-
biome on the growth and survival of plants, including inva-
sive species, it is possible that it may be playing a role in the
invasiveness of A. cotula in Kashmir Himalaya, but further
research is needed to fully understand the extent of this rela-
tionship. Thus, we aimed to investigate how the composi-
tion and diversity of fungi associated with the roots of A.
cotula change in relation to elevation. We assumed a very
limited diversity of RAF with this invasive alien species,
particularly in the recently invaded higher elevations. We
also hypothesized that fungi, particularly arbuscular fungi,
may not be associated with A. cotula in ruderal habitats that
are disturbed and nutrient-rich (Ward et al. 2020) and the
host species may not entail carbon costs for such a mutual-
istic association in these habitats (Jin et al. 2017). By exam-
ining the composition of root-associated fungi at different
elevations, the study is expected to provide insights into how
environmental factors that change with elevation influence
fungal communities. Additionally, the study may help to
identify fungal species that are adapted to specific eleva-
tions, which could have implications for management of this
highly invasive species. The research questions addressed in
the present study are:

a. How rich is the assemblage of fungi associated with the
roots of A. cotula in Kashmir Himalaya and whether
they form a stable core mycobiome or tend to show
opportunistic relationship across elevations?

b. Does the guild structure of the root-associated fungi
show any elevation-specific pattern?

c. Is there any effect of microbiome on the traits that
contribute to the invasiveness of A. cotula in Kashmir
Himalaya?

Material and methods
Study species

Anthemis cotula L., commonly known as mayweed or stink-
ing chamomile, is an annual monocarpic species and belongs
to the family Asteraceae (Reshi et al. 2011). It is known by
several other synonyms, including Chamaemelum cotula,
Maruta cotula, and Matricaria cotula. Native to Eurasia and
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parts of northern Africa, A. cotula is believed to have been
introduced outside its native range through trade as a con-
taminant of crop seeds or propagules (Erneberg 1999). Due
to its ruderal life history strategy, which is characterized by
its ability to colonize disturbed habitats, the species grows as
a common weed in arable land, farmyards, roadsides, moist
meadows, and overgrazed pastures (Adhikari et al. 2020).
It is highly invasive in Kashmir Himalaya and several traits
that contribute to its invasiveness in the Kashmir Himalayan
region include synchronous germination of its achenes with
favourable climatic conditions (Rashid et al. 2007), over-
compensatory growth upon herbivory (Shah et al. 2012),
allelopathic potential (Allaie et al. 2006; Rashid and Reshi
2012), widespread mycorrhizal association (Shah and Reshi
2007), and high reproductive output (Rashid and Reshi
2012). These traits allow the species to quickly spread and
compete with native plant species, posing a threat to native
biodiversity. This threat is likely to increase due to anthro-
pogenic activities and global climate change.

Study sites

Extensive field surveys were conducted in Kashmir Hima-
laya, India, during the summer (April-July) of 2018 which
revealed that A. cotula L. grows in ruderal habitats over an
elevation range of 1600 m amsl to 3700 m amsl. To cover
this entire elevation range, twelve sites (Fig. 1), having an

average area of around 0.25 km?, were selected for the col-
lection of root samples. The survey sites were grouped into
lower (1550-1700 m amsl), middle (1701-2100 m amsl),
and higher (2101-3700 m amsl) elevation sites and various
features of these sites are given in Table S1.

Root and soil sample collection

Fifty individuals of A. cotula, at least 5 m apart from each
other, were collected from each of the 12 sites within the first
2 weeks of April 2019. It was ensured that all the collected
individuals were at the same developmental stage (spring
cohort rosettes). The samples were processed immediately in
the laboratory for separation of roots from rest of the plant.
The root samples were washed with tap water and pooled
to form a composite sample. In all, we had 12 composite
root samples (four from each elevation) which were stored
at— 20 °C until further use. Additionally, soil samples were
collected from all the 12 sites for nutrient analysis. Five soil
samples were collected from randomly selected places at
each site by inserting a corer (2.25 cm diameter) vertically
into the soil up to a depth of 15 cm. These sub-samples were
thoroughly mixed and collected in plastic bags. The resulting
composite soils were carried in polythene bags to the labo-
ratory where these were gently crushed manually, air-dried,
and sieved through a 2-mm sieve to eliminate debris.
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DNA extraction

DNA was extracted from the 12 composite root samples
using the CTAB method (Doyle 1991). DNA quality was
checked on 0.8% (w/v) agarose gel. The quantity of extracted
DNA was determined using a NanoDrop 2000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA).
DNA was diluted to 50 ng pL~! and stored at—20 °C. For
amplification of fungal DNA, a reaction volume of 25pL
was prepared using 10pL 2 X reaction buffer (4 mM MgCl,,
0.4 mM of each ANTP, Taqg polymerase (0.05 U/uL) (Thermo
Scientific, USA), 0.5pL of forward (ITS1F) (White et al.
1990) and 0.5 pl reverse (ITS2) (Gardes and Bruns 1993)
primer (10 pM), 13pL of sterilized distilled water, and 1.0pL
of template DNA (50 ng). The amplification was carried
out in Applied Biosystems Thermocycler, USA, and the fol-
lowing PCR conditions were followed: 94 °C 1 min; 94 °C
30 s; primer specific temperature (Tm) 30 s; 68 °C 30 s, 35
cycles; and a final extension at 68 °C 10 min and 4 °C hold.
The resulting PCR products were separated on 0.75% (w/v)
Ultrapure™ agarose (Invitrogen, USA) and stained with eth-
idium bromide using 1 X TAE (Tris—acetate EDTA) as run-
ning buffer. Amplicon library preparation and sequencing on
an Illumina MiSeq, version 2, 2 X 250-bp paired-end chem-
istry were outsourced to Bionivid Technology (A GENOME
“IT” COMPANY), Bangalore. Data were deposited with
the National Centre for Biotechnology Information (NCBI)
short read archive (SRA) under the bio-project accession
number PRINA613184.

Soil analysis

The soil samples were processed for analysis at the Soil
Science Division, Department of Quality Control, Sher-e-
Kashmir University of Agricultural Sciences and Technol-
ogy, Shalimar, Srinagar. The pH of the soil samples (soil
and distilled water in the ratio of 1:5) was measured by a

portable pH meter (SYSTRONICS Model: MKVI). The
soil organic carbon was estimated using the Walkley and
Black (1934) rapid titration method. Olsen’s method was
used for measuring phosphorus concentration (Olsen et al.
1954). The flame photometry procedure outlined by Jack-
son (1973) was employed to estimate total potassium (K)
content. Sulphur in the soil samples was estimated by the
calcium chloride method (Chesnin and Yien 1951) and cal-
cium was measured in ammonium acetate extracts of soil by
titration with EDTA (Cheng et al. 1953). Data on these soil
variables is presented in Table 1.

Greenhouse experimental setup

The greenhouse experiment consisted of two treatments
(sterilized soil and unsterilized soil) with 10 replications.
The earthenware pots of 20X 12 cm dimensions were
used for the experiment. Soil (pH="7.5 and organic car-
bon=1.6%) was collected from an A. cotula invaded site
(to mimic the natural rhizospheric conditions) and 10 pots
were filled with this soil and pre-washed sand in the ratio of
1:1. Half of the soil and sand mixture was autoclaved thrice
at 120 °C for 45 min with a 12-h interval between autoclav-
ing (Shah et al. 2008a) and 10 pots were filled with this
autoclaved soil and sand mixture to serve as control.

Seeds (achenes) collected in the fall of 2019 were germi-
nated under natural light conditions in the greenhouse during
April 2020 on plastic mesh plates containing vermiculite
and peat. Three A. cotula seedlings after attaining a height
of almost 4 cm were transplanted into each pot containing
sterilized and unsterilized soil and sand mixture as described
above. Finally, only 1 seedling of more or less similar size
was retained per pot. The pots were arranged in a completely
randomized design (in the greenhouse with natural light
conditions and an average daily temperature of 28°C). Pots
were re-randomized every week to ensure randomization of
all posts during the entire duration of the experiment. Pots

Table 1 Soil characteristics of

different study sites Sites pH OC (%) N (ppm) P (ppm) K (ppm) S (ppm) Ca (ppm)
L1 8 1.48 83.7 223 66.96 2.92 1469
L2 8.4 2.1 89.28 4.01 61.38 4.3 1924
L3 7.54 3.31 103.23 2.67 54.68 2.5 1611
L4 7.8 2.31 80.35 3.125 6272 2.93 1779
M1 7.6 2.92 111.6 3.57 64.73 3.32 1222
M2 7.4 2.73 92.07 2.67 65.84 2.8 1663
M3 7.09 3.54 102.67 3.57 53.68 2.56 1389
M4 59 3.14 89.28 3.57 64.95 3.12 1424
Hl1 59 3.14 89.28 3.57 64.95 3.12 1424
H2 6.32 445 84.93 3.125 58.03 2.14 1428
H3 6.9 3.56 112.61 3.125 61.6 2.6 1318
H4 6.36 5.32 83.92 3.125 64.06 2.63 1445
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were watered daily to keep the moisture at water-holding
capacity and no additional nutrients were added to the pots.
The experiment lasted from April 2020 to September 2020.

Data collection
Morphological and reproductive traits

Plants were harvested after the completion of experiment
and their height (cm) and number of lateral branches (NLB)
were recorded. Subsequently, the harvested plants were
separated into belowground (root) and aboveground (shoot)
parts. After thoroughly washing with tap water to remove
any adhered soil particles, roots and shoots were dried
in a hot air oven at 55 °C for 48 h to constant weight and
expressed as root and shoot dry mass (g/plant). Since it was
difficult to count the exact number of flowers or achenes per
plant owing to high flower and achene number in capitula,
the number of flower heads (capitula) (NFH) per plant was
used as a surrogate for fitness.

Measurement of gas exchange parameters

Various gas exchange parameters, including photosynthetic
rate/Py (umolCO, m~2 s~!) stomatal conductance/gs (mmol
H,0 m~2 s7"), internal leaf carbon-dioxide concentration
(umol/mol), and transpiration rates/E (mmol H,O m2s7h
of both treatment and control plants, were recorded just
before their harvest using a Portable LI-6400 XT infrared
gas analyser (Li-Cor, USA).

Bioinformatic and data analyses

The PIPITS v.2.3 bioinformatic pipeline was used to analyse the
fungal internal transcribed spacer (ITS) sequence data from the

M3

M2

L1

H1

H4

Fig. 3 Petal plot representing the percent abundance of OTUs of root-
associated fungi of A. cotula from lower (L1, L2, L3, L4), middle
(M1, M2, M3, M4), and higher (H1, H2, H3, H4) elevation zones

Mlumina MiSeq sequencing platform (Gweon et al. 2015). Using
default parameters, preliminary processing of the data included
de-multiplexing and quality filtering with a minimum quality
score of 30. ITS2 region was extracted by PIPITS FUNITS.
Sequences less than 100 bp and singletons were removed.
Sequences were clustered into operational taxonomical units
(OTUs) using the VSEARCH with an identity threshold of 97%
by using the tools of QIIME v.1.9.1 (Rognes et al. 2016; Edgar
2018; Zou et al. 2018). The identified clusters were subjected to
chimera removal. Chimera-free representatives were taxonomi-
cally assigned using the RDP classifier against the UNITE fun-
gal ITS reference dataset version 8.2 (released on 04.02.2020).

To reduce sample variability across elevation zones, OTU
table was rarefied to an equal sequencing depth with the rar-
efy_even_depth command in phyloseq package (McMurdie
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Fig.4 The taxonomic composi-
tion of root-associated fungal
phyla in the 12 sites at three
elevation zones (lower, middle,
and higher) based on rarefied
data
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and Holmes 2013). Rarefaction curves were plotted using the
modified function ggrare of ranacapa package (Kandlikar
et al. 2018). The rarefied OTU data were used to compute
alpha diversity indices, namely “Observed”, “ACE”, “Shan-
non”, “Simpson”, “InvSimpson”, “Fisher” using Phyloseq
package in R environment and visualized as boxplots, and
means of alpha diversity indices were statistically compared
across elevation zones using the Wilcoxon test.

The variations in the composition of fungal communities
across elevation zones were visualized utilizing the non-metric
multidiomensional scaling (NMDS) based on Bray—Curtis dis-
similarity using ordinate function of phyloseq package in R. Per-
mutational multivariate analysis of variance (PERMANOVA)
was used to determine if fungal communities differed signifi-
cantly between the elevation zones, and adonis2 in Vegan pack-
age in R was used for these analyses. Finally, the taxon com-
position of samples was elucidated and reflected in the form of
stacked bar plots in Phyloseq package using ggplot2.

Fig.5 The top most abundant
families at three elevation zones
(lower, middle, and higher)
based on rarefied data

100

K
0

Relative abundance (%)
o
=}

[
wn

>

@ Springer

Lower elevatmn zone

L3 L4

L1

L3 L4

Mlddle elevation zone Higher elevation zone

‘ el |
M1 M2 M3 M4 H1 H2
Sites

Phylum

[ Others

Mucoromycota
. Chytridiomycota
B Rozellomycota
] Mortierellomycota
[ Olpidiomycota

Glomeromycota

Basidiomycota
[ Ascomycota

Differential abundance of taxa across sites and elevation
zones were computed using microeco package and plotted
using ggalluvial and also as a heatmap. Venn and petal plots
showing number of shared taxa were also prepared with
microeco package.

Core mycobiome analysis covering unique and shared taxa
for each site based upon a robust 75% prevalence threshold
with at least 1% detection threshold was identified using the
core function in microbiome R package version 1.5.28 (Lahti
and Sudarshan 2017). We also created a Venn diagram using
an online tool, InteractiveVenn, to define stable and dynamic
components of the core mycobiome (Bardou et al. 2014).
Functional guilds and trophic modes were assigned to fungal
taxa using FUNGuild (Nguyen et al. 2016; Martinez-Diz et al.
2019) and the results were plotted as PieDonut plots using
webr package in R. One-way anova was used to test the influ-
ence of elevation zones on guild structure and trophic modes.
t-test was employed to compare the mean values of different
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Fig' 6 The taxonomic composi- Lower elevation zone  Middle elevation zone  Higher elevation zone

tion of root-associated fungal 100 Genus
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traits of A. cotula between the plants grown in sterilized and
unsterilized soil: sand medium. All data analyses were carried
out in R (version 4.2.2; R Core Team 2022).

Results
In all, we obtained 2,367,266 reads after processing the 12

composite root samples, but only 2,242,792 reads remained
after quality filtering that were resolved into 8 phyla, 20
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classes, 53 orders, 109 families, 160 genera, and 706 OTUs.
The average number of sequences across the samples ranged
from 925 to 53,517 and the average number of counts per
sample was 7888. In view of large difference in the sequence
depth across sites, rarefaction of the data was performed
which allowed us to resolve the reads into a total of 521
OTUs (Table S2). Furthermore, rarefaction analysis indi-
cated that the sequencing was thorough in capturing the
fungal alpha diversity across elevation zones (Fig. 2). Out
of 521 OTUs, 119, 102, and 79 OTUs were unique to lower,
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Table 2 Analysis of variance (ANOVA) of different a-diversity indices

Df SumofSq MeanSq Fvalue Pr(>F)
Sample type 2 1.349 0.6744 1.267 0.327
Residuals 9 4.789 0.5321

middle, and higher elevations, respectively. Sixty-eight
OTUs were shared by lower and middle elevations and 37
by middle and higher while only 18 by higher and lower
elevations. Only 98 (19%) OTUs were common to all the
elevations (Fig. S1). Moreover, the percent abundance of
OTUs of root-associated fungi of A. cotula across the sites
is presented in Fig. 3. Only rarefied data was used for further
downstream analyses.

The present study revealed that phylum Ascomycota was
the most abundant taxon with a relative abundance of 71.5%
in the samples, followed by Basidiomycota, Glomeromy-
cota, and Olpidiomycota with relative abundance of 12.6%,
9%, and 4%, respectively. Overrepresentation of Ascomy-
cota and Basidiomycota and relatively low incidence of
Glomeromycota can be attributed to the primer (ITS1F and
ITS2) selection. The above-mentioned taxa together com-
prise about 97% of reads in all the samples. The remaining
3% reads were represented by Mortierellomycota, Rozel-
lomycota, Chytridiomycota, Mucoromycota, and some uni-
dentified fungal groups. Elevation-specific abundance of
the fungal groups revealed that Ascomycota was the most
abundant phylum at lower and middle elevations followed by

Basidiomycota, Glomeromycota, and others. Though Asco-
mycota was also most abundant at higher elevations, the next
most abundant phyla at this elevation zone, however, was
Glomeromycota followed by Olpidiomycota, Basidiomycota,
and others (Fig. 4). Across elevation zones, the most com-
mon classes were Dothideomycetes, Sordariomycetes, Aga-
ricomycetes, and Glomeromycetes with relative abundance
of 40%, 20.3%, 10%, and 9%, respectively.

The most common orders, across all the sites spanning
three elevation zones, were Pleosporales (38%), Hypoc-
reales (9.3%), and Glomerales (8.5%) followed by Aga-
ricales (5%). Elevation-specific abundance of different
orders showed that Pleosporales was the most abundant
order at all three elevation zones with relative abundance
of 36%, 53%, and 24% at lower, middle, and higher eleva-
tion zones, respectively. At lower elevation zone, the next
orders in terms of their relative abundance were Agari-
cales (13%), Cantharellales (11%), and Glomerales (6%).
At middle elevation zone, the next common fungal orders
after Pleosporales were Hypocreales (53%), Sordariales
(10%), and Glomerales (4.1%). In the higher elevation
zone, on the other hand, Glomerales (16%) was the second
most abundant order followed by Hypocreales (11%) and
Olpidiales (6.5%).

The most abundant fungal families were Didymellaceae
(10%), Nectriaceae (9%), Glomeraceae (8.1%), and Cera-
tobasidiaceae (4%) across all the elevation zones (Fig. 5).
Lower elevations zone had the dominance of Ceratobasi-
diaceae (11%), Tricholomataceae (9.7%), Didymellaceae

Fig. 8 Non-metric multidimen- _
sional scaling (NMDS) plots of Stress 01/0/2 T
root-associated fungi in various 1.0 A Ny
elevation zones with 95% con-
fidence intervals around group /
centroids
/ A
0.5 / \
[ \
o \ Elevation zone
[72] \
Q 0.0 \ Lower elevation zone
2 \\ 3 @ Middle elevation zone
Z. \ | D Higher elevation zone
-0.5 /
-1.0
-1 0 1
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Table 3 Permutational multivariate analysis of variance of p-diversity
based on Bray—Curtis distances

Df Sumofsqs R? F Pr (>F)
Sample type 2 0.64806 0.22882  1.3352  0.0073
Residual 9 2.18414 0.77118
Total 11 2.83221 1

(8%), Nectriaceae (6%), and Glomeraceae (5%). At middle
elevation zone, Didymellaceae (19%), Nectriaceae (9%),
Lasiosphariaceae (4.4%), and Glomeraceae (4%) were
more abundant. On the other hand, Glomeraceae (15%) was
the most abundant family followed by Nectriaceae (11%),
Olpidiaceae (6.5%), and Didymellaceae (4%) at the higher
elevation zone.

At the genus level, the most abundant fungal genera
were Funneliformis (71.6%), Olpidium (4%), Vishniaco-
zyma (2.2%), and Pyrenochaeptopsis (1.2%) across all the
elevation zones (Fig. 6). Funneliformis (5%), Olpidium
(3%), and Vishniacozyma (2.7%) were the most common
genera at lower elevation zone. Vishniacozyma (3.7%),
Funneliformis (3.5%), and Mortierella (2%) were the most
abundant genera at middle elevation zone. At the higher
elevation zone, the most commonly occurring genera
were Funneliformis (15%), Olpidium (6.5%), and Ophio-
sphaerella (2.7%). The most abundant taxa at lower, mid-
dle, and higher elevation zones at species level are shown
in differential heat trees (Fig. S2).

Alpha diversity

Alpha diversity based on various indices is presented in Fig. 7.
Except ACE, all other indices of alpha diversity revealed higher
values in middle elevation zone and lower values in higher
elevation zone (Table S3). For instance, observed species rich-
ness was 127 in middle elevation zone and 96 in higher eleva-
tion zone. The values of other alpha diversity indices including
Shannon, Simpson, Inverse Simpson, and Fisher followed a
pattern similar to observed species richness across the three
elevational zones. However, none of these indices varied sig-
nificantly across elevations (p >0.05) (Table 2).

B-Diversity

In order to visualize the dissimilarities in root-associated
fungal community composition between the samples,
NMDS analysis based on the Bray—Curtis dissimilarity
index was undertaken. The NMDS ordination had a stress
value of 0.102, and the visual interpretation of the NMDS
plot (Fig. 8) indicated some overlap between root-associated
fungal communities of various elevation zones. However,
PERMANOVA analysis revealed significant difference
between the groups (p <0.05) Table 3.

Relationship between the fungal community
composition and edaphic factors

Redundancy analysis (RDA) was used to explore the influ-
ence of edaphic factors (used as explanatory variables) on

Fig.9 Redundancy analysis
(RDA) showing the influence
of soil variables on the root-
associated fungal community
composition in roots of A.
cotula. Red arrows represent
edaphic factors; grey arrows
represent fungal genera; each
dot represents a sample. For 10
clarity, only the twenty most

20

1) Funneliformis

Calyptella

iy
abundant taxa are shown S Elevation zone
S ® Lower elevation zone
> ® Middle elevation zone
g 0 ® Higher elevation zone
<Ofpidium
Tetracladium
-10
Marasmius
-20 Neoascochyta
-40 0 20 40
RDAL1 [45.9%]
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Fig. 10 Venn diagram show-
ing the distribution of core

Lower elevation zone |

Middle elevation zone

mycobiome OTUs across three ) -

elevation zones and showing its V.
dynamic and stable components /

fungal community composition in roots of A. cotula. The
first two axes explained 67.5% of the total variance (Fig. 9).
This analysis indicated that organic carbon (OC) was the
major determinant that explained most of the variations in
the fungal community composition of the three elevation
zones. While the relative abundance of Funneliformis at
higher elevations had strong correlation with OC content,
it was inversely related to nitrogen (N), pH, and calcium
(Ca). The abundance of genus Olpidium, Vishniacozyma,
and Neoascochyta was related with lower levels of OC and
potassium (K) but higher pH, N, and Ca. The abundance of
Tetracladium was strongly related to K but negatively related
to sulphur (S). Likewise, the abundance of genera, includ-
ing Ophioshaerella, Calyptella, Podospora, Mortirella, and
Pyrenochaetopsis, is determined more by S than by P, Ca,
K, N, and pH.

Core mycobiome

The majority of the OTUs had elevation-specific distribu-
tion. Overall, a total of 12 different OTUs across elevations
comprised the core mycobiome. Many reproducible and
other non-reproducible OTUs which did not follow the cri-
teria of being core comprised the opportunistic mycobiome.
The number of OTUs constituting core mycobiome at the
three elevation zones was 9, 7, and 8 for lower, middle, and
higher elevation zones, respectively. A small proportion of
these core OTUs was reproducibly detected only at one or
two elevation zones. For instance, 1 OTU was exclusively
present at lower elevation zone, 1 at middle elevation zone,
and 2 at higher elevation zone (Fig. 10). A considerable frac-
tion of core OTUs were consistently present at only two
of the three elevation zones (e.g. 2 OTUs were constantly
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present at middle and lower elevation zones, 2 at the higher
and lower elevation zones, and none at higher and middle
elevation zones). However, only 4 OTUs were invariably
present across all the elevation zones. Thus, the core myco-
biome comprising 12 OTUs can be categorized into a stable
component comprising only 4 OTUs (Fig. 11) and a dynamic
component with 8 OTUs (occurring in either one or two of
the elevation zones).

Guild structure and trophic modes

A total of 19 guilds were recorded at lower elevation zone
and 17 each at middle and higher elevation zones. These
guild types were either unique to an elevation zone or
were shared between two or all three elevation zones.
At lower elevation zone, the most abundant guilds were
plant pathogens, AMF, and endophytes with relative abun-
dance of 7%, 5%, and 4%, respectively. Likewise, middle
elevation zones showed predominance of plant pathogens
(7%), endophytes (5%), animal pathogen (5%), and AMF
(3%). However, at higher elevation zone, AMF and plant
pathogens formed the most abundant guilds with relative
abundance of 5% each, followed by endophytes (3.5%)
and animal pathogen (3%) (Fig. 12). Besides the above-
mentioned guild types, some guilds were unique to spe-
cific elevations. For instance, orchid mycorrhizal guild
occurred exclusively at lower elevation zone, whereas
ericoid mycorrhizal guild existed at middle and higher
elevation zones. Likewise, plant parasite and bryophyte
parasite guilds occurred only at lower and higher elevation
zones (Table S4). One-way analysis of variance revealed
insignificant relationship between elevation zone and guild
structure (F, 4, =0.182, p=0.834).
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Fig. 11 Heat map representing
the prevalence of taxa consti-
tuting core mycobiome across
elevation zones

Pleosporales_sp_SHI1576179.08FU -

Olpidium_brassicae_SH1519091.08FU -

Pyrenochaetopsis_leptospora_SH1525086.08FU6 -

Pleosporales_sp_SH1525130.08FU -

All the identified species were successfully assigned to
different trophic modes (Fig. 13). A total of three trophic
modes, including saprotrophs, symbiotrophs, and patho-
trophs, were recorded from each elevation zone. Saprotrophs
constituted the most abundant trophic mode across eleva-
tions. While symbiotrophs were relatively more abundant
at lower elevation zone (12%) and higher elevation zones
(10%); saprotrophs and pathotrophs both showed higher
abundance at middle elevation zone in comparison to lower
and higher elevation zones (Table S5). Abundance of trophic
modes did not vary significantly across elevation zones
(Fp6=0.684, p=0.54).

Effect of microbiome on host plant traits

The effect of entire soil microbiome including the root-
associated fungi on various morphological and reproduc-
tive traits of A. cotula is presented in Table 4. Among the
morphological traits, height (cm) (r=3.99; p=0.003) and

unidentified286-
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unidentified153 - .
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1% 15%  21% 3%  45%  65%
Detection Threshold
(Relative Abundance (%))

shoot biomass (g) (#=5.8; p=0.0003) showed a significant
increase in unsterilized soil over control. On the contrary,
root biomass (g) declined significantly in unsterilized soil as
compared to control (#=10.8; p=0.0001). The number of
lateral branches (NLB), however, did not vary significantly
between sterilized and unsterilized soil treatments. The num-
ber of flower heads (NFH) varied significantly between the
two treatments (t=4.5; p=0.001). Among the physiological
attributes, only leaf internal CO, concentration differed sig-
nificantly between the sterilized and unsterilized soil treat-
ments (r=3.09; p=0.01).

Discussion
The study presents an assessment of the root-associated
fungal species and guilds of A. cotula in various elevation

zones in Kashmir Himalaya. It was revealed that the roots
of A. cotula host a diverse group of fungal species, with a
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Fig. 12 Percent abundance of
guilds for lower, middle, and

higher elevation zones Fungal Parasité
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Soil.Saprotroph
(2.157%)

Plant.Pathogen
(7.251%)

Lichen.Parasite
(2.261%)

Fungal.Parasite
(3.586%)

higher representation of Ascomycota. Several other studies
have also reported high fungal species diversity associated
with invasive plants, such as Phragmites australis (Van Bael
2020) and Berberis thunbergii (Coats and Rumpho 2014),
and also the predominance of Ascomycota. This pattern may
be due to several factors, including the ability of Ascomy-
cota to form associations with a broad range of host plants
and contribute to invasiveness by providing the hosts with
a diverse functions, such as nutrient acquisition, pathogen
defence, and stress tolerance (James et al. 2006; Challa-
combe et al. 2019; Sudova et al. 2020). It is also worth not-
ing that the predominance of Ascomycota could be due to
their higher abundance in the roots at the time of the investi-
gation or the choice of primers used in the study (ITS1F and
ITS2). It is important to note that the relationship between
invasive plants and their fungal associates is complex and
can vary depending on the specific plant-fungal interactions
involved, as well as the environment in which they occur.
Therefore, the results of the present study may not be gener-
alizable to other plant species or regions. However, the find-
ings highlight the importance of understanding the diversity
of fungal species associated with plant roots, as these fungi
play important roles in nutrient acquisition and plant growth.
Further research is needed to fully understand the mecha-
nisms underlying the association between A. cotula and its
root-associated fungi, and how these interactions contribute
to invasiveness of A. cotula in Kashmir Himalaya.
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We also found that most of the fungal species associated
with A. cotula were opportunistic, meaning they were gen-
eralists and not specifically adapted to this plant. This was
expected, as A. cotula is not native to the area and therefore
does not share a long-term evolutionary association with its
root-associated fungi. The lack of static core mycobiome
may have contributed to the success of A. cotula in the area,
as it can benefit from different root-associated fungi in differ-
ent elevations. In fact, the role of resident soil microbiota in
the success of alien plant species has been well documented
(Klironomos 2002). Mycorrhizal mutualists, for example,
can aid the alien plant species in overcoming biotic resist-
ance in invaded ranges and reduce the incidence of insect
herbivory, promoting successful invasion (Yin et al. 2020).

Our results also suggest that there is a shift in the preva-
lence of different fungal guilds from lower to higher eleva-
tions, with arbuscular mycorrhizal fungi (AMF) being pre-
dominant at higher elevations and plant pathogens being
dominant at lower and middle elevations. This trend is sup-
ported by previous research which suggests that climatic
factors play a significant role in determining the prevalence
of fungal guilds in different habitat types (Tedersoo et al.
2014; Veach et al. 2018).

The present study also brings out the inconsistent pattern
in the number and abundance of different fungal genera at
different elevations, except for AMF genus Funneliformis,
which was found associated with A. cotula roots across all
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Fig. 13 Distribution and abun-
dance of root-associated fungal
trophic modes of A. cotula at
lower, middle, and higher eleva-
tion zones

elevations, with the highest relative abundance at higher
elevations. This indicates that Funneliformis may be con-
tributing to the establishment and expansion of A. cotula at
higher elevations. The possible explanations for the increase
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in dominance of arbuscular mycorrhizal fungi (AMF) and
decrease in abundance of saprotrophic fungi with elevation
are as follows: (1) soil nutrient availability which decreases
as elevation increases. AMF may dominate in nutrient-poor

Table 4 t-test results for various traits of A. cotula in treated and control plants

Shoot bio- Root biomass Height (cm) NLB NFH Photosyn-  Stomatal Internal CO, Transpira-
mass (g) (2) thesis rate  conduct- Conc tion rate
(umol CO, ance (umol/mol) (mmol
m2s7h (mmol H,0 H,0
m~2 s7h m~2 s7h
T C T T C T C T C T C T C T C T C
Mean  4.06 295 3.05 4.16 225 197 98 9 14.50 1550 347 293 0.32 0.18 376.38 32823 6.09 4.93

SD 0.49 037 03

SE 0.12 0.11 0.09
tvalue 5.8 10.89
p value 0.0003 0.0001

1.87 1.62 078 162 1.72 158 096 134 0.17 001 36.04 27.61 233 1.55
0.20 0.18 0.12 0.18 0.54 050 031 042 005 0.06 11.40 8.73 0.74 0.49
3.99 1.3 45 0.96 1.88 3.09 0.99
0.0031 0.22 0.001 0.35 0.09 0.01 0.34

NLB, number of lateral branches per plant; NFH, number of flower heads (capitula) per plant

Each value in the table represents mean of 10 replicates

T, treatment; C, control; SD, standard deviation; SE,standard error
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soils found at higher elevations because these are specialized
in forming symbiotic relationships with plant roots to obtain
nutrients, particularly phosphorus, in exchange for carbo-
hydrates. In contrast, saprotrophic fungi rely on decaying
organic matter as a source of nutrients, which may be less
abundant in higher elevation soils; (2) carbon availability in
soil may decrease with elevation due to lower temperatures
and slower decomposition rates. As a result, saprotrophic
fungi may have less access to carbon sources in higher
elevation soils, leading to their decreased abundance. AMF
may be better adapted to survive in low carbon availabil-
ity environments because they get the carbon from the host
plants; (3) plant communities can vary with elevation, with
different plant species dominating at different elevations.
Some plant species prefer forming relationships with AMF,
while others prefer saprotrophic fungi. If the dominant plant
species at higher elevations have a greater preference for
AMEF, then this could contribute to the dominance of AMF
at these elevations, and (4) soil pH and moisture content
can also vary with elevation, and these factors can influence
fungal community composition. AMF may be better adapted
to survive in acidic soils found at higher elevations, while
saprotrophic fungi may be better adapted to more neutral or
alkaline soils. Additionally, moisture content can affect fun-
gal community composition, with AMF generally preferring
drier soils compared to saprotrophic fungi. In fact, studies
have reported AMF colonization and diverse spore types
in high-altitude regions, such as the world’s highest sum-
mits (Pan et al. 2013) and coldest places (Upson et al. 2008;
Bueno De Mesquita et al. 2018). These findings indicate
that AMF symbiosis can occur in environments previously
believed to be unsuitable for it. Contrary to our results, a
study of alpine plant communities in the Rocky Mountains
revealed that dominance of arbuscular mycorrhizal fungi
(AMF) decreased with elevation, while the abundance of
saprotrophic fungi increased (Li et al. 2020). This pattern
was attributed to the lower soil nutrient availability at higher
elevations, which favours saprotrophic fungi that can decom-
pose organic matter and release nutrients into the soil (Oehl
and Korner 2014; Kotilinek et al. 2017). Similarly, a study
of tropical montane forests in Costa Rica found that the
abundance of ectomycorrhizal fungi (EMF) increased with
elevation, while AMF became less abundant (Desai et al.
2016). This pattern was attributed to changes in the domi-
nant tree species along the elevation gradient, with EMF
being more associated with certain tree species at higher
elevations. Therefore, it is likely that the guild structure of
root-associated fungi does show elevation-specific patterns,
but the specific patterns can vary depending on the environ-
mental conditions and plant communities present at different
elevations.

The consistent occurrence of genus Funneliformis across
all elevation zones also confirms an earlier report by Shah
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et al. (2008Db) of the occurrence of Glomus in the rhizos-
pheric soil of A. cotula and presumed its association with
the host. However, Shah et al. (2008b) did not screen the
roots, which is necessary to authenticate the association of
a rhizospheric AMF with a host. Additionally, we found that
Claroideoglomus was also associated with the roots of A.
cotula. This is consistent with the widespread occurrence
of Claroideoglomus in the rhizosphere of plants found in
disturbed sites (Zubek et al. 2012) and river valleys (Nobis
et al. 2015). Glomus and Claroideoglomus genera have been
frequently reported from Rudbeckia laciniata and Solidago
gigantea invaded sites (Majewska et al. 2017), and these
two plant species and A. cotula belong to the same fam-
ily, Asteraceae. This suggests that there may be some simi-
larities in the fungal communities associated with invasive
Asteraceae species in different regions, and that A. cotula
may be benefiting from a similar fungal community as these
other invasive species. Another taxon, Mortierella, which
was found to be quite predominant in the roots of A. cotula
during the present study may be contributing towards its
establishment and invasiveness. Studies have shown that
Mortierella species can enhance the access of plants to
bioavailable forms of iron and phosphorus in the soil (Shi
et al. 2014), and can also help the host plants synthesize
important phytohormones and enzyme like 1-aminocyclo-
propane-1-carboxylate (ACC) deaminase (Ozimek et al.
2018). Additionally, Mortierella species have been reported
to play a role in protecting agricultural plants from patho-
genic organisms (Ozimek et al. 2020). However, the precise
role of Mortierella and other such taxa in the invasiveness
of A. cotula in the Kashmir Himalaya needs further detailed
investigations.

We also observed variations in a-diversity and species
richness across the sampling sites, but the variations were
insignificant. This is consistent with the findings of Li et al.
(2014) who also did not find significant differences in OTU
richness of AMF species along an elevational gradient.
However, other studies have shown that fungal diversity
decreases with an increase in elevation due to detrimental
climate, resource scarcity, and adverse soil conditions (Bah-
ram et al. 2012; Gai et al. 2012; Dar et al. 2020; Liu et al.
2021). Interestingly, some studies have reported peaks in
fungal and bacterial abundance and diversity at mid-eleva-
tions (Jarvis et al. 2015), which have been attributed to the
mid-domain effect (Miyamoto et al. 2014; Guo et al. 2020)
and greater availability of organic carbon, nitrogen, and min-
eral nutrients (Siles et al. 2016). Therefore, the relationship
between elevation and fungal diversity is not straightfor-
ward, and it varies depending on the location and environ-
mental conditions.

Significant variation in root-associated fungal species
turnover (B-diversity) of A. cotula across sites varying in
elevation points towards a possible role of elevation in
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structuring the composition of belowground microbiota
(Fig. 14).

Furthermore, elevation-based clustering of sites into
separate groups is also suggestive of elevational influence
on root-associated fungi of A. cotula. These results are
in agreement with the findings of some previous inves-
tigations which have advocated the role of elevation and
environmental variables that co-vary with elevation in
determining the microbial community structure and spe-
cies turnover composition (Veach et al. 2018). Redun-
dancy analysis (RDA), used to explore the influence of
soil variables on the fungal community composition in
roots of A. cotula, revealed that the two axes explained
about 67.40% variability. It is well-established that the
relationship between fungal species composition and ele-
vation is complex and can vary across different studies.
This may be due to a variety of factors, such as differ-
ences in study design, sample size, geographic location,
and environmental conditions. In some cases, elevation
may play a significant role in shaping fungal communi-
ties, as observed in the studies by Gorzelak et al. (2012)
and Li et al. (2014). Other studies, such as those by Ruot-
salainen et al. (2002) and Kivlin et al. (2017), suggest
that elevation may have a lesser or no effect on fungal
communities. The study by Li et al. (2014) also suggests
that the composition of mycorrhizal fungi may shift along
elevational gradients, with different types of mycorrhizal
fungi dominating at different elevations.

The findings from the preliminary greenhouse pot trial
suggest that the soil microbiome may be playing a facilita-
tive role in the spread of this invasive alien plant species.
The positive effects observed on various morphological,

physiological, and fitness parameters suggest that the micro-
biome may be enhancing the plant’s ability to establish and
thrive in new environments. The facilitative role of soil
microbes in invasive plant species has been supported by
recent research, such as the study by Beals et al. (2022) on the
invasive plant species Solidago canadensis. These findings
suggest that soil microbial communities may be contributing
to the success of invasive plant species by promoting their
growth and competitive ability (Day et al. 2016). However, it
is important to note that the facilitative role of soil microbes
in invasive plant species is not universal and may depend on
the specific plant species, the composition of the soil micro-
bial community, and other factors such as climate, soil char-
acteristics, and competition with native plant species.

Conclusion

The present study suggests that A. cotula roots host a diverse
assemblage of fungal species. The dominance of the AMF
guild at higher elevations and the representation of the core
mycobiome by only 12 OTUs indicate that there are vari-
ous factors which shape the association of RAF with A.
cotula and predominance of Funneliformis, particularly at
higher elevations may be driving its upward expansion in the
study region. The significant beta diversity variations across
elevations further confirm the existence of elevation-specific
association of fungi with the roots of A. cotula.

Based on these findings, it is concluded that future
studies investigating the upward spread of this invasive
species should focus on interactions between the host
plant and below-ground soil microbial community
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particularly in the context of recent elevation-depend-
ent climate change.

Overall, this study highlights the importance of under-
standing the ecological interactions between invasive species
and their associated fungal communities in predicting their
potential spread and impact on the ecosystems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10123-023-00359-9.
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