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Abstract

Carnivorous plants secrete digestive fluid for nutrient acquisition. Although
the fluid provides extreme conditions with low pH value and hydrolytic enzymes,
several studies have found that the microbial community inside the mucilage
plays an important role for prey digestion. Drosera spatulata is a carnivorous
plant that secretes mucilage to stick to insects. Its leaves are covered with
“tentacles” ending in glandular heads. These heads include glandular cells
which produce sticky mucilage. Unlike pitcher plants containing digestive fluid
inside modified foliar structures, the mucilage of D. spatulata is exposed to the
environment. External influences are especially important in determining the
distribution and abundance of microorganisms. In this study, we characterised
the microbial communities of D. spatulata mucilage from northern Taiwan by
using amplicon sequencing. To identify the relationship between D. spatulata
and microorganisms, we inoculated microbes on D. spatulata and analyzed
their gene expression. As the result, we found that the fungus Acrodontium
crateriforme is the ecologically dominant species in D. spatulata mucilage.
Based on the transcriptomes when encountering prey insects, we revealed a
high degree of genetic co-option in each species during fungus-plant
coexistence and digestion. Expression patterns of the holobiont during
digestion further revealed synergistic effects in several gene families including
fungal aspartic and sedolisin peptidases, which facilitate the digestion of
sundew’s prey, as well as transporters and dose-dependent responses in plant
genes involved in the jasmonate signalling pathway. This study shows that
botanical carnivory is defined by multidimensional adaptations that correlate

with interspecific interactions.

Keywords: Acrodontium crateriforme, Drosera spatulata, interaction, mucilage,

traps
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Chapter1
Introduction

1.1 Microbe-phyllosphere interaction

Plant-microbe interactions are dynamic and can affect host fitness through
a variety of mechanisms. Symbionts can have positive, negative, or neutral
effects. Microbes can benefit plants by providing nutrients’ or regulating
phytohormones?. Some microbes can inhibit pathogenic microbes® and
herbivorous pests®. In Arabidopsis thaliana, phyllosphere microbes can adjust
the host to inhibit gray mold®. In the pathogenetic relationship, microorganisms
gain benefits from the host plant and cause harm or inhibit host development
and physiology®’. The phyllosphere is the surface of above-ground organs, that
provides a habitat for microorganisms®®. Previous studies have measured the
function of single or multiple microorganisms in foliar communities and their
influence on the host'®'?. In Deschampsia antarctica, foliar bacteria were found
to have the ability to inhibit of ice recrystallisation. Bacteria were also found to
have some plant growth promoting traits such as auxin, siderophore, HCN
production'®. Bacteria isolated from the phyllosphere of rice™ and tomato'® had
the ability to promote plant growth. Although the microbiome is crucial to
understanding for the relationship between the microbiota and the phyllosphere,
there are still gaps in our knowledge that need to be addressed.

1.2 Carnivorous plants

Carnivorous plants are often characterised by highly modified leaf organs
for attracting, capturing, and digesting their preys'®. These traps can be
classified as adhesive traps, snap traps, pitcher traps and bladder traps by their
morphology and trapping mechanism. In the plant kingdom, the carnivorous
syndrome has independently evolved at least 11 times'’. Unraveling the
evolutionary and molecular basis of predatory capabilities has been an ongoing
pursuit for scientists'®'°. Although the specialised organs of carnivorous plants
secrete acidic mucilage with digestive exudates, microorganisms can still be
found in these extreme environments?®??. The taxonomic composition of
phyllosphere microbial communities can be influenced by biotic factors (e.g.,
host plant species and herbivores) and abiotic factors (e.g., temperature and
humidity)®®. In carnivorous plant traps, studies have found that there are two
types of microbial communities inside the digestive fluid - specialist or



generalist strategies. The composition of the microbial communities varies due

to abiotic factors. For instance, the study shows that the microbiota in the same

{24

species are various even in two samples of the same plant™. A specialist

strategy means that there is one or few dominant species within the microbiota.
For example, the U. gibba's trap microbiome is a unique, and highly diverse

bacterial community, with particular species composition even when compared

t25

with its surrounding environment®”. While the significance of microbiota in

vertebrate digestion is well established, the symbiotic interplay between
carnivorous plants and their associated microbiota is an emerging field of
research, and the molecular responses to microorganisms that facilitate or

enhance plant carnivory are yet to be fully elucidated.

1.3 Drosera spp.

The family Droseraceae comprises three genera — Aldrovanda,
Dionaea and Drosera®. Both Aldrovanda and Dionaea are monotypic genera
and capture prey by active snap traps. However, Drosera stands out as an
exception with adhesive traps?’. Drosera plants, also known as sundews, grow
in sunny wetlands or moist areas and differ slightly in their habitat preferences.
Drosera leaves are lined with tentacle-like glandular trichomes with the top of
glands usually red. These glands are covered with droplets of acidic mucilage.
Due to this reason, Drosera plants are also known as sundews. Prey would be
attracted by odours and the red color of the leaves?. When prey landed on the
leaves, prey would get stuck due to the sticky mucilage. Drosera leaves would
slowly curl up to increase the contact area with the prey and dissolve it through
digestive enzymes present in the mucilage. Insects provide about 50% of the
nitrogen source in Drosera species?>*. In the past, microbes have been found
residing on the phyllosphere®' and rhizosphere®? of Drosera spatulata using
culture-dependent methods. However, the relationship between Drosera plants
and the resident microorganisms have not been investigated. Drosera spatulata,
native to tropical regions including Taiwan, in its genome' had been
sequenced and microbial presence on its phyllosphere documented®'. These
provide an intriguing model for investigating the potential inter-species
interactions between carnivorous plants and their resident microbes. Our
research aims to characterise the microbial community of D. spatulata mucilage
and to assess the symbiotic interactions between carnivorous plants and
microbes.



1.4 Objectives

To investigate the potential inter-species interactions, we focus on Drosera
spatulata®*, a sundew native to tropical regions including Taiwan. The
fascinating mechanism of trap movement in sundews, associated with prey
digestion, has long attracted scientific curiosity due to its complex operational
intricacies'®, but importantly, acts as a tractable response to diverse stimuli®* in
both natural and laboratory settings. This species, with its sequenced genome'®
and documented microbial presence on its phyllosphere — where surface yeast
have been shown to promote growth31 — together represent a model microbial
ecosystem to experimentally interrogate the underlying molecular details. We
sought to characterise the mucilage microbial community and assess its impact
on digestion. By exploring these aspects, our research aims to shed light on
the intricate symbiotic interactions between carnivorous plants and their
resident microbes.

The main questions of my study are

1. Characterisation the diversity and composition of the mucilage

microbiota.

2. Examination of the host plant-microbe interaction.



Chapter2
Persistence of dominant fungus Acrodontium crateriforme in
mucilage of sundew Drosera spatulata

2.1 Introduction

Carnivorous plants attract, capture and digest their prey by using modified
leaves known as traps. These traps can be further classified as sticky, snap,
pitcher or bladder traps according to their morphology and trapping
mechanism®. In most carnivorous plants, traps are filled with mucilage
containing digestive enzymes and microorganisms®*2'. As the majority of prey
in carnivorous plants are insects, and insect exoskeletons are made of chitin,
trap mucilage is acidic to facilitate the digestion process with chitin®. Trap
mucilage also contains saccharide- or resin-based substances to act as glue®’.
Recently, researchers using metabarcoding have suggested that the digestive
mucilage encapsulated by the modified leaves, known as traps, is colonised by
diverse communities of microorganisms (Table 2.1). In bladderwort, corkscrew
and pitcher plants, there were no dominant species present within the traps,
but they can be broadly grouped into major bacterial phyla®®?%%*3®_ However,
the mucilage of individual plants possesses has microbial communities that

were either diverse and little overlap amongst plants®*?*

, or the presence of a
dominant fungus in carnivorous plants suggests ecological dominance™®.
Besides, some of these microorganisms provide hydrolytic enzymes to promote
the degradation of prey carcasses*®*'. Despite the direct link between plant
host nutrient acquisition and associated microbiota, only two trap types have

been studied in detail.

An example of an overlooked trap was in the genus of Drosera, commonly
known as sundew, which belongs to the Droseraceae family, comprising the
second largest carnivorous family following the Lentibulariaceae*?. Members of
Drosera species have “flypaper” leaves, which are highly modified leaves
covered with tentacle-like glandular trichomes®. During capture, these
trichomes secrete sticky mucilage to attract prey. D. spatulata leaves then
nearly surround the prey, forming an ‘outer stomach’ during digestion. Once the
prey has been captured, the tentacles enwrap the prey, which is then degraded



and mineralised by the secreted digestive enzymes. Previous studies have
shown that the pH value of Drosera mucilage ranges from 2.5 to 5**°. This
acidic environment provided a suitable situation for chitin degradation®.
Furthermore, acidic mucilage is filled with digestive enzymes such as

protease*®*’, chitinase*®*® and glucanases® for prey digestion. The question
then arises as to whether the microbiota in the mucilage are changed by the

selective pressure of the acidic environment.

D. spatulata, a sundew distributed in tropical and subtropical areas,
produces hydrolytic enzymes such as chitinase and protease*®. Using culture-
dependent methods, studies have found that microbes exsist on the
phyllosphere®! and rhizosphere®? of Drosera spatulata. Yeasts present on foliar
surfaces were found to promote plant growth®', while other microbes were not
investigated. Mucilage of D. spatulata occurs with prolonged exposure in the
environments. External influences such as environmental factors might be
more evident in sundew mucilage. Therefore, it is a good model to understand

whether the structure of the microbiota in sundew mucilage is stable or dynamic.

In this chapter, we chose D. spatulata as the target species and aimed to
i) characterise the microbial community residing in the digestive mucilage of D.
spatulata, and ii) determine if there are resident operational taxonomic units
(OTUs) in mucilage exist. To figure out if specific species are present in the
mucilage of D. spatulata, we compared the microbial community of D. spatulata
mucilage with microbiota from other surrounding plant surfaces. Then,
sampling through months and locations to figure out constant residents. Lastly,
we observed the morphology of the resident fungus in the mucilage by using
scanning electron microscope (SEM).
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2.2 Methods and Materials
2.2.1 Collection of sundew mucilage and surrounding plants

D. spatulata mucilage samples were collected from five collection sites
located in Northern Taiwan (Supplementary Table 1). Mucilage from 30 D.
spatulata leaves was pooled as a sample by using filter paper of size 1 cm x
1.5 cm. To avoid microbial communities being influenced by the same filter
paper collection, each filter paper only collected mucilage on one D. spatulata
plant. The fresh leaves of plants and mosses surrounding D. spatulata were
also wiped and considered as environmental samples. To understand the
microbial dynamics through time, sundew mucilage from Shumei and Shuangxi
was sampled monthly from June 2017 to April 2018, except September and
October. To determine the spatial distribution of plant-microbe coexistence, 52
mucilage samples were collected from 17 additional sites.

2.2.2 Genomic DNA extraction and metabarcoding of environmental
samples

Total genomic DNA was extracted wusing a  modified
cetyltrimethylammonium bromide (CTAB) DNA extraction protocol. For cell
lysis, 5 ml CTAB buffer (0.1 M Tris, 0.7 M NaCl, 10 mM EDTA, 1% CTAB, 1%
beta-mercaptoethanol) was mixed with the sample. After incubation at 65°C for
30 min, an equal volume of chloroform was added. The mixture was centrifuged
at 10,000 rpm for 10 minutes. The supernatant was mixed with an equal volume
of isopropanol. After centrifugation at 10,000 rpm for 30 minutes at 4°C, the
supernatant was discarded and the pellet was washed twice with 70% and once
with 90% ethanol. DNA was eluted using 50 pl of elution buffer (Qiagen).

Internal transcribed spacer (ITS) and 16S rRNA amplicons were generated
using barcode primer pairs 1TS3ngs(mix)/ITS4>" and V3/V4*?, respectively.
Amplicon levels were standardised using the SequalPrep Normalization Plate
96 Kit (Invitrogen Corporation, Carlsbad, CA, USA, Cat. #A10510-01).
Concentration of pooled and standardised amplicons was performed using
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA, Cat.
#A63881). All amplicon libraries were sequenced with Illlumina MiSeq PE300

11



using 2 x 300 bp paired-end chemistry performed by the NGS High Throughput
Genomics Core at the Biodiversity Research Center, Academia Sinica, Taiwan.

2.2.3 Amplicon sequencing data processing

Samples were demultiplexed using sabre with one nucleotide mismatch
(v1.0; https://github.com/najoshi/sabre) given their respective barcodes.
Adaptor and primers sequences were trimmed using USEARCH (v10)*.
Sequence reads were processed according to the UPARSE pipeline®*. Forward
and reverse reads were merged and filtered using USEARCH. Operational
taxonomic units (OTUs) were clustered at 97% sequence identity with a
minimum of 8 reads per cluster to denoise the data and remove singletons. The
OTU table was generated using the usearch_global option and analysed with
the phyloseq package (v1.28.0)*°. SINTAX>® algorithm was used to classify the
OTU sequence taxonomy against the RDP®’ training set (v16) and the UNITE®®
database (v7.1).

Prior to data analysis, we compared and confirmed the taxonomic identity
of our positive control from the UPARSE pipeline. 16S and ITS datasets were
both decontaminated by R package decontam®. BLAST to curated unclassified
ITS and 16S OTU sequences with NCBI nucleotide database. Non-fungal
eukaryotic OTUs and non-bacterial 16S OTUs were removed from further
analyses. Most analyses were performed with R-Studio. Amplicon data were
analyzed with the phyloseq package (v1.28.0)*°. For beta diversity analysis,
distances between samples were calculated using Bray-Curtis dissimilarity.
Differentially abundant taxa were determined using DESeq2 (v1.24)6°. For
fungal amplicon, OTUs were summarised at the genus and OTU levels. For
bacterial amplicon, OTUs were summarised at the family and OTU levels.

Both bacterial and fungal communities from a total of 190 fungal samples
and 96 samples were characterised by sequencing the ITS2 region of fungal
rRNA and V3-V4 region of 16S rRNA. 15,366,944 fungal sequence reads and
3,623,798 bacterial sequence reads in either community were assigned to 5760
fungal and 3,085 bacterial operational taxonomic units (OTUs), respectively.
After rarefaction, each fungal and bacterial sample had 14,000 and 10,000
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sequence reads, respectively. In temporal statistical analysis, we removed one

sample due to low sequence depth.

2.2.4 Morphology observation of D. spatulata stalk gland

The stalk glands of D. spatulata were photographed using an Olympus
microscope (Olympus CX31) and a digital camera (Nikon D7000). Staining was
performed using cotton blue reagent®. Scanning electron microscopy (SEM) of
the D. spatulata stalks were prepared as follows. Leaf tissues were fixed at 4
degrees for 1 hour with P4G5 solution (4% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M phosphate buffer). After three washes with 0.1 M
phosphate buffer, secondary fixation was performed in a 1% solution of osmium
tetroxide for 2 hours at room temperature. The fixed samples were passed
through a series of dehydration steps in 30, 50, 70, 80, 90, 95, 100, 100 and
100% alcohol before drying in a critical point dryer (Hitachi model HCP-2). The
dried samples were then coated with a layer of gold using a sputter coater
(Cressing-ton model 108). SEM observations of Drosera leaves grown under
different conditions (laboratory condition, inoculated with A. crateriforme and
from wild) were performed on a JSM-7401F scanning electron microscope
(JEOL) at the Institute of the Plant and Microbial Biology, Academia Sinica,

Taiwan.
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2.3 Results
2.3.1 Fungal communities in Drosera mucilage were distinct from those
in surrounding plants

To better understand the microbial diversity and composition of the
mucilage found on the sundew Drosera spatulata, we employed sterilised filter
papers to collect mucilage from sundews (Fig. 2.1b) and surrounding plants
typically found in cliff habitats of Northern Taiwan (Fig. 2.2). A total of 92
samples were subjected to 16S and ITS amplicon metabarcoding
(Supplementary Table 1). Each sample had an average of 580 and 604
bacterial and fungal operational taxonomic units (OTUs), respectively. Bacterial
species diversity was similar between the sundew mucilage and leaf surfaces
of co-occurring plants (Fig. 2.1¢, Wilcoxon rank sum test, P=0.50). In contrast,
the fungal communities in the mucilage had a significantly reduced species
evenness (Fig. 2.1c, Wilcoxon rank sum test, P<0.001). Beta diversity of
microbial communities indicated significant differences in bacterial (Fig. 2.1d,
PERMANOVA, leaf surface: R>=0.15, P=0.001) and fungal communities (Fig.
2.1e, PERMANOVA, leaf surface: R?*=0.27, P=0.001) between leaves of
Drosera and other plant sources. 89.6% and 95.1% of bacterial and fungal
OTUs corresponding to 72.5-100% relative abundance of the mucilage
microbiome, respectively, were also found in the co-occurring plant samples
(Supplementary Table 2), implying that the mucilage microbiota was similar to
the microbial composition of co-occurring non-carnivorous plants but these taxa

differed in their relative abundance.
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Fig. 2.1 Microbial Communities of Drosera spatulata mucilage and
surrounding co-occurring plants. a. Drosera spatulata and b. close up of
stalk glands with secreted mucilage. c¢. Evenness of bacterial and fungal
species in sundew mucilage versus co-occurring moss and vascular plant leaf
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Fig. 2.2. Drosera spatulata in its natural habitat. a. D. spatulata typically
grows on the cliff habitat of northern Taiwan. b. Close-up of D. spatulata

growing surrounded by grasses and moss.
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Fig. 2.3. Sampling locations of initial D. spatulata mucilage survey.
Numbers in bracket denote samples collected in each location. Each dot is a
different region separated by at least 3.5 km.
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2.3.2 Ecological dominance of A. crateriforme in Drosera plant
We examined the relative abundances of the five most common bacterial

and fungal taxa in the leaf surfaces and revealed a single dominant fungal
operational taxonomic unit (OTU) in the mucilage samples averaging 41.8%
sequence relative abundance (Fig. 2.4a). The dominant fungal OTU belonged
to the species Acrodontium crateriforme. Continuous sampling of mucilage
across two sites for nine months revealed that Acrodontium crateriforme
maintained its status as the most dominant fungal species, despite lower
relative abundance (21.7%) during July and August (Fig. 2.4b). To investigate
the extent of Acrodontium dominance in D. spatulata, we carried out ITS
sequencing of sundew mucilage and tissue samples collected in Taiwan, UK
and USA revealed presence of A. crateriforme in all four Drosera species
across three continents (Fig 2.4c and Fig. 2.5). This suggests that the Drosera-
A. crateriforme coexistence is well conserved and may be ancient. A.
crateriforme remained the most dominant species in 98.1% of the mucilage
samples spanning ~44 km of Northern Taiwan, with an average relative
abundance of 29.4% (Fig. 2.4a). Particularly high A. crateriforme dominance
(>50% relative abundance) was found in D. rotundifolia tissues sampled in both
the UK and USA, but was less common in UK samples of D. anglica and D.
intermedia (Fig. 2.4c). In addition, re-analysis of 14 published fungal
metabarcoding datasets of carnivorous plants also detected the presence of A.
crateriforme also in Sarracenia purpurea, though with low abundance 0.2-1.4%
(Table 1). Together these results suggest varying symbiotic dynamics of A.
crateriforme across different carnivorous plant species. The available
information from Globalfungi database®, it was revealed that 1.2% of 57,184
samples harbored Acrodontium from forests (77.3%), followed by grasslands
(12.2%), with the majority of relative abundances being less than 1% (Fig. 2.4
and Supplementary Table 3). Acrodontium appeared to be preferentially
located in more acidic samples (Fig. 2.6), which is considered an ancestral trait
as it is phylogenetically closely related to a group of fungi that can thrive at low
pH63_

To investigate the role of fungi in the carnivorous plant host, we isolated
the two most dominant OTUs from fresh mucilage of D. spatulata and identified
them as A. crateriforme and Phoma herbarum of the families

17



Teratosphaeriaceae and Didymellaceae, respectively (Fig. 2.7). The latter is a
plant pathogen causing leaf spots in various crops®, while A. crateriforme is

% and rock

cosmopolitan found in soil®®, plant material®®®’, compost®, air
surfaces’. Interestingly, A. crateriforme has been isolated in the digestive fluid
of the Indian pitcher plant Nepenthes khasiana’’ and prefers nitrogen-rich
substrates’. Like D. spatulata, A. crateriforme is well suited for growth under
laboratory conditions and can be cultivated using PDA and MS media. A.
crateriforme grows optimally at pH 4-5, mirroring the acidity of D. spatulata

mucilage***+>"

(Fig. 2.6a), suggesting its acidophilic nature. In contrast, Ph.
herbarum prefers a more neutral pH. The optimal culture temperature for A.
crateriforme is 25°C (Fig. 2.6b), aligning with the growth range (7-32°C) of D.
spatulata and the average monthly temperature of 22°C at the sampling sites
(Fig. 2.6¢). The summer temperature peaks (29-35°C) at the Taiwanese sites
may, combined with biotic factors such as optimal growth of Ph. herbarum at
this higher temperature range, explain the reduced abundance of A.
crateriforme at higher temperatures (Fig. 2.4b).

Examining the stalk glands of D. spatulata growing in a sterilised
environment using a scanning electron microscope (SEM) revealed clear
surfaces (Fig. 2.8a and Fig. 2.9a-c). Inoculating the sundew with A.
crateriforme revealed hyphae that grew over the glands (Fig. 2.8b and Fig.
2.9d-f), while conidiophores and detached conidia were observed in glands
collected from the wild (Fig. 2.8c). This observation demonstrates that A.
crateriforme colonises and reproduces on the sundew stalk glands’, and the
mucilage harbours free hyphae or conidiophores. Cultivation of A. crateriforme
is positively correlated with the amount of Polyrhachis dives ant powder added
to the medium, suggesting that the fungus can utilise insects as a growth
supplement (Fig. 2.10).
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Fig. 2.7 ITS phylogeny of Acrodontium crateriforme and Phoma herbarum.
Photo shows the morphology of a. A. crateriforme and b. P. herbarum grown in
potato dextrose agar. Red colour represents the consensus sequence of the c.
Acrodontium and Phoma OTU from amplicon data. Brown colour represents
sequences of strains that were isolated from the mucilage of Drosera spatulata.
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Fig. 2.8. Scanning electron microscope (SEM) images of D. spatulata stalk
glands. Sundew stalk glands under a. sterilised conditions, b. inoculated with
A. crateriforme, and c¢. natural habitat. Different arrow colours denote
conidiophores from which conidia were already detached (red), a conidium
attached to the tip of a conidiophore (blue), and detached conidia (white).

Fig. 2.9 Scanning electron microscope (SEM) image of sundew leaves a-
c. under sterilised conditions, d-f. inoculated with A. crateriforme, and g-i.

collected from the wild.

23



20

Media composition
1/2 MS
1/2 MS+ant

Y
a1

Hyphae growth (cm?)
o

time (day)

Fig. 2.10 Growth profiling of A. crateriforme in 1/2 MS media with and
without supplementing ant powder

2.4 Discussion
Plant microbiota is important not only for nutrient supplementation but also

for pathogen resistance’’

and microbiota have even been found in the
digestive liquid in carnivorous plants. However, few types of carnivorous plant’
traps have found the composition of the microbiota®*?""®. Here, we used the
amplicon method on D. spatulata mucilage to examine its microbiota. Our result
found a dominant fungal species inside the mucilage. Moreover, the scanning
electron microscope results suggested that this dominant fungal species had

the ability to interact with D. spatulata.

The microbial community composition showed a significant correlation with
the phylogenetic relatedness of the plants’’. Our results suggest that all sites
of D. spatulata mucilage had the dominant fungal species. These results
suggest that plant evolutionary speciation and location differ for distinct
microbes. Considering plants as a suitable niche for microbial colonisation,
there are many factors that influence the foliar microbiota including foliar area,
niche variability and the available resources’®’®. Besides, the harsh acidic
conditions of D. spatulata mucilage limit the diversity of interactions with
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microbial species. Our results are consistent with the description of a selective
composition of plant-associated fungal communities under adverse

environmental conditions.

Fungal interactions with plants, either beneficial or detrimental, have a
major impact on ecosystems. Both beneficial and pathogenic fungi form
mycelial colonies on plants. In this study, we found that the mycelium of A.
crateriforme covers stalk glands of host plants. These results suggest that A.
crateriforme persisted and interacted with D. spatulata through time. Besides,
all mucilage samples showed the high relative abundance of A. crateriforme.
These results suggested that A. crateriforme was the most dominant fungal
species in the mucilage of all D. spatulata populations in Taiwan.

A. crateriforme was previously considered ubiquitous across environments
such as soil®®, plant material®®®’, compost®®, air®® and rock surfaces’®. It is now
acknowledged as part of an integral sundew-fungal holobiont with its presence
and frequent dominance in several Drosera species globally. This suggests that
this fungus is likely to have co-evolved with sundew ancestors. Echoed by
observations of selective microbial compositions in adverse environments’®,
the chemical restrictions imposed by acidic D. spatulata mucilage could may
select the spectrum of acid-tolerant microbes possible for digestive
collaboration. Establishing a long-term, stable relationship may be a necessary
first step for A. crateriforme to survive in this extreme environment. The
dominance of A. crateriforme in the microbiota of Drosera species, that was not
found in most other carnivorous plants, may also be related with dramatic
osmotic stress caused by air exposure of the stalked glands, in contrast to the
greater extent liquid medium contained in the traps of carnivorous pitcher
plant324’80'81 _

In conclusion, our amplicon analyses suggest that D. spatulata had
selective pressure on its fungal community. We provide insight into the
microbiota between the environment and carnivorous plants. We found the
dominance of A. crateriforme in the microbiota of several Drosera species.
Besides, this fungus can survive in acidic environment and its hyphae cover on
stalk glands of D. spatulata. This provides a model for the interaction between
carnivorous plant and its resident and for studying on the function of A.
crateriforme.
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Chapter3
The genomic basis of sundew Drosera spatulata’s response
to A. crateriforme and its prey

3.1 Introduction
Carnivorous plants survive in nutrient-poor environments®. For this reason,

they use their modified organs to attract, capture, and digest small animal prey
with the consequent actively taking up and using of the prey-derived nutrients®.
Different trap types of carnivorous plants use their own unique mechanisms to
capture prey'®. After capturing prey, the jasmonate (JA) system is activated to
stimulate digestive processes of the carnivore®. Specialised glands secrete
digestive enzymes to digest the prey’s chitin-based exoskeleton of prey and
degrade the internal soft tissues, converting them into essential nutrients that
can readily be absorbed®. This process ensures that the carnivorous plant can
adapt to nutrient-deficient environments by the utilization of resources.
Otherwise, this complex behaviour is mediated by the jasmonate (JA) signaling
pathway in non-carnivorous plant ancestors®®. Recent studies have revealed
expansion and clade-specific gene families involved in plant defence, such as

19,34,83

JA signaling, peptidases and hydrolases , Which are upregulated during

the digestion process suggesting that these genes have been co-opted® for
new roles in carnivory. The extent to which these genes still retain their

ancestral functions remains to be elucidated.

In recent years, microbes have been found in several carnivorous plants,
providing new insights into the ecology of plant carnivory. In pitcher plants,
bacteria were found to be capable of degrading carbohydrates and chitin®. In
the pitcher plant Darlingtonia californica, bacterial diversity and biomass were
found to improve prey decomposition rates by increasing nitrogen uptake
efficiency®’. Meta-transcriptomic profiling of Genlisea species revealed that
non-host transcripts of the host leaves were dominated by metazoan
hydrolases, suggesting a role in phosphate supplementation*'. In addition, the
composition of the microbiota appears to be highly time-dependent and
influenced by factors such as the host®', the surrounding environment’®, prey-
associated bacteria’® and enhanced species dispersal capabilities®®,
highlighting the complex interplay of factors that shape these microbial
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communities. Although studies have begun to focus on the relationship
between carnivorous plants and microbes, the role of microbes in sundew
mucilage has not been investigated.

In this chapter, we hypothesise that A. crateriforme which positively
enhances their digestive process, The digestion process therefore involves a
sundew-fungal holobiont®’. To test this hypothesis, we sequenced the fungal
genome (A. crateriforme) genome and compared it with closely related fungal
genomes. Besides, we designed greenhouse experiments to analyse the
interaction between A. crateriforme and D. spatulata. We sought to assess the
impact of A. crateriforme on digestion. By exploring these aspects, our research
aims to shed light on the intricate symbiotic interactions between carnivorous
plants and their resident microbes.

3.2 Methods and Materials
3.2.1 Isolation and identification of fungal species from sundew mucilage
Mucilage-soaked filter papers were placed in potato dextrose broth (PDB)
containing chloramphenicol (50 ug/ml) and incubated for at 30°C for 24 hours.
The broth culture was then serially diluted (10, 10, 10) and 200 pl of the
diluted culture was transferred to potato dextrose agar (PDA). The plate was
spread on sterilised glass until the medium was dry and incubated at 30°C for
24 hours. Single colonies were transferred to fresh PDA using sterilised
toothpicks and morphology was examined by using light microscopy. Genomic
DNA was extracted from the fungal pure cultures corresponding to the
morphological description of Acrodontium, followed by amplification and
sequencing of the fungal ITS region as previously described”"®. To construct
a phylogenetic tree, ITS sequences of the sequenced 18 isolates, 15
Acrodontium, Teratosphaeria biformis and Aureobasidium pullulans 1TS
sequences from NCBI were first aligned using MAFFT® (v.7.4) and trimmed
using trimAI®® (v.1.2). A maximum likelihood phylogenetic tree with 100
bootstraps was constructed from the alignment using 1Qtree®" (v.1.6.1). All 18
isolates were classified as A. crateriforme based on morphological description
and grouped with the A. crateriforme ITS sequence.
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3.2.2 Preparation of sterilised Drosera spatulata

D. spatulata seeds were collected from the sampling sites and sterilised by
washing with 70% ethanol for 10 seconds, 3% (w/v) calcium hypochlorite
(CaCly03) for 30 seconds and finally rinsed 3 times with ddHO. Surface
sterilised seeds were pregerminated on 0.5% water agar and incubated in the
dark at 20°C for 6-8 weeks. Shoots were then transferred to 1/2 MS agar with
pH adjusted to 5.7. Shoots were grown under white fluorescent light at 20°C

with a 16h:8h, light:dark photoperiod for 90 days as recommended®.

3.2.3 Preparation of different substrates for feeding experiment
Ant individuals (Polyrhachis dives) were collected from the National

Taiwan University campus. The collected ants were washed with distilled water
(ddH20) and subsequently dried for two days. The ants were then frozen in
liquid nitrogen and crushed into powder. Wood (Populus tristis) was provided
by the laboratory of Prof. Ying-Chung Jimmy Lin at National Taiwan University.
We used dissecting scissors to cut the wood into 0.4 cm x 0.4 cm x 0.1 cm
pieces. Shrimp shells (Litopenaeus vannamei) were collected from commercial
shrimp (Kirkland Signature Frozen Raw Tail-On Shrimp, #7777000). Shrimp
tissues were removed, and the shells were washed with sterile distilled water
for 20 minutes. Subsequently, shrimp shells were cut into pieces measuring 0.4
cm x 0.3 cm pieces using dissecting scissors(D8NH-76000). Prepared
substrates were autoclaved at 121 °C for 40 minutes and drying at 60 °C in
Forced Air Flow Oven (DV-092) for two days. 1 gram of ant powder was mixed
with 1 liter of ddH,O to be used in subsequent experiment.

3.2.4 A. crateriforme growth conditions in different condition

A. crateriforme was inoculated in nutrient-rich medium agar plate in
different temperatures (20, 25, 30 degrees) and pH values (pH 3-pH 9) for two
weeks. To test the growth conditions of A. crateriforme in different ants, we
supplemented ant powder in nutrient-rich or nutrient-poor medium agar plate.
Then, A. crateriforme was inoculated into these medium with or without ant
powder for two weeks. The fungal growth area was photographed every two
days using Nikon digital camera. The growth area was then measrued by using
ImageJ®.
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3.2.5 Genome sequencing, assembly and annotation of A. crateriforme

Genomic DNA was subjected to Oxford Nanopore library preparation
according to the manufacturer’s instructions (SQK-LSK109), and sequenced on
a GridION instrument. Basecalling was using Guppy (ver. 3.0.3). For lllumina
sequencing, genomic DNA was used for NEB Next Ultra library preparation and
150bp paired-end reads were generated on a Novaseq 6000 sequencer.
Nanopore reads were first corrected from the initial assembly of the canu®
assembler (ver. 1.9), which were then assembled using the flye assembler (ver.
2.5). The initial assembly was polished by Racon® (four iterations; ver. 1.4.11),
followed by Medaka (ver. 0.11.0; https://github.com/nanoporetech/medaka)
using nanopore reads and Pilon®® with lllumina reads. The mitochondrial
genome was assembled separately using NOVOPlasty’” (ver.
NOVOPIlasty2.7.0.pl).

3.2.6 Greenhouse experiment for plant-microbe interaction

Six treatments (tissue culture of D. spatulata w/o predation, A. crateriforme
only w/o predation and co-culture of D. spatulata and A. crateriforme w/o
predation) are used for the analysis of plant-fungal interaction. For the tissue
culture samples, we transferred the tissue-cultured D. spatulata from the 1/2
MS medium to vermiculite with ddH20 and incubate them for 3 weeks. For
fungal inoculation, conidia were removed from 14-day fungal colonies by
washing with sterile distilled water. Then, adjusted the suspension to 10°
spores/ml. After that, we used a pipette to inoculate microbe into stalk gland.
After 1 month following inoculation, the sundew is able for the experiment. We
added insect substrate to five leaves on an individual plant and harvested them
after 72 hours as predation samples. In addition to the plants already inoculated
with A. crateriforme, we also inoculated D. spatulata with dead A. crateriforme
spores and chitin.

3.2.7 RNA extraction

We pooled 80 leaves as one replicate and each treatment had five
replicates. At each harvest, leaf tissue was cut from the plant and washed
immediately in de-ionised water to remove prey residue. The leaf was then
flash-frozen in liquid nitrogen (-196 °C). The time from cutting to freezing was
always <30 s. Plant and fungal RNA was extracted by modified CTAB method.
2ml CTAB buffer (0.1 M Tris, 2 M NaCl, 25 mM EDTA, 2% CTAB, 1% PVP-40,
2% beta-mercaptoethanol) was added to 2 ml tube containing leaf samples.
Samples were frozen in liquid nitrogen and grinding by Precellys 24 tissue
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homogenizer. After incubation at 65°C for 20 min, an equal volume of
chloroform: isomylalcohol (24:1) was added. The mixture was centrifuged twice
at 12,000 rpm for 10 minutes. The supernatant was mixed with 1/3 volume of
LiCl and put in 4 °C overnight for RNA precipitate. After centrifugation at 10,000
rom for 30 minutes at 4°C, the supernatant was discarded and the pellet was
washed twice with 70% ethanol. RNA was eluted with 30 pl of DEPC water.
RNA samples were sequenced by using Novaseq 6000.

3.2.8 Gene prediction of A. crateriforme

Transcriptome reads were mapped to the A. crateriforme genome
assembly using STAR® (ver. 2.7.7a) and assembled using Trinity®® (ver.
2.13.2; guided approach), Stringtie'® (ver. 2.1.7) and Cufflinks'®" (ver. 2.2.1).
Transcripts generated by Trinity were mapped to the assembly using
Minimap2'%? (ver. 2.1, options: -ax splice), and splice junctions were quantified
using Portcullis’® (ver. 1.2.3). The gene predictor Augustus (ver. 3.4.0) and
gmhmm'® were trained using BRAKER2%'% (ver. 2.1.6) and SNAP'® with
proteomes and RNAseq mappings as evidence hints to generate an initial set
of annotations. Assembled transcripts selected by MIKADO'® (ver 2.3.3),
proteome downloaded from Uniprot Fungi (version October 2019) as homology,
and BRAKER2 annotations were combined as evidence hints for input into the
MAKER2 annotation pipeline'® to produce a final annotation for each species.
Repetitive elements were identified based on the protocol by Berriman et al."®®,
and masked using Repeatmasker'® (ver 4.1.2).

Functional domains within the proteomes were identified using
pfam_scan''® (ver. 1.6) against the downloaded Pfam database''" (ver. 36).
Diamond''? (ver. 2.1.6) was utilised to identify transporters, blasting proteomes
against TransportDB'"® (ver. 2.0). Proteomes were functionally annotated to
identify carbohydrate-active enzymes (CAZy) and peptidases using dbCAN""
(ver. 2.0.11), and MEROPS™® (ver. 12.4), respectively. Annotations of
biosynthetic gene cluster (BGC) regions and Gene Ontology (GO) terms were
performed using antiSMASH'"® (fungi ver. 7.0.1) and eggNOG""" (ver. 2.1.12),
respectively. Analysis and visualisations were conducted under R'®
environment (ver. 4.3.1). Various packages were utilised to enhance the
analysis: topGO'" (ver. 2.52.0) for GO enrichment analysis, pheatmap'?°
1.0.12) and ggplot2'?" (ver. 3.4.4) for gene expression visualisation.

(ver.
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3.2.9 Inoculation experiment

We used D. spatulata plants derived from tissue culture in vermiculite with
ddH0 as our control samples. We inoculated A. crateriforme and Ph. herbarum
on D. spatulata leaves and incubated the plants at 25 degrees for 30 days.
Photographs of D. spatulata in different treatments, including control plants,
were taken daily and the area of the leaf displaying symptoms of infection was
quantified every two days using ImageJ®®. Whole D. spatulata plants were dried

with tissue paper and weighted on the first and 30" day of the experiment.

3.2.10 Western blot

We mixed 10 pl of protein sample with 10 ul of 2X loading dye in a 0.2 pl
PCR tube. The samples were then incubated for 10 minutes at 99 degrees in
the PCR machine. After incubation, the protein samples were loaded onto the
SDS-PAGE. Electrophoresis was performed at 90 V for 20 minutes in the
stacking gel and then at 120 V for 120 minutes in the running gel. After
electrophoresis, we transfer the SDS-PAGE into a 1X transfer buffer for 10
minutes. Subsequently, we put soaked filter papers, membrane, and SDS-
PAGE together. The machine parameters for transferring were set to 0.8
mA/cm? for 1 hour. We washed the membrane in 1x PBST for 5 minutes twice.
Then, soaked the membrane in blocking buffer at room temperature for 1 hour.
Then, washed membrane in 1x PBST for 5 minutes twice. To proceed, we add
the secondary antibody solution and shake it for 30 minutes at room
temperature. After that, we washed the membrane with 1X PBST for 8 minutes
at room temperature three times. Finally, we prepare the Luminol substrate and
peroxidase in a 1:1 ratio (750 pl + 750 pl). The membrane is placed into the
detecting chamber for signal detection and the detection is performed by
Bioanalytical Instruments.

3.2.11 Feeding experiment of D. spatulata

107 g of sterilised ant powder was added to a single leaf of an individual D.
spatulata plant with or without A. crateriforme inoculation. The capture time
(from the time ant substrate was added until the tentacles fully covered the prey)
and digestion time (from the time tentacles fully covered the prey until the trap
reopened) of five replicates were recorded. The same set of experiments were
repeated with additional application of Protease Inhibitor Cocktail (#P9599,

Sigma). To compare the effect of protein digestion in mucilage from D. spatulata
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with and without Acrodontium, mucilage from 30 plants in each treatment were
collected prior to the experiment. The mucilage was mixed with HSP-biotin-
labelled BSA at both 25 degrees for 16 hours and 24 hours. Western blot was

performed and the amount of protein digestion was quantified using ImageJ®.

3.2.12 Comparative genomics and phylogenomics

The assembly and annotation of A. crateriforme is detailed in the methods
above. A total of 32 genomes from representative fungi and plants were
downloaded from JGI and NCBI databases (Table 3.1). For each gene, only
the longest isoforms were selected for subsequent analysis. Orthogroups (OGs)
were identified using Orthofinder'?® (ver. 2.5.5). For each orthogroup, an
alignment of the amino acid sequences each gene was produced using mafft®®
(version 7.741). A maximum likelihood orthogroup tree was made from the
alignment using IQtree® (version 2.2.2.6). A species phylogeny was
constructed from all orthogroup trees using ASTRAL-11I'# (version 5.7.1). OG
gains and losses at each node of the species phylogeny were inferred using
DOLLOP'?* (ver. 3.69.650).

3.2.13 Transcriptome analysis

Total RNA of was extracted from D. spatulata and underwent
transcriptome sequencing. RNA-Seq raw reads were trimmed using fastp125
(v0.23.2) to remove the adaptor and low-quality sequences. The trimmed reads
were mapped to the corresponding genome using STAR® (ver. 2.7.10b) and
assigned to genes using featureCounts'® (ver. 2.0.3). Notably, the reads from
coexistence treatment, with or without ant powder, were mapped to both the A.
crateriforme and D. spatulata genomes19. To prevent the false positive of gene
expressions, sequences mapped to both genomes and had low mapping
qualities were excluded from further analyses. The samples of D. spatulata
exposed to ant powder which obtained in two different time points were grouped
as a digestion sample. The differentially expressed genes (DEGs) of different
conditions comparing to control, were inferred by DESeq2®° (ver. 1.38.3; padj
< 0.05 & |log2FD| > 1). The gene ontology enrichment of comparisons was
identified using topGO'"® (ver. 2.50.0). We also performed weighted gene co-
expression network analysis (WGCNA) to further categorise the expression
patterns of peptidases respectively in A. crateriforme and D. spatulata. Due to
the presence of peptidase without any expressions across conditions in D.
spatulata, we removed the 30% lowest-expressed genes in each transcriptome
using the sum of samples.
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3.2.14 Phytohormone analysis

Different treatments (1g/L of BSA, chitin, BSA+chitin, and ants, 10°
spores/ml of A. crateriforme, and 10° spores/ml of A. crateriforme) were applied
to D. spatulata leaves for 2 hours. The leaves were cut and washed in de-
ionized water to remove residues. Then, leaves were rapidly frozen in liquid
nitrogen. The time from cutting to freezing was consistently under 30 seconds.
The prepared samples were then ready for the metabolite extraction.

For metabolite extraction, 1 mL CHCI;:MeOH (2:1) was used as the
extraction solvent with Dihydrojasmonic acid (H2JA) (7.5 ng for 0.3 g of leaf
tissue) added as an internal standard. Equal volumes of the supernatant were
stored at -80 °C. Samples were reconstituted in 50 pL of 20 % aqueous
methanol each. The samples were analysed by the Vanquish UHPLC system
coupled with a Dual-Pressure lon Trap Mass Spectrometer (Velos Pro, Thermo
Fisher Scientific). Jasmonoyl-L-isoleucine (JA-lle) and its standard HoJA were
separated by an HSS T3 column (Waters ACQUITY HSS T3 100A, 1.8 um, 100
x 2.1 mm) at 40°C using the mobile buffer consisted of 2% ACN/0.1% FA
(Buffer A) with an eluting buffer of 100% ACN/0.1% FA (Buffer B) with a 11
mins gradient of 0.5-30% Buffer B at 0-6 min, 30-50% Buffer B at 6-7 min, 50-
99.5% Buffer B at 7-7.5 min, 99.5- 0.1% Buffer B at 9.5-10 min and then
equilibrated with 0.1% Buffer B at 10-11 min. The selected m/z 322.20 to 130.09
for JA-lle and 211.13 to 59.01 for HoJA™'.
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Table 3.1. Representative 25 species used for comparative genomics analyses in this study

34
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1,74 1,21
Acrodontium 23,10 1 6,00 4,62 1 98.9 13,32 9,779,1 17,96 12,41 913,0
crateriforme 4,782 5 9 5 6 2 8,030 4 98.94 0 8,018 5,656 26 3 2,599 57
2,04 1,51
Sphaerulina 29,35 7 0,97 7,08 1 17,05 12,293, 19,70 12,07 4,981
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9
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2 417 217
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590 1,00
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4 1
8 2 7
61,11 6 56,5 5 5,92 5 96.5 19,99 41,114, 30,74 18,30 1,697
Passalora fulva 3,266 5 12 0 8 6 14,127 4 96.25 0.29 14,127 8,515 751 0 0,722 ,793
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3.3. Result
3.3.1 A. crateriforme enhance prey digestion in D. spatulata

To establish the potential contribution of A. crateriforme to the sundew host,
A. crateriforme was first inoculated onto the leaves of D. spatulata and there
were no significant differences in the plant morphology and net weight after one
month (Fig. 2.6d & Fig. 3.1a). Conversely, inoculation with Ph. herbarum at the
same concentration resulted in plant wilt (Fig. 3.1b), suggesting a stable plant-
fungus coexistence between A. crateriforme and D. spatulata. When the leaves
were supplemented with ant powder, the recorded times required for the stalk
glands to fully cover the prey, and return to their original position were recorded
in averaged 92 hours (Fig. 3.2a). Mechanical stimulation or supplementing on
sundew leaves with shrimp and wood powder resulted in much quicker re-
opening of the traps (~23 hours), suggesting D. spatulata was able to
distinguish between prey and non-prey. Inoculating the sterile sundew leaves
with three different microbial communities resembling: i) A. crateriforme only, ii)
sundew natural microbiota and iii) leaf surface microbiota from sundew co-
occurring plants revealed significantly reduced re-opening time of traps
compared to sterile sundew (P<0.001, Wilcoxon rank sum test; Fig 3.2a). This
suggests that the presence of the microbial community enhanced the sundews’
responses against substrates. Significantly faster trap re-opening was
observed between sundews inoculated with A. crateriforme only than those with
microbiota of the surrounding environment from co-occurring plants (median 73
hvs. 81 h; Wilcoxon rank sum test, Adjusted P < 0.01; Fig. 3.2a), demonstrating
positive involvement of A. crateriforme in digestion on sundew leaves. The
addition of protease inhibitor significantly enhanced the reopening time in all
treatments (averaging 182.8 h; Fig. 3.3), corroborating previous findings that

46128129 To establish whether

the peptidases were involved in digestion
microbes facilitate prey digestion by increasing protein degradation capability,
we analysed the digestion rates of the applied biotinylated BSA, which showed
that mucilage from inoculated plants. Application of biotinylated bovine serum
albumin to the collected mucilage showed a declining trend during digestion
and was significantly reduced after 24 hours from the A. crateriforme inoculated
samples (85.9% vs others: 92.4-94.1%, adjusted P=0.01, Wilcoxon rank sum

exact test, Fig. 3.2b; with repeated experiments also displaying the same trend
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in Fig. 3.4). This result emphasises that more proteins were digested in the
presence of A. crateriforme and that A. crateriforme is a functional part of the
sundew holobiont for digestion.
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Fig. 3.1 The result of inoculated D. spatulata. a. Infected areas of D.
spatulata one month after post-inoculation with A. crateriforme and Ph.
herbarum. b. A photo showing wilt of D. spatulata as a result of
inoculating Ph. herbarum.
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Fig. 3.2. The A. crateriforme-Drosera spatulata holobiont. a. Re-opening
time of sundew traps supplemented with different substrates and without
(control) or with different microbiota inoculation. Median re-opening time for
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touch, shrimp and wood in sundews with different microbiota are plotted as
dashed lines. b. Application of biotin-labelled BSA as a protein substrate during
16 and 24 h of sundew digestion showing decline in BSA with digestion using
collected mucilage from sundews inoculated with different inoculum.
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Fig. 3.3. Re-opening time of sundew traps grown one month after different
inoculum and fed with different substrates/stimulation.

a. Treatment without proteinase inhibitor. b. Treatment with proteinase inhibitor.
Asterisk denote P values from Wilcoxon-rank sum test (* P<0.05, ** P<0.01, ***
P<0.001). + and — denote presence and absence of treatment, respectively.
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Fig. 3.4. Another two batches from Fig. 3.3. experiment showing the
application of biotin-labelled BSA as a protein substrate during 16 and 24 h of
sundew digestion using collected mucilage from sundews inoculated with
different inoculum.
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3.3.2 Genome of A. crateriforme as an extremophilic fungus

To examine the genetic potential for digestive functions, we sequenced
and assembled the A. crateriforme genome using 10.5Gb of Oxford Nanopore
long reads and polished the consensus sequences with lllumina reads. The
final assembly resulted in 14 contigs, with 13 containing TTAGGG copies at
both ends corresponding to gapless chromosomes (Table 3.2). The assembly
size of 23.1 Mb represented the first genome from the genus Acrodontium. We
predicted 8,030 gene models using MAKER pipeline’®® with RNAseq as hints.
Of these, 97.3% of the predicted gene models were found to be orthologous to
at least one of the 25 representative species in the order Capnodiales (Table
3.1), suggesting a conserved core genome with potentially unique adaptations.
A species phylogeny was constructed by coalescencing 9,757 orthogroup trees,
which placed A. crateriforme within a group of extremophilic species (Fig. 3.5a)
including well-known acidophiles such as Acidomyces richnondensis and
Neohortaea acidophila’™’. We determined the mating locus and its adjacent
orthologs of A. crateriforme and we found that this was in syntenic with sister
species (Fig. 3.6). The result suggests that this fungus is likely to be
heterothallic, similar to the ancestral Mycosphaerellales'?,

To identify genes and gene families associated with its ecology and
metabolism, we functionally annotated the A. crateriforme proteome (Fig. 3.5b).
PCA of protein family domain numbers from each species first differentiated the
extremophiles Friedmanniomyces simplex and Hortaea werneckii from others
with their partial™? or whole'* duplicated genomes (Fig. 3.7a). A. crateriforme
was positioned between its extremophile relatives and the outgroup plant
pathogens (Fig. 3.7b). Among the extremophiles, inference of gene family
dynamics indicated a relatively high number of losses in A. crateriforme
compared to the human dermatophyte Piedraia hortae (Fig. 3.5a). A.
crateriforme has lost members of glycoside hydrolase 6, 11, 28, and 43 which
degrade the plant cell wall and their losses have been implicated as signatures
of symbiotic'® fungi such as ectomycorrhizal fungi'* (Fig. 3.8 and Table 3.1).
Further specialisations of A. crateriforme include a higher number of polyketide
synthase clusters within this group of species (Fig. 3.5b). Most of the identified
BGCs in A. crateriforme were unique and not shared with other representative
species, implying its distinct profile of secondary metabolites, particularly the
polyketides (Fig. 3.9). Interestingly, A. crateriforme encodes two Neprosin
domain-containing genes (Fig. 3.10), which were absent in all representative
species and rare in fungi (149 versus 8,118 in Viridiplantae; InterPro, last
assessed October 2023). Neprosin was first discovered in Raffles' pitcher plant
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Nepenthes rafflesiana as a novel peptidase capable of digesting proteins at low
concentrations without substrate size restriction'’, hinting at its potential
involvement in prey digestion.

The role of genomic rearrangements, especially in subtelomeric regions,
in fungal evolution has been well-documented, particularly in pathogenic
species'*®'% We sought to characterise the mode of genome evolution in this
group of extremophilic fungi, and identified on an average of 4,747 pairwise
single copy orthologs between A. crateriforme and sister extremophiles.
Clustering of these orthologs with corresponding A. crateriforme chromosomes
identified only one one-to-one linkage groups of chromosome 13 (Fig. 3.5c),
suggesting frequent chromosomal fusions and fissions since their last common
ancestor. Gene order within linkage groups has been lost (Fig. 3.11),
suggesting extensive intra-chromosomal rearrangements, which appear to be
a hallmark of genome evolution in the Capnodiales’’. Such high genomic
plasticity often led to the high turnover of gene family dynamics or the
emergence of biosynthetic gene clusters (BGCs) capable of producing novel
secondary metabolites™". In the case of A. crateriforme, BGCs were enriched
at subtelomeres (12/26 in subtelomeres with Observed to Expected ratio of 4.7;
Fig. 3.12). We identified a case of one polyketide cluster located on the end of
chromosome six, which is shared with the plant pathogens Elsinoe ampelina
and Parastagonospora nodorum (Fig. 3.5d), presumably as a result of A.
crateriforme constantly encountering a plant-associated environment.
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Table 3.2 Distribution of telomere repeat TTAGGG in A. crateriforme

Contig Contig Repeat Repeat Repeat Number of
name length designation start end copies
Acrcra.chr

01 2,837,075 5' 1 104 17.3
Acrcra.chr

01 2,837,075 3' 2836972 2837075 17.3
Acrcra.chr

02 2,596,228 5' 1 94 15.7
Acrcra.chr

02 2,596,228 3' 2596127 2596228 17
Acrcra.chr

03 2,270,476 5' 1 106 17.5
Acrcra.chr

03 2,270,476 3' 2270369 2270476 18.2
Acrcra.chr

04 2,208,761 5' 1 104 17.3
Acrcra.chr

04 2,208,761 3' 2208662 2208761 16.7
Acrcra.chr

05 1,746,009 5' 1 110 18.7
Acrcra.chr

05 1,746,009 3' 1745910 1746009 16.7
Acrcra.chr

06 1,680,911 5' 1 102 17
Acrcra.chr

06 1,680,911 3' 1680814 1680911 16.5
Acrcra.chr

07 1,281,409 5' 1 101 16.8
Acrcra.chr

07 1,281,409 3' 1281295 1281409 18.8
Acrcra.chr

08 1,278,406 5' 1 103 17.2
Acrcra.chr

08 1,278,406 3' 1278306 1278406 16.8
Acrcra.chr

09 1,251,688 5' 1 101 16.8
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Fig. 3.5 Genomic features of A. crateriforme
a. Phylogenetic placement of A. crateriforme among extremophilic fungi
denoted in blue branches, highlighting its association with known acidophiles.
All nodes have a 100% bootstrap support. Number next to A. crateriforme
denote the number of lost OGs inferred by DOLLOP. b. Genome description
and functional annotations of the A. crateriforme proteome. ¢. Chromosomal
rearrangements amongst extremophile fungi A. crateriforme, Baudoinia
panamericana, Hortaea werneckii through clustering of single copy ortholog
pairs. Line colour designate corresponding A. crateriforme chromosomes d.
Synteny between a subtelomeric polyketide cluster on A. crateriforme
chromosome six and the plant pathogens E. ampelina and P. nodorum. A.
crateriforme genes and orthologs are coloured sequentially.
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Species name Mating type
Sphaerulina populicola heterothallic MAT1-2
Cercospora zeae-maydis heterothallic MAT1-1 =
Cercospora beticola heterothallic MAT1-1 =
Piedraia hortae

Acidomyces richmondensis heterothallic MAT1-1

Teratosphaeria nubilosa homothallic
Salinomyces thailandica ~ unknown 4

Hortaea werneckii  heterothallic MAT1-1

Friedmanniomyces simplex heterothallic MAT1-2 -

Baudoinia panamericana heterothallic MAT1-2 -

N N
N qf
) Q& 9 ’
Chroe & & Chri2 &
Acrodontium crateriforme likely heterothallic S &
1,417,787 1,433,920 153,621 160,510
Neohortaea acidophila heterothallic MAT1-1 - & i e s —— ?
Polychaeton citri — £ 2 - e i 3 ﬁm
Parastagonospora nodorum  homothallic . 4 - - e -

Fig. 3.6 The gene distributions around mating type (MAT) related genes.

The mating locus and related orthologs were identified by BLAST the mating related gene sequences retrieved from Aylward et al
against the A. crateriforme gene predictions. Within the A. crateriforme assembly, were located adjacent to each other and
inferred as putative mating locus. We identified the orthologs of MAT genes and related APC5 and APN2 genes which are adjacent

132

MAT regions and related genes

Mating locus

B MAT1-1-1
B MAT1-2-1
MAT1-2-1
| MAT1-1-10
W MAT{-2-12
MAT1-2-12
APC5
APN2

Orthogroup in 5kb flanking regions
0OG0003566 (14 times)
0G0004216 (10 times)
0G0001848 ( 9 times)

OGs showed 2-7 times
OGS showed once

to each other and displayed in synteny with sister species. This region was inferred as putative mating locus and the gene
distributions around MAT, APC5, and APN2 genes (including 5kb up- and down-stream flanking regions) are drawn
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Fig. 3.7 PCA of protein family domain numbers from 25 fungal species a. PCA of all species, b. zoomed in plot.
Species full names corresponding to abbreviations are available in Table 3.1
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OGs that were enriched
during GO enrichment analysis
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Fig. 3.8 Acrodontium phylogeny with OG losses and gene number. The blue circles on phylogeny described the loss OG number
at each node. The heatmaps showed gene numbers of OGs in representative species. A. crateriforme was inferred to loss these

OGs.
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Fig. 3.9 Top 20 Pfam gain and loss of A. crateriforme.
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Figure 3.10. Heatmap of biosynthetic gene clusters (BGC) in 25 fungal species. Figure only showed reg
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Fig. 3.11 Gene order within linkage groups has been lost
Synteny blocks were determined with DAGchainer'** (ver. r120920) and
visualized via CIRCOS™ (ver. 0.69.9).
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Fig. 3.12 BGCs were enriched in subtelomere regions. Purple areas are
BGC regions, light brown areas show gene density in 10kb sliding windows,
and dashed lines show the boundaries of 150kb subtelomere regions.

3.3.3 Digestion genes were co-opted and retained ancestral expression
trends from plant-microbial coexistence

To dissect how sundew and A. crateriforme respond to each other or
encountering insects at the transcriptome level, we first generated gene
expression data from both species cultured under minimal nutrient conditions.
This baseline data was then compared to two experimental conditions:
application to ant powder indicative of insect digestion and fungal inoculation
onto sundew leaves denoting coexistence (Fig. 3.11). Remarkably, 58.6—
63.8% of the differentially expressed genes (DEGs) identified between the
baseline and digestion phases for each species were co-expressed in the
coexistence phase (Fig. 3.13a), suggesting an intrinsic regulatory synergy
between the two processes. Gene ontology (GO) analysis revealed that more
than half of the GO term enrichment of the up-regulated genes overlapped
between the two conditions in D. spatulata, with the most significant terms
including secondary metabolic process, response to chemical and other
organisms (Fig. 3.14 and Table 3.3). This suggests that the majority of plant
genes that were involved in defence mechanisms®*'** have been co-opted into
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the digestion process but still retained their ancestral functions. An example
includes members of the plant chitinase (GH18 and GH19) (Fig. 3.15), which
have roles in insect digestion and original functions in defence against
phytopathogens'*>'*®. The coexistence phase yielded more DEGs compared
to the digestion phase, consistent with that the former process being
ancestral™’. For nutrient acquisition related genes, ammonium transporters,
nitrate transporter and nitrate reductase in D. spatulata showed increased
transcript abundance in both digestion and coexistence phases, and are central
to nitrogen uptake and assimilation'*® but were more highly expressed in
coexistence than in digestion phase (determined by DESeq2®’; |log, fold
change| > 1 and adjusted P < 0.05; Fig. 3.16), suggesting that active nitrogen
exchange and use already taking place within the plant-fungus holobiont.
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Table 3.3 GO enrichment of differentially upregulated D. spatulata genes
in either coexistence or digestion processes
For each category, the top 20 most significant terms are reported
Ann is Exp P Presentin
otate DE ecte valu two

DEG type GO.ID Term d G d e phases
Upregulated GO:0 1.60

in 01974 secondary metabolic 15.3 E-
coexistence 8 process 226 55 3 17 yes
Upregulated GO:0 2.50

in 05089 32 251. E-
coexistence 6 response to stimulus 3707 7 45 11 yes
Upregulated GO:0 4.80

in 04455 secondary metabolite 10.6 E-
coexistence 0 biosynthetic proces... 157 36 5 11 yes
Upregulated GO:0 4.80

in 00110 response to acid che 10 559 E-
coexistence 1 mical 825 5 6 11 yes
Upregulated GO:1 4.80

in 90170 response to oxygen- 13 E-
coexistence 0 containing compound 1203 8 81.6 11 yes
Upregulated GO:0 1.60

in 04222 20 141. E-
coexistence 1 response to chemical 2088 7 63 10 yes
Upregulated GO:0 5.80

in 00695 20 143. E-
coexistence 0 response to stress 2116 7 53 10
Upregulated GO:0 7.20

in 00961 12.0 E-
coexistence 1 response to wounding 178 35 7 09 yes
Upregulated GO:0 1.80

in 08016 E-
coexistence 7 response to karrikin 97 24 6.58 08
Upregulated GO:0 210

in 09866 inorganic ion transme 18.6 E-
coexistence 0 mbrane transport 275 45 5 08 yes
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Fig 3.13. Transcriptome of the D. spatulata-A. crateriforme holobiont
during digestion.

a. Overlap of upregulated (up) or downregulated (down) DEGs during digestion
and coexistence for both species in comparison to baseline controls
(determined by DESeq2; |log: fold change| > 1 and adjusted P < 0.05).
Percentages indicate the proportion of differentially expressed genes in the
digestion phase that were also expressed in the same trend in the coexistence
phase. b. Transcriptome profiling of the plant-fungus holobiont during digestion
with fungus on right and plant on left. DEGs were compared whether the same
trends were observed in either digestion or coexistence process. ¢. Schematic
representation of the role of the DEGs involved in the holobiont digestion. d.
Schematic representation of designated categories of DEGs in Fig 5c. when
compared to transcriptome changes in plant treated with chitin or dead fungus.
Numbers in rectangles denote number of genes. ns denote the not significant,
i.e., DEGs that did not exhibit expression changes in response to elicitors.
Numbers in brackets denote proportion of DEGs that were also expressed in
the same trend when plant was treated with different elicitors. e. Expression of
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representative fungal peptidases in a co-expression module (module 2 in Fig.
3.21) showing synergistic effects when both plant and insect prey are present.
Asterisks indicate significantly upregulated expression between holobiont
digestion and either digestion or coexistence phase. Tpm denote transcript per
million.
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Fig. 3.14. Overlap of top 20 enriched GO terms in A. crateriforme and D.
spatulata under different conditions.
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3.3.4 Transcriptome dynamic of holobiont digestion in nature

In nature, the digestion of insects takes place in the mucilage of D.
spatulata, with arthropod remains to adhere to the stalk glands, where A.
crateriforme can be observed growing over the insect surface (Fig. 3.17). To
elucidate the mechanisms of carnivorous holobiont digestion, we further
characterised the holobiont transcriptome when supplemented with ant powder
(Fig. 3.18). We identified 2,401 and 2,427 DEGs in A. crateriforme and D.
spatulata, respectively. We desigated the majority of these genes into three
categories (Fig. 3.13b): differentially expressed in single (co-existence or
digestion) or similar expression trends in both processes (co-existence and
digestion). We also defined a fourth ‘additive’ category, in which the genes were
only significantly differentially expressed when stimuli from both the interacting
partner and the insect prey nutrient source were present (Fig. 3.13c). More
than half of upregulated DEGs in both species were designated in the both or
additive categories, suggesting co-evolution and optimisation of the plant
holobiont transcriptome as a result of constantly encountering each other and
ant nutrient®’.

In A. crateriforme, the highest number of DEGs were classified as involved
in coexistence, suggesting its primary role in species interaction. Only 22.2%
of the fungal DEGs were differentially expressed in both processes. A BGC on
chromosome six (Fig. 3.5d), showed a consistent upregulation in the co-
existence and digestion phases (Fig. 3.19), highlighting the need to effectively
respond to multiple stimuli in natural environments. Interestingly, GO term
enrichment of condition-specific genes revealed an opposite trend of up- and
down-regulation of genes involved in the fungal and plant cell cycle,
respectively (Table 3.4), suggesting divergent responses in both species when
faced with similar environments. To investigate the nature of sundew DEGs in
these categories, we conducted leaf transcriptomes inoculated with dead A.
crateriforme or chitins (Fig. 3.18) and compared them with the baseline
transcriptome of sterile leaves. Between 54.4% and 71.0% of the previously
mentioned DEGs, identified in either the co-existence phase or both the co-
existence and digestion phases, were also differentially expressed in the same
manner, respectively, upon exposure to chitin or dead fungal material (Fig.
3.13d). This suggests that these two categories of DEGs are primarily triggered
by the presence of chitin, paralleling findings in the Venus’ flytrap Dionaea
muscipula that demonstrated chitin as a crucial cue for gene expression to set
the trap towards a “posed to capture” mode'*®. Conversely, 26.1-46.2% of the
DEGs within the digestion or additive category showed similar expression
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patterns upon elicitor application, respectively (Fig. 3.14d). For example,
asparagine synthetase, a key enzyme in plant amino acid assimilation'*®, was
designated in the up-regulated additive category (Fig. 3.20). Gene Ontology
(GO) enrichment analysis of the upregulated genes in these categories, which
were unaffected by the presence of elicitors, revealed genes involved in the
auxin-activated signaling pathway and cation transmembrane transport (Table
3.5), suggesting the optimization of the genes repurposed for prey digestion'®
or in response to available nutrients towards the end of the digestion process.
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Table 3.4 — GO enrichment of differentially A. crateriforme genes in
either coexistence or digestion processes
For each category, the top 20 most significant terms are reported

P

Annot isD Expe valu
DEG type GO.ID Term ated EG cted e
Upregulated in  GO:00 antibiotic metabolic proces 1.40
digestion 16999 s 61 14 1.83 E-09
Upregulated in  GO:00 antibiotic catabolic proces 3.00
digestion 17001 s 21 9 0.63 E-09
Upregulated in  GO:00 polysaccharide catabolic p 2.80
digestion 00272 rocess 26 9 0.78 E-08
Upregulated in  GO:00 carbohydrate catabolic pro 1.00
digestion 16052 cess 71 13 2.13 E-07
Upregulated in  GO:00 monocarboxylic acid meta 3.00
digestion 32787 bolic process 135 17 4.04 E-07
Upregulated in  GO:00 carbohydrate metabolic pr 4.10
digestion 05975 ocess 188 20 5.63 E-07
Upregulated in  GO:19 organic hydroxy compoun 5.60
digestion 01615 d metabolic proce... 125 16 3.74 E-07
Upregulated in  GO:00 monocarboxylic acid catab 6.60
digestion 72329 olic process 36 9 1.08 E-07
Upregulated in  GO:00 6.90
digestion 55085 transmembrane transport 331 27 9.91 E-07
Upregulated in  GO:00 7.90
digestion 06066 alcohol metabolic process 98 14 2.93 E-07
Upregulated in  GO:00 secondary metabolite bios 1.10
digestion 44550 ynthetic proces... 38 9 1.14 E-06
Upregulated in  GO:00 ion transmembrane transp 1.40
digestion 34220 ort 203 20 6.08 E-06
Upregulated in  GO:00 small molecule metabolic 2.00
digestion 44281 process 633 39 18.96 E-06
Upregulated in  GO:00 cellular carbohydrate cata 2.20
digestion 44275 Dbolic process 31 8 0.93 E-06
Upregulated in  GO:00 3.10
digestion 06811 ion transport 272 23 8.15 E-06
Upregulated in  GO:00 secondary metabolic proc 4.10
digestion 19748 ess 44 9 1.32 E-06
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02680
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cation transport

organic acid catabolic proc
ess

carboxylic acid catabolic p
rocess

small molecule catabolic p
rocess

chromosome localization

ion transport

organic acid catabolic proc
ess

carboxylic acid catabolic p
rocess
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ome localization
secondary metabolic proc
ess

microtubule nucleation

nitrogen utilization
monopolar spindle attach
ment to meiosis ...
attachment of spindle micr
otubules to ki...

transmembrane transport
homologous chromosome
segregation

positive regulation of nucle
ic acid-temp...

positive regulation of RNA
biosynthetic ...

ion transmembrane transp
ort

64

165

74

74

120

53

272

74

74

42

44

16

21

21

22

331

47

220

221

203

11

11

15

41

17

17

12

12

45

12

33

33

31

5.30
E-06
8.90
E-06
8.90
E-06
9.30
E-06
1.00
E-05
3.70
E-05
5.20
E-05
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0.00
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0.00
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0.00
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0.00
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0.00
26.62 02

0.00
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0.00
16.33 028

4.94

2.22

2.22

3.59

4.26

21.88

5.95

5.95

3.38

3.54

1.29

1.69

1.69

1.77
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17.7

17.78



Upregulated in  GO:00
coexistence 90033
Upregulated in  GO:19
coexistence 00430
Upregulated in  GO:00
coexistence 45893
Upregulated in  GO:00
coexistence 06109
Upregulated in  GO:00
coexistence 45927
Downregulated in GO:00
coexistence 07005
Downregulated in GO:19
coexistence 90542
Downregulated in GO:00
coexistence 06839
Downregulated in GO:00
coexistence 06879
Downregulated in GO:00
coexistence 55072
Downregulated in GO:00
coexistence 06811
Downregulated in GO:00
coexistence 00963
Downregulated in GO:00
coexistence 06812
Downregulated in GO:00
coexistence 00959
Downregulated in GO:00
coexistence 55085
Downregulated in GO:00
coexistence 07006
Downregulated in GO:00
coexistence 44743
Downregulated in GO:00
coexistence 33108
Downregulated in GO:00
coexistence 06626

positive regulation of filam

entous growt... 35
positive regulation of filam
entous growt... 35
positive regulation of DNA-
templated tra... 213
regulation of carbohydrate
metabolic pro... 42
positive regulation of growt

h 42
mitochondrion organizatio

n 211
mitochondrial transmembr

ane transport 82
mitochondrial transport 107
cellular iron ion homeostas

is 40
iron ion homeostasis 41
ion transport 272
mitochondrial RNA proces

sing 11
cation transport 165
mitochondrial RNA metab

olic process 26
transmembrane transport 331
mitochondrial membrane o
rganization 49
protein transmembrane im

port into intrac... 51
mitochondrial respiratory ¢

hain complex ... 30
protein targeting to mitoch
ondrion 54

65

10
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32

11
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14

2.82

2.82

17.13

3.38

3.38

3.01

1.53

0.57

0.58

3.88

0.16

2.35

0.37
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0.7
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0.43
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0.00
029
0.00
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0.00
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0.00
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7.20
E-07
1.50
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0.00
011
0.00
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0.00
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0.00
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0.00
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0.00
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0.00
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0.00
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0.00
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0.00
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0.00
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0.00
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coexistence 08535
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Downregulated in GO:19
digestion 01566
Downregulated in GO:00
digestion 06412
Downregulated in GO:00
digestion 43043
Downregulated in GO:00
digestion 32543
Downregulated in GO:01
digestion 40053
Downregulated in GO:00
digestion 43604
Downregulated in GO:00
digestion 06518
Downregulated in GO:00
digestion 43603
Downregulated in GO:19
digestion 90542
Downregulated in GO:00
digestion 06839
Downregulated in GO:00
digestion 07005
Downregulated in GO:00
digestion 06119
Downregulated in GO:00
digestion 70585

protein localization to mito
chondrion

establishment of protein lo

calization to...

phospholipid translocation

cellular response to oxidati

ve stress

respiratory chain complex
IV assembly
mitochondrial cytochrome
c oxidase assem...
organonitrogen compound
biosynthetic pro...

translation
peptide biosynthetic proce

SS

mitochondrial translation

mitochondrial gene expres

sion
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S

peptide metabolic process

cellular amide metabolic pr

ocess
mitochondrial transmembr
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mitochondrial transport
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91
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0.00

5 08 106
0.00

5 08 106
0.00

3 021 11
0.00

7 165 111
0.00

3 0.23 134
0.00

3 0.23 134
149.4 8.90
258 7 E-27
7.10

144 64.62 E-26
2.40

144 66.47 E-24
8.50

60 16.9 E-24
4.20

65 19.68 E-23
1.70

157 78.17 E-22
2.10

148 71.86 E-22
1.70

171 90.06 E-21
1.60

53 15.23 E-20
2.00

61 19.87 E-19
3.40

92 39.18 E-18
1.70

27 5.76 E-16
3.80

36 104 E-14



Downregulated in GO:00
digestion 72655
Downregulated in GO:00
digestion 09060
Downregulated in GO:00
digestion 06626
Downregulated in GO:00
digestion 02181
Downregulated in GO:00
digestion 07006
Downregulated in GO:00
digestion 09161
Downregulated in GO:00

establishment of protein lo
calization to...

aerobic respiration
protein targeting to mitoch
ondrion

cytoplasmic translation
mitochondrial membrane o
rganization

ribonucleoside monophos
phate metabolic p...
aerobic electron transport

digestion

19646

chain

3.80

56 36 104 E-14
5.20
67 40 12.44 E-14
6.00
54 35 10.03 E-14
3.60
194 78 36.02 E-13
5.50
49 32 91 E-13
1.40
72 40 13.37 E-12
1.50
21 19 39 E-12

Table 3.5 GO enrichment of additive/synergistic genes in holobiont

digestion
Exp P
Anno isD ecte valu
DEG type GO.ID Term tated EG d e
Fungus

additive/synergistic

GO:19 mitotic cell cycle proc

upregulated 03047 ess
Fungus
additive/synergistic GO:00

upregulated
Fungus
additive/synergistic
upregulated
Fungus
additive/synergistic
upregulated
Fungus
additive/synergistic
upregulated
Fungus
additive/synergistic
upregulated

00278 mitotic cell cycle

GO:01
40014 mitotic nuclear division

GO:00 mitotic sister chromatid
00070 segregation

GO:00
22402 cell cycle process

GO:00 sister chromatid segreg
00819 ation

67

419

435

196

165

573

177

12.4 1.70

44 3 E-15
7.20

44 12.9 E-15
7.80

29 5.81E-14
3.40

25 4.89 E-12
8.90

46 17 E-12
1.70

25 5.25 E-11



Fungus
additive/synergistic
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Fungus
additive/synergistic
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Fungus
additive/synergistic
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Fungus
additive/synergistic
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Fungus
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Fungus
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Fungus
additive/synergistic
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Fungus
additive/synergistic
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Fungus
additive/synergistic
upregulated
Fungus
additive/synergistic
upregulated
Fungus
additive/synergistic
upregulated
Fungus
additive/synergistic
upregulated

GO:00 mitotic chromosome co
07076 ndensation

GO:00
07049 cell cycle

GO:00 chromosome condensa
30261 tion

GO:00 meiotic chromosome se
51307 paration

GO:00 nuclear chromosome s
98813 egregation

GO:00
00280 nuclear division

GO:00
00281 mitotic cytokinesis

GO:00
48285 organelle fission

GO:00 cytoskeleton-
61640 dependent cytokinesis

GO:00 chromosome segregati
07059 on

GO:00
00910 cytokinesis

GO:19 regulation of mitotic cyt
02412 okinesis

68

20

611

21

16

195

263

113

271
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208
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41

10

46

10

25

29

19
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19

25
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12

4.90
0.59 E-11

18.1 9.10
2E-11

9.20
0.62 E-11

1.20
0.47 E-10

1.50
5.78 E-10

1.60
7.8 E-10
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3.35 E-10

3.30
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3.53 E-10
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1.22 E-10
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0.00
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Fig. 3.17 — Fungal growth on remains of dead arthropod (covered by
evenly spread hairs) on wild Drosera spatulata. Fungal growth on remains
of dead arthropod (covered by evenly spread hairs) on wild Drosera spatulata.

Fungal hyphae indicated by white arrowheads,

two conidiophores of

Acrodontium crateriforme by red arrows.
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3.3.5 Synergistic expression in fungal peptidases and transporters

Insect digestion in carnivorous plants is a well-coordinated process,
involving first the synthesis and secretion of digestive enzymes to break down
nutrients, followed by the assimilation of nutrients with specialised
transporters'®"'*". To investigate the role of digestion in these gene families,
additional transcriptome sequencing was performed in D. spatulata towards the
end of the digestion process (Fig. 3.18). Weighted correlation network analysis
(WGCNA)™? was used to determine the regulation of peptidases during the
different digestion or co-existence phases. We identified five and nine co-
expression modules in A. crateriforme and D. spatulata, respectively (Fig. 3.21
and 3.22). The most dominant secreted peptidases in D. spatulata belonged to
the cysteine (MEROPS'®: C1) and aspartic families (MEROPS: A1).
Droserasin, which has been implicated in digestion®*'?®, was contained in two
co-expression modules (Fig. 3.22). The two modules differed in that one
module included genes that were constitutively up-regulated across conditions,
whereas the other module contained genes that were only up-regulated during
digestion on its own. In contrast, most of the highly expressed peptidases in A.
crateriforme belonged to a co-expression module harbouring two copies of
aspartic peptidase (AC_00151800 and AC_00417900), the entire sedolisin'®?
family (14/14 copies; MEROPS: S53) associated with increasing acidity and
plant-associated lifestyle™, and a fungal copy with the aforementioned
Neprosin domain (Fig. 3.23). These genes demonstrated a synergistic effect in
expression in prey digestion during co-existence, for instance, the aspartic
peptidases emerged as the dominant and third dominant entities across the
entire transcriptome, with their expression levels increasing up to six-fold
compared to either condition (Fig. 3.13e). The same trend was also observed
in potassium, amino acid, oligopeptide and sugar transporters (Fig. 3.23).
Taken together, the results suggest a potential role for A. crateriforme’s in
facilitating and benefiting from digestion in response to the combined signal of
host and nutrient.
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3.3.6 Sundew priming via jasmonate (JA) signaling pathway

How carnivorous plants respond specifically to either symbiotic microbes
or prey can be challenging, as the phytohormones are accumulate to elicit
pathogen resistance in plants that induce genes that were also involved in
digestion to prey stimuli**®®. We quantified the changes in D. spatulata
phytohormone levels after treatment with insects or different fungi. Application
of both ant powder and different fungi to the leaves significantly increased the
amount of Jasmonoyl-L-isoleucine (JA-lle), a bioactive molecule of JA, after two
hours (Fig. 3.24 & 3.25) indicative of a potential priming effect. When plants
inoculated with A. crateriforme were supplemented with ant powder, we found
that JA levels displayed an increasing trend. This result has been correlated
with the activation of JA-related priming in plants'>'*®. In contrast, no
differences in salicylic acid were observed between control and treatments (Fig.
3.26). The observed acceleration in trap re-opening when plants were
inoculated with microbes (Fig. 3.2a) further emphasises the role of A.
crateriforme-induced JA biosynthesis and signaling in enhancing prey digestion.
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Fig. 3.24 Quantification of jasmonic acid (JA) and salicyclic acid (SA) levels in
D. spatulata following treatments with added chitin, BSA protein, ant insect
prey, and inoculated with A crateriforme or the pathogenic Ph. herbarum.
(Wilcoxon rank sum test; * P<0.05. ** P<0.01, *** P<0.001).
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3.4. Discussion

In this chapter, we elucidate a definitive symbiotic interaction between the
carnivorous sundew Drosera spatulata and the acidophilic fungus A.
crateriforme. Our results show that the digestion time of insects was reduced
by almost 25% in the presence of the fungus. This cooperation is likely founded
on the shared adaptive challenges that both carnivorous plants and
extremophilic fungi encounter in harsh environments characterized by minimal
nutrients. Besides, this study defines the symbiotic interaction between the
carnivorous sundew Drosera spatulata and the acidophilic fungus A.
crateriforme (Fig. 3.25), reshaping our view of botanical carnivory since
Darwin's foundational work'®’

Upon colonizing D. spatulata stalk glands, A. crateriforme underwent a
series of genomic alterations to adapt to the symbiotic lifestyle, may enhance
prey capture by reducing digestion time. This implies that the coexistence is
cooperative and may be mutualistic, as the level of prey capture is positively
associated with plant fitness. This may be more correlated with carnivorous
plants being considered sit-and-wait predators. Considering low nutrient uptake
efficiency in carnivorous plants, such as nitrogen uptake levels ranging from
29% to 42%, it is plausible that A. crateriforme can utilize the unspent prey
nutrients with other microbial members. As fungi serve as intermediaries
between hosts and ecosystems, it remains to be determined whether A.
crateriforme will exhibit a context-dependent trophic level throughout its life
cycle within D. spatulata and other carnivorous plants. Interactions between
species will be a crucial aspect of future cost-benefit models to explain how
carnivorous plants survive in their harsh habitats.

The concept that plant carnivory genes evolved from defence mechanisms
is generally accepted. The presence of symbiotic A. crateriforme and the
transcriptomic landscape involving either single or dual species during the
digestion phase provided us to delineate the relative contribution of fungus and
plant as well as the role of each gene. In D. spatulata, the prevalence of co-
opted genes seemed notably higher, with many maintaining consistent
expression patterns throughout both the digestion and coexistence phases.
This suggests that D. spatulata employs the same set of genes to mediate
defence in response to biotic stimuli from microorganisms and prioritizes over
digestion in the presence of prey which may be regulated by JA pathways. From
a microbe’s perspective, the proteome of A. crateriforme also exhibitsgene co-
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option and synergistic expression implying that the fungus has co-evolved with
the sundew host to actively facilitate both processes in the shared
environment®’. For example, fungal sedolisins have been associated with
increasing acidity and a plant-associated lifestyle’*. The collective peptidases
of both species can be utilized to degrade large peptides on acidic mucilage to
generate nutrients in decomposing insect prey, potentially increasing overall
digested nutrient levels.

In summary, the evolution of plant carnivory genes is believed to have
originated from defence mechanisms, with a focus on the involvement of
symbiotic A. crateriforme during the digestion phase. Transcriptomic analysis
of D. spatulata unveiled a significant contribution of co-opted genes, especially
in maintaining consistent expression patterns during both digestion and co-
existence phases. This suggests that D. spatulata utilizes a common set of
genes for defense against biotic stimuli and prioritizes this response over
digestion in the presence of prey, potentially regulated by JA pathways.
Moreover, the study highlights the extensive co-option of genes in the proteome
of A. crateriforme, indicative of a co-evolutionary relationship with the sundew
host. The co-expression of genes in both species, such as fungal sedolisins
associated with acidity, suggests active facilitation of defence and digestion
processes in their shared environment. Notably, the collaborative action of
peptidases from both species is implicated in the degradation of peptides on
acidic mucilage, thereby enhancing nutrient levels derived from decomposing
insect prey. Overall, these findings underscore the intricate interplay and
mutual adaptations between the sundew plant and its symbiotic fungus in the
carnivorous lifestyle.
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Chapter4
Conclusion

This study comprises two objectives: to characterize the diversity and
composition of the D. spatulata mucilage microbiota and to investigate the host

sundew-fungus interaction.

In characterizing the diversity of the D. spatulata mucilage microbiota, we
have isolated a keystone fungus: A. crateriforme. In temporal experiment, we
found that the dominant fungal species A. crateriforme is consistently present
in D. spatulata mucilage. Spatial results suggest that A. crateriforme was
identified as the most dominant fungal species not only in D. spatulata mucilage
in Taiwan, but also in other Drosera species from the UK and USA. We also
found that the mycelium of A. crateriforme was covered on D. spatulata. This
suggests that A. crateriforme is able to interact with its host plant. In the past,
A. crateriforme was previously considered to be ubiquitous across
environments. In this study, it is now recognised as part of the sundew-fungus
holobiont, with its presence and frequent dominance in several Drosera species
worldwide. The dominance of this fungus in the Drosera microbiome, that was
not observed in most other carnivorous plants. The reason may be related to
the relative osmotic stress caused by the exposed mucilage, as opposed to the
greater liquid medium contained in the traps of pitcher plants.

The study reveals a definitive symbiotic interaction between the
carnivorous sundew and the acidophilic fungus. We provide the first direct
evidence that A. crateriforme is essential for prey digestion in carnivorous
sundews. A. crateriforme reduces the digestion time of insects, and enhances
the digestion of D. spatulata. These results may lead to the digestion of more
nutrients for both the fungus and the host plant, as evidenced by the
upregulation of sundew’s gene families involved in nitrogen assimilation, and
transporters that were only up-regulated with A. crateriforme during prey
digestion. Our study implies that the plant-fungal coexistence is cooperative.
Prey capture rates are positively associated with plant fitness'*® and may be
especially related with Drosera species, which are considered sit-and-wait
predators.

In transcriptomic analysis reveals that the high extent of genes maintained
similar expression in both digestion and co-existence phases in D. spatulata.
This suggested that the sundew utilizes the shared gene pool for these
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processes. Many plants will enter a priming phase and are known to enhance
the ability of defend against pathogens in respond abiotic and biotic stimuli'*”.
In D. spatulata, colonisation by A. crateriforme enable sundews to induce
transcriptions changes before the prey is captured. This is similiar to the “posed
to capture” phase described in the Venus flytrap Dionaea muscipula™®, or
successful mycorrhization'*®. As almost half of the genes involved in digestion
were already modulated in the priming phase, the actual digestion of prey
required the transcription of fewer genes to be induced resulting in an overall

faster digestion process.

In summary, our work provides the idea that plant-microbe interactions
have been selected for during evolution to increase the overall fithess of the
holobiont®”. Drosera-Acrodontium is an amenable laboratory system since both
can be grown separately and together in the laboratory. We hypothesised that
just as plant carnivory has independently evolved with convergence in different
plant groups, plant-microbial interactions capable of facilitating the process of
digestion are likely to emerge in different carnivorous plants. Microbial
ecosystems in other carnivorous plants can be highly complex and contain
predators of microorganisms amongst inquilines'®®, and we provide an initial

framework for detangling these relationships.
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Supplementary Table

Supplementary Table 1.

Amplicon data of D. spatulata mucilage and surrounding plants
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n
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distributio
n
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distributio
n
Spatial
distributio
n
Spatial
distributio
n
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distributio
n
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distributio
n
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distributio

121.77
647

121.70
9447

121.70
9447

121.70
9447

121.70
4949

121.70
4949

121.70
4949

121.82
7778

24.845
93

25.158
397

25.158
397

25.158
397

25.159
125

25.159
125

25.159
125

25.086
944

NA

NA

NA

NA

NA

NA
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NA

SAMN3810989
6

SAMN3810987
0

SAMN3810987
1

SAMN3810987
2

SAMN3810986
7

SAMN3810986
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SAMN3810986
9

SAMN3810988
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SHO02
72

SHO02
73

SHO02
74

SHO02
33

SHO02
34

SHO02
35

SHO02
36

SHO02
66

Houtong-
Mucilage2

Houtong-
Mucilage3

Houtong-
Mucilage4

Nangang-
Mucilage1

Nangang-
Mucilage2

Nangang-
Mucilage3

Nangang-
Mucilage4

Buyanting-
Mucilage1

2021.

07

2021.
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2021.
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2021.
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2021.

07

2021.
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2021.
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2021.
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July

July

July

July

July

July
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Houtong Houtong
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g

g
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lage
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lage
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lage
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lage
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lage
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n
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n
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n
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n
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n
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121.82
7778

121.82
7778

121.82
7778

121.63
9736

121.63
9736

121.63
9736

121.63
9736

121.84
7242

25.086
944

25.086
944

25.086
944

25.047
277

25.047
277

25.047
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25.047
277

25.090
083
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2

SAMN3810988
3
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5
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SAMN3810984
7

SAMN3810984
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SAMN3810987
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SHO02
67

SHO02
68

SHO02
37

SHO02
38

SHO02
39

SHO02
40

SHO02
41

SHO02
42

Buyanting-
Mucilage2

Buyanting-
Mucilage3

Pingxi1-
Mucilage1

Pingxi1-
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Pingxi1-
Mucilage3

Pingxi2-
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Pingxi2-
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Pingxi2-
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07
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07
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2021.

07
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121.71
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554
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25.066
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25.061
111
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SAMN3810985
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SAMN3810985
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SAMN3810985
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SHO02
43

SH02
44

SHO02
45

SHO2
46

SHO02
47

SHO02
48

SHO2
49

SHO02
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Pingxi3-
Mucilage1

Pingxi3-
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Pingxi3-
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Pingxi4-
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Shiding1-
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Shiding1-
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Shiding1-
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2021.
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2021.
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July
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July

July

July
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July

Pingxi3
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n
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n
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n
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n
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n
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n
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n
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121.79
306
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306

121.79
306

121.66
3487

121.66
3487

121.61
4058

121.61
4058

121.61
4058

25.074
16

25.074
16

25.074
16

24.992
262

24.992
262

24.981
645
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SAMN3810985
5
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6
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7
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8
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SAMN3810986
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SAMN3810986
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SAMN3810986
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SHO02
51

SHO02
52

SHO02
53

SH02
54

SHO02
61

SHO02
62

SHO1
35
SHO1
36
SHO1
37

Shiding2-
Mucilage1

Shiding2-
Mucilage2

Shiding2-
Mucilage3

Shiding3-
Mucilage1

Shiding3-
Mucilage2

Shiding3-
Mucilage3

Shuangxi--
Mucilage1
Shuangxi-
Mucilage2
Shuangxi-
Mucilage3

2021.

07

2021.

07

2021.

07

2021.
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2021.
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2021.

07

2019.
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2019.
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2019.

07

July

July

July

July

July

July

July

July

July

Shiding2

Shiding2

Shiding2

Shiding3

Shiding3

Shiding3

Shuangxi Shuangxi

Shuangxi Shuangxi

Shuangxi Shuangxi

Shiding

Shiding

Shiding

Shiding

Shiding

Shiding
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Muci
lage

Muci
lage
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lage
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n
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n
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distributio
n
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survey
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survey
Initial
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121.61
5112
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5112

121.61
5112

121.62
4628

121.62
4628

121.62
4628

121.84
3341
121.84
3341
121.84
3341

24.973
12

24.973
12

24.973
12

24.954
655

24.954
655

24.954
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25.066
234
25.066
234
25.066
234
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NA
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NA

SAMN38109958

SAMN38109959

SAMN38109960
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3

SAMN3810986
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SAMN3810986
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SAMN3810987
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SAMN3810987
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SAMN3810977
3
SAMN3810977
4
SAMN3810977




SHO1
38
SHO1
39
SHO1
40
SHO1
41
SHO1
42
SHO1
43
SHO1
44
SHO1
45
SHO1
46
SHO1
47
SHO1
48
SHO1
49

Shuangxi-
Mucilage4
Shuangxi-
Mucilage5
Shuangxi-
Mucilage6
Shuangxi-
Mucilage7
Shuangxi-
Mucilage8
Shuangxi-
Mucilage9
Shuangxi-
Mucilage10
Shuangxi-
Moss1
Shuangxi-
Moss2
Shuangxi-
Moss3
Shuangxi-
Moss4
Shuangxi-
Moss5

2019.
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2019.

07

2019.
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2019.

07

2019.
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2019.

07

2019.
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2019.
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2019.

07

2019.

07

2019.

07
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07

July

July

July

July

July

July

July

July

July

July

July

July

Shuangxi Shuan ; Muc
uangxi Shuangxi
g g lage

Shuangxi Shuan ; Muc
uangxi Shuangxi
g g lage

Shuangxi Shuan ; Muc
uangxi Shuangxi
g g lage

Shuangxi Shuan ; Muc
uangxi Shuangxi
g g lage

Shuangxi Shuan ; Muc
uangxi Shuangxi
g g lage

Shuangxi Shuan /S
uangxi Shuangxi
g ° lage

Shuangxi Shuan BERE
uangxi Shuangxi
g . lage

, . Mos
Shuangxi Shuangxi S

, . Mos
Shuangxi Shuangxi S

, . Mos
Shuangxi Shuangxi S

, . Mos
Shuangxi Shuangxi S

Mos

Shuangxi Shuangxi S
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survey
Initial
survey
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survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey

121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
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25.066
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25.066
234
25.066
234
25.066
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25.066
234
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234
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234
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SAMN38109962

SAMN38109963
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SAMN38109969

SAMN38109970

SAMN38109971

SAMN38109972

SAMN3810977
6
SAMN3810977
7
SAMN3810977
8
SAMN3810977
9
SAMN3810978
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SAMN3810978
2
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SAMN3810978
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SAMN3810978
5
SAMN3810978
6
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50
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SHO1
52
SHO1
53
SHO1
54
SHO1
95
SHO1
56
SHO1
01
SHO1
02
SHO1
03
SHO1
04
SHO1
05

Shuangxi-
Moss6
Shuangxi-
Plant1
Shuangxi-
Plant2
Shuangxi-
Plant3
Shuangxi-
Plant4
Shuangxi-
Plant5
Shuangxi-
Plant6
Shumei-
Mucilage1
Shumei-
Mucilage2
Shumei-
Mucilage3
Shumei-
Mucilage4
Shumei-
Mucilage5

2019.
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2019.

07

2019.

07
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07
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July

July

July

July

July

July

July

July

July

July

July

Shuangxi Shuangxi

Mos

Shuangxi Shuangxi Plant

Shuangxi Shuangxi Plant

Shuangxi Shuangxi Plant

Shuangxi Shuangxi Plant

Shuangxi Shuangxi Plant

Shuangxi Shuangxi Plant

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Muci
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Muci
lage
Muci
lage
Muci
lage
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lage
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121.84
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Shumei-
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Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei
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SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.
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Shumei-Plant2

Shumei-Plant3
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07
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SHO1 Yangmingshan- 2019.

71 Plant7 07

SHO1 Yangmingshan- 2019.

72 Plant8 07

SHO02 Yangmingshan- 2019.

23 Mucilage9 07

SHO02 Yangmingshan- 2019.

24 Mucilage10 07

SHO02 Yangmingshan- 2019.

25 Mucilage11 07

SHO02 Yangmingshan- 2019.

26 Mucilage12 07

SHO02 Yangmingshan- 2019.

27 Mucilage13 07

SHO02 Yangmingshan- 2019.

28 Mucilage14 07

SHO02 Yangmingshan- 2019.

29 Mucilage15 07

SHO02 Yangmingshan- 2019.

30 Mucilage16 07

SHO1 Yangmingshan- 2019.

73 Mucilage1 07

SHO1 Yangmingshan- 2019.
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SHO1 Yangmingshan- 2019.

75 Mucilage3 07

SHO1 Yangmingshan- 2019.

76 Mucilage4 07

SHO1 Yangmingshan- 2019.

77 Mucilage5 07

SHO1 Yangmingshan- 2019.

78 Mucilage6 07

SHO1 Yangmingshan- 2019.

79 Mucilage7 07

SHO1 Yangmingshan- 2019.

80 Mucilage8 07

SHO1 Yangmingshan- 2019.

81 Moss1 07

SHO1 Yangmingshan- 2019.

82 Moss?2 07

SHO1 Yangmingshan- 2019.

83 Moss3 07

SHO1 Yangmingshan- 2019.

84 Moss4 07

SHO1 Yangmingshan- 2019.

85 Plant1 07

SHO1 Yangmingshan- 2019.

86 Plant2 07

July

July

July

July

July

July

July

July

July

July

July

July

Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
Yangmin
gshan1
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Yangmin
gshan
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Yangmin
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lage
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lage
Muci
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Mos
S
Mos
s
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s
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s

Plant

Plant
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survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey
Initial
survey

121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332
121.55
5332

25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007
25.181
007

SAMN38110014

SAMN38110015

SAMN38110016

SAMN38110017

SAMN38110018

SAMN38110019

SAMN38110020

SAMN38110021

SAMN38110022

SAMN38110023

SAMN38110024

SAMN38110025

SAMN3810980
5
SAMN3810980
6
SAMN3810980
7
SAMN3810980
8
SAMN3810980
9
SAMN3810981
0
SAMN3810981
1
SAMN3810981
2
SAMN3810981
3
SAMN3810981
4
SAMN3810981
5
SAMN3810981
6




SHO1 Yangmingshan- 2019.

87 Plant3 07

SHO02 Yangmingshan- 2019.

07 Mucilage17 07

SHO02 Yangmingshan- 2019.

08 Mucilage18 07

SHO02 Yangmingshan- 2019.

09 Mucilage19 07

SHO02 Yangmingshan- 2019.

10 Mucilage20 07

SHO02 Yangmingshan- 2019.

11 Mucilage21 07

SHO02 Yangmingshan- 2019.

12 Mucilage22 07

SHO02 Yangmingshan- 2019.

13 Mucilage23 07

SHO02 Yangmingshan- 2019.

14 Mucilage24 07

SHO02 Yangmingshan- 2019.

15 Moss9 07

SHO02 Yangmingshan- 2019.

16 Moss10 07

SHO02 Yangmingshan- 2019.

17 Moss11 07

July

July

July

July

July

July

July

July

July

July

July

July

Yangmin
gshan1
Yangmin
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Yangmin
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Yangmin
gshan3
Yangmin
gshan3
Yangmin
gshan3

Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
Yangmin
gshan
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S
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Initial
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5332
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94261
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94261
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94261
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94261
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94261
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94261
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94261
121.54
94261
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25.180
02408
25.180
02408
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02408
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02408
25.180
02408
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02408
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25.180
02408
25.180
02408
25.180
02408
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02408

SAMN38110026

SAMN38109980

SAMN38109981

SAMN38109982

SAMN38109983

SAMN38109984

SAMN38109985

SAMN38109986

SAMN38109987

SAMN38109988

SAMN38109989

SAMN38109990

SAMN3810981
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2
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SHO02 Yangmingshan-

18 Moss12
SHO02 Yangmingshan-
19 Plant9
SHO02 Yangmingshan-
20 Plant10
SHO02 Yangmingshan-
21 Plant11
SHO02 Yangmingshan-
22 Plant12
SHO3  Shuangxi-
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SHO3  Shuangxi-
17 June2
SHO3 Shuangxi-July1
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SHO03 _
Shuangxi-July2
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SHO3  Shuangxi-
24 August1
SHO3  Shuangxi-
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SHO3  Shuangxi-
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2019.
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2019.
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2019.
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2019.
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06.07
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08.21
2018.
08.21
2018. Nov
11.16 mbe
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Shuangxi Shuangx
g ° lage
: .M
ShuannghuangmI
Shuangxi Shuan M
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g g lage
July Shuangxi Shuan M
u uangxi Shuangxi
y g g lage
Shuangxi Shuan M
uangxi Shuangx
g g lage
u , M
Shuangxi Shuangx
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e
] Shuangxi Shuangxi
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gshan S
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gshan
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gshan
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gshan
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survey
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variation
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variation
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variation
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variation
Temporal
variation
Temporal
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121.54
94261
121.54
94261
121.54
94261
121.54
94261
121.54
94261
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341
121.84
3341

25.180
02408
25.180
02408
25.180
02408
25.180
02408
25.180
02408
25.066
234
25.066
234
25.066
234
25.066
234
25.066
234
25.066
234
25.066
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SAMN38109991

SAMN38109992

SAMN38109993

SAMN38109994

SAMN38109995

NA

NA

NA

NA

NA

NA

NA

SAMN3810983
2
SAMN3810983
3
SAMN3810983
4
SAMN3810983
5
SAMN3810983
6
SAMN3810990
0
SAMN3810990
1
SAMN3810990
4
SAMN3810990
5
SAMN3810990
8
SAMN3810990
9
SAMN3810991
2




SHO3  Shuangxi- 2018. Nove , . Muci Temporal 121.84 25.066 SAMN3810991
Shuangxi Shuangxi L NA
29 November2 11.16 mber lage variation 3341 234 3
SHO3  Shuangxi- 2018. Dece , . Muci Temporal 121.84 25.066 SAMN3810991
Shuangxi Shuangxi L NA
32 December1  12.18 mber lage variation 3341 234 6
SHO3  Shuangxi- 2018. Dece , . Muci Temporal 121.84 25.066 SAMN3810991
Shuangxi Shuangxi L NA
33 December2 12.18 mber lage variation 3341 234 7
SHO3  Shuangxi- 2019. Janu , . Muci Temporal 121.84 25.066 SAMN3810992
Shuangxi Shuangxi L NA
36 January1 01.18 ary lage variation 3341 234 0
SHO3  Shuangxi- 2019. Janu , . Muci Temporal 121.84 25.066 SAMN3810992
Shuangxi Shuangxi L NA
37 January?2 01.18 ary lage variation 3341 234 1
SHO3  Shuangxi- 2019. Febra , . Muci Temporal 121.84 25.066 SAMN3810992
Shuangxi Shuangxi \Y NA
40 Febrary1 02.28 ry lage variation 3341 234 4
SHO3  Shuangxi- 2019. Febra , . Muci Temporal 121.84 25.066 SAMN3810992
Shuangxi Shuangxi ~7 NA
41 Febrary2 02.28 ry lage variation 3341 234 S}
SHO3  Shuangxi- 2019. Marc , . Muci Temporal 121.84 25.066 SAMN3810992
Shuangxi Shuangxi L NA
44 March1 03.28 h lage variation 3341 234 8
SHO3  Shuangxi- 2019. Marc , . Muci Temporal 121.84 25.066 SAMN3810992
Shuangxi Shuangxi L NA
45 March2 03.28 h lage variation 3341 234 9
SHO3  Shuangxi-  2019. April Shuanaxi Shuanaxi Muci Temporal 121.84 25.066 NA SAMN3810993
[ uangx
48 Aprilt 0423 P g 9 \age variation 3341 234 2
SHO3  Shuangxi-  2019. _ , . Muci Temporal 121.84 25.066 SAMN3810993
, April Shuangxi Shuangxi L NA
49 April2 04.23 lage variation 3341 234 3
SHO03 , 2018. _ . Muci Temporal 121.86 25.101 SAMN3810989
Shumei- June1 June Shumei Shumei NA

14 06.07 lage variation 09914 46976 8
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08.21
2018.
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12.18
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12.18
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Shumei
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Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Shumei

Muci
lage
Muci
lage
Muci
lage
Muci
lage
Muci
lage
Muci
lage
Muci
lage
Muci
lage
Muci
lage
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Temporal
variation
Temporal
variation
Temporal
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Temporal
variation
Temporal
variation
Temporal
variation
Temporal
variation
Temporal
variation
Temporal
variation
Temporal
variation
Temporal
lage variation
Muci Temporal
lage variation
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121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914
121.86
09914

25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976
25.101
46976

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

SAMN3810989
9
SAMN3810990
2
SAMN3810990
3
SAMN3810990
6
SAMN3810990
7
SAMN3810991
0
SAMN3810991
1
SAMN3810991
4
SAMN3810991
5
SAMN3810991
8
SAMN3810991
9
SAMN3810992
2




SHO3 Shumei- 2019. Febra Muci Temporal 121.86 25.101 SAMN3810992

Shumei Shumei NA
39 Febrary2 0228 ry oomet SMUMEL 06 variaton 09914 46976 3
SHO3 Shumei- 2019. Marc . . Muci Temporal 121.86 25.101 SAMN3810992
Shumei Shumei L NA
42 March1 03.28 h lage variation 09914 46976 6
SHO3 Shumei- 2019. Marc . . Muci Temporal 121.86 25.101 SAMN3810992
Shumei Shumei L NA
43 March2 03.28 h lage variation 09914 46976 7
SHO03 Shumei-Aoril 2019. Aoril Shumei  Shumei Muci Temporal 121.86 25.101 NA SAMN3810993
46 P 0423 7P lage variation 09914 46976 0
SHO03 Shumei-Aoril2 2019. Aoril Shumei  Shumei Muci Temporal 121.86 25.101 NA SAMN3810993
47 P 0423 7P lage variation 09914 46976 1

Supplementary Table 2. Bacterial OTU table of D. spatulata mucilage and surrounding plants
Numbers in cells denote relative abundances (%)

5™ Sm-Mo smPl X7 sxMo Sx-Pl  Yms-Mu Yms-Mo Yms-PI

OTU Taxa Mu Mu

8.19666666 4.35666666 9.50166666 13.8704166 11.8083333 13.6991666
Beijerinckiaceae 6.801 7 7.91 7.387 7 7 7 3 7

1.65666666 3.03166666 5.64583333 3.98583333

Caulobacteraceae 5.678 1.57 6.755 1.552 7 7 4.325 3 3

13.2033333 0.28166666 0.30666666 0.06666666 3.48666666 0.61833333
Acetobacteraceae 2.102 3 7 0.146 7 7 7 6.785 3
Methylobacteriacea 0.34666666 3.03166666 1.85666666 1.13208333 0.21666666

e 0.759 7 7 2.244 7 6.42 3 7 6.6225
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Acetobacteraceae
unknown
Acidiphilium
Acetobacteraceae
unknown
Sphingomonadace
ae

unknown

unknown
Acetobacteraceae
Sphingomonadace
ae

Burkholderiaceae

Enterobacter

9.012

3.22

3.848

0.001

1.717

1.059

0.635

3.042

2.45

0.639

0.446

0.258

7.00166666
7

1.535
12.9216666
7
0.01666666
7

2.94
0.20666666
7
0.27166666
7
1.43666666
7

1.595
0.08166666
7
0.14166666
7
0.00666666
7

4.32666666
7
11.4266666
7
1.24833333
3

0
0.98666666
7

1.795

4.265
3.97333333
3

2.805
0.71333333
3
0.25166666
7

0.71

1.045

0.109

0.618

0.21

1.812

0.191

0.36

0.345

1.953

1.655

5.453

2.08666666 0.76833333

7 3 0.6 0.4075
0.10666666 1.49416666
7 0.165 7 1.065
3.57333333 0.19333333 0.97916666
3 3 0.6825 7
0.00166666 0.00166666 3.93833333
7 7 3.2975 3
0.14666666 1.52041666
0.69 7 7 4.72
1.02083333 0.18666666
0.56 5.17 3 7
0.05833333 0.25166666 0.43041666 0.20583333
3 7 7 3
0.37166666 0.85708333
0.59 7 3 0.81
1.12833333 0.35333333
3 3 1.06 0.595
0.56333333 1.26708333
3 2.43 3 0.1225
0.83833333
0.795 3 2.07125 0.91
1.42291666
0.015 0.35 7 0.005
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0.135
2.47666666
7

0.6425

2.76

0.94916666

7

3.6025

6.055

1.195

1.2

2.03916666

7

0.79

0.42166666
7



0.01333333 0.50666666 0.39041666 0.69666666 0.00333333

Enterobacter 6.301 3 0 1.812 0 7 7 7 3
0.03333333 0.34166666 0.23333333 3.08208333 0.09583333
Burkholderiaceae  0.488 3 7 1.535 0.07 3 3 3 0.0925
1.44333333 2.79833333 0.90666666 0.24833333 0.58583333 0.02083333
Acetobacteraceae  4.39 3 3 0.401 7 3 0.31875 3 3
0.85166666 0.10666666 2.53833333 1.17041666 1.03416666
Acetobacteraceae 1.179 0.5 7 0.489 7 3 7 7 1.155

Sm: Shumei, Sx: Shuangxi, Yms: Yangmingshan; Mu: Mucilage, Mo: Moss, PI: Plant

Supplementary Table 3 Metadata from Globalfungi

ITS1 ITS2
Long Latit Contine Sample extracte extracte ITS Year of Acrodonti Acrodontium
Paper ID itude ude nt type d d total Biome sampling umreads abundance (%)
14.32 60.8 1052
URen_2019_add 16 919 Europe lichen 0 10528 8  forest 2012 3801 36.1%
141.6 42.6
Toju_2018_56FC 23 766 Asia root 34 0 34 forest 2011 9 26.5%
14.32 60.8
URen_2019 add 09 918 Europe lichen 0 6255 6255 forest 2012 1027 16.4%
Abrego_2018_C 62.2
A 2548 2 Europe air 0 29084 2984 forest 2010 390 13.1%
Abrego_2018_C 62.2

A 2548 2 Europe air 0 3942 3942 forest 2010 412 10.5%
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Toju_2019_89C0

URen_2019_add

URen_2019_add

Toju_2019_89CO0
Abrego_2018_C
A
Abrego_2018_C
A
Abrego_2018_C
A
Nguyen_2016_D
8E8
Abrego_2018_C
A
Abrego_2018_C
A

Toju_2019_89CO0
Abrego_2018_C
A

138.3
49

73.07

32

14.32

09

138.3

49

25.55

25.55

25.48

23.9

25.55

25.55

138.3

49

25.55

36.5

24 Asia shoot
52.4 North

132 America lichen
60.8

918 Europe shoot
36.5
24  Asia shoot
63.3
7 Europe air
63.3
7 Europe air
62.2
2 Europe air

52.7 Europe shoot
63.3
7 Europe air
63.3
7 Europe air
36.5
24  Asia shoot
63.3
7  Europe air

3242

6243

grassla
0 3242 nd
9376 9376 forest
5680 5680 forest
grassla
0 198 nd
683 683 forest
711 711 forest
4681 4681 forest
86 86 forest
634 634 forest
719 719 forest
grassla

0 6243 nd

3674 3674 forest
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2017

2011

2012

2017

2009

2009

2010

2013

2009

2009

2017

2009

254

622

374

13

41

36

173

22

23

197

115

7.8%

6.6%

6.6%

6.6%

6.0%

5.1%

3.7%

3.5%

3.5%

3.2%

3.2%

3.1%



URen_2019_add
Abrego_2018_C
A
Abrego_2018_C
A

Toju_2019_89CO0
Toju_2019_89CO0
Abrego_2018_C
A
Toju_2019_89CO0
Toju_2019_89CO0
Abrego_2018_C
A
Abrego_2018_C
A
Toju_2019_89CO0

Toju_2019_89C0

111.5
52

25.55

25.55
138.3
49
138.3
49

25.48
138.3
49
138.3
49

25.48

25.55
138.3
49
138.3
49

59.7 North
183 America
63.3
7 Europe
63.3
7 Europe
36.5
24  Asia
36.5
24  Asia
62.2
2 Europe
36.5
24  Asia
36.5
24  Asia
62.2
2 Europe
63.3
7 Europe
36.5
24  Asia
36.5
24  Asia

lichen

air

air

shoot

shoot

air

shoot

shoot

air

air

shoot

shoot

1313

3348

8142

11181

425

1916

8702

676

2083

7012

1017

109

8702

676

2083

1313

3348

3336

8142

1118

7012

1017

425

1916

forest

forest

forest
grassla
nd
grassla
nd

forest
grassla
nd
grassla
nd

forest

forest
grassla
nd
grassla
nd

2013

2009

2009

2017

2017

2010

2017

2017

2010

2009

2017

2017

246

16

47

28

69

68

165

222

121

17

30

2.8%

2.4%

2.3%

21%

21%

2.0%

2.0%

2.0%

1.7%

1.7%

1.6%

1.6%



URen_2019_add -88.08

Toju_2018_56FC
Abrego_2018_C
A

URen_2019_add

Toju_2019_89CO0
Baldrian_2016_D
EO02
DeBeeck 2014 _
14DC

URen_2019_add

Darcy_2020_CT
Abrego_2018_C
A
Abrego_2018_C
A

142.0
22

25.55
135.9
57
138.3
49
14.70
57
5.372
78
73.07
25
156.9
19

25.55

25.55

North
46.9 America shoot
45.0
421 Asia root
63.3
7 Europe air

47.8

163 Asia lichen
36.5

24  Asia shoot
48.6 deadwo
653 Europe od

51.1

258 Europe soil

52.4 North

126 America shoot
21.1  North

174 America shoot

63.3

7 Europe air
63.3

7  Europe air

861

1308

492

24567

0

0

6752

4352

8057

11804

13879

0

3275

3409

110

6752

861

4352

8057

1308

1180

492

1387

2456

3275

3409

forest
forest
forest
forest
grassla
nd

forest

forest

forest

forest

forest

forest

2013

2012

2009

2013

2017

2013

2009

2011

2016

2009

2009

103

12

60

109

16

144

163

287

37

38

1.5%

1.4%

1.4%

1.4%

1.2%

1.2%

1.2%

1.2%

1.2%

1.1%

1.1%
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12084

774

3383
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2400
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Abrego_2018_C 63.3

A 25.55 7 Europe air 0 2863 2863 forest 2009 1 0.0%
Abrego 2020 _C 25.79 61.1 2203
V 46 032 Europe air 0 220372 72 forest 2019 74 0.0%
George_2019 9B 3.829 52.1 9416 shrubla 2013 to
EA 56 79 Europe  soil 94163 0 3 nd 2014 31 0.0%
Zhao_ 2019 _0D8 117.5 32.0 1215 croplan
E 75 548 Asia soil 0 12155 5 d 2015 4 0.0%
14.32 60.8 1521
URen_2019 add 09 918 Europe shoot 0 15211 1 forest 2012 5 0.0%
138.3 36.5 grassla
Toju_2019 89C0 49 24  Asia shoot 6090 0 6090 nd 2017 2 0.0%
Yang_2019 D4B 118.1 29.2 3378
1 4 57 Asia soil 33783 0 3  forest 2016 11 0.0%
Kyaschenko_201 17.50 60.0
7_89D4 37 813 Europe litter 0 3078 3078 forest 2012 1 0.0%
George 2019 9B 3.559 52.8 6807 shrubla 2013 to
EA 29 123 Europe  soil 68076 0 6 nd 2014 22 0.0%
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Toju_2019_89C0 49 24  Asia shoot 3148 0 3148 nd 2017 1 0.0%
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Ihrmark_2012_3 18.81 68.3

AE5 6 544 Europe  soll 0 4331 4331 forest NA_ 1 0.0%
126.7 33.4 4365 woodla
Oh_2021_IE 28 78 Asia soil 0 43655 5 nd 2015 10 0.0%
Davey 2014_225 10.69 60.1
2 02 301 Europe shoot 0 4372 4372 forest 2010 1 0.0%
Abrego_2018_C 22.49 59.7
A 88 233 Europe air 0 4409 4409 desert 2010 1 0.0%
87.92 46.8 North 1329
URen_2019 add 51 504 America shoot 0 13297 7  forest 2013 3 0.0%
Clemmensen_20 17.84 65.9
15_BOAE 36 468 Europe litter 0 4440 4440 forest 2009 1 0.0%
Ovaskainen_201 14.19 46.5
9 air 38 723 Europe air 0 8899 8899 forest 2018 2 0.0%
Kovalchuk 2018 25.22 60.7 6292
_EDF8 14 475 Europe shoot 0 62928 8  forest 2016 14 0.0%
138.3 36.5 grassla
Toju_2019 89C0 49 24  Asia shoot 9041 0 9041 nd 2017 2 0.0%
Kovalchuk 2018 25.22 60.7 1539
_EDF8 33 531 Europe shoot 0 153931 31 forest 2016 34 0.0%
Abrego_2020 C 23.74 61.5 1395 anthrop
V 89 036 Europe air 0 139517 17 ogenic 2019 30 0.0%
Yang_2019 D4B 110.4 31.6 3746

1 24 792 Asia soll 37464 0 4  forest 2015 8 0.0%

139



Tedersoo 2014
B9DD -69.54
Yang_2019 D4B 110.4
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60.7
542 Europe
36.5
24  Asia
52.2
5 Europe

47.4 North
756 America

47.4 North
756 America

61.7 Europe
36.5
24  Asia

soil

soil

air

shoot

shoot

soil

soil

soil

soil

shoot

0

33507

0

4847

5405

5405

5079

4706

100989

53061

4930

4512

4512

4988

140

4706 forest

3350

7  forest

1009

89 forest

5306

1 forest
grassla

4847 nd

4930 forest

9917 wetland

9917 forest

4988 forest
grassla
5079 nd

2011

2015

2019

2016

2017

2012

2011

2011

2011

2017

21

11

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



111.5
URen 2019 add 52

Mikryukov_2021_ 59.42
SP 5
Tedersoo_2016_1
SME 21.7
Tedersoo 2014 69.89
B9DD 47
Mikryukov_2021_ 59.82
SP 7
Tedersoo_2014_
B9DD -69.91
Poosakkannu_20 24.70
17_B342 36
Kovalchuk 2018 25.22
_EDF8 33
Abrego_2020_C 23.76
\Y 17

Yang_ 2019 D4B 110.4
1 91

Mikryukov_2021_ 59.86
SP 3

59.7

North

184 America shoot

56.8
01 Asia
61.7 Europe
3.99 South
97 America
56.8
5 Asia
4.13 South
3 America
68.4
878 Europe
60.7
531 Europe
61.4
997 Europe
31.3
266 Asia
56.8
48  Asia

deadwo
od

soil

soil

litter

soil

rhizosph

ere soil

root

air

soil

litter

58973

0

15364

51302

5143

5323

54544

5553

5806

181801

152673

82744

141

1536

5130

5143

5323
5454

5553

5806
1818
01
1526
73
5897
3
8274
4

forest

forest

forest

forest

forest

forest

desert

forest
anthrop
ogenic

forest

forest

2013

2017

2011

2011

2017

2011

2011

2016

2019

2015

2017

10

10

31

26

10

14

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Vasutova_2021_ 15.24
b815 49
Tedersoo_2016_1
SME 21.7
Ovaskainen_201 14.19
9 air 38
Mikryukov_2021_ 59.82
SP 7
112.3
Zheng_2021_QP 33
Mikryukov_2021_ 59.42
SP 5
41.02
Veloso_2020 EB 61
Yang_2019 D4B 118.1
1 44
Tedersoo_2016_1 27.32
SME 38
Elfstrand_2019 2 13.98
9C7 71
138.3
Toju_2019_89C0 49

Toju_2016_2321 137.6

50.8
313

61.7
46.5
723
56.8

16.8
333
56.8
01
20.1
617
29.2
586
58.2
78
55.9
027
36.5
24
36.5
73

Europe

Europe

Europe

Asia

Asia

Asia

South

shoot

soil

air

litter

soil

litter

America shoot

Asia

Europe

Europe

Asia

Asia

soil

soil

shoot

shoot

root

42729

36756

6313

12718

5919

5949

29886

18067

24166

24272

6149

43421

142

5919 wetland 2016

5949 forest 2011

2988

6  forest 2018
1806

7  forest 2017
2416 woodla

6 nd 2014
2427
2 forest 2017

4272 croplan

9 d 2016
3675

6  forest 2016

6149 forest 2011
4342 2013 to
2  forest 2014

grassla
6313 nd 2017
1271
8 tundra 2013

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



TignatPerrier_20
20_addCL 2.95
Abrego_2018_C

A 25.48
155.8

Darcy 2020 CT 2
Mikryukov_2021_ 59.86

SP 3
Mikryukov_2021_ 59.42

SP 5
Kovalchuk_2018 25.22
_EDF8 33
Tedersoo 2014 69.89
B9DD 83
138.3

Toju_2019_89C0 49
Ovaskainen_201 14.19
9 air 38
Elfstrand_2019 2 13.98

9C7 71
138.3

Toju_2019 89C0 49

45.7
7 Europe
62.2
2 Europe
19.1 North
15 America
56.8
48  Asia
56.8
01 Asia
60.7
531 Europe
4.01 South
75 America
36.5
24  Asia
46.5
723 Europe
55.9
027 Europe
36.5
24  Asia

air

air

shoot

litter

litter

shoot

soil

shoot

air

shoot

shoot

6507

6686

7301

31874

6459

45910

32852

52603

6607

27350

51057

143

3187
4

6459

6507

4591

3285

5260

6607

6686
2735
0
5105
8

7301

grassla
nd

forest

forest
forest
forest
forest
forest
grassla
nd
forest
forest

grassla
nd

2016

2010

2015

2017

2017

2016

2011

2017

2018

2013 to

2014

2017

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Mikryukov_2021_ 59.82
SP 7

88.07
URen_2019_add 08

RoyBolduc 2016 61.75
_E50C 4
Mikryukov_2021_ 59.82
SP 7
Harantova_2017 12.65
_FU 84
Cross_2017_2AF 10.77
C 53
60.32
Ritter_2020 Bl 28
Polackova_2016 16.61
_KRTINY 78
Tedersoo_2016_I

SME 21.7

Mikryukov_2021_ 59.42
SP 5

56.8
5 Asia litter 0

46.8 North
539 America shoot 0

47.4 North

453 America root 4068
56.8

5 Asia litter 0
50.2

383 Europe soil 0
59.6

789 Europe shoot 0
2.56 South

035 America  soil 3905
49.3

077 Europe  soil 0
61.7 Europe  soll 0
56.8

01 Asia litter 0

29625

14873

3389

82694

7720

7796

3894

7951

7982

40231

144

2962

1487

7457

8269

7720

7796

7799

7951

7982
4023

forest

forest

forest
forest
grassla

nd

forest

forest

forest

forest

forest

2017

2013

2010

2017

2008

2011

2015

2013

2011

2017

11

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Siciliano_2014_F 110.5
F 3
110.5

Ji_2016_CO6E 5
Cross_2017_2AF 10.77
C 53
Kovalchuk 2018 25.25
_EDF8 94
Lepinay_2021_S 16.94
O 63
Kovalchuk 2018 25.25
_EDF8 94
Kovalchuk 2018 25.22
_EDF8 14
Ovaskainen_201 14.19
9 air 38
73.07
URen_2019_add 13
108.8
Liu_2020_add 5
Boeraeve 2019_ 4.903
1AJ 78

66.3

66.3

59.6
789
60.7
542
48.6
773
60.7
542
60.7
475
46.5
723

52.4
132
18.7
333
50.8
656

Antarcti
ca

Antarcti
ca

Europe

Europe

Europe

Europe

Europe

Europe

North

soil

soil

shoot

root

deadwo

od

root

shoot

air

America shoot

Asia

Europe

soil

soil

8080

8080

0

0

0

0

16454

131792

8333

209094

184599

25861

9115

36554

9143

145

8080

8080
1645

1317
92

8333
2090
94
1845
99
2586

9115
3655
4

9143

desert

desert

forest

forest

forest

forest

forest

forest

forest

forest

forest

2005 to

2008

2006

2011

2016

2016

2016

2016

2018

2011

2014

2018

16

25

22

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Kovalchuk_2018 25.25
_EDF8 94
Mikryukov_2021_ 59.82
SP 7
Zhang_2017_02
C2 124.9
Mikryukov_2021_ 59.42
SP 5

TignatPerrier_20
20_addCL 2.95

Polackova_2016 16.65
_KRTINY 41
Kovalchuk_2018 25.25

_EDF8 94
134.7
URen_2019_add 83
Abrego_2020_C 25.75
\Y 9
126.9
Zhang_2016_DO 05
Elfstrand_2019 2 13.98
9C7 71
Baldrian_2016_D 14.70
EO2 99

60.7
542
56.8

41.8

56.8
01
45.7

49.3
214
60.7
542
48.2
195
62.1
538
27.8
078
55.9
027
48.6
645

Europe
Asia
Asia
Asia

Europe

Europe

Europe
Asia

Europe

Pacific

Ocean

Europe

Europe

shoot
litter
topsoil
litter
air
litter
shoot
lichen
air
sedimen
t
shoot

deadwo
od

0

9913

0

184900

27901

46705

18790

18974

9682

107057

9737

178052

0

20181

10193

146

1849
00
2790
1
4670
5
1879
0

1897 grassla

4

9682

1070
57

9737

1780 anthrop

52

9913 aquatic

2018
1
1019
3

forest

forest

forest

forest

nd

forest

forest

forest

ogenic

forest

forest

2016

2017

2013

2017

2017

2013

2016

2013

2019

2014

2013 to

2014

2013

20

11

18

2

1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Yang_2019_D4B 118.1
1 41

134.7
URen_2019_add 83
Yang_2019 D4B 119.4
1 32
138.3
Toju_2019_89C0 49
Ovaskainen_201 14.19
9 air 38
Mikryukov_2021_ 59.82
SP 7
Polackova_2016 16.62
_KRTINY 37
Sukdeo 2018 _1 123.2
DF4 67
101.0
Sun_2021_PK 2
Merges_2018_D 9.903
D53 82
Elfstrand_2019 2 13.98
9C7 71

Mikryukov_2021_ 59.86
SP 3

29.2
564
48.2
195
30.3
482
36.5
24
46.5
723
56.8
5
49.2
637

54.3
333
24.5
3
46.8
015
55.9
027
56.8
48

Asia

Asia

Asia

Asia

Europe

Asia

Europe

North
America

Asia

Europe

Europe

Asia

Soil
lichen
Soil
shoot
air
deadwo

od

soil

soil

topsoil

soil

shoot

litter

30662

0

71731

10255

()

0

10228

31079

41760

31634

164989

879975

22007

22558

56959

147

3066

1022

7173

1025

3107

4176

3163

1649
89
8799
75
2200
7
2255
8
5695
9

forest
forest
forest
grassla
nd
forest

forest

forest

forest

forest

forest

forest

forest

2016

2013

2015

2017

2018

2017

2013

2015

2014

2015

2013 to

2014

2017

15

80

2

5

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Mikryukov_2021_ 59.82
SP 7
158.1

Darcy 2020 CT 36
Lepinay 2021 S 16.94
o) 72
Kovalchuk_2018 25.25
_EDFS8 94
114.0

Zheng_2021_QP 14

Froeslev_2019 C 8.388
A74 86
Abrego_2020_C 30.17
Vv 33
Kovalchuk 2018 25.22
_EDF8 33
101.0

Sun_2021_PK 2

Siciliano_2014_F 110.5
F 3
110.5

Ji_2016_CO6E 5

56.8
5

21.5

Asia

North

litter

119 America shoot

48.6
79
60.7
542
21.8
465
56.1
673
62.6
131
60.7
531
24.5

Europe

Europe

Asia

Europe

Europe

Europe

Asia

Antarcti
ca

Antarcti
ca

deadwo
od

root

soil

soil

air

shoot

topsoil

soil

soil

5704
0 57049 9

2311

23115 0 5
1159

0 11592 2
1051

0 105119 19
3515

0 35156 6
2355

0 23550 O
2599

0 259908 08
2161

0 216139 39
1118
1118060 060

()

1232
12318 ) 3

1232
12318 ) 3

148

forest

forest

forest

forest

woodla

nd

shrubla

nd

forest

forest

forest

desert

desert

2017

2015

2016

2016

2014

2014

2019

2016

2017

2005 to

2008

2006

22

18

92

1

1

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Froeslev_2019_C 12.29
A74 28
TignatPerrier_20
20_addCL 2.95

Yang_2019 _D4B 110.3
1 54
73.07
URen_2019 add 32
Yang_2019 _D4B 128.3
1 53
Mikryukov_2021_ 59.86
SP 3
Mikryukov_2021_ 59.86
SP 3
Mikryukov_2021_ 59.82
SP 7
Polackova_ 2016 16.74
_KRTINY 57
Mikryukov_2021_ 59.82
SP 7
Yang_2019 D4B 118.1
1 4
108.9

Liu_2020_add 83

132 America shoot

55.9
846 Europe
45.7
7 Europe
31.4
925 Asia
52.4 North
42.3
777 Asia
56.8
48  Asia
56.8
48  Asia
56.8
5 Asia
49.3
021 Europe
56.8
5 Asia
29.2
569 Asia
18.7
5 Asia

soil

air

soil

soil

deadwo

od

litter

litter

litter

litter

soil

soil

0

74976

0

39200

42368

0

12341

24962

25028

78912

67073

26932

13577

68975

56911

149

1234

2496

7497

2502

3920

7891

6707

2693

1357

6897

4236

5691

shrubla
nd

grassla
nd

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

2014

2016

2015

2011

2016

2017

2017

2017

2013

2017

2016

2014

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



101.0

Sun_ 2021 PK 2
PradaSalcedo 2
021 _GT 26.05
101.0

Sun 2021 PK 16

George 2019 _9B 4.161
EA 28
Zhang_2017_02
C2 124.9
101.5
Sun_2021_PK 74
Abrego_2020 _C 24.02
Vv 94
Kovalchuk 2018 25.22
_EDF8 33
UOBC_2016_5C
A6 -83.37
138.8
Shigyo 2021 _TF 04
Baldrian_2016_D 14.70
EO02 55
Samonil_2020_G 14.70
B 95

245
3 Asia
47.3
1 Europe soil
245
33 Asia

topsoil

topsoil

52.9
827 Europe  soil
41.8

5 Asia Soil
21.6

12  Asia topsoaill
61.5

378 Europe air

60.7
531 Europe root
46.4 North

2 America soll
35.9
367 Asia soil

48.6 deadwo
66 Europe od

48.6

641 Europe  soil

0

0

87899

956396

57344

58432

44650

60000

30340

169320

15653

31625

15849

15973

150

9563
96
5734

5843

8789
9
4465
0
6000
0
3034
0
1693
20
1565
3
3162
5
1584
9
1597
3

forest

forest

forest

grassla 2013 to

nd

forest

forest

forest

forest

forest

forest

forest

forest

2014

2017

2015

2014

2013

2015

2019

2016

2011

2014

2013

2015

67

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Abrego_2020_C 25.66 61.0 1498 anthrop

V 53 086 Europe air 0 149823 23 ogenic 2019 9 0.0%
Abrego_2020_C 30.17 62.6 1831

V 33 131 Europe air 0 183172 72 forest 2019 11 0.0%
Mikryukov_2021_ 59.82 56.8 1673

SP 7 5 Asia litter 0 16739 9  forest 2017 1 0.0%
Yang_2019 D4B 118.1 29.2 3356

1 25 466 Asia soll 33561 0 1 forest 2016 2 0.0%
Yang_2019 D4B 118.1 29.2 3400

1 44 516 Asia soll 34005 0 5 forest 2016 2 0.0%
Mikryukov_2021_ 59.86 56.8 8537

SP 3 48  Asia litter 0 85378 8  forest 2017 5 0.0%
Mikryukov_2021_ 59.82 56.8 deadwo 6890

SP 7 5 Asia od 0 68909 9  forest 2017 4 0.0%
DelgadoBaqueriz 1.673 37.8 8875 shrubla
o_2017_BB88 75 212 Europe  soill 0 88758 8 nd 2006 5 0.0%
Lepinay_2021_S 16.94 48.6 deadwo 1841

O 81 781 Europe od 0 18416 6  forest 2016 1 0.0%
Detheridge_2020 5.679 15.9 3692 woodla

Z 31 489 Africa soil 0 36922 2 nd 2018 2 0.0%
Mikryukov_2021_ 59.42 56.8 7464

SP S 01 Asia litter 0 74644 4  forest 2017 4 0.0%
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Benucci_2020 1 174.7
AF 21
97.51

Guo_2018_0653 67

Mikryukov_2021_ 59.82
SP 7
Odriozola_2021_ 13.94
QY 11
Zhang_2017_02
C2 124.9
Zhao_2019_0D8 117.5
E 75
Mikryukov_2021_ 59.82
SP 7
Harantova_2017 12.67
_FU 93
Zhang_2017_02
C2 124.9
126.7
Oh_2021_IE 28
135.9

URen 2019 add 57

41.2
989

34.9
833
56.8
5
48.8
133
41.8
5
32.0
55
56.8
5
50.2
421
41.8
5
33.4
78
47.8
167

Australi
a

North

root

America topsoil

Asia

Europe

Asia

Asia

Asia

Europe

Asia

Asia

Asia

litter
litter
topsoil
soil
deadwo
od
soil
topsoil

shoot

lichen

8286

730450 98244 94 forest

()

1900 grassla
19004 4 nd
1929
19294 4  forest
1931
19315 5  forest
5861
58619 9  forest

1976 croplan
19760 O d
4036
40366 6  forest

2023 shrubla
20236 6 nd
6108
61082 2  forest
1931 woodla
193103 03 nd
2157
21570 0  forest

152
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2013

2017

2016

2013

2015

2017
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2013

2015

2013
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0.0%
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0.0%
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101.5
Sun 2021 PK 7

Kovalchuk_2018 25.25
_EDFS8 94
Mikryukov_2021_ 59.42
SP 5
158.1

Darcy 2020 CT 36
138.8

Shigyo_2021_TF 27
Mikryukov_2021_ 59.42
SP 5
TignatPerrier_20
20_addCL 2.95
101.5
Sun_2021_PK 7

Mikryukov_2021_ 59.86
SP 3
101.5

Sun_2021 PK 7
Polackova_ 2016 16.67
_KRTINY 86

topsoil

shoot

litter

119 America shoot

21.6
1 Asia
60.7
542 Europe
56.8
01 Asia
21.5 North
35.9
272 Asia
56.8
01 Asia
45.7
7 Europe
21.6
1 Asia
56.8
48  Asia
21.6
1 Asia
49.2

674 Europe

soil
litter
air
topsoil
deadwo
od

topsoil

soil

0

0

0

23337

0

0

0

0

389827

200790

23272

0

23401

71144

23794

357923

24001

409653

48308

153

3898
27
2007
90
2327

2333
7
2340
1
7114
4

2379 grassla

4
3579
23
2400
1
4096
53
4830
8
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forest

forest

forest

forest

forest
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2016
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2014
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2016
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Darcy 2020 _CT
Lepinay_2021_S
@)
Kovalchuk_2018
_EDF8

Darcy_2020_CT

Sun_2021_PK
Nakayama_2019
_3780
Ovaskainen_201
9 air

Mikryukov_2021_

SP
Yang_2016_DAO
4
Kovalchuk_2018
_EDF8
Ovaskainen_201
9 air

155.8
2
16.94
7
25.25
94
156.9
3
101.0
2
144.6
4
14.19
38
59.86
3
128.0
67
25.25
94
14.19
38

19.1  North

15 America shoot

deadwo
od

shoot

191 America shoot

48.6
793 Europe
60.7
542 Europe
21.1  North
24.5
3 Asia
43.4
018 Asia
46.5
723 Europe
56.8
48  Asia
42.0
73  Asia
60.7
542 Europe
46.5

723 Europe

topsoil
soil
air
deadwo
od
shoot

shoot

air

24267

24931

25065

26047

0

0

24413

198169

150105

25209

50969

191417

28741

154

2426

2441

1981
69

2493

1501

05

2506

2520

5096

2604

1914

17

2874
1

forest
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forest

2015
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2016
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Mikryukov_2021_ 59.42

SP 5
Kovalchuk_2018 25.22
_EDFS8 14
114.0

Zheng_2021_QP 14

Zhang_2017_02

C2 124.9
Ovaskainen_201 8.551
9 air 1
Elfstrand_2019 2 13.98
9C7 71
126.9

Woo_2018 BY 55
126.7

Oh_2021_IE 28
Abrego_2020_C 25.60
Vv 93
41.02

Veloso_2020 EB 61
Yang_2019_D4B 128.1
1 62
TignatPerrier_20
20_addCL 2.95

56.8
01
60.7
475
21.8
465
41.8
5
47.3
962
55.9
027
37.4
653
33.4
78
62.2
043
20.1
617
42.2
728
45.7
7

Asia litter 0 28959
Europe shoot 0 28971
Asia soil 0 29439
Asia  topsoaill 0 58893
Europe air 0 29608
Europe shoot 0 29882
Asia dust 89677 0
Asia shoot 0 180051
Europe air 0 210955
South
America shoot 30342 0
Asia soil 30518 0
Europe air 0 30606
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2895

9 forest
2897

1 forest
2943 woodla
9 nd
5889

3  forest
2960 anthrop
8 ogenic
2988

2  forest
8967 anthrop
7 ogenic
1800 woodla
51 nd
2109

55 forest

3034 croplan
2 d
3051
8  forest
3060 grassla
6 nd

2017

2016

2014

2013

2018

2013 to

2014

2015

2015

2019

2016

2016

2016

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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Sun_2021_PK
Lanzen_2016_C
CBC
TignatPerrier_20
20_addCL
Yang_2019_D4B
1
Boeraeve 2018
B175

Sun_2021_PK

Sun_2021 PK
Samonil_2020_G
B
Semenova-
Nelsen_ 2019 ad
d
Boeraeve 2018
17A7
Yang_2019_D4B
1
Polackova_2016
_KRTINY

101.0

0.077
1412

2.95
119.4
24

4.95
101.0

101.0

14.70
48

-84

4.384
128.0
59
16.64
52

245
3 Asia
42.6
276 Europe
45.7
7 Europe
30.3
498 Asia
50.8
8 Europe
245
3 Asia
245
3 Asia
48.6
67 Europe
30.7 North
5 America
50.9
16 Europe
42.5
685 Asia
49.3
178 Europe

topsoil

soil

air

soil

root

topsoil

topsoil

soil

litter

root

soil

litter

0

128370

0

65428

32790

0

0

0

0

35489

36740

0

1596

159618 18
1283

0 70
3250

32501 1
6542

0 8
3279

0 0
1265
1265810 810
6852

68526 6
3472

34725 5
3477

34773 3
3548

0 9
3674

0 0
3740

37407 7
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forest
grassla
nd
grassla
nd
forest
forest
forest

forest

forest

forest

forest

forest

forest

2014

2013

2017

2015

2015

2017

2014

2015

2014

2016

2016

2013

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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Anthony 2017_6 73.25
47F 08
101.0
Sun_ 2021 PK 2
Yang_2019_D4B
1 128.1
Semenova-
Nelsen_ 2019 ad
d -84
127.4
Liu 2019 A7FB 61
127.4

Liu_2020_M 61
Mikryukov_2021_ 59.82
SP 7
Yang_2019 D4B 128.1
1 63
126.9
Woo_2018 BY 55
Zhang_2017_02
C2 124.9
George 2019 _9B 4.840
EA 76

421
291
24.5
3
42.4
029

30.7
5
50.2
533
50.2
533
56.8
5
42.2
734
37.4
653
41.8
5

51.9
792

North
America

Asia

Asia

North
America

Asia

Asia

Asia

Asia

Asia

Asia

Europe

soil
topsoil
soil
litter
rhizosph
ere soil
rhizosph
ere soil
litter
soil

dust

soil

soil

0

0

38325

39303

39303

39959

82346

84605

1140
114015 15 forest
1142
1142008 008 forest
3832
0 5 forest
3860
38609 9  forest

3930 croplan
0 3 d
3930 croplan
0 3 d
7950
79504 4  forest
3995
0 9 forest
8234 anthrop
0 6 ogenic
4120
41200 O  forest
8460 shrubla
0 5 nd
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2013

2014

2016

2014

2015

2015

2017

2016

2015

2013

2013 to
2014

30

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Yang_ 2019 D4B 110.4

1 83
Kovalchuk_2018 25.22
_EDFS8 33
Mikryukov_2021_ 59.86
SP 3
Yang_2019_D4B 118.1
1 44
Yang_2019_D4B 118.1
1 44

Teng_2021_PZ 112.1
Yang_2019_D4B 118.1
1 44
Yang_2019_D4B 118.1
1 44
Mikryukov_2021_ 59.42
SP 5
Yang_ 2019 D4B 128.0
1 6
Zhou_2016_A8F
1 7219
Lepinay 2021 S 16.94
o) 76

31.3
215
60.7
531
56.8
48
29.2
535
29.2
56

36.7
29.2
571
29.2
586
56.8
01
42.5
676
42.5
3
48.6
774

Asia
Europe
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
North

America

Europe

soil

shoot

litter

soil

soil

topsoil

soil

soil

litter

soil

soil

deadwo
od

42352

43958

44206

44372

44623

44683

44865

0

212188

84970

44816

44925

45256
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4235
2
2121
88
8497
0
4395
8
4420
6
4437
2
4462
3
4468
3
4481
6
4486
5
4492
5
4525
6

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

2015

2016

2017

2016

2016

2013

2016

2016

2017

2016

2012

2016

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%



Kovalchuk 2018 25.22
_EDF8 33
Kovalchuk 2018 25.22
_EDF8 14
Semenova-
Nelsen_2019 ad
d -84
Yang_2019 D4B 119.4
1 35
101.0

Sun 2021 PK 2

Bissett_ AAAA_20 148.8
16 31
83.53

Brown_2019 add 45
Boeraeve 2021 _1 4.464

| 3
Kovalchuk_2018 25.22
_EDFS8 14
101.0

Sun_2021_PK 16
Elfstrand_2019 2 13.98
9C7 71

60.7

531 Europe shoot
60.7

475 Europe shoot
30.7 North

5 America litter
30.3

459 Asia soil
245

3 Asia  topsoaill
35.3 Australi

365 a soil
35.6 North

953 America  soill
50.8
151 Europe  root

60.7
475 Europe shoot
24.5
33 Asia topsoil
55.9
027 Europe shoot

0

0

0

47673

0

45399

0

()

1822
182256 56
1371
137138 38

4585

45858 8
4767

0 3
1885

1885233 233

4852
3123 2

4930
49309 9
4958
49588 8
1493
149375 75
4989
49896 6
5027
50270 O
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forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

2016

2016

2014

2015

2014

2013

2017

2019

2016

2015

2013 to
2014

39

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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George 2019 9B 3.714
EA 66
101.0

Sun_2021_PK 2
Kovalchuk_2018 25.25

_EDF8 94
126.9

Woo_2018 BY 55
138.8

Shigyo_2021_TF 25

Mikryukov_2021_ 59.82
SP 7
Zhang_2017_02
C2 124.9
Kovalchuk_2018 25.22
_EDF8 14
126.7
Oh_2021_IE 28
Zhang_2017_02
C2 124.9

George_ 2019 _9B 3.663
EA 33

52.9
9 Europe soil
245
3 Asia  topsoaill
60.7
542 Europe shoot
37.4
653 Asia air
35.9
505 Asia soil
56.8
5 Asia litter
41.8
5 Asia soil
60.7
475 Europe shoot

33.4

78  Asia soil
41.8

5 Asia soil

51.6
42 Europe soil

101506

0

0

53203

0

0

0

0

278361

0 06 d
1851
1851839 839 forest
1551
155166 66 forest

5320 anthrop
0 3 ogenic
5324
53243 3  forest
5348
53480 0  forest
5438
54380 0  forest
1096
109620 20 forest
5535 woodla
55357 7 nd
5538
55382 2  forest
0 61 nd
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1015 croplan 2013 to

2783 grassla 2013 to

2014

2014

2016

2015

2014

2017

2013

2016

2015

2013

2014

2

36

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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Kovalchuk_2018 25.25
_EDFS8 94

Cai_2020_addG 99.49
101.0
Sun_2021_PK 2

Nakayama_2019 144.6
_3780 54
116.4
Fan_2019 BU 8
Mikryukov_2021_ 59.42
SP 5
Sukdeo 2018 _1 123.2
DF4 67
Mikryukov_2021_ 59.86
SP 3
101.0
Sun_2021_PK 2
101.0
Sun_2021_PK 2
Cregger_2018_a
dded -83.96
Zhang_2017_02
C2 124.9

60.7
542
26.5

24.5

43.3
463
39.8

56.8
01

54.3
333
56.8
48
24.5
3
24.5
3
35.8
4
41.8
5

Europe shoot

Asia shoot

Asia  topsoaill

Asia soll

Asia air

Asia litter
North

America  soil
Asia litter
Asia  topsoaill
Asia  topsoaill
North

America shoot

Asia  topsoaill

0

56974

0

57903

59362

0

2266

226645 45
5697

0 4
1662
1662226 226
5790

0 3
5936

0 2
6001

60013 3
2409

240953 53
6035

60353 3
1579
1579818 818
1217
1217512 512
1826

182688 88
6099

60993 3
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forest
croplan
d
forest
forest
anthrop

ogenic

forest

forest

forest

forest

forest

forest

forest

2016

2017

2014

2012

2014

2017

2014

2017

2017

2017

2014

2013

26

20

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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Zhang_2017_02
C2 124.9
101.0
Sun_2021_PK 2
101.0
Sun_2021_PK 2
101.0
Sun_2021_PK 2
27.14

Talas_2021_OR 92

Anthony_2017_6 73.25
47F 08
Mikryukov_2021_ 59.82
SP 7
Kovalchuk_2018 25.25
_EDF8 94
George_2019_9B 3.686
EA 78
Bayranvand_202 52.08
O_FT 19
Kovalchuk_2018 25.22
_EDF8 33

41.8

5 Asia  topsoaill
24.5

3 Asia  topsoaill
24.5

3 Asia  topsoaill
24.5

3 Asia  topsoaill
56.7 sedimen
602 Europe t

42.1 North

291 America  soil
56.8

5 Asia litter
60.7

542 Europe shoot

52.2
711 Europe  soil
36.3
713  Asia soil
60.7
531 Europe shoot

61388

6138
8 forest 2013
1663

1663763 763 forest 2014

4320
432006 06 forest 2017
1896
1896327 327 forest 2017
6406
64066 6 aquatic 2013
1319
131926 26 forest 2013
6650
66506 6  forest 2017
6939
69399 9  forest 2016
2136 shrubla 2013 to
0 53 nd 2014
7143
71430 0  forest 2018

2150

215002 02 forest 2016
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30

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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83.23
Brown_2019 add 44

Mikryukov_2021_ 59.42
SP 5
Kovalchuk 2018 25.22
_EDF8 14
Boeraeve 2018 _

17A7 2.787
Mikryukov_2021_ 59.42
SP 5
128.4

Park_2020_609a 63
Kovalchuk_2018 25.22
_EDF8 14
83.23
Brown_2019 add 44
101.0

Sun_2021_PK 2
101.0

Sun 2021 PK 2
112.1
He 2021 mEA 67

35.0 North
82 America soill
56.8 deadwo

01 Asia od
60.7
475 Europe shoot
50.8

66 Europe root
56.8 deadwo

01 Asia od
38.0 rhizosph
321 Asia ere soil

60.7
475 Europe shoot

35.0 North

82 America soil
24.5

3 Asia  topsoaill
24.5

3 Asia  topsoaill
231

667 Asia soil

0

0

0

75393

0

73869

74477

74825

0

75984

152677

76908

77438

156791

396293

79657
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7386

7447

7482

7539

7598

1526
77
7690

7743
8
1567
91
3962
93
7965
7

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

2017

2017

2016

2016

2017

2018

2016

2017

2014

2014

2016

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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Kovalchuk_2018 25.25
_EDFS8 94
128.4

Park 2020 609a 63
101.0

Sun 2021 PK 2

George 2019 _9B 3.396
EA 61
Mikryukov_2021_ 59.42
SP 5
Gomes_2017_2A 150.2
FC 75
126.9
Woo_2018 BY 55
Boeraeve 2018
17A7 4.114
Kovalchuk 2018 25.25
_EDF8 94
Kovalchuk 2018 25.25
_EDF8 94
101.0

Sun_2021_PK 2

60.7
542
38.0
321

24.5

52.3
648
56.8
01
33.6
478
37.4
653
50.8
69
60.7
542
60.7
542
24.5
3

Europe

Asia

Asia

Europe

Asia

Australi
a

Asia

Europe

Europe

Europe

Asia

shoot
rhizosph
ere soil
topsoil
soil
deadwo
od
soil
dust
root
shoot

root

topsoil

0

0

0

266779

0

0

94732

288563

0

0

0

9473 anthrop
ogenic

1675

167577 77
1679

167938 38
4305
430552 52
2667

0 79
9217

92175 5
1859

185924 24

0 2
2885

0 63
1932

193216 16
9723

97236 6
1217

1217578 578
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forest

forest

forest

forest

forest

forest

forest

forest

forest

forest

2016

2018

2014

2013 to
2014

2017

2012

2015

2016

2016

2016

2014

12

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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101.0 24.5 9225

Sun_2021_PK 2 3 Asia  topsoaill 0 922592 92 forest 2014 9 0.0%
Yang_2019 D4B 119.4 30.3 1028

1 39 439 Asia soll 102835 0 35 forest 2015 1 0.0%
101.0 245 1137

Sun_2021_PK 2 3 Asia  topsoaill 0 1137139 139 forest 2017 11 0.0%
101.0 245 9803

Sun_2021_PK 2 3 Asia  topsoaill 0 980326 26 forest 2014 9 0.0%
101.0 245 9178

Sun_2021_PK 2 3 Asia  topsoaill 0 917814 14  forest 2014 8 0.0%
Kovalchuk 2018 25.22 60.7 1149

_EDF8 33 531 Europe shoot 0 114962 62 forest 2016 1 0.0%
101.0 245 9350

Sun_2021_PK 2 3 Asia  topsoaill 0 935057 57 forest 2014 8 0.0%
Kovalchuk 2018 25.22 60.7 1176

_EDF8 14 475 Europe root 0 117600 00 forest 2016 1 0.0%
Kovalchuk 2018 25.22 60.7 1195

_EDF8 33 531 Europe shoot 0 119545 45 forest 2016 1 0.0%
101.0 245 1819

Sun_2021_PK 2 3 Asia  topsoil 0 1819929 929 forest 2017 15 0.0%
Kovalchuk 2018 25.22 60.7 1215

_EDF8 33 531 Europe shoot 0 121585 85 forest 2016 1 0.0%
101.0 245 1099

Sun_2021_PK 2 3 Asia  topsoaill 0 1099464 464 forest 2017 9 0.0%
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Kovalchuk_2018
_EDF8
Kovalchuk_2018
_EDF8

Sun_2021_PK
Franzetti_2020_
GF

Park_2020_609a
Saitta_2018 51C
8
Franzetti_2020_
GF
Kovalchuk_2018
_EDF8

Sun_2021_PK

Woo 2018 BY
Kovalchuk_2018
_EDF8
Kovalchuk_2018
_EDF8

25.22
14
25.22
33
101.0

10.58
51
128.4
63
12.00
22
10.58
45
25.22
33
101.0

126.9
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25.22
14
25.25
94

60.7
475
60.7
531

24.5

46.4
049
38.0
321

36.7
808
46.4
056
60.7
531

24.5

37.4
653
60.7
475
60.7
542

Europe

Europe

Asia

Europe

Asia

Europe

Europe

Europe

Asia

Asia

Europe

Europe

shoot
shoot
topsoil
soil
rhizosph
ere soil
soil
soil
shoot
topsoil
dust

shoot

root

1

0

0

137974

0

0

583776

0

0

154682

0

0

1281

128124 25
1284

128457 57
1689
1689355 355
1379

0 74
1406

140661 61
2870

287082 82
5837

0 76
1460

146089 89
1319
1319159 159
1546

0 82
1565

156583 83
1585

158503 03
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forest
forest
tundra
forest
forest
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forest
forest
anthrop
ogenic
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Sun_2021_PK

Nunez_2019_BS
Kovalchuk_2018
_EDF8

Park_2020_609a
Sun_2021 PK
Sun_2021 PK

Kovalchuk_2018

_EDF8
Sun_2021 PK
Kovalchuk_2018
_EDF8
Sun_2021 PK
Sun_2021 PK

Kovalchuk_2018
_EDF8
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3.725
14
25.22
33
128.4
63
101.0

101.0

25.22

33

101.0

25.25

94

101.5

101.0

25.25
94

24.5
3 Asia
40.4
46 Europe
60.7
531 Europe
38.0
321 Asia
24.5
3 Asia
24.5
3 Asia
60.7
531 Europe
24.5
3 Asia
60.7
542 Europe
21.6
1 Asia
24.5
3 Asia
60.7

542 Europe

topsoil

air

shoot
rhizosph
ere soil
topsoil
topsoil

shoot
topsoil

shoot
topsoil

topsoil

shoot

1430
1430097 097

1590
159066 66
1616
161667 67
1624
162403 03
1028
1028561 561
8734
873469 69
1810
181051 51
1752
1752547 547
1975
197510 10
2001
200173 73
1651
1651283 283
2462
246234 34
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Sun_2021_PK

Benucci_2020 1
AF
Saitta_2018 51C
8
Saitta_2018 51C
8

Sun_2021_PK
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8
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8
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)
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2
11.97
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12.01
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101.5
7
101.0
2
100.1
7
12.03
02
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1
43.2
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36.8
185
36.7
85
24.5
3
36.7
794
36.7
78
21.6
1
24.5
3
271
2
36.7
388
24.5
3
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Australi
a

Europe

Europe
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Europe

Europe

Asia

Asia

Asia

Europe
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topsoil

root

soil

soil

topsoil

soil

soil

topsoil

topsoil

topsoil

soil

topsoil

0

2528
252813 13

1045

706373 339599 972

0

()

2647
264711 11
2799
279954 54
1121
1121182 182
3237
323750 51
3277
327753 53
6949
694925 25
1760
1760148 148
3563
356350 50
3946
394657 57
1678
1678287 287
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forest

forest

forest

forest

forest

forest

forest
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forest

forest

forest

2016
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Saitta_2018_51C 12.02 36.7 4370

8 1 584 Europe  soll 0 437042 42 forest 2013 1 0.0%
101.5 21.6 4825

Sun_2021_PK 7 1 Asia  topsoil 0 482553 53 forest 2017 1 0.0%
101.0 245 5147

Sun_2021_PK 2 3 Asia  topsoil 0 514714 14 forest 2017 1 0.0%
101.5 21.6 6447

Sun_2021_PK 7 1 Asia  topsoil 0 644759 59 forest 2017 1 0.0%
101.0 245 7419

Sun_2021_PK 2 3 Asia  topsoil 0 741972 72 forest 2014 1 0.0%
101.0 245 7959

Sun_2021_PK 2 3 Asia  topsoaill 0 795905 05 forest 2014 1 0.0%
100.1 27.1 8067

Sun_2021_PK 7 2 Asia  topsoil 0 806713 13 forest 2014 1 0.0%
100.1 27.1 1243

Sun_2021_PK 7 2 Asia  topsoaill 0 1243887 887 forest 2014 1 0.0%
101.0 245 1263

Sun_2021_PK 2 3 Asia  topsoil 0 1263089 089 forest 2014 1 0.0%
101.0 245 1420

Sun_2021_PK 2 3 Asia  topsoil 0 1420912 912 forest 2014 1 0.0%

Supplementary Table 4 Distribution of CAZymes in representative fungal species used in this study
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A. cra= Acrodontium crateriforme, A. ric= Acidomyces richmondensis, C. may= Cercospora zeae-maydis, E. faw= Elsinoe
fawcettii, H. wer= Hortaea werneckii, P. ton= Polychaeton citri, S. mus= Sphaerulina musiva,

D. aci= Dissoconium aciculare, F. end= Friedmanniomyces endolithicus,P. fijI= Pseudocercospora fijiensis, A. nam=
Aureobasidium namibiae, T. nub= Teratosphaeria nubilosa, D. sep= Dothistroma septosporum, M. dur=  Myriangium
duriaei,

F. sim= Friedmanniomyces simplex,B. pan= Baudoinia panamericana, Z. cel= Zasmidium cellare, E. amp= Elsinoe
ampelina,  P. nod= Parastagonospora nodorum, S. tha= Salinomyces thailandica, = C. bet= Cercospora beticola,

H. aci= Hortaea acidophila, Z. tri= Zymoseptoria tritici, P. ful= Passalora fulva, P. hor= Piedraia hortae.
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