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ABSTRACT

Fungi play important roles in various environments. Some of them infect plants and
cause economically important diseases. However, many fungal pathogens cause similar
symptoms or are even spread asymptomatically, making it difficult to identify them
morphologically. Therefore, culture-independent, sequence-based diagnostic methods that
can detect and identify fungi independently of the symptoms that they cause are desirable.
Whole genome metagenomic sequencing has the potential to enable rapid diagnosis of
plant diseases without culturing pathogens and designing pathogen-specific probes. In my
study, the MinlON nanopore sequencer, a portable single-molecule sequencing platform
developed by Oxford Nanopore Technologies, was employed to detect the fungus
Calonectria pseudonaviculata (Cps), the causal agent of the devastating boxwood blight
disease of the popular ornamental boxwood (Buxus spp.). Various DNA extraction methods
and computational tools were compared. Detection was sensitive with an extremely low
false positive rate for most methods. Therefore, metagenomic sequencing is a promising

technology that could be implemented in routine diagnostics of fungal diseases.



Other fungi may play important roles in the atmosphere because of their ice
nucleation activity (INA). INA is the capacity of some particles to induce ice formation
above the temperature that pure water freezes (-38°C). Importantly, INPs affect the ratio
of ice crystals to liquid droplets in clouds, which in turn affects Earth’s radiation balance
and the intensity and frequency of precipitation. A few fungal species can produce ice
nucleating particles (INPs) that cause ice formation at temperatures >—10°C and they may
be present in clouds. Two such fungal genera are Fusarium and Mortierella but little is
known about their INPs and the genetic basis of their INA. In my study, F. avenaceum and
M. alpina were examined in detail. INPs of both species were characterized and it was
found that strains within both species varied in regards to the strength of INA. Whole
genome sequencing and comparative genomic studies were then performed to identify
putative INA genes. Differential expression analyses at different growth temperatures were
also performed. INP properties of the two species shared similarities, both appearing to
consist of secreted aggregates larger than 30 kDa. Low temperatures induced INA in both
species. Lists of candidate INA genes were identified based on their presence in the strains
with the strongest INA and/or induction of their expression at low temperatures and
because they either encode secreted proteins or enzymes that produce other molecules
known to have INA in other organisms. These genes can now be characterized further to
help identify the fungal INA genes in both species. This can be expected to help increase

our understanding of the role of fungal INA in the atmosphere.
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GENERAL AUDIENCE ABSTRACT

Fungi are important to life on Earth and play roles in the environments that surround
us. On the one hand, fungi can make plants sick and some plant diseases may even cause
economic losses to farmers. If the cause of a disease can be identified accurately in an early
stage before symptoms develop, disease transmission may be prevented and plants may be
protected from disease. However, it is a challenge to find out which fungus causes which
disease since symptoms of different fungal diseases look very similar. Typically, we have
to wait for plants to become very sick or we have to isolate the fungus that causes a disease
to identity it, which may be time-consuming and not lead to precise identification. DNA
sequencing technologies have the potential to lead to more sensitive, faster, and more
accurate disease diagnosis and, therefore, may help prevent disease outbreaks. In my study,
the MinlON nanopore sequencer, a small portable device, was used to detect the fungus
causing boxwood blight on boxwood. By loading the DNA of unhealthy boxwood on the
device, the boxwood blight pathogen was identified within a very short time. Thus, this
method is a promising diagnostic method that may be applied to detect other plant fungal

diseases as well.



On the other hand, fungi may affect Earth’s climate by affecting how many water
droplets in clouds are frozen, which in turn affects Earth’s temperature and how often and
how much it rains and snows. Fungi may affect the freezing of water droplets in clouds
since some of them have ice nucleation activity (INA), which is the capacity to catalyze
ice formation at a higher temperature than the temperature at which pure water freezes (-
38°C), and they may be present in clouds. So far, INA has only been found in a few fungi,
including the species Fusarium avenaceum and Mortierella alpina, but the mechanism of
their INA is poorly understood. In my study, multiple F. avenaceum and M. alpina strains
were examined in detail. Two approaches were used. First, strains in each species were
compared with each other to find out how strong their INA is. Once it was found that they
differed in their strength of INA, their genomes were sequenced and compared to find
genes present in the most active strains and missing from the least active strains since it is
these genes that may contribute to INA. It was also found that both fungal species had
stronger INA when they were grown at lower temperatures. Therefore, the expression of
their genes between higher and lower temperatures was compared to find the genes that
were more highly expressed at lower temperatures since it is these genes that may cause
INA. Based on previous studies, fungal INPs may either consist of secreted proteins or be
the products of biosynthetic gene clusters. Therefore, the list of potential genes was reduced
by looking for genes encoding either secreted proteins or biosynthetic gene clusters. The
list of these potential INA genes will make it easier to identify the INA genes in F.
avenaceum and M. alpina and determine the role of fungi in affecting the weather and

climate on Earth.
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Abstract

Pathogen detection and identification are key elements in outbreak control of human, animal, and
plant diseases. Since many fungal plant pathogens cause similar symptoms, are difficult to
distinguish morphologically, and grow slowly in culture, culture-independent, sequence-based
diagnostic methods are desirable. Whole genome metagenomic sequencing has emerged as a
promising technique because it can potentially detect any pathogen without culturing and without
the need for pathogen-specific probes. However, efficient DNA extraction protocols,
computational tools, and sequence databases are required. Here we applied metagenomic
sequencing with the Oxford Nanopore Technologies MinlON to the detection of the fungus
Calonectria pseudonaviculata, the causal agent of boxwood (Buxus spp.) blight disease. Two DNA
extraction protocols, several DNA purification kits, and various computational tools were tested.
All DNA extraction methods and purification Kkits provided sufficient quantity and quality of DNA.
Several bioinformatics tools for taxonomic identification were found suitable to assign sequencing
reads to the pathogen with an extremely low false positive rate. As few as 200 sequencing reads
were required for pathogen detection in severely diseased samples and identification at strain-level
resolution was approached as the number of sequencing reads was increased. We discuss how

metagenomic sequencing could be implemented in routine plant disease diagnostics.

Introduction

The sooner a disease outbreak is detected and the causative agent is identified, the faster the
outbreak can be controlled by implementing testing, quarantine, and isolation. This applies to
human, animal, and plant diseases . Boxwood blight is a devastating fungal plant disease of

ornamentals in the Buxaceae family including boxwood (Buxus spp.), sweet box (Sarcococca



spp.), and pachysandra (Pachysandra spp.). Because boxwood is one of the most popular
horticultural crops in the U.S. with annual sales of $126 million 2, boxwood blight has caused
significant economic losses and is of great concern to the landscape and nursery industry and home
growers. The disease is caused by two closely related fungal species, Calonectria
pseudonaviculata (Cps) and Calonectria henricotiae (Che). While Cps is widely distributed in
North America, western Asia and Europe, Che has only been observed in Europe so far 2. Cps was
first detected in the U.S. in 2011 and has since been reported in at least 30 states 4. Since Cps
mainly spreads through infected plant material, contaminated tools, and other surfaces, early and
rapid pathogen detection to avoid the distribution of infected plant material to home growers,
nurseries, and public parks is critical to managing this disease.

Several diagnostic methods have been used for the detection of boxwood blight. Traditional
morphology-based methods use observation of spores under the microscope. This requires
expertise and a relatively long incubation period of the collected plant material because sporulation
may need to be induced first 4. In some cases, it is even necessary to isolate and culture the
pathogen before spores can be observed. Moreover, spores of Cps and Che are so similar that their
differentiation is challenging ® and there is even the risk that other fungi are mistaken for Cps 4.

Molecular detection methods have been developed for faster and more sensitive detection
of Cps. Polymerase chain reaction (PCR)-based assays are commonly used for direct detection of
Cps and have been validated using environmental samples. However, in the early stages of assay
development, these tests had a risk of false-positive signals 8, and a trade-off between specificity
and sensitivity in PCR-based assays has been found ’. A set of new PCR-based protocols were
developed to differentiate between Cps and Che but have only been validated on artificially

inoculated plants 8 Other molecular methods are based on Loop-mediated isothermal



amplification (LAMP) and have been shown to exhibit high specificity for pure cultures. These
assays can discriminate between the target pathogen and closely related species that may be present
in the rhizosphere with no false-positive results. However, validation of Cps in rhizosphere
samples gave negative results °. Finally, Next-generation sequencing (NGS) using Illumina
technology has also been used to identify Cps as the pathogen causing Sarcococca blight. This
method was able to identify Calonectria at the species-rank, but only after DNA was obtained
from pure fungal cultures °.

Whole genome metagenomic sequencing is a promising new approach for pathogen
detection and identification for disease diagnosis 12, This culture-independent method consists
in sequencing all DNA or RNA present in a sample, for example from a symptomatic host, and
has been shown to provide accurate diagnosis. Since metagenomic sequencing does not rely on
pathogen-specific probes or primers, little to no previous knowledge of the putative identity of the
pathogen is required. Metagenomics approaches utilizing NGS have been used in clinical research
and are gradually being adopted in diagnosing plant diseases as well 34, To achieve a rapid
diagnosis, the MinlON nanopore sequencer, a single-molecule long-read sequencing platform
developed by Oxford Nanopore Technologies Inc. (ONT) is particularly promising. It has several
advantages over other NGS sequencing platforms: longer reads improve genome assembly and
increase the precision of detection, first results are available minutes after a sequencing run is
initiated, and it can be used almost anywhere, even in Space °. This portable sequencer has thus
been used for metagenomic sequencing in medical research to successfully detect and sequence
pathogens like Ebolavirus ' and SARS-CoV-2 %/,

However, the MinlON has limitations regarding sensitivity and accuracy. Read accuracy

is around 90%, which is lower than that of the short read technology Illumina. Although accuracy



has recently been improved by increasing the accuracy with which raw signals obtained by the
MinlON are translated into base-pairs, a process called “base-calling” 8. A more general challenge
with metagenomics is that host genome sequences in the extracted DNA may represent the
majority of the data '° and non-pathogenic microorganisms associated with the host plant may
reduce the percentage of pathogen sequences further 2°, making it difficult to detect the causative
agent.

With regard to plant disease diagnostics, metagenomic sequencing with the MinlON using
DNA or RNA extracted directly from plants enables rapid pathogen detection and identification in
almost any laboratory or even in the field 2°. However, so far, the MinlON has mainly been used
to identify plant pathogenic viruses 212 and bacteria 2324, Few studies have reported using the
MinION for detection of plant pathogenic fungi *2% which is challenging because of the poor
representation of fungal genomes in reference databases and the technical difficulties in isolating
high quality fungal DNA directly from plant tissue.

Here we applied metagenomic sequencing to the detection of Cps in naturally infected
boxwood. The main objectives were to (i) find a DNA extraction method that yields a high
concentration of pathogen DNA of sufficient quality for sequencing and (ii) develop a
bioinformatics workflow that optimizes detection sensitivity and specificity of the pathogen. While
we focused on Cps and boxwood, the developed approach should be adaptable to most fungal
pathogens of most plants and thus contribute to the improvement of plant disease diagnostics for

outbreak control in general.

Materials and Methods

Plant material



Naturally infected boxwood samples from various locations in Southwest Virginia were obtained
from the Virginia Tech Plant Disease Clinic. Collection of plant material was done complying with
institutional, national, and international guidelines and legislation. Samples were either moderately
diseased or severely diseased (Supplementary Figure 1). Healthy boxwood collected in the towns
of Blacksburg and Floyd, Virginia, where no boxwood blight had been recorded at the time, served
as negative controls. Plant material was stored at 4°C for immediate use, otherwise at -80°C until

DNA extraction.

Extraction methods used to prepare DNA for MinlON sequencing

To determine the most efficient DNA extraction method, both moderately and severely diseased
samples were either sonicated (without disrupting plant cells) or homogenized in liquid nitrogen
(disrupting plant cells) (Figure 1). DNA was measured using a Thermo Scientific NanoDrop
spectrophotometer.

For sonication, 4.5 g of plant tissue composed of twigs of moderately diseased or severely
diseased plants were placed in a Ziploc bag containing nuclease-free water. Next, the bag was
sonicated for 15 minutes to dislodge as many microorganisms as possible from the plant into the
liquid and disrupt their cells. The liquid went through a vacuum filter flask to concentrate DNA
on the filter membrane. DNA was extracted from the membrane using Kits designed for water and
soil samples, as shown in Table 1 (sample IDs starting with the letter S).

For homogenization, plant tissue composed of leaves and stems randomly picked from
moderately diseased or severely diseased plants was ground in liquid nitrogen. 0.1 g of ground
tissue was used for DNA extraction using kits as shown in Table 1 (sample IDs starting with the

letter G). For extraction from severely diseased plant batch 1, 0.1 g of severely diseased boxwood



was ground and processed individually for each DNA extraction. However, to make plant samples
more similar to each other and results obtained with different kits more comparable, this was
changed for the later batches: several grams of tissue were ground together and then 0.1 g aliquots
were used for individual DNA extractions. For the negative control, DNA was extracted with the
ZymoBIOMICS DNA Miniprep Kit from a 0.1 g aliquot of ground, healthy plant tissue (sample

ID: NC).

MinlON library preparation and sequencing

MinlON Library preparation was performed according to the native barcoding genomic DNA
protocol (EXP-NBD104, EXPNBD114, and SQK-LSK109) % with minor modifications. The
library was prepared using the Ligation Sequencing Kit (ONT; SQK-LSK109). For each run, first,
DNA for each sample was repaired and end-prepped for each sample using the NEBNext Ultra Il
End Repair/dA-Tailing Module (New England Biolabs, Inc.; Catalog # E7546S). 90 uL AMPure
XP beads were used for cleaning up repaired DNA. Then repaired DNA was washed on a magnetic
rack using freshly made 70% ethanol and eluted with 25 pL nuclease-free water. Second, native
barcode ligation was performed by mixing 22.5 uL of the elute with the Blunt/TA Ligase Master
Mix (New England Biolabs, Inc.; Catalog # M0367S) and Native Barcode (ONT; Native
Barcoding Expansion Kit EXP-NBD104). Barcoded DNA was cleaned up by another wash step
using 90 pL. AMPure XP beads, and DNA was eluted in 26 pulL nuclease-free water. Then
equimolar amounts of each barcoded DNA were pooled into a 1.5 mL microcentrifuge tube. Last,
adapter ligation was performed by mixing the pooled barcoded sample with Adapter Mix (ONT;
SQK-LSK109), NEBNext Quick Ligation Reaction Buffer (New England Biolabs, Inc.; Catalog

# B6058S) and Quick T4 DNA Ligase (New England Biolabs, Inc.; Catalog # M2200S). Ligated



DNA was cleaned up with 60 uL. AMPure XP beads, washed on a magnetic rack using Long
Fragment Buffer (ONT; SQK-LSK109), and eluted with 15 pL Elution Buffer (ONT; SQK-
LSK109).

Sequencing reactions were performed independently for each run on a MinlON flow cell
(ONT; FLO-MIN106 R9.4.1 Version) connected to a Mk1B device (ONT; MIN-101B) operated
by the MinKNOW software (ONT, Inc. v19.12.2). Each flow cell was primed with the priming
buffer prepared by mixing 30 uL Flush Tether (ONT; EXP-FLP002) with a tube of Flush Buffer
(ONT; EXP-FLP002). 12 uL of the final library mixed with Sequencing Buffer (ONT; SQK-
LSK109) and Library Loading Beads (ONT; SQK-LSK109) were loaded onto the SpotON sample
port of the flow cell in a dropwise fashion. The sequencing run was stopped when all pores lost
activity, usually after 48-72 hours. A new flow cell was used for each run. Sample IDs and
descriptions are shown in Table 1. After sequencing, the raw files in FAST5 format, containing
the electrical signals, were translated (base-called) with the ONT tool Guppy GPU (v3.2.2) into
sequences with a minimum g-score of 7 and saved as FASTQ files for further analysis. The FASTQ

files were then converted to FASTA files with an in-house shell script.

DNA extraction and Illumina sequencing

Healthy plant tissue (100 mg) and severely diseased plant tissue (100 mg) were homogenized in

liquid nitrogen for DNA extraction for Illumina sequencing to serve as controls for MinlON

sequencing. DNA of healthy boxwood was extracted using Invisorb Spin Plant Mini Kit, and DNA

of severely diseased boxwood was extracted using ZymoBIOMICS DNA Miniprep Kit.
Whole-genome sequencing of healthy boxwood was performed on an Illumina Nova Seq

6000 Platform (2 x 150 bp) at Novogene Corporation Inc. (Sacramento, CA). Low-quality reads



and adapters were removed by the company. Illumina sequencing of severely diseased plant tissue
was performed on an Illumina HiSeq 3000 Platform (2 x 100 bp) at the lowa State University
DNA Facility, and the quality of reads was checked using FastQC v0.11.9 ?’. Reads were trimmed

using Trimmomatic v0.39 28 to remove adapters.

Metagenomic analysis
Two custom fungal genome databases were constructed for taxonomic assignment of fungal reads.
First, to determine the DNA extraction method that yields the highest percentage of Cps, a small
database containing only four fungal genomes of the family Nectriaceae was constructed: Cps CBS
139395, Che CBS 138102, Fusarium graminearum PH-1, and Pseudonectria foliicola AR2711
(downloaded from NCBI). The Cps genome was used to identify Cps reads and the VVolutella blight
pathogen Pseudonectria foliicola was included since it frequently co-infects boxwood with Cps.
The Che genome was added as the negative control since it is closely related to Cps but is not
present in the USA and the F. graminearum genome served as the second negative control since
it is another member of the family Nectriaceae but does not cause disease on boxwood. A more
extensive database (referred to as large database from here on) was used for a more in-depth
characterization of the obtained metagenomes: all assembled genomes of Cps, Che, F.
graminearum, P foliicola and Pseudonectria buxi (another VVolutella blight pathogen) available at
NCBI in April 2021 (Supplementary Table 1). Reads were trimmed with Porechop v0.2.4 ?° to
remove adapters before using them with this database.

Three bioinformatics tools for taxonomic assignment of MinlON readswere used: 1.
BLASTN v2.10.0+ 20, 2. MetaMaps v0.1 3, and 3. Kraken 2 v2.1.1 *2. BLASTN was chosen

because it is a commonly used tool to identify fungi 3. The -evalue parameter was set to less than



0.001, and results were filtered for alignments longer than 1000 bp. For each read, the hit with the
lowest E-value was used for taxonomic assignment. MetaMaps was specifically developed for
taxonomic assignment of long metagenomic reads 3!. The parameter --perc_identity was set to 85,
and hits were further filtered to an identity greater than 85% since hits with lower percentage
identity were still reported even using the --perc_identity 85 parameter. Since MetaMaps provides
a single taxonomic assignment for each read, ranking was not necessary. Kraken 2 is a popular
tool for taxonomic read assignment that provides high accuracy and has faster speeds and lower
memory requirements than the original Kraken 3234, It has been shown to work well for MinION
reads % but was originally designed for short reads and was thus used for both MinION and
Illumina reads. The default parameters were used for MinlON reads, and the parameter --paired
was used for Illumina reads.

Since contigs derived from assembled reads have a lower error rate than raw reads, Cps
genomes were assembled to attempt identification of the Cps lineage present in our sample. Cps
reads that had been pre-identified by BLASTN in samples G10, G11 and G12 using the extensive
database were used as input. Canu v2.1.1 ¢ was used for assembly and QUAST v5.0.2 ¥ and
BUSCO v5.0.0 % were used to assess the quality of the assembled Cps genome. CBS139395
served as the reference genome for QUAST. BUSCO was based on the lineage-specific profile
library hypocreales_odb10. To explore strain-level identification, BLASTN and sourmash v4.0.0
39 were then used in parallel to determine the similarity between the genome assemblies and the
reference Cps genomes. For sourmash, the parameters -p, scaled=1000, and k=21 were used for
generating signatures of the assembly and the reference genomes with the sketch dna command.

The search command was then used to identify which Cps genome in the database was most similar
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to the assemblies (measured as Jaccard similarity). For BLASTN, the same parameters as in the
previous sections were used.

To determine the minimal number of MinlON reads required to consistently detect Cps,
reads were randomly sub-sampled 10 times at each of the following sub-sample sizes: 200, 300,
500, 700, and 1000. For each sub-sample, BLASTN hits for Cps were retrieved using the read IDs
and counted.

All programs were run on Virginia Tech’s high performance computer network ARC. For
data visualization, R was used to generate the bubble plot. KronaTools v2.7.1 4° was used to

generate graphical interactive html taxonomy abundance piecharts.

Results

Experimental design overview

To determine the feasibility of culture-independent metagenomics for detection of the boxwood
pathogen Cps, several DNA extraction methods, two DNA sequencing technologies, and several
bioinformatics metagenomics analysis tools were compared. Because results of DNA extraction
methods can only be compared with each other after sequencing and bioinformatics analyses have
been completed and because it was not feasible to compare all combinations of protocols and tools,
experiments and respective results were grouped as follows: 1. Identification of DNA extraction
methods that provide DNA of sufficient quantity and quality for ONT MinlON sequencing and a
high percentage of Cps sequencing reads based on the analysis of all samples sequenced with the
ONT MinION using two metagenomics tools and a small fungal reference database; 2. Cps
identification using additional bioinformatics tools in combination with a large fungal genome

database; 3. Comparison of results obtained with the ONT MinlON to results obtained with the
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Illumina sequencing platforms using a bioinformatics tool that can be used for both platforms; 4.
Attempt at lineage-specific Cps identification after assembling sequencing reads; 5. Determination

of the smallest number of MinlON reads necessary to detect Cps in severely diseased samples.

DNA extraction from both, ground boxwood tissue and wash water of sonicated tissue,
provides DNA of sufficient quality and quantity for detection of Cps

Two fundamentally different DNA extraction methods were tested: extraction of DNA from wash
water of relatively large sonicated plant samples (4.5 g) and DNA extraction from a relatively
small amount of plant tissue (0.1g) that was ground in liquid nitrogen (Figure 1). The rationale
was that sonication can be expected to maximize the DNA of microorganisms that are easily
separated from the host plant and should thus minimize contaminating plant DNA, whereas
homogenization in liquid nitrogen efficiently frees DNA from all cells (plant, prokaryotic, and
fungal) and can thus be expected to increase fungal DNA yield while also increasing plant DNA
contamination.

Both extraction methods and all kits resulted in more than 1 pg per sample, which is the
required minimum for use with the ONT MinlON native barcoding genomic DNA protocol. DNA
concentrations ranged widely from 76 ng/uL to over 1,133 ng/uL, but the majority of DNA
extractions using either grinding or sonication yielded DNA concentrations in the range from 100
to 500 ng/ul and were similarly effective for both moderately and severely diseased samples (Table
1).

With regard to quality, we determined the A260/A280 (DNA/protein) and A260/A230
(DNA/other impurities) ratios, which for pure DNA are expected to be around 1.8 and 2.0-2.2,

respectively. A260/A280 ratios were close to 1.8 for most samples independent of extraction
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method and severity of disease (with the exception of one DNA sample extracted from a ground
severely diseased sample, which had a ratio of only 0.89), suggesting low protein contamination
in most samples. The A260/A230 ratio instead varied widely from almost 0 to 2.2, and DNA
extracted from ground samples had generally lower ratios than DNA extracted from wash water
after sonication, suggesting that more impurities were present in DNA extracted from ground
samples. Severity of disease did not appear to affect the A260/A230 ratio.

Next, we analyzed the overall DNA sequencing output focusing on the total length of reads
and the number of reads obtained per sample (Table 2). To make sequencing results comparable
between samples (which were sequenced by combining different numbers of barcoded samples
per flow cell) we normalized the total read length and number of reads per sample by multiplying
them by the number of barcodes used in the respective flow cell. In other words, we computed the
total read length and number of reads that we would have obtained if we had used an entire flow
cell for each sample. Normalized read length varied between 5.4 to 26.2 gigabases (Gb) for DNA
extracted from wash water of sonicated samples and between 2.9 and 22.9 Gb for DNA extracted
from ground samples. The normalized number of reads varied similarly widely between 1.4 to 11.4
million (M) for DNA extracted from wash water of sonicated samples and between 1.4 and 19.2
M for DNA extracted from ground samples. Also, average read length and the length of the longest
read varied widely for both extraction methods. As with DNA concentration and quality, severity
of disease did not affect overall sequencing results. In summary, all extraction methods and Kkits
were comparable in regard to overall DNA sequencing metrics and, unexpectedly, sequencing
results did not correlate with either DNA concentration or DNA quality.

Finally, sequencing results were analyzed for the presence of Cps sequences. To do this,

reads were classified taxonomically using two independent tools in parallel, BLASTN and
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MetaMaps, and a small fungal reference library containing one Cps genome and one genome each
of three additional species in the Nectriaceae family. While BLASTN generally identified twice
as many reads as Cps compared to MetaMaps (Table 2 and Figure 2), the relative number of Cps
reads between individual samples was the same for both tools, giving confidence that either tool
could be used to compare samples with each other. Since BLASTN is the more widely used tool
out of the two, only BLASTN results are reported in the next paragraphs.

Since samples differed from each other in the number of reads and total read length, we
determined (1) the percentage of reads assigned to Cps out of all reads per sample (Table 2 and
Figure 2) and (2) the percentage of the total length of reads identified as Cps out of the total length
of reads per sample (Table 2). With regard to read number, DNA extracted from ground samples
recovered a higher percentage of Cps reads (up to 9.44%) compared to DNA extracted from
sonicated samples (only up to 0.15%). With regard to the percentage of the total length of Cps
sequences out of the total sequencing length, DNA extracted from ground samples gave
percentages of up to 12.52% compared to only 0.35% for sonicated samples. However, two
samples obtained from ground tissue (G7 and G8) of the severely diseased batch 1 also had low
percentages of Cps with regard to read number and length.

We cannot make any conclusions on individual DNA purification kits because most Kits
were only used once with moderately diseased boxwood samples and once with severely diseased
boxwood samples. Additionally, DNA was sequenced on four separate flow cells (which quality
is known to be inconsistent, in particular, with regard to the number of active pores). Importantly
though, all kits performed sufficiently well to allow for downstream Cps detection.

As expected, a higher percentage of Cps reads was obtained from severely diseased

samples (up to 9.44%) than from moderately diseased samples (up to 0.93%). Importantly, not a
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single Cps read was found in the negative control DNA extracted from a healthy boxwood plant.
With regard to the other fungal species included in the reference library, only a very small number
of reads of Che and Fusarium graminearum were recovered. When the reads identified as Che
using our small reference library were compared by BLASTN against the entire nt database at
NCBI %, these reads were more similar to other fungi or bacteria than to Che and were thus false
positives. The ubiquitous boxwood pathogen Pseudonectria foliicola was found in all diseased

samples in percentages similar or even higher than Cps but not in the healthy boxwood sample.

Robust Cps identification using BLASTN and Kraken 2 in combination with an expanded
Nectriaceae genome database

For a more in-depth characterization of Cps and the other Nectriaceae family members in the
metagenomic sequences, a large database containing all public genome assemblies of Cps, Che,
P. foliicola, P. buxi, and F. graminearum was used. Although we had used BLASTN and
MetaMaps to identify the best DNA extraction methods above, we replaced MetaMaps with
Kraken 2 32 here. Compared to MetaMaps, Kraken 2 has been used more widely in published
metagenomic studies, is user-friendly, and has been shown to have high accuracy, low memory
usage, and high speeds 3234,

First, species-level taxonomic classification results obtained with Kraken 2 were compared
with those obtained with BLASTN and showed that Kraken 2 also identified Cps in all diseased
samples (Supplementary Table 2). Kraken 2 classified an even higher number of reads as one of
the five fungal species present in the reference database than BLASTN. For example, Kraken 2

classified 26.62% of total reads in G10 as belonging to the five fungal species while BLASTN
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only 20.75%. For the moderately diseased samples from which DNA was extracted after
sonication, Kraken 2 identified 0.05 to ~ 0.11% of total reads as Cps (Supplementary Figure 2).

When looking specifically at Cps, 36.53 % of all reads assigned to one of the five
Nectriaceae species in sample G10 were identified as Cps by Kraken 2, whereas 44.19% were
identified as Cps by BLASTN (Figure 3). For G12, 37.83 % of fungal reads were identified as Cps
by Kraken 2, whereas 45.76% were identified as Cps by BLASTN. This difference is due to the
fact that Kraken 2 classified a subset of Calonectria reads at the Calonectria species complex rank
without assigning them to an individual species, but our BLASTN pipeline assigned all fungal
reads at the species rank.

Also when using the large reference database, a small subset of reads was identified as Che
by both BLASTN and Kraken 2. However, these reads matched bacterial, yeast, or plant sequences
when compared against NCBI’s nt database (Supplementary Table 3 shows the results for sample
S1 as example). The most remarkable new result using the large fungal database was the
identification of the Volutella pathogen species P. buxi at an abundance similar to P. foliicola. The
P. buxi reads were probably identified as P. foliicola when using the small database since P. buxi
was not included in the smaller database. As with Calonectria, Kraken 2 classified some reads as
Pseudovaniculata without species designation, while our BLASTN pipeline assigned all
Pseudovaniculata reads to either P. foliicola or P. buxi. Approximately 0.5% of fungal reads in
G10 and G12 were identified as F. graminearum but may belong to related Fusarium species since
only F. graminearum genomes were included in the database, and it was thus not possible to

distinguish between individual Fusarium species.
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Unexpectedly, a small number of reads were identified as Cps by both Kraken 2 and
BLASTN in the healthy negative control sample. Still, as the Che reads above, they were identified

as false positives when comparing them to NCBI’s nt database 4!

MinlION and Illumina sequencing provide similar results in regard to Cps identification

To compare the results of ONT MinlON long-read sequencing with the Illumina short-read
platform, sample G10 and a negative control sample were sequenced using Illumina technology.
Since Kraken 2 can be used for both short- and long-reads 342, we used Kraken 2 in combination
with our large fungal database to compare the results from the two sequencing platforms. Illumina
sequencing yielded 17,033,700 paired-end reads with a total length of 1.50 Gb compared to the
541,576 long reads with a total length of 1.96 Gb obtained by MinlON sequencing (Supplementary
Table 4). 9.73% of MinlON reads and 6.14% of Illumina reads were identified as Cps, respectively
(Figure 4). The lower percentage of Illumina reads identified as Cps was compensated by the
higher percentage of Illumina reads that were assigned to the Calonectria naviculata species
complex without species identification.

Since we had no DNA of the healthy boxwood left that we had used as the negative control
for MinlON sequencing, a different DNA sample of a healthy boxwood was sequenced with
[llumina. Hlumina sequencing yielded 271,857,762 paired-end reads with a total length of
40,778,664,300 bp for sample (Supplementary Table 4). As for the healthy negative control sample
used with MinlON sequencing, a very small number of reads of this sample were assigned to Cps
(Figure 4). However, when these reads were compared with the entire nt database at NCBI using

BLASTN, they were again found to be false positives.
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Cps in diseased plants can be identified to a within-species cluster using sourmash and
BLASTN

In a recent study, investigating the emergence of boxwood blight using population genomics,
several clusters/lineages within the Cps species were identified 3. Therefore, we wanted to
determine if Cps reads in our samples could be assigned to one of the identified clusters. Since the
program sourmash can identify bacterial genomes in metagenomes independently of taxonomy
and without the need for NCBI taxonomic identifiers, we first attempted to use sourmash using all
reads of samples G10, G11, and G12 as query and the same extended fungal database we had used
with Kraken 2, but sourmash did not identify any fungal genome in any of the samples. However,
Table 3 shows that when using only the reads that had been identified as Cps by BLASTN as
query, sourmash did find them to have similarity to Cps genomes. The highest similarity was to
the genomes of Cps isolates CBS139394 and CBS139395 (both isolated from sweet box in
Maryland, USA 19) followed by genome sequences of isolate CB002 (isolated from boxwood in
Belgium ®). Similarity was unexpectedly low (14-19%). Since the low similarity could have been
due to sequencing errors present in individual reads, we then assembled all Cps reads from G10,
G11, and G12 with the expectation that the assembled reads would have fewer errors and be more
similar to the reference genomes. The Cps genome we obtained was 49,048,547 bp long and
consisted of 1055 contigs. 48,291,239 bp of the assembly aligned with 88.746% of the chosen
reference genome CBS139395 (Table 4). Although this revealed that our assembly covered most
of the Cps genome, only 50.3% of genes were complete and 23.2% were fragmented compared to
96.6% of genes that were complete in the reference genome CBS139395 based on BUSCO
assessment (Table 4). When the assembled genome was used as query with sourmash against our

fungal database, the genomes CBS139394, CBS139395, and CBS002 were again found to be most
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similar, but now with a similarity value close to 73% (Table 3). When using BLASTN, the
assembled Cps genome had a significantly higher number of best hits to CBS139395 than to all

other genomes (Table 3).

Cps can be detected with as few as 200 MinlON sequencing reads in severely diseased tissue
After showing that Cps can be identified with high specificity from naturally infected boxwood
tissue using metagenomic sequencing with the ONT MinlON, we wanted to investigate the
minimal number of reads needed to detect Cps. We thus computationally sub-sampled samples
G10, G11, and G12 to different read numbers generating 10 random subsamples for each size
shown in Figure 5. Importantly, even for the sub-samples consisting of only 200 total reads, there

was not a single sub-sample in either G10, G11, or G12 without Cps reads (Figure 5).

Discussion
Sensitive, specific, and fast pathogen detection is instrumental in plant disease control and
management. Here we explored metagenomic sequencing using the ONT MinlON and Illumina
for detection and identification of the boxwood blight pathogen Cps.

To effectively use metagenomics for Cps detection, we first needed to identify a suitable
DNA extraction method. We tested two protocols. One protocol aimed at minimizing host DNA
by not disrupting host cells and assuming Cps could be separated from host tissue by washing and
sonication. The other protocol was designed to obtain as much total DNA as possible by disrupting
both host cells and fungal cells by grinding in liquid nitrogen. For most samples, disrupting host
cells yielded more Cps sequencing reads than not disrupting host cells. This indicates that most

Cps is likely to be embedded in host tissues upon infection, while only a small amount of Cps
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exists on the host surface. However, for all samples, Cps reads were identified even in DNA
extracted from wash water of sonicated tissue revealing that both protocols can be used to prepare
DNA for metagenomic sequencing.

Compared to results using metagenomic sequencing for the identification of bacterial plant
pathogens, the recovery of fungal pathogen reads in this study was relatively low. In fact, up to
60% of reads were identified as the bacterial pathogen Xanthomonas perforans in tomato plants
naturally infected with bacterial spot 23. However, for fungal plant pathogens, other studies
reported recovery of very few pathogen reads. For example, DNA of wheat inoculated with fungal
pathogens was extracted by homogenization using a protocol designed for fungi for long-read
sequencing %4, and at most 5.7% of the total sequence length was identified as the target fungal
pathogen by BLASTN *°. Therefore, the DNA extraction methods used here for Cps and boxwood
may have the potential to be successful with other fungal plant pathogens as well.

Compared to the detection of bacterial plant pathogens by metagenomic sequencing, fungal
plant pathogens present another challenge. Prokaryotic genome databases include dozens, or even
hundreds, of genome sequences for most bacterial plant pathogen species, while genome
sequences of fungal plant pathogens are still relatively rare in genome databases. This could
contribute to the relatively low number of sequencing reads identified as being of fungal origin
compared to bacterial origin in some metagenomic studies 2. In our study, we were unable to use
the ONT-provided WIMP taxonomic classification tool for metagenomic analysis when starting
this project because Cps genomes were not included in the WIMP database. We thus had to build
our own custom databases for use with the bioinformatics tools employed here. Fortunately,
several genome sequences of Cps and Che became publicly available by the end of this project

and could be included in our large database. Although BLASTN, MetaMaps and Kraken 2 were
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all adequate in identifying the target plant pathogen using our databases, sensitivity varied. For
example, a larger number of Cps reads was identified by Kraken 2 compared to BLASTN for most
diseased samples, and fewer false-positive reads were identified by Kraken 2 in the negative
control. On the other hand, a significant number of reads was assigned to non-specific species
complexes or genera in the family Nectriaceae.

It is worth noting that Che, which is not present in the USA, was identified in diseased
samples at very low abundance of 0.001-0.807% by BLASTN (0.000-0.399% by MetaMaps,
0.012-0.312% by Kraken 2). This indicates that all three tools were mostly able to differentiate
Cps from the closely related species Che. Moreover, besides these reads misidentified as Che, a
small number of reads were identified as Cps in the negative healthy control sample. In both cases,
when performing BLASTN on these potential false Che- and Cps-positive reads against the entire
NCBI nt database, the best matches for these reads were plants, bacteria, and other fungi. For reads
shorter than 100 nt, sometimes Che or Cps were the best hits but percent identity and bit-score
were very low (data not shown). Therefore, the wrongly identified reads were mostly a result of
using relatively small custom fungal databases lacking plant, bacteria, and other fungal genomes.
We chose to use these relatively small custom databases to accelerate read identification but the
resulting false positives are clearly a weakness resulting from this decision. Larger, more
comprehensive databases and filtering out short reads can be expected to avoid false positives
almost completely. However, it may be impossible to avoid all misidentifications since some reads
may get misidentified because they align to genes highly conserved within the genus or family of
interest.

It was expected that reads of the Volutella pathogens P. foliicola and P. buxi would be

identified in all diseased samples since they are ubiquitous boxwood pathogens. However, it was
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interesting that not a single read of either pathogen was identified in the two healthy negative
control samples, suggesting that these pathogens only thrive in co-infection with Cps. It was also
expected that very few reads of F. graminearum would be recovered because this species does not
cause disease on boxwood. Also, prokaryotes were identified in all samples as described in
Supplementary Results 1.

Besides distinguishing between species, metagenomics was shown to almost reach
strain/lineage-level precision for plant pathogenic bacteria 22. Cps has diversified into multiple
lineages with several of them being present in the US %345, Neither MetaMaps nor Kraken 2 can
easily distinguish between lineages since they rely on NCBI taxIDs and only a single taxID is
associated with each fungal species. Also, MinlON reads have a relatively high error rate and
Illumina reads are short, further complicating precise identification. However, we have shown here
that assembling MinlON reads made it possible to determine which public Cps genome sequences
were most similar to the Cps sequences in some of our samples using either BLASTN or sourmash.
Both tools identified the same three strains as best hits, including the strains CBS139395 and
CBS139394, both isolated from sweet box (Sarcococca spp.) in the same location in Maryland,
USA 19, and both members of clade B “3. While this result is not sufficient to conclude that the Cps
strain from our Virginia samples belongs to the same clade, it shows the potential of metagenomic
sequencing to reach strain/lineage-level resolution not only for bacteria but also for fungi. Using
the obtained Cps genome assembly as input into a single nucleotide polymorphism (SNP) pipeline
for phylogenetic tree construction will be necessary to confidently assign it to clade B. Also,
sequencing a sample on an entire flow cell should provide a higher number of Cps reads to obtain
a better genome assembly compared to the one we were able to obtain, which had a limited number

of complete genes.
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Compared to Illumina sequencing, the MinlON revealed several strengths. First, the
requirements of DNA quantity and quality were lower. Second, with long reads, initial
identification using the MIinlON can be made without assembling metagenomes. Also, its
portability and ability to report results in real-time can’t be matched by Illumina. Although the
relatively high error rate of the MinlON is often considered a weakness, it was not a limitation in
our study. The increased length of reads compared to Illumina provided high confidence read
identification and easily compensated for the higher error rate.

With regard to detection, 200 MinlON reads would have been sufficient to consistently
detect Cps in the samples with the highest percentage of Cps reads. The MinlON was also able to
detect Cps in moderately diseased boxwood, although the percentage of reads identified was lower
than 1% and, therefore, a much higher number of reads would be required to confidently detect
Cps. We did not have the opportunity to determine the detection limit for asymptomatic boxwood.
Moreover, infection severity may vary significantly between different asymptomatic samples and
it may thus be challenging to determine how many reads would be required to confidently conclude
that Cps is absent. On the other hand, the very low false positive rate provides confidence in
identifying an infection even when a very small number of Cps reads were detected. Since we had
no access to Cps-specific molecular PCR or LAMP assays, we cannot compare detection
sensitivity of metagenomic sequencing using the MinlON with these assays and can only generally
state that the sensitivity of metagenomic sequencing increases with the number of total sequencing
reads that are generated. Therefore, if high sensitivity of detection is required, one can increase the
total number of reads by using an entire flow cell per sample or even using more than one flow

cell.
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A current challenge with metagenomic sequencing for pathogen identification is that
knowledge of bioinformatics is required when using many of the open-source tools designed for
this purpose. Although the BLAST program can be performed locally, for higher speed and
efficiency, it had to be installed on Virginia Tech’s high performance computer network, ARC. To
automate the comparison of every individual sequencing read to our databases and to summarize
the obtained results, custom scripts needed to be written. Also, MetaMaps, Kraken 2, and sourmash
were run on ARC because the amount of sequence data obtained in metagenomics is too much to
handle for a standard laptop or desktop computer. This is an obvious challenge when trying to
implement metagenomics into routine disease diagnostics. A user-friendly program interface and
automated pipelines running at the back-end on a high-performance computing network will both
be required. If these become available, a diagnostic clinic could extract DNA from a sample,
prepare a sequencing library, and start a sequencing run within hours and obtain first results on the
same day. This would represent a significant acceleration compared to any culture-dependent
diagnostic technique and even applicable to the detection of emerging pathogens for which no
specific gPCR test may be available.

In conclusion, we have shown here that using appropriate DNA extraction techniques and
bioinformatics tools and genome databases, metagenomic sequencing using the ONT MinlON can
easily distinguish the boxwood blight pathogens Cps and Che from each other and from other
fungal species. With some improvements to databases and parameters used in the classification
pipeline, it should be possible to eliminate false positives to practically zero. Using a high enough
number of reads, metagenomic sequencing with the ONT Minion can also reach very high
sensitivity of detection and specificity can approach strain-level resolution. The main challenge to

implementing metagenomic sequencing for plant pathogen identification in routine diagnostics
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will be in providing access to high performance computing networks and user-friendly interfaces

from which to run the necessary computational pipelines.
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Tables

Table 1. Metadata and DNA quantity and quality of samples used in this study

Sample Sample Sequencing Extraction Kit Flowcell ID  Number of DNA quantity and quality
description 1D Date methods barcodes
used per DNA A260/ A260/
flowcell concentration A280 A230
(ng/uL)
Moderately S1 Nov22 Sonication DNeasy® FAK95928 4 317.0 1.90 1.98
diseased PowerWater®
plant S2 Nov22 Sonication DNeasy® 479.5 1.93 1.74
PowerSoil® Pro
S3 Nov22 Sonication ZymoBIOMICS™ 403.5 192 196
DNA Miniprep
Gl Nov22 Grinding  ZymoBIOMICS™ 76.0 1.89 1.72
DNA Miniprep
G2 Nov24 Grinding DNeasy® FAK96453 5 163.1 1.66 0.74
PowerPlant® Pro
G3 Nov24 Grinding Invisorb® Spin 103.0 1.71 057
Plant Mini
G4 Nov24 Grinding  OmniPrep™ 203.1 1.73  0.69
G5 Nov24 Grinding  OmniPrep™ with 277.8 1.81 1.95
RNAse
G6 Nov24 Grinding  Gentra® 314.6 1.45 045
Puregene®
Severely S4 Decl2 Sonication DNeasy® FAN08223 4 151.0 1.89 2.02
diseased PowerWater®
plant S5 Decl2 Sonication DNeasy® 98.0 190 0.83
(Batch 1) PowerSoil® Pro
G7 Decl2 Grinding  DNeasy® 76.8 089 0.20

PowerPlant® Pro
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G8 Decl2 Grinding Invisorb® Spin 135.1 1.77 1.49
Plant Mini
G9 Decl7 Grinding  OmniPrep™ FAN08200 5 170.3 210 2.23
Severely G10 Decl17 Grinding  OmniPrep™ 1,132.5 2.10 1.88
diseased G11 Dec17 Grinding  OmniPrep™ 110.1 196  0.49
plant diluted 10 times
(Batch 2) and treated with
Rnase
G12 Decl7 Grinding  ZymoBIOMICS™ 77.4 2.19 0.08
DNA Miniprep
G13 Decl7 Grinding  Gentra® 349.0 1.57 055
Puregene®
Healthy NC Negative Grinding  ZymoBIOMICS™  FAQ99127 2 82.9 1.87 1.53
plant control DNA Miniprep
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Table 2. Summary of ONT MinlON sequencing data obtained in this study (see Table 1 for sample metadata)

ID Total Normalized Total Normalized Average Longest Numberof Numberof Totalread Cpsreads Cps Cps
read read length  number of number of read read Cps hits >=  Cps hits >=  length of (based on  (based on  genome
length  per flow reads reads per length length 1000 bp 85% id Cps hits BLASTN) BLASTN) coverag
(Gbp) cell (Gbp) flow cell (bp) (bp) (based on  (based on >= 1000 out of total read e (x)

BLASTN) MetaMaps) bp (Mbp; reads (%) length out
based on of total
BLASTN) read
length (%)

S1 135 541 429,098 1,716,392 3,152 89,153 174 86 0.64 0.04 0.05 0.012

S2 192 7.68 475,383 1,901,532 4,040 91,256 166 87 0.75 0.03 0.04 0.014

S3 137  5.49 354,893 1,419,572 3,864 65,510 349 192 1.16 0.10 0.08 0.021

Gl 130 521 711,491 2,845,964 1,830 54,580 6,382 3,548 17.33 0.90 1.33 0.315

G2 255 1273 2,020,441 10,102,205 1,260 54,580 18,797 9,269 46.68 0.93 1.83 0.849

G3 197 984 1,965,416 9,827,080 1,001 88,418 8,528 4,056 19.82 0.43 1.01 0.360

G4 291 1457 2,724,170 13,620,850 1,069 64,110 4,859 1,841 9.67 0.18 0.33 0.176

G5 456  22.88 3,843,496 19,217,480 1,190 72,917 9,977 4,271 20.98 0.26 0.46 0.381

G6 060 2098 468,312 2,341,560 1,274 50,579 3,027 1,190 6.82 0.65 1.14 0.124

S4 490  19.59 2,430,505 9,722,020 2,014 64,015 3,681 1,700 9.52 0.15 0.19 0.173

S5 6.55  26.19 2,846,336 11,385,344 2,300 189,652 9,379 3,763 22.78 0.13 0.35 0.414

G7 114 458 1,399,778 5,599,112 817 42,603 11,987 8,255 36.71 0.86 3.21 0.668

G8 231 924 2,839,930 11,359,720 813 369,167 13,146 7,697 38.09 0.46 1.65 0.693

G9 114 569 298,982 1,494,910 3,804 77,811 14,484 10,343 46.02 4.84 4.05 0.837

G10 2.06  10.30 549,134 2,745,670 3,749 73,800 46,460 40,409 257.82 8.46 12.52 4.670

Gl11 092 461 292,084 1,460,420 3,154 40,849 27,566 22,881 110.97 9.44 12.04 2.019

Gl2 346 1731 894,828 4,474,140 3,868 53,435 65,192 59,892 386.05 7.29 11.15 7.022

G13 0.74 3.70 280,861 1,404,305 2,633 91,251 11,526 9,677 67.72 4.10 9.15 1.232

NC 210 4.19 846,387 1,692,774 2,476 28,907 O 0 0 0.00 0.00 0

2Gbp, giga base pairs; Mbp, mega base pairs.

34



Table 3. Percentage of Cps based on Jaccard similarity obtained with sourmash and Cps hits obtained with BLASTN

Reference  Accession number  G10 Cps G1l1Cps G12Cps  Assembled Cps genome
genome reads reads reads
Similarity ~ Similarity ~ Similarity ~ Similarity ~ Number of
(%) by (%) by (%) by (%) by hits by
sourmash  sourmash  sourmash  sourmash BLASTN
CBS139395 GCA 004380915.1 17.47 19.11 14.21 72.27 621
CBS139394 GCA_001696505.1 17.30 18.93 14.01 72.65 125
CB002 GCA_006505905.1 17.11 18.72 13.83 72.53 3
GCA _004141935.1 17.11 18.72 13.83 72.53
CT13 GCA_004380985.1 16.65 18.26 13.36 72.12 217
CBS114417 GCA_004381005.1 16.51 18.10 13.23 72.02 43
ODA1 GCA _004382225.1 15.69 17.36 12.53 68.81 31
NC-BB1 GCA_004381035.1 13.85 15.54 11.02 61.20 5
ICMP14368 GCA_004382245.1 10.73 12.56 8.48 48.09 5
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Table 4. Assembly summary of assembled Cps reads that were pre-identified by BLASTN in samples G10, G11 and G12, and of

reference genome CBS139395

Assembled Cps CBS139395
Assembly size (bp) 49,048,547 54,975,240
Number of contigs 1,055 27
Maximum contig length (bp) 419,837 5,578,780
N50 contig length (bp) 88,131 3,534,399
GC content (%) 48.12 46.36
Total aligned length (bp) 48,291,239 NA
Genome fraction (%) 88.746 NA

aAssembly BUSCO coverage (%) C:50.3; F:23.2; M:26.5 C:96.6; F:0.2; M:3.2
8 For BUSCO coverage, C stands for complete BUSCOs, F stands for fragmented BUSCOs, and M stands for missing BUSCOs.
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Figure 1. Pipelines for detection and identification of Calonectria pseudonaviculata (Cps). A)
DNA extraction approach based on sonication without disrupting plant cells. B) DNA extraction
approach based on homogenization in liquid nitrogen with disrupting plant cells. C) The MinlON

sequencing pipeline. Created with BioRender.com.
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Figure 2. Bubble plot showing the percentage of sequencing reads assigned to four fungal species

in each sequenced sample. The column on the left displays the sample IDs and the column to its

right displays the abbreviations of DNA extraction Kits (see Table 1). Bubble size is proportional

to the percentage of reads assigned to the four species listed on the right based on the tools

BLASTN and MetaMaps using a small fungal database containing one genome per fungal species.
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Figure 3. Krona plots showing the fraction of reads identified at the species, species complex, or

genus rank as a percentage of the sequencing reads assigned to the family Nectriaceae using the

tool Kraken 2 and a database of 29 genomes. The plots on the left display BLASTN results and

the ones on the right Kraken 2 results. Each color represents a species, species complex, or genus.

A) Results of G10, the sample processed by OmniPrep after homogenization in liquid nitrogen. B)

Results of G12, the sample processed by ZymoBIOMICS DNA Miniprep Kit after homogenization

in liquid nitrogen (See Table 1).
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Figure 4. Krona plots showing the fraction of reads identified as members of the family
Nectriaceae as a percentage of all sequencing reads using the tool Kraken 2 and a database of 29
genomes. Each color represents a clade. A) Results of G10 sequenced on the ONT MinlON. B)
Results of G10 sequenced on the Illumina HiSeq 3000 platform. C) Results of a healthy sample

sequenced on the ONT MinlON. D) Results of another healthy sample sequenced on the Illumina

Nova Seq 6000 Platform.
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Figure 5. Detection limit analysis based on computational sub-sampling. Sub-samples were
obtained by randomly extracting reads from original sequencing files. The X-axis shows the
number of sub-sampled reads. The Y-axis shows the number of identified Cps reads. The circles
represent the median value for each sub-sample size and error bars show the standard deviation

among the 10 subsampling events.
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Chapter 2. Literature review: fungal ice nucleation activity

Ice nucleation

Pure water does not freeze at the well-known melting point of water (0°C) but remains liquid as
so-called “super-cooled” water until reaching -38°C (Koop et al. 2000). Below this temperature,
ice crystals form spontaneously causing water to freeze. The process is called homogeneous ice
nucleation. By contrast, in the process of heterogeneous ice nucleation, ice formation occurs at
higher temperatures stimulated by so-called ice nuclei or ice nucleating particles (INPs). INPs are
usually impurities present in water, which trigger the formation of ice crystals.

Ice nucleation activity (INA) is the capacity of INPs to catalyze ice formation at
temperatures higher than the temperature at which pure water freezes. INPs directly impact
atmospheric processes by affecting the ratio of frozen to liquid droplets in clouds, which in turn
affects atmospheric radiative fluxes and, therefore, global warming (Matus and L'Ecuyer 2017)
and the formation of precipitation (Murray et al. 2012). Since heterogeneous ice nucleation is the
most common pathway for ice formation in the atmosphere (Niedermeier et al. 2011) and the
number and type of INPs in the atmosphere affect cloud properties and precipitation (Yang H et

al. 2019), it is important to study the most active INPs, which are of biological origin.

Ice-nucleating particles (INPs)

Ice-nucleating particles (INPs) come from various sources and are of different types. Primary
atmospherically relevant INPs originate from natural sources like deserts, volcanic eruptions, and
oceans. But INPs can also come from anthropogenic sources such as agricultural practices, air
pollution caused by industrial processes and transportation, and deforestation. The INP types

include mineral and desert dusts, metals and metal oxides, organics and glassy particles, biological
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particles, soil dust, biomass and fossil fuel combustion aerosol particles, volcanic ash particles,
and crystalline salts (Kanji et al. 2017). Non-biological INPs usually induce ice nucleation at
temperatures < -15°C.

Biological INPs, which are usually associated with bacteria, fungi, pollen, and lichen, are
very effective INPs and induce ice nucleation at temperatures > —12°C (Lundheim and
Zachariassen 1999) and can potentially affect cloud formation and precipitation (Morris et al.
2014; Joyce et al. 2019). Among them, bacterial INPs are the best characterized. The most active
ones can induce INA at temperatures as high as —1°C (Morris et al. 2004).

Several bacterial species are known to have INA, including Gram-negative bacterium
Pseudomonas syringae (Maki et al. 1974) and a few additional Pseudomonas species (Maki and
Willoughby 1978; Anderson and Ashworth 1986), Pantoea agglomerans (synonym, Erwinia
herbicola) (Lindow et al. 1978), Pantoea ananatis (synonyms, Erwinia ananatis and Erwinia
uredovora)(Michigami et al. 1994) , and Xanthomonas campestris (Kim et al. 1987) as well as the
Gram-positive bacterium Lysinibacillus parviboronicapiens (Failor et al. 2017).

Some of these ice nucleation-active (Ice*) bacteria have been molecularly characterized.
For Ice* bacteria that are Gram-negative, INA is usually conferred by a protein anchored to the
outer membrane (Wolber et al. 1986; Morris et al. 2004). Some Pantoea and Pseudomonas strains
secrete lce* proteins that are associated with outer membrane vesicles (Phelps et al. 1986;
Michigami et al. 1995; Santl-Temkiv et al. 2015). In the Gram-positive bacterium L.
parviboronicapiens, INPs are associated to a polyketide non-ribosomal peptide, and they are
secreted, heat resistant, lysozyme, and proteinase resistant (Failor et al. 2017; Failor et al. 2021).

Less is known about INPs produced by other organisms. Pollen INPs are easily-

suspendable, non-proteinaceous, and seem associated with polysaccharides (Pummer et al. 2012;
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Dreischmeier et al. 2017). Fungal INPs have been poorly characterized so far. Studies have
suggested that these particles may be proteinaceous (Lagzian et al. 2014; Pummer et al. 2015). On
the other hand, urediniospores of rust fungi have also been found to have INA, but in this case
INA may depend on a polysaccharide (Morris et al. 2013). INPs derived from viruses usually have
a lower freezing temperature that can induce ice formation at about —20°C (Adams et al. 2021).
While INA is not as commonly associated with fungi as with bacteria, fungal INA can have
the potential to impact the atmosphere. Fungi that have INA are widely present in soils over the
globe. Previous studies have been proposed that soil can be a relevant source of atmospheric ice
nucleating particles (INPs) (Schnell and Vali 1972; Schnell and Vali 1976; Conen et al. 2011).
INPs could attach to soil particles and subsequently be released as aerosols (O'Sullivan et al. 2015).
Also, spores of some fungal species that are found to have INA are disseminated by wind and are
abundant in the atmosphere (Morris et al. 2013; Haga et al. 2014). Thus, it is worth investigating
the characteristics of fungal INPs since such studies may provide useful information to better

understand atmospheric processes.

Fungal ice nucleation activity (INA)

Fungal INA has been known only in a few ascomycotic and basidiomycotic fungal species
(Pouleur et al. 1992; Hasegawa et al. 1994; Richard et al. 1996; Frohlich-Nowoisky et al. 2015).
It remains unknown why some fungi present INA. Possible reasons include that these fungi can
cause frost damage in plants, thus acquiring nutrients from plants and/or initiating infection
(Lindow 1983; Buttner and Amy 1989). Little is known about the characteristics of fungal INA

molecules.
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The genera Fusarium and the species Mortierella alpina are known to produce efficient
ice nuclei, which induce ice nucleation at temperatures warmer than —12°C (Frohlich-Nowoisky
et al. 2015; Kunert et al. 2019). They have been the only fungi that have been reported repeatedly
and consistently by different groups to have INA. Thus, Fusarium species and M. alpina are
discussed and investigated in our study.

e Fusarium species

Fusarium species are filamentous fungi that are widely distributed in soils. Many of them are
important plant pathogens and dispersed by wind. INA has been found mainly in Fusarium
acuminatum and Fusarium avenaceum (Pouleur et al. 1992). Later, a few strains of F. armeniacum,
F. begoniae, F. concentricum, F. langsethiae, F. moniliforme, F. oxysporum, and F. tricinctum
have also been identified as Ice* (Tsumuki et al. 1995; Richard et al. 1996; Kunert et al. 2019).
Although quite a few Fusarium species are known to have INA, the fungal INPs secreted by
Fusarium species are still poorly characterized.

Some studies suggested that Fusarium INPs are proteinaceous compounds because of
indirect evidence. For example, INA are lost after proteinase treatments (Tsumuki and Konno
1994), and a peak in the 280 nm UV absorbance has been observed for Fusarium INPs (O'Sullivan
et al. 2015). Another study reported a predicted Fusarium gene to encode a protein that can confer
INA in E. coli (Anastassopoulos 2001; Lagzian et al. 2014). However, it is not known if this gene
is even expressed in Fusarium and this result has not been confirmed in any other studies. Most
importantly, while this gene had been identified using the ina gene of P. syringae as a hybridization
probe, this gene has no significant DNA sequence similarity to the ina gene in P. syringae and
when the protein was tested for INA, a negative control was not included and detailed results were

not reported. Thus, it cannot yet be concluded that Fusarium INPs are proteinaceous.
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Physical and chemical characteristics of Fusarium INPs have been investigated as well. It
was found that Fusarium INPs are smaller than 100 kDa in size, stable at pH levels from 2 to 12,
tolerate temperature treatments up to 40-60°C, and have high stability under atmospherically
relevant conditions (Pouleur etal. 1992; Hasegawa et al. 1994; Kunert et al. 2019). Also, Fusarium
INPs appear to be aggregates of different size that can be separated into smaller sub-units with
lower INA (Pouleur et al. 1992; Hasegawa et al. 1994; Kunert et al. 2019).

e Mortierella alpina
Fungi in the Mortierellaceae family are also filamentous fungi that are widely distributed in soils.
They are saprobes that are investigated in biotechnology as producers of polyunsaturated fatty
acids (Shimizu and Yamada 1990; Shimizu et al. 1997; Certik et al. 1998; Certik and Shimizu
1999). Mortierella alpina is the only species in this family known to have INA so far in (Fréhlich-
Nowoisky et al. 2015; Pummer et al. 2015). M. alpina INPs are even more poorly characterized
than Fusarium INPs.

M. alpina INPs seem proteinaceous because INA is lost after proteinase treatments and
after a chemical treatment that degrades proteins (Fréhlich-Nowoisky et al. 2015; Pummer et al.
2015). However, genes encoding M. alpina INPs have not been identified yet so it cannot be
concluded yet if M. alpina INPs are proteinaceous or not. Since M. alpina is known for producing
fatty acids, fatty acids may play a role in M. alpina INA, although long-chain fatty acids are less
effective for inducing ice formation when warmer than —36°C (Qiu, Odendahl et al. 2017, DeMott,
Mason et al. 2018).

Other known characteristics of Mortierella INPs include that they are smaller than 300 kDa
in size and heat-sensitive (Frohlich-Nowoisky et al. 2015; Vasebi et al. 2019). Concentrations of

M. alpina-like INPs are higher in cold regions compared to warm regions (Conen and Yakutin
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2018). A possible explanation is that Mortierella species are cold-adapted fungi and INA may be
advantageous for them to overwinter and survive through protective extracellular freezing (Conen
and Yakutin 2018). Thus, it is important to characterize INA of M. alpina and investigate if they

play roles in the atmosphere and/or the soil.

Factors affecting biological ice nucleation activity (INA)

The expression of biological INA can be affected by a few factors, such as growth conditions and
environmental conditions. Factors affecting bacterial INA are better understood, while only a few
studies have investigated fungi.

Bacterial INA is dependent on the cell concentration. For example, P. syringae needs a
certain number of cells to initiate INA at warmer temperatures, and the initial INA appears
associated with intact cells (Maki et al. 1974). The efficiency of bacterial INA expression also
differs in different growth phases (Deininger et al. 1988; Pooley and Brown 1991).

Growth media can affect the production of bacterial INPs as well. Nutrition starvation for
nitrogen, phosphorus, sulfur, and iron have been found to enhance the expression of bacterial INPs
(Nemecek-Marshall et al. 1993; Fall and Fall 1998). A much greater number of INPs is produced
when bacteria are grown on agar media compared to growth in liquid media (Pooley and Brown
1991).

Environmental factors play an important role in affecting bacterial INA as well. Studying
INA when bacteria are grown under environmental conditions that simulate the atmospheric
environment can help understand the role of biological INPs in atmospheric processes. For
example, when grown in vitro, low temperature exposure was found to induce INA in a few

bacterial species (Rogers et al. 1987; Mueller et al. 1990; Nemecek-Marshall et al. 1993; Gurian-
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Sherman and Lindow 1995; Fall and Fall 1998), but how temperature induces bacterial INA is not
conclusive. On the contrary, UV radiation was found to inhibit bacterial INA. For example, P.
syringae pv. garcae suffered a decline in INA after long exposure to UV radiation. Growth on
plants may also affect INA. In fact, INA was found to be higher when P. syringae was grown on
plants compared to when it was grown in vitro (O'Brien R and Lindow 1988).

Little is known about how environmental factors affect fungal INA. Only a few Fusarium
strains have been investigated. Low temperature was found to enhance INA in some Fusarium
strains but did not have any impact on others (Yanai et al. 1996; Humphreys et al. 2001).
Cultivation may also affect Fusarium INA. An early study suggested that the threshold freezing
temperature tends to increase with culture age (Richard et al. 1996).

There are some similarities and differences between factors affecting bacterial INA and
fungal INA. Like bacteria, fungi grown on agar media have stronger INA than when they are
grown in liquid media. However, INA was found to be lost in some Fusarium species after several
subcultures when grown in liquid media (Tsumuki et al. 1995). This was never observed in
bacteria. Also, unlike bacteria, nutrition starvation does not enhance fungal INA (Humphreys et
al. 2001). Other Ice* fungi have not been investigated yet and factors affecting fungal INA have
thus remained unclear. It is essential to examine how environmental factors affect INA in different

fungal strains to better understand their possible roles in the atmosphere.

Genetics of biological ice nucleation activity (INA)
So far, genes encoding biological INA have only been identified in bacteria. Most of these genes
encode a protein conferring the ice nucleation phenotype. These genes have been identified in

species that belong to the genera Pseudomonas and Pantoea (formerly in the genus of Erwinia).
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A single small region of DNA from P. syringae, named inaZ, was first identified to encode the ice
nucleation phenotype (Green and Warren 1985; Orser et al. 1985). The inaZ gene can confer INA
to Escherichia coli and restore this phenotype to P. syringae ice nucleation-inactive (Ice’) strains.
This gene sequence from P. syringae was then found to have homology to the INA gene iceE in
Pa. agglomerans (synonym, Erwinia herbicola) (Warren Gareth and Corotto 1989). Another DNA
fragment from another Pseudomonas species (P. fluorescens) can also confer INA to E. coli and
was called inaW since it is related to the inaZ gene from P. syringae (Corotto et al. 1986; Warren
G. etal. 1986). Then, inaX from Xanthomonas campestris pv. translucens was identified to encode
an ice nucleation protein that has homology to inaZ, inaW and iceE (Zhao and Orser 1990). Later,
inaA and inaU from Pantoea ananatis conferring INA was characterized, which also shares
sequence similarity to the ina genes present in the Pseudomonas species (Abe et al. 1989;
Michigami et al. 1994). Three more ina genes called inaV, inaK and inaQ from P. syringae were
identified later on (Schmid et al. 1997; Li L et al. 2004; Li Q et al. 2012). All these genes are
simply different alleles of the same gene and are all derived from the same ancestral sequence.
They can thus be considered orthologues.

On the other hand, the Gram-positive bacterium L. parviboronicapiens employs a different
mechanism to confer ice nucleation. The active molecule secreted that confers INA is heat
resistant, lysozyme and proteinase resistant, suggesting it is not a protein (Failor et al. 2017). The
gene conferring the ice nucleation phenotype was identified using a combination of comparative
and functional genomics approaches comparing wide type strain and UV mutants. (Failor 2018). The
gene is predicted to encode a polyketide non-ribosomal peptide (Failor et al. 2021).

While genes conferring fungal INA have not been identified yet, a predicted gene has been

found in F. acuminatum (Lagzian et al. 2014). However, as mentioned above, it is not known if
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this gene is even expressed in Fusarium. Also, besides that the predicted ina gene from Fusarium
had no homology to the P. syringae ina gene, other sequences from Fusarium have not been found
to have any homology to bacterial ina genes either (Hasegawa et al. 1994). These findings suggest
that genes conferring fungal INA may not necessarily encode proteins but fungal INA may depend
on a polyketide non-ribosomal peptide as found for L. parviboronicapiens (Failor et al. 2021). The

objective of our study was to identify putative INA genes in Fusarium and M. alpina.

Comparative genomics
Comparative genomics is a discipline in computational biology that aims at identifying what is
conserved and what is different among a group of genomes. (Nobrega and Pennacchio 2004).
Differences may consist in the presence or absence of genes or in allelic differences of genes.
Whole-genome sequencing typically uses next-generation sequencing platforms and third-
generation sequencing platforms utilizing long read technologies are also available (Reuter et al.
2015). After sequencing, the core process in comparative genomics consists in alignment of DNA
sequences by mapping nucleotides in one sequence onto another with the introduction of gaps
(Hardison 2003). Thus, the matches between genomes can be described, which is important to
study genome evolution and genome function. Comparative genomics approaches have been used
in many studies of fungi to identify new genes and functional non-coding regions (Axelson-Fisk
and Sunnerhagen 2006; Gasch 2007).

Comparative genomics approaches have been used in Fusarium to study pathogenicity. By
comparing strains with narrow host range and strains with broad host range, mobile
pathogenicity chromosomes have been identified (Ma et al. 2010). By comparing strains from the

same species complex, genes contributing to the phenotypic variation and niche specialization
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have been identified (Walkowiak et al. 2016). By comparing a set of strains from the same
subspecies, a resistance gene accounting for plant disease resistance has been identified (Schmidt
et al. 2016).

Comparative genomics approaches have been used for the Mortierellaceae family to study
evolution (Massey and Garey 2007; Uehling et al. 2017; Vandepol et al. 2020). In these studies,
strains from the Mortierellaceae family were compared with genomes at long phylogenetic
distances. According to the Mortierellaceae phylogeny proposed by Vandepol et al. (2020), several
former Mortierella species now belong to new genera.

Although genes encoding fungal INPs remain unknown, the ice nucleation phenotype
varies among strains within the same Fusarium species and within the same Mortierella species.
Thus, it should be possible to identify genes conferring INA using comparative genomics
approaches by sequencing and comparing genomes of Ice* strains and Ice strains from the same

fungal species.

Currently available Fusarium and Mortierella genomes
e Fusarium species

The sizes of assembled Fusarium genomes are between 34 Mb and 62 Mb according to the NCBI
Assembly database (Kitts et al. 2016). By November 2021, 1,117 assembled Fusarium genomes
are available. Most genomes are species of F. graminearum and F. oxysporum, and they are the
most intensively studied Fusarium species. However, strains from these two species are not known
to have INA (Kunert et al. 2019).

Other databases or sources are available online to study Fusarium species. For example,

the Cyber-infrastructure for Fusarium (http://www.fusariumdb.org/) is publicly available (Geiser
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et al. 2004). It consists of platforms supporting strain identification and phylogenetic analyses,
archiving genomes from four species (F. verticillioides, F. oxysporum f. sp. lycopersici, F.
graminearum, and F. solani f. sp. batatas), and an online community to share and preserve
knowledge of Fusarium (Park et al. 2010). Still, these species are not known to have INA.

F. avenaceum is one of the very first Fusarium species reported to have INA and is better
characterized than many other Fusarium species (Pouleur et al. 1992; Hasegawa et al. 1994;
O'Sullivan et al. 2015; Kunert et al. 2019). Eleven F. avenaceum genomes available in the NCBI
Assembly database (including the genome we sequenced and used as the reference for our study,
F156N33 (Yang S et al. 2021)). Three genomes (Fa05001, FaLHO3 and FaLH27) have been
compared in one study, which suggested that F. avenaceum has the potential to produce various
secondary metabolites including polyketides, non-ribosomal peptides, terpenes, alkaloids and
indole-diterpenes (Lysge et al. 2014). Since there is evidence that a polyketide non-ribosomal
peptide is the molecule conferring INA in L. parviboronicapiens, this molecule may also play an
important role in Fusarium INA. However, it is unknown if the other 10 F. avenaceum strains are
Ice* or Ice”. Thus, we could not use them to identify INA genes with comparative genomics
approaches. Also, Fa05001 was the only genome that had been annotated, but not based on its
transcriptomic data. Therefore, we sequenced, assembled, and annotated F156N33 with the
genomic DNA and RNA data, which is an Ice* strain.

e Mortierella species
The sizes of assembled genomes in Mortierellaceae are also between 32 and 52 Mb according to
the NCBI Assembly database (Kitts et al. 2016). By November 2021, 79 assembled genomes are
available, and most of them used to belong to Mortierella but now in new genera. Currently, 28

Mortierella genomes are available.
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M. alpina is the only species in Mortierellaceae known for INA (Fréhlich-Nowoisky et al.
2015; Pummer et al. 2015). Nine M. alpina genomes are available in the NCBI Assembly database
(including the genome we sequenced and used as the reference for our study, LL118). The other 8
genomes were analyzed independently, but it is unknown if they are Ice*™ or Ice strains. The
genome of ATCC#32222 was characterized to investigate the lipogenesis pathway and results
suggested that this species can produce fatty acids and a complex mixture of glycerolipids,
glycerophospholipids and sphingolipids (Wang et al. 2011). The genome of CCTCC M 207067
was sequenced to study arachidonic acid-rich oil production, but the genomic data was not used in
this study (Nie et al. 2014). The draft genome of CDC-B6842 was obtained to increase our
understanding of the molecular mechanisms at the basis of lipid production and metabolism
(Etienne et al. 2014). The remaining five M. alpina genomes were used to resolve the
Mortierellaceae phylogeny (Vandepol et al. 2020). Also, the five genomes used to construct
phylogeny were the only genomes that had been annotated, but not based on their transcriptomic
data. Therefore, we also sequenced, assembled, and annotated an Ice* strain (LL118) with genomic

DNA and RNA data.

Transcriptomics analysis and RNA-seq

Transcriptome analysis is useful for characterizing the molecular basis of phenotypic variation in
biology. Comparative transcriptomics has been used to identify changes in gene expression that
correlate with phenotypic differences, thus unravelling the molecular pathways underlying
complex traits (Rossouw et al. 2008; Cohen et al. 2010). Investigation of gene expression profiles
in response to different conditions can provide an effective approach to identifying candidate genes

that determine the phenotype of interest.
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High-throughput RNA sequencing, RNA-seq, is one of the most common methods to
analyze transcriptomes and to profile genome-wide gene expression, which can detect all
transcripts in one sample, including messenger RNAs (mRNAs), long non-coding RNAs
(IncRNAs) and small RNAs (sRNAs) (Hrdlickova et al. 2017). RNA-seq typically uses next-
generation sequencing (NGS) platforms to sequence complementary DNA (cDNA) that is
synthesized from an RNA sample. Sequencing reads are then mapped to a reference genome or
transcriptome and assembled into a genomic feature of interest such as a gene, and the abundance
of the feature is measured based on the number of reads (Oshlack et al. 2010). Differential
expression analysis can be performed to identify genes that have changed significantly in
abundance across experimental conditions. Gene regulatory network may be further analyzed and
inferred.

So far, transcriptome analysis has not been performed to investigate the ice nucleation
phenotype. Since it is known that fungal INA can either be induced or inhibited under certain
conditions, it can be expected that genes encoding fungal INPs are expressed differently under the
conditions either inducing or inhibiting INA. It should thus be possible to identify these genes

using transcriptomics.
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Abstract

Ice nucleation activity (INA) is the capacity of some particles to catalyze ice formation at a higher
temperature than the temperature at which pure water freezes (—38°C). INA has profound impacts
on atmospheric processes occurring in clouds, such as the formation of precipitation and changes
in radiative fluxes. Biological ice nucleating particles (INPs) are among the most efficient INPs
and include bacteria, pollen, lichen, and fungi. However, little is known about most biological
INPs and their genetic basis. So far, INA has only been found in a few fungi, including Fusarium
avenaceum. INA was first discovered in F. avenaceum in 1992, but the INPs produced by F.
avenaceum are still poorly characterized. To characterize INA in Fusarium and to investigate its
genetic basis, F. avenaceum was examined in detail. Fourteen F. avenaceum strains were screened
for INA. Three strains were found to be less ice nucleation-active, and Fusarium INPs appeared

to consist of secreted aggregates. Therefore, whole genome sequencing and comparative genomic
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studies were performed to identify putative genes at the basis of Fusarium INA. Since growth
temperature was also found to affect Fusarium INA, gene expression at different growth
temperatures was also compared to further pinpoint the Fusarium INA genes. Overall, a list of
candidate genes has been selected, which helps to identify the Fusarium INA genes. After the
Fusarium INA genes have been identified, it will be easier to determine the role of fungal INA in

atmospheric processes that affect weather and climate on Earth.

Introduction
Homogeneous ice nucleation is the process by which pure water freezes at temperatures below
-38°C (Koop et al. 2000). By contrast, in the process of heterogeneous ice nucleation, ice
formation occurs at warmer temperatures catalyzed by ice nucleating particles (INPs) serving as
ice nuclei. Ice nucleation activity (INA) describes the capacity of INPs to catalyze ice formation
at temperatures higher than the temperature at which pure water freezes. INPs play an important
role in atmospheric processes by affecting the ratio of frozen to liquid droplets in clouds, which in
turn affects atmospheric radiative fluxes (Matus and L'Ecuyer 2017) and the formation of
precipitation (Murray et al. 2012). Biological particles are very effective INPs and can usually
induce ice formation at temperatures >—12°C (Lundheim and Zachariassen 1999). However, little
is known about how biological INPs affect atmospheric processes and most of their characteristics.
Biological INPs are known to be associated with bacteria, fungi, viruses, pollen, lichen,
and marine organics amongst others (Lundheim and Zachariassen 1999; Adams et al. 2021).
However, only molecules responsible for bacterial INA have been identified. To date, the bacterial

INPs are either proteins associated with Gram-negative bacterial genera Pseudomonas, Pantoea
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and Xanthomonas (Maki et al. 1974; Lindow et al. 1978; Maki and Willoughby 1978; Anderson
and Ashworth 1986; Phelps et al. 1986; Wolber et al. 1986; Kim et al. 1987; Michigami et al.
1994; Michigami et al. 1995; Morris et al. 2004; Santl-Temkiv et al. 2015), or a polyketide non-
ribosomal peptide produced by a type | iterative polyketide synthase non-ribosomal peptide
synthetase (PKS-NRPS) in the Gram-positive bacterium Lysinibacillus parviboronicapiens (Failor
et al. 2017; Failor 2018; Failor et al. 2021). Fungal INA was first found in Fusarium species
(Pouleur et al. 1992), and only a few other genera have been found to be ice nucleation-active
(Ice*), such as Mortierella and Puccinia (Morris et al. 2013; Fréhlich-Nowoisky et al. 2015). So
far, fungal INPs are still poorly characterized.

Fusarium species are filamentous fungi, many of which are important pathogens of plants
and animals (Nelson et al. 1994). They are widely distributed in soils, and some Fusarium species
can also be dispersed by wind and found in atmospheric samples (Palmero et al. 2011; Schmale
I11 et al. 2012; O'Sullivan et al. 2015). F. avenaceum was one of the very first Fusarium species
reported to have INA and has been better characterized than other fungi (Pouleur et al. 1992;
Hasegawa et al. 1994; O'Sullivan et al. 2015; Kunert et al. 2019). Although a few studies
investigated the physical and chemical characteristics of Fusarium INPs, knowledge of their
properties is still limited. The freezing temperature of Fusarium INPs can be as high as —2°C.
These INPs are smaller than 100 kDa in size, consist of aggregates composed of smaller subunits,
are stable at pH ranging from 2 to 12, tolerate heat treatments up to 40-60°C, and maintain their
INA under atmospherically relevant conditions and after long-term storage (Pouleur et al. 1992;
Hasegawa et al. 1994; Kunert et al. 2019). The identity of the molecules(s) produced by Fusarium

causing this activity remains unknown.
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Some studies suggested that Fusarium INPs are proteinaceous compounds since INA was
lost after proteinase treatments (Tsumuki and Konno 1994) and a peak UV absorbance was
observed at 280 nm (O'Sullivan et al. 2015). An INA gene was reported in F. acuminatum that was
identified by DNA hybridization using the INA gene inaZ from Pseudomonas syringae pv.
syringae, and it was successfully expressed in E. coli (Anastassopoulos 2001; Lagzian et al. 2014).
However, no evidence indicates that it is expressed in Fusarium, and these results have not been
confirmed in any other studies. Therefore, at this point, it cannot be excluded that Fusarium INA
may depend on a PKS-NRPS gene cluster as in L. parviboronicapiens instead of being dependent
on a protein.

A recent study investigated the distribution of INA within the genus Fusarium. About 16%
of 112 strains showed INA above —12°C, and at least seven Fusarium species included strains with
INA (Kunert et al. 2019). These results indicated that INA varies even within the same species,
which should make it possible to identify putative INA genes in Fusarium using comparative
genomics approaches as was done to identify putative INA genes in L. parviboronicapiens (Failor
et al. 2017; Failor 2018; Failor et al. 2021).

If the INA genes in Fusarium were to be identified, it would contribute to our basic
understanding of the process of ice nucleation and the potential role of Fusarium INPs in
atmospheric processes. The products encoded by these genes may also be a candidate for industrial
applications (Gurian-Sherman and Lindow 1992). Therefore, 14 F. avenaceum strains were tested
for ice nucleation, and comparative genomics approaches were used to identify genes associated
with INA. Since we observed that the strength of INA in F. avenaceum depends on the temperature

at which F. avenaceaum is grown, differential expression analysis was also used to identify
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putative INA genes. Finally, since INPs are secreted, it was determined if any of the identified

genes either encoded secreted proteins or were part of PKS-NRPS gene clusters.

Material and Methods

Fungal strains

Twelve Fusarium avenaceum were obtained from the Agricultural Research Service (ARS) culture
collection, two strain was provided by courtesy of David G. Schmale 11l (Virginia Tech), one of
which was originally from Kansas State University. See Table 1 for details. All strains were grown

on potato dextrose agar (PDA) prior to being processed.

INA measurements

To obtain cumulative ice nucleation spectra of each strain, 0.5 mg of mycelium was collected from
the center of PDA plates and suspended in 1 mL of nuclease-free water. These primary suspensions
were used to make dilution series in nuclease-free water from 10 to 10-°. Droplet-freezing assays
were performed using thirty drops of 20 pL volume of the primary suspension and each dilution.
Drops were deposited on parafilm boats floating on the glycerol bath in a cooling thermostat
(LAUDA Alpha Cooling Thermostat RA24). The water used to make dilutions served as negative
control. INA was tested at —-6°C, —7°C, —8°C, —9°C, -10°C, —11°C, and —-12°C. Drops were
incubated for 10 minutes at each temperature, and the number of drops that froze in each group
was recorded. The entire assay starting from preparation of suspensions was repeated three times.
The number cumulative ice nuclei (IN) per gram of fungus at each temperature was inferred using

the method developed by Vali (1971) and described by Failor et al. (2017). Analysis of variance
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(ANOVA) was performed using R (v4.0.4) at certain temperature to determine if there were

statistically significant differences in INA among strains/treatments.

Characterization of INPs
F. avenaceum strain F156N33 was used to investigate the properties of INPs. After the strain was
grown on PDA for 7 days at room temperature, a primary suspension was made by suspending 5
mg of mycelium from the center of each plate in 50 mL of nuclease-free water. Next, 49 mL of
the primary suspension was passed through a 0.22-um-pore-size filter (Millex-GP Syringe Filter,
0.22 pm) to obtain the 0.22 um filtrate. Then, 20 mL of the 0.22 um filtrate were passed through
a 30-kDa-pore-size filter (Macrosep Advance Centrifugal Devices with Omega Membrane 30K)
for 10 min at 5,000 rpm. This step separated INPs below approximately 5 nm in size since these
INPs could pass through the 30kDa filter and ended up in the filtrate. INPs above approximately
5 nm in diameter were retained by the 30kDa filter, and could be resuspended from the filter and
constituted the 30 kDa retentate. The retentate was resuspended from the filter membrane with 500
uL of nuclease-free water. In parallel, another 20 mL of the 0.22 um filtrate were passed through
another 30 kDa filter with the same centrifugation setting but 10 mL of nuclease-free water were
added to the filter and the filters were centrifuged again. This washing step was performed a total
of ten times. The final 30 kDa filter retentate was obtained by resuspending the retentate in 500
uL of nuclease-free water. The primary suspension, the 0.22 um filtrate, the 30 kDa filtrate, the
original 30 kDa retentate, the final 30 kDa retentate, the tenth filtrate, and 10! to 10 dilutions of
each fraction were used to infer cumulative ice nucleation spectra.

The primary suspension and the 0.22 um filtrate were also used for investigating the effect

of storage at extreme low temperature. They were stored at —80°C for 30 days, 60 days, and 90
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days, respectively, prior to INA tests. These suspensions and their 10 to 10 dilutions were used

to infer cumulative ice nucleation spectra as described above.

Investigating the effect of growth conditions on INA

F. avenaceum strain F156N33 was also studied to investigate the effect of growth temperature.
The strain was grown for about 30 days at 6°C, room temperature, or 28°C, respectively. For the
effect of culture age, the strain was grown for 7 days, 14 days, 21 days, 28 days, and 35 days,
respectively, always at room temperature. The primary suspension and 10 to 10 dilutions were
made as described above for each of the treatments and were used to infer cumulative ice

nucleation spectra as described above.

Genome and transcriptome sequencing and assembly

Genomic DNA of all 14 F. avenaceum strains was extracted from mycelium grown on PDA using
the ZymoBIOMICS DNA Miniprep Kit (Zymo Research). Total RNA of F. avenaceum strain
F156N33 was extracted using the RNeasy® Plant Mini Kit (QIAGEN) after INA was confirmed
to ensure INA genes were expressed. DNA and RNA were sequenced on an Illumina Nova Seq
6000 Platform at Novogene Corporation Inc. (Sacramento, CA). Low-quality reads and adapters
were removed by the company. The quality of reads was checked using FastQC v0.11.9 (Andrews
et al. 2010). The methods used for genome and transcriptome assembly have been described in

detail by Yang et al. (2021).

Phylogenetic analyses
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Assemblies of 14 F. avenaceum strains were used, and F. tricinctum strain INRA 104 (GenBank
accession: OVTS00000000) served as the outgroup. Sequences of translation elongation factor 1-
alpha (TEF-1a), RNA polymerase Il largest subunit (RPB1), and RNA polymerase Il second
largest subunit (RPB2) were identified by BLASTN v2.10.0+ (Camacho et al. 2009) using a
custom database containing sequences of these genes in other Fusarium species obtained from
GenBank (TEF-1a: FFUJ_05795 from F. fujikuroi; RPB1: FFUJ_00736 from F. fujikuroi; RPB2:
FFUJ_07996 from F. fujikuroi). Multiple sequence alignments for each of the three genes were
performed using Clustal W (Thompson et al. 1994) in MEGA 7 (Kumar et al. 2016) with the
default setting, and the resulting alignments were manually edited.

Phylogenetic analyses were performed using the Maximum Likelihood method in MEGA
7 (Kumar et al. 2016) for each of the three genes as well as a concatenated gene dataset. The best
nucleotide substitution model was determined for each of the single genes and the combined
dataset using MEGA 7 (Kumar et al. 2016). Maximum Likelihood trees for each of the single
genes and the combined dataset were generated using the best nucleotide substitution model

accordingly with 1000 bootstrap replications in MEGA 7 (Kumar et al. 2016).

Gene prediction and genome annotation

The assembled 14 genomes were annotated using the MAKER annotation pipeline (v3.01.03)
(Campbell et al. 2014) with a combination of evidence-based methods and ab initio gene prediction
as previously described (Yang et al. 2021). In brief, for each genome assembly, the previously
assembled transcriptome of F156N33 by both Trinity and StringTie served as EST evidence, and

the proteome of Fusarium graminearum (UniProt Proteomes accession: UP000070720), served as
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protein homology evidence. Ab initio gene annotation were performed by SNAP v2013-02-16

(Korf 2004) and AUGUSTUS v3.4.0 (Stanke et al. 2008) afterwards.

Functional annotation, prediction of the signal peptide and prediction of secondary
metabolite genes

Functional annotation was performed using InterProScan v5.46-81.0 for the presence of Pfam
domains with terms from the Gene Ontology (Jones et al. 2014). BLASTP from BLAST v2.10.0+
(Camacho et al. 2009) was also used to find regions of local similarity against the February 2021
release of the Swiss-Prot database (Consortium 2020). Prediction of the signal peptide was
performed by SignalP v5.0b (Almagro Armenteros et al. 2019). Phyre2 was used to predict protein
function based on the homology of predicted protein structures with the structure of proteins with
known function (Kelley et al. 2015). Prediction of metabolic gene clusters was performed by the

fungal version of antiSMASH 6 (Blin et al. 2021).

Pan-genome analysis and prediction of orthologues

Pan-genome analysis and searching for orthologous genes in the genome of 14 F. avenaceum
strains was performed by GET_HOMOLOGUES-EST v3.4.2 (Contreras-Moreira and Vinuesa
2013), which clustered homologous gene families using the OrthoMCL v1.4 (Li et al. 2003)
clustering algorithm. Genes present in Ice* strains and Ice” strains were identified using the script

(parse_pangenome_matrix.pl) included in this program.

Gene expression analysis
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As described above, RNA-seq reads from F. avenaceum strain F156N33 grown at 6°C (3
replicates) and room temperature (2 replicates) were obtained. Each replicate was aligned to the
genome assembly of F156N33 using STAR v2.7.8a (Dobin et al. 2013), generating five alignment
files in BAM format. These five BAM files were subjected to featureCounts v2.0.1 (Liao et al.
2014) with parameters -p -B -C (multi-mapped reads excluded) as well as -p -B -O -M (multi-
mapped reads included) to determine the number of reads mapped to each gene. The read counts
were normalized by DESeq2 package in R (Love et al. 2014). Thus, differential expressed genes
(DEGs) were identified with the following parameters: “padj (adjusted P value) < 0.05 and

log2FoldChange > 1 using DESeq2.

DNAseq and variant calling and analyses
F. avenaceum strain F156N33 served as the reference genome for DNAseq, which allowed us to
determine presence and absence of each gene of strain F156N33 in each of the 13 other genomes
based on read alignment to independently confirm the GET_HOMOLOGUES-EST v3.4.2
(Contreras-Moreira and Vinuesa 2013) results. DNA reads were mapped on the reference genome
using BWA-MEM2 v2.2.1 (Vasimuddin et al. 2019). The mapping quality was assessed by
Qualimap v2.2.2 (Okonechnikov et al. 2016) and the number of reads mapped to each gene was
determined by featureCounts v2.0.1 (Liao et al. 2014) with parameters -p -B -O -M. The alignment
files were processed by Genome Analysis Toolkit v4.0 (GATK) (McKenna et al. 2010). GATK
‘SortSam’ and ‘MarkDuplicates (Picard)’ were used to remove duplicated mapping reads.
Variants were called by GATK ‘HaplotypeCaller’ (Poplin et al. 2018), followed by
extracting SNPs  using  GATK  ‘SelectVariants’and  filtering = SNPs  using

GATK4VariantFiltration’. Variants with a quality depth less than 2 (“QD < 2.0”), a quality score
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less than 30 (“QUAL < 30”), a strand odds ratio larger than 3.0 (“SOR > 3.0”), a Fisher score
larger than 60 (“FS > 60.0”) and a root mean square of the mapping quality a quality less than 40.0
(“MQ < 40.0”) were filtered out (GATK 2021). Base quality score recalibration was applied to
filtered variants using GATK ‘ApplyBQSR’. The resulting variants were called and filtered for
the second time using the same programs and parameters described above. The filtered SNPs were

annotated by SnpEff v5.0e (Cingolani et al. 2012).

Results and Discussion
INA varies within F. avenaceum
To determine the distribution of INA within the species F. avenaceum, cumulative ice nucleation
spectra were obtained for 14 strains. All strains presented INA to some extent. Thirteen strains
started to freeze around —6°C to —7°C, while freezing of F. avenaceum NRRL 54396 was only
observed at —9°C and below (Fig. 1). Among the 13 strains that started to induce freezing at —-6°C
to —7°C, two of them (NRRL 13826 and NRRL 36457), showed significantly lower activity than
the other 11 strains that started freezing at —6°C to —7°C (p-value = 3.73E-05 at —6°C). However,
the 11 most active strains still varied significantly based on the inferred cumulative number of IN
per gram of mycelium with 4 strains (NRRL 66272, NRRL 13316, NRRL 54754, and F156N33)
having very similar and higher INA at the lowest tested temperatures compared to the other 7
strains. In regards to the cumulative number of IN produced per gram of mycelium, the 11 most
active strains produced 107 to 10 IN/g at —-8°C and below with F. avenaceum NRRL 66272
showing the absolute highest number of IN/g.

Because INA was detected in all strains with the number of IN/g of mycelium varying

gradually between strains, we conclude that INA in F. avenaceum is rather a quantitative trait than
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a qualitative trait. The strength of INA may depend on the presence or absence of several INA

genes and/or be affected by allelic differences in one or several INA genes.

F. avenaceum INPs appear to be secreted aggregates that are prone to be separated by
centrifugatin and washing, and they are stable at -80°C

To investigate the properties of F. avenaceum INPs, filtration was performed for the primary
suspension of strain F156N33 using filters with two different pore sizes (0.22 um and 5 nm, the
approximate pore size of a 30kDa filter). The 0.22 um filtrate showed high INA with
approximately 108 IN per gram of mycelium at —7°C and reaching 108 IN/g at —12°C. This is only
a tenfold reduction compared with the primary mycelial suspension of strain F156N33.

The number of IN/g was reduced approximately 10,000 to 100,000-fold at —7°C (p-value
=0.0381) and —8°C (p-value = 0.0392) and still 1,000-fold at —9°C to —12°C (for example, p-value
= 0.0066 at —-9°C) compared with the primary suspension after passing through a 30 kDa filter
(Fig. 2A). The retentate collected from the 30 kDa filter was tenfold reduced at —7°C (p-value =
0.0152) and —8°C (p-value = 0.0921) compared with the 0.22 pum filtrate but presented INA similar
to the 0.22 um filtrate at lower temperatures (for example, p-value = 0.3500 at —9°C). This suggests
that F. avenaceum INPs are secreted from mycelial cells and that most F. avenaceum INPs have a
diameter of at least 5nm corresponding to a mass above 30 kDa. This is in agreement with earlier
results by Kunert et al. (2019) who found Fusarium INPs to have a mass of over 100kDa.

Intriguingly, the combined 30 kDa retentate and the 30 kDa filtrate had higher INA than
that of the primary suspension, in particular at —12°C, at which temperature we found 10* IN/g.
This suggests that during filtration larger Fusarium INPs may have separated into smaller INPs.

To follow up on this hypothesis, we washed the 30kDa filter 10 times. In other words, after the
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first centrifugation, water was added to the filter and centrifugation was repeated. This process
was then performed another 9 times. Each filtrate was tested for INA and the final retentate was
tested for INA as well. Even after 10 washes, the cumulative number of IN per gram of original
mycelium for the 30 kDa retentate was still 107/g at —12°C, only approximately 10-fold lower
compared to the first, unwashed 30 kDa retentate (p-value = 0.2410) (Fig. 2A). Moreover, the
filtrate from the tenth wash still showed similar INA to the final, washed 30 kDa retentate (p-value
= 0.0835). This suggests that INPs even smaller than 5nm are generated from the original INPs
during each washing and centrifugation step. Therefore, INPs produced by F. avenaceum appear
to consist of aggregates that can be separated into smaller units and F. avenaceum INPs thus rather
consist of relatively small proteins, non-ribosomal peptides, or polyketides that interact with each
other forming the relatively large INPs that initially do not pass through the 30kDa filter. While
Kunert et al. (2019) also concluded that Fusarium INPs consist of aggregates, here we show that
the smallest aggregates that retain INP may be even smaller than what they suggested based on
their experiments using a 100kDa filter.

INA stability after storage at extreme low temperature was also investigated. A temperature
of —80°C did not affect INA significantly (for example, p-value = 0.9880 at —8°C), and Fusarium
INPs retained high INA even after 90 days of storage (Fig. 2B). This result shows that Fusarium
INPs can persist for a long time without losing INA at extreme low temperature, making it possible

for them to have a lasting effect in the atmosphere as suggested previously by Kunert et al. (2019).

Growth temperature affects Fusarium INA, while the length of growth time does not have a

significant impact
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To investigate how growth temperature affects INA in F. avenaceum, strain F156N33 was grown
at different temperatures for about 30 days prior to determining cumulative IN spectra. Observing
the mycelia by eye, growth temperature affected their morphology (Fig. S1). Although growth was
slow at 6°C, the mycelium covered the entre plates after 30 days of growth at 6°C. When instead
grown at 28°C, the mycelium never covered more than half the plates.

In terms of INA, INA was induced when grown at 6°C compared to growth at room
temperature while it was reduced after growth at 28°C (Fig. 3A). More precisely, the cumulative
number of IN/g of mycelium at —12°C was around 102 when grown at 6°C, 10° when grown at
room temperature, and only 10% when grown at 28°C (p-value = 0.0015). Previous studies on
bacterial INA also reported that low temperature (15°C) induce INA in Pseudomonas syringae
although even lower temperature (9°C) inhibited INA. How temperature induces bacterial INA
was not shown conclusively (Mueller et al. 1990; Gurian-Sherman and Lindow 1995). We
hypothesize that INA in F. avenaceum may be higher at lower temperatures because the expression
of INA genes may be induced at lower temperatures and be repressed at higher temperatures. The
higher expression of INA genes may then lead to a higher production of INPs. On the other hand,
it is also possible that the structure or size of INPs that forms at lower growth temperatures is
different from the structure or size of INPs formed at higher temperatures. Finally, post-
translational factors could be involved that alter the surface of INPs at lower growth temperatures.

We also noted that INA varied among replicates when grown at 28°C but was relatively
stable among replicates grown at 6°C and room temperature (Fig. 3A). This result suggests that
expression of the underlying INA gene(s) may also be unstable at 28°C.

The impact of culture age was also investigated using F. avenaceum F156N33 grown for

35 days at room temperature. While no significant change in INA was observed between the 7-
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day, 14-day, and 21-day time points, the number of cumulative IN/g dropped approximately
tenfold after 28 and 35 days of growth, in particular at temperatures from —8°C to —12°C, although
not significantly (for example, p-value = 0.3190 at —8°C) (Fig. 2B). At—6°C, INA was inconsistent
among replicates making it challenging to compare INA between cultures of different length. This
result suggests that F. avenaceum continues to produce INPs as long as the mycelium grows and

that INPs may start degrading when growth stops sometimes after 21 days of culture.

Phylogenetic analyses reveal that F. avenaceum strains form several within-species clusters
and that the strength of INA does not correlate with phylogeny

Whole genome sequencing and genome assembly were performed for all 14 F. avenaceum strains.
The genome coverage of the assemblies ranged from 49x to 61x. Assembly sizes ranged from 36.8
Mb to 49.7 Mb, and the G+C content ranged from 48.20 % to 48.50% with one exception (50.72%
for strain NRRL 54396). The BUSCO quality assessment was based on the lineage-specific profile
library hypocreales_odb10 (4,494 genes) and revealed that more than 97.6% of genes were present
in all 14 assemblies, indicating a high quality of genome assembly for all strains. The assembly
statistics are shown in Table 2.

All 14 strains were identified as F. avenaceum based on BLASTN. Sequences of translation
elongation factor 1l-alpha (TEF-1a), RNA polymerase Il largest subunit (RPB1), and RNA
polymerase Il second largest subunit (RPB2) were extracted from each of the 14 assemblies to
perform phylogenetic analyses. Since F. tricinctum is a closely related species, the genome of
reference strain F. tricinctum, INRA104, was chosen as the outgroup.

All F. avenaceum strains formed one large clade separated from the outgroup F. tricinctum.

Three to four major sub-clades formed, depending on the genes that were used (Fig. 4). The TEF-
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la gene sequences had the lowest rate of variability and the lowest phylogenetic resolution with
six strains having an identical sequence and forming a single clade with one additional strain (Fig.
4A) while the RPB1-based ML tree and the multilocus sequence tree had the highest rate of
variability (Fig. 4B and 4C).

When comparing the trees with the geographic origin of strains and their substrates of
isolation (see Table 1 and Fig. 4), strains did not cluster together based on where and what they
were isolated from. Also, although the three strains, NRRL 13826, NRRL 36457, and NRRL
54396, with the relatively lowest INA were phylogenetically distinct from our reference strain
F156N33 according all four ML trees, they clustered together with other strains with high INA,
for example, strain NRRL 66272.

In summary, based on the four genes used for phylogenetic analysis, the strength of INA
in F. avenaceum does correlate with phylogeny. This could be either due to convergent evolution
with multiple independent gene acquisitions (of the same or different INA genes) or independent
mutations (in the same or different INA genes) that increase INA, or due to multiple gene loss

events or multiple mutations that lead to a decrease in INA.

Putative INA genes in strain F. avenaceum F156N33

F. avenaceum F156N33 was annotated using its RNA-seq data. Thus, it served as the reference
genome in our study. 11,233 genes were predicted in F156N33. Since we hypothesize that F.
avenaceum INPs are either secreted protein aggregates or consist in products of PKS—NRPS gene
clusters, a list of putative INA genes was obtained: 1,155 genes were predicted to encode proteins
with signal peptides and 59 genes were predicted to belong to PKS-NRPS gene clusters. Therefore,

a total of 1,214 genes are putative INA genes in F156N33 (Supplementary Table 1).
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Comparative genomics approach to reduce the number of putative INA genes in F.
avenaceum

To reduce the number of putative INA genes in F. avenaceum, we performed a pan-genome
analysis. To do this, orthologous groups were identified for all 14 strains and genes were clustered
into orthologous groups. One predicted transcript (Gene ID: KAF25_002500) was skipped by the
program because it was longer than 25,000 bp. 554 genes were identified as redundant isoforms.
Among 10,678 orthologue groups, 8,210 orthologues were found to be present in all 14 strains.

We first hypothesized that one or more INA genes may be present in strain F156N33 and
the other 3 most active strains (NRRL 13316, NRRL 54754, and NRRL 66272) and absent from
the least active strain NRRL 54396, ignoring all strains with intermediate INA. 82 genes were so
identified (Supplementary Table 2).

Based on phenotypic results, Fusarium INPs were likely to be secreted molecules.
Therefore, we assumed that Fusarium INPs were secreted proteins. Ten genes among these 82
genes were predicted to encode proteins with signal peptides. Four of these genes had no
annotation or were annotated as proteins of unknown function based on InterProScan or BLASTP.
Five genes were found to encode enzymes, and most of them belonged to glycosyl hydrolase
families. One gene was found to be a hydrophobic surface binding protein A, annotated as cell
wall mannoprotein 1 by BLASTP. Accodring to Phyre2, the 4 unknow proteins were predicted to
encode enzymes, 2 of which were hydrolases (Supplementary Table 3).

Since polyketide non-ribosomal peptides are a kind of biological INP (Failor et al. 2021)
and PKS-NRPS gene clusters are involved in the biosynthesis of mycotoxins in Fusarium

(Desjardins and Proctor 2007), we assumed that PKS-NRPS gene clusters could be also involved
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in producing INPs in Fusarium. One gene among these 82 genes was predicted to be a PKS-NRPS
gene, and another 3 genes fell into one PKS-NRPS cluster. The PKS-NRPS gene (Gene ID:
KAF25_005439) was predicted to encode an alcohol dehydrogenase, and the cluster this gene
belonged to was most similar to the fusaridione A biosynthetic gene cluster from Fusarium
heterosporum. The cluster the other 3 genes belonged to was most similar to the bikaverin
biosynthetic gene cluster from Fusarium fujikuroi IMI 58289, and these 3 genes were predicted to
encode either enzymes or a protein of unknown function.

Next, we tested a slightly different hypothesis. We assumed again that the strain with the
lowest INA, strain NRRL 54396, was truly INA negative and had no INA gene but that INA genes
were present in all 11 strains with either high or medium activity. Only 23 genes were so identified
(Supplementary Table 4), and they were a subset of the above 82 genes in Supplementary Table
2. Only 2 genes were predicted to encode proteins with signal peptides; one (Gene ID:
KAF25 008711) was a protein of unknown function by InterProScan or BLASTP and was
predicted to encode a hydrolase (cellulose-binding protein) by Phyre2. Another gene (Gene ID:
gene-KAF25_007828) encoded the hydrophobic surface binding protein A mentioned above.

Finally, we tested the hypothesis that some INA genes may be present in all but the three
strains with the lowest INA. Only one gene (Gene ID: KAF25_004243) met this criterium based
on the pan-genome analysis. However, the probability for this gene encoding a secreted peptide
was only 0.0854% and it was not predicted to be a biosynthetic gene. Therefore, this gene is
unlikely to be a candidate INA gene.

It is also important to point out that the described results of the orthologue-based
pangenome analysis are mostly in agreement with the results from a read-based DNAseq analysis

whereby reads of each strain were aligned against the annotated genome of F156N33 and
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presence/absence was determined based on the number of reads that aligned to each F156N33 gene
(Supplementary Table 6). While some the genes found to be absent based on the orthologue
analysis had some aligned reads, this number was generally much lower than the number of reads
that aligned to genes found to be present in the orthologue-based analysis.

In conclusion, most genes present in the most active strains but absent from the least active
strain(s) encoded enzymes with predicted function. We think that such enzymes are unlikely to
form aggregates that have INA. However, one or more of the genes encoding proteins that have
signal peptides but are of unknown function remain promising INA gene candidates. It will be
interesting to predict their structure and determine if any of them may possess characteristics that
allow them to form aggregates and/or that have other characteristics predicted to make surfaces
ice nucleation-active (Lin et al. 2018). Also, the genes that are part of biosynthetic gene clusters
need to be pursued further as putative F. avenaceum INA genes and the products of these
biosynthetic gene clusters need to be predicted and compared to the predicted polyketide non-
ribosomal peptide of L. parviboronicapiens (Failor et al. 2021).

It is also possible that one or more of the 8,210 genes present in all 14 strains can be
responsible for INA and that the difference in INA is due to allelic differences in some of these
genes. Or, as we will investigate next, INA genes may be present in all strains but be expressed to
a significantly higher level at low temperatures when INA was found to be highest compared to

higher temperatures, when INA was found to be lower.

Transcriptomics approach to reduce the number of putative INA genes in F. avenaceum

Based on our phenotyping results, INA in F. avenaceum F156N33 was higher at 6°C than at room

temperature and compared to 28°C. Therefore, we hypothesized that among the putative genes in
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strain F156N33, the genes that were more highly expressed at 6°C than at room temperature, were
more likely to be INA genes than the genes that were expressed higher at room temperature than
at 6°C or the genes that were equally expressed at both temperatures. We could not include gene
expression data at 28°C since the slow growth of F. avenaceum at 28°C did not allow us to extract
enough RNA for sequencing.

Differential expression (DE) analyses were performed for uniquely mapped reads only as
well as by including multi-mapped reads. Multi-mapped reads did not make much of a difference.
In fact, 1,451 genes were found upregulated at 6°C for uniquely mapped reads only, and 1,536
genes were found when multi-mapped reads were included. In total, 1,630 genes were upregulated
at 6°C (Supplementary Table 1).

Similarly to the comparative genomics analysis above, we looked next at which of the
1,630 differentially regulated genes were either predicted to encode proteins that contained signal
peptides or that fell within biosynthetic gene clusters.

318 genes among the 1,630 genes were predicted to encode proteins with signal peptides
(Fig. 5A). 98 of these genes had no annotation or are uncharacterized based on InterProScan or
BLASTP. 178 genes were predicted to encode enzymes, so they were unlikely to be candidate INA
genes. Most of these enzymes were predicted hydrolases. The remaining 42 genes included genes
encoding site-specific binding proteins, genes encoding specific domains, virulence factors, and
genes involved in production of molecules such as antifungal proteins, mycotoxins and fungal
hydrophobins.

One gene coding for a secreted hydrophobin, annotated by BLASTP as Rodlet protein, is
particularly interesting. Phyre2 found this protein to align with high confidence over most of its

length with the Roda hydrophobin of Aspergillus fumigatus, the Hydl hydrophobin from
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Schizophyllum commune, and the hydrophobin Mpgl from the rice blast fungus Magnaporthe
oryzae. These hydrophobins have in common that they self-assemble into large aggregates at
hydrophobic:hydrophilic interfaces. These aggregates represent amyloid-like structures and are
called “rodlets” (Kwan et al. 2006). However, the structure of the formed aggregate appears
difficult o predict. Therefore, we hypothesize that an aggregate of secreted F. avenaceum
hydrophobin molecules could potentially form a particle that induces ice formation on its surface.
According to Phyre2, 89 out of the 98 unknown genes mentioned above had predictions
(Supplementary Table 5). 26 genes were predicted to encode enzymes, 13 of which encoded
hydrolases. Interestingly, the putative INA gene of F. acuminatum reported in previous studies to
encode a protein with INA when expressed in E. coli (Anastassopoulos 2001; Lagzian et al. 2014)
belongs to the glycoside hydrolase family 16 based on InterProScan. However, this gene was
originally identified using the P. syringae INA gene as a hybridization probe although the gene
has no actual homology to the P. syringae INA gene. Moreover, the reported INA test results for
this protein did not include a negative control, a cumulative IN spectrum was not reported, nor
were results repeated independently. Therefore, it is highly unlikely that this protein has INA.
The remaining 63 genes found here were involved in cell transport, transcription, binding,
or production of certain proteins such as mycotoxins, hormones, and antimicrobial proteins.
However, some predictions had very low confidence, so functions of these genes are uncertain. On
the other hand, 103 genes among 1,630 genes upregulated at 6°C were predicted to fall into 31
PKS-NRPS clusters (Fig. 5B). 21 out of these 103 genes were predicted to be PKS-NRPS genes
distributed among 14 clusters. Many of these 21 genes were predicted to encode AMP-binding
enzymes, and there were a few predicted to encode dehydrogenases. 7 genes (Gene IDs:

KAF25 000207, KAF25 001383, KAF25 001960, KAF25 002505, KAF25 003892,
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KAF25 008718, KAF25 008732) were associated with polyketide synthases or polyketide
synthase dehydratases.

In summary, many genes found to be upregulated at 6°C in F. avenaceum are predicted to
encode metabolic enzymes. Therefore, they are unlikely candidate INA genes. However, other
genes were found to be either part of biosynthetic gene clusters that are predicted to produce
polyketide non-ribosomal peptides, that encode secreted proteins of yet unknown function, or in
one case, encode a predicted secreted hydrophobin, a class of proteins known to self-assemble into
larger aggregates. All of these genes thus represent putative INA genes and will deserve further

investigation.

Combining comparative genomics and transcriptomics results to reduce the list of putative
INA genes in F. avenaceum
We finally compared the list of putative INA genes based on the comparative genomics and the
transcriptomics results. If we assume that INA genes are absent from the least active strain NRRL
54396 and present in the 4 strains with the highest INA (F156N33, NRRL 13316, NRRL 54754,
and NRRL 66272), only one gene is predicted to encode a protein with a signal peptide upregulated
at 6°C (Gene ID: KAF25_006087) and no gene was found to be located within PKS-NRPS clusters
and upregulated at 6°C. Since the gene KAF25 006087 is predicted to encode a
peptidase/proteinase, it is unlikely to be a promising INA gene candidate.

If assuming INA genes are absent from the least active strain NRRL 54396 and present in
the 11 active strains, none of the genes is predicted to encode proteins with a signal peptide or to

be located within PKS-NRPS clusters and found to be upregulated at 6°C.
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Conclusions

Here we found that although all F. avenaceum strains available to us had INA, the strength of INA
varied among strains. This suggests that either the presence or absence of several genes contribute
to the strength of INA in F. avenaceum or that allelic differences in one or more INA genes affect
INA. Moreover, INA in F. avenaceum is associated with secreted aggregates that appear to consist
of subunits as small as 5nm in diameter and that are stable at —80°C. INA in F. avenaceum is
higher at lower temperatures suggesting that expression of INA genes may be induced at lower
temperatures and be repressed at higher temperatures. Comparing the gene content of strains with
different strengths of INA and the expression of genes at different temperatures, we have obtained
a list of putative INA genes that either encode secreted proteins or that are located in biosynthetic
gene clusters. However, genes outside of this list cannot be ruled out because allelic differences in
genes present in all strains may be the main determinants of INA in F. avenaceum. Unfortunately,
fourteen strains are not sufficient to test this hypothesis by performing a genome-wide association
study (GWAS) (Tam et al. 2019) and we do not have access to any additional strains at this point.
Therefore, to ultimately identify the INA genes in F. avenaceum, either more strains will need to
be analyzed to conduct GWAS and/or candidate INA genes need to be confirmed experimentally
through either mutational analysis in F. avenaceum or gain-of-function experiments expressing
them in Fusarium species that do not have INA.

Once the INA genes in F. avenaceum have been identified, INA genes in other Fusarium
species may be identified by homology. The identified INA genes can then be searched in
metagenomic sequences from various environments to determine the ecological role of INA in
Fusarium, in particular, it will be possible to investigate if Fusarium INA genes are present in the

atmosphere and contribute to atmospheric processes. Finally, identifying the Fusarium INA genes
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and their products will contribute to our basic understanding of the process of INA itself, which is

still poorly understood (Coluzza et al. 2017).
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Tables

Table 1. List of F. avenaceum strains tested for INA

Source Accession  Substrate Sampling Accession(s) in other
location collections
USDA ARS 13316 Turf soil Pennsylvania, USA  NA
Culture 13826 Carnation California, USA NA
Collection 36457  Barley kernel USA CBS 409.86 /FRC R-
(NRRL) 8509/IM1 309353
54396 Soil Easter Lilly F49
Research Borrkings,
Oregon, USA
54754 Corn Pennsylvania, USA  A-28077
66272 Wheat Washington, USA A-28073
66944 Seedling of spruce  Pennsylvania, USA  A-28042
66946 Plant roots, Oregon, USA A-28020
Douglas fir tree
66947 Seedling of douglas Pennsylvania, USA  A-28035
fir
66948 Sugar pine tree Oregon, USA A-28040
seedling
66949 Seedling of spruce  Pennsylvania, USA  A-28041
66950 Seedling of spruce  Pennsylvania, USA  A-28043
Kansas State 11440 NA NA
University
Virginia F156N33  Atmosphere Virginia, USA
Tech
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Table 2. Assembly summary of 14 F. avenaceum strains

Strain Coverage Assembly  Number Maximum  Minimum  Average Median N50 contig GC aAssembly BUSCO
(%) size (bp) of contig contig contig contig length (bp) content  coverage (%)
contigs  length (bp)  length (bp) length (bp)  length (bp) (%)
F156N33 51 41,175,306 214 3,233,628 210 192,487 1,075 1,472,944  48.44 C:97.8; F:0.5; M:1.7
11440 52 42,933,485 897 1,984,632 200 48,011 538 1,024,532 48.33 C:97.7; F:0.5; M:1.8
NRRL 13316 61 41,704,585 964 2,164,424 200 43,399 579 843,661 48.26 C:97.7; F:0.5; M:1.8
NRRL 13826 51 44,694,304 1,465 1,780,814 200 30,660 493 779,627 48.35 C:97.6; F:0.5; M:1.9
NRRL 36457 54 38,761,238 308 2,047,741 234 125,928 1,068 918,031 48.38 C:97.7; F:0.6; M:1.7
NRRL 54396 51 49,692,405 626 1,709,761 200 79,506 659 691,401 50.72 C:97.8; F:0.5; M:1.7
NRRL 54754 50 38,889,550 234 4,244,225 229 166,303 875 1,329,635 48.48 C:97.8; F:0.5; M:1.7
NRRL 66272 49 39,140,173 251 2,646,538 226 156,028 1,000 1,190,042 48.47 C:97.6; F:0.5; M:1.9
NRRL 66944 59 36,826,384 216 3,227,342 231 170,590 845 1,246,826  48.48 C:97.6; F:0.4; M:2.0
NRRL 66946 54 40,603,425 397 2,016,945 200 102,387 945 972,920 48.42 C:97.7; F:0.5; M:1.8
NRRL 66947 61 40,212,181 320 2,482,218 228 125,771 996 1,127,118 48.34 C:97.9; F:0.5; M:1.6
NRRL 66948 57 38,139,861 290 2,379,904 202 131,584 1,103 1,046,193 48.31 C:97.9; F:0.5; M:1.6
NRRL 66949 52 37,127,996 260 3,604,089 234 142,881 1,021 1,215,522  48.41 C:97.7; F:0.4; M:1.9
NRRL 66950 51 40,854,987 317 4,247,833 214 128,969 1,117 1,141,783 48.38 C:97.8; F:0.5; M:1.7

2 For BUSCO coverage, C stands for complete BUSCOs, F stands for fragmented BUSCOs, and M stands for missing BUSCOs.
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Figure 1. Cumulative ice nucleation spectra of 14 F. avenaceum strains. All cultures were grown
at room temperature for 7 days. Results are primary suspensions based on droplet freezing assays
at -6, -7, -8, -9, -10, -11, and -12°C. Each data point represents a mean number (SEM) obtained

from three replicates. IN: ice nuclei.
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Figure 2. Cumulative ice nucleation spectra of F. avenaceum F156N33 grown at room temperature
for 7 days. A) Results are primary suspensions, 0.22 um filtrates, 30 kDa filtrates, original 30 kDa
retentates, washed 30 kDa retentates, and last washes based on droplet freezing assays. B) Results
are primary suspensions and 0.22 um filtrates stored at -80°C based on droplet freezing assays.

Each data point represents a mean number (+SEM) obtained from three replicates. IN: ice nuclei.
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Figure 3. Cumulative ice nucleation spectra of F. avenaceum F156N33 A) grown at room 6°C,
temperature, and 28°C, respectively, for about 30 days; B) grown at room temperature for 7 days,
14 days, 21 days, 28 days, and 35 days, respectively. Results are primary suspensions based on
droplet freezing assays. Each data point represents a mean number (tSEM) obtained from three

replicates. IN: ice nuclei.
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Figure 4. Maximum Likelihood (ML) trees constructed based on sequences of A) translation

elongation factor 1-alpha (TEF-1a), B) RNA polymerase II largest subunit (RPB1), C) RNA

polymerase 11 second largest subunit (RPB2), and D) combined four-locus data set using the best

nucleotide substitution model with 1000 bootstrap replications. Each color represents a state where

the strain was isolated.
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Figure 5. Venn diagrams. A) Overlap of genes that were upregulated at 6°C and predicted to
encode signal peptides. B) Overlap of genes that were upregulated at 6°C and predicted to fall

within PKS-NRPS clusters.
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Supplementary tables

Supplementary table 1. List of genes in F156N33

Supplementary table 2. List of genes that were present in F156N33, NRRL 13316, NRRL 54754
and NRRL 66272 but absent from NRRL 54396

Supplementary table 3. Phyre2 predictions of genes in Supplementary table 2 that had no
annotations or were uncharacterized by InterProScan or BLASTP

Supplementary table 4. List of genes that were present in 11 ice nucleation active strains but
absent from NRRL 54396

Supplementary table 5. Phyre2 predictions of genes that were upregulated at 6°C and predicted
to encode signal peptides with no annotations or were uncharacterized by InterProScan or
BLASTP

Supplementary table 6. Number of reads of each strain that aligned to each F156N33 gene
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Supplementary figures

Room temperature

Figure S1. Morphology of F. avenaceum F156N33 grown at room temperature, 28°C, and 6°C,
respectively, for approximately 30 days. The upper photos show a view at the bottom of the plates

while the lower photos show a view through the Petri dish cover.

109



Chapter 4. Exploring the genetic basis of ice nucleation activity in the common soil fungus

Mortierella alpina

Shu Yang?, Boris A. Vinatzer!

1 School of Plant and Environmental Sciences, Virginia Tech, Blacksburg, VA, USA

Corresponding author: B. A. Vinatzer, vinatzer@vt.edu

Keywords: fungi, ice nucleation activity, biological ice nucleating particles, Mortierella alpina,

comparative transcriptomics

Abstract

Ice Nucleation activity (INA) is the ability of some particles to induce ice formation above the
freezing temperature of pure water. Very few bacterial species and fungi display INA at
temperatures above —10°C. The common soil fungus Mortierella alpina is one of them. INA in M.
alpina has been shown to be heat and proteinase sensitive suggesting that INA depends on a folded
protein. However, it cannot be excluded that INA depends instead on the product of a polyketide
synthase non-ribosomal peptide synthetase as found for INA in the bacterial species Lysinibacillus
parviboronicapiens. It has also been shown that INA in M. alpina is associated with secreted ice
nucleation particles (INPs) smaller than 300 kDa in size. However, the genes necessary for INA
in M. alpina are unknown. Here we report that differential centrifugation suggests that M. alpina
INPs consist of aggregates that can be separated into INPs smaller than 30kDa and that M. alpina

INPs are stable when stored at —80°C for up to three months. Also, the strength of INA in M. alpina
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increases as the growth temperature drops from 28°C to room temperature and to 6°C.
Hypothesizing that the strength of INA in M. alpina correlates with the expression level of the
genes necessary for INA, we compared gene expression in one M. alpina strain between the three
tested growth temperatures. 560 genes were more highly expressed at either 6°C or room
temperature or both compared to 28°C and 106 of these genes encoded secreted proteins. We
discuss which of these genes may encode putative INA molecules and should be further

investigated.

Introduction
Soil has been proposed to be a relevant source of atmospheric ice nucleating particles (INPs),
which are known to affect the ratio of frozen to liquid cloud droplets and thus earth’s radiation
balance and the amount and intensity of precipitation (Schnell and Vali 1972; Schnell and Vali
1976; Conen et al. 2011). INPs that induce ice formation at temperatures warmer than —10°C have
been found to be mostly of biological origin (Christner et al. 2008) and a wealth of circumstantial
evidence suggests that INPs of biological origin contribute to atmospheric INPs (Pratt et al. 2009;
Conen et al. 2011; Creamean et al. 2013; O'Sullivan et al. 2014; O’Sullivan et al. 2018).
Biological INPs include bacteria, fungi, viruses, pollen, lichen, and marine organics
amongst others (Lundheim and Zachariassen 1999; Adams et al. 2021). Fungal INA was first
found, and has been best characterized, in the genus Fusarium (Pouleur et al. 1992; Kunert et al.
2019). Very few additional fungal genera have been found to be ice nucleation-active (Ice*) since
then with one of them being the widespread and abundant soil fungus Mortierella alpina, which

can initiate freezing at —5°C to —6°C (Frohlich-Nowoisky et al. 2015; Pummer et al. 2015; Hill et
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al. 2016). To date, M. alpina is the only species in the Mortierellaceae family known to include
strains with ice nucleation activity (INA).

The Mortierellaceae family consists in filamentous fungi that belong to the subphylum
Mortierellomycotina (Spatafora et al. 2016). Species in the Mortierellaceae family are distributed
in a diversity of environments but are most commonly associated with soils, the rhizosphere, and
plant roots (Summerbell 2005; Nagy et al. 2011). These species are of industrial, agricultural, and
clinical relevance (Carter et al. 1973; Kikukawa et al. 2018; Ozimek and Hanaka 2021). M. alpina,
a saprobic member in this family, is considered an important oleaginous fungus that can be used
for the production of the polyunsaturated fatty acid (PUFA) arachidonic acid (ARA) on an
industrial scale (Shimizu and Yamada 1990; Shimizu et al. 1997; Certik et al. 1998; Certik and
Shimizu 1999).

M. alpina strains with INA have been isolated from soils (Frohlich-Nowoisky et al. 2015;
Hill etal. 2016) and leaf litter (\Vasebi et al. 2019) and have been implied as source of INA in fresh
water (Knackstedt et al. 2018). Some studies suggested that M. alpina INPs are proteinaceous
compounds since INA was lost after proteinase and chemical treatments (Fréhlich-Nowoisky et
al. 2015). Other known characteristics of M. alpina INPs include that they are smaller than 300
kDa in size and are heat-sensitive (Frohlich-Nowoisky et al. 2015; Pummer et al. 2015; Vasebi et
al. 2019). However, there is no direct evidence for M. alpina INPs being proteins and genes
encoding M. alpina INPs have not been identified. So far, the molecular basis of M. alpina INPs
is thus poorly understood.

Since very little is currently known about any fungal INPs, if Mortierella INA genes were
to be identified, this knowledge would significantly increase our understanding of fungal INA in

the soil and the atmosphere. Therefore, in this study, multiple species within the Mortierellaceae
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family were screened for INA. After it was found that INA was limited to M. alpina, one the most
active strains, LL118, was chosen for genome sequencing (Yang and Vinatzer 2021). Since the
strength of INA in this strain increased as growth temperature decreased, we hypothesized that
genes necessary for INA would also be expressed more highly at lower temperatures compared to

higher temperatures. Based on this hypothesis, putative INA genes were identified.

Material and Methods
Mortierellaceae strains
Seventeen strains belonging to 13 Mortierellaceae species were investigated (Table 1). Except for
M. alpina LL118, which was isolated from an Aspen leaf litter sample, all other strains were
provided by Dr. Gregory Bonito (Michigan State University). All strains were grown on potato

dextrose agar (PDA) prior to being processed unless otherwise specified.

INA testing

After Mortierellaceae strains were grown for 7 days at room temperature, 1 cm? of mycelium was
taken from the center of Petri dishes and suspended in 1 mL of nuclease-free water. INA testing
was performed using a droplet freezing assay with a glycerol bath in a cooling thermostat (LAUDA
Alpha Cooling Thermostat RA24) as previously described by Failor et al. (2017). The water used
to make the suspensions served as negative control. INA was tested on 30 drops per strains at
—6°C, —7°C, -8°C, -9°C, -10°C, —11°C, and —12°C. Drops were incubated for 10 minutes at each
temperature, and the number of frozen drops was recorded. The assay was repeated two times. For
strains for which a cumulative ice nucleation spectrum was obtained, 0.5 mg of mycelia from the

center of each plate were suspended in 1 mL of nuclease-free water to make a primary suspension,
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which was then used to make a dilution series from 10! to 10°. Thirty drops per dilution were
tested and the number of ice nuclei (IN) per gram of fungus at each temperature was calculated
based on the method developed by Vali (1971). To determine if any differences in INA among
treatments were statistically significant, analysis of variance (ANOVA) was performed at certain

temperature using R (v4.0.4).

Investigation of INP properties

To investigate the effect of filtration on INA, M. alpina strain LL118 was grown on PDA for 14
days at room temperature. A primary suspension was made by suspending 5 mg of mycelia
collected from the center of Petri dishes in 50 mL of nuclease-free water. 49 mL of the primary
suspensions were passed through a 0.22-pum-pore-size filter (Millex-GP Syringe Filter, 0.22 pm).
20ml of the so obtained 0.22 pum filtrate were passed through a 30-kDa-pore-size filter (Macrosep
Advance Centrifugal Devices with Omega Membrane 30K) for 10 min at 5,000 rpm. This step
separated INPs smaller than approximately 5 nm, which passed through the 30kDa filter, from
those larger than 5 nm, which were retained in in the 30kDa retentate. The latter was resuspended
from the filter membrane with 500 uL of nuclease-free water. In parallel, another 20 mL of the
0.22 um filtrate were passed through a separate 30 kDa filter but 10 mL of nuclease-free water
were added to the filter and centrifugation was repeated several times. After each centrifugation,
the filtrate was stored separately and another 10 mL of nuclease-free water were added to the filter.
Centrifugation was repeated until INA in the filtrate became almost undetectable. After the last
centrifugation, the 30 kDa retentate was resuspended from the filter membrane with 500 uL of

nuclease-free water. The primary suspension, the 0.22 um filtrate, the 30 kDa filtrate, the original
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30 kDa retentate, the washed 30 kDa retentate, the final filtrate, and 10* to 10 dilutions of each
fraction were used to characterize INA in droplet freezing assays.

To investigate the effect of storage at extreme low temperature, the primary suspension
and the 0.22 pum filtrate were stored at —80°C for 30 days, 60 days, and 90 days, respectively, prior
to INA testing.

To investigate the effect of growth temperature on INA in M. alpina, strain LL118 was
grown on PDA for about 30 days at 6°C, room temperature, or 28°C. For the effect of culture age,
the strain was grown for 7 days, 14 days, 21 days, 28 days, and 35 days at room temperature. The
primary suspension and 10! to 10 dilutions were made as described above for each of the

treatments and used to characterize INA in droplet freezing assays.

Sequencing and assembly

The methods of genome and transcriptome sequencing has been described by Yang and Vinatzer
(2021). In brief, genomic DNA of 5 M. alpina strains was extracted from mycelium grown in
potato dextrose broth (PDB) using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research) and
was sequenced on an Illumina HiSeq 3000 Platform (2 x 100 bp) at the lowa State University
DNA Facility. Total RNA of M. alpina LL118, an Ice* strain, was extracted from mycelium grown
on PDA at 6°C (3 replicates), room temperature (3 replicates), and 28 °C (3 replicates) using the
RNeasy® Plant Mini Kit (QIAGEN) and was sequenced an Illumina Nova Seq 6000 Platform at
Novogene Corporation Inc. (Sacramento, CA). DNA reads were trimmed using Trimmomatic
v0.39 (Bolger et al. 2014) to remove adapters. For RNA reads, low-quality reads and adapters were
removed by the company. The quality of reads was checked and confirmed prior to genome

assembly and annotation using FastQC v0.11.9 (Andrews et al. 2010).
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Reads were aligned against the respective genome using STAR v2.7.8a (Dobin et al. 2013).
The resulting alignment in BAM format and the genome assembly in FASTA format were used
for transcriptome assembly. Genome-guided de novo assembly was performed by Trinity v2.12.0
(Haas et al. 2013). The completeness of the assembled transcriptome was assessed by the tool
Benchmarking Universal Single-Copy Orthologs (BUSCO) v5.0.0 with the hypocreales_odb10
dataset in transcriptome mode (Seppey et al. 2019). Transcripts were also assembled by StringTie
v2.1.5 (Pertea M et al. 2015) to obtain the GTF file, which was later converted to a GFF file by

GffRead v0.12.1 (Pertea G and Pertea 2020).

Gene prediction and genome annotation

The MAKER annotation pipeline (v3.01.03) (Campbell et al. 2014) was used for genome
annotation combining evidence-based methods and ab initio gene predictions. In the first round,
the annotation pipeline incorporated transcript evidence from the assembled transcriptome
described above and protein evidence from the most closely related species available Linnemannia
elongata (Uehling et al. 2017) (ID: UP000078512) (“est2genome” and “protein2genome” options
in MAKER). Next, two rounds of MAKER were performed for ab initio gene prediction
(“snaphmm” option in MAKER) after training with SNAP v2013-02-16 (Korf 2004) in each
round. The resulting GFF file from the third round was used to train the AUGUSTUS model for
M. alpina strain LL118 (Stanke et al. 2008). In the final round, the pipeline incorporated ab initio
gene prediction from AUGUSTUS v3.4.0 using the trained AUGUSTUS model
(“augustus_species” option in MAKER), which generated the final GFF file containing annotation
data. The final GFF file was functionally annotated with InterProScan v5.46-81.0 (Jones et al.

2014) for the presence of Pfam domains and BLASTP from BLAST v2.10.0+ (Camacho et al.
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2009) for searching against the Swiss-Prot database released in February 2021 (Consortium 2020)
(E-value, < 1 x 107°). The quality of the genome annotation was assessed by BUSCO v5.0.0
(Seppey et al. 2019) in the protein mode that evaluates the completeness of annotated gene sets.
The BUSCO assessment was performed against the lineage-specific profile library

mucoromycota_odb10 (1,614 genes).

Functional annotation, prediction of the signal peptide and prediction of secondary
metabolite genes

Functional annotation was performed using InterProScan v5.46-81.0 for the presence of Pfam
domains with terms from the Gene Ontology database (Jones et al. 2014). BLASTP of the BLAST
v2.10.0+ suite (Camacho et al. 2009) was used to find regions of local similarity against the
February 2021 release of the Swiss-Prot database (Consortium 2020). Prediction of the signal
peptide was performed by SignalP v5.0b (Almagro Armenteros et al. 2019). Phyre2 was also used
to predict and analyze proteins (Kelley et al. 2015). Prediction of secondary metabolite genes was

performed by the fungal version of antiSMASH 6 (Blin et al. 2021).

Gene expression analysis

RNA-seq reads from each the three replicates from each of the three growth temperatures were
aligned to the genome assembly of the same strain (LL118) using STAR v2.7.8a (Dobin et al.
2013) generating nine alignment files in BAM format. These nine BAM files were subjected to
featureCounts v2.0.1 (Liao et al. 2014) with parameters -p -B -C (multi-mapped reads excluded)
as well as -p -B -O -M (multi-mapped reads included) to determine the number of reads mapped

to each gene. The read counts were normalized by the DESeq2 package in R (Love et al. 2014).
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Differential expressed genes (DEGs) were identified by pairwise comparisons with the following

parameters: “padj (adjusted P value) < 0.05 and log2FoldChange > 1 using DESeqz2.

Results and discussion

M. alpinais the only species in the Mortierellaceae family that has INA and INA varies within
M. alpina

To determine the distribution of INA within the Mortierellaceae family, droplet-freezing assays
were performed at temperatures between —6°C and —12°C for 17 strains in 13 Mortierellaceae
species. Out of all tested strains, only the M. alpina strains presented INA. Two of the strains had
strong INA, one had intermediate INA, and two strains were found to be negative (Table 1). These
latter two strains did not induce ice formation at temperatures as low as —12°C. However, these
results will need to be confirmed because some INA was detected even in these two strains when
the concentration of mycelium was increased (data not shown).

The two most active Ice* strains, M. alpina strains LL118 and NVP153, were tested in
detail computing cumulative ice nucleation spectra. Strain LL118 initiated ice nucleation at —8°C,
and NVP153 initiated ice nucleation at —7°C (Fig. 1). LL118 produced close to 10% IN per gram
of mycelium and NVP153 produced 108> g* at -9°C and below.

Since high INA was detected in two M. alpina strains, lower INA was observed in a third
strain, and almost no INA was detected in another two strains, INA may be a quantitative trait in
M. alpina. However, INA in these strains and in additional strains will need to be precisely
quantified to make a firm conclusion. If INA were to be confirmed to be a quantitative trait in M.
alpina, the strength of INA may depend on the presence or absence of several INA genes or it may

be affected by allelic differences in one or several INA genes.

118



Repeated and differential centrifugation indicates that M. alpina INPs consist in aggregates
that can be separated into smaller units
To investigate the properties of M. alpina INPs, filtration using filters with different pore sizes was
performed. The primary suspension of strain LL118 produced approximately 10° IN per gram of
mycelium at —10°C, and the 0.22 um filtrate had about 10° g (Fig. 2A). These results indicate
that M. alpina INPs are likely to be secreted. Compared with the primary suspension, INA was
reduced approximately 1,000-fold after passing through a 30 kDa filter at —10°C (p-value =
0.0059). The retentate collected from 30 kDa filters without washing presented almost the same
INA compared to the 0.22 um filtrate (p-value = 0.1396), suggesting that most M. alpina INPs are
larger than 30 kDa (approximately 5 nm). This is in agreement with earlier results by Fréhlich-
Nowoisky et al. (2015) that M. alpina INPs consist in extracellular proteins that are smaller than
300 kDa.

However, the 30kDa filtrate still contained 107 g of IN at —10°C, suggesting that some
M. alpina INPs are even smaller than 30 kDa. This was confirmed when the 30 kDa retentate was
washed. In fact, after the 30 kDa filter was washed ten times (by adding water followed by
centrifugation ten times), it only contained 10° IN per gram of mycelium at —10°C, an
approximately 1,000-fold reduction compared with the unwashed 30 kDa retentate (p-value =
0.0102) (Fig. 2A). Therefore, we conclude that M. alpina INPs represent aggregates composed of
smaller sub-units that can be separated from each other and still maintain high INA. This property
has been also found in Fusarium INPs (Kunert et al. 2019), suggesting fungal INPs may share this

common feature.

M. alpina INPs maintain INA at —-80°C
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INA of M. alpina was found to be stable after storage at an extreme low temperature of —80°C for
90 days (Fig. 2B) indicating that M. alpina INPs may be able to persist in the atmosphere over
long periods of time, which makes it possible that they may in fact play a role in atmospheric

processes.

High growth temperature inhibits M. alpina INA while the age of the culture does not
To investigate how growth temperature affects INA in M. alpina, strain LL118 was grown in
parallel at 6°C, room temperature, and 28°C, for about 30 days prior to performing droplet-freezing
assays. Growth temperature affected the morphology of cultures (Fig. S1). Also, growth was slow
at 6°C but mycelium was very fluffy. Mycelium was not fluffy at 28°C. In terms of INA, INA was
reduced dramatically after growth at 28°C compared to growth at 6°C and room temperature (p-
value = 0.0004) (Fig. 3A). In fact, the cumulative number of IN per gram of mycelium was similar
between cultures grown at 6°C and room temperature, around 10'° gt at -10°C (p-value = 0.5260),
but was reduced 10° fold for cultures grown at 28°C comparing to cultures grown at room
temperature (p-value = 0.0046).

To investigate how culture age affects M. alpina INA, strain LL118 was grown for 7 days,
14 days, 21 days, 28 days, and 35 days, respectively. The length of growth time did not
significantly affect INA (for example, p-value = 0.4460 at —10°C), and no correlation was found
between days and the intensity of INA (Fig. 3B).

Since INA in M. alpina was higher after growth at 6°C and room temperature compared to
growth at 28°C, we hypothesize that the expression of INA genes may be induced when M. alpine
grows at 6°C and room temperature compared to when it grows at 28°C. While INA was similar

for mycelium grown between 6°C and room temperature when INA was assayed at —10°C and
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lower, INA of M. alpina mycelium grown at 6°C was numerically stronger than INA of M. alpina
mycelium grown at room temperature when INA was assayed between —6°C and —12°C. Thus,
INA genes in M. alpina may be more highly induced when grown at 6°C compared to growth at
room temperature. We had found the same trend for F. avenaceum INPs (See chapter 3). 28°C
consistently repressed INA in both genera. However, the difference in INA between growth at 6°C
and room temperatures was more pronounced in F. avenaceum. Instead of differences in gene
expression at different temperatures, it is also possible that the structure and/or size of M. alpina
and F. avenaceum INPs and post-translational modifications of the putative INA proteins are

different at different temperatures and cause the observed differences in INA.

Transcriptomics identifies a series of putative INA genes

Based on our phenotyping results, INA in M. alpina is suppressed at high temperatures but is
highly induced at room temperature and even more so at 6°C. Differential expression (DE)
analyses were thus performed for a series of comparisons between growth temperatures. All
analyses were performed both, using uniquely mapped reads only or including multi-mapped
reads. In order not to exclude potential candidates, we report the results using uniquely mapped
reads in combination with multi-mapped reads.

1,384 genes were upregulated in the pairwise comparison between 6°C and 28°C, and 946
genes were upregulated in the pairwise comparison between room temperature and 28°C. 560 of
these genes were found to be upregulated in both of these pairwise comparisons. Considering INA
was slightly higher at 6°C than at room temperature, genes that were more highly expressed at 6°C

compared with room temperature were also identified (962 genes). Finally, among the 560 genes
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upregulated both at 6°C compared to 28°C and at room temperature compared to 28°C, 304 genes
were more highly expressed at 6°C compared with room temperature (Supplementary Table 1).

Since we confirmed previous results that M. alpina INPs are secreted and M. alpina INPs
were previously hypothesized to be proteinaceous, we next determined which of the upregulated
genes were predicted to encode secreted proteins. In total, 647 genes in the genome of strain LL118
were predicted to encode signal peptides, indicating that they are secreted. Of these, 106 genes
were upregulated when M. alpina was growth at both 6°C and room temperature compared to 28°C
(Supplementary Table 1). 57 genes out of these 106 genes had no annotations or were
uncharacterized by InterProScan or BLASTP. 39 genes were predicted to encode enzymes of
known function. The remaining 10 genes were most likely to be associated with the cell membrane.
According to Phyre2, also the genes encoding proteins of unknown function were predicted to
encode enzymes, structural proteins, and proteins associated with cell membrane (Supplementary
Table 2). However, most predictions had low confidence or low sequence identify. Therefore,
these predictions should be considered with caution.

On the other hand, of the 106 genes predicted to encode signal peptides and upregulated at
both temperatures, 74 genes were also upregulated after growth at 6°C compared to growth at
room temperature (Supplementary Table 1). These genes were thus considered the most likely
candidate genes. Still, more than half of them had no annotations or were uncharacterized by
InterProScan or BLASTP, and those with annotations are most likely to be predicted to encode
enzymes.

Alternatively, M. alpina INPs could be the product of a polyketide synthase non-ribosomal
peptide synthetase (PKS-NRPS) as was recently shown for the Gram positive bacterium L

parviboronicapiens (Failor et al. 2021). However, only 13 genes in the entire M. alpina LL119
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genome were found to be located within PKS-NRPS clusters, and none of them were upregulated
at the lower temperatures.

Also, M. alpina is known for producing arachidonic acid. It remains unknown whether
arachidonic acid can initiate ice nucleation at higher temperature. Previous studies suggested that
long-chain fatty acids are not effective at nucleating ice at temperatures above —36°C (Qiu et al.
2017; DeMott et al. 2018). However, it may still interesting to look at genes involved in fatty acid
synthesis since they may play a role in combination with associated proteins or polyketides or non-
ribosomal peptides.

Finally, we performed a pan-genome analysis based on the hypothesis that INA genes
could be present in the two strains with the highest INA (LL118 and NVP153) and absent from
the strains with the lowest INA. 9 genes were so identified (Supplementary Table 3). However,
none of them were predicted to encode signal peptides, and only one gene was upregulated at both
6°C and room temperature. This may be a limitation of having included only 5 strains in our study.
More strains would need be to be included to conduct a genome-wide association study (GWAS),
which would also be able to determine if allelic differences are at the basis of difference in INA

between strains instead of complete presence/absence.

Conclusions

Here we investigated 17 strains in 13 Mortierellaceae species and only a subset of the Mortierella
alpina strains had INA, suggesting it is a feature unique to M. alpina among the Mortierellaceae.
M. alpina INPs are likely to be secreted aggregates. Therefore, INA genes may either encode
proteins with signal peptides or fall within PKS-NRPS clusters. Since only 5 M. alpina strains

were examined, it is impossible to conclude if the presence/absence of several genes or allelic
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differences contribute to the strength of INA in M. alpina. Growth temperature strongly affects
INA in M. alpina, suggesting that expression of INA genes may be higher at lower temperatures
compared with high temperatures. Therefore, we have obtained a list of putative INA genes that
are more highly expressed at lower temperatures. Based on the hypothesis that INPs are likely to
be secreted proteins or polyketide non-ribosomal peptides, we have reduced the number of putative
INA genes in M. alpina. However, to identify which gene(s) is (are) responsible for M. alpina
INA, more strains will need to be analyzed. Either GWAS will need to be conducted and/or

mutational analyses need to be performed through experiments.
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Tables

Table 1. List of Mortierellaceae strains tested for ice nucleation activity. Ice nucleation-active

strains are marked with a plus (+), ice nucleation inactive strains are marked with a minus (-).

Species Strain ID Ice nucleation  Synonym

activity
Dissophora globulifera REB-010B - Mortierella selenospora
Dissophora ormata 1234 - Dissophora ornata
Entomortierella echinosphaera 1233 - Mortierella echinosphaera
Entomortierella lignicola JL12 - Mortierella selenospora
Gryganskiella cystojenkinii 1230 - Mortierella cystojenkinii
Linnemannia elongata NVP64- - Mortierella elongata
Linnemannia gamsii AM1032 - Mortierella gamsii
Linnemannia hyalina AM1038 - Mortierella hyalina
Lunasporangiospora selenospora  1228- - Mortierella selenospora
Mortierella alpina ADO071 - Mortierella alpina
Mortierella alpina LL118 + Mortierella alpina
Mortierella alpina NVP153 + Mortierella alpina
Mortierella alpina NVP17b - Mortierella alpina
Mortierella alpina NVP47 + Mortierella alpina
Mortierella zonata 1226 Mortierella zonata
Podila humilis 1414- - Mortierella humilis
Podila minutissima NVP1 - Mortierella minutissima
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Figure 1. Cumulative ice nucleation spectra of two ice nucleation-active Mortierella alpina
strains. All cultures were grown at room temperature for 14 days. Results are primary suspensions

based on droplet freezing assays at -6, -7, -8, -9, -10, -11, and -12°C. Each data point represents a

mean number (xSEM) obtained from three replicates. IN: ice nuclei.
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Figure 2. Cumulative ice nucleation spectra of Mortierella alpina LL118 grown at room
temperature for 14 days. A) Results are primary suspensions, 0.22 um filtrates, 30 kDa filtrates,
original 30 kDa retentates, washed 30 kDa retentates, and last washes based on droplet freezing
assays. B) Results are primary suspensions and 0.22 um filtrates stored at -80°C based on droplet
freezing assays. Each data point represents a mean number (:SEM) obtained from three replicates.

IN: ice nuclei.
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Figure 3. Cumulative ice nucleation spectra of Mortierella alpina LL118 A) grown at room 6°C,
temperature, and 28°C, respectively, for about 30 days; B) grown at room temperature for 7 days,
14 days, 21 days, 28 days, and 35 days, respectively. Results are primary suspensions based on
droplet freezing assays. Each data point represents a mean number (tSEM) obtained from three

replicates. IN: ice nuclei.
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Supplementary tables

Supplementary table 1. List of genes that were upregulated at both 6°C and room temperature in
LL118

Supplementary table 2. Phyre2 predictions of genes that were upregulated at both 6°C and room
temperature in LL118 with had no annotations or were uncharacterized by InterProScan or
BLASTP

Supplementary table 3. List of genes that were present in LL118 and NVP153 but absent from

ADO071 and NVP17b
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Supplementary figures

Room temperature

Figure S1. Morphology of ice nucleation spectra of Mortierella alpina LL118 grown at room

temperature, 28°C, and 6°C, respectively, for about 30 days
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Chapter 5. Conclusions and future directions
Detection of boxwood blight

This work suggests that metagenomic sequencing with the ONT MinlON is a robust
approach to detect Calonectria pseudonaviculata (Cps) from naturally infected boxwood at the
species level with high sensitivity and accuracy, and it has the potential to detect it at the strain
level. Therefore, the ONT MiInION can be implemented in routine diagnostics of plant fungal
pathogens. Suitable DNA extraction methods and bioinformatics tools with appropriate fungal
genome databases are critical to detecting the target fungus and were identified here. However, to
confirm which exaction method works the best, replicates using the same plants will be needed.

To determine the detection sensitivity, using artificially inoculated plants is desirable.
Plants can be inoculated with inoculum ranging from low to high concentrations and subjected to
DNA extraction using the same method after the disease progresses. In this way, the lowest
inoculum concentration for the pathogen to be identified by metagenomic sequencing using the
ONT MinION in combination with different bioinformatic analysess can be determined.

On the other hand, direct comparison with other diagnostics methods is needed to
determine relative sensitivity. To obtain meaningful comparisons, more sets of DNA from the
same sample and the same extraction method need to be sequenced with the ONT MinION and
Illumina and compared to other methods, such as gRT-PCR.

In this study, detecting a fungal pathogen at the strain level was attempted. Fungal
pathogens can diverge into numerous within-species clusters with different traits (e.g., virulence).
Therefore, it is worth investigating of how to detect fungi at the strain level. So far, strain-level
detection has not been fully explored for most fungal pathogens. Improvements in bioinformatics

tools and fungal genome databases are needed to achieve within-species identification of fungi.
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In conclusion, our study suggests that metagenomic sequencing, especially using the ONT
MinlON, is a promising technology that could be implemented in routine diagnostics of fungal
diseases. There is still room for improvements in bioinformatics tools to increase detection

sensitivity and accuracy.

Fungal ice nucleation

The work of investigating ice nucleation activity (INA) in Fusarium and Mortierella has
expanded the knowledge of fungal ice nucleating particles (INPs). The main results of INA in
Fusarium and Mortierella indicated: (1) their INPs appeared to be secreted aggregates smaller than
30 kDa in size and prone to be separated by external forces; (2) their INA was induced at low
temperatures; (3) candidate INA genes were more likely to be those upregulated at low
temperatures and predicted to be either signal peptides or polyketide non-ribosomal peptides; (4)
hydrophobins could be good candidates for fungal INPs. Results were consistent with what Kunert
et al. (2019) reported, i.e., that Fusarium INPs consist of aggregates smaller than 100 kDa.

To further explore the INA gene(s) responsible for producing INPs in Fusarium and
Mortierella, more experiments and analyses are needed. First, more strains of both species are
needed to perform genome-wide association studies and find if any gene(s) or variants are
associated with the strength of INA. Second, mutational analyses and gain-of-function experiments
are needed by knock-out the candidate gene(s) in ice-nucleating active (Ice*) strains to see if strains
become ice-nucleating inactive (Ice’), and knock-in of the candidate gene(s) in Ice" to see if strains
become Ice*.

Another important aspect of investigating fungal INA is to determine its ecological roles.

Little is known about the ecological roles of ice nucleation in general. To determine the ecological
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role of fungi, experiments using both Ice® and Ice™ strains can be done after INA genes are
identified. Taking Fusarium species as the example, F. avenaceum and F. graminearum occupy
similar ecological niches (Coluzza et al. 2017), and F. graminearum is generally Ice- (Pouleur et
al. 1992; Kunert et al. 2019). After Fusarium INA gene(s) are determined, gene knockouts can be
performed for a F. avenaceum Ice* strain so its Ice- mutate can be obtained. Co-inoculation of soil
with (1) a F. avenaceum Ice* strain and a F. graminearum strain, (2) the F. avenaceum Ice- mutate
and the same F. graminearum strain, can be performed at the same incubation condition to
investigate the survival of these two species. Thus, whether ice nucleation benefits the survival
can be determined.

On the other hand, while in the bioprecipitation theory it has been proposed that INPs can
potentially induce precipitation (Sands et al. 1982; Morris et al. 2014), some INPs can be scrubbed
from the atmosphere and may not be involved in precipitation (Hanlon et al. 2017). The knowledge
of the link between sources and sinks of atmospheric INPs and precipitation is still limited. Since
fungal spores can be dispersed and transported into the atmosphere, they may have direct impacts
on precipitation. Therefore, investigating INA in fungal spores is needed. If desirable, spores of
Ice* fungal strains need to be separated from mycelium. These spores could then be collected and
tested for INA to determine their atmospheric importance.

In conclusion, our study has contributed to uncovering the properties of some fungal INPs
and we proposed putative genes and molecules of these INPs. A better understanding of the
ecological role of fungal INA and other biological INA will help answer the question of why INA
exists in these organisms. Ultimately, the relative contribution of fungal INA to atmospheric

processes that affect weather and climate on Earth could then be determined.
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Supplementary Tables
Supplementary Table 1. List of genomes used in the extensive custom database withBLASTN,

Kraken 2, and/or sourmash

Genome Strain Accession number
Calonectria henricotiae CB077 GCA _004380935.1
CBS138102 GCA _004380885.1
NL009 GCA _004380965.1
NLO017 GCA _004382205.1
Calonectria CB002 GCA _004141935.1
pseudonaviculata CB002 GCA_006505905.1

CBS139394 GCA_001696505.1
CBS139395 GCA_004380915.1
CBS14417 GCA_004381005.1

CT13 GCA _004380985.1
ICMP14368 GCA_004382245.1
NC-BB1 GCA_004381035.1
ODA1l GCA_004382225.1
Fusarium graminearum 233423 GCA _000966635.1
241165 GCA_000966645.1
CS3005 GCA_000599445.1
DAOM180378 GCA_001717915.1
FGO78 GCA_006942295.1
FNO09 GCA_900476405.1
ITEM124 GCA _002352725.1

MDC_Fgl GCA_900492705.1
MDC Fgl3  GCA 901446245.1
NRRL28336  GCA_001717905.1

PH-1 GCA 900044135.1
TaB10 GCA 012959185.1
Pseudonectria foliicola AR2711 GCA_002911195.1
JAC18-02 GCA 003693505.1
Pseudonectria buxi AR2414 GCA 003693545.1
JAC17-19 GCA _003693515.1
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Supplementary Table 2. Fungal hits obtained with BLASTN and Kraken 2

Sample #  Total BLASTN Kraken 2
ID reads # Hits of # Hits of # Hits of # Hits of # Hits of % % # Hits of # Hits of # Hits of # Hits of # Hits of # Hits of % %
Calonectria  Calonectria Fusarium Pseudonectria ~ Pseudonectria Identified  Cps Calonectria  Calonectria Fusarium Pseudonectria  Pseudonectria  non- Identified  Cps
henricotiae pseudonaviculata graminearum foliicola buxi reads hits henricotiae pseudonaviculata graminearum foliicola buxi specific reads hits
(Cps) (Cps) Nectriaceae

S1 424,599 31 225 54 8,897 1,203 2.452 0.053 320 264 202 1843 1761 10022 3.394 0.062
S2 469,952 10 188 36 5,312 763 1.342 0.040 426 234 107 1284 1113 5314 1.804 0.050
S3 351,180 9 410 18 3,555 471 1271 0.117 366 400 90 802 704 4170 1.860 0.114
Gl 694,805 91 6,817 58 4,638 513 1.744 0.981 913 16,342 316 1,199 1,098 25,572 6.540 2.352
G2 1,965,786 219 20,010 69 8,005 598 1.470 1.018 3,041 53,424 631 2,411 1871 81,733 7.280 2.718
G3 1,914,124 103 9,117 42 5,777 429 0.808 0.476 2,391 42,315 485 2,278 1712 86,925 7111 2211
G4 2,644,721 60 5,281 53 4,025 280 0.367 0.200 1,561 24,633 480 1,551 1,228 56,420 3.247 0.931
G5 3,721,368 113 10,798 86 10,060 691 0.584 0.290 2,542 40,843 933 3,400 2,552 98,586 4.000 1.098
G6 454,974 38 3,174 21 3,808 269 1.607 0.698 450 8,944 231 1,040 719 25,519 8.111 1.966
sS4 2,358,938 73 4,377 313 28,795 16,572 2.125 0.186 3,158 27,282 1,479 8,420 50,680 101,482 8.160 1157
S5 2,755,500 180 11,002 335 51,566 27,900 3.302 0.399 4,256 33,325 1,650 13,050 51,947 92,271 7.131 1.209
G7 1,343,224 166 13,087 72 17,263 13,392 3.274 0.974 1,266 26,970 466 4,729 61,216 70,771 12.315 2.008
G8 2,736,033 173 14,276 105 21,025 20,780 2.060 0.522 1,903 36,942 889 5,994 95,452 99,711 8.804 1.350
G9 295,648 229 15,178 45 34,849 15,430 22.233 5.134 617 16,082 244 6,986 21,340 36,876 27.785 5.440
G10 541,576 531 49,667 254 38,866 23,074 20.753 9.171 1,644 52,677 824 10,321 34,658 44,071 26.625 9.727
Gl1 289,025 297 29,440 104 23,887 13,364 23213 10.186 901 30,723 365 5,359 18,832 26,969 28.769 10.630
G12 885,884 719 69,724 396 50,980 30,563 17.201 7.871 2,438 76,053 1,153 14,107 47,211 60,102 22.696 8.585
G13 277,471 146 12,417 61 9,330 5,516 9.900 4.475 560 16,224 244 2,527 11,523 20,397 18.551 5.847
NC 831,673 5 137 60 207 21 0.052 0.016 103 18 438 44 132 672 0.169 0.002

146



Supplementary Table 3. The 31 reads of sample S1 that had been identified as C. henricotiae when using a custom library were
compared against NCBI’s entire database using BLASTN and the best hits for each read are shown below. None of the reads was

identified as C. henricotiae showing that using a larger library would have eliminated the false positives for C. henricotiae.

Sequence ID Accession Species Percent Length E-value

identity (bp)

(%)
0d8e0467-c80a-431b-b29c-d72f4d94fa8f  CP017483.1 Stenotrophomonas sp. 85.247 3240 0
0ed46597-f80f-402a-87b7-7be3d6bbb8ed KU668563.1 Clonostachys rosea 84.512 1414 0
124¢36d8-165a-4c82-9030-36113710ebfe  KF757229.1 Acremonium chrysogenum 83.256 2150 0
126aaebc-5f57-478d-8a1b-a30d020613ff  MT447058.1 Orbiocrella petchii 78.953 2789 0
1le2fc753-f7fd-4321-8855-6¢cd0c5ab4b40  NC_043850.1 Paecilomyces penicillatus  75.835 1407 7.98E-158
2d363f0a-7175-4b13-a85d-f907435e20f1  CP023323.1 Cordyceps militaris 74.481 964 5.44E-90
3262e0b6-f8bc-4093-adf9-d4be35b3d690 KT585676.1 Lecanicillium saksenae 79.4 2165 0
3aba7db5-201d-450d-b83c-7709695964dc NC_043850.1 Paecilomyces penicillatus  78.261 2139 0
3elf7f4a-54€9-463c-9b84-0db5h7956€92 MK213319.1 Clonostachys rosea 75.211 2013 0
42h15616-9ef0-44a5-b9fb-8914fh642537  NC_043850.1 Paecilomyces penicillatus  77.275 2275 0
44777610-d88e-4828-8d1d-3ff9b36120e5 KT731105.1 Nectria cinnabarina 78.602 2790 0
5316e12b-191e-4e9d-9668-706ec8be082e XM 024893633.1 Trichoderma citrinoviride 75.984 1778 0
6caeeee3-a331-45a9-b101-3¢78b57141f9  CP014168.1 Sphingomonas panacis 74.589 913 3.93E-79
6efc4b38-515b-4b96-9284-1bebe77298af LR792747.1 Metarhizium brunneum 81.251 4955 0
7568d60a-€985-47c4-ace7-f22e61d6439f  NC_043850.1 Paecilomyces penicillatus  81.072 2277 0
863f5f43-cch0-4c40-ae4c-3cbclc4915a9  CP052902.1 Fusarium oxysporum f.sp. 72.368 1748 5.78E-107

koae

8b79c6he-8f97-4eb6-85e7-62975halaff  NC_043850.1 Paecilomyces penicillatus  80.19 2110 0
950c6db0-18be-4135-9fae-67bc6c6ecabc XM _025725124.1  Fusarium venenatum 88.06 67 7.89E-09
98190aab-298d-4fa4-abc5-18che8b6313b  LR792747.1 Metarhizium brunneum 81.07 5251 0
a27132f4-0f48-4e33-alef-a06746182cae = KU668563.1 Clonostachys rosea 80.963 1329 0
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a6b89184-2497-48d3-a0ce-e007159b32ac
ca4e70c0-6a70-4949-82bc-3bcd08762d93
d2ff4fb3-c2b7-43a2-ad13-53389d4a38ef
d7436683-d95¢-421b-8f63-620af96158d2
db59b963-441a-4d8e-a100-988235f39aa8
de19d969-1acc-4388-8da8-f4519d096555
e660b8a2-al7b-4f02-abf1-825159431c8f
f43202f4-32dc-489a-938e-ch48c8f760f8

NC_043850.1
NC_043850.1
CP020875.1
CP049930.1
NC_043850.1
KP742838.1
KU668563.1
MT123351.1

Paecilomyces penicillatus
Paecilomyces penicillatus
Trichoderma reesei
Ustilaginoidea virens
Paecilomyces penicillatus
Fusarium mangiferae
Clonostachys rosea
Calonectria ilicicola

85.686
80.244
77.891
75.232
82.965
73.01

84.768
79.068

1537
2293
1963
1292
2260
2249
1162
3153

O O 0O O o o o

.89E-151

37E-144

Note that two reads had no hits at all.
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Supplementary Table 4. Sequencing statistics of G10 with ONT MinlON and Illumina

HiSeq
Sample G10 Negative control
Platform [llumina MinlON Illumina MinION
# Toatl reads 17,033,700 541,576 271,857,762 831,673
Total read length (bp)  1,498,691,820 1,955,966,076  40,778,664,300 1,945,418,169
Max read length (bp) 100 65,962 150 28,837
Min read length (bp) 2 2 150 4
Avg read length (bp) 88 3,612 150 2,339
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Supplementary Figures

B)

Supplementary Figure 1. Diseased boxwood naturally infected with C. pseudonaviculata
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Supplementary Figure 2. Krona plots based on the percentage reads classified using the custom

database with 29 genomes by Kraken 2
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Supplementary Results 1

Boxwood infected with Cps harbored different prokaryotic communities compared to healthy

boxwood

Methods
A database of all NCBI RefSeq genomes in April 2021 was built to profile boxwood-associated
prokaryotic communities using Kraken 2 v2.1.1 . Pavian v1.0 2 was used to visualize the

taxonomic classification of the prokaryotic sequences.

Results
Since metagenomics provides a complete picture of all microbes present in a sample, we decided
to also take a look at the bacterial communities associated with boxwood. Therefore, Kraken 2
analysis was performed against a database containing all assembled bacterial genomes in RefSeq.
MinlON reads were combined based on disease severity and DNA extraction method, forming
five composite samples: moderately diseased boxwood extracted after sonication, moderately
diseased boxwood extracted by grinding, severely diseased boxwood extracted after sonication,
severely diseased boxwood extracted by grinding, and healthy boxwood extracted by grinding.
Supplementary Figure 3 shows the taxonomic profile of each group.

Because our DNA samples only came from a small number of boxwood samples, this
analysis is necessarily descriptive and preliminary. However, some interesting trends were
observed. Proteobacteria was the phylum with the highest relative abundance for all five composite

samples (Supplementary Figure 3). Only for healthy boxwood, Firmicutes was the second most
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abundant phylum (Supplementary Figure 3E). Another interesting feature of the healthy boxwood
sample was the relatively high abundance of Pasteurella multocida followed by Vibrio
anguillarum as the second most abundant species.

The only common feature among all symptomatic samples and absent from the healthy
plant sample was the presence of Pseudomonas putida and Pseudomonas fulva. Bacterial
communities of the severely diseased samples also included a relatively high abundance of
Pseudomonas monteilii and Pseudomonas rizosphereae. While Stenotrophomonas maltophilia
and other Stenotrophomonas species were relatively abundant in moderately diseased boxwood,
the genera Pantoea and Erwinia were of higher relative abundance in severely diseased boxwood.
Some bacterial species, such as Buchnera aphidicola and Massilia oculi, may have been present

due to insects or due to human handling.

Discussion

Although these results are preliminary because of the small number of samples that were
examined, the prokaryotic community composition appears to differ between healthy and diseased
boxwood. The role of the detected bacterial species in regard to its effect on disease severity will
need to be determined. Also, if some boxwood-associated community members may possibly have
disease-suppressive ability that could be leveraged for disease management, similar to bacteria

previously isolated from recycling irrigation systems 3, should be determined.
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Supplementary Figure 3. Sankey plots for taxonomic profiling of the metagenome based on reads
mapped against RefSeq complete bacterial genomes. The heights of the rectangles indicate the
number of reads assigned per taxa and rank, also indicated above/next to each taxa. A) Results of
all moderately diseased samples (S1-S3) that were sonicated. B) Results of all moderately diseased
samples (G1-G6) that were homogenized in liquid nitrogen. C) Results of all severely diseased
samples (S4-S5) that were sonicated. D) Results of all severely diseased samples (G7-G13) that

were homogenized in liquid nitrogen. E) Results of the negative control (NC).

See next page for Figure
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