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1. ABSTRACT

The incidence of parasitic intestinal infections is increasing worldwide, becoming
of clinical concern for the human health. Nevertheless, clinicians continue to
diagnose them with poorly sensitive and non-specific procedures, like the
microscopic examination of faecal samples. Although several molecular methods
have been developed in the last decade, allowing increasing the diagnostic
precision, they still have some drawbacks that limit their application in diagnostics.
With these premises, in this thesis we describe a feasible DNA metabarcoding
approach to detect eukaryotic intestinal parasites in human faecal samples. To
achieve this objective, we firstly tested in silico the amplification capability of
several literature-available primer pairs targeting the 18S rRNA gene, and selected
those able to identify the broadest spectrum of human intestinal parasites. Then, we
tuned the experimental conditions to profitably extract total DNA from formalin-
fixed stool and to increase the amplification efficiency. We used the selected primer
pairs to amplify the metabarcodes of interest, and subsequently we sequenced the
obtained samples on the Illumina MiSeq platform. Ultimately, we developed a
general bioinformatics pipeline to analyse sequenced amplicons and to perform
taxonomical identification of micro-eukaryotes. Overall, this work could be a
promising starting point for developing a clinically relevant DNA metabarcoding
diagnostic technique.

Keywords: Intestinal infectious diseases; 18S rRNA sequencing; Bioinformatics
tools.



1. SOMMARIO

L’incidenza di infezioni da parassiti intestinali sta aumentando in tutto il mondo,
richiedendo una maggiore attenzione a livello clinico. Nonostante cio, queste
infezioni vengono ancora diagnosticate tramite metodi a bassa sensibilita e
specificita, come 1’analisi al microscopio di campioni fecali. Negli ultimi dieci anni
sono stati sviluppati metodi molecolari che permettono di aumentare la precisione
diagnostica, ma essi possiedono ancora degli svantaggi che ne limitano
I’applicazione in diagnosi.

Viste queste premesse, in questa tesi descriviamo un metodo di DNA
metabarcoding per I’identificazione di parassiti intestinali eucariotici in campioni
di feci umane. Inizialmente, abbiamo testato in silico le capacita di amplificazione
di diverse coppie di primer specifiche per il gene 18S rRNA, e abbiamo selezionato
quelle capaci di identificare il maggior numero di parassiti dell’intestino umano.
Successivamente, abbiamo modificato alcune condizioni sperimentali per garantire
un’efficiente estrazione del DNA da campioni fecali fissati in formalina e per
aumentare 1’efficienza di amplificazione. Abbiamo poi utilizzato le coppie di
primer selezionate per amplificare 1 metabarcodes di interesse, e abbiamo
sequenziato 1 campioni ottenuti nella piattaforma Illumina MiSeq. Infine, abbiamo
sviluppato una pipeline bioinformatica per analizzare gli ampliconi sequenziati ed
effettuare 1’identificazione tassonomica dei micro-eucarioti. Questo progetto
potrebbe consistere in un primo passo verso lo sviluppo di una tecnica diagnostica
basata sul DNA metabarcoding.

Parole chiave: Malattie da infezione intestinale; Sequenziamento del gene 18S
rRNA; Strumenti bioinformatici.



2. INTRODUCTION

2.1. The Human gut Microbiota

Microorganisms belonging to the Bacteria, Archaea and Eukarya domains, and the
relative viruses, populate every surface of the human body in contact with the
external environment. Overall, it is estimated that at least 10'* microbial cells and
10" viral particles colonise almost all human tissues: they constitute the “human-
associated microbiota”, and their genomes compose the so called ‘“host
microbiome” (Clemente et al., 2012).

Humans and microorganisms have evolved symbiotic relations, and through co-
evolution (i.e., when two or more species reciprocally affect each other's evolution
through the process of natural selection), co-adaptation (i.e., when two or more
species develop and maintain advantageous genetic traits, so that their mutual
relations can persist) and codependency (i.e., when two or more species manifest a
mutual dependence, therefore neither can function independently) human hosts
have developed a mutualistic relationship with their microbiota, meaning that both
receive benefits (Iebba et al., 2016). As a matter of fact, while microbes get
nutrients, proliferate and survive in protected niches, their presence is fundamental
for the host’s health, because the collective functions they perform directly affect
the (patho)physiology of humans (Lozupone et al., 2012).

The human gastrointestinal tract is composed of multiple organs (i.e., mouth,
oesophagus, stomach, small intestine, large intestine and anus) and, being in contact
with the external environment, is populated by a large diversity of microorganisms
and viruses that collectively constitute the “human gut microbiota”. While both
stomach and small intestine are poorly colonised due to the presence of acids,
digestive enzymes and antimicrobials that create an inhospitable environment, the
large intestine is devoid of these compounds and shows the highest diversity and
density of microbes in the human body (e.g., 10'? bacteria/g) (Piewngam et al.,
2020).

The human gut-associated microscopic population can be divided in three macro
groups: the intestinal bacteriome, the intestinal virome and the intestinal
“eukaryome”. Bacteria account for 70% of organisms of the gut microbiota, which
comprises over 1,800 bacterial genera and over 35,000 bacterial species, 99% of
which belong to the Bacteroidetes and Firmicutes phyla (other important, but less
represented bacterial phyla are Actinobacteria and Proteobacteria) (lebba et al.,
2016). DNA bacteriophages are the most abundant viruses of the intestinal virome
(108-10° Viral-Like Particles in the intestine), but this collection includes also RNA
bacteriophages, DNA and RNA archaeal viruses and DNA and RNA eukaryotic
viruses. The intestinal “eukaryome” is composed of Protists (i.e., unicellular



eukaryotes), helminths (i.e., parasitic worms of humans) and fungi (Lukes et al.,
2015); the latters, which compose the intestinal mycobiome, belong to the
Ascomycota, Basidiomycota, Microsporidia and Zygomycota phyla, and show a
lower diversity than the intestinal bacteriome or virome (Piewngam et al., 2020).
The taxonomic composition of the gut microbiota can be modulated by several
factors, such as the gut morphology and structure, age, diet, hygiene, stress, drugs
and antibiotic use; therefore, it is highly variable among individuals (interpersonal
variability) and can change in time within the same person (intrapersonal
variability). The interpersonal variability is demonstrated by the fact that different
individuals are endowed with different microbial species and show diverse amounts
of microbes belonging to the same genera, even if the microbial phyla present in
the human intestine are similar across people. The intrapersonal variability depends
mainly on the pathophysiological state of the host, who can thus manifest different
gut microbiota compositions in various moments of their life according to their
changing health conditions and lifestyle (Lozupone et al., 2012) and (lebba et al.,
2016).

As mentioned before, humans have evolved a mutualistic relationship with their gut
microbiota, which performs several functions that are fundamental for the
maintenance of the host health: (I) extraction of nutrients and energy from the diet
(lebba et al., 2016), (II) production of essential amino acids and vitamins, (III)
regulation of the gut homeostasis (Nathan et al., 2021), (IV) modulation of the
immune development and of host immune responses (Piewngam et al., 2020), (V)
protection against enteropathogens (“colonisation resistance™) (Robinson et al.,
2010), and (VI) modulation of other organs’ functionality (Iebba et al., 2016).
Regardless of the interpersonal variation in taxonomic composition at lower
phylogenetic levels (i.e., genus and species), all gut microbiota functions are
conserved among individuals. Indeed, host and host-associated microbial
community have co-evolved to promote a functional redundancy, meaning that a
single function is exerted by multiple, evolutionarily distant microbial species, and
thus it is preserved in people with different microbiota compositions (as long as
they possess the functional genes). Overall, individuals keep a core microbiome,
but not a core microbiota. However, the small variances in both microbiota and
microbiome must not be overlooked, because they might clarify the interindividual
differences in metabolism of dietary substrates and drugs, hence help explain why
people exhibit different responses to diets and medical treatments (Lozupone et al.,
2012).



If the gut microbiota composition is excessively modified by the factors cited above
(i.e., pathophysiological state of the host, diet, and drugs) and/or by pathogenic
infections, thus the physiological balance among microbes and between microbes
and host (defined “eubiosis”) is disrupted, the outcome is the “intestinal dysbiosis”
and the possible manifestation of infectious and non-infectious diseases (Piewngam
et al., 2020). In the eubiotic state, the gut microbiota is rich in diverse species and
is characterised by stability, meaning the ability to resist perturbations (resistance)
and to return to the equilibrium state following perturbations (resilience) (Robinson
et al., 2010). In the dysbiotic state, the microbial diversity is strongly reduced due
to the overgrowth and/or loss of some members of the community, and so are
stability, resistance and resilience, so the host’s health is impaired.
Dysbiosis-related infections frequently occur after antibiotic treatments; as a matter
of fact, these drugs cause a disruption of the commensal ecosystem and a reduction
of “colonisation resistance”, allowing the proliferation of opportunistic (e.g.,
Clostridium difficile) and exogenous pathogens (lebba et al., 2016). On what
concerns dysbiosis-related non-infectious diseases, they are usually complex and
multifactorial in terms of pathogenesis and complications: acute diarrhoea,
malnutrition, inflammatory bowel diseases (IBDs, e.g., Crohn’s disease and
ulcerative colitis), irritable bowel syndrome (IBS), obesity, type I diabetes,
allergic and autoimmune diseases (e.g., rheumatoid arthritis), neurodegenerative
diseases (e.g., multiple sclerosis and Parkinson’s disease), neurological disorders
(e.g., autism spectrum disorders and Rett syndrome), and cancer. Anyway, it is still
debated whether the intestinal dysbiosis is a cause or a consequence of these health
conditions (Robinson et al., 2010), (Clemente et al., 2012) and (Piewngam et al.,
2020).

Interestingly, individuals of Western, industrialised populations are more
frequently affected by these diseases than people of non-industrialized nations. One
possible explanation might be the higher hygiene, consumption of “Western diet”
foods and use of antibiotics of the firsts, habits leading to a lower diversity of their
gut microbiota that, in some cases, may even resemble a dysbiotic state (Chab¢ et
al., 2017). The fact that these pathological states can be treated by transplanting an
exogenous healthy gut microbiota, which can restore the physiological microbial
community, gives further proof that this host-associated microscopic population is
fundamental for the maintenance of the human health (Clemente et al., 2012).



2.2. “Eukaryome” and eukaryotic parasites

Historically, any fungus, Protist and helminth detected in the human gastrointestinal
tract was thought to be a pathogenic parasite, etiological agent of intestinal or even
systemic diseases associated with parasite migration and induction of lesions and
inflammation. Nowadays, the “eukaryome” is considered an essential component
of the human gut microbiota: organisms belonging to more than 140 fungal genera
and 15 protistan genera (Hamad et al., 2016) and some helminths stably colonise
the human intestine, are well tolerated by the host immune system, and play their
role in promoting the host’s health. Therefore, they can be considered mutualists
(Lukes et al., 2015). As for the intestinal bacteriome, the intestinal “eukaryome”
shows a low interpersonal variation if observed at the phylum level (fewer than 10
phylotypes are found in each individual), and a higher variety at the species (and
strain) level (Parfrey et al., 2011). The Western, industrialised populations’ lifestyle
negatively affects also the “eukaryome” composition, causing the quite complete
disappearance of gut eukaryotes and intestinal helminths (Chabé¢ et al.; 2017). As a
consequence, Western individuals manifest a higher incidence of inflammatory and
autoimmune diseases compared to non-industrialized people (Lukes et al., 2015).
Commensal eukaryotes are beneficial since, as demonstrated in several studies
(Berrilli et al., 2012), (Chabé et al., 2017), (Leung et al., 2018) and (Dubik et al.,
2022), they increase the gut microbiota species’ richness and provide
immunomodulatory cues to the host. Given these observations, it is not infrequent
the administration of helminths to individuals affected by inflammatory,
autoimmune and allergic diseases: this strategy, termed helminth therapy, has often
been successful at preventing and treating these pathological conditions (Lukes et
al., 2015).

All eukaryotic microorganisms that can be found in the human gastrointestinal tract,
being either commensal, opportunistic or parasites, fall into four Eukaryota
supergroups: Amoebozoa, Excavates, Opisthokonta (of the Obazoa clade) and SAR
(Stramenopiles-Alveolates-Rhizaria). Amoebozoa includes commensal and
pathogenic amebae (e.g., Entamoeba genus); Excavates includes intestinal
flagellates (e.g., Dientamoeba, Giardia and Trichomonas genera); Opisthokonta
includes fungi and helminths, which can be divided into the four groups of
acanthocephalans, cestodes (e.g., Diphyllobothrium, Hymenolepis and Taenia
genera), nematodes (e.g., Ancylostoma, Anisakis, Ascaris, Enterobius, Necator,
Strongyloides, Trichinella and Trichuris genera) and trematodes (e.g., Fasciolopsis
and Schistosoma genera); SAR includes commensal, opportunistic and parasitic
protozoa (i.e., animal-like Protists) (e.g., Blastocystis, Cyclospora, Cystoisospora,
Cryptosporidium, Neobalantidium and Toxoplasma genera) (Hamad et al., 2016)
and (Mathison and Sapp, 2021).



Protozoa belonging to the Blastocystis, Entamoeba and Trichomonas genera, and
fungi, are the most common commensal eukaryotes detected in the gut of healthy
individuals, who manifest an eubiotic state (Parfrey et al., 2014). However, if the
health conditions of the host are impaired (e.g., malnutrition, dysbiosis,
compromised immunity), some of those microorganisms, in addition to other less
frequently found micro-eukaryotes (e.g., Cryptosporidium parvum), can behave as
opportunistic pathogens and cause severe diarrhoea (Parfrey et al., 2011). In terms
of medical importance, the most relevant protozoan and helminthic pathogenic
parasites that cause the majority of human intestinal infections are Blastocystis spp.
(in particular Blastocystis hominis ST3 and ST7), Cyclospora cayetanensis,
Cryptosporidium spp., Entamoeba histolytica (i.e., the only pathogenic species of
the Entamoeba genus), Giardia intestinalis, and members of the above-cited
cestodes, nematodes and trematodes genera (Haque, 2007).

Intestinal parasites infect billions of people worldwide: the greatest incidence is in
the tropical and subtropical developing countries with poor sanitation and quality
of food and water, which favours food-borne and water-borne outbreaks of parasitic
diseases; however, an increasing frequency of infection is visible in economically
developed populations due to the transmission of pathogens from infected returning
travellers and immigrant groups, and also due to the growing habit of raw food
consumption (Jong, 2002).
Humans become infected with protozoan parasites via the faecal-oral route; indeed,
by ingesting faecally contaminated food or water, individuals enter in contact with
oocysts (i.e., the environmentally stable form of the parasite) that, once in the
intestine, transform into the metabolically active, proliferating and pathogenic
trophozoites (Hamad et al., 2016). If they succeed in overcoming the “colonisation
resistance” promoted by the healthy gut microbiota and invade the intestinal
epithelium (Partida-Rodriguez et al., 2017) and (Leung et al., 2018), there is a
strong induction of mucosal inflammation (Dubik et al.; 2022) that leads to the
development of parasitic diseases, which usually manifest with diarrhoea,
abdominal pain, malabsorption and weight loss. Blastocystis spp. colonises billions
of people, but only few, immunocompromised patients manifest blastocytosis (i.e.,
the Blastocystis-related disease). Cryptosporidium spp. symptomatic infection (i.e.,
cryptosporidiosis) is one of the main causes of infants’ death in developing
countries and the first water-borne diarrhoeal disease in the United States

. Entamoeba histolytica infects 50 million people worldwide,
but only 10% of infections result in severe dysentery (i.e., diarrhoea containing
blood) that causes 40,000-100,000 deaths annually (Haque, 2007). Giardia
intestinalis 1s the most prevalent human intestinal parasite, and the related giardiasis
is the first diarrhoeal disease in the developed nations. An important characteristic



of this parasite is its non-invasiveness (it simply attaches to the small intestine
mucosa), thus it has been suggested that its pathogenicity depends on interactions
between Giardia secreted factors (e.g., cysteine proteases) and the host’s gut
microbiota and immune system (Adam, 2021).

Helminths populate the gut of 3-5 billion people, 450 million of whom become ill
(Hamad et al., 2016) due to a high parasite load and the invasion of extra-intestinal
tissues by ectopic eggs, migrating larvae and adult worms. Individuals can be
infected via various routes: (I) ingestion of undercooked or raw meat and fish
(deriving from intermediate animal hosts of the helminths) contaminated with cysts
and larvae of cestodes, some nematodes (i.e., Anisakis sp. and Trichinella spp.) and
some trematodes (i.e., Fasciolopsis buski); (II) ingestion or inhalation of soil
particles containing mature eggs of some nematodes (i.e., Ascaris lumbricoides and
Enterobius vermicularis); (III) direct contact of the bare skin with humid soil and
freshwater containing infective larvae of some nematodes (i.e., Ancylostoma
duodenale, Necator americanus, Strongyloides spp. and Trichuris trichiura) and
some trematodes (i.e., Schistosoma spp.) (Jong, 2002). Symptomatic helminthic
infections are not lethal for the human host, but are usually associated with chronic
inflammation, diarrhoea, malnutrition, weight loss, and delayed physical and
cognitive growth of children (Haque, 2007).

Generally, parasitic infections are treated with efficacious and broad-spectrum
antibiotic and anti-parasitic drugs, which allow reducing morbidity, mortality and
transmission of pathogens. In addition, encouraging therapeutic strategies based on
the administration of probiotics and prebiotics are emerging: probiotics consist in
preparations of living microorganisms that confer health benefits to the host by
performing the same protective functions of the resident gut microbiota; prebiotics
promote the growth of beneficial commensals to re-establish an eubiotic state, such
that the host-associated microbes can effectively contrast the infection (Leung et
al., 2018). It is important to remember that interactions between microbiota and
parasites can be different, indeed some pathogens compete with commensals to
establish a successful infection while others rely on microbial cues to become more
virulent (i.e., “feeding-dependent activation” (Berrilli et al., 2012)), hence decisions
about the therapeutic intervention to adopt must be taken according to the
pathogens’ characteristics.
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2.3. Diagnosis of intestinal parasitic infections

Clinicians may suspect the presence of intestinal pathogenic parasites in travellers
affected by abdominal pain and diarrhoea, immunocompromised patients with
chronic diarrhoea, migrants coming from countries with poor sanitation, individuals
with history of skin contact with humid soil and freshwater in parasites-endemic
areas, and people with exotic tastes in food (e.g., undercooked or raw meat and fish)
(Jong, 2002). To confirm their suspicions, clinicians must perform diagnostic tests
that reveal the infecting microorganism(s): with accurate results, they can
administer the proper therapeutic treatment to eradicate the parasite(s), cure the
patient, and prevent the pathogen transmission. Diagnosis can be performed via (I)
microscopic examination of faeces, (II) cultivation, (III) serological methods, (IV)
antigen-detection tests, and (V) nucleic acid-based analyses. Pros and cons of each
method are summarised in Table 1.

Since the traditional diagnostic techniques have many pitfalls, in particular poor
sensitivity and specificity, modern and better performing molecular procedures can
be executed alongside them to assure performing diagnoses that are more reliable.

In particular, shotgun metagenomics (MG) and polymerase chain reaction (PCR) -
based test are two of the most promising molecular approaches, based on DNA
sequencing and bioinformatics, able to detect pathogenic protozoa or helminths.
Briefly, shotgun MG consists in sequencing every DNA molecule contained in a
faecal sample, allowing the identification of the whole gut microbial community
(i.e., bacteriome, virome and ‘“eukaryome” collections) and the detection of any
potentially infecting intestinal parasite. This technique has a high sensitivity and a
high level of protocol standardisation: indeed, it can be used with no restrictions on
any sample to detect even complex populations. However, it is highly laborious and
expensive, requires specialised personnel, and delivers massive genetic information
that must be extensively processed to obtain the final results (Lokmer et al., 2019).
On the other hand, the PCR-based test consists in sequencing only specific DNA
fragments, termed amplicons, that are the result of selective amplification of target
genes by using properly designed oligonucleotide primer pairs. The amplified
regions must be taxonomically informative, meaning that each sequence can be
used to undoubtedly determine the presence of a certain organism. By applying this
approach on faecal samples, it is possible to diagnose the occurrence of protozoan
or helminthic infections, but the knowledge of the patient’s clinical-
epidemiological background is fundamental to properly decide which target genes
should be analysed to confirm the assumed parasite’s presence. The PCR-based test
was applied for the first time in the parasitological field to discriminate between the
morphologically indistinguishable E. dispar (non-pathogenic) and E. histolytica
(pathogenic) by sequencing the small subunit ribosomal RNA (SSU rRNA) gene,
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DIAGNOSTIC TECHNIQUE

DESCRIPTION PROS

CONS

DIAGNOSIS

- Poor sensitivity

REFERENCES

MICROSCOPIC
ANALYSIS
CULTIVATION
TRADITIONAL
METHODS

SEROLOGY-BASED
APPROACH

ANTIGEN-DETECTION

parasitic Ags in faeces

Sequencing of every

Identification of eggs
and adult parasites in

Gold standard
fresh or fixed faeces

approach

In vitro growth of
parasites isolated from
fresh faeces

Test therapeutic
efficacy of
new drugs

Identification of
parasite-specific Abs
in patient's serum

Identification of

90% accuracy

- High sensitivity

DNA molecule in - Standardised method

- Does not distinguish

organisms with same morphology

- Complex sample preparation
- Needs multisampling
- Operator-dependent accuracy

- Poor sensitivity
- Most parasites do not grow
in vitro

- Variable sensitivity and
specificity

- Does not distinguish between persistent infections (e.g.,

present or past infection

Cross-reactions with
non-target Ags and other Abs

Every parasite via specific
tests, some diagnoses are
very difficult (e.g.,
Entamoeba histolytica,
Strongyloides spp. and

Trichinella spp.)

(Hamad et al., 2016)
(AMCLI-CoSP, 2022)

- Ancylostoma duodenale
- Blastocystis spp.
- Dientamoeba fragilis
- Entamoeba spp.
- Necator americanus
- Strongyloides stercoralis
- Intestinal fungi

(Hamad et al., 2016)
(AMCLI-CoSP, 2022)

Invasive pathogens (e.g.,
Entamoeba histolytica) and

(AMCLI-CoSP, 2022)
Schistosoma spp.)

- Cryptosporidium spp.
- Entamoeba histolytica
- Glardia intestinalis
- Schistosoma spp.
- Strongyloides spp.
- Taenia solium
- Trichinella spp.

(Haque, 2007)
(Hamad et al., 2016)

TEST
SHOTGUN MG
NUCLEIC-
ACID BASED
ANALYSES

PCR-BASED TEST

informative amplicons

Smesll A - Identify whole,

complex community

Sequencing of - High sensitivity
taxonomically and specificity

- Fast results

- Very laborious and expensive
- Needs specialised personnel

- Needs knowledge of patient’s

clinical-epidemiological ~
background
- Variable accuracy

- Giardia intestinalis

Every parasite (Lokmer et al., 2019)

- Blastocystis spp.
- Cryptosporidium spp.
- Dientamoeba fragilis

(van Lieshout and
Entamoeba histolytica

Verweij, 2010)
(Hamad et al., 2016)
- Schistosoma spp.

- Taenia spp.

Table 1. Description of the techniques exploited to diagnose intestinal parasitic infections.
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and was subsequently extended to the identification of other parasites (e.g.,
Blastocystis STs, Cryptosporidium spp. and Giardia intestinalis) by analysing other
targets. Due to its unmatched sensitivity and specificity, this technique can identify
even low protozoa or helminth burdens and provides fast results by analysing a
single faecal sample. Nevertheless, it allows detecting only a reduced amount of
eukaryotic parasites and has a diagnostic accuracy that depends on several factors:
the DNA extraction efficacy, the correct choice of the amplified target genes, the
absence of primer biases (e.g., preferential amplification of more abundant DNA
molecules that causes an underestimation of the frequency of poorly abundant
genotypes and subtypes) and the lack of contamination (van Lieshout and Verweij,
2010) and (Hamad et al., 2016).

Even though the molecular diagnostic approaches are very consistent, nowadays
they can only support the traditional microscopic examination of faeces, which is
still the gold standard technique that must be performed in any case to provide
clinically relevant diagnoses. Anyway, by developing new reagents and more
standardised diagnostic protocols, in the future the modern methods might be
exploited in place of the traditional ones, in particular when samples are collected
from patients with a clear clinical history (e.g., travellers in parasites-endemic
regions) and hence can be analysed by using specific diagnostic panels.

2.4. DNA metabarcoding as a diagnostic tool

Despite their limitations, molecular approaches are increasingly exploited in
parasitology to take advantage of their high sensitivity and specificity; in particular,
an evolution of the PCR-based tests, named “metabarcoding”, is becoming more
and more successful as it can economically characterise whole populations, even at
species level, without knowing the clinical-epidemiological background of patients.

DNA metabarcoding is primarily exploited in ecological studies to investigate
microbial, vegetal and metazoan (i.e., animal) communities, and consists in a PCR-
based analysis of environmental DNA (eDNA; i.e., mixture of extracellular and
intracellular genetic material from many different organisms) extracted from
environmental samples, such as filtered air, water, sediment, soil, faeces, etc.. One
of the main aims of this approach is to describe the biodiversity of a given
ecosystem by amplifying and sequencing a single target gene (in this case termed
“metabarcode”) selected from the eDNA, thus the chosen gene must be
taxonomically informative for a very broad spectrum of organisms (e.g., all
prokaryotes, all plants or all Metazoa). The ideal metabarcode is a short DNA
fragment composed by a highly variable sequence flanked by two conserved

13



regions: while the central sequence is unique for each species, the flanking regions
are the same in every species of the target taxonomic group, and constitute the
annealing sites for the DNA metabarcoding universal primers (Taberlet et al.,
2018). As a matter of fact, after eDNA extraction the metabarcode variable
sequence is amplified with a primer pair properly designed to bind to the flanking
conserved regions, and the generated amplicons are sequenced using NGS
platforms; then, by exploiting bioinformatics tools that compare the produced
sequences with reference databases containing genetic data of the target taxa, each
amplicon is associated to a unique species. Overall, DNA metabarcoding
determines which components of the target taxonomic group are populating the
sampled environment by analysing the variability of the amplified metabarcode
central sequence.

The development of the DNA metabarcoding technique that is employed in the
present days dates back to the 2006, when Sogin and colleagues provided a global
description of the microbial diversity in the sea by amplifying and sequencing the
V6 hypervariable region of the prokaryotic SSU rRNA gene, also known as the 16S
rRNA gene (Sogin et al., 2006). This gene had been exploited for the taxonomic
identification of bacteria and archaea since the 1980s (Robinson et al., 2010), as it
is composed of 9 variable regions (V1 to V9), highly different among the various
prokaryotes, interspersed between conserved regions, which sequences are identical
across the Bacteria and Archaea domains. Therefore, it contains metabarcodes that
can be exploited in DNA metabarcoding experiments. Similarly, the eukaryotic
counterpart of the 16S rRNA gene, named 18S rRNA, is composed of an alternation
of conserved and variable sequences (V1 to V9 as for the 16S rRNA nomenclature):
the V4 and V9 regions show the highest degree of variability, while the V6 region
is quite conserved and thus scarcely informative (Hadziavdic et al., 2014). Only in
the most recent years, researchers have begun to exploit DNA metabarcoding to
study eukaryotes, prevalently the microbial ones (i.e., Protists), by sequencing the
V4 region; indeed, it offers the highest phylogenetic resolution and allows a more
precise taxonomic assignment of the generated amplicons due to its optimal length
and its good coverage in reference databases (Vaulot et al., 2022). Thus, the V4
region of the 18S rRNA gene can be considered the gold standard metabarcode for
eukaryotic classification.

Nowadays, several DNA metabarcoding studies focus on the microbial eukaryotes’
diversity in different environments, and high relevance is given to the examination
of faecal samples to complete the characterization of the “eukaryome” collection in
the human host, both in healthy and pathological conditions. Therefore, it could be
possible to implement this approach to the clinical detection of intestinal pathogenic
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protozoa and helminths, providing cost-effective diagnoses with high sensitivity
(since it is a molecular technique) and without requiring a previous knowledge
about the clinical-epidemiological background of the patient (the main limitation of
the classic PCR-based tests). In addition, it would allow the simultaneous
evaluation of how the gut microbiota might be affected by the pathogenic infection,
providing a comprehensive picture of the patient’s pathophysiological status based
on their host-associated microbial communities.

2.5. Sequencing Technologies

All the above-cited molecular methods rely on sequencing the target nucleic acids
and exploit bioinformatics tools to determine their organism(s) of origin, which
populate the sampled environment.

The DNA sequencing history started almost 50 years ago, when Sanger and
colleagues published their work based on chain-terminating and labelled
dideoxynucleotides, thus developing the so-called “Sanger” or “First-generation”
sequencing technique. This approach is still used in the present days, and for more
than 30 years it was the only available sequencing method. However, a new
technology able to produce a very large amount of data (e.g., many human
genomes) in a single sequencing run was developed in 2006 and revolutionised the
market. Indeed, compared to the previous method, “Second-generation” sequencing
(better known as “Next Generation Sequencing” (NGS)) approaches allowed a
huge decrease in operational time and costs through the parallel production of
millions of high-quality short (250-800 bp) sequences, called reads. Despite the
large number of analyses in which NGS is applied (e.g., metabarcoding,
metagenomics, evaluation of gene expression, discovery of genetic variants, and
many more), it is not the best choice for those applications requiring longer
sequences, such as genome assembly or detection of alternative splicing isoforms.
Hence, to overcome the limitations of NGS mainly derived from short reads
production, in the last decade a couple of companies (i.e., Oxford Nanopore and
PacBio) have developed new machineries capable of producing up to 100 kb long
reads. These “Third-generation” sequencing approaches usually show a simpler
sample preparation and a lower sequencing runtime than “Second-generation”
methods, but they have lower throughput and accuracy, and a higher per-base cost.
Therefore, to exploit the advantages of NGS and “Third-generation” techniques,
researchers have developed hybrid methods that combine both kinds of reads; an
example of their application is genome assembly, where long reads are used to build
a scaffold on which high-quality short reads are mapped (Hu et al., 2021).
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2.5.1. Next Generation Sequencing

Although NGS methods have already been described in the previous paragraph, the
Illumina sequencing workflow is here briefly presented, as it constituted the NGS
technology used in the experimental protocol proposed in this manuscript.

After obtaining the target DNA molecules for sequencing, they must be processed
to prepare a sequencing library that is compatible with the used platform. Hence,
adapters are ligated to both ends of each template: they include a binding region, a
primer region and, if the library consists in a pool of DNA fragments belonging to
multiple samples, a unique barcode sequence that allows identifying each sample.
When the denatured library is loaded into the sequencer’s flow cell, each single
strand molecule hybridises to a surface-bound oligonucleotide which sequence is
complementary to the adapter’s binding region. Hybridised fragments are then
clonally amplified through bridge amplification to create clusters, so that the
fluorescent signals emitted during the sequencing step are more intense and more
easily detected. Forward and reverse strands of each DNA molecule are sequenced
in two separate phases using the “sequencing-by-synthesis” chemistry: the
sequencing primer anneals to the adapter’s primer region, and the hybridised
fragment acts as a template for the synthesis of the complementary strand, which
sequence is defined base-per-base while fluorescently labelled nucleotides
(reversible dye-terminators) are incorporated in it. Finally, the formed reads are
assigned to each sample of the library thanks to the unique barcode they possess,
and the output genetic data can be analysed by bioinformatics (Bentley et al., 2008).

2.6. Bioinformatics Analysis

Bioinformatics ‘“can be defined as the application of computational tools to
organize, analyze, understand, visualise and store information associated with
biological macromolecules” (Diniz and Canduri, 2017). Indeed, it integrates
biology, biochemistry, mathematics and statistics into pipelines (i.e., defined
sequences of data-processing algorithms) that allow the interpretation of extremely
vast amounts of complex “omic” data resulting from molecular biology
experiments (e.g., genomics, transcriptomics and proteomics). Bioinformatics tools
can be exploited to analyse DNA sequences (e.g., identification of mutations,
taxonomical classification of sequenced molecules, etc.), RNA sequences (e.g.,
evaluation of gene expression, identification of splicing isoforms and non-coding
RNAs, etc.) and proteins (e.g., prediction of protein structure and function,
evaluation of protein-protein interactions, etc.) (Diniz and Canduri, 2017).
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As previously mentioned, NGS and the associated bioinformatics analysis
revolutionised, among others, the investigation of microbial communities, allowing
the development of shotgun MG and DNA metabarcoding -based approaches that
are far more sensitive and specific than the traditional microscopy and culture -
based methods. In particular, to characterise the species present in a specimen under
analysis, reads generated by the high throughput sequencing of the target DNA
molecules are usually processed with bioinformatics tools for performing 2 major
steps: reads pre-processing and taxonomical classification. The first step involves
processing the reads (e.g., quality filtering, trimming and denoising) to produce
high-quality sequences representing the target DNA molecules. The second step
consists in aligning the high-quality sequences to reference databases of genetic
data so that it is possible to assign each sequenced DNA fragment to a defined
organism.

2.6.1. 18S Databases

Since the volume of experimental data constantly increases, databases are
fundamental to store and share the produced information, which can be exploited
by the scientific community to interpret new experimental results and contribute to
the growing of the scientific knowledge (Diniz and Canduri, 2017).

In the context of a DNA metabarcoding-based analysis of microbial eukaryotes, the
reads produced by sequencing the gold standard metabarcode (i.e., the V4 region
of the 18S rRNA gene) can be taxonomically classified by aligning them to the
SILVA database (Quast et al., 2013) or the PR? database (Guillou et al., 2013).
Between them, the PR? database should be preferred since it was specifically
constructed for the analysis of the eukaryotic SSU rRNA gene, and overcomes
several issues observed with SILVA and other reference databases to guarantee its
ease-of-use and obtaining precise results. Briefly, it contains over 220,000
sequences accurately annotated using nine taxonomic levels (from domain to
species): they are mainly 18S rRNA gene sequences of Protists, but also SSU rRNA
gene sequences of Fungi, plants, Metazoa and a limited set of Bacteria and Archaea
are included (Guillou et al., 2013).

For the above-cited reasons, the PR? database was exploited in the present thesis.
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3. OBJECTIVES

DNA metabarcoding is a widespread technique useful for the characterisation of
microbial communities, mainly bacteria (by analysing the 16S rRNA gene) and
fungi (by analysing the ITS regions). However, its application for eukaryotic
parasites’ detection is still limited, as many of the metabarcodes designed on the
18S rRNA gene are not able to properly cover some taxa of interest. In addition, the
length of the resulting amplicons usually exceeds 550 bp, preventing the usage of
the bioinformatics pipelines that are commonly exploited for 16S and ITS analyses.

With these premises, this thesis aimed at developing a DNA metabarcoding
protocol for the detection of protozoa and helminths parasitizing the human
gastrointestinal tract, achieved by analysing the DNA extracted from human faecal
samples.

The first part of this project included some bioinformatics analyses for the
identification of suitable DNA metabarcoding universal primer pairs that would
allow the amplification of the eukaryotic SSU rRNA V4 region. The second part of
this project consisted in evaluating the feasibility of the developed DNA
metabarcoding protocol in the detection of protozoa and helminths contaminating
human faecal samples.

More in details, during the first part of the thesis we:
= Compared the properties of several literature-available universal primer
pairs that amplify the 18S rRNA V4 region, in order to select the most
suitable ones for developing the protocol.
» Tested in silico the taxonomic coverage of the selected primer pairs, in order
to identify the ones that better amplify the target human eukaryotic intestinal
parasites.

The objectives of the second part of the thesis were:
* To optimise the DNA metabarcoding protocol for a correct DNA extraction
and target metabarcode amplification.
= To develop a bioinformatics pipeline for analysing the reads produced by
sequencing the generated amplicons with an Illumina platform.
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4. MATERIALS AND METHODS

4.1. Primer pairs selection

29 universal primer pairs targeting the hypervariable V4 and V9 regions of the
eukaryotic 18S rRNA gene were obtained from the available literature (Bates et al.,
2012), (Hadziavdic et al., 2014), (Hugerth et al., 2014), (Parfrey et al., 2014),
(Bradley et al., 2016), (Moreno et al., 2018), (Del Campo et al., 2019), (Kounosu et
al., 2019), (Choi and Park, 2020) and (Vaulot et al., 2022). They were filtered to
discard those predicted to frequently amplify bacterial and archaeal genes (off-
targets in this analysis) or to produce amplicons with mean length incompatible
with the Illumina MiSeq 300PE sequencing strategy (i.e., shorter than 280 bp or
longer than 550 bp) (see chapter 4.11). The remaining primer pairs were tested by
in silico PCR to evaluate their coverage of bacterial, archaeal and eukaryotic SSU
rRNA gene sequences using the PR? primer database (v. 2.0.0) (Vaulot et al., 2022),
under the condition “Max mismatches = 1” for both forward and reverse primer
sequences.

The PR? primer database (v. 2.0.0) contains “179 primers and 76 primer pairs that
have been used for eukaryotic 18S rRNA metabarcoding” (Vaulot et al., 2022) and
target the V4 and V9 regions. It offers an R-based web application that, among
other options (e.g., download the pr2-primers database), allows testing by in silico
PCR any user-defined primer set against the PR? database (v. 5.0.0) and the SILVA
database (release 132). As the test is completed, it is possible to download the
results as a .tsv file: for each sequence of the PR? database, indicated with its unique
PR? accession number and a nine-level taxonomy, it is reported the potential
annealing position of forward and reverse primers and, if both are predicted to bind
to the sequence, the length of the produced amplicon.

The results obtained from the in silico PCR tests were further processed to focus on
the primer pairs’ ability to amplify the target metabarcode of the most common
human eukaryotic intestinal parasites (i.e., Ancylostoma duodenale, Anisakis sp.,
Ascaris lumbricoides, Blastocystis spp., Cryptosporidium spp., Cyclospora
cayetanensis, Cystoisospora belli, Dientamoeba fragilis, Diphyllobothrium
dendriticum,  Diphyllobothrium  latum,  Diphyllobothrium  nihonkaiense,
Diphyllobothrium pacificum, Entamoeba histolytica, Enterobius vermicularis,
Fasciolopsis buski, Giardia intestinalis, Hymenolepis diminuta, Hymenolepis
microstoma, Hymenolepis nana, Necator americanus, Neobalantidium coli,
Schistosoma intercalatum, Schistosoma japonicum, Schistosoma mansoni,
Schistosoma mekongi, Strongyloides fuelleborni, Strongyloides stercoralis, Taenia
asiatica, Taenia saginata, Taenia solium, Toxoplasma gondii, Trichinella spp. and
Trichuris trichiura).
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Total sequences of the PR? database were filtered to identify those of the parasites
of interest; then, we evaluated the coverage of each primer pair and the lengths of
the produced amplicons. The 3 best performing primer pairs were selected for the
DNA metabarcoding protocol.

4.2. 5’-modification of the selected primer pairs

Since the DNA metabarcoding protocol required sequencing the target
metabarcodes on the Illumina MiSeq platform (see chapter 4.11), we appended
[Nlumina Adapter Sequences to the 5’-end of the selected forward and reverse
primers to allow the following preparation of the sequencing libraries. The Read 1
Nextera Transposase Adapter 5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) (Illumina) was appended
to the forward primers, while the Read 2 Nextera Transposase Adapter (5’
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) (Illumina) was
appended to the reverse primers.

4.3. Standard PCR amplification

5 pL of total DNA were added to 20 pL of master mix (MM) containing 11.5 pL of
AccuStart II PCR SuperMix (Quantabio), 6.2 uL of H2O, 1.15 pL of 10 uM forward
primer solution and 1.15 pL of 10 uM reverse primer solution. The PCR
amplification consisted in an initial denaturation at 94°C for 3 min, followed by 8
cycles (94°C for 20 s, 46°C for 20 s and 72°C for 40 s) and 27 cycles (94°C for 20
s, 54°C for 20 s and 72°C for 40 s). The products were visualised using gel
electrophoresis (1.5% agarose gel).

4.4. Primer pairs amplification test

The selected and 5’-modified primer pairs were bought from biomers.net GmbH.
To check their amplification efficiency, they were used to amplify positive controls
composed of purified eukaryotic genomes already available in the laboratory. We
followed the standard PCR amplification protocol.

4.5. Human faecal samples

We analysed 5 formalin-fixed human faecal samples (sample A-E) that were
obtained from UKNEQAS Parasitology; previous microscopic examinations
demonstrated their contamination by protozoa and helminths (Table 2).
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SAMPLE CONTAMINATION PRIMER PAIR 1 PRIMER PAIR 2 PRIMER PAIR 3
A Taenia and Giardia 1460764 1460769 1460774
B Trichomonas and Strongyloides 1460765 1460770 1460775
C DiphylLobothrium 1460766 1460771 1460776
D Fasciolopsis 1460767 1460772 1460777
E Schistosoma 1460768 1460773 1460778

Table 2. For each sample, it is reported the contamination declared by UKNEQAS Parasitology,
along with the ID number we gave them during our analyses with the selected primer pairs.

4.6. Standard DNA extraction

300-500 pL of formalin-fixed faecal sample were aliquoted in a 2 mL
Microcentrifuge tube (VWR International) containing 100-200 pL of
Zirconia/Silica beads 0.1 mm of diameter (BioSpec). 800 pL of Solution CDI
(QIAGEN) were added, and the sample was incubated at 75°C for 15 min for
thermal lysis. The lysed sample was then homogenised by mechanical shaking with
the TissueLyser II (QIAGEN) at 25 Hz for 10 min, and centrifuged at 15,000 g for
1 min. Subsequently, 550 pL of supernatant were transferred to an S-block
(QIAGEN), added with 250 pL of Solution CD2 (QIAGEN) to precipitate non-
DNA organic and inorganic material, mixed by pipetting, and centrifuged at 4,500
g for 6 min. At last, 550 pL of supernatant were transferred to a new S-block, and
DNA extraction was carried out automatically by the QIAcube HT instrument
following the DNeasy 96 PowerSoil Pro protocol (QIAGEN).

4.7. DNA purification

126 pL of AMPure XP Beads (Beckman Coulter) were added to 70 puL of total DNA
and mixed by pipetting; after 5 min, the sample was placed on a magnet for 5 min
and then the supernatant was discarded. The beads were washed 2 times with 200
pL of EtOH 80% and air-dried, before adding 15 puL of H2O; after 2 min, the sample
was placed on a magnet for 2 min and then the DNA-enriched supernatant was
collected.

4.8. Samples pre-treatment

Formalin-fixed faecal samples were subjected to a pre-treatment to remove the
formalin fixative. 500 pL of stool were aliquoted in a 2 mL tube, washed with 400
pL of 100% EtOH, and centrifuged at 16,000 g for 10 min. The supernatant was
discarded and the sample was air-dried to remove the EtOH residue, before adding
400 pL of 70% EtOH and repeating centrifugation (16,000 g for 10 min),
supernatant discarding and air-drying.
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500 uL of 0.5 M EDTA were added to inhibit DNase activity, and the sample was
incubated at 55°C for 1 hr; then, 100 uL of proteinase K were added to remove

proteins, the sample was incubated at 55°C for 2 hr, and the supernatant was
discarded (Lee et al., 2019).

4.9. Manual DNA extraction

500 pL of pre-treated faecal sample were aliquoted in a 2 mL Microcentrifuge tube
containing 100-200 pL of Zirconia/Silica beads 0.1 mm of diameter. 800 pL of
Solution CD1 were added, and the sample was incubated at 75°C for 15 min for
thermal lysis. The lysed sample was then homogenised by mechanical shaking with
the TissueLyser II at 25 Hz for 10 min, and centrifuged at 15,000 g for 1 min.
Successively, 550 pL of supernatant were added with 250 uL of Solution CD2,
mixed by pipetting, and centrifuged at 4,500 g for 6 min. 550 puL of supernatant
were transferred in a new tube with 450 pL of Solution CD3 (QIAGEN) and mixed
by pipetting; then, the 1 mL solution was transferred in a spin column and
centrifuged at 14,000 g for 1 min. The filtered solution was removed, before adding
400 pL of Solution AW1 (QIAGEN) to the spin column and centrifuging at 14,000
g for 1 min. This step was repeated three more times, the first one with 600 pL of
Solution AW1, the second one with 600 puL of Solution AW2 (QIAGEN), and the
third one with 400 puL of EtOH 96%. Then, the filtered solution was removed and
the sample was centrifuged at 14,000 g for 3 min. 60 pL of Solution C6 (QIAGEN)
were added to the spin column, which was placed in a new tube and centrifuged at
14,000 g for 1 min; subsequently, the filtered solution was collected and poured in
the same spin column, which was centrifuged again at 14,000 g for 1 min to allow
the collection of 60 pL of total DNA.

4.10. Optimised PCR amplification

11.2 pL of total DNA were added to 13.8 pL of master mix (MM*) containing 11.5
pL of AccuStart IT PCR SuperMix (Quantabio), 1.15 pL of 10 uM forward primer
solution and 1.15 pL of 10 uM reverse primer solution. The PCR amplification
consisted in an initial denaturation at 94°C for 3 min, followed by 8 cycles (94°C
for 20 s, 46°C for 20 s and 72°C for 40 s) and 32 cycles (94°C for 20 s, 54°C for 20
s and 72°C for 40 s). The products were visualised using gel electrophoresis (1.5%
agarose gel).
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4.11. Sequencing library preparation and metabarcode sequencing

PCR products were subjected to an exonuclease treatment to remove single-strand
DNA molecules (e.g., non-annealed primers): 5 uL. of amplicons were added to 5
uL of exonuclease solution, consisting in 1 puL of NEBuffer 3.1 (New England
Biolabs), 0.5 pL of Exonuclease I (New England Biolabs) and 3.5 puL of H>O; the
sample was then heated at 37°C for 4 min and at 80°C for 1 min.

Subsequently, we created the sequencing library by adding Illumina sequencing
adapters and dual-index barcodes to the purified amplicons using the Nextera XT
Index Kit v2 Set A (Illumina). The required PCR reaction, performed on 2.5 pL of
amplicons, included 22.5 pL of master mix containing 12.5 pL of KAPA HiFi
HotStart ReadyMix (Roche), 5 uL of H»0, 2.5 pL of Nextera XT Index 1 Primers
(N7XX) and 2.5 pL of Nextera XT Index 2 Primers (S5XX). The PCR condition
consisted in an initial denaturation at 95°C for 3 min, followed by 9 cycles (98°C
for 20 s, 55°C for 30 s and 72°C for 40 s) and a final elongation at 72°C for 5 min.
The products were visualised using gel electrophoresis (1.5% agarose gel).
Barcoded amplicons were then normalised by means SequalPrep™ Normalisation
Plate Kit 96-well (Thermo Fisher Scientific), 5 uL of each sample were pooled in a
unique vial, and the formed pool was concentrated in a 30 pL volume by pouring it
in a spin column that was centrifuged at 16,000 g for 20 min.

Subsequently, we purified the pool DNA: 30 uL. of AMPure XP Beads (Beckman
Coulter) were added and mixed by pipetting; after 7 min, the sample was placed on
a magnet for 2 min and then the supernatant was discarded; the beads were washed
2 times with 200 uL of EtOH 80% and air-dried, before adding 30 uL of H,O; after
7 min, the sample was placed on a magnet for 2 min and then the DNA-enriched
supernatant was collected.

Quality control of the concentrated and purified barcoded amplicons was performed
by capillary electrophoresis with the Agilent 2100 Bioanalyzer instrument (Agilent
Technologies) following the manufacturers’ instructions.

Successively, 2 uL of the pool were diluted 1:20 with 38 pL of 1X Tris-EDTA pH
8.0 in order to be quantified with the Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). 10 uL of the dilution were mixed with 190 puL of Qubit working solution
(Thermo Fisher Scientific) and quantified following the manufacturers’
instructions.

According to the quality control and quantification results, we prepared the library
for sequencing on the Illumina MiSeq platform: 5 pL of 0.2 N NaOH were added
to 5 uL of 4 nM pool DNA for chemical denaturation of the amplicons; after
centrifugation at 280 g for 1 min and incubation at room temperature for 5 min, 990
uL of HT1 (Illumina) were added. The created 20 pM denatured library was further
diluted with HT1 to form 600 pL of 7.5 pM denatured library, from which 60 puL
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were discarded and replaced by 60 pL of denatured 20 pM PhiX control library
(10% PhiX control spike-in).

In the end, the combined library was heat denatured at 95°C for 2 min, and then
placed on ice for 5 minutes or until it was loaded in the pre-filled, ready-to-use
reagent cartridge of the MiSeq Reagent Kit v3 (600-cycle) (Illumina). Thus, the
library was loaded in the Illumina MiSeq platform and sequenced with the 300PE
strategy.

The Illumina MiSeq 300PE strategy allows sequencing DNA fragments with a
length between 280 bp and 550 bp. As a matter of fact, the system is designed to
sequence 300 bp at both ends of the DNA fragment, creating two reads that should
overlap at their 3’-end. Then, they can be merged into a single contig that represents
with high accuracy the original DNA fragment sequence. If the fragment is shorter
than 280 bp, both 300-bases-reads will have random nucleotides at their 3’-end due
to the NGS platform sequencing features; if the fragment is longer than 550 bp, the
forward and reverse reads will not overlap.

4.12. Bioinformatics analysis of <550 bp amplicons

NGS-produced raw reads, available as FASTQ format files, were downloaded from
BaseSpace (Illumina) and analysed using FastQC (v. 0.11.9) (Andrews, 2010) for
a preliminary quality control of the sequencing run. QIIME 2 (v. 2023.5) (Bolyen
et al., 2019) was used for further analyses. In particular, raw reads were imported
into QIIME 2 environment exploiting the import command of the q2-tools plugin
with SampleData[PairedEndSequencesWithQuality] as type and
PairedEndFastgManifestPhred33v2 as input format. Then, forward and reverse
primer sequences and residual adapters were removed with q2-cutadapt (Martin,
2011). We exploited the q2-dada2 plugin (Callahan et al., 2016) to perform trimmed
reads filtering (i.e., truncation of the reads at a specified position and removal of
shorter reads), dereplication, denoising (i.e., removal of reads with sequencing
errors) and merging (i.e., creation of Amplicon Sequence Variants - ASVs - by
merging overlapping forward and reverse reads), and to remove chimeric
sequences. Subsequently, the RESCRIPt plugin (Robeson et al., 2021) was used to
train a naive Bayes taxonomic classifier based on the PR? database (v. 5.0.0)
(downloaded on 01/05/2023 from
https://github.com/pr2database/pr2database/releases). Taxonomy was assigned to

the ASVs by exploiting the classify-sklearn method of the q2-feature-classifier
plugin (Bokulich et al., 2018).

Workflow parameters slightly changed depending on the selected primers pair and
are summarised in Table 3.
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https://github.com/pr2database/pr2database/releases

QIIME 2 PLUGIN PARAMETER PRIMER PAIR
515FY - NSR951 E572f - 897r 616*f - 1132r
‘ d adaot 4 TCGTCGGCAGCGTCAGAT TCGTCGGCAGCGTCAGAT TCGTCGGCAGCGTCAGAT
°"w:,"m—: ap erri" GTGTATAAGAGACAGGTG GTGTATAAGAGACAGCYG GTGTATAAGAGACAGTTA
- cutadant —primer_sequence YCAGCMGCCGCGGTA  CGGTAATTCCAGCTC  AARVGYTCGTAGTYG
-cutada
g P GTCTCGTGGGCTCGGAGA GTCTCGTGGGCTCGGAGA GTCTCGTGGGCTCGGAGA
reverse_adapter_and
e - TGTGTATAAGAGACAGTT TGTGTATAAGAGACAGTC TGTGTATAAGAGACAGCC
—primer_sequence GGYRAATGCTTTCGC = YDAGAATTYCACCTCT = GTCAATTHCTTYAART
readl_truncation_position 280 280 280
q2-dada2 = L .
read2_truncation_position 230 230 230
forward_primer_sequence GTGYCAGCMGCCGCGGTA CYGCGGTAATTCCAGCTC TTAAARVGYTCGTAGTYG
gq2-feature-classifier | reverse_primer_sequence TTGGYRAATGCTTTCGC TCYDAGAATTYCACCTCT CCGTCAATTHCTTYAART
primer_pair_name 515FY-NSR951 E572f-897r 616f-1132r
RESCRIPt primer_pair_name 515FY-NSR951 E572f-897r 616f-1132r

Table 3. Parameters exploited when working with QIIME 2.

4.13. Bioinformatics analysis of amplicons of any length

The selected primer pairs could also produce amplicons longer than 550 bp, thus
the corresponding 300-bases forward and reverse reads would not overlap. Since
QIIME 2 requires overlapping reads to work properly, we exploited a different
approach to further analyse the sequencing results.

Raw reads were pre-processed with fastp (v. 0.23.2) (Chen et al., 2018): low-quality
reads were filtered out and the remaining were trimmed to remove primer sequences
and residual adapters. Differently from the previous pre-processing method, filtered
reads were not merged. Unmerged, pre-processed reads were then aligned in paired-
end mode to the sequences of the PR? database (v. 5.0.0) with Bowtie 2 (v. 2.5.1)
(Langmead and Salzberg, 2012), and finally, the number of paired-end reads
aligned to each sequence of the PR? database was assessed with featureCounts (v.
2.0.1) (Liao et al., 2014). Workflow parameters are summarised in Table 4.

PRIMER PAIR
BIOINFORMATICS TOOL PARAMETER
515FY - NSR951 E572f - 897r 616*f - 1132r
phred_quality 20 20 20
unqualified_limit 30 30 30
average_phred_score 25 25 25
fastp readl_trim_front_position 18 18 18
readl_trim_tail_position 20 20 20
read2_trim_front_position 17 18 18
read2_trim_tail_position 50 50 50
alignment_option --very-sensitive --very-sensitive --very-sensitive
Bowtie 2 min_fragment_length 400 400 400
max_fragment_length 2000 2000 2000
min_fragment_length 400 400 400
featureCounts
max_fragment_length 2000 2000 2000

Table 4. Parameters exploited when working with fastp + Bowtie 2 + featureCounts.
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To focus our analysis on the human eukaryotic intestinal parasites of interest (see
chapter 4.1), we repeated the paired-end alignment of unmerged, pre-processed
reads against a user-produced database containing only their 18S rRNA gene
sequences. This was created working on the PR? database (v. 5.0.0) web application
(https://app.pr2-database.org/pr2-database/), where the target taxa were selected on

the available filter and the filtered sequences were downloaded as a FASTA format
file (on 08/05/2023).

4.14. Analysis of the results

We exploited matplotlib-venn python library (v. 0.11.9) to create several Venn
diagrams that quantitatively describe the results.

To compare the results of the analyses performed with QIIME 2 (v. 2023.5) and
with fastp (v. 0.23.2) + Bowtie 2 (v. 2.5.1) + featureCounts (v. 2.0.1), we first
collapsed the feature table (output of the q2-dada2 plugin) to the species level
(level-9) using the command collapse of the g2-taxa plugin, and then we
generated a custom script for evaluating which taxonomies were identically
assigned by both pipelines. Indeed, the script (see “final comparison.py” in
chapter 9.1.5) takes as inputs the level-9 collapsed feature table and the output of
featureCounts, and returns a file reporting the shared taxonomies.

The exploited bioinformatics pipelines and scripts are described in 9.
SUPPLEMENTARY INFORMATION. Directories (in light blue) are indicated
with a general term: each user who wants to follow the pipelines should name them
as they please. Parameters written in green are reported in Table 3 and Table 4.
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5. RESULTS

5.1. Primer pairs selection

In this thesis, we focused on the detection of human eukaryotic intestinal parasites
in faecal samples and we decided to use the Illumina MiSeq 300PE strategy to
sequence the amplified target metabarcodes. Therefore, literature-available
information about each of the 29 selected universal primer pairs (Table 5) was
exploited to perform a preliminary filtering and remove those pairs that would be
inadequate for the following analyses. Primer pairs #1 (Unil8Sf - Unil8Sr (Zhan
etal.,2013))and #2 (3NDf- V4 euk R1 (Brate et al., 2010)) were discarded because
the research groups that firstly exploited them had reported frequent amplification
of prokaryotic sequences; primer pairs #27 (1380f - 1510r (Amaral-Zettler et al.,
2009)), #28 (13891 - 1510r (Amaral-Zettler et al., 2009)) and #29 (1391f - EukB
(Stoeck et al., 2010)) were castoff because produce amplicons with mean length
shorter than 280 bp; primer pairs #5 (515f - 1119r (Parfrey et al., 2014)), #6 (563f
- 1132r (Hugerth et al., 2014)) and #23 (18S-EUKS581f - 18S-EUK1134r (Carnegie
et al., 2003)) were removed because they produce amplicons with mean length
longer than 550 bp. Even if primer pair #20 (574*f - 1132r (Hugerth et al., 2014))
produces 580 bp-long amplicons on average, it was not discarded in the first
filtering because Hugerth and colleagues had demonstrated its high efficiency in
amplifying the eukaryotic SSU rRNA gene; thus, we planned to further analyse it.

In silico PCR tests performed on the PR? primer database with the remaining 21
primer pairs allowed evaluating their performance in amplifying the V4 or V9
region of the 18S rRNA gene, while checking for possible off-targets relative to the
amplification of the prokaryotic 16S rRNA gene. For each tested primer pair, we
generated a graph describing its coverage on different taxonomic groups of the PR?
database (i.e., Archaea, Bacteria, Amoebozoa, Archaeplastida, CRuMs, Cryptista,
Eukaryota X, Excavata, Haptista, Obazoa, Provora, TSAR and Eukaryota:plas)
(Figures 1A-1U). Primer pair #3 (3NDf - V4 euk R2 (Brite et al., 2010)) amplified
at least 79.19% of sequences of the considered eukaryotic taxa, with the exception
of Excavata (20.53%) and Obazoa (55.15%); the off-target probability was very
low (0.00% for Archaea, 1.99% for Bacteria, 0.10% for Eukaryota:plas) (Figure
1A). Primer pair #4 (515FY - NSR951 (Lambert et al., 2019)) amplified at least
77.43% of sequences of the considered eukaryotic taxa, with the exception of
Amoebozoa (55.12%) and Excavata (8.77%); the off-target probability was very
low (0.00% for Archaea, 2.10% for Bacteria, 0.10% for Eukaryota:plas) (Figure
1B). Primer pair #7 (V4 1f - TAReukREV3 (Bass et al., 2016)) amplified at least
75.70% of sequences of the considered eukaryotic taxa, with the exception of
Excavata (42.55%); the off-target probability was very low (0.00% for Archaea,
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# PRIMER PAIR 185 rRNA REGION = MEAN AMPLICON LENGTH = FORWARD PRIMER SEQUENCE  REVERSE PRIMER SEQUENCE REFERENCE
1 Uni18Sf - Unil8sr V4 480 bp AGGGCAAKYCTGGTGCCAGC GRCGGTATCTRATCGYCTT Zhan et al., 2013

2 3NDf - V4 euk R1 v4 450 bp GGCAAGTCTGGTGCCAG GACTACGACGGTATCTRATCRTCTTCG  Brate et al., 2010

3 3NDf - V4 euk R2 v4 450 bp GGCAAGTCTGGTGCCAG ACGGTATCTRATCRTCTTCG Brate et al., 2010

4 515FY - NSR951 v4 400 bp GTGYCAGCMGCCGCGGTA TTGGYRAATGCTTTCGC Lambert et al., 2019

5 515f - 1119r V4 600 bp GTGCCAGCMGCCGCGGTAA GGTGCCCTTCCGTCA Parfrey et al., 2014

6 563f - 1132r v4 570 bp GCCAGCAVCYGCGGTAAY CCGTCAATTHCTTYAART Hugerth et al., 2014

7 VA 1f - TAReukREV3 V4 420 bp CCAGCASCYGCGGTAATWCC ACTTTCGTTCTTGATYRA Bass et al., 2016

8 TAReuk454FWD1 - TAReukREV3 v4 400 bp CCAGCASCYGCGGTAATTCC ACTTTCGTTCTTGATYRA Stoeck et al., 2010

9 TAReuk454FWD1 Choi - TAReukREV3 Choi V4 420 bp CCAGCAGCCGCGGTAATTCC ACTTTCGTTCTTGATTAA Choi and Park, 2020

10 TAReuk454FWD1 - V4 18S Next.Rev v4 440 bp CCAGCASCYGCGGTAATTCC ACTTTCGTTCTTGATYRATGA Piredda et al., 2017

11 TAReuk454FWD1 - VARB V4 440 bp CCAGCASCYGCGGTAATTCC ACTTTCGTTCTTGATYRR Balzano et al., 2015

12 Vvaf - var v4 420 bp CCAGCASCYGCGGTAATTCC ACTTTCGTTCTTGAT Bradley et al., 2016

13 E572f - 897r V4 350 bp CYGCGGTAATTCCAGCTC TCYDAGAATTYCACCTCT Enberg et al., 2018

14 EUKAf - EUKAr v4 440 bp GCCGCGGTAATTCCAGCTC CYTTCGYYCTTGATTRA Moreno et al., 2018

15 E572f - E1009r V4 440 bp CYGCGGTAATTCCAGCTC AYGGTATCTRATCRTCTTYG Comeau et al., 2011

16 Nex 0597 F - Nex_0964 R v4 440 bp CCGCGGTAATTCCAGCTC GATCCCYYAACTTTCGTTCTTGA Kim et al., 2016

17 NSF563 - NSR951 v4 380 bp CGCGGTAATTCCAGCTCCA TTGGYRAATGCTTTCGC Mangot et al., 2013

18 528iF - 964iR v4 400 bp GCGGTAATTCCAGCTCCAA ACTTTCGTTCTTGATYRR Fadeev et al., 2018

19 A-528f - B-706r v4 350 bp GCGGTAATTCCAGCTCCAA AATCCRAGAATTTCACCTCT Xu et al., 2020

20 574%f - 1132r v4 580 bp CGGTAAYTCCAGCTCYV CCGTCAATTHCTTYAART Hugerth et al., 2014

21 EK-565f - 18S-EUK1134r v4 550 bp GCAGTTAAAAAGCTCGTAGT TTTAAGTTTCAGCCTTGCG Simon et al., 2015

22 616%f - 1132r v4 520 bp TTAAARVGYTCGTAGTYG CCGTCAATTHCTTYAART Hugerth et al., 2014

23 18S-EUK581f - 18S-EUK1134r V4 600 bp GTGCCAGCAGCCGCG TTTAAGTTTCAGCCTTGCG Carnegie et al., 2003

24 1183f - 1631r V9 450 bp AATTTGACTCAACACGGG TACAAAGGGCAGGGACGTAAT Hadziavdic et al., 2014

25 V8f - Vor ) 370 bp ATAACAGGTCTGTGATGCCCT CCTTCYGCAGGTTCACCTAC Bradley et al., 2016

26 Nex_18S_1434 F - Nex_18S_1757 R ) 370 bp GAGGCAATAACAGGTCTGTGATG  CAGGTTCACCTACGGAAACCT Kim et al., 2016

27 138ef - 1516r V9 180 bp CCCTGCCHTTTGTACACAC CCTTCYGCAGGTTCACCTAC Amaral-Zettler et al., 2009
28 1389f - 151@r V9 130 bp TTGTACACACCGCCC CCTTCYGCAGGTTCACCTAC Amaral-Zettler et al., 2009
29 1391f - EukB V9 145 bp GTACACACCGCCCGTC TGATCCTTCTGCAGGTTCACCTAC Stoeck et al., 2010

Table 5. 29 universal primer pairs were selected from the available literature: 23 target the V4 region of the 18S rRNA gene, 6 target the V9 region of the 18S rRNA
gene. For each pair, it is reported the mean length of the produced amplicons, the forward and reverse primers sequences, and the reference of the published article

from which information for the preliminary filtering of the pairs was obtained.
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2.00% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1C). Primer pair #8
(TAReuk454FWDI1 - TAReukREV3 (Stoeck et al., 2010)) amplified at least
75.55% of sequences of the considered eukaryotic taxa, with the exception of
Excavata (42.36%); the off-target probability was very low (0.00% for Archaea,
2.00% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1D). Primer pair #9
(TAReuk454FWDI1 Choi - TAReukREV3 Choi (Choi and Park, 2020)) amplified
at least 71.39% of sequences of the considered eukaryotic taxa, with the exception
of Excavata (9.47%), Haptista (21.49%) and Provora (66.67%); the off-target
probability was very low (0.00% for Archaea, 2.00% for Bacteria, 0.10% for
Eukaryota:plas) (Figure 1E). Primer pair #10 (TAReuk454FWDI1 - V4 18S
Next.Rev (Piredda et al., 2017)) amplified at least 71.78% of sequences of the
considered eukaryotic taxa, with the exception of Amoebozoa (66.90%) and
Excavata (13.27%); the off-target probability was very low (0.00% for Archaea,
2.00% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1F). Primer pair #11
(TAReuk454FWD1 - V4RB (Balzano et al., 2015)) amplified at least 75.71% of
sequences of the considered eukaryotic taxa, with the exception of Excavata
(43.24%); the off-target probability was very low (0.00% for Archaea, 2.00% for
Bacteria, 0.10% for Eukaryota:plas) (Figure 1G). Primer pair #12 (V4f - V4r
(Bradley et al., 2016)) amplified at least 76.10% of sequences of the considered
eukaryotic taxa, with the exception of Excavata (44.03%)); the off-target probability
was very low (0.00% for Archaea, 2.02% for Bacteria, 0.10% for Eukaryota:plas)
(Figure 1H). Primer pair #13 (E572f - 897r (Enberg et al., 2018)) amplified at least
80.00% of sequences of the considered eukaryotic taxa, with the exception of
Amoebozoa (53.14%) and Excavata (59.31%); the off-target probability was very
low (0.00% for Archaea, 2.12% for Bacteria, 0.10% for Eukaryota:plas) (Figure
1I). Primer pair #14 (EUKAf - EUKAr (Moreno et al., 2018)) amplified at least
76.08% of sequences of the considered eukaryotic taxa, with the exception of
Excavata (39.87%) and Haptista (21.19%); the off-target probability was very low
(0.00% for Archaea, 2.05% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1J).
Primer pair #15 (E572f - E1009r (Comeau et al., 2011)) amplified at least 80.29%
of sequences of the considered eukaryotic taxa, with the exception of Excavata
(61.57%) and Obazoa (58.44%); the off-target probability was very low (0.00% for
Archaea, 2.00% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1K). Primer pair
#16 (Nex 0597 F - Nex 0964 R (Kim et al., 2016)) amplified at least 72.61% of
sequences of the considered eukaryotic taxa, with the exception of Excavata
(6.54%) and Obazoa (25.07%); the off-target probability was extremely low (0.00%
for Archaea, 1.31% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1L). Primer
pair #17 (NSF563 - NSR951 (Mangot et al., 2013)) amplified at least 76.76% of
sequences of the considered eukaryotic taxa, with the exception of Amoebozoa
(53.75%) and Excavata (10.94%); the off-target probability was very low (0.00%
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for Archaea, 2.12% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1M). Primer
pair #18 (528iF - 964iR (Fadeev et al., 2018)) amplified at least 71.60% of
sequences of the considered eukaryotic taxa, with the exception of Excavata
(46.98%)); the off-target probability was very low (0.00% for Archaea, 2.03% for
Bacteria, 0.10% for Eukaryota:plas) (Figure 1N). Primer pair #19 (A-528f - B-706r
(Xu et al., 2020)) amplified at least 75.47% of sequences of the considered
eukaryotic taxa, with the exception of Amoebozoa (38.09%), Excavata (4.43%),
Haptista (21.49%) and Obazoa (63.84%); the off-target probability was extremely
low (0.00% for Archaea, 1.41% for Bacteria, 0.10% for Eukaryota:plas) (Figure
10). Primer pair #20 (574*f - 1132r (Hugerth et al., 2014)) amplified at least
82.50% of sequences of the considered eukaryotic taxa; the off-target probability
was very low (2.88% for Archaea, 1.91% for Bacteria, 0.10% for Eukaryota:plas)
(Figure 1P). Primer pair #21 (EK-565f - 18S-EUK1134r (Simon et al., 2015))
amplified at least 82.16% of sequences of the considered eukaryotic taxa, with the
exception of Amoebozoa (63.59%), Eukaryota X (65.00%), Excavata (14.91%)
and Obazoa (36.25%); the off-target probability was extremely low (0.00% for
Archaea, 1.20% for Bacteria, 0.10% for Eukaryota:plas) (Figure 1Q). Primer pair
#22 (616*f - 1132r (Hugerth et al., 2014)) amplified at least 75.00% of sequences
of the considered eukaryotic taxa, with the exception of Excavata (59.72%); the off-
target probability was low (10.58% for Archaea, 1.99% for Bacteria, 0.10% for
Eukaryota:plas) (Figure 1R). Primer pair #24 (1183f - 1631r (Hadziavdic et al.,
2014)) amplified at least 78.96% of sequences of the considered eukaryotic taxa,
with the exception of Amoebozoa (45.59%), CRuMs (66.67%) and Excavata
(52.26%); the off-target probability was extremely low (0.00% for Archaea, 1.15%
for Bacteria, 0.10% for Eukaryota:plas) (Figure 1S). Primer pairs #25 (V8f - VOr
(Bradley et al., 2016)) and #26 (Nex_18S 1434 F - Nex 18S 1757 R (Kim et al.,
2016)) amplified less than 50.00% of sequences of all considered eukaryotic taxa;
their off-target probability was extremely low (0.00% for Archaea, less than 0.57%
for Bacteria, less than 0.05% for Eukaryota:plas) (Figures 1T-1U).

Overall, the tested pairs showed an extremely low rate of off-targets, thus all of
them could be feasible for an unbiased detection of eukaryotic organisms in
bacteria-rich faecal samples. Archaeal sequences were never amplified, except for
primer pairs #20 (2.88%) and #22 (10.58%) (Figure 2A); less than 2.12% of
bacterial sequences and less than 0.10% of Eukaryota:plas sequences were
predicted to be amplified by any primer pair (Figures 2B and 2M).

Figures 1A-1U. Each figure represents the result of an in silico PCR test performed with a
primer pair using the PR? primer database (under the condition “Max mismatches = 1”°).

Red columns indicate the number of sequences available in the PR? database 5.0.0 for each taxon,
while green columns show how many of these sequences are predicted to be amplified by the
tested primer pair. The value above each pair of columns corresponds to the percentage of
amplification (i.e., the tested primer pair’s coverage of the considered taxonomic group).
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All pairs, except for #25 and #26, performed very well with sequences of
Archaeplastida (>81.94%, Figure 2D), CRuMs (>83.33%, except for primer pair
#24 (66.67%), Figure 2E), Cryptista (>92.20%, Figure 2F), Eukaryota X
(>75.00%, except for primer pair #21 (65.00%), Figure 2G), Haptista (>78.96%,
except for primer pairs #9, #14 and #19 (21.49%), Figure 2I), Provora (>83.33%,
except for primer pair #9 (66.67%), Figure 2K) and TSAR (>72.61%, Figure 2L).
On the other hand, highly variable amplification efficiency was manifested with
Amoebozoa (between 38.09% and 90.77%, Figure 2C), Excavata (between 4.43%
and 89.72%, Figure 2H) and Obazoa (between 25.07% and 92.56%, Figure 2J)
sequences.

Considering the total amount of sequences in the PR? database, primer pairs with
the highest amplification efficiency were #13 (ES72f - 897r, 78.84%), #20 (574*f -
1132r, 84.45%) and #22 (616*f - 1132r, 83.46%); those with the poorest coverage
were #16 (Nex 0597 F -Nex 0964 R, 45.58%),#25 (V8f-VIr, 20.52%) and #26
(Nex_18S 1434 F-Nex 18S 1757 R, 17.97%) (Figure 2N).

While the in silico PCR results provided a comprehensive description of the
universal primer pairs performances, we needed to evaluate the pairs’ coverage of
the human eukaryotic intestinal parasites of interest to choose those more suitable
for the DNA metabarcoding protocol. Hence, for each primer pair, we checked how
many parasitic sequences were amplified in silico, and how long the potentially
produced amplicons were predicted to be (Table 6).

Ancylostoma duodenale was amplified by all primer pairs but #3, #15, #16, #19,
#21, #25 and #26; only #20 produced long amplicons (550 bp < length < 600 bp).
Anisakis sp., Ascaris lumbriocoides and Enterobius vermicularis were not
amplified by pairs #3, #15,#16, #17, #18, #19, #21, #25 and #26; only #20 produced
long amplicons. Blastocystis spp. was amplified by all pairs but #3 and #15; only
#20 produced long amplicons. Cryptosporidium spp. and Toxoplasma gondii were
amplified by all primer pairs, but #20 produced long amplicons for the latter.
Cyclospora cayetanensis and Cystoisospora belli were not amplified by pair #16
and pair #25, respectively; both were amplified by #20 producing long amplicons.
Dientamoeba fragilis was amplified only by primer pairs #20, #22 and #23. All
Diphyllobothrium, Hymenolepis, Schistosoma and Taenia species considered in our
analysis were amplified by pairs #3, #4, #13, #15, #17, #20, #22 and #24; however,
almost all produced amplicons were longer than 550 bp, except for Diphyllobotrium

Figures 2A-2N. Each figure represents coverage information of all the tested primer pairs on
the considered taxonomic group (A-M) or on the whole PR? database (N). Red columns indicate
the number of sequences available in the PR? database 5.0.0 for the specified taxon, while green
columns show how many of these sequences are predicted to be amplified by each tested primer
pair. The value above each column corresponds to the percentage of amplification (i.e., the tested
primer pair’s coverage of the considered taxonomic group).
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Figure 3. For an easier visualisation of the primer pairs’ coverage of different taxonomic groups, this figure was created by joining figures 2A-2N.
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amplified by #4, #13 and #17, and for Schistosoma amplified by #4, #13, #15, #17
and #24. Entamoeba histolytica was not amplified by primer pairs #4, #17, #21 and
#26; pairs #22 and #24 produced long amplicons, while #13, #19 and #20 produced
very long amplicons (length > 600 bp). Fasciolopsis buski was amplified by #3, #4,
#13, #15, #17, #20 and #22; however, #3 produced long amplicons, while #20 and
#22 produced very long amplicons. Giardia intestinalis was amplified only by pairs
#14, #20 and #22. Necator americanus, Trichinella spp. and Trichuris trichiura
were amplified by all primer pairs but #3, #15, #16, #19, #21 and #26; only #20
produced long amplicons. Neobalantidium coli was not amplified by pairs #3, #15
and #19. Both Strongyloides species were amplified by pairs #4, #7, #8, #9, #10,
#11,#12 and #22.

GAMYILAY 1AL
“dds 071aULILAL

Trpuel owsoidoxas

wnLqes opwany

paouibes opuang

83130150 DyuAng
SHpUeIIels Sap10IABUOLS
JWwroga1jand sap1o1AbuUOLS
YBuoyau owoscISHDS fe
MIOSUDH DWOSOISTIS
wnawodof owose3sTYIS
wnipteaaluL owoserstyas [l
1103 an1p1auniogean
SNUDILAIE JOTOIIN

ouow sidatovaniy [l

Green) to better visualise the amplification

ability of the tested primer pairs. Cells are coloured in purple if the considered primer pair is predicted to
amplify the specified parasite’s sequence producing amplicons with mean length between 550 bp and 600 bp;

cells are coloured in blue if the produced amplicons are longer than 600 bp.

wnxpfya0d @nLui0q0 1 Suda

oEB1S0. 5108 JouIUKH
[TUNTIL TRy & &
S170UIISIIUL A1pUDLD I
[l
— <
—
S1IBIILOA SHIGOIIT B"
62134103514 OqacwOIF 2
—
—

ssusoUG L B LA0GETI AT

w020y enpaogenifvia [
wno13tapusp snaoqotidudia [

Sy B0 ogacuoruaLa

Red, 0.50

17129 DuodsS10154)

$)5uaUDIAADY OuOdSO1IRD
dds anLpLaodso1di)
“dds 5115015074
sap1odLaqun S10035y
“ds syos Y

310u3ponp oo 3so1Kauy

13 Esmet - sorr

shown in each cell corresponds to the ratio between the number of predicted amplified sequences and the

Table 6. This heat map represents all tested primer pairs’ coverage on the target eukaryotic human intestinal
parasites, along with information about the length of the produced amplicons. The value (0.00 < x < 1.00)
number of total sequences of a certain parasite included in the PR? database. According to their value, cells are

For a better visualisation, this heat map was divided in two parts that are showed in the next two pages.

coloured with a chromatic scale (0.00

26_Nex 185 1434 F - Nex 185 1757 R

21 EK-565f - 185-EUK11Mr

22| 616*f - 1132r

11 TAReUKASAFWD1 - VARB

3 3NDF - VA euk R2
12| var - var

# | PRIMER PAIR
15 ES72f - E10@9r
25| vef - var

24 1183f - 16311

14| EUKAT - ELKAr

54



# PRIMER PAIR
3 3NDF - V4 euk R2

4 515FY - NSR951

7 V4 1f - TAReukREV3

8 TAReuk454FWD1 - TAReukREV3

9  TAReuk454FWD1 Choi - TAReukREV3 Choi
1@ TAReuk454FWD1 - V4 185 Next.Rev
11 TAReuk454FWD1 - VARB

12 VAf - Var

13 E572f - 897r

14 EUKAF - EUKAr

15 E572f - E18@9r

16 Nex_0597_F - Nex_0964_R

17 NSF563 - NSR951

18 528iF - 964iR

19 A-528f - B-7@6r

20 574*%f - 1132r

21 EK-565f - 185-EUK1134r

22 616*f - 1132r

24 1183f - 1631r

25 VaBf - Vor

26 Nex_ 185 1434 F - Nex 185 1757 R

Ancylostoma duodenale

Anisakis sp.

Ascaris lumbricoides
Blastocystis spp.
Cryptosporidium spp.
Cyclospora cayetanensis
Cystoisospora belli

1.086 0.99 4 1.00 1.80

8.59 ©.56 0.50
09.64 ©0.62 ©.50 0.50
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Dientamoeba fragilis

Diphyllobothrium dendriticum
DiphylLlobothrium nihonkaiense
Diphyl lobothrium pacificum

Diphyl lobothrium {atum

1.00 l1l.60 1.00 1.00
1.00

Entamoeba histolytica

Enterobius vermicularis

Fasciolopsis buski

1.00 1.00

Giardia intestinalis




Hymenolepis diminuta
Hymenolepis microstoma
Hymenolepis nana

1.00 1.00 1.00
1.00 1.00 1.00

Necator americanus

Neobalantidium coli

Schistosoma intercalatum
Schistosoma japonicum

1.88 B.91

1.0 ©.85

1.0 0.91

Schistosoma mansoni
Schistosoma mekongi

8.64 1.80

8.71 1.00

8.64 1.00 |

Strongyloides fuelleborni

Strongyloides stercoralis

Taenia asiatica
Taenia saginata

Taenia solium

Toxoplasma gondii
Trichinella spp.
Trichuris trichiura

1.00 1.00 1.06

1.00 ©.50 1.00
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8.93 1.00 1.08

0.71
0.49
8.54

PRIMER PAIR #
3NDF - V4 euk R2 3
515FY - NSR951 4
V4 1f - TAReukREV3 7
TAReuk454FWD1 - TAReukREV3 8
TAReuk454FWD1 Choi - TAReukREV3 Choi 9
TAReuk454FWD1 - V4 185 Next.Rev 10
TAReuk454FWD1 - VARB 11
vaf - var 12
E572f - 897r 13
EUKAF - EUKAr 14
E572f - E1@@9r 15
Nex_8597_F - Nex_8964_R 16
NSF563 - NSR951 17
528iF - 964iR 18
A-528F - B-706r 19
574*f - 1132r 20
EK-565f - 185-EUK1134r 21
616*F - 1132r 22
1183F - 1631r 24
V8f - Vor 25
Nex_18S 1434 F - Nex_18S_1757_R 26




Overall, primer pairs #7, #8, #9, #10, #11, #12, #14, #16, #18, #19, #21, #25 and
#26 poorly performed and thus were castoff, as they were unable to amplify more
than half of the eukaryotic parasites of interest. Primer pairs #3 and #15 were
discarded because they were able to amplify about 60% of the target organisms, but
produced too many long amplicons. Primer pair #20 amplified 31 out of 33
parasites, but generated long amplicons with 27 of them so it was removed (Table
7). By comparing the global performances of the remaining primer pairs (#4, #13,
#17,#22 and #24), we observed that #4 (515FY - NSR951), #13 (E572f - 897r) and
#22 (616*f - 1132r) were the most efficient in amplifying the target eukaryotic
parasites, thus we selected them for the DNA metabarcoding protocol. Specifically,
#4 and #13 amplified at least 27 out of 33 parasites, generating few long amplicons;
#22 was the only pair predicted to amplify all target organisms, hence it was
included even if it produced long amplicons for almost half of them (Table 8).

# PRIMER PAIR G/T R/T P/T  B/T
3 3NDf - V4 euk R2 15.15 39.39 15.15 30.30
4 515FY - NSR951 69.70 9.9 12.12 9.09
7 V4 1f - TAReukREV3 48.48 51.52 | 0.00 0.00
8  TAReuk454FWD1 - TAReukREV3 48.42 51.52 0.80 0.00
9  TAReuk454FWD1 Choi - TAReukREV3 Choi 48.48 51.52| 8.88 0.00
10 TAReuk454FWD1 - V4 185 Next.Rev 48.48 51.52 0.00 ©.60
11 TAReuk454FWD1 - V4RB 48.43 51.52 9.80 0.00
12 vaf - var 48.48 51.52 | 0.0 .00
13 ES72f - 897r 69.70 15.15 3.83 12.12
14 EUKAf - EUKAr 45.45 54.55| 0.00 0.00
15 E572f - E1809r 30.30 39.39 12.12 18.18
16 Nex 8597 F - Nex 8964 R 18.18 81.82 0.080 0.00
17 NSF563 - NSR951 57.58 24.24 9.89 9.09
18 528iF - 964iR 33.33 66.67 0.00 0.00
19 A-528f - B-706r 21.21 75.76 0.00 3.03
20 574*f - 1132r 12.12 6.06 33.33 48.48
21 EK-565f - 185-EUK1134r 18.18 81.82 0.00 0.00
22 616%f - 1132r 51.52 | 0.80 3.03 45.45
24 1183f - 1631r 54.5512.12 3.83 30.30
25 vaf - vor 30.30 69.70 0.00 0.00
26 Nex 185_1434 F - Nex 185 1757 R 18.18 81.82 9.00 0.00

Table 7. This heat map summarises the results shown in Table 6.

“T” equals to the number of target human eukaryotic intestinal parasites considered in this work
(i.e., 33): “G”, “R”, “P” and “B” equal, respectively, to the number of Green, Red, Purple and
Blue cells in the considered primer pair’s row in Table 6. For each primer pair, there are shown
the percentage values of the four ratios “G/T” (i.e., the percentage of target parasites which
>50% of sequences are predicted to be amplified), “R/T” (i.e., the percentage of target parasites
which <50% of sequences are predicted to be amplified), “P/T” (i.e., the percentage of target
parasites which are predicted to be amplified, but the produced amplicons’ mean length is
between 550 bp and 600 bp) and “B/T” (i.e., the percentage of target parasites which are
predicted to be amplified, but the produced amplicons are longer than 600 bp). According to
their value, cells are coloured with a chromatic scale (for “G/T”: 0.00 = Red, 50.00 = Yellow,
100.00 = Green; for “R/T”, “P/T” and “B/T”: 0.00 = Green, 50.00 = Yellow, 100.00 = Red) to
better visualise the amplification ability of the tested primer pairs.
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As a matter of fact, we required a primer pair that could amplify all target parasites
in order to assure detecting every pathogen contaminating the human faecal
samples, in particular those unseen by the other exploited pairs. Therefore, all
samples were examined with each selected pair; then, <550 bp amplicons and >550
bp amplicons were analysed with different bioinformatics pipelines and the results
were compared to check their correspondence.

# PRIMER PAIR PR2 EUKARYOTES = PARASITES >550 bp
3  3NDf - V4 euk R2 61.63 67.54 60.61 75.00
4  515FY - NSR951 73.65 80.73 90.91 23.33
7 V4 1f - TAReukREV3 73.00 80.02 48.48 0.00
8 TAReuk454FWD1 - TAReukREV3 72.87 79.89 48.48 0.00
9 TAReuk454FWD1 Choi - TAReukREV3 Choi 68.65 75.25 48.48 0.00
10 TAReuk454FWD1 - V4 18S Next.Rev 67.95 74.48 48.48 0.00
11 TAReuk454FWD1 - V4RB 72.98 80.00 48.48 0.00
12 V4f - Var 73.25 80.30 48.48 0.00
13 E572f - 897r 78.84 86.43 84.85 17.86
14 EUKAf - EUKAr 72.81 79.81 45.45 0.00
15 E572f - E1009r 64.98 71.22 60.61 50.00
16 Nex_0597_F - Nex_0964_R 45.58 49.97 18.18 0.00
17 NSF563 - NSR951 72.16 79.10 75.76 24.00
18 528iF - 964iR 71.66 78.56 33.33 0.00
19 A-528f - B-706r 62.10 68.09 24.24 12.50
20 574*f - 1132r 84.45 92.60 93.94 87.10
21 EK-565f - 18S-EUK1134r 54.64 59.92 18.18 0.00
22 616*f - 1132r 83.46 91.50 100.00 48.48
24 1183f - 1631r 75.07 82.35 87.88 37.93
25 V8f - Vor 20.52 22.50 30.30 0.00
26 Nex 18S_1434 F - Nex 18S_1757_R 17.97 19.71 18.18 0.00

Table 8. This heat map summarises all information obtained by testing each selected primer pair
by in silico PCR: the “PR2” column reports the percentage of sequences of the PR? database that
are amplified by the tested primer pair; the “EUKARYOTES” column reports the percentage of
eukaryotic sequences (excluding “Eukaryota:plas” sequences) that are amplified by the tested
primer pair; the “PARASITES” column reports the percentage of target parasites which
sequences are amplified by the tested primer pair, independently on the length of the produced
amplicons (= “G/T” + “P/T” + “B/T”); the “>550 bp” column reports the percentage of target
parasites sequences producing amplicons longer than 550 bp (= (“P/T” + “B/T”) / (“G/T” +
“P/T” + “B/T”)). According to their value, cells are coloured with a chromatic scale (for “PR2”,
“EUKARYOTES” and “PARASITES”: 0.00 = Red, 50.00 = Yellow, 100.00 = Green; for “>550
bp”: 0.00 = Green, 50.00 = Yellow, 100.00 = Red) to better visualise the amplification ability of
the primer pairs.
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5.2. Primer pairs amplification test

The selected and 5’-modified (see chapter 4.2) primer pairs efficiently amplified
the laboratory-available positive controls (see chapter 4.4), confirming that they
could work well under the standard PCR amplification conditions (see chapter 4.3).
In addition, the height of each band in the 1.5% agarose gel reflected the predicted
length of the amplicons generated by each primer pair (Figure 4).

515FY - NSR951 E572f - 897r 616*f - 1132r

Ladder

Figure 4. 1.5% agarose gel showing the products of the standard PCR amplification of
eukaryotic genomes using the selected primer pairs. Lanes A and B correspond to positive and
negative controls amplified with primer pair 515FY - NSR951; lanes C and D correspond to
positive and negative controls amplified with primer pair ES72f - 897r; lanes E and F correspond
to positive and negative controls amplified with primer pairs 616*f - 1132r.

5.3. Optimisation of PCR amplification

Total DNA extracted from the formalin-fixed faecal samples (A-E, Table 2) via the
standard DNA extraction protocol (see chapter 4.6) was subjected to standard PCR
amplification with the selected primer pairs, but no amplicon was produced.
Therefore, we tried increasing the amount of DNA in the PCR reaction (11.2 pL of
DNA added to 13.8 uL. of MM¥*) to overcome potential sensitivity issues, but
amplification failed again.

Since faeces are generally rich in PCR inhibitors, we purified the extracted DNA
(see chapter 4.7) and repeated the standard PCR amplification; however, it still gave
negative results.

After those failings, we decided to pre-treat the formalin-fixed faecal samples to
assure removing any trace of the formalin fixative (see chapter 4.8) that could
inhibit PCR amplification; then, we manually extracted total DNA (see chapter 4.9)
and amplified it with the standard reaction. Unfortunately, no amplicon was
produced again.
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However, by increasing the amount of DNA in the PCR reaction (11.2 pL of DNA
added to 13.8 uL. of MM*) we detected a very poor amplification, and thus we
decided to also augment the number of PCR cycles so that we could generate a
higher amount of amplicons. Overall, an efficient amplification of the target
metabarcodes was achieved with all selected primer pairs by exploiting the
optimised PCR amplification protocol (see chapter 4.10).

Before preparing the sequencing libraries (see chapter 4.11), we assigned to each
PCR product (generated by amplifying the target metabarcodes of a faecal sample
with a selected primer pair) a unique ID number. Products of samples A-E amplified
by the 515FY - NSR951 primer pair were identified as 1460764-1460768; products
of samples A-E amplified by the E572f - 897r primer pair were identified as
1460769-1460773; products of samples A-E amplified by the 616*f - 1132r primer
pair were identified as 1460774-1460778 (Table 2).

5.4. Sequencing quality control

Analysing the sequencing results, we found an average Phred quality score (Q)
above 30 (i.e., 1 error every 1000 sequenced bases) for more than 70% of reads in
all the Illumina MiSeq runs (70% Q30 reads is the threshold proposed by Illumina
to define a good 600-cycles sequencing run). In particular, 78.82% of reads were
above Q30 when sequencing samples 1460764-1460768, 78.36% of reads were
above Q30 when sequencing samples 1460769-1460773, and 75.76% of reads were
above Q30 when sequencing samples 1460774-1460778. These results, obtained
through the FastQC reports, were however expected.

5.5. Bioinformatics analysis of <550 bp amplicons

Raw reads were uploaded within the QIIME 2 environment and subsequently
processed with the g2-cutadapt plugin to remove the amplification primers.
Moreover, after the demultiplexing and trimming steps, we had to further truncate
the low-quality 3’-end of both forward and reverse reads to obtain high-quality
sequences that could be efficiently overlapped. Therefore, we evaluated again the
mean quality of the demultiplexed and trimmed reads (Figures SA-5C) and decided
to truncate all forward reads at position 280 and all reverse reads at position 230.
By using these parameters and considering the fact that the q2-dada2 plugin merges
forward and reverse reads only if they overlap for at least 12 nucleotides, the longest
metabarcodes that could be analysed with this bioinformatics pipeline (i.e., QIIME
2) were 498 bp long.
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Figures SA-5C. Each figure represents the quality profiles of 10000 randomly collected forward
and reverse reads, after the step of primer removal. Plots A, B and C correspond respectively to
the batch of samples 1460764-1460768, 1460769-146077 and 1460774-1460778. The red lines
indicate where the reads were subsequently truncated during processing using the q2-dada2
plugin.

Overall, 42.8% of reads belonging to samples 1460764-1460768, 56.1% of reads
belonging to samples 1460769-1460773 and 14.5% of reads belonging to samples
1460774-1460778 passed all DADA2 filters and were merged into ASVs
representing the sequenced metabarcodes (<498 bp) (Tables 9A-9C). The last
percentage value was very low but not surprising, as primer pair 616*f - 1132r was
anticipated to produce amplicons longer than 550 bp, thus the correspondent
forward and reverse reads were not overlapping and could not be merged. As a
consequence, the lowest amount of ASVs was identified in samples 1460774-
1460778. Noteworthy, the longest identified ASV belonged to those samples and
was 498 bp long (Table 9D), thus as long as the longest metabarcode that could be
analysed with this approach.
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9A 9B

SAMPLE SAMPLE ID MERGED READS ASVs SAMPLE SAMPLE ID MERGED READS ASVs
A 1460764 72,357 106 A 1460769 59,769 122
B 1460765 74,435 163 B 1460770 53,109 105
C 1460766 37,628 106 C 1460771 95,272 149
D 1460767 58,166 121 D 1460772 53,785 115
E 1460768 44,200 122 E 1460773 82,135 156
286,786 469 344,070 496
9C
SAMPLE SAMPLE ID MERGED READS ASVs
A 1460774 7,467 149
B 1460775 26,336 92 9D
¢ 1460776 8,248 69 PRIMER PAIR MIN LENGTH MAX LENGTH MEAN LENGTH
D 1460777 12,419 85 515FY - NSR951 286 bp 490 bp  345.23 bp
E 1460778 20,795 60 E572f - 897r 280 bp 457 bp  310.62 bp
75,265 379 616*f - 1132r 303 bp 498 bp 471.55 bp

Tables 9A-9C show the results of the processing step using the q2-dada2 plugin. For each
sample, it is reported the amount of merged reads that have passed all DADA?2 filters and the
amount of ASVs that have been identified. Below the “MERGED READS” column, the sum of
all samples’ merged reads is reported, while below the “ASVs” column, the total number of
unique ASVs (not the sum of all samples’ ASVs because some are shared between different
samples) can be appreciated.

Table 9D shows the minimum, maximum and mean lengths of the ASVs that belong to all the
samples amplified with the indicated primer pair.

Each ASV was assigned a taxonomy by comparing its sequence to those of the PR?
database. Primer pairs 515FY - NSR951 and 616*f - 1132r amplified some bacterial
sequences (Figures 6A and 6C), while only one off-target sequence was amplified
by primer pair E572f - 897r (Figure 6B).

Focusing on the Bacteria found in the analysed samples (Supplementary Figures
S1A-S1C), we observed that the results were in contrast with our predictions, as
each primer pair amplified several bacterial sequences that were missed during the
in silico PCR tests. Moreover, 5 bacterial species found in the samples by primer
pairs SI15FY - NSR951 and 616*f - 1132r were not detected by the third pair, even
if it amplified those species in silico. Anyway, these results were of difficult
interpretation as almost all detected Bacteria corresponded to environmental
microorganisms that should have not been found in faecal matter.

On what concerns the detected eukaryotes, the results better resembled our
predictions, as the number of eukaryotic species amplified by each primer pair both
in vivo and in silico was 10-fold higher than the number of species amplified in vivo
but not in silico. However, the overall quality of the results was not as good as we
foresaw. Indeed, we found organisms that usually do not populate human faeces, as
they were mainly environmental fungi, few algae and plants, and very few
arthropods and animal-parasitizing fungi.
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In addition to this, we could not detect any human intestinal parasite that
UKNEQAS Parasitology declared to contaminate the analysed faecal samples

(Table 2).
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Figures 6A-6C. Barplots show the distribution of taxa in the samples, whose values are
summarised in the table below.

5.6. Bioinformatics analysis of amplicons of any length

Pre-processing of the raw reads using fastp resulted in high quality forward and

reverse reads that represented the 5’ and 3’ -ends of the sequenced metabarcodes,

respectively (Tables 10A-10C). These unmerged reads were then paired-end

aligned to the sequences of the PR? database using Bowtie 2, leading to the

identification of archaeal, bacterial and eukaryotic organisms in all samples.

10A 10B
SAMPLE SAMPLE ID % FILTERED READS MEAN LENGTH F/R|[SAMPLE SAMPLE ID % FILTERED READS MEAN LENGTH F/R
A 1460764 94.48 246 bp / 222 bp A 1460769 95.78 262 bp / 232 bp
B 1460765 91.59 244 bp / 220 bp B 1460770 93.96 262 bp / 232 bp
C 1460766 93.13 260 bp / 232 bp|| € 1460771 93.90 262 bp / 232 bp
D 1460767 89.78 256 bp / 229 bp|| D | 1460772 87.04 262 bp / 232 bp
E 1460768 93.25 250 bp / 232 bpf| E 1460773 78.55 262 bp / 232 bp
1ecC
Tables 10A-10C. Each table sh th
SAMPLE SAMPLE ID % FILTERED READS MEAN LENGTH F/R bles 10A-10C. Eac a.b © S_OWS e
A 1460774 89.87 262 bp / 232 bp results of reads pre-processing using fastp.
B 1460775 88.20 262 bp / 232 bp For each sample, it is reported the percentage
¢ 1460776 88.94 262 bp /232 bp of raw reads that have passed all filters and
D 1460777 89.27 262 bp / 232 bp )
E 1460778 89.18 262 bp / 232 bp the mean lengths of the resulting forward and

reverse pre-processed reads.
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Focusing on the found prokaryotes, we observed that more than 90% of the species
to which the reads were paired-end aligned were not amplified in silico by the
different primer pairs. 102 bacterial species were identified in samples 1460764-
1460768, but only 7 of them were amplified in silico by primer pair S15FY -
NSR951; 68 bacterial species were identified in samples 1460769-1460773, but
only 6 of them were amplified in silico by primer pair E572f - 897r; 109 archaeal
and bacterial species were identified in samples 1460774-1460778, but only 9 of
them were amplified in silico by primer pair 616*f - 1132r. However, differently
from the results obtained from the analyses with QIIME 2, many identified genera
corresponded to bacteria that could have been detected in a human faecal sample,
being commensals (e.g., Collinsella, Enterococcus, Faecalibacterium, Prevotella,
etc.) or pathogens (e.g., Campylobacter, Klebsiella, Pseudomonas, Shigella, etc.)
of the human gastrointestinal tract. The others were environmental species.

Our predictions were again more reliable regarding the detected eukaryotes; indeed,
the number of eukaryotic species amplified by each primer pair both in vivo and in
silico was 2 to 4 -fold higher than the number of species amplified only in vivo.
Unfortunately, almost 99% of the detected species were environmental fungi, algae,
plants, metameric land worms, insects and free-living micro-eukaryotes, thus
organisms that should not be found in a human faecal sample. And again, no human
intestinal parasite was found.

The same unmerged reads, pre-processed with fastp, were paired-end aligned to the
user-produced database composed of 18S rRNA gene sequences of the human
eukaryotic intestinal parasites of interest. Only two target organisms were
identified: Cyclospora cayetanensis in all samples but 1460775, and
Neobalantidium coli in samples 1460765-1460768, 1460771, 1460773-1460775
and 1460778. However, none of the two was expected to be found in the faecal
samples, as they did not correspond to the intestinal parasites identified by
UKNEQAS Parasitology via microscopic analyses (Table 2).

5.7. Comparing the results of the bioinformatics analyses

334 taxonomies were identified in the faecal samples using QIIME 2: 12.6% of
them were shared across all samples amplified with the three selected primer pairs,
24% were unique to samples 1460764-1460768, 17.3% were unique to samples
1460769-1460773 and 17.3% were unique to samples 1460774-1460778 (Figure
7).

3504 taxonomies were identified in the faecal samples using Bowtie 2 +
featureCounts: 13.7% of them were shared across all samples amplified with the
three selected primer pairs, 21.2% were unique to samples 1460764-1460768, 5.4%
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were unique to samples 1460769-1460773 and 34% were unique to samples
1460774-1460778 (Figure 8).

QIIME 2

515FY-NSR951

E572f-897r

616*f-1132r

Figure 7. The area-weighted Venn diagram represents the number of exclusive or shared taxa,
assigned with QIIME 2, that were detected in the samples amplified by the three primer pairs.

Bowtie 2 + featureCounts

515FY-NSR951

E572f-897r

616*f-1132r

Figure 8. The area-weighted Venn diagram represents the number of exclusive or shared taxa,
assigned with Bowtie 2 + featureCounts, that were detected in the samples amplified by the three
primer pairs.

66



Overall, the highest number of taxonomies identified with QIIME 2 was in samples
1460764-1460768 (208), followed by samples 1460769-1460773 (185) and then by
samples 1460774-1460778 (121). On the other hand, Bowtie 2 + featureCounts
allowed detecting 2436 species in samples 1460774-1460778, 1987 species in
samples 1460764-1460768 and 944 species in samples 1460769-1460773 (Figures
9A-9C). By comparing the organisms detected with the two bioinformatics
pipelines, we observed that the number of taxonomies uniquely identified with
QIME 2 was strongly biased by the fact that most of them were not nine-level
taxonomies, and thus they were not defined as identical to any of the nine-level
taxonomies identified with Bowtie 2 + featureCounts. With further analyses, we
verified that almost each non-nine-level taxonomy of QIIME 2 was “contained” in
at least one nine-level taxonomy of Bowtie 2 + featureCounts, thus we
approximated them as shared results between the two bioinformatics pipelines.
Only 14, 21 and 4 genera or species were uniquely identified with QIIME 2 in
samples  1460764-1460768, 1460769-1460773 and  1460774-1460778,
respectively; therefore, Bowtie 2 + featureCounts allowed detecting at least 82.5%
of the organisms found with QIIME 2.

9A 9B

515FY-NSR951 E572f-897r

91 117 1878 86 99 845

QIIME 2
QIIME 2

Bowtie 2 + featureCounts Bowtie 2 + featureCounts

9C

616*f-1132r

Figures 9A-9C. Each area-weighted Venn

diagram represents, for the considered primer

pair, the number of taxa assigned to the

sequenced metabarcodes by QIIME 2, by

QIIME 2 Bowtie 2 + featureCounts and by both
pipelines.

56 65 2371

Bowtie 2 + featureCounts
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This work suggests that the two bioinformatics pipelines may provide slightly
different results for the same sets of samples. In particular, even if QIIME 2 was
designed to support DNA metabarcoding studies (e.g., on prokaryotes), it fails in
analysing long amplicons (> 550 bp); on the other hand, the custom-made Bowtie
2 + featureCounts pipeline, which was assembled in this work specifically to
overcome the above limitations of QIIME 2, seems to be more consistent and
includes almost all QIIME 2 results.

6. DISCUSSION

Nowadays, diagnosis of human intestinal infections caused by parasitic protozoa
and helminths still relies on the poorly sensitive and specific microscopic
examination of faecal samples. Clinicians can employ molecular methods (e.g., the
PCR-based test) to improve the analytical sensitivity and specificity of the
diagnostic procedure, but since modern techniques are not standardised yet and
have some major drawbacks, the traditional approach is still considered as the
unreplaceable gold standard.

DNA metabarcoding is an efficient approach that several laboratories exploit to
investigate the taxonomic composition of the human gut microbiota, primarily its
bacteriome collection, by analysing faecal samples. With this in mind, we wanted
to evaluate whether it could be possible to develop a metabarcoding protocol that
would allow the detection of the most common intestinal pathogenic protozoa and
helminths in human stool. Indeed, we think that it could be a user-friendly, cost-
effective and standardised method that could support the traditional diagnostic
technique in a more efficient way than the available molecular procedures.

Notwithstanding the advantages of this approach, we had to solve different
problems to complete the development of the protocol: (I) several universal primer
pairs targeting the eukaryotic SSU rRNA gene are available, but not all of them
efficiently amplify all or most of the clinically relevant intestinal eukaryotes; (II)
DNA extraction, amplification and analysis are efficiently performed starting from
high-quality samples, but contaminated faeces are frequently fixed in formalin to
inactivate the pathogens, and this agent impairs the aforementioned protocol steps;
(IIT) DNA metabarcoding is prevalently performed to characterise bacteria and
fungi, exploiting validated bioinformatics pipelines that provide reliable results, but
they cannot be always applied to the analysis of other metabarcodes (e.g., the long
amplicons produced by amplifying the V4 region of the 18S rRNA gene of some
eukaryotes). The following paragraphs describe how we overcame these issues.
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In silico PCR was exploited to select 3 universal primer pairs amplifying the V4
hypervariable region of the 18S rRNA gene of the target human intestinal parasites.
We required the highest possible coverage of the pathogens of interest, but also the
production of amplicons shorter than 550 bp, as we exploited the Illumina MiSeq
300PE sequencing strategy and longer amplicons would be more difficult to
analyse. The best compromise was achieved with primer pairs 5I5FY - NSR951,
E572f - 897r and 616*f - 1132r. Their amplification efficiency was checked using
an optimised PCR protocol on positive controls composed of purified eukaryotic
genomes.

Total DNA extracted from the formalin-fixed faecal samples could not be
efficiently amplified, even by increasing the amount of template or by purifying the
DNA. This was due to the formalin fixative, which causes the formation of
crosslinks between nucleic acids and proteins that strongly inhibit PCR
amplification by keeping DNA in a closed conformation (Vitosevic¢ et al., 2018).
Indeed, amplicons were proficiently generated only after pre-treating the faecal
samples to remove formalin, confirming its inhibitory activity.

Preparation of the sequencing library followed the standard protocol, and
sequencing errors were very limited.

Bioinformatics analyses using QIIME 2 provided negative results. We expected to
identify few taxonomies in samples 1460774-1460778, as primer pair 616*f - 1132r
was predicted to generate many >550 bp amplicons that could not be analysed with
this bioinformatics pipeline. However, the detected organisms were very different
from what we could foresee. As a matter of fact, almost all of them corresponded
to environmental bacteria and eukaryotes that should not be found in human stool,
and the exploited primer pairs amplified sequences of species that were missed
during the preliminary in silico PCR tests. Moreover, none of the intestinal parasites
declared to contaminate the faecal samples was detected.

Similar results were obtained by analysing the sequenced metabarcodes with fastp
+ Bowtie 2 + featureCounts. This time, we foresaw detecting the most species in
samples 1460774-1460778, since primer pair 616*f-1132r has the highest coverage
of the PR? database among the selected primer pairs and we exploited a
bioinformatics pipeline that allows analysing metabarcodes of any length.
Nevertheless, 90% of the found prokaryotes were not amplified in silico, and none
of the identified eukaryotes was a commensal or parasite of the human
gastrointestinal tract.
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Only two human eukaryotic intestinal parasites (i.e., Cyclospora cayetanensis and
Neobalantidium coli) were detected in the faecal samples by aligning the pre-
processed reads to our custom-made database of parasites, but they were certainly
false positives. As a matter of fact, they were not identified when aligning the same
reads to the complete PR? database, thus they were the outcomes of the only poor-
quality alignments that Bowtie 2 could perform with the parasites’ database.

Since we exploited validated primer pairs, optimised the PCR amplification
reaction, sequenced the target metabarcodes with a high-accuracy Illumina platform
and analysed the produced reads with robust bioinformatics pipelines, the most
plausible explanation to these negative results is the poor quality of the analysed
faecal samples. Indeed, they were stored for several weeks and fixed with formalin,
which can severely damage the DNA by breaking the phosphodiester bonds of its
backbone (Vitosevi¢ et al., 2018) and inducing base alterations (i.e., N-
hydroxymethyl mono-adducts on adenine, cytosine and guanine (Kawanishi et al.,
2014)) in a time-dependent manner. Therefore, the samples may have contained
fragmented DNA molecules rich of altered bases that biased the metabarcoding
analyses, as they were aligned to sequences of prokaryotic and eukaryotic species
that should not be identified in human faeces and thus did not allow the detection
of the declared intestinal parasites.

Anyway, even if the obtained results were mostly artefacts, our in silico predictions
about the primer pairs’ performances seemed to be valid. Of the total amount of
organisms detected by each primer pair, 63.9% were predicted for the 515FY -
NSR951 pair, 70.8% were predicted for the ES72f - 897r pair and 77.4% were
predicted for the 616*f - 1132r pair.
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7. CONCLUSION AND FUTURE PERSPECTIVES

In the present thesis, we designed and evaluated a metabarcoding approach for the
detection of eukaryotic intestinal parasites in human stool. Unfortunately, since the
contaminated faecal samples we could analyse were fixed with formalin and stored
for a long period, the contained DNA molecules were probably fragmented and rich
in base alterations, thus the results were mostly artefacts and we could not identify
the contaminating intestinal parasites.

Nevertheless, the developed protocol should be robust: we selected the universal
primer pairs by performing several in silico analyses and validated them; we
optimised the PCR amplification protocol to efficiently produce the target
amplicons; we followed standard protocols for the sequencing library preparation
and sequenced the DNA molecules on the Illumina MiSeq platform; we exploited
validated bioinformatics tools to analyse the sequencing results. Therefore, it would
be interesting to repeat the described analyses on fresh, contaminated faecal
samples to better evaluate the feasibility and potential success of this method. In
addition, the protocol could be tested on mock communities of spiked samples (i.e.,
faccal matter artificially added with the target parasites’ genomes
(https://www.nature.com/articles/s41598-022-14176-z#Sec12)), while
bioinformatics pipelines performance could be even assessed by using simulated
data.

When performing a metabarcoding experiment, we recommend exploiting the fastp
+ Bowtie 2 + featureCounts pipeline for the bioinformatics analyses, as it is more
versatile and identifies almost all species detected with QIIME 2, which, on the
other hand, is limited to the analysis of forward and reverse reads that have to
overlap at their 3’-ends.

Moreover, we highly discourage aligning the pre-processed reads to custom-made
databases composed of few target sequences, as the identified organisms may be
the outcome of low-quality alignments, thus corresponding to false positives.

An alternative version of this DNA metabarcoding protocol could be developed by
using multiple primer pairs that are specific for different parasites’ taxa. In
particular, it would require modifying only the first PCR amplification step, where
the extracted DNA would be amplified via several PCR reactions (one for each
primer pair); then, if generated, the resulting amplicons would be pooled together
to create a unique sequencing library that would be sequenced using an NGS
platform and finally analysed by exploiting the described bioinformatics pipelines.
With this approach, the first PCR amplification would become an initial control
step revealing the possible presence or absence of the searched parasites.
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As a matter of fact, if no amplicon was generated with a primer pair, it would
probably mean the absence of the parasites that should be amplified by the same
primer pair; on the other hand, if PCR products were produced, they would be
further analysed to reveal which pathogenic species were contaminating the faecal
sample. This control step could be helpful during clinical investigations, as negative
PCR results would allow rapidly excluding some parasitic infections and help the
clinician decide how to initiate the anti-parasitic treatment.

Regardless of how the first PCR amplification step would be performed, if
clinicians needed to store the faecal samples, we would recommend using
conservatives different from formalin (e.g., guanidine isothiocyanate, a chaotropic
agent that inhibits DNases and RNases) to avoid DNA alterations and thus allow
unbiased molecular analyses.

The work presented in this thesis, even if consists in a preliminary evaluation of
DNA metabarcoding application to detect eukaryotic intestinal pathogens in
formalin-fixed human faecal samples, could be exploited as support material to the
future development of a clinically relevant diagnostic technique that solves the
here-cited limitations and provides sensitive and specific diagnoses sustaining or
even replacing those of the traditional microscopic examination of faeces.
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9. SUPPLEMENTARY INFORMATION
9.1. BIOINFORMATICS PIPELINES
9.1.1. Bioinformatics analysis on QIIME 2 (v. 2023.5)

Working in the directory where the raw reads (FASTQ format files, named as
[sample] S[n] LO01 R[1,2] 001.fastq.gz) were downloaded (reads directory),

convert the raw reads in FastQC reports:
fastgc *fastg.gz -o fastgc reports output directory

Working in reads directory, activate QIIME 2 and create the required
MANIFEST V2 file:

conda activate giime2-2023.5

printf “sample-id\tforward-absolute-filepath\treverse-absolute-
filepath\n” > manifest v2.tsv

for rl in *R1*; do sample=$( echo $rl | cut —-£ 1 -d ™ "7 ); r2=$(
echo Sril | sed ‘s/R1/R2/' ) 8 printf
“Ssample\t$SPWD/SrI\tSPWD/Sr2\n”; done >> manifest v2.tsv

Working in reads directory, import and demultiplex the raw reads:

giime tools import --type
‘SampleData[PairedEndSequencesWithQuality]’ -—-input-path
reads directory absolute filepath/manifest v2.tswv —--output-path

raw_reads.gza --input-format PairedEndFastgManifestPhred33V2

giime demux summarize --i-data raw reads.gza --o-visualisation

raw_reads.qzv

giime tools export -—input-path raw _reads.gzv --output-path

demultiplexed reads output directory

Working in reads directory, trim the raw reads:

giime cutadapt trim-paired —-—-i-demultiplexed-sequences
raw_reads.gza —--p-front-f forward adapter and primer sequence --p-
front-r reverse adapter and primer sequence --o-trimmed-sequences

raw_reads.trimmed.gza

giime demux summarize --i-data raw_reads.trimmed.gza -—0-

visualisation raw reads.trimmed.gzv

giime tools export --input-path raw reads.trimmed.gzv —--output-path

trimmed reads output directory
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Working in reads directory, perform trimmed reads filtering, dereplication,

denoising and merging, and chimera detection:

giime dada? denoise-paired ——i-demultiplexed-seqgs
raw_reads.trimmed.gza --p-trunc-len-f readl truncation position --
p-trunc-len-r read2 truncation position --p-chimera-method
consensus --o-table feature ASV table --o-representative-sequences
features ASVs --o-denoising-stats dada2 results.stats

giime metadata tabulate --m-input-file dada2 results.stats.qgza --
o-visualisation dada2 results.stats.qgzv

giime tools export --input-path dada2 results.stats.gzv --output-
path dada2 results output directory

Working in reads directory, create the interactive reports of the ASV table and
of the ASVs:

giime feature-table summarize --i-table feature ASV table.gza --o-
visualisation feature ASV table.qgzv

giime tools export --input-path feature ASV table.gzv --output-path
feature ASV table output directory

giime feature-table tabulate-seqgs --i-data features ASVs.gza --o-
visualisation features ASVs.qgzv

giime tools export --input-path features ASVs.gzv --output-path
features ASVs output directory

Working in reads directory, save the ASV table as a TSV format file and the

ASVs as a FASTA format file:

giime tools export --input-path feature ASV table.gza --output-path
feature ASV table tsv output directory

biom convert —-—-input-fp
feature ASV table tsv output directory/feature-table.biom --
output-£fp

feature ASV table tsv output directory/feature ASV table.tsv --to-
tsv

giime tools export --input-path features ASVs.gza --output-path
features ASVs FASTA output directory

Working in the directory where the sequences and taxonomy files of the PR?

database were downloaded (pr2 directory), convert those files in QZA format
files:

giime tools import --type ‘FeatureData[Sequence]’ --input-path
pr2 version 5.0.0 SSU mothur.fasta —--output-path
pr2 version 5.0.0 SSU mothur segs.qgza
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giime tools import --type ‘FeatureData[Taxonomy]’ --input-format
HeaderlessTSVTaxonomyFormat -—-input-path
pr2 version 5.0.0 SSU mothur.tax --output-path
pr2 version 5.0.0 SSU mothur tax.gza

Working in a subdirectory (pr2 subdirectory), extract the target metabarcode
sequence from each sequence of the PR? database:

giime feature-classifier extract-reads --i-sequences
pr2 directory/pr2 version 5.0.0 SSU mothur segs.gza --p-f-primer
forward primer sequence --p-r-primer reverse primer sequence --p-
min-length 0 --o-reads primer pair name extracted pr2 reads.gza

Working in pr2 subdirectory, dereplicate the extracted metabarcode sequences

and the taxonomy of the PR? database:

giime rescript dereplicate --i-sequences
primer pair name extracted pr2 reads.qgza --i-taxa
pr2 directory/pr2 version 5.0.0 SSU mothur tax.qgza -—p-rank-
handles ‘disable’ —--p-mode uniqg --o-dereplicated-sequences
primer pair name extr derep pr2 reads.gza --o-dereplicated-taxa

primer pair name derep pr2 tax.dza

Working in pr2 subdirectory, train the taxonomic classifier on the dereplicated,
extracted metabarcode sequences of the PR? database:

giime rescript evaluate-fit-classifier --i-sequences
primer pair name extr derep pr2 reads.gza --i-taxonomy
primer pair name derep pr2 tax.dza --output-dir

classifier output directory

Working in classifier output directory, create the interactive report of the
classifier:

giime tools export -—--input-path evaluation.gzv --output-path

classifier evaluation output directory

Working in pr2 subdirectory, create the interactive reports describing the

extracted and dereplicated metabarcode sequences:
giime rescript evaluate-segs —-—-i-sequences
primer pair name extracted pr2 reads.gza --o-visualisation

primer pair name extracted pr2 reads.qzv

giime tools export —-—input-path
primer pair name extracted pr2 reads.qzv --output-path

extracted reads output directory

giime rescript evaluate-seqgs --i-sequences
primer pair name extr derep pr2 reads.gza --o-visualisation

primer pair name extr derep pr2 reads.qzv
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giime tools export —-—input-path
primer pair name extr derep pr2 reads.qzv —-—-output-path

extracted dereplicated reads output directory

Working in reads directory, assign the taxonomy to the ASVs:

giime feature-classifier classify-sklearn --i-classifier
classifier output directory absolute filepath/classifier.qza --i-
reads features ASVs.gza --o-classification taxonomy ASVs.qgza

giime metadata tabulate --m-input-file taxonomy ASVs.gza =--o0-

visualisation taxonomy ASVs.qzv

giime tools export --input-path taxonomy ASVs.gzv --output-path
ASVs taxonomy output directory

Working in reads directory, create the interactive barplots of the ASVs
taxonomy:

giime taxa barplot --i-table feature ASV table.gza --i-taxonomy
taxonomy ASVs.gza --o-visualisation taxonomy ASVs barplots.gzv

giime tools export --input-path taxonomy ASVs barplots.qzv --
output-path barplots output directory
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9.1.2. Bioinformatics analysis on fastp (v. 0.23.2) + Bowtie 2 (v. 2.5.1) +
featureCounts (v. 2.0.1) (with full PR? database (v. 5.0.0))

Working in reads directory, pre-process the raw reads with fastp:

for rl in *R1*; do r2=$( echo $rl | sed 's/R1/R2/' ); outl=S$( echo
$rl | sed 's/L001 R1 001/R1 prep/' ); out2=$( echo $Srl | sed
's/L001 R1 001/R2 prep/' ); sample=$( echo $rl | cut -£ 1 -d " " );
fastp -i $rl -I $r2 -o Soutl -0 Sout2 -h S$sample.html -g

phred quality -u wunqualified limit -e average phred score --
detect adapter for pe -f readl trim front position -t
readl trim tail position =1 read2 trim front position =T

read2 trim tail position; done

cp *prep* fastp results output directory

Working in a subdirectory (reads subdirectory), create the PR? database index

required by Bowtie 2:

bowtie2-build

pr2 directory absolute filepath/pr2 version 5.0.0 SSU mothur.fasta
pr2_ index

Working in fastp results output directory, align the pre-processed reads to

the PR? database index and create sorted BAM format files:

for rl in *R1*; do r2=$( echo $rl | sed 's/R1/R2/' ); sample=S$ (
echo Srl | cut =i 1 -d " ) 8 bowtie2 =5%
reads_ subdirectory/pr2 index -1 $rl -2 $r2 alignment option -I
min fragment length -X max fragment length | samtools view -b |

samtools sort > reads subdirectory/${sample} sorted.bam; done

Working in reads subdirectory, create the index of each BAM format file:

for file in *sorted*; do samtools index $file; done

Working with Python (ipython3) in reads subdirectory, create the annotation
file required by featureCounts:

import sys
dictionary = {}

with
open ("pr2 directory absolute filepath/pr2 version 5.0.0 SSU mothur
.tax") as taxonomy:
for line in taxonomy:
line = line.strip()
splitted line = line.split (“\t”)
seqID = splitted line[O0]
tax = splitted line[1]
dictionary[seqgID] = tax
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annot = open (“annotation file.tsv”, “w”)
header line = "GeneID\tChr\tStart\tEnd\tStrand\n"
annot.write (header line)

with
open ("pr2 directory absolute filepath/pr2 version 5.0.0 SSU mothur
.fasta") as sequences:
for entry in sequences:
entry = entry.strip()
if entry.startswith (“>"):
seqlID = entry.replace(“>", “)
else:
seq = entry
annot.write (f”{dictionary([seqID] }\t{seqID}\t{1}\
t{len(seq) }\t{ '+’ }\n”)

annot.close ()

Working in reads subdirectory, count the aligned paired-end reads:
featureCounts -a annotation file.tsv -o feature counts.tsv *.bam -
B -C -d min fragment length -D max fragment length -F SAF -M -p

9.1.3. Bioinformatics analysis on fastp (v. 0.23.2) + Bowtie 2 (v. 2.5.1) +
featureCounts (v. 2.0.1) (with user-produced database)

The used-produced database (parasites 18S rRNA pr2 database.fasta) was
downloaded in reads subdirectory 2, and then we modified it to produce two
files: a FASTA format file with the 18S rRNA gene sequences and a TSV format

file with the correspondent taxonomies.
cut =it 1 -d " parasites 18S rRNA pr2 database.fasta >
parasites 18S rRNA pr2 seq database.fasta

cut -f 1-8 -d "|" -s parasites 18S rRNA pr2 database.fasta | sed
's/>//" | sed 's/I/\t/! | sed 's/1/:/9" >
parasites 18S rRNA pr2 taxonomy database.tsv

Working in reads subdirectory 2, we created the user-produced database index

required by Bowtie 2:
bowtie2-build parasites 18S rRNA pr2 seq database.fasta
small database index
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Working in fastp results output directory, wWé aligned the pre-processed

reads to the user-produced database index and created sorted BAM format files:
for rl in *R1*; do r2=$( echo $rl | sed 's/R1/R2/' ); sample=$ (
echo Srl | cut -f 1 -d "o ) ; bowtie?2 -X
reads subdirectory 2/small database index -1 srl -2 Sr2
alignment option -I min fragment length -X max fragment length |
samtools view =10 | samtools sort >
reads subdirectory 2/S{sample} sorted.bam; done

Working in reads subdirectory 2, we created the index of each BAM format
file:

for file in *sorted*; do samtools index $file; done

Working with Python (ipython3) in reads subdirectory 2, we created the
annotation file required by featureCounts:

import sys

small dictionary = {}
with open ("parasites 18S rRNA pr2 taxonomy database.tsv") as
taxon:

for row in taxon:
row = row.strip ()
splitted row = row.split (“\t”)
segsID = splitted row[O0]
taxa = splitted row([1]

small dictionaryl[segsID] = taxa
annotation = open(“new annotation file.tsv”, “w”)
header = "GeneID\tChr\tStart\tEnd\tStrand\n"

annotation.write (header)

with open ("parasites 18S rRNA pr2 seq database.fasta") as sequenc:
for lines in sequenc:
lines = lines.strip/()
if lines.startswith(“>"):
segsID = lines.replace(“>", %)
else:
segs = lines
annotation.write (f”{small dictionary[seqgsID] }\t{
segsID}\t{1}\t{len (segs) }\t{ *+’}\n”)

annotation.close ()

Working in reads subdirectory 2, we counted the aligned paired-end reads:
featureCounts -a new_annotation file.tsv -o new feature counts.tsv
*.bam -B -C -d min fragment length -D max fragment length -F SAF -
M -p
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9.1.4. Comparison of the results obtained from the analyses with the 3 selected
primer pairs

Working in home directory, which is above the three reads directory (one for
each analysis with a selected primer pair), we uploaded the “venn giime2.py” file
and created the Venn diagram describing how many taxonomies were assigned by
QIIME 2 for each analysis with a selected primer pair:

python venn giime2.py reads directory (of-primer-pair-515FY-
NSR951)/ASVs taxonomy output directory/metadata.tsv

reads directory (of-primer-pair-E572f-

897r)/ASVs taxonomy output directory/metadata.tsv

reads directory(of-primer-pair-616*f-

1132r)/ASVsitaxonomyioutputidircctory/metadata.tsv

The “venn _giime2.py” file contained the following script:
#!/usr/bin/env python

import sys

from matplotlib import font manager

consolas url=[font for font in
font manager.findSystemFonts (fontpaths=None, fontext="ttf"') if
"Consolas-Regular" in font] [0]

consolas title=font manager.FontProperties (fname=consolas url,
size=22)

consolas label=font manager.FontProperties (fname=consolas url,
size=16)

input file l=sys.argv[1l]
list 515FY NSR951=[]

metadata l=open (input file 1, "r")
for line in metadata 1:
if line.startswith ("Feature") or line.startswith ("#") :
continue
field=line.split ("\t")
taxonomy=field[1]
list 515FY NSRS951.append (taxonomy)
metadata 1l.close()

input file 2=sys.argv[2]
list E572f 897r=[]

metadata 2=open (input file 2, "r")
for lines in metadata 2:
if lines.startswith ("Feature") or lines.startswith ("#"):
continue
fields=lines.split ("\t")
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taxon=fields[1]
list E572f 897r.append (taxon)
metadata 2.close()

input file 3=sys.argv[3]
list 616f 1132r=[]

metadata 3=open (input file 3, "r")
for linea in metadata 3:

if linea.startswith ("Feature") or linea.startswith ("#"):

continue
campo=linea.split ("\t")
tax=campo[1l]
list 616f 1132r.append(tax)
metadata 3.close()

import matplotlib.pyplot as plt
from matplotlib venn import venn3
fig=plt.figure(figsize=(8,8), dpi=150)
setl=set (list 515FY NSR951)
set2=set (list E572f 897r)
set3=set (list 616f 1132r)
diagram=venn3 ([setl, set2, set3], ('515FY-NSR951"',
'616*f-1132r"))
for text in diagram.set labels:

text.set fontproperties(consolas label)
for text in diagram.subset labels:

text.set fontproperties(consolas label)
plt.title("QIIME 2", fontproperties=consolas_ title)
fig.savefig("venn giime2 results.png")

'"E572£-897r",

Working in home directory, we uploaded the “venn featurecounts.py” file

and created the Venn diagram describing how many taxonomies were assigned by

Bowtie 2 + featureCounts for each analysis with a selected primer pair:

python venn featurecounts.py reads directory(of-primer-pair-515FY-

NSR951)/reads subdirectory/feature counts.tsv reads directory(of-

primer—pair—E572f—897r)/readsisubdirectory/featureicounts.tsv

reads directory(of-primer-pair-616*f-

1132r)/reads subdirectory/feature counts.tsv

The “venn featurecounts.py’ file contained the following script:

#!/usr/bin/env python
import sys

from matplotlib import font manager
consolas url=[font for font

font manager.findSystemFonts (fontpaths=None, fontext="ttf"'")

"Consolas-Regular" in font] [0]
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consolas title=font manager.FontProperties (fname=consolas url,
size=22)
consolas label=font manager.FontProperties (fname=consolas url,
size=16)

input file l=sys.argv[1l]
list 515FY NSR951=[]

feature counts l=open (input file 1, "r")
for line in feature counts 1:
if line.startswith ("#") or line.startswith ("Geneid") :
continue
field=line.split ("\t")
count=[int (n) for n in field[6:]]
tot=sum (count)
if tot>0:
taxonomy=field[0]
list 515FY NSR951.append (taxonomy)
feature counts 1l.close()

input file 2=sys.argv[2]
list E572f 897r=[]

feature counts 2=open (input file 2, "r")
for lines in feature counts 2:
if lines.startswith("#") or lines.startswith ("Geneid") :
continue
fields=lines.split ("\t")
counts=[int (m) for m in fields[6:]]
total=sum(counts)
if total>0:
taxon=fields[0]
list E572f 897r.append (taxon)
feature counts 2.close()

input file 3=sys.argv[3]

list 616f 1132r=[]

feature counts 3=open (input file 3, "r")
for linea in feature counts_ 3:
if linea.startswith("#") or linea.startswith ("Geneid") :
continue

campo=linea.split ("\t")
conta=[int (p) for p in campo[6:]]
totale=sum(conta)
if totale>0:
tax=campo [0]
list 616f 1132r.append(tax)
feature counts 3.close()

import matplotlib.pyplot as plt
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from matplotlib venn import venn3

fig=plt.figure(figsize=(8,8), dpi=150)

setl=set (list 515FY NSR951)

set2=set (list E572f 897r)

set3=set (list 616f 1132r)

diagram=venn3 ([setl, set2, set3], ('515FY-NSR951', 'E572f-897r"',
'616*£f-1132r"))

for text in diagram.set labels:
text.set fontproperties (consolas label)
for text in diagram.subset labels:
text.set fontproperties (consolas label)
plt.title ("Bowtie 2 + featureCounts",
fontproperties=consolas title)
fig.savefig("venn featurecounts results.png")

9.1.5. Comparison of the results obtained from the analyses at 9.1.1 and 9.1.2

Working in reads directory, we collapsed the ASV table to the species level,
created the interactive report of the collapsed ASV table and saved the collapsed
ASV table as a TSV format file:

giime taxa collapse --i-table feature ASV table.gza --i-taxonomy
taxonomy ASVs.gza —-—p-level 9 —--o-collapsed-table
collapsed feature table.gza

giime feature-table summarize --i-table collapsed feature table.gza
--o-visualisation collapsed feature table.qgzv

giime tools export --input-path collapsed feature table.qgzv --
output-path collapsed feature table output directory

giime tools export --input-path collapsed feature table.qza --
output-path collapsed feature table tsv output directory

biom convert —-—-input-fp
collapsed feature table tsv output directory/feature-table.biom --
output-fp

collapsed feature table tsv output directory/collapsed feature tab
le.tsv —--to-tsv

VVOﬂdnginreadsidirectory,W@lqﬂoadedthe“finalicomparison.py”fﬂeand

compared the taxonomies assigned by QIIME 2 and by Bowtie 2 + featureCounts:
python final comparison.py reads subdirectory/feature counts.tsv
collapsed feature table tsv_output directory/collapsed feature tab

le.tsv > final comparison primer pair name.tsv
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The “final comparison.py” file contained the following script:
#!/usr/bin/env python

import sys
input file l=sys.argv[1l]
dictionary feature counts={}

feature counts=open (input file 1, "r")
for 1,1line in enumerate (feature counts) :
line=line.strip("\n")
if line.startswith ("#") or line.startswith ("Geneid") :
continue
field=line.split ("\t")
count=[int (n) for n in field[6:]]
tot=sum (count)
if tot>0:
dictionary feature counts[field[0]]=tot
feature counts.close ()

input file 2=sys.argv[2]

collapsed feature table=open (input file 2, "r")
for lines in collapsed feature table:
lines=lines.strip ("\n")
if lines.startswith ("#"):
continue
fields=lines.split ("\t")
counts=[float (m) for m in fields[1l:]]
total=sum(counts)
if fields[0] in dictionary feature counts:
print (fields[0], dictionary feature counts[fields[0]],
total)

Working in reads directory, we uploaded the
“vennifinalcomparisoniprimeripairiname.py” file and created the Venn
diagram describing how many taxonomies were assigned by QIIME 2, how many
taxonomies were assigned by Bowtie 2 + featureCounts, and how many taxonomies
were assigned by both:

python venn finalcomparison primer palir name.py
ASVs taxonomy output directory/metadata.tswv

reads subdirectory/feature counts.tsv

The “venn finalcomparison primer pair name.py’ file contained the

following script:
#!/usr/bin/env python

import sys
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from matplotlib import font manager

consolas url=[font for font

font manager.findSystemFonts (fontpaths=None, fontext="ttf"'")
"Consolas-Regular" in font] [0]

consolas title=font manager.FontProperties (fname=consolas_url,
size=22)

consolas label=font manager.FontProperties (fname=consolas_url,
size=16)

input file l=sys.argv[1l]
list primer pair name=[]

metadata=open (input file 1, "r")
for line in metadata:

if line.startswith ("Feature") or line.startswith ("#") :

continue

field=line.split ("\t")

taxonomy=field[1]

list primer pair name.append (taxonomy)
metadata.close ()

input file 2=sys.argv([2]
lista primer pair name=[]

feature counts=open (input file 2, "r")
for linea in feature counts:
if linea.startswith ("#") or linea.startswith ("Geneid") :
continue
campo=linea.split ("\t")
conta=[int (n) for n in campo[6:]]
tot=sum(conta)
if tot>0:
taxon=campo [0]
lista primer pair name.append (taxon)

feature counts.close ()

import matplotlib.pyplot as plt
from matplotlib venn import venn2
fig=plt.figure(figsize=(8,8), dpi=150)
setl=set (list primer pair name)
set2=set (lista primer pair name)
diagram=venn?2 ([setl, set2], ("QIIME 2", 'Bowtie 2
featureCounts'))
for text in diagram.set labels:

text.set fontproperties(consolas label)
for text in diagram.subset labels:

text.set fontproperties(consolas label)
plt.title("primer pair name", fontproperties=consolas_ title)

fig.savefig("venn result primer pair name.png")
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9.2. SUPPLEMENTARY FIGURES
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Supplementary Figures S1A-S1C. Per-
sample barplots showing the relative
abundance of taxa assigned to the identified
ASVs. Legends are reported below.



Legend Figure S1A

Eukaryota;Obazoa;Opisthokonta; Fungi: Ascomycota; Pezizomycotina; Dothideomycetes; .

.Eukawcta;m i ptophyta;Streptophyta_X:Er phyceae; yophyceae_X;Embryophyceae XX,
Eukaryota; TSAR;Stramenopiles;Gyrista;Chrysophyceae;Ochromonadales;__;_ ;
. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;

Eukaryota;Obazoa;Opisthokonta;Fungi; Basidiomycota;Agaricomycotina; Tremellomycetes; ;-

. Bacteria;PANNAM;P ia;P L X.G: P Cavicella;Cavicella_sp
Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes; Peniophora; Peniophora_nuda

. Eukaryota;Obazoa:Opi Fungi, ;Pezizomycotina: —
Eukaryota;Obazoa;Opi Fungi:Bl liomycota;Bl rcotina;Bl iomycetes Allomyces; __

. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Schizophyllum; Schizophyllum_sp.
Eukaryota;Obazoa;Opisthokonta;Metazoa; Arthropoda; Hexapoda; Insecta; Pseudacteon;

. Eukaryota;Archaeplastida; Chlorophyta;Chlorophyta_X; Trebouxiophyceae;Microthamniales; Microthamniales_X; Trebouxia; Trebouxia_sp.
Eukaryota;Obazoa;Opisthokonta; Metazoa; Nematoda; Chr ;Cl | XC is; Cl 5_cristata

. Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae;Ochromonadales;Ochromonadaceae;Poteriospumella;__

Bacteria;FCBB B . XB C :C 2 imini um_sp.

. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiemycota; f T s

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Agaricomycetes; Agrocybe;Agrocybe_salicacicola
[ sacteriaPannanP iaP X:Alphap .

Eukaryota; TSAR;Rhizaria, Cercozoa; Filosa-Sarcomonadea; Glissomonadida; Sandonidae;Sandonidae_X;Sandonidae_X_sp.

. Eukaryota, TSAR;Stramenopiles; Gyrista;Chrysophyceae;Ocl 01 X0 s XX,0 _XX_sp.
Eukaryota; TSAR;Rhizaria, Cercozoa; Filosa-Sarcomonadea; Glissomonadida;__;_ ;

. Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina;Leotiomycetes;Erysiphe;Erysiphe_pisi
Eukaryota; TSAR;Stramenopiles;Gyrista; Chrysophyceae;Ochromonadales; Ochromonadaceae; Spumella;__

[ sacteria pannAn P i P | X.G ia P g _sp.

Eukaryota;Archaeplastida; Streptophyta;Streptophyta_X;Embryophyceae;Embryophyceae_X;Embryophyceae_XX;Plantago;Plantago_lanceolata
. Eukaryota; TSAR;Alveolata;Ciliophora;Litostomatea;__; ;

Eukaryota;Obazoa;Opisthokonta; Fungi;Ascomycota; Pezizomycotina;Leotiomycetes;

. Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; Agaricomycotina;Agaricomycetes;Sistotrema
Bacteria,PANNAM;P! ia; Py X;Alphapi ia;Rhizobiales; i jum_sp

. Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; Agaricomycotina;Agaricomycetes;Hyphodontia;Hyphodontia_sambuci
Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes;Phanerochaete;

. Eukaryota; TSAR;AlveolataApicomplexa;__;

Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; Ustilaginomycotina; Ustilaginomycetes; ;-

. Unassigned, _ ;_ ; ; ;
Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; Agaricomycotina;Agaricomycetes;Agaricomycetes_X;Agaricomycetes _X_sp.

. Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae;Ochromonadales; Ochromonadaceae; Spumella; Spumella_rivalis
Eukaryota; TSAR;Alveolata;Perkinsea;Perkinsida;Perkinsida_X;Perkinsida_XX;Perkinsida_XXX;Perkinsida_XXX_sp.
. Eukaryota;Obazea;Opisthokonta; Fungi:Ascomycota; Pezizomycotina; Eurotiomycetes; ;-

Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; P i cotina; Cy - Sporobolomyces; Sporobolomyces_roseus

. Eukaryota;Obazoa;Opisthokonta;Fungi:Ascomycota; Pezizomycotina; Dothideomycetes; Cladosporium;__

Eukaryota;Ar i ta;  X.El phyceae;Embryophyceae X;Embryophyceae XX;Platanus;Platanus_occidentalis
. Eukaryota;Obazoa;Opisthokonta; Fungi:Basidiomycota; Pucciniomycoting; Cy :Cy etes X;Cy i cetes_X_sp.
Bacteria;PANNAM:P ;P L X.G: ia;P: P P P . sp.

. Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Eurotiomycetes; Aspergillus;__
Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae;Ochromonadales;Ochromonadales_clade-XII;Ochromonadales_clade-XIl_X;Ochromonadales_clade-XII_X_sp.

. Eukaryota;Obazoa;Opi Fungi; x » :Candida;Candida_parapsilosis

Eukaryota;Obazoa;Opisthokonta;Fungi; Basidiomycota; i ‘Bullera;Bullera_unica

. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Agaricomycetes; Vuilleminia; Vuilleminia_comedens

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota, Agari ina;’ \Bullera;Bullera_sp.

. Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Sordariomycetes; Cryptovalsa; Cryptovalsa_ampelina
Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Pucciniomycotina; Cystobasidiomycetes; Rhodotorula;__

. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Antrodia;__
Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina;

. Eukaryota; TSAR;Alveolata;Ciliophora;Li ;Haptoria_5;P! Pl L X:P) L X_sp
Eukaryota; TSAR;RNizaria; Cercozoa; Filosa- I idae; Sandona;Sandona_sp.

. Eukaryota;Obazoa;Opi Fungi,A ; ina;’ S
Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agari ina;Agaricomycetes; Si L

. Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina;Leotiomycetes;Leotiomycetes_X;Leotiomycetes_X_sp.
Eukaryota;Obazoa;Opisthokonta;Metazoa; Rotifera;Rotifera_X;Rotifera_XX;Euchlanis;__

. Eukaryota;Archaeplastida: Chiorophyta-Chlorophyta_X: ceae:Mic Mic fales_X;

Eukaryota;Ar ta; _XEmbryophyceae;Embryophyceae_X;Embryophyceae_XX;Pinus;Pinus_taeda

. Eukaryota;Obazoa;Opisthokonta;Fungi; Basidiomycota;wallemiomycetes:Wallemiales,__;__

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes; Amphinema; Amphinema_sp
. Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Leotiomycetes;Colpoma; Colpoma_gquercinum

Eukaryola;Archaeplastida; Streptophyta; Streptophyta_X;Embryophyceae;Embryophyceae_X;Embryophyceae_XX;Pinus;__
. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota:Agaricomycotina;Agaricomycetes;tersonilia;ltersonilia_perplexans

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Di :Di

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes; Trametes; Trametes_sp.

Bacteria;PVC;Planctomycetes;Planctomycetes_X;Planctomycetacia;Pi Pir B i B _Sp.

. Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomycota A lina;Agaricomycefe: |
Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Xylobolus;Xylobolus_sp.
. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Antrodia;Anfrodia_sifchensis

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Hyphodontia;Hyphodontia_rimosissima
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. Eukaryota;Obazoa; 0| ;Fungi:. ;Pezizomycotina;; +Op L

Eukaryota:Obazoa;Opisthokonta:Fungi: Basidiomycota;Agaricomycotina:Agaricomycetes; Auncularia:__
. Eukaryota;Obazoa; Opi: ;Metazoa; poda;Crustacea; il ;Cyclopidae; Cyclopidae_sp.

Eukaryota; TSAR;Alveolata;Ciliophora; Ol i+ ia;Ophryoglenida; i irius_multifiliis
. Eukaryota;Obazoa;Opisthokonta;Metazoa;Annelida;Annelida_X;Annelida_XX;__;

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota;Agaricomycotina; Tremellomycetes; Cryptococcus;Cryptococcus_camescens
. Bacteria:FCB:B B B i -Cl :

Eukaryota;Archaeplastida;Chiorophyta;Chiorophyta_X;L :Ulotrichales;L . X:

. Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomy cota;Agaricomycotina;Agaricomycetes; Oligoporus;__

Eukaryota;Obazoa; Opisthokonta; Fungi: Ascomycota; Pezizomycotina; Leotiomycetes; Blumeria;Blumeria_graminis

. Eukaryota;Obazoa;Opisthokonta; Pluriformea; Pluriformea_X;Pluriformea_XX;Pluriformea_XXX;Syssomonas;: omonas_t
Eukaryota;Obazoa;Opi Fungi: ; ina; Wi 2V X
. Eukaryota: “Tubulinea: | X:Elardia;E v -
Eukaryota; TSAR:Alveolata;Cl ;i idea; C ,C e C i _Sp-

. Eukaryota; Obazoa, Opisthokonta;Fungi:Ascomycota; Pezizomycotina;Leotiomycetes; Helotiales;Helotiales_sp.

Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Trechispora; Trechispora_alnicola

. Eukaryota, TSAR;; Gyrista; Pt icetes; P cetes_X;Pe omycetes_XX;Pl | 1_viticola
Eukaryota; Obazoa, Opisthokonta;Fungi Basidiomycota; P iomycotina; Cy i N

. Eukaryola; Archaeplastida; Chlorophyta; Chlorophyta_X;Chlorophyceae; Oedogoniales,;Oedogoniales_X;Oedogonium;__
Eukaryola; TSAR;Stramenopiles;Gyrista,Chrysophyceae;Ps nadale: eae;P: A monas_uniformis

. Eukaryota;Obazoa; O Fungi. . Pezizomycotina; x _Sp.
Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Lentinellus;__

. Eukaryota;Ar i ta; XN phyceae;Embryophyceae_X;Embryophyceae_XX;Sorghum;Sorghum_bicolor
Eukaryota; 0bazoa;O) rFung:: ;Pezizomycotina; X T

. Eukaryota; TSAR;Stramenopiles;Bigyra;Opalozoa;Opalozoa_X; MAST-12,MAST-12_X;MAST-12_X_sp.

Bacteria,PANNAM:PI ia;Pi 1_X;Alphap! 1aRl - ¥ X _X_sp.
. Eukaryota; Obazoa; Opisthokonta; Fungi: Basidiomycota; P iomycotina; Cy i 'Rl LRI |
Eukaryota;Ar ptophyta; Streptophyta_X:Er phyceae;Embryophyceae_X;Embryophyceae_XX;Prunus;Prunus_persica
. Eukaryota: TSAR:
Eukaryota;Obazoa;Opi: Fungi. Pezizomycotina;; Xe] ia; o) 1
. Eukaryola,__;_;
Eukaryola; TSAR;Stramenopiles;Gyrista;Mediophyceae; T! - Stephanodiscaceae; liscus;__
. Eukaryota; TSAR:Alveolata;Ciliophora; Oli ; 2; lliatia_2_X;Protocyclidium;Protocyclidium_citrullus

Eukaryota; Obazoa; Opisthokonta; Fungi: Fungi_X:Fungl_XOGFungl_xXx;Fungi_XXXX;Fungi_XXXX_sp.
. Eukaryota: TSAR:Alveolata:

Eukaryota; Obazoa, Opi: ;Fungi;R: R X R 1_XX R 1_ XXX R 1 XXX_sp.
. Eukaryota; Cryptista; Cryptophyta; Cryptophyta_X;Cryptophyceae; Cryptomonadales;Cryptomonadales_X;Cryptomonas;Cryptomonas_curvata

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Coprinellus;__

. Eukaryota; Obazoa,Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Botrye )¢

Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Sordariomycetes; Microdochium;Microdochium_nivale

. Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; Agaricomycotina;Agaricomycetes Athelia,__

Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota; 7 F Fi 1L
. Eukaryota; Obazoa,Opisthokonta; Fungi; Basidiomycota; P Il cotina; B .
Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota;Agaricomycotina; Agaricomycetes; C: :C  :

. Eukaryota; TSAR;Alveolata;Ciliophora;Colpodea;Colpodea_X;Colpodida;Colpoda;Colpoda_steinii
Eukaryota, TSAR; Alveolata;Ciliophora;Litostomatea; Haptoria_6;Lacrymariidae;LacrymariaLacrymaria_sp.

. Eukaryota, TSAR;Alveolata;Ciliophora; He jH L X! - Stentor, Stentor_
Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Agaricus;Agaricus_campestris

. Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae;Ocl e _clade-X1;0c ;_clade-XI_X.0 _clade-XI_X_sp.
Eukaryota; Archaeplastida; Streptophyta;Streptophyta_X:Zyt eae;ZyC eae_X.Zy( eae XX_

. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Pucciniomycotina; Cystobasidiomycetes; Rhodotorula; Rhodotorula_bacarum
Eukaryota; Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes,Mycena,__

. Bacteria;PANNAM;Protecbacteria;Protecbacteria_X:Alphap teria;Sphingomonadales;Sphingomonadaceae; Sphingomonas; Sy  sp

Eukaryota; Archaeplastida; Chiorophyta; Chiorophyta_X; ceae;Micl Mic iales_X;Trebouxi

. Eukaryota; Obazoa; Opisthokonta; Fungi:Basidiomycota;As ina;
Eukaryola; TSAR;Alveolata;Ciliophora;Oligohymenophorea; Hymenostomatia; ida; X

. Eukaryota;Obazoa;Opisthokonta;Metazoa; Porifera; Porifera_X;Demospongiae; Ephydatia; Ephydatia_fluviatilis

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; ina;Agaricomycefe:

. Eukaryota;Obazoa,Opisthokonta;Fungi;__;_

Eukaryota;TSAR;Alveolata;Ciliophora;Li ;Haptoria_5:Pl .
. Eukaryota:Obazoa;Opisthokonta:Fungi: Basidiomycota;Agaricomycotina; Agaricomycetes; Gymnopus; Gymnopus_luxurians

Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomycota,Agaricomycotina; Tremellomycetes Dioszegia,
. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes, Xylodon; Xylodon_sp.
Eukaryota; TSAR;Alveolata;Ciliophora; Spirotrichea; Hypotrichia, Oxytrichidae; Stylonychia;Stylonychia_lemnae

. Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Taphrinomycotina; Taphrinomycetes; Taphrinomycetes_X;Taphrinomycetes_X_sp.

Eukaryota; TSAR;Stramenopiles; Gyrista,Chrysophyceae; P: L L L . sp.

. Eukaryota; TSAR:Alveolata; Ciliophera; Olig yel ea_X;0ligol L XX;0l ea_XXX;0l 1_XXX_sp.
Eukaryota TSAR;Alveolata;Ciliophora; Oligohymenophorea; Peritrichia_2; Sessilida; Vorticella; Vorticella_campanula

. Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomy cota;Agaricomycotina;Agaricomycetes, Oxyporus;__
Bacteria;CCD;Patescibacteria;Patescibacteria_X;Parcubacteria,Candidatus_Kaiserbacteria;Candidatus_Kaiserbacteria_X;Candidatus_Kaiserbacteria_XX;Candidatus_Kaiserbacteria_XX_sp.

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes; Phlebia; Phlebia_sp.

Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae; Ocl el ;_clade-XIII;0 _clade-XII_X;0: _clade-XIlIl_X_sp
. Bacteria;PANNAM;P1 ia;Py X G fa_ o

Eukaryota; TSAR;Stramenopiles:Bigyra:Bicoecea; P: 2P 5_X:P 3_XXP: _XX_sp.
. Bacteria; ;i ¥ X ia;Microtrichale: i 1Sva0996_maringe_group;Sva0996_marine_group_sp.
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Eukaryota; TSAR;Alveolata; Ciliophora;Heterotrichea;Heterotrichea_X;Stentoridae;Stentor; Stentor_muelleri
. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Bjerkandera;__

Bacteria;CCD:P: iaP: L X:Gl i _(SR1). 5 (SR1)_XA . (SR1)_XX;
. Bacteria;PANNAM;P ;P _X;Alphap ia;R » ;! : " sp.
Bacteria;,PVC;Planctomycetes Planctomycetes_X;Planctomycetacia; Pirellulales;Pirellulaceae;Pirellula;Pirellula_sp.
. Bacteria; LACHE LA XA 1a_XXF —
Eukaryota;Archaeplastida; Chlorophyta;Chlorophyta_X;Cl
[ sacteriapannantP iaP 1 X:Alphap R R H sp.
Eukaryota;Obazoa;Opisthokonta;Metazoa; Rotifera;Rotifera_X;Rotifera_XX;__;
. Bacteria, PANNAM; Protecbacteria; Proteobacteria_X;Gammaproteobacteria; Alteromonadales;Alteromonadaceae; Rheinheimera;Rheinheimera_sp.
Eukaryota;Archaeplastida; Chiorophyta;Chlorophyta_X; ceae) Clade; Clade_X:A) i
. Bacteria;PANNAM;P ;P _X;Alphap ia;R ;! :Meth ium_sp.
Eukaryota; TSAR;Alveolata; Alveolata_X: Alveolata_yOCAlveolata_XOCAlveolata_X000CAlveolata_XO00C Alveolata_x>OO00¢_sp
. Eukaryota; TSAR;Rhizaria; Cercozoa;Filosa-Thecofilosea; Filosa-Thecofilosea_X;Chlamydophryidae;Lecythium; Lecythium_hyalinum
Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Tulasnella; Tulasnella_pruinosa
|1 BacteriapanNANLP faP 1 X;Alphap ia, -Sphi . 1 _Sp.
Eukaryota; TSAR;Alveolata; Ciliophora;Spirotrichea; Hypotrichia;Holostichidae; Holosticha;Holosticha_diademata
. Eukaryota; TSAR;Alveolata; Ciliophora;Spirotrichea; Euplotia;Euplotidae; Euplotes; Euplotes_daidaleos
Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota;L E: ;Malassezia] }_restricta
. Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota;L E: ;Entyloma; Entyloma_ficariae
Bacteria;PANNAM;PI 1a; Py 1_X;Alphap! 1aRl B 'BoseaBosea_sp.
. Eukaryota; Obazoa;Opisthokonta; Fungi:Basidiomycota;Agaricomycotina;Agaricomycetes;Minis ;Mini L p
Eukaryota; Obazoa;Opisthokonta; Metazoa; Arthropoda;Chelicerata;Arachnida;Cheletomimus;Cheletomimus_wellsi
. Bacteria; Terabacteria;Actinobacteria;Actinobacteria_X;Actinobacteria_XX;Micrococcales;Microbacteriaceae;__;
Eukaryota; TSAR;Alveolata;Ciliophora; Ol .01 ea_Xl - Urocentrum; | 1_Sp.
. Eukaryota; Obazoa;Opisthokonta; Fungi;Basidiomy cota;Agaricomycotina;Agaricomycetes;Hyphodontia;Hyphodontia_crustosa
Bacteria; Acti ;i X ia_XX;Corynebacteriales; Dietziaceae; Dietzia; Dietzia_sp
. Eukaryota; TSAR; S Gyrista;B: iophyceae;Cy X {E ;
Eukaryota; Obazoa;Opisthokonta,___;_;_;_;
. Eukaryota  TSAR Alveolata;Ciliophora;H He i _X; idae; Stentor;Stentor_roeselii
Eukaryota:plas; TSAR:plas;Stramenopiles.plas;Gyrista:plas,__;_ ;.
B sacteria; a:Acti Acti ia_XA ia_OGMi Mi P P - sp.

Eukaryota:mito;Archaeplastida:mito; Streptophyta:mito; Streptophyta_X:mito;Embryophyceae:mito;Embryophyceae_X:mito;Embryophyceae_XX:mito;Dioon:mito; Dioon_edule:mito

. Bacteria FCB:B idetes:B B aF jales: -Cloaci -Cloacil jum_sp.

Eukaryota;Obazoa;Opisthokonta; Fungi;Ascomycota; Pezizomycotina; Dothideomycetes;Lophiostoma;Lophiostoma_fuckelii

. Bacteria, PANNAM; Proteobacteria; Proteobacteria_X;Alphapi teria; Rl Beijerinckiaceae; Microvirga;Microvirga_sp.
Eukaryota; Cryptista;Cryptophyta; Cryptophyta_X;Cryptophyceae;Cryptomonadales;Cryptomonadales_X;_ ;-

. Eukaryota:plas;Ar idarplas; tarplas; X:plas;Embryophyceae:plas;Embr : X:plas;Embr
Eukaryota:Obazoa:Opisthokonta; Fungi:Basidiomycota:Agaricomycotina;__;__;__
. Eukaryota;Obazoa;Opisthokonta;Metazoa; Rotifera;Rotifera_X;Rotifera_XX:Notholca;Notholca_acuminata

fales_(SR1)_XX_sp

> XX:plas;Epifagus:plas;Epifagus_virginiana:plas

Eukaryota; Excavata; Discoba;l i ) N idae;Neobodo;Neobodo_sp.
. Eukaryota;Amoebozoa;__; e
Eukaryola; TSAR; Gyrista;Ps cetes; P cetes_X;Sapl ces,
. Eukaryota;Obazoa;Opisthokonta; Fungi; Mc mycota; Sanchytriales;Sanchytriaceae;_ ;
Eukaryota; TSAR;Alveolata;Ciliophora;L ;Haptoria_5;P ;Hemiophrys;Hemiophrys_procera
. Bacteria; Acti At X ia_XX;Mi M iaceae; A 5_Sp.
Eukaryota; TSAR;Alveolata; Ciliophora; Oligohymenophorea;Peritrichia_2; Sessilida;Vorticella,__
. Eukaryota;Obazoa; Opi Fungi; : ina;Step 3 T ;_cifemi
Bacteria; Actis ia;Actit XA fa XX ___._
. Eukaryota:plas; Cryplista:plas; Cryptophyta:plas;Cryptophyta_X:plas;Cryptophyceae:plas,Cryp “plas;Cr ;_Xplas;Cryp plas;Cr
Bacteria;FCBB: B i _X.B: idia; Chiti . Chi ;Lacibacter;Lacibacter_sp.
. Bacteria;FCB;Bacteroidetes;Bacteroidetes_X;Bacteroidia; Sphingobacteriales;Sphingobacteriaceae;__;
Eukaryota, TSAR;Alveolata; Ciliophora;Oli ;Peniculia;F  2:Fi iidae_2_XFi idae_2 X _sp.
. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Ustilaginomycotina; Exobasidiomycetes; Tilletiopsis; __
Eukaryota;Obazoa; Opisthokonta;Metazoa; Arthropoda; Crustacea;Maxillopoda;Eucyclops;
. Eukaryota; TSAR;Rhizaria; Cercozoa; Endomyxa;Vampyreliida; Leptophryidae;Leptophrys;Leptophrys_vorax
Eukaryota;Obazoa, Opisthokonta;Metazoa;Arthropoda;Hexapoda; Insecta;__ ;-
. Bacteria; JACt CACH X Ta_XX;Mi 2D B um;B um_sp.
Eukaryota; TSAR;Alveolata;Ciliophora;Phyliopharyngea; Suctoria;PHYLL_2;PHYLL_2_X;PHYLL 2 X_sp.
. Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae;Ocl .0 - Poteriosp ;Poteriosp _lacustris
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Legend Figure S1B

Eukaryota;Obazoa; Opisthokonta; Fungi: Ascomycota; Pezizomycotina; Dothideomycetes,__;__
Eukaryota;Ar i ptophyta;Streptophyta_ X Er phyceae,Embryophyceae_X;Embryophyceae_XX;

Eukaryola; TSAR;Stramenopiles;Gyrista;Chrysophyceae;Ochromonadales;Ochromonadaceae;_ ;-
Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomyceles;

. Eukaryota;Archaeplastida; Chlorophyta;Chlorophyta_X; Trebouxiophyceae;Mici Mic _XTrebouxia;__
. Eukaryota;Obazoa;Opisthokonta; Fungi; Blastocladiomycota; Blastocladiomycotina;Blastocladiomycetes; Allomyces;

. Eukaryota;Obazoa; Opisthokonta;Metazoa; Arthropoda;Hexapoda; Insecta;Pseudacteon;

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota;Agaricomycotina; Tremellomycetes; ;-

Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae; Ocl xel P ;
Eukaryola; TSAR;; Gyrista;Chrysophyceae;Ocl —
Eukaryota;Obazoa; Opi ;Fungi; ; Pezizomycotina; S

Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae; Ochromonadales; Ochromonadaceae; Spumella; Spumella_bureschii

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota;L L S

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota; ina;Agaricomycete: ;

. Eukaryota;Obazoa; Opisthokonta; Fungi: Ascomycota; Pezizomycotina;Leotiomycetes;__;__

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota;P cotina;Cy ;Sporobolomyces; Sporobolomyces_roseus

Eukaryota, TSAR;Stramenopiles;Bigyra; Opalozoa;Opalozoa_X;MAST-12,MAST-12_X;MAST-12_X_sp.

Eukaryota,TSARAlveolata,__ ;. . . .

Eukaryota; TSAR;Stramenopiles;Gyrista;Chrysophyceae; Ochromonadales; Ochromonadaceae; Spumella; Spumella_rivalis

Eukaryota;Obazoa; Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Leotiomycetes Erysiphe; Erysiphe_pisi
.Eukaryuta;obazua,cpislhukunla;Fung\,ASmmycula;Paizumymuna; S

. Eukaryota;Cryptista; Cryptophyta;Cryptophyta_X;Cryptophyceae;Cryptomonadales;Cryptomonadales_X;Cryptomonas;Cryptomonas_curvata

. Eukaryota;Obazoa;Opisthokonta;Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes; Schizophyllum; Schizophyllum_sp.
. Eukaryota;Obazoa;Opisthokonta;Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes Antrodia;__

Eukaryota;Obazoa; Opi: Fungi:A: X = Candida; Candida_parapsilosis
Eukaryota; TSAR Alveolata; Perkinsea; Perkinsida;Perkinsida_X;Perkinsida_XX;Perkinsida_XXXPerkinsida_X)XX_sp.
Eukaryota; Obazoa; Opisthokonta; Fungi:Ascomycota; Pezizomyeotina; Eurotiomycetes; __;__

Eukaryola;Obazoa;Opisthokonta; Fungi; Basidiomycota;Pucciniomycotina;Cystobasidiomycetes; Rhodotorula;__

. Eukaryolta;Archaeplastida; Streptophyta; Streptophyta_X;Embryophyceae;Embryophyceae_X;Embryophyceae_XX;Plantago;Plantago_lanceolata
. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; P cotina; Cy . Cy: etes_XCy i cetes_X_sp.
. Eukaryota;Obazoa;Of -Fungi; :Pezizomycotina;Lectiomycetes;Helotiales;Helotiales_sp.

Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes; Peniophora;Peniophora_nuda

Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota;, ; Fi Fi

Eukaryota;Obazoa, Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes, Trametes, Trametes_sp.
Eukaryota;Ar i ta | XEl phyceae,Embryophyceae_X;Embryophyceae_XXPinus,_

Eukaryota;Obazoa;Opisthokonta; Fungi; Rozellomycota;Rozellomycota_X;Rozellomycota_XX;Rozellomycota_XXX;Rozellomycota_XXX_sp.
Eukaryola; TSAR;Stramenopiles;Gyrista, Chrysophyceae;Ochromonadales; Ochromonadales_clade-XII;Ochromonadales_clade-XII_X;Ochromonadales_clade-XII_X_sp.

. Eukaryota;Obazoa;Opisthokonta;Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes;Agaricomycetes_X;Agaricomycetes X_sp.
. Eukaryota;Ar i ta; | X:El phyceae;Embryophyceae_X;Embryophyceae XX;Platanus;Platanus_occidentalis

Eukaryota; Obazoa, Opisthokonta; Fungi:Ascomycota; Pezizomycotina, Eurotiomycetes; Aspergillus,_

Eukaryota;Excavata; Discoba X ) X idag;Neobodo;Nechodo_sp.

Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Leotiomycetes; Blumeria;Blumeria_graminis

Eukaryota; TSAR;Alveolata;Ciliophora;Heterotrichea;Heterotrichea_X; Stentoridae; Stentor, Stentor_muelleri

Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Tremellomycetes; Trichosport

. Eukaryota; Obazoa; Opisthokonta; Fungi; Basidiomycota;Agaricomycotina; Agaricomycetes; Tulasnella; Tulasnella_pruinosa
. Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Tremellomycetes;, Cryptococcus;Cryptococcus_camescens

. Eukaryota;__;_;

. Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes, Agrocybe; Agrocybe_salicacicola

Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina;Agaricomycetes; Athelia; Athelia_bombacina

Eukaryota; TSAR;Alveolata; Ciliophora;Litostomatea;Litostomatea_X;Litostomatea_XX;Spathidium;Spathidium_foissneri

Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota; Agaricomycotina; Agaricomycetes; Botryobasidium;Botryobasidium_subcoronatum
Eukaryota; Obazoa; Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Sordariomycetes; Colletotrichum; Colletofrichum_sublineola

Eukaryota; TSAR;Stramenopiles; Gyrista;Bacillariophyceae; Cy -G eae;Encyonema;__

. Eukaryota; Obazoa; Opisthokonta; Fungi:Basidiomycota;Agaricomycotina; Agaricomycetes;Hyphodontia;Hyphodontia_sambuci
. Eukaryota; Obazoa; Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Sordariomycetes; Cryptosporella;Cryptosporella_hypodermia

Eukaryota;Obazoa; Opisthokonta;Fungi;

Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes;Minimedusa;Minimedusa_pubescens

Eukaryota; Obazoa; Opisthokonta; Fungi; Basidiomycota;Agaricomycotina; Agaricomycetes; Trechispora; Trechispora_alnicola

Eukaryota;Obazoa; O ;Fungi;Basidiomycota;, lina; Agaricomycete:
Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes; Tricholoma; __
. Eukaryota; TSAR;Alveolata;Ciliophora;Litostomatea;__;

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; .cr

. Eukaryota;Obazoa; Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Dothideomycetes; Cladosporium;__

. Eukaryota; Obazoa;O) Fungi; ; ; .

Eukaryota; TSAR;Alveolata;Ciliophora;Oligohymenophorea;Peritrichia_2;Sessilida;Carchesium;Carchesium_polypinum

Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota;Pucciniomycotina; B ia;Bensit 1 yuccicola

Eukaryota; Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina;Leotiomycetes; Leofiomycetes_X;Leotiomycetes_X_sp.

Eukaryota; Cryptista; Cryptophyta; Cryptophyta_X;Cryptophyceae; Py P R R )
. Eukaryota; Obazoa;Opisthokonta;Metazoa; Rotifera;Rotifera_X;Rotifera_XX;Euchlanis;Euchianis_dilatata
. Eukaryota; TSAR;Stramenopiles; Gyrista;Chrysophyceae:P: 3 P P ;_uniformis
. Eukaryota; TSAR;Rhizaria;Cercozoa; Filosa- I idae; > X; : X_sp
. Eukaryota; TSAR;Alveolata;Ciliophora; Oli H ; L X; . X_sp.

Eukaryota;Obazoa;Opisthokonta;Fungi:Ascomycota; Pezizomycotina;Lecanoromycetes;
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Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Sistotrema; 1_oblc
Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Hydnochaete; Hydnochaete_duportii
Eukaryota;Obazoa;Opisthokonta; Fungi; Fungi_X:Fungi_XX;Fungl_XXX;Fungi_XXXX;Fungi_XXXX_sp

Eukaryota;Archaeplastida; Streptophyta;Streplophyta_X:Ei phyceae;| yophyceae_X;Embryophyceae_XX;Populus;Populus_frichocarpa

[ |
.Eukawola:obazca;()pismckonla: S
[ |
| |

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota;Agaricomycotina;Agaricomycetes Mycena;

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota, ina;Agaricomycete 1L

Eukaryota; TSAR;Alveolata;Ciliophora;0 H ia; Ophr i 5_multifiliis
Eukaryota; TSAR;! iles, Gyrista;P P cetes;P p cetes_X;Pe poromycetes_ XX Pl P para_viticola
Eukaryota; Obazoa; Opi: ;Metazoa, poda;Crustacea;| ;Eucyclops;__

Eukaryota;Obazoa; Opi - Fungi; A :Pezizomycotina;! xel 5

. Eukaryota; TSARAlveolata; Ciliophora;Spirotrichea; Euplotia;Euplotidae; Euplotes;Euplotes_daidaleos

. Eukaryola, TSAR;Alveolata;Ciliophora;Litostomatea;Haptoria_5;Pleurostomatida;__;

. Eukaryola; Archaeplastida; Chlorophyta; Chlorophyta_X; Trebouxiophyceae;Micr Mic s X

. Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota;l E :Malassezia] \_restricta
Eukaryota; 0bazoa; O ;Fungi: ;Pezizomycotina; 3 1_sp.
Eukaryota:nucl;Cryptista:nucl; Cryptophyta:nuci; Cryptophyta_X:nucl;Cryptophyceae:nucl,Cryp nucl;Cr 5_X:nuck,Cryp nucl;Cr 5_curvataznucl
Eukaryota; Obazoa; O :Metazoa, poda;Crustacea;Maxi ;Cyclopidae;Cyclopidae_sp.

Eukaryota; TSAR;Alveolata;Ciliophora; Oligohymenophorea; Peritrichia_2; Sessilida; Vorticella;Vorticella_campanula
Eukaryota; Obazoa, Opisthokonta; Fungi; Basidiomycota A ina;’ i

Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Tremellomycetes;Bullera;Bullera_unica

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Vuilleminia; Vuilleminia_comedens
. Eukaryota; TSAR:Alveolata;Ciliophora;Phyllopharyngea:Suctoria;PHYLL_2;PHYLL_2_X:PHYLL_2_X_sp.

Eukaryota; Obazoa;Opisthokonta;Fungi; Basidiomycota; ina; Fi ium;__
Eukaryota; Obazoa; Opisthokonta;Metazoa; Porifera;Porifera_X:;Demospongiae;Ephydatia;Ephydatia_fluviatilis
Eukaryota;Amoebozoa; Discosea;Discosea_X:C iy al “Parvamoeba;Parvamoeba_sp.

Eukaryota, TSAR; Alveolata;Ciliophora; Spir ;Hyp ;H ;Holosticha;Holosticha_diademata

Eukaryota; Obazoa, Opisthokonta; Fungi; Basidiomycota; Ustilagi (= i | i, _globosa

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Tremellomycetes;Bullera;Bullera_sp.

. Eukaryola; TSAR;Alveolata;Ciliophora;Oligohymenophorea; Hymenostomatia; Tetrahymenida;__;__

Eukaryota; Obazoa; Opisthokonta; Fungi; Basidiomycota;L E: s 3

Eukaryota, TSAR; Alveolata;Alveolata_X:Alveolata_XX;Alveolata XXX Alveolata XXXX Alveolata_XXXXX Alveolata_XXXXX_sp.
Eukaryota; TSAR;Alveolata;Ciliophora; Spirotrichea; Hypotrichia; Hypotrichia_X;__;__

Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; P ‘cotina; Cy S,

Eukaryota; Obazoa;Opi FungizA: ;| ina; Wi WV
Eukaryota;Obazoa;Opisthokonta; Metazoa; Annelida; Annelida_X; Annelida_XX,__;__
Eukaryota; TSAR;Alveolata; Ciliophora;Spirotrichea; Hypotrichia, Oxytrichidae;__;

Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota; Agaricomycotina; Agaricomycetes; Ceratobasidium;Ceratobasidium_sp.

[ |
[ |
[ |
. Eukaryota;Obazoa;Opisthokonta; Fungi:Basidiomycota;Basidit ota_X;Basidi ota_xX Basidi ota_XXX;Basit cota_XXX_sp.
Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota;Pucciniomycotina;Pucciniomycetes;_ ;

Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes; Anirodia;Anfrodia_sitchensis

Eukaryola; TSAR;Stramenopiles;Gyrista;Chrysophyceae; Ochromonadales; Ochromonadales_clade-XI;Ochromonadales_clade-XI_X;Ochromonadales_clade-XI_X_sp.

Eukaryola; TSAR;Alveolata; Ciliophora;Litostomatea;Litostomatea_XLitostomatea XX;__;

Eukaryota;Obazoa; Opi: Cl C

Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota;P cotina; Cy R iR _bacarum

. Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes; Xylobolus; Xylobolus_sp.

Eukaryota; TSAR;Alveolata; Ciliophora;Colpodea; Colpodea_X;Br ;B i _X;Bursari ida_X_sp.

Eukaryota; TSAR;Rhizaria;Cercozoa;Filosa-Sarcomonadea; Glissomonadida;

Eukaryota;Archaeplastida;Chlorophyta;Chiorophyta_X; iophyceae; Clade; Clade_X:A| 3

Eukaryota;Obazoa;Opisthokonta; Metazoa, Arthropoda;Hexapoda; Insecta Liposcelis; Liposcelis_brunnea
Eukaryota;Obazoa;Opisthokonta; Fungi:Basidiomy cota;Agaricomycotina; Agaricomycetes: C :Coprinopsis_:

. Eukaryota;Obazoa;Opisthokonta; Fungi:Ascomycota; Pezizomycotina; Eurotiomycetes; Penicillium;Penicillium_brevicompactum
. Eukaryota;Amoebozoa; Tubulinea; Tubulinea_X, Elardia;Ey X 2+ H il i
. Eukaryola; TSAR;Alveolata; Ciliophora;Phyllopharyngea; Suctoria; Ephelotidae;Ephelota;__

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Auricularia;__

Eukaryota;Obazoa; Opi Fungi;A .Pezizomycotina;! xel ia; )

Eukaryota;Obazoa; Opi Fungi;A Pezizomycotina; Micr ;Mi ium_nivale
Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes;Hyphodontia;Hyphodontia_rimosissima
Eukaryota;Archaeplastida; Streptophyta;Streptophyta_X;Embryophyceae;Embryophyceae_X;Embryophyceae_XX;Cunninghamia;Cunninghamia_lanceolata_var._konishii

Eukaryota;Obazoa; Opisthokonta; Pluriformea; Pluriformea_X;Pluriformea_XX;Pluriformea_XXX;Syssomonas;Syssomonas_multiformis

ioszegia, Dioszegia_crocea

. Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Tremellomycetes; |
. Eukaryota;Obazoa; Opi ;Fungi; ;Pezizomycotina; :Cr :Cryptovalsa_ampelina

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiemycota; Wallemiomycetes; Wallemiales

Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes; Athelia; Athelia_sp.

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; P iomycotina; Cy <RI R

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes, Amphinema; Amphinema_sp.

Eukaryota;Obazoa; Opi ;Metazoa, . Cheli ;Arachnida; Teutonia;_

Eukaryota; TSAR: iles; Gyrista;Bacillariophyceae;Navi 2 “Navicula,_

. Eukaryota;Obazoa; Opi Ichthyosporea;| P perki P P :_X Pseudoperkinsidae_XX:Pseudoperkinsidae_XX_sp.
. Eukaryota; TSAR;Alveolata; Ciliophora;Litostomatea; Haptoria_5;Pleurostomatida;Loxophyllum;__

Eukaryota; TSAR;Rhizaria, Cercozoa; Filosa-Thecofilosea; Filosa-Thecofilosea_X;Chlamydophryidae;Lecythium;Lecythium_hyalinum

Eukaryota; TSAR: Bigyra:Bicoecea;P P  XP XX:P: XX_sp

Eukaryota;Archaeplastida; Chlorophyta; Chlorophyta_X;Chlorophyceae; Sphaeropleales;Sphaeropleales_X;

Eukaryota;0bazoa; Opi :C (s C ;| idae_Group_A;Codosiga;Codosiga_hollandica

Eukaryota; TSAR;Alveolata;Ciliophora;0 ;

Philasterida_X;Phil | X_sp.
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Eukaryota;Archaeplastida;Chiorophyta; Chiorophyta_X.:L Cl Cl X.Cl

Eukaryota: TSAR:Alveolata:Ciliophora; Oli o 1 X.G

. Eukaryota;Obazoa;Opisthokonta;Fungi:Ascomycota; Pezizomycotina; Dothideomycetes; Alternaria;__

Eukaryota;Obazoa;Opisthokonta;Fungi:Ascomycota; Pezizomycoting; De L L

Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina, Eurotiomycetes, Phacomoniella; __
Eukaryota;Obazoa;Opisthokonta;Fungi;Ascomycota; Pezizomycotina; Eurotiomycetes; Penicillium;__
Eukaryota; TSAR;Alveolata;Ciliophora;Phyllophar uctoria;Evagil Evagi ida_XE ida_X_sp.

Eukaryota; TSAR;Alveolata;Ciliophora; Spirotrichea;Hypotrichia;

Eukaryota. TSAR;Alveolata;CiliophoraLi ;Haptoria_3;PI ida; Hemiophrys;Hemiophrys_macrostoma

Eukaryota; TSAR;Alveolata;Ciliophora;Phyllopharyngea; Cyrtophori L idae_1;Cl ;Chlamydonella_iregularis

Eukaryota:Obazoa: Opisthokonta; Fungi:Ascomycota; Pezizomycotina; Dothideomycetes; Torula; Torula_herbarum

Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Agaricomycetes;Poria;Poria_cocos

Eukaryota; Obazoa;Opisthokonta; Fungi; Basidiomycota; P i cotina, By

Eukaryota; Crypista; Cryptophyta; Cryptophyta_X; Cryptophyceae;Cryp .Cryp s X.Cr
Eukaryota; TSAR; Stramenopiles; Gyrista;Peronosporomycetes; Peronosporomycetes_X;Saprolegniales;_ ;
Eukaryota; Obazoa;Opisthokonta; Metazoa; Rotifera; Rotifera_X;Rotifera_XX;Euchlanis,_

Eukaryota; Archaeplastida; Streptophyta;Streptophyta_X;Embryophyceae;Embryophyceae_X;Embryophyceae_XX;Brassica;Brassica_oleracea

Eukaryota;Excavata;Discoba; ;| XKil 1 XXR R )_Sp.

Eukaryota; TSAR;Alveolata;Ciliophora;Litostomatea;Haptoria_8;Lacrymariidae;Lacrymana;Lacrymaria_sp.
Eukaryota; TSAR;Alveolata;Ciliophora;Spirotrichea; Hypotrichia; Oxytrichidae; Stylonychia; Stylonychia_lemnae

Eukaryota;Obazoa;Opisthokonta;Metazoa; Rotifera;Rotifera_X;Rotifera_XX;__;

Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina;Leotiomycetes;Colpoma;Colpoma_quercinum

Eukaryota; TSAR;Alveolata;Cl ;Ci lidea; C ida; Cs M.

Eukaryota;Obazoa; Opisthokonta; Fungi;Ascomycota; Pezizomycotina; Pezizomycotina_X;| ;Microthyrium_t
.Eukmyola;nn i plophyta;Streptop _XEl phyceae;Embryophyceae_X;Embryophyceae_XX;Pinus;Pinus_taeda
. Eukaryota;Excavata; Discoba; Discoba_X;Heterolobosea; Tetramitia_lII 21| i ia_sp.

. Bacteria;PANNAM;Protecbacteria; Protecbacteria_X;Alphap teria; Rl -Beijerinckiaceae; Microvirga;Microvirga_sp.
. Eukaryota;Obazoa;Opisthokonta; Fungi; Chytridiomycota; Rhizophydiales;,_; ;

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Agaricomycetes; Oligoporus;__
Eukaryota;Obazoa;Opisthokonta;Metazoa; Cnidaria;Cnidaria_X;Hydrozoa; Craspedacusta; Craspedacusta_sowerbyi
Eukaryota; TSAR;Rhizaria; Cercozoa; Filosa-Sarcomonadea; Glissomonadida; Allapsidae; Viridiraptor; Viridiraptor_invadens

Eukaryota; TSAR;Alveolata;Ciliophora;Oligohymenophorea;Peritrichia_2;Sessilida; Epistylis;Epistylis_wuhanensis

[ cukaryota:obazoa;opi iC C ( _X.C _XX_Clade-2;5p

. Eukaryota; TSAR;Alveolata; Ciliophora;Phyllopharyngea; Cyrtop 1_4.Chil idae; P P: psis_sp.
. Eukaryota;Excavata; Discoba, a;Kinetoplastea; Eubodonida;Bodonidae;Bodo;Bodo_uncinatus

. Eukaryola; TSAR;Stramenopiles,Gyrista;Bacillariophyceae;Naviculales, Diadesmidaceae;Luticola; Luticola_permuticopsis

Eukaryota;Obazoa,Opisthokonta;Metazoa;__;
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Legend Figure S1C

Eukaryota;Obazoa; Opisthokonta;Fungi;Ascomycota; Pezizomycotina; Sordariomycetes, .

Eukaryota;__;_;
EukaryotazAr i ptophyta;Streptop _XE! phyceae;Embryophyceae_X;Embryophyceae_XX;Populus;Populus_trichocarpa
Eukaryota;Obazoa; Opisthokonta:Fungi:Basidiomycota:A Ll 3 P L

Eukaryota;Obazoa; Opisthokonta;Fungi;Basidiomycota;L ina;L

Eukaryota;Obazoa; Opisthokonta;Fungi;Ascomycota; Pezizomycotina; Sordariomycetes;, Cryptosporella; Cryptosporella_hypodermia

Eukaryota;Ar il ta;; 1 X.E phyceae;Embryophyceae_X,Embryophyceae_XX;Morus,
Eukaryota;Obazoa; Oy Fungi; ; : ;Candida;Candida_parapsilosis
Eukaryota; TSAR;Alveolata;Ciliophora;Hi H i X! tentor; Stentor_muelleri
Eukaryota;Obazoa; Opisthokonta;Fungi;Basidiomycota;A [l \Bullera;Bullera_unica

Bacteria; Terrabacteria;Actinobacteria;Actinobacteria_X;Actinobacteria_XX;Propionibacteriales;Nocardioidaceae;Nocardioides;Nocardioides_sp.
Eukaryota;Obazoa; Opisthokonta;Fungi;Basidiomycota;Agaricomycotina; Tremellomycetes Dioszegia;,__
Eukaryota; TSAR:Alveolata;_;_ ;. ;

Eukaryota;Obazoa; Opisthokonta;Fungi:Ascomycota; Pezizomycotina; Dothideomyeetes;
Eukaryota;Cryplista; Cryptophyta; Cryptophyta_X;Cryptophyceae; Cryp Cryp _X.Cryp .Cryp ;_curvata
Eukaryota;Obazoa; Opisthokonta:Fungi;Basidiomycota;Agaricomycotina; Tremellomycetes,__;,__

Eukaryota;Obazoa; Opisthokonta;Fungi;Basidiomycota;Pucciniomycotina; Pucciniomycetes;  ;
Eukaryota;Obazoa;Opisthokonta;Fungi;__;_

Eukaryota;Ar i ta; L X:E phyceae;Embryophyceae X;Embryophyceae XX;_
Eukaryota; TSAR;Alveolata;Ciliophora;Litostomatea; Haptoria_6;Lacrymariidae;Lac idae_X;Lact idae_X_sp.
Eukaryota;Obazoa, Opisthokonta;Fungi;Basidiomycota;Agari ina;’ 3 p ,Tri poron_
Eukaryota;Obazoa, Opi: Fungi:A: % ina;! N

Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina; Eurotiomycetes;Penicillium;__

Eukaryota;Obazoa;Opisthokonta; Fungi; Basidiomycota; Agaricomycotina; Tremellomycetes; Cryptococcus; Cryplococcus_camescens

Eukaryota;Obazoa; Opi: Fungi:R Mol L X:Rs 1_XX.R 1 XXX:R L_XXX_sp.
Eukaryota; TSAR;Alveolata;Cl -G idea; Ct lida;C: - C ' sp
Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; A Ll .Cryp ;Cryp! 1

Eukaryota; TSAR;Alveolata; Ciliophora; Oligol iy ia; L

Eukaryota;Obazoa; Opisthokonta; Fungi; Basidiomycota; Wallemiomycetes;Wallemiales,__;

Eukaryota;Obazoa; Opisthokonta: Fungi; Basidiomycota;L E: _resiricta

Eukaryota;Obazoa;Opisthokonta; Fungi; Ascomycota; Pezizomycotina;Leotiomycetes;Erysiphe;Erysiphe_pisi
Eukaryota; TSAR;Alveolata;Ciliophora;

Eukaryota;Obazoa;Opi ;Fung; ;Pezizomycotina; ;| is;
Eukaryota; TSAR;Alveolata;Ciliophora;Colpodea;Colpodea_X;Colpodida;Colpoda;__
Bacteria;PANNAM;Acidobacteria;Acidobacteria_X;Subgroup_6;Unknown_Order;Unknown_Order_x;Vicinamibacter;vicinamibacter_sp.

Eukaryota;Obazoa; Opisthokonta: Fungi; Basidiomycota;L L i ;s cetes_X;Ustil cetes_X_sp.

Eukaryota:Obazoa:Opisthokonta: Fungi; Basidiomycota;Agaricomycotina:Agaricomycetes; Hyphodontia; Hyphodontia_sambuci
Eukaryota; TSAR;Alveolata; Perkinsea;Perkinsida; Perkinsida_X;Perkinsida_XX;Perkinsida_xXX;Perkinsida_XXX_sp.

Bacteria;’ LACtS JACts 1_XActi ia_XX Corynebacteriales;| iaceae; My My |_Sp.
Eukaryota; TSAR;Alveolata; Ciliophora;Oligohymenophorea;Hymenostomatia, Ophryoglenida; Ichthyophthirius; ichthyophthirius_multifilis

Bacteria; Terrabacteria;Actinobacteria;Actinobacteria_X;Actinobacteria_XX;Micrococcales; Micrococcaceae;Pseudarthrobacter, Pseudarthrobacter_sp.

Bacteria; JAct ¥ 1 X; Ta_Xx;P: P L

. Eukaryota;Archaeplastida; Chiorophyta;Chioraphyta_X;. Ulotrichales; Ulotri X

. Eukaryota;Obazoa: Opi ‘Metazoa; ;Crustacea;Maxil "Eucyclops;__

. Eukaryota; TSAR;Alveolata;Ciliophora;Oligohymenophorea;Peritrichia_2;Sessilida;__;
Bacteria; JActi wuil ia XA ia_XX Ml Mi i Y i’ iparkia_sp.
Bacteria;PANNAM;P 1P 1_X; p ia;Betap Tales;B L L _SP-
Bacteria;PANNAM,Pi ia,P1 ia_XAlphap iaR iril M P I\ P X1 i 2 _X_sp.

Eukaryota; TSAR;Alveolata; Ciliophora;Li ;Haptoria_5.PI L

Bacteria; Terrabacteria;Actinobacteria;Actinobacteria_X;Acidimicrobiia;Microfrichales;Microtrichaceae; Sva0396_marine_group;Sva0396_marine_group_sp.
Eukaryota;Obazoa;Opisthokonta; Fungi;:Ascomycota;Pezizomycotina,__;_ ;

Bacteria; Terrabacteria;Actinobacteria;Actinobacteria_X;Actinobacteria_XX;Micrococcales; Microbacteriaceae; Microbacterium; Microbacterium_sp.
Bacteria;FCB;Bacteroidetes;Bacteroidetes_X;Bacteroidia; Flavobacteriales;Flavobacteriaceae;Flavobacterium;Flavobacterium_sp.
Eukaryota;Obazoa;Opisthokonta; Fungi;Basidiomy cota;Agaricomycotina; Agaricomycetes; Bofryohypochnus;Botryohypochnus_isabellinus

Eukaryota; TSAR;Alveolata; Ciliophora;Phyllopharyngea;Suctoria;PHYLL_2;PHYLL_2 X;PHYLL 2 X sp.

Eukaryota;Obazoa; Opi: ;Fungi;, :Pezizomycotina; :
Eukaryota; TSAR;Alveolata; CiliophoraiL 1 L XL XX Li L XXX | XXX_Sp.

Eukaryota;Obazoa;Opisthokonta;Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes;

Eukaryota;Obazoa;Opi Fungi;Bl cota Bl cotina; Bl cetes; Coelomycidium;Coelomycidium_sp.
Eukaryota;Obazoa;Opisthokonta;ichthyosporea;ichthyophonida; P perki P p :_X;Pseudoperkinsidae_XX;Pseudoperkinsidae_XX_sp.

Bacteria; Acti v L X; iia;Microtrichales; ; ;

Eukaryota; TSAR;Stramenopiles;Gyrista,Chrysophyceae; Ocl O ;_clade-XIIL0 ;_clade-XI1I_X;Ochromenadales_clade-XI11_X_sp.
Bacteria;PANNAM,Pi ia,P ia_X;Alphap ia,C .Ci F ium; Phe um_sp.

. Eukaryota;Obazoa; Opi ;Fungi;A ,Pezizomycotina; X 1_Sp.

. Bacteria;PANNAM; Proteobacteria; Proteobacteria_X;Alphapi teria;Rl ;Xanthobacteraceae;Xanthobacteraceae_X;Xanthobacteraceae_X_sp.

. Eukaryota; Obazoa; Opisthokonta;Fungi:Ascomycota; Pezizomycotina; Eurotiomycetes; Penicilium; Penicillium_brevicompactum

. Eukaryota; Obazoa; Oj Fungi: ; ina;; ;Candida;Candida_palmioleophila

. Bacteria; LA LAt 1_XA Ta_XxF I « Bl Bl 5_Sp.

. Bacteria; ¥ At XA ia_XX;P! i ales:! Marmoricola_sp.
Bacteria;PANNAM;P1 ia; Pt 1_X;Alphapi 12, i -Sphi .Sphi _Sp-

[ sacteriapannanp 2P ia_X;Alphap aR ; Rhodop R _Sp.

. Bacteria,PVC;Planctomycetes;Planctomycetes_X;Planctomycetacia; Planctomycetales; Schlesneriaceae; Planctopirus;Planctopirus_sp.

. Bacteria; Terrabacteria;Actinobacteria;Actinobacteria_X;Actinobacteria_xX;Strepl etales;Strep etaceae; Streptomyces; Streptomyces_sp.

. Bacteria; ¥ CACt L X, ia_XX;Frankiales;Cryptosporangiaceae;Fodinicola; Fodinicola_sp.
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Bacteria:PANNAM; P ia;P X:Alphap! i2;C: :C C -C  sp.

Bacleria;PANNAM;P1 ia;P ia_X;; p i ‘Lysobacter,Lysobacter_sp.

Bacleria;PANNAM;P1 ia; P ia_X;; p ia;Be s B i - Hy Hydr _Sp.

Eukaryota;Obazoa; Opisthokonta;Fungi;Fungi_X;Fungi_XX;Fungi_XXX;Fungi_XXXX;Fungi_XXXX_sp.
Eukaryota; Obazoa; Opisthokonta;Fungi;Ascomycota; Pezizomycotina Eurotiomycetes;_ ;

Eukaryota;Obazoa; Opisthokonta;Fungi;Ascomycota; Pezizomycotina;Leotiomycetes;

Eukaryota; Archaeplastida;Chlorophyta;Chlorophyta_X; Trebouxiophyceae;Mic Mic _X;Trebouxia;__
Eukaryota; Obazoa; Opisthokonta; Fungi;Basidiomycota;Agaricomycotina;Agaricomycetes: Schizophyllum;__

Eukaryota;Ar i ta; L XEl phyceae;Embryophyceae X;Embryophyceae XX;Pinus;__

Eukaryota; Obazoa; Opi: ,Fungi;A .Pezizomycoting;: E psis;E: psis_sp.

Bacteria;FCB;B: B ;B ;O : SArcicella; Arcicella_sp.

Bacteria;PANNAM;P1 ia;Pr 1_X Alphap iaRl Beijeri Bosea Bosea_sp.
Eukaryota; Obazoa, Opisthokonta;Fungi; Basidiomycota, Agaricomycotina; Agaricomycetes; i

Eukaryota;Obazoa; Opisthokonta;Fungi; Ascomycota; Pezizomycotina; Dothideomycetes Alternaria;Altenaria_alternata

Bacteria; Actis ia; Actil 1 X Acti ia_XX;Pi il iales;}

Eukaryota;Obazoa; Opisthokonta;Fungi;Basidiomycota;Agaricomycotina; Agaricomycetes, Hydnum;__
Eukaryota;Obazoa; Opisthokonta;Fungi; Ascomycota; Pezizomycotina; Eurotiomycetes;Aspergillus;__

Eukaryota; Archaeplastida; Chiorophyta; Chiorophyta_X; ceae;Micl Mic

Unassigned; ;. ;. ;

Eukaryota; Obazoa; Opisthokonta;Fungi: Basidiomycota; Agaricomycotina; Agaricomycetes; Agaricomycetes_X;Agaricomycetes_X_sp.

Eukaryota:mito;Obazoa:mito;Opisthokonta: mito;Fungi: mito;Ascomycota:mito;Pezizomycotina: mito;Sordariomycetes:mito; Ophiocordyceps:mito;Ophiocordyceps_prolifica:mito

Eukaryota; Obazoa, Opisthokonta;Fungi; Basidiomycota, Agaricomycotina; Agaricomycetes; Bolrye Boir
Eukaryota; Obazoa, Opisthokonta;Fungi Basidiomycota, Agari ina;’ Fi idium;
Eukaryola, TSAR;__;

Eukaryota; Obazoa, Opisthokonta;Fungi; Basidiomycota; Agaricomycotina; Agaricomycetes;Hyphodontia;Hyphodontia_crustosa
Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota; Agaricomycotina;Agaricomycetes,Mycena,

Eukaryota;Obazoa; Opisthokonta;Fungi; Ascomycota; Pezizomycotina; Dothideomycetes;Pyrenophora; Pyrenophora_teres
Eukaryota; Obazoa; Opisthokonta;Fungi: Ascomycota; Pezizomycotina; Eurotiomycetes; Phacomonielia;__

Eukaryota; Obazoa; Opisthokonta;Fungi; Ascomycota; Pezizomycotina; Eurotiomycetes; Penicillium;Penicillium_janthinellum

Eukaryota;Obazoa; Opisthokonta;Fungi;Basidiomycota;

Eukaryota; 0bazoa; Oj Fung; x » ;Candida;__
. Eukaryota; Obazoa, Opisthokonta;Fungi Basidiomycota, Agaricomycotina; Agaricomycetes Agrocybe, __

. Eukaryota;Obazoa;Opisthokonta;__;__._ ;.
Eukaryota;Obazoa; Opisthokonta;Fungi; Ascomycota; Saccharomycotina;Saccharomycetales;Candida; Candida_sp

Eukaryota;Archaeplastida; Streptophyta; Streptophyta_X;Embryophyceae;Embryophyceae_X;Embryophyceae_XX;Platanus;Platanus_occidentalis
Eukaryola; TSAR; Stramenopiles;Gyrista, Chrysophyceae; Ochromonadales; Ochromonadaceae;_ ;-

Eukaryola; TSAR;Stramenopiles;Gyrista,Chrysophyceae;  ; ;

||

|

= Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota; Ay ina;Agaricomycetes; St L

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota; A ina;Agaricomycetes; St _biggsiae

. Eukaryota;Obazoa; Opi Fungr; : S

. Eukaryota;Cryptista; Cryptophyta; Cryptophyta_X;Cryptophyceae;Cr ,Cr _X.Cr Xe,

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota;, ina;Agaricomycetes; Si 11X

. Eukaryota;Archaeplastida; Chlorophyta; Chlorophyta_X; i ceae;Micl Mic iales_X;Trebouxia; |_impressa
Eukaryota;Obazoa; Opisthokenta;lchthyosporea;ichthyophonida;P: perki P P X

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota;, ina;’ 3 5_X] etes_X_sp.

. Eukaryota; TSAR;! ;Gyrista; Py cetes;P cetes X, .

. Eukaryota;Obazoa; Opisthokonta;Fungi; Basidiomycota;Puccinit cotina;Cy S
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