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1. INTRODUCTION

Soil fungi have fundamental ecological roles as decomposers, mutualists,
or pathogens of plants. Roots of agricultural crops are hosts of different
microorganisms. These include many harmful, often soilborne, patho-
gens, as well as beneficial organisms, such as plant growth and health-pro-
moting arbuscular mycorrhizal (AM) fungi (Smith and Read 2008). In
agroecosystems, fungal plant diseases can be a major limitation determin-
ing agricultural productivity (Raaijmakers et al. 2009). Diseases caused
by soilborne plant pathogens tend to produce only one infection cycle
per host cycle, the infection starts when the roots of the newly planted
crop encounter the propagules of the pathogen embedded in the soil.
Therefore, soilborne fungal pathogens are challenging to manage, as they
can remain in the soil for years (Bebber et al. 2014). The most important
group of beneficial soil fungi in agricultural soils are AM fungi that play
vital roles in improving plant performance (Frac et al. 2018; Smith and
Read 2008) and protecting plants against soilborne pathogens (Pozo et
al. 2015; Thirkell et al. 2017; Whipps 2004). In agricultural fields, benefi-
cial and detrimental microbial communities are affected by several abi-
otic factors like soil type (Berg and Smalla 2009; Tkacz et al. 2020), pH
(Soonvald et al. 2020; Tedersoo et al. 2014; Tedersoo et al. 2020 a), and
biotic factors such as plant developmental stage (Hannula et al. 2012; Jia
et al. 2020), plant health (Ginnan et al. 2020), as well as anthropogenic
factors like crop rotation (Detheridge et al. 2016), agricultural practices
(Benitez et al. 2016; Sharma-Poudyal et al. 2017), fertilization (Geisseler
and Scow 2014), and pesticide application (Kalia and Gosal 2011), but
crop selection of its fungal community in agroecosystems remains poorly
understood.

Potato (Solanum tuberosum L.) ranks first as a non-cereal food crop for
human consumption worldwide (FAO 2009). According to FAO (2009),
the average global potato consumption per capita per year reached 34.2 kg
in 2013, whereas the average potato consumption in Europe was 82.6 kg
per capita per year. Potato yields more food more rapidly with less arable
land needed than any other crop (Devaux et al. 2019). Still, depending on
several factors, the average potato yield varies from 1 to 60 tons of fresh
tubers per hectare in the world (Ritchie and Roser 2019). In 2018, the
global average potato yield per hectare was 21 tons, whereas the average
potato yield in Estonia was 17 tons (Ritchie and Roser 2019). In potato



production, multiple sequential agrotechnical operations have to be car-
ried out during the growing period, which can have a high impact on soil
health. Moreover, potato production is one of the most dependent on
chemical pesticides (Birch et al. 2012) compared to other crops. In turn,
pesticides have the potential to impact the environment negatively. As
soil harbors microorganisms that are beneficial or harmful to plants, sus-
tainable crop production requires intimate knowledge of both pathogenic
and beneficial fungi. In order to develop novel approaches for enhancing
sustainable agriculture, it is essential to fill the knowledge gap about the
soil biota that offer important ecosystem services. Microbial pathogens
cause enormous losses to potato production and can be limiting fac-
tors in sustainable agricultural production (Secor and Gudmestad 1999).
Climate change and increased global trade of planting material have led
to rapid emergence and adaptation of new crop pathogens in agroeco-
systems, including potato production, which has led to new agricultural

challenges.

Conventional farming uses synthetic fungicides to control diseases. In
organic potato production, only copper (Cu)-based pesticides have been
allowed to be used against diseases. However, the use of copper may be
banned in organic farming in the near future (Lamichhane et al. 2018).
During recent years, because of the hazardous nature of synthetic pes-
ticides (incl. insecticides, fungicides, and herbicides), numerous active
substances of pesticides have been banned from use within the European
Union (EU). Due to fewer active ingredients of pesticides, preserving
potato productivity and profitability while controlling potato diseases is
becoming increasingly difficult (Birch et al. 2012). Regardless of climate,
cultivated potatoes are constantly exposed to various pathogens that pose
a serious threat to potato production worldwide (Adolf et al. 2020; Bur-
ton 1989; Fiers et al. 2012; Hooker 1981). Among these, crops may also
need protection against putative newly emerging fungal diseases (Tiwari
et al. 2020).

Interest in utilizing beneficial soil biota as natural resources instead of
chemical pesticides is growing (Kohl et al. 2016). All soils in which crops
are cultivated already contain distinct arbuscular mycorrhizal (AM) fun-
gal communities and most crops naturally become colonized by AM
fungi independently from inoculation (Rua et al. 2016). Several studies
have shown that the potato plant responds well to artificial AM fungal
inoculation (Bhattarai and Mishra 1984; Cesaro et al. 2008; Douds et al.

10



2007; Hijri 2016; McArthur and Knowles 1993; Yao et al. 2002). Promis-
ing results have been reported about the benefit of AM fungal inocula-
tion on tuber yield (Liu et al. 2018; Lojdn et al. 2017; Wu et al. 2013) and
bio-protection against soilborne pathogens of potato (Bradley et al. 201s;
Gallou et al. 2011; Ismail et al. 2013; Lojdn et al. 2017). Previous research
has mainly focused on in vitro studies, which cannot be directly applied
to open field conditions. Knowledge about how current agricultural prac-
tices can increase the diversity and abundance of indigenous AM fungal
communities in potato cultivation and thereby changes in the AM fungal
success independently from inoculation are still lacking.

Monitoring plant health and detecting plant diseases early are essential
for reducing pathogen spread and facilitating effective management prac-
tices (Aslam et al. 2017; Baldi and La Porta 2020). Classical microbiology,
visual inspection-, and DNA-based methods provide complementary
information for detecting plant pathogens from symptomatic samples
(Martinelli et al. 2015). Detecting plant pathogens in the latent phase is
necessary to prevent disease epidemics. However, detection of pathogens
from asymptomatic materials, such as potato tubers can be extremely dif-
ficult since very low numbers of pathogen propagules are present (Baldi
and La Porta 2020; Donoso and Valenzuela 2018; Schaad and Frederick
2002). Molecular techniques for rapid and accurate identification of plant
pathogens based on the polymerase chain reaction (PCR) such as conven-
tional PCR and real-time quantitative PCR (qPCR) have considerably
enhanced plant pathogen diagnosis (Donoso and Valenzuela 2018; Mar-
tinelli et al. 2015; Paul et al. 2020; Schaad and Frederick 2002). Still, they
do not allow determination directly in the field (Baldi and La Porta 2020;
Donoso and Valenzuela 2018). The loop-mediated isothermal amplifica-
tion (LAMP) method has been the most widely explored application suit-
able for in-field testing (Le and Vu 2017; Paul et al. 2020). Recently, real-
time loop-mediated isothermal amplification (Real-Time LAMP) plant
disease diagnostic method (Ristaino et al. 2020) was reported. However,
although LAMP assays can be used for rapid diagnosis of pathogens
directly in the field, this method is available for detection of specific
pathogens, and a larger number of primers per target must be designed
compared with the conventional PCR approach (Duan et al. 2014; Le
and Vu 2017). In-field rapid diagnosis of untargeted plant pathogens or
pathogen complexes is still lagging behind. One of the greatest challenges
in eradicating newly emergent crop diseases is the lack of advances in
technology application, such as field-ready DNA sequencing systems that
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could help to detect pathogen species in a short period of time and thus
help to overcome pest control challenges in agriculture.

In this thesis, the author focuses on the diversity, abundance, and com-
munity composition of putative pathogenic fungi and symbiotic AM
fungi associating with potato. The author characterized AM fungal colo-
nization of potato roots in field-grown potato plants and determined AM
fungal inoculum potential (IP) in organic and conventional management
systems using a trap plant bioassay. Additionally, the author developed
ultrarapid protocols for diagnostics of plant pathogens.

12



2. LITERATURE REVIEW

2.1. Arbuscular mycorrhizal fungi in potato production

Arbuscular mycorrhizal (AM) fungi are a widespread group of filamen-
tous fungi that form symbiotic relationships with roots of most terrestrial
plants, including potato (Douds et al. 2007; Senés-Guerrero et al. 2014).
The ecosystem services provided by AM fungi (Delavaux et al. 2017;
Gianinazzi et al. 2010; Smith and Smith 2011) make them an important
group of soil biota that can potentially be important tools for sustainable
agricultural production. Still, the diversity and abundance of AM fungi
in agroecosystems are affected by agricultural intensification (Banerjee
et al. 2019; Bowles et al. 2017; Verbruggen and Kiers 2010). In addition
to an adverse effect of agrochemicals, several studies have demonstrated
that AM fungal abundance declines in response to nitrogen (N) and
phosphorus (P) fertilization (Liu et al. 2020; Treseder 2004; Verbruggen
et al. 2013). Thus, in the high-input potato production system, benefits
provided by AM fungi may not realize. Previous inoculation studies have
reported high levels of AM fungal colonization in potato roots (Buysens
et al. 2017; Davies et al. 2005; Douds et al. 2007; Duffy and Cassells
2000). Still, a study of AM fungal communities in low-input potato fields
in the Peruvian Andes (Senés-Guerrero et al. 2014) showed that potato

fields harbor high AM fungal diversity.

Regardless of evidence that AM fungi could act as an efficient biocon-
trol agent against potato pathogens, some studies performed in high-
input agricultural fields show that relatively small fractions of the potato
root systems are colonized by indigenous AM fungi (Cesaro et al. 2008).
Although previous studies indicate that organic fertilizers have a positive
impact on AM fungi (Gryndler et al. 2006; Jansa et al. 2006; Yu et al.
2013), the effects of organic compounds differ according to the chemi
cal composition of the substrate (Ravnskov et al. 1999), and farmyard
manure may cause soil nutrient enrichment, adversely affecting mycor-
rhizal fungi (Gosling et al. 2006; Soonvald et al. 2019, 2020). In addition
to management impact to AM fungi, several authors have indicated that
crops differ in their ability to respond to AM fungal colonization and
harbor distinct AM fungal communities in their roots (An et al. 2010;
Baon et al. 1993; Garcia de Ledn et al. 2020; Mao et al. 2014). Moreo-
ver, studies with potato (Cesaro et al. 2008; Hijri 2016; Senés-Guerrero
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et al. 2014) have found that potato cultivars are colonized by different
AM fungi. Although several AM fungi respond differently to agricultural
inputs, little is known about the host genotype impact on the community
assembly of AM fungi in field soil where many kinds of factors such as
tillage, pesticide use, and variations in newly bred crop cultivars might
influence both plants and indigenous AM fungi.

2.2. Phytopathogenic fungi in potato production

Fungal plant pathogens exert considerable pressure on agricultural pro-
ductivity and threaten global food security (Kettles and Luna 2019). The
highest crop losses are associated with emergent pests like the Colorado
potato beetle (Burton 1989) and pathogens such as the oomycete Phyroph-
thora infestans, the fungal pathogen Verticillium dahliae, and the bacterial
pathogen Dickeya solani (Blin et al. 2021; Kettles and Luna 2019; Savary
et al. 2019). Their spread among continents has accelerated due to the
global trade of agricultural products (McDonald and Stukenbrock 2016;
West 2014), including the increased movement of seed potatoes (Blin et
al. 2021; Frost et al. 2013).

Since the rate of worldwide transportation of agricultural products (incl.
imported seeds) increases, managing crop losses by use of pesticides con-
tinues to be an essential tool. Still, due to integrated pest management
(IPM) principles, fungicides should be used as an alternative when pre-
ventive actions have been insufficient and the applications are based on
disease management thresholds (Jalli et al. 2020). While chemical con-
trol is a useful tool for managing some soilborne crop diseases (Bolton
et al. 2010; Liu et al. 2021), it is difficult to establish disease manage-
ment thresholds for soilborne pathogens. Compared to aerial diseases,
soilborne diseases are caused by pathogens hidden in the soil (Fiers et
al. 2012), and their symptoms may not appear until the later stages of
crop maturity (DeShields et al. 2018). Thus, frequent monitoring of both
well-known and emergent soilborne pathogens in the plant root zone is
crucial for selecting appropriate control measures in a timely manner.
Furthermore, soilborne fungal pathogen pressure, one characteristic of
soil health, poses challenges to potato production worldwide (Hills et al.
2020; Jeger et al. 1996). Thus, focusing on the spread of soilborne patho-
gens in potato cropping systems has become even more critical.
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For airborne polycyclic pathogens, such as Phytophthora infestans, Alter-
naria spp., and Phoma spp., it is well known that variations in fungal
composition are significantly related to seasonality (Campos and Ortiz
2020; Qi et al. 2020; Tordoni et al. 2021), and disease development can
be related to the life cycle of crop plants (Brachaczek et al. 2016; Escuredo
et al. 2019). By contrast, our understanding of how soilborne microbial
communities differ during crop plant life cycle remains limited and most
pathological studies are focused on the pathogen population structure of
a single causal agent among multiple potato diseases.

Recently, Zimudzi et al. (2018) studied inter-and intra-seasonal variation
of fungal communities associated with the potato rhizosphere in sub-
tropical conditions. They found that the relative abundance of prevail-
ing OTUs (operational taxonomic units) varied from tuber initiation to
senescence stage. Also, the potato peel and rhizosphere fungal communi-
ties were different from pre-plant communities. Moreover, potato plants
recruited specific fungi at different plant growth stages, with Didymella
glomerata (syn. Phoma glomerata) being the most prevalent in the rhizo-
sphere at tuber initiation and the relative abundance declined with plant
age. Generally, D. glomerata is considered a widespread opportunistic
plant pathogenic fungus colonizing different crop species (Fungal Data-
bases, U.S. National Fungus Collections, ARS, USDA. Retrieved Decem-
ber 10, 2020, from https://nt.ars-grin.gov/fungaldatabases/). However, to
our knowledge, D. glomerata has found rarely to cause disease in mem-
bers of the family Solanaceae. Despite that, several pathogenic species of
this genus (Phoma sensu lato) attack numerous crop plants, including
potato. Among these, P exigua var. foveata has been recorded as a potato
gangrene pathogen (Deb et al. 2020; Fungal Databases, U.S. National
Fungus Collections, ARS, USDA).

The survey of Dean et al. (2012), which enlisted the top 10 economically
and scientifically important fungal pathogens, showed that potato is sus-
ceptible to one or more Colletotrichum species (Dean et al. 2012). Nitzan
et al. (2008) showed that the severity of soil- and tuber-borne potato
black dot disease, caused by Colletotrichum coccodes, is more related to
the concentration of soilborne, not tuber-borne inoculum. Andrivon et
al. (1997) and Tian et al. (2019) have confirmed wide geographical dis-
tribution of C. coccodes and proved that most widely grown cultivars of
potato are susceptible to the pathogen.

15



Among other worldwide distributed diseases, Fusarium dry rot, caused by
different Fusarium species is a common storage disease in potatoes world-
wide (Heltoft et al. 2015). None of the potato cultivars have yet been
found to be fully resistant to the whole Fusarium species complex, but
their susceptibility to different Fusarium species varies (Esfahani 200s;
Tiwari et al. 2020). Heltoft et al. (2015) indicated that early-maturing
cultivars are much more susceptible to £ sambucinum than late-matur-
ing cultivars.

A widespread soilborne plant pathogen, Rhizoctonia solani (teleomorph:
Thanatephorus cucumeris), causes stem canker, tuber black scurf, and
tuber malformation in potato, is responsible for significant crop losses
in different climate zones (Das et al. 2014; Zrenner et al. 2020), and can
spread through infected plant material (Elmer 2001). A crop rotation
study conducted in New Zealand showed that Rbizoctonia solani was the
primary soilborne disease observed. The incidence of this disease was
more significant in potato monoculture, compared to 4-year crop rota-
tion (Wright et al. 2017). By contrast, a potato rhizosphere community
analysis conducted in South Africa (Zimudzi et al. 2018) showed that
the relative abundance of Rhizoctonia solani was relatively low compared
to other soilborne pathogenic species. A study conducted in different
potato-growing areas in France (Campion et al. 2003) showed that no
variation in susceptibility to sclerotial formation was observed among five
potato cultivars. Mostly, attention has been paid to the biological diver-
sity of Rhizoctonia solani, rather than its relative abundance (Lehtonen et
al. 2007; Salamone and Okubara 2020).

The oomycete pathogen Phytophthora infestans causes the serious potato
disease known as late blight, that was responsible for the Irish potato
famine in the middle of the nineteenth century (Adolf et al. 2020) and
still continues to be the main biotic constraint of potato production.
However, multiple other fungal pathogens infect the potato plant. The
fungal species Alternaria solani and Alternaria alternata are widespread
soil-, seed-, and air-borne pathogens causing early blight on potatoes
(Hausladen and Leiminger 2007; Landschoot et al. 2017).
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2.3. Methods for rapid detection of pathogenic fungi

In crop production, monitoring crop health with rapid detection of path-
ogens at the beginning of infection is crucial to reduce disease spread

and facilitate effective management practices. Several crop pathogens

can be recognized from symptoms determined on infected tissues by a

trained specialist. However, similar symptoms can be caused by different
disease agents, commonly resulting in misdiagnosis of the pathogen. That
can also be the case for classical culturing methods followed by micros-
copy techniques (Ray et al. 2017). Culture-based molecular identification

methods have enabled detection of rare and novel pathogens (Oo et al.
2017; Tomlinson et al. 2010), yet these methods are slow and may lack
the ability to detect several pathogens simultaneously (Hyde et al. 2013).
Besides, the vast majority of fungal species are unculturable or could

be cultured using specific substrates and conditions. Methods based on

antigen-antibody bindings such as enzyme-linked immunosorbent assay
(ELISA) do not require pure isolation of the pathogen, being applicable

to biotrophic as well as necrotrophic pathogens (Mancini et al. 2016).
These assays are widely used as screening tools to assess the phytosanitary
status of plants (Charlermroj et al. 2014). However, due to low sensitiv-
ity to bacteria and fungi, and the lack of species-specific antibodies, the

application of ELISA is more used for virus detection (Boonham et al.
2014; Colin 1998; Fang and Ramasamy 2015; Luchi et al. 2020).

Technical advances in molecular methods have greatly facilitated accu-
rate identification of disease-causing agents from infected crops or soil
without the need for a culturing step (Martinelli et al. 2015; Nilsson et al.
2014; Ristaino et al. 2020). PCR, a selective DNA-based technology, is
a relatively fast approach that allows detection of fungal DNA, offering
an alternative to culture-based methods (Ray et al. 2017). The qPCR is
a more appropriate tool for quantification of plant pathogens in latent
infection phase (Luchi et al. 2016). To date, compared with PCR assays,
the LAMP is a more recent technology with fewer preparation steps
(Mancini et al. 2016). Although LAMP can be very effective for the detec-
tion of pathogen species (Niessen and Vogel 2010; Ristaino et al. 2020), it
is still available for detection of specific pathogens, and a larger number
of primers per target must be designed compared with PCR (Duan et al.
2014; Le and Vu 2017). In the past, the restriction fragment length poly-
morphism (RFLP) analysis has been generally used in population genetic
studies of plant pathogens such as Phyrophthora infestans (Runno-Paurson
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et al. 2010) and for identification of Phytophthora isolates to species level
(Martin and Tooley 2004).

Of the DNA sequence analysis methods, Sanger sequencing technology
is considered as a first-generation tool in sequencing genetic material
(Barba et al. 2014; Van Dijk et al. 2014). The Sanger method is still in
use in basic plant pathology for detecting single plant pathogen species
from fungal isolates. Moreover, in Sanger sequencing, species-specific
PCR primers enable the detection of DNA of the target fungal pathogen
species from symptomatic plant tissue samples (Drenkhan et al. 2016). In
comparison with Sanger sequencing, second-generation high-throughput
(HTS) techniques, such as 454 pyrosequencing, have been used in the
past decade, improving our understanding of fungal diversity in complex
environments (Tedersoo et al. 2020b), and allowing a novel pathogen
detection from plant samples (Adams et al. 2009; Prigigallo et al. 2016).
At present, Illumina sequencing is by far the most widely used HTS
method (Tedersoo et al. 2018), and also the best option for tracking plant
pathogens that are present in the plant sample (Doonan et al. 2017; Leff
et al. 2017; Rezki et al. 2016). However, high-throughput detection of
plant pathogens in a time-efficient manner remains a challenging task. A
powerful computing infrastructure, appropriate reference datasets, and
skilled bioinformatics staff are needed. Of the third-generation sequenc-
ing methods, the portable phone-sized DNA sequencing device MinION
(Oxford Nanopore Technologies) has received much attention because
of its small size and possibility of rapid analysis at reasonable cost. The
MinION device can be used for rapidly sequencing full-length DNA,
cDNA, and RNA molecules (Fellers et al. 2019). In plants, Badial et al.
(2018) first demonstrated that plant-pathogenic bacteria and viruses can
be detected using MinION. Hu et al. (2019) demonstrated that MinION
can be efficient for detection of fungal pathogens of cereals. Chalupowicz
etal. (2019) showed that the MinION platform provides a rapid possibil-
ity specifically to diagnose plant diseases with visible disease symptoms
caused by viruses, bacteria, and fungi. These protocols usually take a full
day or more to process the sample and analyze data.
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3. AIMS OF THE STUDY

In order to develop novel approaches to enhance sustainable agricul-
ture, it is essential to fill the knowledge gaps about the soil biota that
offer important ecosystem services. Microbial pathogens cause enormous
losses to potato production and thus deserve increased attention. Still,
the vast majority of roots of crop plants, including potato, are associated
with beneficial organisms such as root endophytes, rhizosphere sapro-
trophs and, in particular, AM fungi. Little is known about mycorrhizal
dependence of crop plants in habitats under external anthropogenic man-
agement. Knowing the diversity of the beneficial and plant pathogenic
communities at different growth stages in high-input potato production
system helps to design more optimal solutions to reduce the negative
impact of intensive agriculture on the environment. In order to benefit
from microbial interactions and use them in integrated disease manage-
ment, it is important to find fast and accurate methods for the detection
of pathogenic fungi. The objectives of the study were as follows:

1. To characterize, how do the conventional and organic farming sys-
tems influence potato root AM fungal colonization (Paper I).

Hypothesis: Potato roots have greater AM fungal colonization levels
under organic farming than conventional farming.

2. To assess differences in AM fungal and putative pathogenic com-
munity composition, richness, and relative abundance both within
roots and in soil among potato cultivars (Paper II).

Hypothesis: AM fungal and pathogenic fungal community composi-
tion, richness, and relative abundance in roots and soil differ among

plant growth stages and across potato cultivars.

3. To test the suitability of a portable sequencer, MinlON, for ultrara-
pid plant pathogen diagnostics (Paper III).
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4. MATERIALS AND METHODS

4.1. Study sites

Individual studies were conducted in agricultural experimental fields in
Estonia in 2010 (I) and 2014 (II). For study I, the field site was located
in Tartu, Estonia (58°22'N, 26°40'E; Figure 1). The field experiment
was established in 2008 as a part of a 5-year crop rotation experiment
with two treatments in the organic farming system (OFS) and four treat-
ments in the conventional farming system (CFS), in which systematically
arranged treatment blocks were replicated four times. In both organic
management treatments, oilseed rape (Brassica napus L.) as a winter cover
crop (CC) was used for green manure. Composted cattle manure (M)

Figure 1. Photos of 5-year crop rotation experiment (I): treatment block in the con-

ventional farming system (A), treatment block in the organic farming system (B), and
potato roots in sampling (C). Photos of potato field experiment (II): after planting (D),
at flowering stage (E), and after harvesting (F). Photos by E. Runno-Paurson (A, B, C)
and K. Loit (D, E, F).
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was added to the second organic treatment (CC+M). In the organic
management system, neither organic nor synthetic pesticides were used.
In the conventional management system, treatments with four fertilizer
application rates were used: N P(K, — control system with no additional
fertilizers used, Ny P,5Kys, No0P,5Kos, and Ny5oP,sKos — systems with
different N rates used. In addition to synthetic fertilizers, several syn-
thetic pesticides were used equally in all conventional treatment plots.
At the study site, red clover (77ifolium pratense L.) and barley (Hordeum
vulgare L.) were grown in succession since 2008. In the experiment, the
potato cultivar Reet was evaluated.

Study II was performed at Einola Farm (58°17'N, 26°43'E; Figure 1)
in Reola, Estonia. The study was conducted under a conventionally
managed farming system from May to September 2014. At the study
site, winter wheat (7riticum aestivum L.), spring wheat (7. aestivum L.),
rapeseed (Brassica napus L.), spring wheat, and potato were grown in
succession since 2010. Twenty-one cultivars of potato were grown in a
completed randomized block design with three replicate plots per culti-
var, each containing twenty-three certified seed tubers that were planted
on 15 May 2014. During the growing period, several synthetic fertilizers
and pesticides were used equally in all replicate plots. In the experiment,
the following cultivars were evaluated: Arielle, Erika, Ranomy, Esmee,
Viviana, Glorietta, Catania, Solist, Champion, Madeleine, Mariska, Con-
cordia, Antonia, Karlena, Laudine, Fontane, Bellefleur, Rosagold, Excel-
lency, Manitou, and Merlot.

For study III, the main objective was to test MinION protocols for ultra-
rapid pathogen identification. The third-generation HTS methods on
potato (Solanum tuberosum L.) and cucumber (Cucumis sativa L.) tissue
samples with disease symptoms were tested (Table 1).

Table 1. Details of potato and cucumber samples.

Run Sample Disease symptom Collection
locality  date
ONT?2i | S. tuberosum [ tuber | Black sclerotia on tuber Ossu  |30.08.2018
ONT2j | S. tuberosum | leaf | Dark circular lesions on leaves | Tartu | 16.05.2019
ONT2k| C. sativa | roots Wilted roots Eistvere [ 20.05.2019
ONT2l | C. sativa | leaf White powdery spots on leaves| Luunja |{22.05.2019
ONT2n| S. tuberosum | stem | Dark brown lesions on stem |Roiu  |30.05.2019
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4.2. Sampling

The root systems of three individual plants from each replicate plot
were collected using a clean shovel (I, II). Each root sample consisted
of the entire root system of three randomly chosen individual plants (I,
IT). Root samples were collected during different phenological develop-
ment stages of a potato: the early flowering stage (BBCH-scale 60-62)
(I, IT) and senescence (BBCH-scale 93-95) (II). At each sampling time,
together with roots, adjacent soil was collected from each plot (II). Also,
during planting, bulk soil samples were collected near potato tubers (II).
Each sample consisted of three subsamples of soil taken randomly from
the potato root zone at 0-25 cm depth (II). For study II, a total of 315
samples were collected.

For study I, potato plants of the locally bred potato cultivar Reet were
sampled during the early flowering stage (BBCH-scale 60-62) in July
2010. In total, 72 composite root samples of all treatments of OFS and
CES were collected. Root samples were dried and preserved airtight
at room temperature until further processing. For study II, root sam-
ples were transported to the laboratory in a cooler, washed three times
with deionized water to remove residual soil, dried at 50 °C for 24 h as
described in (Garcia de Leén et al. 2016), and stored air-tight at room
temperature until molecular analysis.

4.3. Assessment of AM fungal root colonization

Root samples from both field and pot experiment (I) were stained with
Trypan blue according to Koske and Gemma (1989). Roots were cleared
in 10% Potassium hydroxide (KOH), acidified with 1% hydrochloric
acid (HCI) and stained with 0.01% trypan blue in lactoglycerol. Total
root length colonized by AM fungi was estimated using the magnified
grid-line intersections method (McGonigle et al. 1990), by scoring 120
fields of view per sample under the compound microscope at 400 x mag-
nification, as described in (Uibopuu et al. 2012).

4.4. Trap plant bioassay
Narrowleaf plantain (Plantago lanceolata L.), as an AM host plant com-

monly used in bioassay experiments, was used to evaluate the mycorrhizal
inoculum potential IP of field soil (I). Three soil samples were collected
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randomly from each of the four replicate plots of all treatments before soil
tillage in spring 2011 and stored in darkness at 10 °C until use. Before the
use in experiment, the three soil samples per plot were pooled and han-
dled as one composite sample. Each composite sample was thoroughly
mixed with autoclaved sand in a 1:1 v/v ratio to improve drainage and
aeration of the soil mixture. Narrowleaf plantain seeds were germinated
in Petri dishes on moist filter paper, following (Uibopuu et al. 2012).
Three seedlings per pot were planted in January 2011 in plastic pots
(13 x 15 c¢m, depth x diameter). One seedling per pot was retained after
four weeks of growth. Plants were kept in a greenhouse under controlled
conditions, watered as needed with tap water and grown for 3 months.
The infectivity bioassay of Moorman and Reeves (1979) was used to quan-

tify the relative density of colonizing propagules of AM fungi.
4.5. Molecular analyses

Study II The total DNA was extracted from powdered root and soil
samples with 75 mg dry weight of roots and 0.2 g dry weight of soil, using
the PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad,
CA, USA), according to manufacturer’s instructions with the following
modifications: 1) samples were homogenized via bead beating with three
3 mm autoclaved steel beads for 5 min at 30 Hz, using a MixerMill
MM400 (Retsch, Haan, Germany); and 2) final elution was performed
twice with 50 pl solution C6. To identify a wide variety of fungal genera,
the ITS2 region was amplified using ITS3mix1-5 (CANCGATGAA-
GAACGYRG; Tedersoo et al. 2014) forward primers and a degenerate
reverse primer ITS4ngs (CCTCCSCTTATTGATATGC; (Tedersoo et al.
2014), which was tagged with one of the multiplex identifiers (Tedersoo
etal. 2014). The PCR products were sequenced using an Illumina MiSeq
instrument (2 x 300 bp) at the Estonian Genome Center (University of
Tartu, Tartu, Estonia) (II).

Study III For optimizing the DNA extraction protocols, 20 mg of
infected tissue of plant samples was used. For DNA extraction, two techni-
cal replicates in 2-ml microcentrifuge tubes that contained either 100 pl
Phire plant direct PCR kit lysis buffer (Thermo Fisher Scentific) or 500 pl
(NH,),SO,-based lysis buffer (0.8 M Tris-HCI, 0.2 M (NH,),SO,, 0.2%
(wt/vol) Tween 20; Solis BioDyne) were used. To shorten the DNA extrac-
tion time, lysis steps, tissue disruption, centrifugation, and incubation time
were reduced as follows: the Phire lysis protocol was shortened by reduc-
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ing the step of lysis to 2-5 min, preceded by tissue disruption using bead
beating (5 min at 30 Hz) or a mortar and pestle in liquid N,, followed
by brief centrifugation at 5,000 x g, incubation at 30 °C for 5 min, and a
final centrifugation at 11,000 x g for 1 min. The (NH,),SO, lysis included
incubation time reduced to 5 min, followed by incubation at 98 °C for 2
min. The DNA was concentrated from lysate using the FavorPrep gel/ PCR
purification kit (Favorgen Biotech Corp., Vienna, Austria) by following
the manufacturer’s instructions, except including centrifugation steps for
1 min and final elution using 50 pl water. Some samples were further
subjected to Agencourt AMPure XP bead purification (Beckman Coul-
ter, East Windsor, NJ, USA) to remove DNA fragments of <500 bases.
DNA concentration was measured using QUBIT. For library preparation,
the SQK-RADO004 kit was used with manufacturer’s protocols followed,
except for a shortened fragmentation time at 30 °C for 30 s.

4.6. Bioinformatics

Study II [llumina sequencing resulted in 772,326 reads that were
quality-filtered and assigned to samples using mothur 1.34.4 (Schloss et
al. 2009) (average quality over 15 bp > 26, and no ambiguities allowed).
The quality-trimmed data were assembled using PANDAseq Assembler
(Masella et al. 2012), with a minimum overlap of 15 bp, and demulti-
plexed in mothur. Potential chimeric sequences were removed using USE-
ARCH 7.0.1090 (Edgar 2010). The remaining chimeric sequences, where
full primer strings were detected inside the reads, were removed using
PipeCraft built-in module (removal of multiprimer artefacts) (Anslan et
al. 2017). The ITS2 subregion was extracted using I'TSx 1.0.9 (Bengts-
son-Palme et al. 2013), and clustered using a 97% similarity threshold in
CD-HIT (Fu et al. 2012). Singleton OTUs were removed from further
analyses. Representative sequences for BLASTn search were picked in
mothur using the abundance method. In addition, BLASTn searches
were performed for the representative sequence of each OTU against the
UNITE reference dataset v7.0 (Kéljalg et al. 2016). OTUs were further
checked and filtered based on BLASTn search values as well as positive
and negative controls to remove contaminants, non-fungal OTUs, poten-
tial artefacts and index-switching errors. OTUs with 75%, 80%, 85%,
90%, 95%, and 97% sequence similarity thresholds were considered to
represent the phylum, class, order, family, genus, and species level, respec-
tively (Tedersoo et al. 2014).
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Study III For the MinION instrument, amplicon library prepara-
tion was performed using the ligation kit SQK-RAD004 and followed
the manufacturer’s protocols, except for a shortened fragmentation time
at 30 °C of 30 s. Sequencing was performed in the laboratory at room
temperature, connecting the MinION device to a plugged-in, internet-
connected laptop computer with four processors and 32 GB RAM. Min-
ION runs were performed on R9.4 flow cells, and the data were down-
loaded after obtaining sufficient amounts of passed reads (Table 2). The
passed FASTA-formatted reads were further subjected to bioinformatics
analysis using PipeCraft (Anslan et al. 2017). The options in PipeCraft
included demultiplexing of metabarcoding reads allowing no mismatches
to the barcode, followed by BLASTn search using default settings. Given
the poor overall sequence quality, traditional MOTU-based approaches
are not applicable to the MinlON data; therefore, reads were mapped
based on their best matches to database sequences in the UNITE refer-
ence database by following the principles of previous nanopore sequenc-
ing studies (Benitez-Pdez et al. 2016; Kerkhof et al. 2017).

Table 2. Details of the rapid pathogen diagnostics experiments using the MinION
instrument?

Sample / | DNA extraction| DNA Purifica- | No. of Raw /| Bioinfor- | Sequenc-

Run (min)| method (min) |tion (min) passed reads | matics: ing flow
quality-fil- | cell usage
tered reads
(min)

ONT2i |BB, Phire lysis | FavorPrep 1,142/ 97 New

(50) (15) (25) 436 (40)

ONT?2j LN, Phire lysis | FavorPrep 20,000 / 6,750 New

) (40) (60) 9,974 (409)

ONT2k |LN, Phire lysis | FavorPrep 5,044 / 849 2nd use

(30) (40) (55) 4,046 79)

ONT2l |LN, Phire lysis | FavorPrep 2,000 / 669 3rd use

(5) (35) (55) 1420 (132)

ONT2m |LN, Phire lysis | FavorPrep (55), 1,074/ 104 4th use

(60) (35) AMPure (30) 223 (10)

ONT2n |LN, (NH,),SO,| FavorPrep (20), 4,000 / 1,236 New

(4) lysis (20) AMPure (30) 2,457 97)

BB — bead beating; LN — liquid N,,.

2 Library preparation and data interpretation took 15 min and 5 min, respectively.
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4.7. Functional assignment

Study II Based on taxonomic assignments, OTUs were parsed to
one of the following functional groups of fungal guilds: plant pathogenic
fungi and arbuscular mycorrhizal fungi, based on FUNGuild (Nguyen
et al. 2016). OTUs not assigned to plant pathogens by FUNGuild, but
reported as potato pathogens according to the United States Department
of Agriculture (USDA) Agricultural Research Service (U.S. National Fun-
gus Collections Fungus-Host Database. Available online: https://nt.ars-
grin.gov/fungaldatabases/), were additionally assigned as pathogens. The
raw data of this study are available through the Sequence Read Archive,
BioProject PRINAG638263.

4.8. Statistical analyses

For study I, normal distribution (Shapiro-Wilk test) and equality of vari-
ances in treatment groups (Levene test) of data were explored. Then, the
non-parametric Kruskal-Wallis rank sum test was conducted to determine
the differences in treatments followed by the Dunn’s test for pairwise
comparison. For the Dunn’ test, the P-values were adjusted according
to the Bonferroni correction. When comparing only two groups, the non-
parametric Wilcoxon signed-rank test was used. To study the relationship
between soil parameters and AM fungal colonization, Pearsons correlation
analysis was carried out.

For study II, multiple ecological measures, such as relative abundance of
AM fungi and species richness, relative abundance, and community com-
position were used to test the main determinants of putative pathogenic
fungal richness in soil and roots. Species richness was calculated based on
residuals of OTU richness in relation to the square root of the number
of sequences to account for differences in sequencing depth across sam-
ples (Bélint et al. 2016; Tedersoo et al. 2014). The relative abundance of
AM fungi and putative fungal pathogens were calculated as a number
of sequences corresponding to the particular guild divided by the total
number of fungal sequences for each sample. Differences in richness
and relative abundance of pathogenic fungal communities were tested
using general linear model (GLM, Type III SS) followed by Zukey HSD
post hoc tests comparing the means of standardized residuals of OTU
richness and relative abundance (a = 0.05; Statistica 12.0, Palo Alto,
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CA, USA). Explanatory variables included potato cultivar, plant growth
stage (fixed factor with levels BEM, FL, SSC), time x cultivar interac-
tion, and replicate block (random factor with three levels). Adjusted R?
values were calculated using the function RsquareAd;j in the package
“vegan” in R 3.6.0 (R Development Team, http://www.R-project.org).
As implemented in PRIMER 7 (PRIMER-E, Auckland, New Zealand).
PERMANOVA+ (Anderson et al. 2008) with 9999 permutations, under
the reduced model, was used to compare the variability of pathogenic
fungal community composition across explanatory variables.

For study III, the relative abundance of putative fungal pathogens was
calculated as a number of sequences corresponding to the putative patho-
genic OTU divided by the total number of fungal sequences for each
sample.
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5. RESULTS

5.1. Potato root AM fungal colonization

To determine how the natural AM fungal colonization in potato roots
is affected by agricultural treatments, conventional and organic farming
systems were compared. The AM fungal colonization level in roots of
the potato cultivar Reet was higher in organic (OFS) than conventional
farming system (CES), though colonization levels were very low in both
systems (Figure 2A). Individual treatments influenced root AM fungal
colonization levels differently. AM fungal colonization was higher in
cover crop and manure amendment (CC+ M) treatment than synthetic
nitrogen amendment treatments Ny, and N5, (Figure 3A). There were
no statistically significant differences among other treatments.

Correlation analysis revealed that potato root AM fungal colonization
level was negatively correlated with soil phosphorus content (R = -0.50,
P=0.012,I) and positively with total annual C input to the soil (R = 0.46,
P =0.023; I). When exploring these relationships separately by manage-
ment groups, the relationship between soil phosphorus content and potato
root AM fungal colonization level remained negatively correlated with soil
phosphorus content for organic (OFS) (R =-0.78, P = 0.022; I), but not
for conventional farming system (CES) (R =-0.11, P = 0.67; I). The rela-
tionship between total annual C input to soil and potato root AM fungal
colonization level was significant neither for OFS (R = 0.26, P = 0.52;
Table S3, I) nor CES (R = -0.35, P = 0.17; Table S$4, I). Unexpectedly,
potato root AM fungal colonization level was negatively correlated with
Corg in OFS (R =-0.76, P = 0.03; Table S3, I). There were no significant
relationships between other soil chemical parameters and potato AM fun-
gal colonization (I).

5.2. AM fungal inoculum potential in a potato field

Analyzing the AM fungal inoculum potential in a potato field revealed
that root AM fungal colonization of the trap plant narrowleaf plantain
(Plantago lanceolata L.) in the greenhouse trial was significantly greater
(P<0.001) than that of field-grown potato roots in both farming systems.
The median AM fungal colonization levels in the narrowleaf plantain
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Figure 2. Median values of percent of AM fungal colonization of potato roots in con-
ventional (CFS) and organic farming systems (OFS) in the field trial (A) and narrowleaf
plantain roots grown in sand inoculated with soil from the same conventional and
organic farming systems (B). Box plots indicate median (bold horizontal line), inter-
quartile ranges (box), and minimum and maximum values (whiskers).

Different letters above the boxes indicate statistically significant differences at P<0.05
among treatments (Wilcoxon rank sum test). Grey boxes — CFS, open boxes — OFS (I).
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Figure 3. Percent of AM fungal colonization of potato roots in different agricultural
treatments in the field trial (A) and of narrowleaf plantain roots in the greenhouse trial
inoculated with soils from the same agricultural treatments in the field (B). Box plots
indicate median (bold horizontal line), interquartile ranges (box), and minimum and
maximum values (whiskers). Different letters above the boxes indicate statistically sig-
nificant differences at P <0.05 among treatments (Kruskal-Wallis rank sum test, Dunn
test with Bonferroni correction as post hoc test).

Open boxes — organic farming systems, grey boxes — conventional farming systems.
CC - farming system with cover crops, CC + M — farming system with cover crops and
composted cattle manure, N P K, — control system with no additional fertilizers used,
NsoP5sKos, NigoPssKos, and NygoP,5Kos — systems with different N rates used (I).
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roots were 10.6% (range 0-60%) in CFS and 25.0% (range 0-42.5%) in
OFS. The AM fungal colonization of narrowleaf plantain showed non-
significant tendency to be higher in the OFS than in the CFES (Figure 2B).
AM fungal root colonization values in soils from individual field treat-
ments varied considerably, but with no significant differences between
treatments (Figure 3B).

5.3. Relative abundance of AM fungi in the potato field

Sequencing of potato root and soil samples of twenty-one potato cultivars
grown in a conventionally managed field showed that of all sequences,
AM fungi accounted for 0.6%. In roots, neither sampling time nor vari-
ety affected relative abundance of AM fungi (Table 3). In soil, sampling
time was the main factor describing relative abundance of AM fungi
(Table 3), with significantly highest values at the senescence (SSC) stage
and lowest values before potato plants emerged (BEM stage), and at
flowering stage (FL)(Figure 4).
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Figure 4. Relative abundance of AM fungi from all fungal sequences at different phe-
nological plant growth stages in soil. Different letters above the plots indicate statisti-
cally significant differences at P < 0.05 among treatments. BEM — before emergence;
FL - plant flowering stage; SSC — plant senescence.
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Table 3. Effects of cultivar, sampling time, and their interaction on the relative abun-

dance of AM fungi in soil and roots.

Sample type Variable df  R’dj Pseudo F P

Roots Cultivar 20 0 0.82 0.681
Time 1 0.009 2.13 0.148
Cultivar x Time 20 0 0.94 0.545
Replication block 2 0.022 2.33 0.104

Soil Cultivar 20 0 0.75 0.763
Time 2 0.078 8.54 <0.001***
Cultivar x Time 40 0 0.91 0.622
Replication block 2 0.005 1.50 0.227

df — degrees of freedom; R’adj — adjusted R Pseudo F— pseudo-F statistic; P — probability value.

#*P < 0.001; **P < 0.01; *P < 0.05.

5.4. Plant genotype, associated pathogens, and potato
developmental phase

In roots, the potato cultivar was the main factor determining pathogen
community composition (£ < 0.001, R*adj = 0.130; Table 4). Conversely,
in soil, sampling time was the main factor describing fungal pathogen

community composition (Table 4).

Table 4. Effects of cultivar, sampling time, and their interaction on the pathogenic

fungal community composition in roots and soil.

Sample type Variable df R?adj Pseudo F P

Roots Cultivar 20 0.130 2485  <0.001***
Time 1 0.077 13.088 0.098
Replication block 2 0.004 1.689 0.040*
Cultivar x Time 20 0.004 1.378 0.004**
Cultivar x Field 40 0 0.916 0.793
Time x Field 2 0 1.088 0.369

Soil Cultivar 20 0.004 1.135 0.144
Time 2 0.102 9.125 0.004**
Replication block 2 0.0109 2.513 0.001**
Cultivar x Time 40 0 1.139 0.079
Cultivar x Field 40 0 1.132 0.087
Time x Field 4 0.003 1.438 0.053

df — degrees of freedom; R*adj — adjusted R* Pseudo F — pseudo-F statistic; P — probability value.

**P < 0.001; **P < 0.01; *P < 0.05.
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The highest proportion of variance in relative pathogen abundance in roots
was explained by sampling time (F, g, = 66.79, R?*adj = 0.296, P < 0.001;
Table 5), with higher relative pathogenic fungal abundance in the senes-
cence (SSC) stage compared to flowering (FL) stage (Figure 5C). Cultivar
also had a significant effect on pathogenic fungal abundance (F,y s, = 1.81,

Table 5. Effects of cultivar, sampling time, and their interaction on the relative abun-
dance of plant pathogenic fungi in soil and roots.

Sample type Variable df  R’dj Pseudo F P

Roots Cultivar 20 0.004 1.8 0.033*
Time 1 0.296 66.8 <0.001***
Cultivar x Time 20 0 1.1 0.333
Replication block 2 0.048 7.0 0.002**

Soil Cultivar 20 0.011 1.7 0.043*
Time 2 0.250 37.7 <0.001***
Cultivar x Time 40 0 1.4 0.068
Replication block 2 0 0.8 0.459

df — degrees of freedom; R’adj — adjusted R Pseudo F— pseudo-F statistic; P — probability value.
#*P < 0.001; **P < 0.01; *P < 0.05.
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Figure 5. Results of a general linear model estimating the species richness and relative
abundance of pathogenic fungi in root (A, C) and soil (B, D). Different letters above the
plots indicate statistically significant differences at P < 0.05 among treatments.
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R?adj = 0.004, P = 0.033; Table 5), with Rosagold having a significantly
higher fungal pathogen abundance than Catania (Table S8, II).

Sampling time had the strongest effect on soil pathogen abundance
(Table 5), with highest values at the senescence (SSC) stage and lowest
values before potato plants emerged (BEM stage) (Figure 5D). Cultivar
had a significant effect on soil pathogenic fungal abundance (F,,,4 =
1.69, R%adj = 0.011, P = 0.004; Table 4), which was non-significant in
post hoc analyses.

In root samples, Plectosphaerella cucumerina (12.7%), Microdochium sp.
(7.2%), Fusarium sp. (6.2%), and Rhizoctonia sp. (teleomorph: Thanate-
phorus sp., 5.2%) were the most abundant pathogen taxa (Figure 6A).
Similarly to the overall pathogen abundance in root samples, sampling
time had the strongest influence on the relative abundance of P cucume-
rina (F, g, = 66.40, R*adj = 0.284, P < 0.001), which peaked at the
senescence (SSC) stage (Table 6). Cultivar also had a significant effect on
P, cucumerina abundance. Post hoc analyses revealed a marginally greater
P cucumerina abundance (Table 6) in Rosagold and Esmee compared with
Fontane (II). Of the other most dominant pathogenic fungi in potato
roots, cultivar had the strongest influence on the relative abundance of

Table 6. Relative abundance (%) of the four most dominant pathogenic OTUs from
potato roots and soil sampled in different time points.

) Time P values from GLM analysis
OTU No. Closest hit
BEM FL SSC Cult Ti Cult x Ti
Roots
OTU_1087  Plectosphaerella NA 3.0 (x1.69) 22.6 (£1.69) * *** NS
cucumerina
OTU_578  Microdochium sp. NA 6.9 (x0.80) 7.4 (x0.80) NS NS NS
OTU_1330  Fusarium sp. NA 52(0.9) 7.2(x09) NS NS NS
OTU_19032 Rhizoctonia sp. NA 1.8 (£1.8) 8.7 (x1.8) ** ** NS
Soil
OTU_L1179  Gibellulopsis 3.6 (0.5) 5.3 (#0.5) 6.6 (¥0.5) NS ** NS
nigrescens
OTU_1087  Plectosphaerella 1.0 (+0.3) 1.7 (x0.3) 4.6 (x0.3) NS ** NS
cucumerind

OTU_2317 Didymellaceae sp. 1.0 (+0.2) 1.2 (x0.2) 2.1 (x0.2) NS *** NS
OTU_1330  Fusarium sp. 0.7 (#0.1) 1.0 (¥0.1) 1.0(x0.1) * NS NS

Ti — time; BEM — before emergence; FL — plant flowering stage; SSC — plant senescence;
Cult — cultivar. ***P <0.001; **P < 0.01; *P < 0.05.
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Rbizoctonia sp., that again increased with time (Table 6). Post hoc analy-
ses revealed a marginally higher abundance of Rhizoctonia sp. in roots of
the cultivars Merlot, Concordia, Solist, Manitou, Karlena, and Glorietta,
compared to those of Laudine, Rosagold, Excellency, Viviana, Bellefleur,
Fontane, Antonia, Mariska, Madeleine, Champion, Esmee, Erika, and
Arielle, which showed almost no occurrence of Rhizoctonia sp. (II).

In the soil samples, Gibellulopsis nigrescens (5.2%), P cucumerina (2.4%),
Didymellaceae (1.4%), and Fusarium sp. (0.9%) were the most abundant
pathogen taxa (Figure 6B). The relative abundance of G.nigerescens was
affected by sampling time (F, |,,=9.34, R%adj = 0.071, < 0.001; IT), with
lowest abundance before potato plants emerged (BEM stage) compared
to flowering (FL) and senescence (SSC) stages (Table 6). This pattern also
revealed for other most abundant pathogen taxa, P cucumerina (F, |, =
32.70, R*adj = 0.251, P < 0.001; II) and Didymellaceae sp. (F,,, = 10.5,
R?adj = 0.103, P < 0.001; II). The lowest 2 cucumerina abundance was
observed before plants emerged compared to flowering (FL) and senes-
cence (SSC) stages (Table 6). The lowest Didymellaceae sp. abundance
was observed at both before potato plants emerged (BEM) and at the
flowering (FL) stage compared to the senescence (SSC) stage (Table 6).
In contrast, cultivar was the only significant variable affecting Fusarium
sp. abundance (Table 6), but post hoc analyses revealed that Fusarium sp.
abundance in soil near the roots of the cultivar Merlot was only margin-
ally higher than that of Karlena (II).
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= Microdochium sp. = Fusarium sp.
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Figure 6. Taxonomic composition of fungal pathogens in roots (A) and soil (B) in differ-
ent sampling times across all cultivars and replication blocks. BEM — before emergence;
FL - flowering stage; SSC — senescence stage.
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5.5. Pathogenic fungal richness

The highest proportion of variance in pathogenic fungal richness in roots
was explained only by cultivar (Table 7). Post hoc analyses showed that
the cultivar Glorietta had significantly higher pathogen richness than
the cultivars Viviana, Concordia, and Solist, with no significant differ-
ences among other pairwise comparisons (Figure 7). In contrast, the

Table 7. Effects of cultivar, sampling time, and their interaction on the richness of plant
pathogenic fungi in soil and roots.

Sample type Variable df R?adj Pseudo F r

Roots Cultivar 20 0.176 2.3 0.004**
Time 1 0 0.6 0.437
Cultivar x Time 20 0 1.0 0.464
Replication block 2 0.002 1.4 0.259

Soil Cultivar 20 0 0.6 0.908
Time 2 0.234 28.5 <0.001***
Cultivar x Time 40 0 0.99 0.492
Replication block 2 0 1.2 0.326

df — degrees of freedom; R?adj — adjusted R% Psendo F— pseudo-F statistic; P — probability value.
P <0.001; *P<0.01; *P < 0.05.
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Figure 7. Results of a general linear model estimating the effect of cultivar for root
fungal pathogen richness (indicated as standardized species richness) collected across
all sampling times and replication blocks. Bars represent standard error. Different let-
ters indicate statistically significant differences between cultivars (Tukey HSD post hoc
tests, P < 0.05).
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highest proportion of variance in soil pathogen richness was explained
only by sampling time (Table 7), with the senescence (SSC) stage exhib-
iting higher richness compared to FL stage or time before potato plants

emerged (Figure 5B).

5.6. MinION tool for ultrarapid pathogen identification

To test the suitability of the third-generation sequencing device Minl[ON

for rapid plant fungal pathogen detection, several ONT (Oxford Nanopore

Technologies) MinION runs (i, j, k, |, m, n) were performed (Table 1). In

particular, the lysis and centrifugation time in DNA extraction and purifi-
cation protocols and sequencing time were reduced (Table 8). Depending
on the time used for DNA extraction, DNA purification, sequencing, and

bioinformatics, the minimum pathogen detection time for the plant tissue

sample was 84 minutes, whereas the maximum speed indicates the most
successful steps of pathogen diagnostics experiments (Figure 8).

For the first run ONT2i, bead beating combined with Phire lysis and
FavorPrep purification was used to obtain DNA from a single diseased
S. tuberosum tuber sample with 7. cucumeris symptoms. After 150 min of

Table 8. Details of the rapid pathogen diagnostics experiments using the MinlON
instrument.

Sample/ | Samples (n) Detected pathogen / Disease symptom | Total

Run pathogen abundance analysis

(min) time
(min)

ONT2i | Solanum tuberosum | Thanatephorus cucumeris | Black sclerotia 150

(50) tuber (4.1%) on tuber

ONT2j | Solanum tuberosum | Phytophthora infestans Dark circular 534

(5) leaf (0.015%) lesions on leaves

ONT2k | Cucumis sativa Fusarium aft. fujikuroi Wilted roots 224

(30) roots (0.12%)

ONT2l | Cucumis sativa Albugo laibachii White powdery | 247

(5) leaf (0.2%) spots on leaves

ONT2m | Cucumis sativa None White powdery |ND?

(60) leaf spots on leaves

ONT2n | Solanum tuberosum | Rhizoctonia solani Dark brown 191

(4) stem (2.0%) lesions on stem

2 ND, not determined because AMPure purification was performed on a subsequent day.
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Work DNA DNA Sequencing Bioinfor- 3;(();3(1
flow extraction purification run matics flow

15 min 25 min 4 min 40 min 84 min
speed

Figure 8. Schematic overview of maximum potential speed of rapid pathogen diagnos-
tics in this study under optimal conditions using metagenomics approaches with the
MinION instrument. Note that the time used here was compiled across the successful
runs and does not indicate any individual analyses.

analyses, MinION sequencing revealed Lycopersicon esculentum (tomato;
72.2% of sequences), S. tuberosum (14.4%), and 1. cucumeris (4.1%) as
the only putative pathogens, which matched the symptoms and were
confirmed by Sanger sequencing that revealed 7 cucumeris (all four sub-
samples) and Pyronemataceae sp. (two subsamples; Ascomycota).

For the ONT?2j run, potato plants inoculated with a suspension of Phyroph-
thora infestans and Boeremia exigua isolates were used. With an analysis
time of 534 minutes, due to contamination and absence or marginal
abundance of the two inoculated pathogens, this MinION run was con-
sidered unsuccessful.

After 224 min of analyses, the ONT2k run of wilted cucumber (Cucumis
sativus L.) roots was dominated by L. esculentum, a contaminant from
the previous run (43.9%), followed by C. sativus (11.9%) and C. melo
(11.8%). Apart from the pathogen Fusarium aft. fujikuroi (0.12%), the
microbiome was dominated by bacteria Rhodanobacter denitrificans
(3.8%) and Pseudomonas aff. umsongensis (1.6%), all of which were unde-
tected in the previous run. Neither symptoms nor Sanger sequencing
allowed to confirm that fusariosis caused wilting.

A diseased C. sativus leaf with white powdery infection that by symptoms
defined as Podosphaera xanthii was used for the ONT2I run. After 247
min of analyses, MinION sequencing revealed that C. sativus (58.7%)
and C. melo (27.5%) dominated, but only a single putative pathogen,
Albugo laibachii, was present. However, Sanger sequencing of the same
sample revealed Peronospora violae instead, along with an unidentified
mite (Acari).
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For the ONT2m run, the DNA of sample used for ONT2I was further
purified using AMPure XP beads. In this run, flow cell loading resulted
in a very low accumulation of sequences. Bioinformatics analysis revealed
C. sativus (40.4%) and C. melo (34.6%) but no putative pathogens
among the 104 quality-filtered sequences.

For the ONT2n run, a diseased S. ruberosum stem sample with visible
1" cucumeris infection was powdered in liquid N,, and DNA was extracted
using (NH,),SOj lysis, followed by double purification with FavorPrep
and AMPure XP beads to rule out the possibility that the latter procedure
inhibited the last run. On a new flow cell, sequences accumulated rapidly,
after 191 min of analyses, revealing L. esculentum (75.4%), Pseudomonas
sp. (16.7%), and the putative pathogen 7. cucumeris (2.0%) that matched
the symptoms previously defined as 7. cucumeris.
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6. DISCUSSION

6.1. Mycorrhizal symbiosis of potato

In this thesis, the patterns of potato root AM fungal colonization in
response to fertilizing treatments in the conventional and organic farm-
ing systems and plant host to AM fungal compatibility are reported (I,
ID). In general, the findings demonstrate that although potato roots have
greater AM fungal colonization levels under organic than conventional

farming (I), the mycorrhizal potential dependence of potato is very low
(I, II).

The present work showed that there is a sufficient amount of AM fun-
gal inoculum both in the organic and conventionally fertilized field soil.
However, the colonization of potato roots by AM fungi was extremely
low in both management types. Compared with potato, roots of the
trap plant narrowleaf plantain showed considerably higher AM fungal
colonization, indicating that the field soils were not exhausted of AM
fungi (I). In contrast to the present work, a study conducted in the Peru-
vian Andes (Senés-Guerrero et al. 2014) showed that potato fields harbor
a high AM fungal diversity, which could be explained by the low-input
management system. However, a study conducted in Italy (Cesaro et al.
2008) corroborated my work (I), indicating low proportion of potato root
system colonized in the field.

In study I, AM fungal root colonization tended to be higher in the organic
farming systems both in field-grown potato roots and in plantain roots.
The lower AM fungal colonization in the conventional farming system
can be explained by lower fresh organic matter input and higher phos-
phorus content. These data are broadly consistent with the major trends
of AM fungal abundance decline in response to P fertilization (Liu et al.
2020; Treseder 2004). There is clear evidence that with increasing P avail-
ability, plants become less dependent on AM fungi and down-regulate
their mycorrhiza formation (Smith and Read 2008).

Study I showed that potato roots are not prone to mycorrhization in
high-input farming systems, which could be explained by evidence that
newer plant cultivars tend to have lower AM fungal root colonization
(Garcia de Ledn et al. 2020; but see Lehmann et al. 2012). To test this
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further, study IT was conducted to assess differences in fungal community
structure, including AM fungi, both within roots and in soil, of 21 potato

cultivars. The results of this study showed that of all sequences, AM fungi

accounted for 0.6% and there were no significant differences among
cultivars. The results of study II confirm that modern potato cultivars

grown in high-input farming systems have low mycorrhizal dependence

(Lehmann et al. 2012). The results are also in agreement with a crop rota-
tion study by Soonvald et al. (2020), which showed that potato grown in

plots with higher soil fertility had significantly lower AM fungal diver-
sity compared to wheat and barley. Thus, potato crop differs from most
cereal crops in responsiveness to AM fungi, possibly because potato has

the greatest demand for fertilizers and pesticides compared with other
agricultural crops. Study II also clearly showed that in commercial potato

field, at the end of the growing season, the relative abundance of AM

fungi is significantly higher compared to the beginning of the growing
season. That can be explained by the adverse effect of multiple sequential

agrotechnical operations carried out during the growing period. Also, the

potato plant, a crop with a short life span from planting to maturity, may
stop growing before AM fungi recover from soil disturbance. To date,
commercialization of AM fungi has gained popularity, but before their
extensive use in potato production, practitioners should consider the fact
that under high P supply and higher levels of soil disturbances, both in
organic and conventional farming, plants potentially depend and benefit
little from AM symbiosis, and thus show low root colonization levels.

6.2. Diversity of soilborne phytopathogenic fungi

Seasonal and cultivar-driven changes of soilborne phytopathogenic fun-
gal communities in conventional potato production, both within roots
and in soil, were studied for the first time on a large number of potato
cultivars using high-throughput sequencing (II). The cultivar influenced
the root-pathogenic fungal richness and community composition more
than the sampling time or sampling time and cultivar interaction. Addi-
tionally, cultivar had a significant effect on the relative abundance of root
fungal pathogens. However, only two cultivars, Rosagold and Catania,
differed from each other based on a post hoc test (II). The cultivar effect
on pathogenic fungal richness and abundance can be explained by dif-
ferent susceptibility of crop cultivars to various diseases and their expres-
sion under certain environmental conditions. Contrary to the pattern of
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root-pathogenic fungal richness, the highest proportion of variance in
relative pathogen abundance in roots was explained by sampling time.
The relative pathogen abundance in roots was higher in senescence stage
compared to flowering stage (II). This is in line with studies indicating
that aging affects immunity in plants (Sharabani et al. 2013). Gener-
ally, seedlings and senescent plants are more prone to pathogen infection,
whereas in the middle of growth period, plants have a more developed
root epidermis that does not allow the penetration of fungal hyphae into
the root.

Soil pathogen richness, relative abundance, and community composi-
tion were explained by sampling time but not cultivar. Higher richness
occurred in the senescent stage compared to the beginning of growth
season or flowering stages (II). The higher pathogen abundance was evi-
dent again at the SSC stage (II). This can be explained by root exudates
that can inhibit or stimulate the microbial growth (Baetz and Martinoia
2014; Lekota et al. 2020).

6.3. Factors affecting the abundance of
dominant fungal pathogens

The factors affecting the abundance of dominant fungal pathogens, both
within roots and in soil, were studied for the first time on a large number
of potato cultivars using high-throughput sequencing (II). The present
work shows that depending on the specific fungal pathogenic taxa, the
pathogen abundance in potato roots can be affected by plant growth
stage and/or cultivar. This is in line with studies indicating that potato
cultivars differ in their ability to defend themselves against different soil-
borne pathogens (Sedldkovd et al. 2013; Yanar et al. 2005). However, this
pattern revealed only two most abundant pathogen taxa, P cucumerina
and Rhizoctonia sp. (II), of which only the latter is a widespread pathogen
taxa of potato (Tsror 2010). The high abundance of these taxa can be
explained by their strategy of invading and colonizing the host, and sub-
sequently shifting to the necrotrophic stage (Pétriacq et al. 2016; Zrenner
et al. 2020). Similarly to overall pathogen abundance in root samples,
sampling time had the strongest influence on the relative abundance
of P cucumerina, which peaked at the SSC stage. Again, this could be
explained by its hemibiotrophic lifestyle. There was also a marginally
greater abundance of P cucumerina in the roots of the cultivars Rosagold
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and Esmee compared to Fontane (II). Interestingly, this is the first report
of high abundance and cultivar specificity of Plectosphaerella cucumerina,
which is better known as a root pathogen of many other plant species
(Carlucci et al. 2012).

Among the dominant soilborne pathogens, Rhizoctonia sp. abundance
was strongly influenced by cultivar. The results of this study showed
that Rbizoctonia sp. abundance was marginally higher in the roots of
the cultivars Merlot, Concordia, Solist, Manitou, Karlena, and Glorietta.
In these cultivars, the relative abundance of Rhizoctonia sp. increased
with time. Conversely, Laudine, Rosagold, Excellency, Viviana, Bellefleur,
Fontane, Antonia, Mariska, Madeleine, Champion, Esmee, Erika, and
Arielle showed almost no occurrence of Rhizoctonia sp. (I). Interestingly,
according to the information provided by the breeding company Norika
(Norika GmbH), the cultivar Merlot has high resistance to Rhizoctonia sp.
Nevertheless, this study found that Merlot showed marginally stronger
abundance of Rhizoctonia sp. than other cultivars. Furthermore, in this
field trial, at the end of the growing period, plants with nests of small-
sized tubers caused by R. solani were only observed on Merlot. This
finding highlights the importance of breeding for disease resistance as an
important strategy for reducing crop losses caused by crop diseases.

The analyses conducted in this study revealed that among most abundant
pathogenic taxa in potato field soil, Gibellulopsis nigrescens, P cucume-
rina and Didymellaceae sp. abundance were affected by sampling time,
with lowest abundance in the beginning of the growing season (II). The
present work showed that in the crop rotation context, P cucumerina
needs further attention as a root-invading pathogen of potato. The abun-
dance of Fusarium sp. in soil was only marginally affected by cultivar (II).
The results demonstrate the potential role of root exudates of different
cultivars that may shape the composition of soil microbiome, including
the suppression of soil pathogens.

In general, the findings of this study demonstrate that the occurrence
of major pathogens may strongly vary among potato cultivars. Overall,
the results demonstrate that in roots, cultivar can be the primary factor
determining pathogen community composition.
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6.4. Rapid molecular diagnostics of plant pathogens

Under increasing threat of plant disease outbreaks, the speed of detection
of plant disease agents is essential to avoid large-scale crop losses. There-
fore, the capacity of the third-generation sequencing device MinION
for ultrarapid pathogen identification was tested with plant tissues (III).
The present work showed that, although multiple quality issues were
detected in MinION runs, accurate molecular identification from sample
preparation to taxonomic interpretation may take as little as 2.5 h using
nanopore sequencing in the metagenome mode (Table 7). Compared to
a previous study by Schmidt et al. (2017), where identification of bacte-
rial human pathogens was performed in 4 h, this work showed that the
nanopore analysis work flow for plant tissues can be potentially reduced
to <2 h. Multiple other human pathogen studies report on running the
full analysis work flow in 1 day (Charalampous et al. 2018; Quick et al.
2016; Votintseva et al. 2017). These diagnostics rates of MinlON cannot
be beaten by instruments of other HTS platforms that require several
hours for library preparation and at least one day for sequencing (Reuter
et al. 2015).

Still, care needs to be taken to account for multiple potential technical
biases. First, it is required that the DNA is easily extractable in high
quantity and purity (Tomlinson et al. 2010), amplification is performed
by methods alternative to those of conventional slow polymerases (Not-
omi et al. 2015), nanopore library preparation follows methods for rapid
library kits, and the sequencing process is limited to ca. 15 min after
obtaining a critical number of reads (Votintseva et al. 2017). MinION
diagnostics tool has great potential for rapid diagnostics of pathogens and
potentially other organisms, but caution should be exercised to control
or account for multiple potential technical biases such as low accumula-
tion of sequences and high contamination risk from a previous run.

In metagenomics analyses, a key limitation of the MinlON approach is
poor availability of reference genomes, because species with available
genomes have a much greater chance of accumulating hits than species
with no available genomes. This is in line with previous studies (Ashikawa
et al. 2018; Kilianski et al. 2015), which showed that MinION is well
suited to diagnostics of human pathogens that are well-known and well-
referenced in public sequence databases. Trials presented in study III
revealed that shortened DNA extraction protocols may yield lower quality
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and quantity of DNA, whereas culled incubation and centrifugation
steps in library preparation may result in dilute and poorly indexed librar-
ies overrepresented by short fragments. Although this study successfully
identified microorganisms from S. ruberosum using a library 13-fold more
dilute than recommended, it may be useful to add a certain amount of
so-called carrier DNA to secure preparation of high-quality libraries

(Mojarro et al. 2018).
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7. CONCLUSIONS

Study I confirmed the first hypothesis according to which potato roots
have greater AM fungal colonization levels under organic than conven-
tional farming. The present work also showed that there was a sufficient
amount of AM fungal inoculum both in the organic and conventional
field soil. However, the colonization of potato roots by AM fungi was
extremely low in both management types. Therefore, it can be assumed
that the tested cultivar may be relatively little dependent and little ben-
efitting from mycorrhizal symbiosis. There are several contradictory stud-
ies on this topic, and the current study explored only one potato cultivar.
Thus, the results cannot be extrapolated to other cultivars.

The second hypothesis that AM fungal community composition, rich-
ness, and relative abundance in root and soil differ among plant growth
stages and across the potato cultivars was partly proven in study II. Due
to no detection of AM fungi in several samples, the analysis does not
enable to determine AM fungal species richness and community com-
position of different potato cultivars. Nevertheless, it can be concluded
that modern potato cultivars growing in the high-input farming system
may be relatively little dependent and little benefitting from mycorrhizal
symbiosis. In addition, the results showed that at the end of the grow-
ing season the relative abundance of AM fungi in the soil is significantly
higher compared to the beginning of the growing season, which may
reflect possible adverse effects of multiple sequential agrotechnical opera-
tions on AM fungi.

Of the other part of the second hypothesis that pathogenic commu-
nity composition, richness, and relative abundance in root and soil dif-
fer among plant growth stages and across the potato cultivars was fully
confirmed in study II. The relative abundance of pathogenic fungi was
different between plant growth stages and cultivars in soil and roots. In
roots, a pathogenic fungal richness and community composition were
different between cultivars. In soil, the community composition of puta-
tive pathogenic fungi changed significantly over time.

The third aim, testing the MinION device for rapid plant fungal patho-

gen detection, was partly successful. As a scientific novelty, the author
found that MinION can be utilized for rapid and accurate identification
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of dominant pathogenic organisms from plant tissues. The study clearly
demonstrated that the MinION device is well suited for rapid PCR-free
diagnosis of fungal pathogens and other eukaryotic organisms, which
may take as little as 150 min from sample preparation (including DNA
extraction, library preparation, sequencing, and bioinformatics) to data
interpretation (IIT). However, care should be taken of a number of pos-
sible limitations that might lead to misdiagnosis. Shortened DNA extrac-
tion protocols may yield lower quality and quantity of DNA, resulting in
the pathogen remaining undetected. A major drawback of this approach
is some contamination from the previous MinION run. In addition, care
should be taken to secure profound reference sequence data to avoid
misdiagnosis.

This is the first time that in depth information about the diversity, abun-
dance, and community composition of putative pathogenic fungi and
symbiotic AM fungi in potato fields in Estonia is presented. The find-
ings are of direct practical relevance, demonstrating that AM fungi are
present in the current conventional potato production systems, but pota-
toes exhibit low root colonization levels. In order to benefit from AM
fungi in potato cultivation, a potato growing technology that involves
less soil disturbances could be used. Also, the results of this thesis indicate
the importance of plant breeding, concerning disease resistance. Moreo-
ver, the results of this study offer useful and novel implications for rapid
pathogen diagnostics that may help to avoid large-scale crop losses caused
by new emerging pathogens that are undetectable by symptoms.
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SUMMARY IN ESTONIAN

SUMBIONTSED JA PATOGEENSED SEENED EESTI
KARTULIKASVATUSES

Muld on elupaigaks miljonitele mikroorganismidele, kes voivad taimede
kasvu mojutada nii positiivselt kui ka negatiivselt. Taimedele kasulikud
mikroorganismid pakuvad olulisi 6kosiisteemiteenuseid, mida saaks edu-
kalt dra kasutada sddstvas taimekaitses. Teadmised kahjulike mikroorga-
nismide kohta aitavad leida viise, kuidas vihendada nende ulatuslikku
levikut ja seeldbi ka majanduslikku kahju. Ent uute jitkusuutlike stratee-
giate edendamiseks ja sealhulgas mikroobikoosluse edukaks kasutamiseks
pollumajanduses, tuleb rohkem teada péllu mullaelustiku kohta.

Kartul (Solanum tuberosum L.) on teiste pollukultuuridega vorreldes hai-
gustele viga vastuvotlik. Seetottu kujutavad taimehaigused kogu maailma
kartulitootmisele tosist ohtu. Lisaks on kliimamuutuste ja vaba turuma-
janduse tingimustes muutunud iisna tavaliseks paljude erinevate patogee-
nide levimine uutele aladele ja kohanemine uute peremeestaimedega. Sel
pohjusel on péllukultuurid, sealhulgas kartul, muutuvates oludes uutest
taimekahjustajatest eriti ohustatud. Nende muutuste taustal on teadlas-
tele viga oluline teada saada, kuidas kaitsta pollukultuure, sealhulgas kar-
tulit, taimekahjustajate eest, sealjuures loodust kunstlike sisenditega iile
koormamata.

Enamiku maismaataimede juured moodustavad mullas elavate krohm-
seentega arbuskulaarset miikoriisat (AM). AM-seened parandavad taime-
del toitainete omastamist, soodustavad taimede kasvu ja pakuvad kaitset
nii biootilise kui ka abiootilise stressi eest. Hoolimata neist teada olevatest
kasulikest omadusest, puuduvad siiski pohjalikud teadmised, kuidas AM-
seeni keskkonda siddstvas kartulikasvatustehnoloogias edukalt kasutada.
Varasemalt on katsetood keskendunud peamiselt 7z vitro uuringutele,
mille tulemused ei pruugi peegeldada paljude muude méjutustega pol-
lutingimusi. Kuna traditsiooniline kartulikasvatustehnoloogia sisaldab
kasvuhooajal mitmeid jérjestikuseid voimalikke hiiringuid pohjustavaid
mullaharimisvotteid ja pestitsiiditootlusi, siis on tarvidus neis tingimus-
tes tipsemalt uurida seenekoosluse muutusi erinevatel taime kasvuetap-
pidel, leidmaks optimaalsemaid lahendusi sddstva, ent majanduslikult
jatkusuutliku kartulikasvatustehnoloogia loomisel. Lisaks on teada, et
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kartulisordid on haiguskindluse poolest erinevad, kuid kartuli juurtega
siimbioosi moodustavate AM-seente voimaliku sordispetsiifilisuse kohta
on vihe andmeid. Aretusprogrammides on jdrjest olulisemaks muutunud
haiguskindlate sortide aretus, kuid teadaolevalt ei ole aretusprogrammi-
desse kaasatud miikoriisaseeni.

Mikroobikoosluse kohta tipsema teabe saamiseks on esmatihtis tootada
vilja kiired ja tdpsed patogeenide taimekoest tuvastamise meetodid. Eriti
oluline on taimepatogeenide tuvastamine presiimptomaatilises staadiu-
mis, kuna see aitaks viltida taimehaiguste epideemiaid. Haigustekitajate
tuvastamine asiimptomaatilistest materjalidest, niiteks kartulimugula-
test, on aga ddrmiselt keeruline, sest alguses puuduvad haigusele iseloo-
mulikud siimptomid ning patogeeni hulk proovis voib olla viga madal.
Poliimeraasi ahelreaktsioonil (PCR), niiteks tavapirasel PCR-il ja kvan-
titatiivsel PCR-il (qQPCR) pohinevate taimepatogeenide midramise mee-
todite kasutuselevott on parandanud taimehaiguse tipsema identifitsee-
rimise voimet ka siis, kui proovis on patogeeni hulk viike. Siiski on PCR-
tehnoloogia tisna aecganoudev ning meetodit ei saa kasutada laboriviliseks
kiireks diagnoosimiseks. Samuti ei suudeta nende meetoditega tihtipeale
tuvastada taimehaiguste kompleksset esinemist. Seetottu on kaasaaegse
pollumajanduse iiks suuremaid viljakutseid just selliste tehnoloogiate
arendamine, mis voimaldaksid taimehaiguseid méirata koheselt p6llul.

Kiesolevas to0s analiiiisitakse Eesti traditsioonilise kasvatustehnoloogiaga
kartulipoldudel kartulijuuri ja mulda asustavate patogeensete seente ja
taimedega siimbioosis kasvavate AM-seente mitmekesisuse niitajaid ning
nende seoseid taime kasvufaasi ja sordiga. T66 raames miirati kindlaks
kartulijuurte AM-seentega koloniseerituse ulatus ning vorreldi AM-seente
inokulatsiooni ulatust tava- ja mahepoéllumajanduse viljelussiisteemis.
Doktoritod teises osas kisitletakse t66 raames vilja tootatud tlikiireid
protokolle taimekoest patogeenide tuvastamiseks.

T66 eesmirgid:

1. Selgitada viljelusviisi (tava- ja mahepdllumajandus) moju AM-seente
kolonisatsioonile taimejuurtes (I).

2. Hinnata kartulisordi moju AM-seente ja patogeenide liigirikkusele,
suhtelisele ohtrusele ja liigilisele koosseisule nii juurtes kui ka mul-
las (IT).

3. Testida taskusekvenaatori MinION sobivust iilikiireks taimepatogee-
nide diagnostikaks (III).
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T66 hiipoteesid:

1. Tavaviljelusega vorreldes on maheviljeluses AM-seentega kolonisee-
rituse ulatus korgem.

2. AM-seente ja patogeenide liigirikkus, suhteline ohtrus ning liigiline
koosseis kartulijuurtes ja mullas sdltub taime kasvufaasist ja kartuli-
sordist.

Materjal ja metoodika

Selleks, et selgitada, kas ja kuidas mojutavad erinevad viljelusstisteemid
(tava ja mahe) kartuli juurte AM-seente kolonisatsiooni, koguti 2010.
aasta kasvuhooajal Eesti Maaiilikooli tava-mahe stisteemi vordluskatsest
kartuli juureproovid (I). Poldkatse mullas leiduvate AM-seente inokulum-
potentsiaali hindamiseks rajati noukatse siistlehise teelehega (Plantago
lanceolata 1..). Kartuli ja siistlehise teelehe juureproovidest midrati mikros-
koobiga AM-seente kolonisatsiooni ulatus.

Kartulijuurtes ja mullas leiduvate patogeensete ja siimbiontsete miikoriisa-
seente mitmekesisusniitajate hindamiseks ning kartulisordi ja juuri asus-
tavate seente voimaliku spetsiifilisuse selgitamiseks rajati 21 kartulisordiga
poldkatse, kust koguti 2014. aasta (II) kasvuhooajal juure- ja mullaproo-
vid, mida analiitisiti kasutades jargmise polvkonna sekveneerimistehno-
loogiat.

Uudse taskusekvenaatori MinION abil taimekoest ultrakiireks patogee-
nide tuvastamiseks (III) koguti 2018-2019 aasta kasvuhooajal nihtavate
taimehaiguste siimptomitega taimi ning seejirel analiiiisiti neid muutes
tooetappe.

Tulemused

T66 tulemused (I) kinnitasid esimest tochiipoteesi — AM-seente koloni-
satsioonitase oli maheviljeluses korgem kui tavaviljeluses. Samas selgus, et
molemas stisteemis oli siiski piisaval hulgal AM seeneleviseid selleks, et
moodustada siimbioosi mudeltaimeks olnud siistlehise teelehega (Plantago
lanceolata L.). Kuigi AM-seente kolonisatsioonitase oli antud katsetes
monevorra korgem maheviljeluse poldudel, oli kartulijuurte kolonisat-
sioon moélema viljelusviisi puhul siiski viga madal. Sellest voib jireldada,
et testitud kartulisort Reet voib AM siimbioosist vihe soltuda.
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Teine to6hiipotees leidis uuringu tulemusena vaid osalise toestuse, sest
kartulijuurte ja pollumulla DNA sekveneerimistulemusi analiitisides sel-
gus, et paljudes proovides ei leidunud AM-seente DNA jirjestusi. See-
tottu ei olnud voimalik tdpsemalt analiiisida ka AM-seente liigirikkuse
ja koosluse mustreid. Saadud tulemustest jareldub, et korge sisendiga pol-
lumajandusstisteemis kasvavatel tinapidevastel kartulisortidel on madal
AM-seentega koloniseerituse ulatus (IT). Lisaks selgus, et kasvuperioodi
16pus on pollumulla AM-seente suhteline ohtrus vorreldes kasvuperioodi
algusega oluliselt korgem. Selle pohjuseks voib olla kasvuperioodi alguses
labiviidavate mitmete jarjestikuste agrotehniliste votete selline voimalik
negatiivne moju, kus mullas looduslikult eksisteerivate AM seente ja lithi-
kese kasvuajaga kartulitaime vahel ei saa siimbioos moodustuda.

Hiipoteesi teine osa, kus viideti, et patogeenide liigirikkus, suhteline oht-
rus ning liigiline koosseis kartulijuurtes ja mullas s6ltub kasvufaasidest
ja kartulisortidest, leidis katsete kdigus kinnitust (II). Sekveneerimisel
tuvastatud patogeensete seente suhteline ohtrus juurtes ja mullas s6ltus
nii taime kasvufaasist kui ka kartulisordist. Lisaks selgus, et kui juurte
patogeensete seente liigirikkust ja liigilist koosseisu mojutas kartulisort,
siis mulla patogeensete seeneliikide koosseisu moéjutas taime kasvufaas.
Seega lubavad antud t66 tulemused jireldada, et taimesortide geneetiline
mitmekesisus pollul voib aidata luua pollukultuure ohustavatele patogee-
nidele vihem soodsa keskkonna ja seeldbi aidata luua jatkusuutlikuma
agrookostisteemi.

Taskusekvenaatori MinION testimine taimepatogeenide kiireks tuvas-
tamiseks osutus osaliselt edukaks. Antud t66 tulemusena leiti teadusele
uudsena, et MinlON-i saab kasutada taimekoes domineerivate patogee-
nide kiireks ja tipseks tuvastamiseks. Uuringu tulemused niitasid selgelt,
et MinION sobib histi nii seenhaiguste kui ka teiste eukariiootsete pato-
geenide kiireks PCR-vabaks diagnoosimiseks (III). Siiski tuleb olla ette-
vaatlik mitmete voimalike analiiiisimisel ette tulevate korvalekallete suh-
tes. Niiteks voivad lithendatud DNA eraldusprotokollid anda madalama
DNA kvaliteedi ja koguse, mistottu voib patogeen iiletildse médramata
jadda. Lisaks voib MiniON-i puuduseks olla proovide ristsaastumine.
Nimelt leiti, et MiniON-i reaktsiooni kiigus kanti paljud sekventsid eel-
mistelt reaktsioonidelt tile. Leiti ka, et valediagnooside véltimiseks tuleb
vordlusjirjestuste andmebaase pohjalikumaks muuta.
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Jareldused

Antud doktoritd6 raames uuriti kartulipéldudel patogeenide ja siimbiont-
sete AM-seente koosluse struktuuri. Uuringute tulemused on kartulikas-
vatuses suure praktilise vdirtusega ning kinnitavad, et seniste traditsioo-
niliste kasvatustehnoloogiate juures ei ole AM-seentega inokuleerimine
otstarbekas. Seetottu tuleb sadstlikus kartulikasvatuses panustada rohkem
sortide resistentsusaretusele ning juba aretusprogrammides votta arvesse
taim-mikroorganism vastastikuseid toimeid ja méjusid. Selle uuringu
olulise tulemusena on véimalik parandada patogeenide kiiret diagnos-

tikat, mis omakorda aitab kaasa taimepatogeenidest tingitud ulatuslike
saagikadude vihendamisele.
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Abstract. There is an urgent need to develop novel approaches to enhance sustainable agriculture
while not reducing crop yields. Arbuscular mycorrhizal (AM) fungi establish symbiotic
associations with most crop plants improving plant performance and soil health. This study
investigated the extent of colonisation of potato roots by indigenous AM fungi in the arable soil
under conventional and organic farming systems. Potato roots had greater AM fungal colonisation
levels under organic than conventional farming, though in general, root colonisation levels were
extremely low in both farming systems. Potato root AM fungal colonisation was lower with
higher soil P content and higher with higher annual C input. Trap plant root AM fungal
colonisation was considerably higher than in field potato roots and showed that soil mycorrhizal
inoculum potential was higher in organic than in conventional farming. Thus, the positive impact
of manure application in organic fields to the potato AM fungal colonisation can be explained by
previous higher total annual C fresh organic matter input and lower soil P content under treatment.
Furthermore, the natural AM fungal abundance in the soil was sufficient to colonise trap plant
roots, suggesting a low mycorrhizal dependence of the studied potato cultivar.

Key words: Cropping systems, Glomeromycota, management practices, Solanum tuberosum L.
INTRODUCTION

Arbuscular mycorrhizal (AM) fungi are the most widespread symbionts of plant
roots in terrestrial habitats. AM fungi provide a major contribution to plant nutrient
uptake in most ecosystems and thus improve plant growth (Smith & Read, 2008; Smith
& Smith, 2011). In addition to nutritional benefits, AM fungi protect host plants against
root and shoot pathogens, including nematodes, other fungi and viruses, and enhance
host plant resistance to various abiotic stresses such as drought, salinity and high heavy

75



metal concentrations in soil (Augé et al., 2015; Pozo et al., 2015). The ecosystem
services provided by AM fungi in agroecosystems make them an important group of soil
biota to be managed for crop production both in conventional and sustainable systems
(Gianinazzi et al., 2010; Mahmood & Rizvi, 2010; Bender et al., 2016).

Diversity and functioning of AM fungi in agroecosystems are affected by
differences in management regimes. Intensive agricultural management approaches are
characterised by high N and P inputs (Verbruggen & Kiers, 2010). Environmental
conditions with high nutrient input cause a decrease in host plant resource allocation to
AM fungi and therefore have a negative impact on AM fungal biodiversity and species
richness (Mider et al., 2000; Verbruggen et al., 2010). The low-input systems, on the
other hand, promote AM fungal colonisation, because plants benefit from the AM fungi
by increased soil nutrient uptake when these are available at low concentrations (Méder
et al., 2000).

AM fungi are native to agricultural soils and form a mutualistic symbiosis with the
majority of crop plants (Douds et al., 2007). Potato is a non-grain crop of global
importance but has one of the heaviest production demands for fertilizer and pesticide
inputs of all vegetable crops (Wu et al., 2013). For plants such as potato, which have a
low root density in soil, the AM symbiosis may be of particular significance in coping
with P-deficiency stress in natural ecosystems (McArthur & Knowles, 1993). Previous
inoculation studies have reported high levels of AM fungal colonisation in potato roots
(Davies et al., 2005; Douds et al., 2007), but the knowledge about AM fungi colonising
potato roots in field conditions under common agricultural practices is scarce.

Therefore, it is necessary to determine how the natural AM fungal colonisation in
potato roots is affected by different agricultural management regimes.

We specifically asked: (1) How do the conventional and organic farming systems
influence potato root AM fungal colonisation? (2) How do the conventional management
treatments with different mineral fertilization levels and different organic treatments
with cover crop and manure amendment influence potato root AM fungal colonisation?
We characterized AM fungal colonisation of potato roots in field grown potato plants
and in addition we determined AM fungal inoculum potential (IP) using a trap plant
bioassay.

MATERIALS AND METHODS

Field experiment

The field site was located in Tartu, Estonia (58°22' N, 26°40" E). This field was
astablished in 2008 as a part of the 5-year crop rotation experiment with two organic
(OFS) and four conventional farming systems (CFS). In the crop rotation experiment,
red clover (Trifolium pratense L.), winter wheat (Triticum aestivum L.), pea (Pisum
sativum L.), potato (Solanum tuberosum L.) and barley (Hordeum vulgare L.) were
grown in succession. In both organic management systems, a winter cover crop (CC) for
green manure was used. Winter oilseed rape (Brassica napus L.) seeds as CC were sown
at the rate of 6 kg ha'! before the potato cropping in September 2009 and ploughed under
in April the year 2010. No cattle manure was added to one treatment (CC), whereas
composted cattle manure (M) was added to the second organic treatment (CC+M). No
fungicides, herbicides or insecticides were applied under organic systems. Weeds were
removed mechanically. In a CFS, four mineral fertilizer treatments were used: NoPoKo,
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NsoP25Kos, NigoP25Kos, and NisoP2sKoes. Conventional systems were treated with several
synthetic pesticides. Field operations and their timings are shown in Table S1.

Table S1. Field operations and their timings during year 2010 in the study site

Field operation Conventional farming system

Organic farming
system

Planting date May 6 May 6
Planting rate 3tha 3tha
57,000 tubers ha™! 57,000 tubers ha™!
Harvest date August 30 August 30
Fertilization NoPoKo — not fertilized April 20  Winter
NsoP25Kos cover crop
1) May 4lh N20P25K95
(Kemira Grow How Power 5:14:28 400 kg ha'")
2) June 7% N3oPoKo (AN* 34:0:0)
Ni0oP25Kos April 20  Winter
1) May 4™ NyoP»sKos cover crop +
(Kemira Grow How Power 5:14:28 400 kg ha!) composted cattle
2) June 7% NgoPoKo (AN* 34:0:0) manure 40 t ha’!
3) June 16™ NygPoKo (AN* 34:0:0)
NisoP25Kos
1) May 4th N20P25K95
(Kemira Grow How Power 5:14:28 400 kg ha'")
2) June 7th N9OPOKO (AN* 34:0:0)
3) June 16th N4OPOKO (AN* 34:0:0)
Herbicide June 7 Titus 25 DF (50 gha ) No herbicides
application (containing 12.5 g ha™! rimsulfuron) applied
Insecticide July 22 Fastac 50 (0.3 L ha ) No insecticides
application (containing 15 g ha™! alpha—cypermethrin) applied
August 6™ Decis 2.5 EC (0.2 L ha'!)
(containing 5 g ha'!' deltamethrin)
Fungicide June 25 Shirlan 500 SC (0.4 L ha ) No fungicides
application (containing 200 g ha™' fluazinam) applied

July 8% and 22" Ridomil Gold MZ 68
(2.5 kg ha™!) (containing 100 g ha™!
metalaxyl-M + 1.6 kg ha”! mancozeb)
August 6" Ranman 400 SC (0.15 L ha'!)
(containing 60 g ha™' cyazofamid)

*AN — ammonium salpeter.

Treatments were arranged in a systematic block design with each plot in four

replications. The size of each test plot was 60 m”. Organic and conventional plots were
separated by an 18 m long section of mixed grasses to avoid contamination with
synthetic pesticides and mineral fertilizers. The distance between seed tubers was 27 cm,
and the distance between rows was 70 cm. The soil of the trial field was Stagnic Luvisol
(LVj) with sandy loam texture with a humus layer of 20-30 cm. No irrigation was used.
The data of total annual carbon inputs from cover crops, straw, roots of pea, weeds and
cattle manure (kg C ha™!y™!) to the soil before potato were obtained from earlier
publications about this field trial (Kauer et al., 2015; Madsen et al., 2016).
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Potato root samples were collected in July 2010 from plants of the locally bred
potato cultivar ‘Reet’ (Tsahkna & T#htjdrv, 2008). Three potato plants were sampled
randomly from each of the four replicate plots of all treatments of both farming systems
(a total of 72 samples). Roots were sampled at the potato flowering (BBCH60) stage
(Hack et al., 2001). Root samples were dried with silica gel and preserved airtight at
room temperature as described by Uibopuu et al. (2012).

Trap plant bioassay

Narrowleaf plantain (Plantago lanceolata L.), as an AM host plant commonly used
in experiments, was used to evaluate the mycorrhizal inoculum potential (IP) of field
soil. Three soil samples were collected randomly from each of the four replicate plots of
all treatments before soil tillage in spring 2011, and stored in darkness at 10 °C until use.
Before the use in experiment, the three soil samples per plot were pooled and handled as
one composite sample. Each composite sample was thoroughly mixed with autoclaved
sand ina 1:1 v/v ratio to improve drainage and aeration of the soil mixture. P. lanceolata
seeds were germinated in Petri dishes on moist filter paper, following Uibopuu et al.
(2012). Three seedlings per pot were planted on January 2011 in plastic pots
(13 x 15 cm, depth x diameter). One seedling was retained per pot after four weeks of
growth. Plants were kept in a greenhouse under controlled conditions, watered as needed
with tap water and grown for 3 months. At harvest, shoots and roots were separated and
handled like described previously. The infectivity bioassay of Moorman & Reeves
(1979) was used to quantify the relative density of colonising propagules of AM fungi.

Root staining and assessment of AM fungal root colonisation

Root samples from both field and pot experiment were stained with Trypan blue
according to Koske & Gemma (1989). Briefly, roots were cleared in 10% KOH, acidified
with 1% HCI and stained with 0.01% trypan blue in lactoglycerol. Root colonisation by
AM fungi was estimated using the magnified grid-line intersections method (McGonigle
et al., 1990), by scoring 120 fields of view per sample under the compound microscope
at 400x magnification, as described in Uibopuu et al. (2012). Total root length colonised
was estimated.

Soil chemical analysis

In mid-April 2010, before tillage, soil samples were collected from the bulk soil at
a depth of 0-25 cm. Eight sub-samples were taken from each plot and mixed to obtain a
composite sample for each plot. Soils were air-dried and sieved through a 2 mm sieve.
Soil pH was determined in a 1 M KCI solution (1:2.5). Soil organic carbon (Corg) Was
measured using the Tjurin method (Vorobeva, 1998), and total nitrogen (Nio)
concentration was measured using the Kjeldahl method (van Reeuwijk, 1995). The
concentrations of plant-available nutrients in the soil (P, K, Ca and Mg) were determined
by the ammonium lactate (AL) method (Egnér et al., 1960).

Statistical data analysis

Statistical analysis was performed using R 3.22 (R Core Team 2015) within
R-Studio environment (0.99.484; RStudio 2015). First, normal distribution (Shapiro-
Wilk test) and equality of variances in treatment groups (Levene test) of data were
explored. Then, the non-parametric Kruskal-Wallis rank sum test was conducted to
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determine the differences in among treatments followed by the Dunn’s test for pairwise
comparison. For the Dunn’s test, the P-values were adjusted according to the Bonferroni
correction. When comparing only two groups, the non-parametric Wilcoxon signed-rank
test was used. To study the relationship between soil parameters and AM fungal
colonisation Pearson’s correlation analysis was carried out.

RESULTS AND DISCUSSION

Potato root AM fungal colonisation

AM fungal colonisation level in roots of the potato cultivar ‘Reet’ was higher in
OFS than CFS, though colonisation levels were very low in both systems (median 0%,
maximum 3.3% in CFS and 5.0% in OFS; Wilcoxon signed-rank test, W=415.5,
p =0.007; Fig. 1, A). Individual treatments influenced root AM fungal colonisation
levels differently. AM fungal colonisation was higher in treatment CC+M than
treatments N50 and N150 (Kruskal-Wallis test, > = 11.85, df =5, p = 0.037; Fig. 2, A).
There were no statistically significant differences among other treatments.
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Figure 1. Median values (£ min, max) of percent of arbuscular mycorrhizal (AM) fungal
colonisation of potato roots in conventional (CFS) and organic farming systems (OFS) in the field
trial (A) and narrowleaf plantain roots grown in pots in sand inoculated with soil from the same
conventional and organic farming systems (B). Box plots indicate median (bold horizontal line),
interquartile ranges (box) and minimum and maximum values (whiskers). Different letters above
the boxes indicate statistically significant differences at P < 0.05 among treatments (Wilcoxon
rank sum test). Grey boxes — CFS, open boxes — OFS.

Potato root AM fungal colonisation level was negatively correlated with soil
phosphorus content (» =-0.50, p = 0.012, Fig. 3, A; Table S2) and positively with total
annual C input to the soil (»=0.46, p =0.023; Fig. 3, B; Table S2). When exploring
these relationships separately by treatment groups, the relationship between soil
phosphorus content and potato root AM fungal colonisation level remained for OFS
(r=-0.78, p = 0.022; Table S3), but not for CFS (»=-0.11, p = 0.67; Table S4). In the
case of relationship between total annual C input to soil and potato root AM fungal
colonisation level, there were no significant relationships neither for OFS (r=0.26,
p =0.52; Table S3) nor CFS (r=-0.35, p=0.17; Table S4). Exceptionally, in OFS,
potato root AM fungal colonisation level was negatively correlated with Cor, (7 = -0.76,
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p =0.03; Table S3). There were no significant relationships between soil pH, Corg, K,
Ca, Mg and total N content, and potato AM fungal colonisation (Table S2, Table S5).
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Figuer 2. Median values (= min, max) of percent of AM fungal colonisation of potato roots in
different agricultural treatments in the field trial (A) and narrowleaf plantain roots in greenhouse
trial inoculated with soils from the same agricultural treatments in the field (B). Box plots indicate
median (bold horizontal line), interquartile ranges (box) and minimum and maximum values
(whiskers). Different letters above the boxes indicate statistically significant differences at
P <0.05 among treatments (Kruskal-Wallis rank sum test, as post hoc test, was used Dunn test
with Bonferroni correction). Open boxes — organic farming systems, grey boxes — conventional
farming systems. CC — farming system with cover crops, CC + M — farming system with cover
crops and composted cattle manure, NoPoKo — control system with no additional fertilizers used,
N50P25K95, N100P25K95, and N150P25K95 — systems with different N rates used.
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Figure 3. Relationships between AM fungal colonisation of potato roots and (A) soil phosphorus
content and (B) total annual carbon input in the field trial. The points with whiskers indicate the
mean (+ standard error) of four replicate samples per treatment; the dotted lines present the linear
relationship. Closed circles — organic farming systems, open circles — conventional farming
systems. See Fig. 2 legend for treatment coding.
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Table S2. Linear correlation coefficients between soil characteristics and AMF colonisation in potato roots

pH Corg P K Mg Ca Total N Total C input
KCl (%) (mgkg!)  (mgkg!) (mgkgh) (mgke!) (%) (kgha'y™) (%)
pHKCI 1
Corg (%) 0.57* 1
P (mgkg ) 0.63* 0.39 1
K (mgkg ) 0.27 0.33 0.48* 1
Mg (mg kg ) 0.78% 0.45% 0.56* 0.38 1
Ca(mgkg ) 0.86* 0.67* 0.59* 0.4 0.85% 1
Total N (%) 0.55% 0.74* 0.41* 0.54* 0.44* 0.62* 1
Total C input 0.35 0.50* -0.24 0.12 0.25 0.43* 0.52% 1
(kgha™ y™)
AM fungal ¢ -0.04 0.09 -0.50* -0.18 -0.09 -0.00 0.09 0.46* 1
olonisation (%)
Statistically significant relationships (p < 0.05) are indicated with asterisks.
Table S3. Linear correlation coefficients between soil characteristics and AMF colonisation of potato in OFS
pH Corg P K Mg Ca Total N Total C input ~ AM fungal
KCl (%) (mgkg")  (mgkg!) (mgkg!) (mgkg) (%) (kghaly™) (%)
pH KCI 1
Corg (%) 0.09 1
P (mgkg ) 0.67 0.59 1
K (mgkg ) 0.53 0.35 0.32 1
Mg (mgkg ) 0.90* -0.09 0.51 0.34 1
Ca(mgkg ) 0.96* 0.25 0.79* 0.53 0.87* 1
Total N (%) 0.37 0.56 0.44 0.81%* 0.10 0.46 1
Total C input 0.28 0.07 -0.10 0.74* 0.25 0.31 0.67 1
(kgha™'y™")
AM fungal -0.31 -0.76* -0.78* 0.00 -0.31 -0.47 -0.13 0.26 1
colonisation (%)
Statistically significant relationships (p < 0.05) are indicated with asterisks.
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Table S4. Linear correlation coefficients between soil characteristics and AMF colonisation of potato in CFS

pH Corg P K Mg Ca Total N Total C input AM fungal

KCl (%) (mgkg!) (mgkg!) (mgke') (mgke!) (%) (kgha'y!)  colonisation (%)
pHKCI 1
Corg (%) 0.63* 1
P (mgkg ) 0.82% 0.67* 1
K (mgkg ) 0.26 0.62* 0.53* 1
Mg (mgkg ) 0.76* 0.68* 0.87* 0.57% 1
Ca(mgkg ) 0.81%* 0.71* 0.85* 0.57% 0.88* 1
Total N (%) 0.61* 0.81* 0.72* 0.57* 0.72% 0.62* 1
Total C input (kgha™'y™")  0.23 0.30 0.11 0.39 0.02 0.17 0.25 1
AM fungal colonisation (%) -0.26 0.04 -0.11 -0.18 -0.20 -0.15 -0.22 -0.35 1

Ily significant relationships (p < 0.05) are indicated with asterisks.
Table S5. Average (+standard error) soil characteristics by treatments
Treatment

NO N50 N100 N150 CcC CC+M
pHKCI 5.95 (+0.21) 5.83 (£ 0.22) 5.73 (£ 0.19) 5.72 (£0.11) 5.94 (+0.10) 6.03 (£0.19)
Corg (%) 1.22 (£ 0.12) 1.17 (£ 0.08) 1.30 (£ 0.12) 1.34 (£ 0.10) 1.46 (+ 0.06) 1.43 (£ 0.07)
P (mgkg ) 118.6 (x 11.4) 120.6 (+ 10.7) 120.8 (+ 13.5) 97.5(£12.9) 103.4 (+12.9) 92.3 (£9.0)
K (mgkg ) 146.4 (+5.3) 170.8 (+ 6.8) 167.4 (+ 8.8) 165.0 (= 10.7) 139.1 (£9.7) 167.1 (= 11.3)
Mg (mg kg ) 127.8 (+ 15.1) 147.0 (+ 12.6) 147.3 (+ 14.6) 120.7 (+ 15.0) 143.1 (+11.3) 161.3 (+33.4)
Ca(mgkg ) 1,156 (+ 143.0) 1,310 (+ 133.4) 1,247 (+ 84.0) 1,185 (+ 105.0) 1377 (& 90.0) 1,452 (+137.8)
Total N (%) 0.122 (£0.007)  0.126 (+0.002) ~ 0.127 (£ 0.010)  0.127 (+ 0.008) 0.129 (£0.011)  0.145 (+ 0.005)
Total C input (kg ha™'y™) 4,604 (+ 640.1) 4,841 (+955.4) 4,900 (£615.1) 6,241 (+ 445.0) 7,778 (£ 195.1)  1,0394 (+ 195.1)

Means with different letters are statistically significantly different among treatments (p < 0.05, Tukey test). See Fig. 2 legend for treatment coding.
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AM fungal inoculum potential of arable soil

Root AM fungal colonisation of narrowleaf plantain in greenhouse trial was
significantly greater (p < 0.001) than that of field-grown potato roots in both farming
systems (data not shown). The median AM fungal colonisation levels in the narrowleaf
plantain roots were 10.6% (range 0—60%) in CFS and 25.0% (range 0—42.5%) in OFS.
The AM fungal colonisation of narrowleaf plantain showed an insignificant tendency to
be higher in the OFS than in the CFS (Wilcoxon signed-rank test, W=451.5, p=0.14;
Fig. 1B). AM fungal root colonisation values in soils from individual field treatments
varied considerably, but with no significant differences between treatments.

DISCUSSION

By combining a field trial and trap plant greenhouse assay we show that AM fungal
colonisation in potato roots in the field conditions was very low, regardless of sufficient
amount of AM fungal inoculum in the field soils to support moderate root colonisation
levels of trap plant narrowleaf plantain inoculated with these field soils. AM fungal root
colonisation tended to be higher in the organic farming systems both in the field grown
potato roots and greenhouse-grown plantain roots. The individual fertilizing treatments
in the conventional and organic farming systems did not show regular differences in root
AM fungal colonisation levels neither in the field potato roots, nor trap plant roots, with
the exception of positive effect of manure amendment in organic farming system as
compared to inorganic fertilizer addition in the conventional farming system. We found
that high soil P content decreased root AM fungal colonisation and higher annual C input
to the soil increased root AM fungal colonisation. Therefore, the positive impact of
organic farming on the potato AM fungal colonisation in our study system can be
explained by previous higher fresh organic matter input and lower soil P content under
manure amendment treatment. These results suggest that the potato cultivar studied by
us could be a relatively poor AM host, and that AM fungal abundance and functioning
is further decreased by higher soil fertility, but can be improved by organic farming
practices such as use of manure as fertiliser.

In the present study root mycorrhizal colonisation rate was measured for a locally
bred potato cultivar *Reet’. This relatively new cultivar is described by breeders Tsahkna
& Téhtjarv (2008). Breeding programs are generally conducted in experimental stations
under high nutrient levels (Philippot et al., 2013). This has resulted in several crops
showing lower root mycorrhizal fungal colonisation and lower mycorrhizal growth
response than their wild progenitors, though large variations exist (Martin-Robles et al.,
2018). It is therefore conceivable that modern potato varieties may have lower
mycorrhizal dependence caused by selective breeding under conditions where plants
receive little benefit from mycorrhizal symbiosis. This possibility is supported by
evidence that newer cultivated plant varieties tend to have lower AM fungal root
colonisation (Lehmann et al., 2012). Similar to our results, very low root colonisations
have also been reported in earlier field surveys of potato (Cesaro et al., 2008).
Furthermore, potato root AM fungal colonisation can vary to a large degree across plant
growth phases (Buysens et al., 2017).

Additionally, soil in our field experiment had high to very high plant-available P
levels (Schick et al., 2013), which could be one of the reasons for low observed AM
fungal root colonisation. Negative relationship between root AM fungal colonisation and
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soil P level as observed in this study, is frequently reported in other agricultural and
natural systems (Verbruggen et al., 2013). As P availability increases, plants in return
become less dependent on AM fungi and down-regulate their mycorrhiza formation
(Smith & Read, 2008). Still, not only phosphorus fertilization negatively affects AM
fungi, but previous studies have shown that high-input conventional farming as a whole
chemical-dependent system negatively affects AM fungi (Kabir, 2005; Verbruggen et
al., 2010; Prosser et al., 2015).

However, our root colonisation data verified the previous findings (Jansa et al.,
2006) that manure amendment has beneficial effect on plant colonisation by AM fungi
compared to the application of inorganic fertilizers. This is in accordance with findings
by Gryndler et al. (2006), who showed that in manured soil the concentration of AM
fungal spores and mycelial growth increased with mineral fertilization. Furthermore AM
fungal colonisation rate in plant roots might also be influenced by other factors related
to farming practices like cropping history. A meta-analysis conducted by Lekberg &
Koide (2005) showed that avoiding non-mycorrhizal plants in crop rotation has a
positive effect on subsequent mycorrhizal colonisation. The cover crop used in the
current study was winter oilseed rape, which is a non-mycorrhizal crop plant. Therefore,
low AM fungal colonisation rate in potato roots of our study could in part result from
usage of non-mycorrhizal crops as a cover crop, which possibly decreased the positive
effect of AM fungi for the following crop.

In comparison to the field crop, potato, the trap plant narrowleaf plantain roots
showed higher AM fungal colonisation, indicating that the field soils were not exhausted
of AM fungi. It is noteworthy that the higher root colonisation of plantains was obtained
on the field soil diluted with sand, effectively reducing the amount of available AM
fungal propagules for the host plants compared to that available for potato plants in the
field. Narrowleaf plantain is a widely used plant species because of its commonly high
mycorrhizal colonisation and responsiveness, as well as its broad range of AM fungal
partners (Schnoor et al., 2011; Davison et al., 2015). Our comparison of potato and
plantain also confirms that host plant—-AM fungal relationships depend on both
symbiosis partners (e.g., Bever, 2002), whereby the same fungal inoculum may result in
very different plant root colonisation levels, fungal community compositions and plant
growth in the case of different host plant species. Host-AM fungal compatibility may
also influence potato yield, as shown earlier in inoculation trials of micropropagated
potatoes (Duffy & Cassells, 2000). Whether a different AM fungal community would
result in a different root colonisation (and ultimately, yield) of the potato cultivar studied
by us, requires further testing.

CONCLUSIONS

Our study demonstrated extremely low AM fungal colonisation rate in the roots of
potato in field conditions. At the same time, AM fungal colonisation was higher in
organic than in conventional farming system, and was related to higher fresh organic
matter input and lower soil phosphorus content. Interestingly, both soils from the
conventional and organic field had relatively high AM fungal inoculum potential as
detected by trap plant assay with narrowleaf plantain. These results suggest that plant
species or cultivar can have a strong influence on AM fungal colonisation levels. Further
research is needed to clarify whether other varieties of potato show similarly low levels

519

83



of AM fungal colonisation as the cultivar used in this study, and to which degree plant
growth phase affects this measure. Furthermore, it is necessary to explore how AM
fungal species diversity in field potato roots relates to the root colonisation levels and
potato yield of different cultivars under the regionally used potato cropping systems.
This would provide guidelines for the most efficient management of AM fungi in these
cropping systems with regionally used cultivars, fertilization levels, cover crop and
pesticide usages considering optimal potato production at the regional scale.
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Abstract: The soil fungal community plays an important role in determining plant growth and
health. In this study, we investigated the fungal diversity and community composition in the roots
and soil of 21 potato (Solanum tuberosum L.) cultivars using high-throughput sequencing at three
different time points across the growing season. In soil and roots, the fungal richness and relative
abundance of pathogens and saprotrophs were mainly affected by sampling time. While sampling
time affected fungal composition in soil, root fungal communities were also significantly affected by
cultivar. The cultivar had the strongest effect on diversity of pathogens and abundance of particular
pathogen species. Our results demonstrate changes in soil and root fungal communities of potato
over the growing season, as well as highlighting the importance of potato cultivar on root fungal
communities and abundance of pathogens.

Keywords: Solanum tuberosum; agroecosystems; high-throughput sequencing; fungal guild; fungal
diversity; host specificity; potato cultivars

1. Introduction

Modern agriculture has increased crop yields significantly [1]; however, it often relies on chemical
fertilisers and pesticides [2], and thus can negatively impact the environment [3], including soil
ecosystems [4-6]. Soils harbour millions of microorganism species, many of which form intimate
associations with plant roots [7,8]. These associations may have direct, i.e., intimate mutualistic or
pathogenic interactions with plants, or indirect effects, through the action of free-living microbes that
affect nutrient availability in the surrounding environment [9]. Both biotrophic and saprotrophic fungi
can affect plant productivity.

In agricultural fields, plant-associated and saprotrophic microbial communities are affected
by different management practices such as crop rotation, fertilisation and tillage [10-14].
Different plant species and different growth stages may harbour distinct microbial communities [15-17].
Furthermore, plants modify their associated and surrounding microbial communities by exuding
organic compounds into the surrounding environment, which act as nutrient sources for
microbes [18,19]. Higher fertilisation rates may increase root exudation as well as microbial abundance.
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Since breeding programs are usually conducted at high nutrient levels [8,20], it is likely that breeding
affects microorganisms inhabiting the plant-soil interface. This may lead to changes in native soil
communities, including beneficial plant microbes, as high nutrient conditions are substantially different
from those environments where the interaction has evolved [20].

Potato (Solanum tuberosum L.) is one of the most important staple crops that can grow in broad
climatic conditions, and had a global production of over 368 million tons in 2018 [21]. Regardless of
climate, cultivated potatoes are constantly exposed to various pathogens that pose a serious threat
to potato production worldwide [22-25]. Several studies have focused on individual pathogens of
potato [22-24,26,27]. However, to our knowledge, there is a lack of community-level data regarding
other putative hazardous soil-borne fungal pathogens, as well as genotypic differences in biotic stress
resistance in potato plants. Screening and selecting plant genotypes that would resist pathogens,
and even associate with beneficial microbes, may improve the health and yield of this important
crop [20,28].

The objective of this study was to assess differences in fungal community structure, both within
roots and in soil, of 21 potato cultivars. Our goal was to examine the relationship between plant genotype
and associated fungal guilds (saprotrophic fungi, pathogenic fungi and arbuscular mycorrhizal fungi),
as well as overall fungal community composition, over the growing season. We postulated two
hypotheses: (1) fungal guilds differ in their responses to potato genotype, and (2) fungal guild
composition and diversity differ among plant growth stages.

2. Materials and Methods

2.1. Study Site

The study site was located at Einola Farm (58°17°02.0” N 26°43’19.6” E) in Reola, Tartu County,
Estonia. The study was conducted under a conventionally managed farming system from May to
September 2014, according to the following practices: primary tillage by moldboard plowing (with
straw addition) in late autumn, secondary tillage in early spring, seedbed preparation by harrowing
and furrowing in early spring, and hilling, which was conducted three times during the growing
season. No irrigation was used. The climate of the study area is characterised as a transitional climate
zone between maritime and continental. In 2014, the mean annual temperature was 7.1 °C, with the
annual rainfall being 592 mm [29]. At the study site, winter wheat (Triticum aestivum L.), spring wheat
(T. aestivum), rapeseed (Brassica napus L.), spring wheat and potato have been grown in succession
since 2010. Twenty-one cultivars of potato were grown in a randomised block design with three
replicate plots per cultivar, each containing 23 certified seed tubers (Table S1) that were stored at
3-4 °C. Tubers were kept at 10-15 °C for three weeks before being planted into the bottom of the
furrow on 15 May. The potato field was treated with foliar fungicides containing trifloxystrobin +
tebuconazole (Glory 450 SC), amisulbrom (Leimay), mancozeb + metalaxyl M (Ridomil Gold MZ
68 WG), fluopicolide + propamocarb (Infinito) and cyazofamid (Ranman Top). Detailed information
about field operations is shown in Table S2.

2.2. Soil Chemical Analysis

During planting, three subsamples of soil were collected from 0-20 cm depth from each plot.
All samples were air-dried, sieved to <2 mm and pooled to obtain one composite sample for each plot.
Soil chemical analyses were carried out to assess soil plant-available (ammonium lactate extraction
method [30]) phosphorus (P), potassium (K), magnesium (Mg) and calcium (Ca) content, as well as
soil pHkcy. Total nitrogen (N) and carbon (C) content of air-dried samples was determined by dry
combustion, using a varioMAX CNS elemental analyser (ELEMENTAR, Langenselbold, Germany).
Soil parameters are indicated in Table S3.
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2.3. Sampling and DNA Extraction

Root samples were collected at the early flowering stage (BBCH 60-62) and during senescence
(BBCH 93-95) [31]. Cultivars were classified as early-, medium- or late-maturing, based on their
maturity period. Maturity classes comprised eight early-, seven intermediate- and six late-maturing
cultivars (See Table S1 for list of cultivars). Based on the different flowering times of potato cultivars,
root samples were collected on 9 July, 16 July and 22 July. During the plant senescence stage (SSC),
root samples of all cultivars were collected on 26 August. The root systems of three individual plants
from each plot were randomly chosen and collected using a clean shovel. Roots were washed three
times with deionised water to remove residual soil, dried at 50 °C for 24 h, as described in Garcia de
Leon et al. [32], and stored air-tight at room temperature until molecular analysis. Soil samples were
collected three times over the study period: during planting (BEM), and again during flowering (FL)
and senescence (SSC), simultaneously with root sampling. Each sample consisted of three subsamples
of soil taken randomly from the potato root zone at 0-25 cm depth. At BEM, roots were not developed
and therefore, these samples represent bulk soil. The subsamples were pooled and air-dried at <35 °C
following Tedersoo et al. [33], mixed thoroughly and subjected to molecular analysis.

Total DNA was extracted from 0.075 g dry weight of roots and 0.2 g dry weight of soil, using the
PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA), following manufacturer’s
instructions with the following modifications: (1) samples were homogenised via bead beating with
three 3 mm autoclaved steel beads for 5 min at 30 Hz, using a MixerMill MM400 (Retsch, Haan,
Germany); and (2) final elution was performed twice with 50 pL solution C6.

2.4. PCR Amplification and High-Throughput Sequencing

The ITS2 region was amplified using ITS3mix1-5 (mixture of six forward primers in equimolar
concentration analogous to ITS3) and a degenerate reverse primer ITS4ngs, which was tagged with
one of the 108 multiplex identifiers [33]. PCR amplification was performed in a 25 uL reaction volume,
and consisted of 18 pL nuclease-free water, 5 uL 5x HOT FIREPol Blend Mastermix (10mM MgCl2)
(Solis Biodyne, Tartu, Estonia), 0.5 uL of each primer (20 pmol) and 1 uL. DNA extract. PCR was
performed using Eppendorf 5341 and Eppendorf 6321 thermal cyclers (Eppendorf AG, Hamburg,
Germany) in four replicates, under the following thermocycling conditions: 15 min at 95 °C, 35 cycles
of 30 s at 95 °C, 30 s at 55 °C, 1 min at 72 °C and 10 min at 72 °C. PCR products were pooled, and their
relative quantities were estimated by running 5 uL of amplicon DNA on 1% agarose gel (SeaKem LE
Agarose, Lonza Group Ltd., Basel, Switzerland) for 15 min. PCR products were pooled for library
preparation on the basis of relative band strength, as visualized on an agarose gel, which is indicative of
amplicon concentration. To obtain sufficient PCR product, DNA samples yielding no visible band, and
samples with a very strong band, were re-amplified by altering the number of cycles. The quantities of
PCR products were normalised with SequalPrep Normalisation Plate Kit (Invitrogen, Carlsbad, CA,
USA). The sequencing libraries were prepared using a Nextera XT kit (Illumina Inc., San Diego, CA,
USA). All samples were sequenced on an Illumina MiSeq instrument at the Estonian Genome Center
(University of Tartu, Tartu, Estonia).

2.5. Bioinformatics

Paired-end sequencing (2 x 300 bp) resulted in 772,326 paired reads. Sequencing reads were
quality-filtered and assigned to samples using mothur 1.34.4 [34] (average quality over 15 bp >
26, and no ambiguities allowed). The quality-trimmed data were assembled using PANDAseq
Assembler [35], with a minimum overlap of 15 bp, and demultiplexed in mothur. Potential chimeric
sequences were removed using USEARCH 7.0.1090 [36]. The remaining chimeric sequences, where
full primer strings were detected inside the reads, were removed using PipeCraft in-built module
(remove multiprimer artefacts) [37]. The ITS2 subregion was extracted using ITSx 1.0.9 [38], and
clustered using a 97% similarity threshold in CD-HIT [39]. Singleton OTUs were removed from further
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analyses. Representative sequences for BLASTn search were picked in mothur using the abundance
method. In addition, BLASTn searches were performed for the representative sequence of each OTU
against the UNITE reference dataset v7.0 [40]. OTUs were further checked and filtered based on
BLASTn search values as well as positive and negative controls to remove contaminants, non-fungal
OTUs, potential artefacts and index-switching errors. OTUs with 75%, 80%, 85%, 90%, 95%, and 97%
sequence similarity thresholds were considered to represent the phylum, class, order, family, genus,
and species level, respectively [33]. Based on taxonomic assignments, OTUs were parsed to one of the
following functional groups of fungal guilds: plant pathogenic fungi, saprotrophic fungi and arbuscular
mycorrhizal fungi, based on FUNGuild [41]. OTUs not assigned to plant pathogens by FUNGuild,
but reported as potato pathogens according to the United States Department of Agriculture (USDA)
Agricultural Research Service (U.S. National Fungus Collections Fungus-Host Database. Available
online: https://nt.ars-grin.gov/fungaldatabases/), were additionally assigned as pathogens. The raw
data of this study are available through the Sequence Read Archive, BioProject PRINA638263.

2.6. Statistical Analysis

We calculated linear regression between a number of obtained OTUs per sample and square
root of the obtained sequences per sample, in order to control for variation in sequencing depth [33].
The standardised residuals of OTU richness were used as a proxy for fungal richness. In roots, linear
regression explained 51%, 40.9%, and 36% of variation in OTU richness of all fungi, pathogens, and
saprotrophs, respectively. In soil, square-root of sequencing depth explained 72.1%, 20.6%, and 67.2% of
variation in OTU richness of all fungi, pathogens and saprotrophs, respectively. The relative abundance
of fungal guilds was calculated as a number of sequences corresponding to the particular guild divided
by the total number of fungal sequences for each sample.

Differences in richness and relative abundance of total fungal communities, as well as those of
fungal guilds, were tested using GLM (Type III SS) followed by Tukey HSD post hoc tests comparing
the means of standardised residuals of OTU richness and relative abundance (« = 0.05; Statistica 12.0,
Palo Alto, CA, USA). Explanatory variables included potato cultivar, plant growth stage (fixed factor
with levels BEM, FL, SSC), time x cultivar interaction, and replicate block (random factor with three
levels). PERMANOVA+ [42], implemented in Primer 7 software (PRIMER-E, Auckland, New Zealand),
was used to study the community composition of both the overall fungal community, as well as that
of separate fungal guilds. Three samples (LK129, LK130 and LK131) were removed from soil total
fungal and saprotroph datasets, as they contained only a few sequences and OTUs. PERMANOVA +
tests were carried out with 9999 permutations under the reduced model. The read abundance was
standardised by samples and fourth-root transformed before calculating the Bray-Curtis dissimilarity
index. Adjusted R? values were calculated using the function RsquareAdj in the package “vegan” in R
3.6.0 (R Development Team, http://www.R-project.org). Trends in fungal composition were visualised
via non-metric multi-dimensional scaling (NMDS) ordinations, as implemented in the metaMDS
function in both “vegan” and “ggplot” packages.

3. Results

The quality-filtered sequence dataset comprised 224,195 high quality, full length ITS2 reads
in 315 samples, with an average number of 712 sequences per sample. These sequencing
reads were assigned to 1655 fungal OTUs, with 80 OTUs in root samples and 110 OTUs in
soil samples on average (Table S4). In roots, Mortierellaceae was the most abundant family
observed in the FL stage, while Plectosphaerellaceae was the most dominant in the SSC stage
(Figure 1A). In soil, Mortierellaceae prevailed in all growth stages (Figure 1B). In roots of each
cultivar, Plectosphaerellaceae, Ceratobasidiaceae, Microdochiaceae and Nectriaceae Lasiosphaeriaceae,
Filobasidiaceae and Nectriaceae were among the most predominant fungal families (Figure 2A).
Mortierellaceae had the highest relative abundance in soil of each cultivar (Figure 2B).
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Figure 1. Taxonomic composition of root (A) and soil (B) fungal communities in different sampling
times across all cultivars and replication blocks. BEM, before emergence; FL, flowering stage; SSC,
senescence stage.
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Figure 2. Taxonomic composition of root (A) and soil (B) fungal communities in different potato
cultivars across all sampling times and replication blocks.

Of all sequences, 24.1% were assigned to plant pathogens, whereas saprotrophs and arbuscular
mycorrhizal fungi accounted for 44.0% and 0.6% of sequences, respectively. Similar patterns occurred
in root and soil samples. Due to their lack of detection from several samples, diversity patterns of
arbuscular mycorrhizal fungi are not reported. Furthermore, no correlation studies between beneficial
and pathogenic fungi were carried out.
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3.1. Richness of Fungal Guilds

The highest proportion of variance in root fungal richness was explained by sampling time
(F1,80 = 43.75, Rzadj =0.184, p < 0.001; Table 1), followed by the sampling time X cultivar interaction
(Fo,82 = 2.85, Rzadj =0.106, p < 0.001) and cultivar (Fyy g, = 2.20, Rzadj =0.038, p = 0.007). Post hoc
analyses showed that the cultivar Merlot had significantly higher total fungal richness than cultivars
Concordia, Solist and Laudine (Figure 3a), and revealed that in the FL stage, Merlot had significantly
higher root fungal richness than most other cultivars (except Manitou, Excellency, Glorietta, Viviana,
Esmee, Erika and Arielle) (Table S5). There were no significant differences among pairwise comparisons
during the SSC stage (Table S5). Soil fungal richness was explained only by sampling time (Fy 104 = 4.20,
R%adj = 0.032, p = 0.017; Table 1), with significantly higher values during the SSC stage than BEM stage
(Table S5).

Table 1. Effects of cultivar, sampling time, and cultivar X sampling time interaction on the richness of
all fungi, saprotrophic fungi, and plant pathogenic fungi in soil and roots.

Sample Variable it All Fungi Pathogens Saprotrophs
Type Rzadj Psedo F v Rzadj Ps;udo » Rzadj Psle:udu »
Soil
Cultivar 20 0.030 14 0.157 0 0.6 0.908 0.002 11 0.420
Time 2 0.032 4.2 0.017* 0.234 285 <0.001**  0.048 5.6 0.005 **
Cultivar x Time 40 0 11 0.396 0 0.99 0.492 0 0.9 0.661
Replication block 2 0 0.9 0.423 0 12 0.326 0 0.4 0.684
Roots
Cultivar 20 0.038 22 0.007 ** 0.176 2.3 0.004 ** 0.021 2.3 0.005 **
Time 1 0.184 43.8 <0.001 *** 0 0.6 0.437 0.305 79.5 <0.001 ***
Cultivar x Time 20 0.106 29 <0.001 *** 0 1.0 0.464 0.024 23 0.004 **
Replication block 2 0 12 0.301 0.002 14 0.259 0 14 0.260

**p < 0.001; * p <0.01; *p <0.05. df, degrees of freedom; Rzadj, adjusted R?; Pseudo F, pseudo-F statistic;
p, calculated probability.

Root-pathogenic fungal richness was explained only by cultivar (Faggy = 2.30, R%adj = 0.176,
p = 0.004; Table 1). Post hoc analyses showed that the cultivar Glorietta had significantly higher
pathogen richness than the cultivars Viviana, Concordia and Solist, with no significant differences
among other pairwise comparisons (Table S6). In contrast, soil pathogen richness was explained only
by sampling time (Fy 124 = 28.50, R?adj = 0.234, p < 0.001; Table 1), with the SSC stage exhibiting higher
richness compared to BEM and FL stages (Table 56, Figure S1).

Root saprotroph richness was highest in the FL stage (F1 g = 79.50, R%adj = 0.305, p < 0.001;
Table 1, Figure S1), with cultivar (Fyo g, = 2.30, R%adj = 0.021, p = 0.005) and sampling time X cultivar
interaction (Fap gy = 2.30, R?adj = 0.126, p = 0.004; Table 1) both showing significant effects. Post hoc
analyses showed that the cultivar Merlot had significantly higher saprotroph richness than Concordia
and Laudine, with no significant differences among other pairwise comparisons (Figure 3c). In contrast,
soil saprotroph richness was explained only by sampling time (F5 124 = 5.60, R%adj = 0.048, p = 0.005;
Table 1). The highest saprotroph richness was observed during the plant SSC stage, and the lowest
value at the FL stage (post hoc, p = 0.003; Table S7).
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Figure 3. Results of a general linear model estimating the effect of cultivar for root (a) overall fungal,
(b) pathogen, (c) saprotroph richness collected across all sampling times and replication blocks. Colours
represent the cultivars. Different letters indicate statistically significant differences between cultivars
(Tukey HSD post hoc tests, p < 0.05).

3.2. Plant Pathogen, and Saprotroph Abundance

The highest proportion of variance in relative pathogen abundance in roots was explained by
sampling time (Fy 55 = 66.79, R%adj = 0.296, p < 0.001; Table 2), with higher relative pathogen abundance
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in the SSC stage compared to FL stage. Cultivar also had a significant effect (Fyo5, = 1.81, R%adj = 0.004,
p = 0.033; Table 2), with Rosagold having a significantly higher fungal pathogen abundance than
Catania (Table S8). Sampling time had the strongest effect on soil pathogen abundance (F,,124 = 37.70,
Rzadj = 0.250, p < 0.001; Table 2), with highest values at the SSC stage, and lowest values at the BEM
stage (Table S8). Cultivar also had a significant effect on soil pathogen abundance (Fyg 124 = 1.69,
Rzadj =0.011, p = 0.004; Table 2), which was non-significant in post hoc analyses (Table S9).

Table 2. Effects of cultivar, sampling time, and cultivar X sampling time interaction on the relative
abundance of plant pathogenic fungi and saprotrophic fungi in soil and roots.

Pathogens Saprotrophs
Sample Type Variable df 2 >
R?4 Pseudo F P R%,q5 Pseudo F 14
Soil

Cultivar 20 0.011 17 0.043 * 0.012 17 0.039 *
Time 2 0.250 37.7 <0.001 *** 0.273 41.0 <0.001 ***

Cultivar x Time 40 0 14 0.068 0 12 0223

Replication block 2 0 0.8 0.459 0 13 0.278

Roots

Cultivar 20 0.004 18 0.033 * 0.012 1.6 0.072
Time 1 0.296 66.8 <0.001 *** 0.242 46.7 <0.001 ***

Cultivar x Time 20 0 1.1 0.333 0 1.0 0.423

Replication block 2 0.048 7.0 0.002 ** 0.019 33 0.042*

df, degrees of freedom; Rzadj, adjusted R2; Pseudo F, pseudo-F statistic; p, calculated probability. *** p < 0.001;
**p<0.01;*p <0.05.

The highest proportion of root saprotroph abundance was explained by sampling time (Fy g, = 46.60,
R%adj = 0.242, p < 0.001; Table 2), with the plant FL stage exhibiting significantly higher saprotroph
abundance. Furthermore, sampling time had a significant influence on soil saprotroph abundance
(F2,124 = 41.02, R2adj = 0.273, p < 0.001) (Table 2). The highest saprotroph abundance was observed
at the BEM stage, compared to both the FL (post hoc; p < 0.001; Table S9) and SSC stages (post hoc,
p < 0.001; Table S9). Cultivar also had a weak but significant influence on soil saprotroph abundance
(F20,124 = 1.69, Rzadj = 0.012, p = 0.040; Table 2). Post hoc analysis revealed that the cultivar Viviana
had significantly higher saprotroph abundance than Manitou (Table S9).

3.3. Factors Affecting the Abundance of Dominant Plant Pathogens

In root samples, Plectosphaerella cucumerina (12.7%), Microdochium spp. (7.2%), Fusarium spp.
(6.2%) and Rhizoctonia spp. (teleomorph: Thanatephorus spp., 5.2%) were the most abundant pathogen
taxa. Similarily to overall pathogen abundance in root samples, sampling time had the strongest
influence on the relative abundance of P. cucumerina (F g, = 66.40, Rzadj =0.284, p < 0.001; Table S10),
which peaked at the SSC stage. Cultivar had a minor effect on P. cucumerina abundance (Table S10).
Post hoc analyses revealed a marginally greater abundance in Rosagold and Esmee compared to
Fontane (Table S11). Cultivar had the strongest influence on the relative abundance of Rhizoctonia
spp. (Fa,82 =2.22, Rzadj = 0.140, p = 0.006; Table S10). Post hoc analyses revealed a marginally higher
abundance of Rhizoctonia spp. in roots of the cultivars Merlot, Concordia, Solist, Manitou, Karlena and
Glorietta, compared to those of Laudine, Rosagold, Excellency, Viviana, Bellefleur, Fontane, Antonia,
Mariska, Madeleine, Champion, Esmee, Erika and Arielle, which showed almost no occurrence of
Rhizoctonia spp. (Table S11). Rhizoctonia spp. relative abundance increased with time (F; g, = 7.40,
R%adj = 0.039, p = 0.007; Table S11).

In the soil samples, Gibellulopsis nigrescens (5.2%), P. cucumerina (2.4%), Didymellaceae (1.4%) and
Fusarium spp. (0.9%) were the most abundant pathogen taxa. Similarily to overall pathogen abundance
in root samples, sampling time had the strongest influence on the relative abundance of G. nigrescens
(F2,124=9.34, RZadj = 0.071, p < 0.001; Table S10), with lowest abundance at the BEM stage, compared
to FL and SSC stages (Table S12). Sampling time affected the relative abundance of P. cucumerina
(F2,124 = 32.70, Rpadj = 0.251, p < 0.001; Table S10) and Didymellaceae (F; 124 = 10.5, Rzadj =0.103,
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p <0.001; Table S10). The lowest P. cucumerina abundance was observed at the BEM compared to FL
and SSC stages (Table S12). The lowest Didymellaceae abundance was observed at both BEM and FL
stages compared to the SSC stage (Table S12). In contrast, cultivar was the only significant variable
affecting Fusarium spp. abundance (Fyg 124 = 1.70, R%adj = 0.060, p = 0.040; Table S10), but post hoc
analyses revealed that Fusarium spp. abundance in soil near the roots of Merlot is only marginally
higher than that of Karlena (Table S12).

3.4. Factors Affecting Fungal Community Composition

In roots, the cultivar was the main factor determining overall fungal (p < 0.001, adjusted R?= 0.082),
pathogen (p < 0.001, adjusted R? = 0.130) and saprotroph (p = 0.001, adjusted R? = 0.057) community
composition (Table 3). Conversely, in soil, sampling time was the main factor describing overall fungal
(p = 0.002, adjusted R? = 0.062, Figure 4A), pathogen (p = 0.004, adjusted R? = 0.102, Figure 4B) and
saprotroph (p = 0.004, adjusted R? = 0.058, Figure 4C) community composition (Table 3).

Table 3. Differences in total fungal, pathogenic and saprotrophic community composition in both soil
and roots of different potato cultivars.

Sample Variable a All Fungi Pathogens Saprotrophs
Type R%adj Pseudo F r RZadj Ps;udu r RZadj Pseudo r
Soil
Cultivar 20  0.008 1.183 <0.001**  0.004  1.135 0.144 0.014  1.260  <0.001 ***
Time 2 0.062 4.758 0.002 ** 0102 9.125 0.004 ** 0.058  4.302 0.004 *
Replication block 2 0.007 1.858 <0.001** 0.0109 2.513 0.001 ** 0.004 1.467 0.012*
Cultivar X Time 40 0 1.007 0.409 0 1.139 0.079 0 0.954 0.845
Cultivar x
Replication block 40 0 1.016 0.299 0 1.132 0.087 0 0.981 0.655
.Tm.le X 4 0.009 1.586 <0.001**  0.003  1.438 0.053 0010  1.621  <0.001 ***
Replication block
Roots
Cultivar 20 0.082 1.823 <0.001**  0.130 2485 <0.001** 0.057 1.399 0.001 **
Time 1 0053 7.863 0.102 0.077  13.088 0.098 0.0331  4.994 0.105
Replicationblock 2 0.012 2223 <0.001**  0.004  1.689 0.040 * 0.009  1.938 0.003 **
Cultivar X Time 20 0.013 1.392 <0.001**  0.004  1.378 0.004 ** 0.001  1.280 0.004 **
Cultivar x .
Replication block 40 0 1.020 0.362 0 0.916 0.793 0 1179 0.011
Time x
Replication block 2 0 1.253 0.105 0 1.088 0.369 0 1.284 0.132

df, degrees of freedom; Rzadj, adjusted R?; Pseudo-F, pseudo-F statistic; p, calculated probability. *** p < 0.001;
< 0.01; % p < 0.05.
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Figure 4. Non-metric multi-dimensional scaling, to model the effect of time on soil (A) overall fungal,

(B) pathogen and (C) saprotroph community composition collected at different sampling points across
all cultivars and replication blocks. BEM, before emergence; FL, flowering stage; SSC, senescence stage.
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4. Discussion

4.1. Dominant Taxa

Plant soil offers habitat niches and root exudates as nutrients for microorganisms [43,44]. In the
present study, root samples harboured only one fifth of the total OTUs detected, suggesting that a
few microorganisms overcome plant defense mechanisms and inhabit plant roots. Ascomycota was
the most abundant phylum detected in roots for each studied time point. Furthermore, ascomycetes
prevailed in the roots of all potato cultivars. Ascomycota is the most diverse fungal phylum, comprising
the majority of plant pathogens [45]. Furthermore, ascomycetes dominate as decomposers of organic
matter in agro-ecosystems [46]. Mortierellomycota dominated in the soil—this phylum includes the
genus Mortierella, mold-like decomposers that contribute to soil phosphorus cycling [47,48].

The observed dominant plant pathogens are common pathogens of potato, with a capability for
saprophytic growth and infective spread to other hosts. Plectosphaerella cucumerina prevailed both
in soil and root samples, which is in agreement with previous studies in Italy [49,50]. Although this
pathogen causes wilting in potato [51], some studies have shown that P. cucumerina acts as a biocontrol
agent against potato cyst nematodes [52]. Other abundant pathogens, belonging to genera such as
Fusarium and Rhizoctonia, are common potato pathogens causing dry rot and black scurf, respectively.
These soil-borne genera are among the most economically-important plant-pathogenic fungi, [26,53,54]
that can survive saprophytically on crop residues in the absence of their hosts, growing rapidly when
fresh organic matter is available [54]. Here we considered both genera to be tentatively pathogenic,
although these groups contain non-pathogenic endophytes and saprotrophs and pathogens on hosts
other than potato [55-57]. Limited species-level and forma speciales-level resolution of the ITS marker
in Fusarium [58,59] and the paucity of SH-level functional reference data in both groups hamper our
ability to distinguish effectively pathogenic organisms from closely related non-pathogenic taxa.

4.2. Seasonal Variation

Sampling time was the strongest variable shaping total fungal richness and composition, both
in soil and roots. The role of temporal change in both bacterial and fungal communities has been
observed in other studies [60-62]. In the present study, overall root-fungal richness was highest in
the plant FL stage, whereas in soil samples, overall fungal richness peaked during the SSC stage.
These results imply that in intensively managed agricultural soil during the early stages of plant
growth, fungi mainly colonize healthy plant roots, which may provide high amounts of energy to
the fungi. In later stages, when pathogens accumulate and plants senesce, nutrient flow ceases.
In addition, changes in fungal community composition during the growing season may also contribute
to the observed temporal dynamics, possibly due to climatic conditions, time since disturbance
(ploughing) and interactions among fungal taxa. During the vegetative period, organic matter content
decreases, and is replaced by root exudates. A previous study by Chaparro et al. [63] showed that the
surrounding rhizosphere microbiome is affected by plant developmental stage, and is related to root
exudation. Plants exude organic compounds into the surrounding environment [64], and microbes
use these organic compounds as nutrients; and different microbial groups have distinct nutritional
preferences [65]. Therefore, these qualitative changes in root exudation may cause differences in soil
fungal diversity and community composition.

Saprotroph richness in roots and soil peaked during the plant FL and SSC stages, respectively,
whereas saprotroph relative abundance in both soil and roots decreased in the plant SSC stage.
Saprotroph richness-peaks in the FL stage could be attributed to increases in rhizodeposits [66]. In roots,
plant FL stage exhibited significantly higher saprotroph relative abundance, whereas in soil, the highest
saprotroph abundance was observed at the BEM stage. Thus, it can be expected that continuous
tillage operations at the beginning of the growth period, and resource-rich spring wheat residues,
being relatively fibrous with more long-term decomposition, promoted saprotroph abundance in the
BEM stage.
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The abundance of most dominant pathogens increased over the growing season. This is in
agreement with the generally observed exponential increase in disease incidence of most crop
pathogens over time during the growing season. It can be speculated that, in addition to changes in
exudate patterns and root architecture, plants’ resistance against pathogens decreases during ageing,
allowing virulent pathogens to become prevalent [67].

4.3. Effect of Cultivars

In contrast to other fungal guild and habitat combinations, root pathogen richness was mainly
affected by plant cultivar. Lowest pathogen richness was observed in the cultivars Viviana, Solist
and Concordia, which are considered relatively resistant cultivars with medium nutrient demand
(Europlant.biz, Danespo.com). Roots of the cultivar Glorietta comprised the highest pathogen richness,
but this variety is not known to be particularly susceptible to pathogens. However, higher pathogen
richness may not always be related to higher disease incidence and severity, but may instead lead to
microbial competition in the rhizosphere and suppress the dominant pathogens [68].

The present study confirmed previous findings [69] regarding different cultivar susceptibility to
Rhizoctonia solani. Our results reveal that some cultivars show almost no occurrence of R. solani when
grown in the same soils where other cultivars became infected by this fungus. According to information
provided by the breeding company Norika (Norika GmbH), the cultivar Merlot has high resistance
to Rhizoctonia spp. Nevertheless, we found that Merlot showed marginally stronger abundance of
R. solani than other cultivars. Furthermore, in this field trial, at the end of the growing period, plants
with nests of small-sized tubers caused by R. solani were only observed on Merlot. Plant cultivar was
the main factor affecting overall fungal, pathogen and saprotroph community composition in roots.
It can be speculated that host genotype determined the fungal mycobiome recruited from the soil into
the potato roots. Furthermore, a similar, consistent and weak, yet significant, effect of genotype on
bacterial community composition in plant roots was observed in previous studies [70-72].

5. Conclusions

In this study, we assessed differences in fungal community structure in the roots and soil near the
root zone of 21 potato cultivars, and among different plant growth stages. Potato cultivars (genotypes)
developed distinctive fungal communities in their roots, with the background of similar fungal
assemblages in soil showing temporal changes over the growing season. The abundances of fungal
guild representatives in roots of potato cultivars, as well as fungal guild composition and diversity,
showed temporal changes. The occurrence of major pathogens strongly varied among potato cultivars.
Overall, our results demonstrate that in roots, cultivar was a primary factor determining overall fungal,
pathogen and saprotroph community composition.
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ABSTRACT Culture-based molecular identification methods have revolutionized de-
tection of pathogens, yet these methods are slow and may yield inconclusive results
from environmental materials. The second-generation sequencing tools have much-
improved precision and sensitivity of detection, but these analyses are costly and
may take several days to months. Of the third-generation sequencing techniques,
the portable MinlON device (Oxford Nanopore Technologies) has received much at-
tention because of its small size and possibility of rapid analysis at reasonable cost.
Here, we compare the relative performances of two third-generation sequencing in-
struments, MinlON and Sequel (Pacific Biosciences), in identification and diagnostics
of fungal and oomycete pathogens from conifer (Pinaceae) needles and potato (So-
lanum tuberosum) leaves and tubers. We demonstrate that the Sequel instrument is
efficient for metabarcoding of complex samples, whereas MinlON is not suited for
this purpose due to a high error rate and multiple biases. However, we find that
MinlON can be utilized for rapid and accurate identification of dominant pathogenic
organisms and other associated organisms from plant tissues following both amplicon-
based and PCR-free metagenomics approaches. Using the metagenomics approach
with shortened DNA extraction and incubation times, we performed the entire
MinION workflow, from sample preparation through DNA extraction, sequencing,
bioinformatics, and interpretation, in 2.5 h. We advocate the use of MinION for rapid
diagnostics of pathogens and potentially other organisms, but care needs to be
taken to control or account for multiple potential technical biases.

IMPORTANCE Microbial pathogens cause enormous losses to agriculture and for-
estry, but current combined culturing- and molecular identification-based detection
methods are too slow for rapid identification and application of countermeasures.
Here, we develop new and rapid protocols for Oxford Nanopore MinlON-based third-
generation diagnostics of plant pathogens that greatly improve the speed of diag-
nostics. However, due to high error rate and technical biases in MinlON, the Pacific
BioSciences Sequel platform is more useful for in-depth amplicon-based biodiversity
monitoring (metabarcoding) from complex environmental samples.

KEYWORDS PacBio Sequel, molecular diagnostics, metabarcoding, metagenomics,
fungal plant pathogens, needle pathogens, oomycetes, potato, Solanum tuberosum,
Oxford Nanopore MinION, plant pathogens
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ungal and oomycete pathogens and hexapod pests cause enormous losses in

agriculture and forestry. Rapid and precise identification of these antagonists
enables efficient countermeasures and reduces the costs of biocides and losses to
disease (1). Direct morphology-based and culture-based diagnoses are often too slow
to prevent the spread of disease. Molecular methods such as PCR-based detection with
specific oligonucleotide primers, DNA hybridization-based techniques, and DNA se-
quence analysis are more accurate and can be rapidly applied to infected tissues and
environmental materials (2). However, methods using specific oligonucleotide primers
or probes lack the capacity to detect species or strains other than those intended or,
worse, yield false-positive signals (3). Although the DNA sequences from selected
marker genes may provide high taxonomic resolution, Sanger sequencing of PCR
products takes 1 to 3 days depending on access to a sequencing laboratory, and it may
fail when DNA of several species or polymorphic alleles are amplified (4).

These disadvantages can be overcome by using a metabarcoding approach.
Second- and third-generation high-throughput sequencing (HTS) platforms read hun-
dreds of thousands to billions of DNA molecules simultaneously, recovering the tar-
geted taxa when present at low proportions (5, 6). However, library preparation and
running of HTS instruments typically take several days, and there may be queues of
weeks to months at commercial service providers. Furthermore, a single sequencing run is
costly, which renders it unfeasible for rapid identification of pathogens (7). In spite of
millions of output reads, the second-generation SOLID, Roche 454, lllumina, and lon Torrent
platforms suffer from short read length, which is suboptimal for accurate identification of
microorganisms because of low taxonomic resolution of 100- to 500-bp marker gene
fragments (8, 9). Third-generation sequencing platforms of Pacific Biosciences (PacBio; RSII
and Sequel instruments) and Oxford Nanopore Technologies (ONT; MinlON, GridION, and
PromethlON instruments) enable average sequence lengths of >20,000 bases, but this
comes at a 5 to 20% error rate (7, 10-12). In PacBio instruments, the built-in circular
consensus sequencing generates multiple copies of the same fragment with a highly
accurate consensus (13, 14). Therefore, long consensus molecules have been readily
used in de novo assembly of complex genomes (15) and DNA barcoding (16). PacBio-
based metabarcoding analyses provide greater resolution than short-read second-
generation HTS tools in bacteria (9, 17, 18) and fungi (12), including plant pathogens
(19).

Compared with other HTS platforms that are represented by large and quite
expensive machines, the MinlON device is the size of a cell phone and has the cost of
a computer, making it affordable to governmental institutions, research laboratories,
and small companies (20, 21). Its small size and low power consumption enable
carrying the device, a basic analysis toolkit, batteries, and a computer virtually any-
where, as demonstrated by in situ sequencing runs in a tropical rain forest (22),
Antarctic desert (23), and space station (24). MinlON has the capacity to produce
>1,000,000 sequences per day, with average read lengths of around 20,000 bases and
maximum read lengths approaching 1,000,000 bases (11). Because of low sequence
quality, MinlON has been used mostly in whole-genome sequencing analyses to resolve
long repeats and bridge contigs or to resequence genomes (11, 25). The error rate of
reads can be reduced from 10 to 15% to 1 to 5% by sequencing of the complementary
strand (1D? method) or preparing tandem repeat molecules (concatemers), but these
solutions are laborious and enable low sequencing depth and, hence, are seldom used
(26-29). MinlON has been used to generate long DNA barcodes from consensus
sequences (30) and to detect specific human pathogens that are easily distinguishable
and well represented in reference sequence databases (31, 32). Although multiple
reports claim achieving species-level taxonomic resolution in complex environmental
samples (33-35), the high error rate renders nanopore sequencing poorly suited for
exploratory metabarcoding analyses of natural communities. Conversely, the meta-
genomics approach has gained popularity for identification of human pathogens to
skip the entire PCR step and avoid associated biases (22, 36, 37). Recently, Bronzato
Badial et al. (38) demonstrated that plant-pathogenic bacteria and viruses can be
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TABLE 1 Detailed information about MinlON and Sequel sequencing runs

Applied and Environmental Microbiology

DNA No. of reads
MinION quantity Sequencing obtained
Run ID  Sample (n) Primer chemistry Sequencing cell (ng) time (min) (% qualified)
ONT1 Pinaceae needles (36) ITS1catta + ITS4ngsUni  SQK-LSK109  Flow cell 1 (new) 1,165 1,440 1,053,693 (17.7)
Sequell  Pinaceae needles (36) ITS1catta + ITS4ngsUni  NA“ SMRT cell 1 1,000 600 167,864 (72.6)
ONT2 Solanum tuberosum leaves ITS1catta + ITS4ngsUni;  SQK-LSK109  Flow cell 1 (2nd use) 2,002 343 1,194,242 (3.1)
and tubers (35) ITS100 + ITS4ngsUni
Sequel2  S. tuberosum leaves and ITS1catta + ITS4ngsUni; NA SMRT cell 1 1,000 600 177,635 (42.5)
tubers (35) ITS100 + ITS4ngsUni

ONT2a  S. tuberosum leaves (8) ITSTcatta + ITS4ngsUni  SQK-LSK109  Flow cell 1 (3rd use) 1,076 260 130,130 (10.9)
ONT2b  S. tuberosum leaves (8) ITS1catta + ITS4ngsUni  SQK-LSK109  Flow cell 2 (new) 926 NA Failed
ONT2f  S. tuberosum leaves (8) ITS1catta + LR14 SQK-LSK308  Flow cell 3 (new) 473 75 5433 (4.9)
ONT2g  S. tuberosum tuber (1) Metagenome SQK-RAD004  Flow cell 2 (2nd use) 69 251 466,488 (14.2)
ONT2h  S. tuberosum tuber (1) ITS1catta + LR11 SQK-LSK109  Flow cell 2 (3rd use) 448 165 767,611 (44.7)
ONT2i S. tuberosum tuber (1) Metagenome SQK-RAD004  Flow cell 4 (new) 31 50 1142 (38.2)
ONT2j S. tuberosum leaf (1) Metagenome SQK-RAD004  Flow cell 5 (new) 428 105 107,613 (48.8)
ONT2k Cucumis sativa roots (1) Metagenome SQK-RAD004  Flow cell 5 (2nd use) 53 125 5044 (80.2)
ONT2I C. sativa leaf (1) Metagenome SQK-RAD004  Flow cell 5 (3rd use) 80 95 23,093 (57.1)
ONT2m  C. sativa leaf (1) Metagenome SQK-RAD004  Flow cell 5 (4th use) 48 90 1074 (20.8)
ONT2n  S. tuberosum stem (1) Metagenome SQK-RAD004  Flow cell 6 (new) 56 74 51,175 (47.7)

“NA, not applicable.

detected using MinlON, whereas Hu et al. (39) extended this to fungal pathogens of
cereals.

The main objective of this study was to develop protocols for metabarcoding-based
and metagenomics-based detection of fungal and oomycete plant pathogens using
third-generation sequencing tools. In particular, we aimed to (i) test the relative biases
and shortfalls of MinION-based and PacBio Sequel-based identification and evaluate the
perspectives of these methods and (i) test MinlON protocols for ultrarapid pathogen
identification. We performed several HTS runs using MinlON and Sequel instruments and
compared these results to Sanger sequencing, species-specific oligonucleotide-based PCR,
and morphology-based identification where relevant. We tested the third-generation HTS
methods in two plant pathosystems, conifer (Pinaceae) needles and potato (Solanum
tuberosum L.) leaves and tubers.

RESULTS

Technical features of MinlON and Sequel runs. We compared two MinlON runs
(ONT1 and ONT2) and two corresponding Sequel runs (Sequel1 and Sequel2) from the
same pools of amplicon samples (needles of Pinaceae spp. and various tissues of S.
tuberosum for both methods) in their technical performance and ability to recover the
diversity of Fungi and Oomycota. Compared with Sequel, MinlON had severalfold-
greater initial sequencing depth, which further depended on the loaded DNA content
and sequencing time (considering all MinION runs) (Table 1). The high sequencing
depth of MinlON was reduced severalfold during the quality filtering and demultiplex-
ing, reaching a level comparable to that of Sequel. Among individual samples within
libraries, variation in sequencing depth was slightly greater in MinION (coefficient of
variation [CV], 67.8% to 93.4%) than in Sequel (62.8% to 64.5%). The Pearson correlation
coefficient of sequencing depth (quality-filtered reads) of samples in MinION and
Sequel ranged from 0.585 in the S. tuberosum data set (n = 35) to 0.853 in the Pinaceae
species data set (n = 36), suggesting a substantial library preparation or sequencing
bias in the former amplicon pool.

For the MinION data sets, chimeras (i.e., artificial reads originating from >1 parent
or concatemers of the same read) were detected using the reference-based method of
UCHIME but not the de novo method of the same program. Putatively chimeric
molecules contributed 1.5 to 1.8% to the mapped reads, but nearly half of these were
false positives based on manual checking. Interestingly, nearly half of the true chimeras
(0.4% of all reads) included parents from different samples, indicating some chimera
formation during the library preparation or sequencing process in addition to PCR.
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FIG 1 Screenshot example of multiple-sequence alignment of MinION reads mapped to the corresponding Sanger sequence of Lophodermium pinastri.
Difference from the consensus is indicated with a dash; the accurately sequenced tetramer is indicated with asterisks.

Further manual inspection of demultiplexed sequences revealed that 5 to 8% of all
chimeras are self-chimeric, i.e., 1.5-fold to 6-fold concatemeric repeats of itself. In the
Sequel data sets, chimeras accounted for 1.9 to 3.7% of reads (including 1.5 to 2.4%
detected de novo), with no self-chimeric reads remaining in the quality-filtered data.

The index switching (i.e., post-PCR chimeras, where sample molecular identifiers are
attached to another molecule in the DNA library) rate was much greater in MinlON
(3.6% of reads in ONT2 run) than in Sequel (0.14% in Sequel2 run). Based on positive-
control samples, we estimated that the error rate in Sequel runs is 0.1% (corresponds
to polymerase errors) but 11 to 16% (depending on species) for the conventional 1D
method and 11% for the 1D2 method (run ONT2f) of MinlON. Alignments of hundreds
of positive-control and other common sequence types revealed that errors are non-
randomly distributed, i.e., occasionally there were no errors across 3 or 4 bases of the
alignment, whereas homopolymeric sites exhibited large amounts of combined indels
and substitutions (Fig. 1). Because of these nonrandom errors, we were able to
construct consensus at 98.5 to 99.5% accuracy (only deletions remaining) with 100 or
more reads using MinlON. Conversely, most of the individual sequences of Sequel were
identical to the Sanger sequences.

All MinION runs using one batch of R9.4 flow cells (1 and 2, accommodating runs
ONT1, ONT2, ONT2a, ONT2g, and ONT2h; Table 1) were contaminated by a Coniothy-
rium sp. (INSD accession number JX320132), but this ascomycete was not observed in
negative-control samples, other batches or flow cell types, or Sequel. At least partly
because of this, the dominant fungal taxa recovered in samples differed in the MinlON
and Sequel runs (Tables 2 and 3).

Metabarcoding analyses of MinlON and Sequel. The MinION run ONT1 included
diseased and asymptomatic needle samples of Pinaceae spp. and pure cultures of
fungal pathogens. Of the 792,748 “passed” reads, 189,150 (23.9%) were demultiplexed
and 183,343 (23.1%) were mapped to reference sequence databases based on the
quality criteria (E value of <e=%° and sequence similarity of >75%). The ITS1catta-
ITS4ngsUni primer pair amplified mostly fungal DNA (99.9% of identified reads). Best
hits were distributed across 2,483 fungal molecular operational taxonomic units (MOTUs),
with the well-known conifer pathogens yielding hits to 1 or 2 different accession
numbers. On average, samples hosted 203.4 = 130.5 (mean = standard deviation [SD])
MOTUs. Best hits to the contaminant Coniothyrium sp. (Ascomycota) contributed 26.3%
of all sequences on average. Of the expected Pinaceae-associated taxa, Hormonema

November 2019 Volume 85 Issue 21 €01368-19

110

aem.asm.org 4



Third-Generation Sequencing-Based Pathogen Diagnostics

TABLE 2 Identification of fungi in Pinaceae species needle samples

Species-specific

Reads (%) per sample? (dominant taxa)

Sample ID  primer(s) Sequel MinlON

115 Negative LoPi, 35; CoTu, 27; RhySp, 3 CoSp 44; CoTu, 21; Helu, 2
117 Negative LoCo, 49; DiSp, 25; ViVi, 9 LoCo, 42 DiSp, 13; CoSp, 12
118 LeAc NeGe, 36; DiSp, 10; HoMa, 9 NeGe, 32; CoSp, 9; DiSp, 6
119 Negative LoPi, 34; RhySp, 16; CySp, 11 CoSp, 49; ChaeSp, 9; PhEu, 3
123 Negative DiSp, 49; PIOs, 19; HoMa, 19 DiSp, 25; PIOs, 14; HoMa, 14
125 Negative HoMa, 56; ViVi, 8; SpRu, 7 HoMa, 49; CoSp, 13; MyTa, 5
127 DoSe LaCa, 68; HoMa, 25; InSp, 6 LaCa, 67; HoMa, 21; CoSp, 2
139 Negative MyTa, 22; AuPu, 12; LaCa, 8 MyTa, 20; CoSp, 18; AuPu, 11
141 Negative DiSp, 21; HoMa, 21; SpRu, 16 HoMa, 17; DiSp, 12; CoSp, 10
142 Negative LoPi, 40; NeGe, 28; DoSe, 9 CoSp, 43; NeGe, 12; DoSe, 7
148 Negative MyTa, 40; HeJu, 35; SpRu, 15 Helu, 37; MyTa, 35; SpRu, 9
154 Negative ViVi, 18; LoCo, 13; Helu, 12 CoSp, 31; Helu, 12; LoCo, 10
2404 NA DoPi, 100 DoPi, 76; CoSp, 9; PsOp, 2
3904 NA LeAc, 52; AlAl, 23; HaOr, 23 LeAc, 44; CoSp, 24; Allr, 19
3906 NA DoPi, 100 DoSe, 70; CoSp, 7; DoPi, 4
4154 DoPi, DoSe, LeAc  LoPi, 94; AnCo, 3; NeGe, 1 CoSp, 86; AnCo, 3; HoMa, 1
4162 Negative LoPi, 62; DoSe, 9; CeFe, 6 CoSp, 57; CeFe, 10; DoSe, 9
4180 DoSe DoSe, 32; LoPi, 22; MyTa, 18 DoSe, 27; CoSp, 26; MyTa, 21
4181 Negative LoPi, 63; LoSp, 6; LoCo, 5 CoSp, 62; LoSp, 6; LoCo, 5
4192 DoSe LoPi, 32; PhLa, 18; CyMi, 13 CoSp, 33; PhLa, 13; CyMi, 10
4194 LeAc TrSp, 44; NeGe, 15; RhiSp, 11 TrSp, 40; NeGe, 8; ScSp, 7
4195 LeAc HoMa, 52; LoPi, 11; TrSp, 10 HoMa, 44; CoSp, 15; TrSp, 10
4197 DoSe LoPi, 46; DoSe, 25; RhySp, 8 CoSp, 49; DoSe, 19; LoPi, 14
4220 Negative LoPi, 58; AnSp, 32; PhlLa, 5 CoSp, 56; AnSp, 28; PhLa, 3
4221 DoSe LoPi, 47; MyTa, 43; AuPu, 3 CoSp, 47; MyTa, 37; DoSe, 4
4222 DoSe LoPi, 48; DoSe, 7; EuSp, 6 CoSp, 49; DoSe, 7; PhSp, 5
4223 DoSe, LeAc HoMa, 25; DiSp, 10; DoSe, 8 HoMa, 20; CoSp, 8; DoSe, 8
5136 Negative AsSy, 73; DiVi, 27 AsSy, 36; DiSp, 13; CoSp, 11
5137 Negative HeAn, 56; DoSe, 32; AsSo 3 HeAn, 45; DoSe, 31; CoSp, 3
5146 Negative GiTr, 17; DiSp, 17; CeSp, 14 CeSp, 14; PhLa, 11; GiTr, 10
5148 Negative DiSp, 45; ArSp 11; GiTr, 11 DiSp, 29; DiVi 10; GiTr, 7
5151 Negative CyMi, 22; MyTa, 11; CISp, 9 CyMi, 18; CoSp, 15; MyTa, 11
5186 Negative MyTa, 70; ViVi, 8; DiSp, 5 MyTa, 66; CoSp, 15; AuPu, 4
5194 Negative DiVi, 26; HelSp, 20; MaOb, 11 DiVi, 17; MyTa, 10; DoSp, 10
5195 Negative RaHy, 57; ZyVe, 19; ExSp, 18 RaHy, 41; CaSp, 12; ZyVe, 11
5297 Negative ZyVe, 18; RhiSp, 16; RhMu 5 ZyVe, 17; CoSp, 10; ScSp, 10
5307 Negative ZyVe, 20; ExSp, 12; MyTa, 10 ZyVe, 13; CoSp, 11; MyTa, 10
14374 ND? LeAc, 38; DoSp, 13; TeSp, 10 LeAc, 31; Peln, 10; CoSp, 7
14378 ND HoMa, 46; NeSp, 23; ChSp, 6 HoMa, 42; PISt, 16; CoSp, 8

aPercentages in Sequel and MinlON columns indicate the percentage of sequences assigned to particular
MOTUs. Abbreviations for species corresponding to dominant MOTUs: AlAl, Alternaria alternata; Allr,
Alternaria iridiaustralis; AnCo, Anthostomella conorum; AnSp, Anthostomella sp.; ArSp, Articulospora sp.; AsSo,
Ascocoryne solitaria; AsSy, Aspergillus sydowii; AuPu, Aureobasidium pullulans; CaSp, Capnodiales sp.; CeFe,
Cenangium ferruginosum; CeSp, Ceratobasidiaceae sp.; ChSp, Chalara sp.; ChaeSp, Chaetothyriales sp.; CISp,
Cladosporium sp.; CoSp, Coniothyrium sp.; CoTu, Coleosporium tussilaginis; CyMi, Cyclaneusma minus; CySp,
Cyphellophora sp.; DiSp, Didymellaceae sp.; DiVi, Didymella viburnicola; DoPi, Dothistroma pini; DoSe,
Dothistroma septosporum; DoSp, Dothideomycetes sp.; EuSp, Eurotiomycetes sp.; ExSp, Extremus sp.; GiTr,
Gibberella tricincta; HaOr, Hannaella oryzae; HeAn, Heterobasidion annosum; Helu, Herpotrichia juniperi; HelSp,
Helotiales sp.; HoMa, Hormonema macrosporum; InSp, Insecta sp.; LaCa, Lachnellula calyciformis; LeAc,
Lecanosticta acicola; LoCo, Lophodermium conigenum; LoPi, Lophodermium pinastri; LoSp, Lophodermium sp.;
MaOb, Malassezia obtusa; MyTa, Mycosphaerella tassiana; NeGe, Neocatenulostroma germanicum; NeSp,
Nectria sp.; Peln, Perusta inaequalis; PhEu, Phaeococcomyces eucalypti; PhLa, Phacidium lacerum; PhSp,
Phaeomoniella sp.; PIOs, Pleurophoma ossicola; PISt, Pleonectria strobi; RaHy, Ramularia
hydrangeae-macrophyllae; RhiSp, Rhizosphaera sp.; RhMu, Rhodotorula mucilaginosa.; RhySp, Rhytismataceae
sp.; ScSp, Scleroconidioma sphagnicola; SpRu, Sporobolomyces ruberrimus; ZyVe, Zymoseptoria verkleyi; TeSp,
Teratosphaeriaceae sp.; TrSp, Truncatella spadicea; ViVi, Vishniacozyma victoriae.
®ND, not determined.

Applied and Environmental Microbiology

macrosporum (6.2%), Lophodermium conigenum (5.0%), and a Didymellaceae sp. (4.3%)
(all Ascomycota) yielded the greatest number of hits (Fig. 2A). All of these taxa occurred
in 94 to 100% of samples.

The corresponding Sequel run Sequell revealed 121,965 demultiplexed reads that
were clustered into 535 MOTUs, all above the quality threshold. Samples harbored
51.5 = 41.6 MOTUs on average, nearly four times less than that in the MinION data set.
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TABLE 3 Identification of fungi in Solanum tuberosum tissue samples

Reads (%) per sample?

Sample Sanger Sequel MinlON

KLOO1 Failed MyTa, 10; BuCr, 8; SpRo, 7 CoSp, 24; CerSp, 16; LeAc, 11
KL002 Failed KoCh, 27; PeEx, 13; SpRo, 8 DoSe, 27; KoCh, 9; CoSp, 8
KLOO3 Failed BuCr, 21; FiSt, 14; ClSp, 12 BuCr, 17; ClISp, 12; CoSp, 11
KLOO4 Failed EpNi, 12; MyTa, 10; SpRo, 10 NeGe, 13; CoSp, 11; NeMi, 9
KLOO5 Fiwi FiWi, 41; DioSp, 5; BuAu, 5 FiWi, 26; MyTa, 13; CoSp, 10
KLOO6 Failed SpRo, 17; LeSp, 8; ViVi, 7 CoSp, 15; HoMa, 11; MyTa, 8
KLOO7 Failed FiSt, 26; SpSp, 11; MyTa, 7 CoSp, 15; FiSt, 13; SpSp, 7
KLOO08 Failed PaLa, 49; SpRo, 9; MyTa, 6 PaLa, 36; CoSp, 14; MyTa, 8
KL009 Failed DiSp, 15; DiPo, 12; MyTa, 11 DiSp, 12; CoSp, 11; MyTa, 8
KLO10 BoEx BoSp, 47; FiSt, 12; SpRo, 5 BoSp, 26; CoSp, 18; FiSt, 5
KLO11 BoEx BoSp, 71; ExEq, 9; MyTa, 4 BoSp, 52; ExEq, 8; MyTa, 4
KLO12 BoEx BoSp, 96; ViTe, 2; MySp, 1 BoSp, 50; CoSp, 14; Helu, 3
KLO13 DioSp MyTa, 17; BuCr, 9; ViVi, 8 CoSp, 24; MyTa, 13; HyaSp, 4
KLO14 Failed CyMa, 14; ViVi, 10; LeSp, 7 CoSp, 30; ViVi, 10; CoTu, 6
KLO15 BoEx BoSp, 92; BuCr, 1; FiSt, 1 BoSp, 37; LoCo, 19; CoSp, 8
KLO16 Failed ViVi, 18; PalLa, 15; LeSp, 12 CoSp, 29; Pala, 10; HoMa, 7
KLO17 BoEx BoSp, 65; FiSt, 8; ViVi, 4 BoSp, 44; CoSp, 15; TrSp, 7
KLO18 Failed MyTa, 35; PISp, 13; FiSt, 13 CoSp, 39; MyTa, 11; DoSe, 9
KLO19 Failed AuPu, 13; BuCr, 11; ViTe, 11 CoSp, 32; AuPu, 13; BoSp, 7
KL020 BoEx BoSp, 49; SpSp, 9; FiSt, 9 CoSp, 29; BoSp, 17; SpSp, 5
KLO021 Failed MyTa, 35; ViVi, 15; CISp, 10 MyTa, 30; CoSp, 20; AuPu, 9
KL022 ClSp MyTa, 42; BuCr, 13; AuPu, 9 RhMu, 33; MyTa, 23; CoSp, 11
KL023 Failed AuPu, 42; MyTa, 33; AlAl, 8 CoSp, 46; AnSp, 24; AuPu, 7
KL024 ClSp MyTa, 51; SpRo, 9; DiBu, 6 MyTa, 29; CoSp, 20; DoSe, 10
KL025 Failed ViVi, 18; DiSp, 18; CISp, 13 CoSp, 30; DiSp, 12; ClSp, 8
KLO26 ClSp MyTa, 16; SuGr, 15; BuCr, 12 CoSp, 42; MyTa, 11; AtSp, 5
KL027 DioSp BuCr, 65; ViVi, 9; MyTa, 7 CoSp, 75; CeFe, 4; BIGr, 3
KLO028 Failed DiSp, 97; HaVe, 3; CuMo, 0 DiSp, 57; PhBu, 6; PISp, 6
KL029 Failed DiSp, 54; BoSp, 46; PICu, 0 DiSp, 32; BoSp, 28; PISp, 6
KLO30 Failed PICu, 100 PICu, 17; ZyVe, 11; ScSp, 8
KLO31 Failed DiSp, 93; PeBi, 4; BoSp, 1 DiSp, 50; PISp, 6; PhBu, 5
KL032 Failed PICu, 43; PsSp, 22; CuMo, 17 PICu, 23; PIOr, 11; GeAs, 10
KLO33 Failed DeSp, 50; PICu, 38; NeSp, 11 PICu, 41; PISp, 36; NeSp, 8
KLO34 Failed PenSp, 80; PICu, 11; CuMo, 2 CeSp, 13; PhLa, 12; GiTr, 8
KLO35 Failed PeBi, 41; PenSp, 38; PeBr, 10 PeBi, 42; PeAe, 23; PeBr, 11

aPercentages in Sequel and MinlON columns indicate the percentages of sequences assigned to particular
MOTUs. Abbreviations for species corresponding to dominant MOTUs: AlAl, Alternaria alternata; AnSp,
Anthostomella sp.; AtSp, Atheliaceae sp.; AuPu, Aureobasidium pullulans; BIGr, Blumeria graminis; BoEx,
Boeremia exigua; BoSp, Boeremia sp.; BuAu, Buckleyzyma aurantiaca; BuCr, Bullera crocea; CeFe, Cenangium
ferruginosum; CerSp, Cercozoa sp.; CeSp, Ceratobasidiaceae sp.; CISp, Cladosporium sp.; CoSp, Coniothyrium
sp.; CoTu, Coleosporium tussilaginis; CuMo, Cutaneotrichosporon moniliiforme; CyMa, Cystofilobasidium
macerans; DeSp, Dendryphion sp.; DiBu, Dioszegia butyracea; DioSp, Dioszegia sp.; DiPo, Didymella pomorum;
DiSp, Didymellaceae sp.; CeSp, Celosporium sp.; EpNi, Epicoccum nigrum; ExEq, Exophiala equina; ExPi,

di i

Exobasidium

o

; FiSt, Filob

stepposum; FiWi, Filobasidium wieringae; GeAs, Geomyces

asperulatus; GiTr, Gibberella tricincta; HaVe, Harzia velata; Helu, Herpotrichia juniperi; HoMa, Hormonema
macrosporum; HyaSp, Hyaloscyphaceae sp.; KoCh, Kondoa changbaiensis; LaCa, Lachnellula calyciformis; LeAc,
Lecanosticta acicola; LeSp, Leucosporidium sp.; LoCo, Lophodermium conigenum; MySp, Mycosphaerellaceae
sp.; MyTa, Mycosphaerella tassiana; NeGe, Neocatenulostroma germanica; NeMi, Neocatenulostroma
microsporum; NeSp, Nectria sp.; PaLa, Papiliotrema laurentii; PeAe, Penicillium aethiopicum; PeBi, Penicillium
bialowiezense; PeBr, Penicillium brevicompactum; PeEx, Penicillium expansum; PenSp, Penicillium sp.; PhBu,
Phoma bulgarica; PhLa, Phacidium lacerum; PICu, Plectosphaerella cucumerina; PIOr, Plectosphaerella

oratosquillae; PISp, Pleosporales sp.; PsSp, Pseudogymnoascus sp.; RaHy, Ramularia hydrangeae-macrophyliae;
RhiSp, Rhizosphaera sp.; RhMu, Rhodotorula mucilaginosa; ScSp, Scleroconidioma sphagnicola; SpRo,
Sporobolomyces roseus; SpSp, Sporobolomyces sp.; SuGr, Suillus granulatus; ZyVe, Zymoseptoria verkleyi; TrSp,
Truncatella spadicea; ViTe, Vishniacozyma tephrensis; ViVi, Vishniacozyma victoriae.

Altogether, 99.9% reads were ascribed to fungi, with L. pinastri (17.8%), Dothiostroma
septosporum (8.9%), and Hormonema macrosporum (7.0%) (all Ascomycota) dominating
across the entire data set (Fig. 2B). These dominant taxa occurred in 43 to 65% of
samples.

The ONT MinlON run ONT2 recovered 255,137 passed sequences, of which 16.2%
were demultiplexed and 14.4% were mapped to reference database reads. Based on
the occurrence of Pinaceae-specific pathogens in potato samples, we estimated that
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FIG 2 Column diagrams demonstrating relative abundance of MOTUs in Pinaceae species needles (A) and Solanum tuberosum leaves and tubers

(B) based on the ITS1catta + ITS4ngsUni amplicons as revealed by Sequel and MinION instruments.

13.4% of the reads were carried over from the previous ONT1 run, in which we used the
same primer and tag combinations. In the ONT2 run, these Pinaceae-specific MOTUs
had proportionally similar relative abundances when compared across the same index
combinations. The ITS1catta-ITS4ngsUni forward primer amplified mostly fungi (74.2%
of identified reads; Fig. 2B) and plants (26.1% reads corresponding to nine MOTUs of S.
tuberosum). Of fungi, MOTUs corresponding to Coniothyrium sp. (13.2% of reads),
Boeremia sp. (7.5%), Mycosphaerella tassiana (4.6%), and Didymellaceae sp. (4.4%) (all
Ascomycota) dominated. The average taxonomic richness was 81.7 = 43.3 MOTUs per
sample. The ITS100-ITS4ngsUni primer pair revealed Oomycota (47.7%), other Hetero-
konta (19.2%), Fungi (23.6%), and Viridiplantae (9.5%). In each sample, 0 to 3 Oomycota
taxa were found, and all of these occurred only once or twice (Table 4). The majority of
samples produced no visible amplicon on gel with these primers, and correspondingly,
no Oomycota taxa were recovered from these samples based on MinlON sequencing.

The Sequel run Sequel2 revealed 75,573 demultiplexed reads that were separated
into 308 MOTUSs, all matching to reference sequences. On average, 39.6 + 20.3 MOTUs
were recovered per sample. In the ITS1catta-ITS4ngsUni amplicons, Fungi, Viridiplantae,
Alveolata, and Rhizaria contributed to 51.0%, 48.4%, 0.5%, and 0.1% of reads, respec-
tively. All plant reads were distributed across 25 MOTUs that were all assigned to S.
tuberosum. Six of the MOTUs probably represent naturally high variation among the
rRNA internal transcribed spacer (ITS) 1 and 2 sequences of S. tuberosum (based on INSD
entries), whereas others represent pseudogenes or nonfunctional copies. These were
rare to common (up to 3% of all variants) and sometimes exceeded the abundance of
regular variants in individual samples. Of fungi, the largest number of reads belonged
to Boeremia sp. (8.0%), Hysteriaceae sp. (7.4%), and Mycosphaerella tassiana (3.3%) (all
Ascomycota) (Fig. 2B). The ITS100-ITS4ngsUni reads were mostly assigned to Oomycota
(62.9%), other Heterokonta (33.9%), Viridiplantae (3.0%), and Alveolata (0.2%). This
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TABLE 4 Identification of Oomycota and other Heterokonta in Solanum tuberosum tissue samples based on the [TS100 + ITS4ngsUni

amplicons
Reads (%) per sample?
Sample Sequel MinlON
KLO03 Phytophthora infestans, 90; Peronospora radii, 10 P. infestans, 84; P. radii, 11
KLOO4 Xanthophyceae sp., 100 Heterokonta sp., 86
KLOO5 Peronospora agrestis, 73; Xanthophyceae sp., 27 P. agrestis, 83; Heterokonta sp., 17
KLO06 Peronospora sp., 85; Eustigmatos sp., 15 Peronospora sp., 79; Eustigmataceae sp., 13
KLOO7 Chromulinaceae sp., 84; Hyaloperonospora parasitica, 16 Chromulinaceae sp., 66; H. parasitica, 9
KLOO08 Peronospora violae, 100 P. violae, 84
KLO10 Chromulinaceae sp., 100 Chromulinaceae sp., 93
KLO13 H. parasitica, 100 H. parasitica, 100
KLO14 Xanthophyceae sp., 100 Heterokonta sp., 50
KL021 Peronospora variabilis, 100
KL022 P. variabilis, 100
KLO024 P. variabilis, 100

aPercentages in Sequel and MinlON columns indicate the percentages of sequences assigned to particular MOTUs. Samples with no PCR product and no sequences
are excluded. Notably, plant and fungal sequences contributed on average 10% to MinlON data (probably index switch artifacts from the fungal data set; not shown).

data subset yielded 0 to 2 MOTUs of Oomycota or other Heterokonta per sample
(Table 4).

Taking these results together, Sequel and MinlON recovered the same dominant
fungal species (excluding the contaminant) in 60% and 63% of the Pinaceae spp. (Table
2) and S. tuberosum (Table 3) samples, respectively. These values increased to 78% and
83%, respectively, when considering the overlap in the three best-matching taxa.
Inspection of the discordant samples revealed that contamination from the previous
ONT1 run blurred the results of the S. tuberosum samples and MinlON produced 1 to
2 orders of magnitude less high-quality reads matching to multiple species, such as
Vishniacozyma victoriae and a Cystobasidium sp. (both Basidiomycota) and L. pinastri
and a Dendryphion sp. (both Ascomycota), than Sequel (Fig. 2). These species had a
relatively high proportion of homopolymers (>3-mers) per base compared with dom-
inant but equally shared taxa (F, s = 5.79; P = 0.088), which may have reduced their
relative abundances after quality filtering of nanopore sequences. The ITS100-
ITS4ngsUni data subsets were in stronger agreement in Sequel and MinlON, apart from
the lack of Peronospora variabilis among MinlON reads, hence its unsuccessful diagnosis
from three S. tuberosum leaf samples (Table 4).

The ONT2a MinION run was designed to test whether long indexes reduce index
switching. The ONT2a run revealed an index switch rate of 3.8%. S. tuberosum (14
MOTUs) contributed to 18.7% of reads, whereas the contaminant Coniothyrium sp.
accounted for 16.7% of reads, prevailing in half of the eight samples. Of other fungal
species, Papiliotrema laurentii (11.5%) and Filobasidium stepposum (7.0%) (both Basidi-
omycota) and Mycosphaerella tassiana (5.6%) dominated. These species were less
common in the same eight samples as recovered in the ONT2 run with regular indexes
(3.8%, 2.7%, and 4.6%, respectively). In spite of severalfold differences in relative
abundance of MOTUs, the ONT2a and ONT2 runs recovered the same dominant MOTUs
in 75% of the samples.

The ONT2f run was intended to test suitability of the 1D? method relative to the
conventional 1D method based on ONT2 run. Because the 1D? protocol requires DNA
fragments of >3 kb, we sequenced a 3.2-kb amplicon (see Materials and Methods). The
ONT2f run recovered only 3,241 1D? reads, of which 29.7% fell within a 10% interval of
the expected read length of ca. 3,200 bases. The median read length was 954 bases. As
the positive-control sample revealed no reads, the index switch rate could not be
calculated. Of all sequences, S. tuberosum (17 MOTUs) accounted for 54.2% of them. Of
fungi (39.8%), Taphrina populina (6.0%), Parastagonospora sp. (3.8%), and Glarea lozoy-
ensis (3.0%) (all Ascomycota) dominated. These species were much less common in the
ONT2 library (0.1%, <0.1%, and <0.1%, respectively). The same species were among
the dominants in only 25% of samples based on the ONT2 and ONT2f runs. It remains
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unknown whether these biases are related to sequencing of long amplicons or the 1D
method.

Metabarcoding versus metagenomics approach and sequence quality bins. We
designed two MinION runs to compare the relative performance of the metagenomics
approach (ONT2g) and metabarcoding approach (ONT2h) using a single diseased S.
tuberosum tuber sample, KL036 (Table 1). The ONT2g metagenomics run yielded 66,133
and 400,355 passed and failed reads, respectively. The 5,000 randomly selected se-
quences from each of these bins revealed 1,325 passed reads and 1 failed read that met
our quality standards (see Materials and Methods). Altogether, 37.4% of the passed
reads represented sequences carried over from a previous run. After removal of these
reads, the metagenomics data set was dominated by plant and bacterial reads. Best hits
to Lycopersicon esculentum (tomato, 29.0% of reads) and seven species of Solanum
(altogether, 22.6%) collectively represented S. tuberosum. Of bacteria, hits to Agrobac-
terium tumefaciens (10.5%), Variovorax paradoxus (9.7%), and Sphingopyxis alaskensis
(3.8%) dominated. Fungal hits were less common; those to Thanatephorus cucumeris
(1.6%; Basidiomycota) and Boeremia exigua (1.0%) prevailed. Of these best-matching
taxa, the bacterial species A. tumefaciens and V. paradoxus are probably present given
their strongest hits of 93% and 92% and average hits of 87% and 85% sequence
similarity, respectively, to reference strains. Conversely, the particular species S. alasken-
sis, B. exigua, and T. cucumeris are probably absent, because their best hits reached 84%,
88%, and 86%, and all hits averaged 79%, 80%, and 80% similarity to reference
sequences, respectively, suggesting that these MOTUs correspond to other species in
these genera that have no genomic information available.

The ONT2h run represented a long amplicon of the same sample, recovering
342,923 passed reads and 423,688 failed reads. Of the randomly selected 5,000 se-
quences for each bin, 1,876 passed reads and 1,068 failed reads met the quality
threshold (see Materials and Methods). The positive control used in the next-to-
previous run accounted for 0.2% of all sequences, mostly in the failed bin. Out of the
18 most abundant MOTUs, the proportion of 11 MOTUs differed significantly
(P < 0.001) among the passed and failed bins, indicating that reads of certain taxa are
much more likely to be recorded as failed. Of the passed reads, matches to Lignincola
laevis (64.3%) and Verticillium biguttatum (5.0%) (both Ascomycota) and T. cucumeris
(3.0%) dominated. In the failed bin, V. biguttatum (19.9%), L. laevis (15.7%), and
Plectosphaerella cucumerina (7.8%) (all Ascomycota) prevailed, followed by T. cucumeris
(6.0%). Of the dominant taxa recovered, only V. biguttatum, T. cucumeris, and P.
cucumerina were identified to the species level given their high maximum (>90%) and
mean (>85%) sequence similarity to the reference. We tested whether the taxa
relatively more abundant in the failed bin possess more homopolymers than those in
the passed bin, but there was no significant relationship between the relative abun-
dance of taxa in these bins and the proportion of 4-mers per base (F, , = 2.23; adjusted
R2 = 0.110; P = 0.169).

In the ONT2g metabarcoding and ONT2h metagenomics data sets derived from the
same S. tuberosum sample, T. cucumeris was the only shared taxon. Other fungal species
common in the metabarcoding data set were absent from the metagenomics data set,
probably because their genomes are unavailable. Several of these ascomycetes may
have best matches to B. exigua, the genome of which has been sequenced. This
situation highlights limitations of the metagenomics approach when insufficient refer-
ence data are available.

Rapid pathogen diagnostics. We aimed to minimize the time from sample prep-
aration to diagnosis based on MinlON sequencing of metagenomes using multiple
samples (see Materials and Methods). In particular, we reduced the lysis and centrifu-
gation time in DNA extraction and purification protocols and limited sequencing time
(Fig. 3).

For the ONT2i run, we used bead beating combined with Phire lysis and FavorPrep
purification to obtain DNA from a single diseased S. tuberosum tuber sample. MinlON

November 2019 Volume 85 Issue 21 e01368-19

115

Applied and Environmental Microbiology

aem.asm.org 9



Loit et al.

Metagenomics approach

Metabarcoding approach

Time Max. Time Max.

used [ ) speed used [ 7| speed

15 min DNA . 10 min 120 min DNA . 10 min
extraction extraction

/
o
b=4
)
_

4

e N e N
20 min purification 0min 120 min PCR 60 min
. e . e
e Y e Y

. Lib Lib
15min | Y gsmin 180min | oo | 15 min
preparation preparation
A J A\ J
e Y s Y
5min | Sequencing | 5min 75min | Sequencing 5min
A J ~ J
40min | Blo- Smin 15min| 20 5 min
informatics informatics
.- J ~ e
Total: Total:  Total: Total:
95 min 35min 510 min 95 min

FIG 3 Schematic overview of work flow and speed of pathogen diagnostics in this study (time used) and
maximum potential speed under optimal conditions using metagenomics and metabarcoding ap-
proaches with the MinlON instrument. Note that the time used here was compiled across our successful
runs and does not indicate any individual analyses.

sequencing revealed L. esculentum (72.2% of sequences), S. tuberosum (14.4%), and T.
cucumeris (4.1%) as the only putative pathogens after 145 min of overall laboratory
analyses and 5 min of bioinformatics analyses (Table 5). Notably, the sequencing
process was suboptimal because of the small amount of DNA obtained, which resulted
in <20% of pores effectively used at termination of this run. Sanger sequencing from
four subsamples revealed T. cucumeris (all four subsamples) and Pyronemataceae sp.
(two subsamples; Ascomycota).

For the ONT2j run, we grew potato plants inoculated with a suspension of Phytoph-
thora infestans (Oomycota) and B. exigua isolates in growth chamber MLR-351H (Sanyo,
Osaka, Japan). Based on visual examination, the plant individuals did not become
infected, apart from bearing tiny brown spots on leaves (sample KL038). The leaf
samples were disrupted in liquid N, instead of bead beating. The analysis revealed L.
esculentum (76.6%), Escherichia coli (5.4%), Shigella sp. (1.2%) and Salmonella enterica
(0.3%) (all Bacteria) and P. infestans (0.015%) at low relative abundance. However,
Sanger sequencing revealed the presence of both P. infestans and B. exigua. Because of

TABLE 5 Details of the rapid pathogen diagnostics experiments using the MinlON instrument©

Applied and Environmental Microbiology

Bioinformatics: no. of Total
DNA extraction DNA purification  No. of raw/ quality-filtered Pathogen identification analysis
Sample/run (min)  method? (min) (min) passed reads reads (min) (% of sequences) time (min)
KLO37/0ONT2i (50) BB, Phire lysis (15)  FavorPrep (25) 1,142/436 97 (40) Thanatephorus cucumeris (4.1) 150
KLO38/ONT2j (5) LN, Phire lysis (40) FavorPrep (60) 20,000/9,974 6,750 (409) Phytophthora infestans (0.015) 434
KL039/0ONT2k (30) LN, Phire lysis (40) FavorPrep (55) 5,044/4,046 849 (79) Fusarium aff. fujikuroi (0.12) 224
KLO40/ONT2I (5) LN, Phire lysis (35) FavorPrep (55) 2,000/1,420 669 (132) Albugo laibachii (0.2) 247
KLO40/ONT2m (60) LN, Phire lysis (35) FavorPrep (55), 1,074/223 104 (10) None ND®
AMPure (30)

KLO41/ONT2n (4) LN, (NH,),SO, FavorPrep (20), 4,000/2,457 1,236 (97) Rhizoctonia solani (2.0) 191

lysis (20) AMPure (30)

“Abbreviations: BB, bead beating; LN, liquid N,.
5ND, not determined because AMPure purification was performed on a subsequent day.
<The time used for library preparation and data interpretation took 15 min and 5 min, respectively.
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contamination and marginal abundance of one of the two inoculated pathogens, we
consider this MinlON run unsuccessful.

The ONT2k run of wilted cucumber (Cucumis sativus L.) roots (sample KL039) was
dominated by L. esculentum, a contaminant from the previous run (43.9%), followed by
C. sativus (11.9%) and C. melo (11.8%). Apart from the pathogen Fusarium aff. fujikuroi
(0.12%), the microbiome was dominated by bacteria Rhodanobacter denitrificans (3.8%)
and Pseudomonas aff. umsongensis (1.6%), all of which were undetected in the previous
run. Sanger sequencing failed because of unreadable chromatograms. Given the lethal
effect on plants and low proportion of the pathogen but also a high level of contam-
ination from the previous run, it remains unclear if fusariosis caused wilting.

A diseased Cucumis sativus leaf with white powdery infection (sample KL040) was
used for the ONT2I run. Rapid analysis of the first 2,000 sequences revealed that C.
sativus (58.7%) and C. melo (27.5%) dominate, but only a single putative pathogen,
Albugo laibachii (Oomycota), is present (0.2%). Analysis of 20,000 subsequent se-
quences revealed similar results, with A. laibachii contributing 0.07% of sequences.
However, Sanger sequencing of the same sample revealed Peronospora violae (Oomy-
cota) instead, along with an unidentified mite (Acari). Because genomes of Peronospora
species are unavailable, it is likely that the metagenomic matches to A. laibachii actually
represent P. violae.

For the ONT2m run, the DNA of sample KL040 was further purified using AMPure XP
beads. In this run, we had an issue with flow cell loading that resulted in very low
accumulation of sequences, which may be attributable to the fourth use of the flow cell.
Bioinformatics analysis revealed C. sativus (40.4%) and C. melo (34.6%) but no putative
pathogens among the 104 quality-filtered sequences.

For the ONT2n run, a diseased S. tuberosum stem sample was powderized in liquid
N, and DNA was extracted using (NH,),SO, lysis, followed by double purification with
FavorPrep and AMPure XP beads to rule out the possibility that the latter procedure
inhibited the last run. On a new flow cell, sequences accumulated rapidly, revealing S.
esculentum (75.4%), a Pseudomonas sp. (16.7%), and the putative pathogen T. cuc-
umeris (2.0%), which matched the symptoms.

We also intended to analyze several infected samples of pine needles, but the
protocols used here and in other commercial kits recovered too low a DNA concen-
tration (<5 ng ul="). Therefore, we decided not to sequence these samples.

DISCUSSION

Use of third-generation sequencing instruments for DNA metabarcoding. Using
the same amplicon pools and additional morphology-based or molecular diagnosis, we
had a unique opportunity to evaluate the relative performance and biases of MinlON
compared with Sequel for taxonomic identification. These instruments revealed con-
trasting results in metabarcoding of Pinaceae species and S. tuberosum samples. The
results of Sequel were generally consistent with morphology-based and species-
specific oligonucleotide PCR-based diagnosis (Pinaceae species samples) and Sanger
sequencing results (S. tuberosum samples) but failed to distinguish the closely related
needle pathogens D. pini and D. septosporum. This was resolved when sequences were
reclustered at 99% sequence similarity. Apart from the species of Coniothyrium con-
taminating the MinlON data sets, the two platforms revealed different taxa (by names
and INSD accession numbers) prevailing in the same samples. Mostly these MOTUs
correspond to closely related sister taxa that share the UNITE Species Hypothesis at 2%
distance level, as confirmed by manual comparisons of best-matching reads.

Our MinION runs utilizing washed, reused flow cells, and the same indexed primers
suffered from carryover of 13 to 44% of reads originating from a previous run. Furthermore,
we could recover traces of a positive control used in the next-to-previous run at 0.2%
relative abundance. In MinION flow cells, a sequence carryover rate of 6% has been
reported (40). Notably, such carryover contamination is not unique to nanopore technol-
ogy, as it also occurs in reusable chips of the lon Torrent platform (41).
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In our analyses, MinION had an issue of contamination with a fungal MOTU
matching a Coniothyrium sp. that was not observed in Sequel runs, negative controls,
and our previous data sets. This contamination occurred in two R9.4 flow cells (1 and
2) supplied as a single batch with the MinION instrument but not in other R9.4 batches
(flow cells 3, 4, and 5) or the R9.5 batch. Flow cells 1 and 2 were used over 6 months,
rendering several independent laboratory contamination events unlikely. Therefore, we
suspect that this contamination was inadvertently introduced during manufacture.

Chimeric reads were common in both Sequel and MinlON data. UCHIME effectively
detected chimeric molecules in the Sequel data, but it performed poorly on the MinlON
data. We speculate that the error-rich MinlON reads were too different from each other
to be recognized as chimeric using the algorithm parameters. In contrast to Sequel, a
large proportion of long MinlON reads represented self-chimeras that were not recog-
nized by UCHIME. In addition, the MinlON data included a substantial proportion of
chimeric molecules with parents from different samples, representing a unique hybrid
issue of index switching and chimera formation that could be detected only manually.
This may be related to the formation of chimeric molecules during the library prepa-
ration or artifacts of sequencing when molecules pass through nanopores. Since
MinlION reads are typically mapped to the reference, we estimate that the abundant
chimeric molecules create virtually no bias, except for those with switched indexes.

Index switches during library preparation or sequencing make a strong and perhaps
predominant contribution to sample contamination (42). The observed index switching
rate of 3.6 to 3.8% in MinlON compares poorly with that of Sequel (<0.2% in this study)
and various lllumina instruments (0.1 to 10%) (43). Here, double-size indexes performed
equally poorly, suggesting that index switches are attributable to processes in library
preparation or sequencing artifacts rather than sequencing errors. In particular, the
high rate of index switching spilled the dominant MOTUs in the deeply sequenced
MinlON data sets across nearly all samples. This partly contributed to the 2-fold- to
4-fold-greater richness per sample compared with the Sequel data sets. The high error
rate and inaccurate mapping-based method of MOTU construction certainly add to this
difference. Conversely, the clustering of Sequel data at 98% sequence similarity may
have been too conservative, because many putative plant-pathogenic fungal species
differ from each other by only a few bases in the ITS region (e.g., the Pinaceae-specific
needle pathogens D. pini and D. septosporum) (44); therefore, several species with
distinct ecology and pathology may be lumped into a single taxon (45). Reanalysis of
Sequel sequence data indicated that these species can be successfully separated at 99%
sequence similarity (not shown). In spite of substantial disparity in the taxon-rich
ITS1catta-ITS4ngsUni data subsets, the two instruments revealed a great overlap in the
species-poor ITS100-ITS4ngsUni data subset.

The average error rate of MinION reads was 10 to 15%, depending on the proportion
of homopolymers in the marker gene region of particular species. MOTUs possessing
homopolymer-rich ITS markers were up to 2 orders of magnitude less common in the
MinION (ONT2) than in the Sequel (Sequel2) run. This is supported by the observation
that these MOTUs were relatively more common in the failed bin than other MOTUs. In
particular, the most homopolymer-rich positive-control sample was 16-fold more com-
mon in the failed bin than expected. Possibilities to solve this include lowering the
initial quality threshold (Phred score) or including the failed reads in analyses.

We observed discrimination against longer reads when sequencing potato ampli-
cons using the 1D? approach (ONT2f), which confirms a previous report (40). Prefer-
ential recovery of shorter reads seems to be inherent to both PCR and all sequencing
instruments, including Sequel (6, 7, 12).

Rapid molecular diagnostics. We tested both metagenomics- and amplicon-based
approaches of MinION sequencing for rapid identification of pathogens. Most taxa
recovered in the metagenome run were rare in the amplicon data set and vice versa.
Although we detected severe biases in MinlON amplicon sequencing, we believe that
amplicon-based analyses are more accurate than metagenomics analyses and that
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reference bias accounts for much of the difference; i.e., in metagenomics analyses,
species with available reference genomes have a much greater chance of accumulating
hits than species with no available genomes. In our analyses, this is illustrated by
misidentification of a potato as a tomato. Mapping reads of an ascomycete pathogen
to genomes of several others, as in our study, is likely to remain cryptic. A solution may
be sufficiently deep metagenomics sequencing to secure coverage of mitochondrial or
ITS markers that occur in multiple copies per genome. Because most bacterial and
fungal human pathogens have available genome sequences, nanopore metagenomics-
based identification may be better suited to medical samples, but this situation is likely
to improve very soon in plant pathology.

In spite of multiple quality issues in MinION runs, we demonstrate that accurate
molecular identification from sample collection through DNA extraction, concentration,
library preparation, sequencing, bioinformatics, and taxonomic interpretation takes as little
as 2.5 h using nanopore sequencing in the metagenome mode (Fig. 3). With no specific
DNA extraction step, identification of bacterial human pathogens from urine was per-
formed in 4 h (36). Multiple other studies report on running the full analysis work flow in
1 day (22, 37, 46). When accounting for all technological advances in molecular and
bioinformatics analyses, the nanopore analysis work flow for plant and animal tissues
potentially can be reduced to <2h for metagenomes and ca. 3 h for amplicons (Fig. 3).
However, it requires (i) that the DNA is easily extractable in high quantity and purity (47),
(ii) amplification is performed by methods alternative to those of conventional slow
polymerases (48), (i) nanopore library preparation follows methods for rapid library kits,
and (iv) the sequencing process is limited to ca. 15 min after obtaining a critical number of
reads (37). These express diagnostics rates of MinlON cannot be beaten by instruments of
other HTS platforms that require several hours for library preparation and at least 1 day for
sequencing (49).

However, there is a clear trade-off between overall analysis time and data reliability
in MinION sequencing. Shortened DNA extraction protocols may yield lower quality and
quantity of DNA, whereas culled incubation and centrifugation steps in library prepa-
ration may result in dilute and poorly indexed libraries overrepresented by short
fragments. Although we successfully identified microorganisms from S. tuberosum
using a library 13-fold more dilute than recommended, it may be useful to add a certain
amount of so-called carrier DNA to secure preparation of high-quality libraries (50). We
anticipate that sample preparation, bioinformatics, and interpretation processes take
longer for multiplexed samples, which may be necessary to reduce the overall analytical
costs per sample by an order of magnitude when using Oxford Nanopore’s commercial
multiplexing kits or by 3 orders of magnitude by applying custom multiplexing
methods of indexed primers (51). To reduce the chances of carryover of previous
molecules, contamination-aware indexes, i.e., different indexes across runs (e.g., runs
ONT2 and ONT2a in this study), could be used.

Technical and analytical issues. Although several authors have reported species-
level identification of bacterial taxa in complex communities using MinlON (35, 52),
these interpretations are not convincing, because mapping of sequences with 10 to
25% errors to reference reads of high similarity is inaccurate (described above). We
demonstrate that even when using the relatively rapidly evolving fungal ITS region and
reference sequences differing from each other by at least 2%, positive-control samples
and plant material yield multiple MOTUs, sometimes recovering strongest hits to
different species or genera. Conversely, species absent from databases may be mapped
to one or more closely related species, which may provide incorrect taxonomic impli-
cations. This is of particular importance in molecular diagnostics, necessitating inclusion
of marker genes of all potential target species in the reference database to prevent
incorrect interpretation. The metagenomics approach requires a comprehensive data-
base of genomes of all potential target organisms, which strongly depends on whole-
genome sequencing initiatives. Exome compilations are suboptimal, because much of
the eukaryotic DNA is noncoding. Besides target organisms, metagenomics databases
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also require inclusion of specific interacting taxa (e.g., S. tuberosum), contaminants
(Homo sapiens and species propagated in laboratories), and various bacteria that
contribute much to the metagenomic DNA.

A major concern with novel sequencing techniques is the paucity of reports on
analytical shortfalls and the nature of artifacts, which may partly be derived from the
lack of controls or inappropriate sampling design (53). The MinION instrument has been
used for 5 years, but so far there is limited information about analytical errors and
biases, and a few authors mention checking chimeras, index-switching artifacts, or
unsuccessful runs (however, see references 40, 54, and 55). It is important to raise the
awareness of the scientific community about the limitations and potential issues when
choosing among analytical methods and interpreting data.

Perspectives of third-generation sequencing technologies. Both Oxford Nano-
pore and PacBio sequencing platforms are rapidly evolving in terms of read length and
base-calling accuracy. At the moment, Sequel seems to be the best choice for me-
tabarcoding of regular-size (600 to 1,000 bp) and long (up to 4.5 kb) amplicons (6, 7, 12,
56-58) and for barcoding using ultralong markers (up to 7 kb) (59). The recently
released M8 chemistry has reduced the per read cost of PacBio sequencing roughly
threefold. Declining costs and greater throughput, read length, and quality continue to
promote Sequel for metabarcoding, metagenomics, and metatranscriptomics (https://
www.pacb.com/videos/webinar-sequence-with-confidence-introducing-the-sequel-ii
-system/). Although Sequel enables reliable separation of species at 99% sequence
similarity based on the full-length ITS region, it may be hard to convince users of
lllumina MiSeq to switch to another platform and adopt alternative bioinformatics work
flows.

Use of MinlON for metabarcoding offers little promise considering the current
state-of-the-art technology, with unacceptably high error rates. The error rates should
be reduced to <0.1%, i.e., to the level of lllumina instruments and circular consensus
of Sequel for use in routine biodiversity assessments. Several methods of tandem
repeat (concatemer) sequencing enable the reduction of error rates to 1 to 3% (27-29).
Double barcoding of each size-selected RNA or DNA molecule followed by generation
of consensus sequences yields quality improvements comparable to tandem repeat
sequencing (60), but it would require ultrahigh sequencing depth to reach a 1% error
rate and to be able to multiplex over several biological samples. Combining these
methods may facilitate reducing error rates toward the critical threshold but also adds
to time and cost of analysis.

For regular barcoding, the third-generation sequencing tools offer great promise in
situations where their throughput and read length are much superior to double-pass
Sanger sequencing, i.e., for barcodes of >1,000 bases and multiplexing hundreds of
samples to secure cost efficiency (16, 51). Sanger sequencing handles poorly the alleles
or copies of markers with read length polymorphism, which is common in noncoding
regions of eukaryotes. The third-generation HTS technologies are able to recover
various alleles as well as pseudogenes (26) from mixed or contaminated samples by
sequencing single DNA molecules. Both Sequel and MinION are capable of handling
DNA amplicons of >7,000 bases, requiring generation of consensus reads for reliable
results (59). Although we could reach up to 99.5% accuracy with >100 MinlON reads,
100 reads were considered sufficient for generating principally error-free barcodes for
animals using the 1D? approach (30). For PacBio instruments, a single read may be
enough for reads of around 2,000 bases, but three or more may be needed for longer
fragments and to average over PCR errors (58).

Unlike Sequel and other HTS technologies, MinION is well suited to rapid diagnostics
of pathogens and invasive species, especially in groups that are well-known and well
referenced in public sequence databases. Besides detection of pathogenic species,
MinlON has the potential to recover antibiotic resistance genes and pathogenesis-
related genes as well as single mutations in the metagenomics mode (26, 61). By using
multiplex amplicons or a metagenomics/genomics approach, it will be possible to
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detect harmful organisms and their specific pathogenicity-related genomic features in
less than 1 day (36). Besides enabling users to trace taxon/gene exchange between
different habitats (62), this approach has important implications for improving diagno-
sis and implementing countermeasures, e.g., releasing biocontrol agents, spraying
biocides, or arranging quarantine.

Nanopore-based detection methods are flexible for incorporating additional op-
tions, such as recording epigenetic modifications (11, 63) and primary structure of RNA
(64), proteins (65), and polysaccharides (66). Alternative nanopore-based DNA sequenc-
ing methods are also evolving (67). The potential of different nanopores to record
various biomolecules indicates great promise of nanopore-based molecular diagnostics
in the future.

Conclusions. We demonstrate that the MinlON device is well suited for rapid
PCR-free diagnosis of fungal and oomycete pathogens and other eukaryotic organisms,
which may take as little as 150 min from sample preparation (including DNA extraction,
library preparation, sequencing, and bioinformatics) to data interpretation. However,
care should be taken to secure profound reference sequence data to avoid misdiag-
nosis. Amplicon-based diagnostics take longer but are more accurate if genomes of
potential pathogens, hosts, or other associated organisms are unavailable. For whole-
community metabarcoding, Sequel performs much better than MinION in terms of data
quality and analytical biases. Although tandem repeat sequencing and read consensus
sequencing have been developed for MinlON, their error rate of 1 to 3% is still
insufficient for exploratory metabarcoding analyses of biodiversity, but this may change
in the coming years.

MATERIALS AND METHODS

Sample preparation. The S. tuberosum subset includes 27 samples of leaves and 10 samples of
tubers with symptoms of disease (Table 6). We also included a DNA sample of two Australian Tuberaceae
(Ascomycota) species as a positive control. The Pinaceae species subset includes 36 distinct needle
samples from eight species of Pinus and two species of Picea that represent material with symptoms of
needle blight or no symptoms. The foliar samples of natural, planted, or recently imported trees were
collected in Estonia in 2011 to 2018 (Table 7). We included a cultured isolate of D. pini (146889), D.
septosporum (150931), and the closely related Lecanosticta acicola (150943; all Ascomycota) as positive
controls. Unequal mixtures of DNA from these cultures served as a simple mock community. In both
subsets, we included a negative-control sample.

In Pinaceae species samples, DNA from 0.2 g plant material and fungal cultures was extracted using
the GeneJET genomic DNA purification kit (Thermo Fisher Scientific, Waltham, MA, USA). In S. tuberosum
samples, DNA from 0.1 g diseased fresh leaf tissue was extracted using a lysis buffer [0.8 M Tris-HCl, 0.2
M (NH,),SO,, 0.2% (wt/vol) Tween 20; Solis BioDyne, Tartu, Estonia].

Molecular identification. Pinaceae species samples were screened for specific pathogenic fungi
Dothiostroma pini, D. septosporum, and Lecanosticta acicola using species-specific primer pairs by
following the developer’s protocols (68). Samples from potato and cultured needle fungi were amplified
using the ITS1F + ITS4 primer pair for Fungi (69, 70). The potato samples were also amplified for
oomycetes using the ITS100 + ITS4 primer pair (71, 72). For sequencing of fungi and oomycetes, ITS5
(69) and ITS100 primers, respectively, were used. Some amplicons were resequenced using primers ITS2,
ITS3, and ITS4 (69).

For the metabarcoding approach, we used forward primer ITS1catta (5'-ACCWGCGGARGGATCATT
A-3') (73) and reverse primer ITS4ngsUni (74) to be able to selectively amplify fungal DNA and
simultaneously avoid the 18S rRNA gene intron bias. Located in the terminus of the 18S rRNA gene, the
ITS1catta primer covers nearly all Ascomycota and Basidiomycota as well as selected groups of zygo-
mycetes and early diverging lineages but discriminates against plants and most other eukaryote groups
(including fungal taxa Mortierellomycota and Tulasnellaceae) in the last 3’ position. For Oomycota, we
used the ITS100 primer in combination with the ITS4ngsUni primer for the potato data set in parallel.
Forward primers were tagged with one of the 12-base Golay indexes with at least four differences from
any other index (12). Because of issues in data recovery, we also amplified a subset of eight S. tuberosum
samples (KLOO1 to KLOO8) using ITSTcatta and ITS4ngsUni primers in which the forward primer was
equipped with a tandem repeat barcode of double length (securing at least an 8-base difference) to
increase resolution among samples. Because the 1D2? nanopore sequencing method requires DNA
fragments of >3 kb, we amplified these S. tuberosum samples (roughly 3.2-kb amplicons) using the
indexed ITSTcatta primer combined with the LR14 primer (75). For comparing the metabarcoding
approach to the metagenomics method, we used ITS1catta in combination with the LR11 primer (75),
which yielded stronger amplicons than LR14. We used negative and positive controls as described above.

PCR was performed in a 25-ul volume comprising 0.5 ul each of the tagged primer (20 uM), 5 ul HOT
FIREPol blend master mix (Solis Biodyne), 1 il DNA extract, and 18 pul double-distilled H,O. Thermocycling
conditions included an initial 15-min denaturation at 95°C, 30 cycles of 30 s of denaturation, 30 s of annealing
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TABLE 6 Details of needle samples collected in Estonia

Applied and Environmental Microbiology

Collection date

Sample ID Collection locality (day.mo.yr) Host Substrate® Disease symptom
115 Tallinn Botanic Garden 17.11.2011 Pinus sylvestris Needle Dothistroma-like
117 Tallinn Botanic Garden 17.11.2011 P. sylvestris Needle Dothistroma-like
118 Pirita 17.11.2011 P. mugo Needle Dothistroma-like
119 Tallinn Botanic Garden 17.11.2011 P. sylvestris Needle Dothistroma-like
123 Tallinn Botanic Garden 17.11.2011 P. uncinata Needle Dothistroma-like
125 Tallinn Botanic Garden 17.11.2011 P. rigida Needle Dothistroma-like
127 Tallinn Botanic Garden 17.11.2011 P. contorta Needle Dothistroma-like
139 Tallinn Botanic Garden 15.08.2011 P. x rotundata Needle Dothistroma-like
141 Tallinn Botanic Garden 15.08.2011 P. mugo Needle Dothistroma-like
142 Tallinn Botanic Garden 15.08.2011 P. x rotundata Needle Dothistroma-like
148 Tallinn Botanic Garden 15.09.2011 P. mugo var. pumilio Needle Dothistroma-like
154 Tallinn Botanic Garden 15.09.2011 P. rhaetica Needle Dothistroma-like
2404 Petrivka, The Ukraine 10.09.2013 P. nigra subsp. pallasiana Living culture: DoPi NA

3904 Karevere 20.01.2015 P. mugo Living culture: LeAc NA

3906 Kérevere 20.01.2015 P. mugo Living culture: DoSe NA

4154 NA“ 09.10.2014 NA Mock: DoPi, DoSe, LeAc NA

4162 Levala 09.10.2014 P. sylvestris Needle Dothistroma-like
4180 Kolli 13.10.2014 P. sylvestris Needle Dothistroma-like
4181 Mustumetsa 13.10.2014 P. sylvestris Needle Dothistroma-like
4192 Soohara 07.10.2014 P. sylvestris Needle Dothistroma-like
4194 Vérska 07.10.2014 P. sylvestris Needle Dothistroma-like
4195 Vastse-Kuuste 07.10.2014 P. mugo Needle Dothistroma-like
4197 Partsi 07.10.2014 P. sylvestris Needle Dothistroma-like
4220 Sadre 15.10.2014 P. sylvestris Needle Dothistroma-like
4221 Unimae 15.10.2014 P. sylvestris Needle Dothistroma-like
4222 Tori 16.10.2014 P. mugo Needle Dothistroma-like
4223 Tori 16.10.2014 P. mugo Needle Dothistroma-like
5136 Imported: Netherlands 03.11.2015 P. mugo var. pumilio Needle Asymptomatic
5137 Imported: Netherlands 17.12.2015 Picea omorika Needle Asymptomatic
5146 Imported: Netherlands 03.11.2015 P. mugo Needle Asymptomatic
5148 Imported: Netherlands 03.11.2015 P. mugo Needle Asymptomatic
5151 Imported: Netherlands 03.11.2015 P. sylvestris Needle Asymptomatic
5186 Imported: Netherlands 26.10.2015 P. peuce Needle Asymptomatic
5194 Imported: Netherlands 26.10.2015 P. koraiensis Needle Asymptomatic
5195 Imported: Netherlands 26.10.2015 P. mugo Needle Asymptomatic
5297 Imported: Germany 17.12.2015 Picea pungens Needle Asymptomatic
5307 Imported: Germany 17.12.2015 Picea omorika Needle Asymptomatic
14374 Agali 16.02.2018 P. sylvestris Needle Lecanosticta-like
14378 Agali 16.02.2018 P. mugo Needle Lecanosticta-like

“NA, not applicable.
bAbbreviations for species: DoPi, Dothiostroma pini; DoSe, D. septosporum; LeAc, Lecanosticta acicola.

at55°C, and 60 s of elongation at 72°C, with a final 10-min elongation before hold at 4°C. The number of cycles
was increased to 35 or 38 for some samples to yield a visible amplicon on 1% agarose gel. For the ITS100 +
ITS4ngsUni primer combination, 40 PCR cycles at 50°C annealing were used to secure greater product
recovery. The two replicate amplicons were pooled, checked on a gel, and mixed with amplicons of other
samples in roughly equal proportions based on visual estimates of band size.

Third-generation sequencing. The mixed amplicons of S. tuberosum and those of Pinaceae species
needles were separately split into library preparation for Sequel and MinlON. The two PacBio libraries
were sequenced on a Sequel instrument using the same SMRT cell (SMRT cell 1M, v2, Sequel Polymerase
v2.1, sequencing chemistry v2.1, loading by diffusion, movie time of 600 min, preextension time of
30 min). The PacBio CCS reads (minPasses = 3, MinAccuracy = 0.9) were generated using SMRT Link v
6.0.0.47841 (Pacific Biosciences). Subsequent bioinformatics were performed using PipeCraft 1.0 (76),
which included steps of demultiplexing (2 mismatches to primer and 1 mismatch to tag), extraction of
the ITS region (ITSx: default options) (77), chimera removal (UCHIME: de novo and reference-based
methods combined) (78), additional filtering option “remove primer artifacts,” which removes chimeric
sequences where the full-length primer is found somewhere in the middle of the read, clustering
(UPARSE: 98% sequence similarity threshold) (79), and taxonomic identification (BLASTn: E value = 0.001,
word size = 7, reward = 1, penalty = —1, gap open = 1, gap extend = 2;) (80) against the UNITE 7.2 (45)
reference database. We used the criteria of a BLAST E value of <e “° and sequence similarity of >75%
for the kingdom-level identification and E value of <e~%° for phylum- and class-level identification.

For the MinlON instrument, amplicon library preparation was performed using the 1D amplicon/
cDNA by a ligation (SQK-LSK109) kit (ONT) using R9.4 flow cells by following the manufacturer’s
instructions. For long fragments, we also used the 1D? sequencing of genomic DNA (SQK-LSK308) kit on
an R9.5 flow cell by following the producer’s protocols (run ONT2f). Flow cells were used 1 to 3 times,
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TABLE 7 Details of S. tuberosum and C. sativa samples collected in Estonia

Collection Collection date
Sample ID locality (day.mo.yr) Cultivar® Substrate Disease symptom®
KLOO1 Ossu 02.08.2017 St Ants Leaf DCL
KL002 Ossu 02.08.2017 St Ants Leaf DCL
KLOO3 Ossu 02.08.2017 St Ants Leaf DCL
KLO04 Ossu 02.08.2017 St Ants Leaf DCL
KLOO5 Ossu 02.08.2017 St Sarpo Mira Leaf DCL
KLOO6 Ossu 02.08.2017 St Sarpo Mira Leaf DCL
KLOO7 Ossu 02.08.2017 St Sarpo Mira Leaf DCL
KL008 Ossu 02.08.2017 St Sarpo Mira Leaf DCL
KL009 Ossu 02.08.2017 St Toluca Leaf DCL
KLO10 Ossu 02.08.2017 St Toluca Leaf DCL
KLO11 Ossu 02.08.2017 St Toluca Leaf DCL
KLO12 Ossu 02.08.2017 St Toluca Leaf DCL
KLO13 Ossu 02.08.2017 St Toluca Leaf DCL
KLO14 Ossu 02.08.2017 St Toluca Leaf DCL
KLO15 Ossu 02.08.2017 St Toluca Leaf DCL
KLO16 Ossu 02.08.2017 St Toluca Leaf DCL
KLO17 Ossu 02.08.2017 St Kelly Leaf DCL
KLO18 Ossu 02.08.2017 St Kelly Leaf DCL
KLO19 Ossu 02.08.2017 St Kelly Leaf DCL
KL020 Ossu 02.08.2017 St Kelly Leaf DCL
KL021 Karala 02.08.2017 St unknown Leaf DCL
KL022 Karala 02.08.2017 St unknown Leaf DCL
KLO023 Karala 02.08.2017 St unknown Leaf DCL
KL024 Karala 02.08.2017 St unknown Leaf DCL
KLO25 Metsakdila 12.08.2017 St unknown Leaf DCL
KL026 Metsakdila 12.08.2017 St unknown Leaf DCL
KL027 Metsakdila 12.08.2017 St unknown Leaf DCL
KL028 Viljataguse 11.04.2018 St Elfe Tuber Potato gangrene
KL029 Véljataguse 11.04.2018 St Elfe Tuber Potato gangrene
KLO030 Valjataguse 11.04.2018 St Elfe Tuber Potato gangrene
KLO31 Ossu 11.04.2018 St Laura Tuber Potato gangrene
KL032 Suur-Rahula 11.04.2018 St Gala Tuber Potato gangrene
KLO33 Tagakila 11.04.2018 St Laura Tuber Potato gangrene
KLO34 Tagakila 11.04.2018 St Laura Tuber Potato gangrene
KLO35 Padise 11.04.2018 St Marabel Tuber Potato gangrene
KLO36¢ Ossu 30.08.2018 St Carolus Tuber Rhizoctonia-like
KLO374 Ossu 30.08.2018 St Carolus Tuber Rhizoctonia-like
KLO384 Tartu 16.05.2019 St Carolus Leaf DCL
KL039¢ Eistvere 20.05.2019 Cs Carambole Roots Wilted
KLO404 Luunja 22.05.2019 Cs Petrifin Leaf White powdery spots
KLO414 Roiu 30.05.2019 St Flavia Stem Rhizoctonia-like

aSt, Solanum tuberosum; Cs, Cucumis sativa.
bDCL, dark circular lesions.

<Used only for the ONT2g and ONT2h runs.
dUsed only for the rapid identification run.

being cleaned once or twice using the wash kit (EXP-WSH002; ONT). Sequencing was performed in the
laboratory at room temperature, connecting the MinlON device to a plugged-in, Internet-connected
laptop computer with four processors and 32 GB RAM. For base calling in MinKnow 3.1.19 software
(ONT), we used the default Phred score of 11, which placed the reads into passed and failed bins. The
passed FASTA-formatted reads (additionally failed reads in runs ONT2g and ONT2h) were further
subjected to bioinformatics analysis using PipeCraft. The options in PipeCraft included demultiplexing of
metabarcoding reads allowing no mismatches to the barcode, followed by BLASTn search using default
settings. The sequencing adaptors were removed by a custom script.

Given the poor overall sequence quality, traditional MOTU-based approaches are not applicable to
the MinlON data; therefore, we mapped reads based on their best matches to database sequences in the
UNITE reference database by following the principles of previous nanopore sequencing studies (33, 35).
Limitations of this approach are outlined in Discussion.

The rate of index switching was calculated based on the average of the distribution of MOTUs
corresponding to the positive-control sample in experimental samples and the distribution of other
MOTUs in the positive-control sample relative to the overall amount of sequences in positive-control
samples (12). It assumes that reads belonging to different MOTUs and samples exhibit equal probability
of switching indexes. We also assessed potential index switching in the putatively chimeric sequences by
manual BLAST searches of these sequences against the INSD by following Hyde et al. (4). Chimeric reads
that had one part belonging to a parent not found in the particular sample were considered cross-sample
chimeras.
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To evaluate the relative efficiency of metagenomics approaches on pathogen recovery, we used DNA

from the S. tuberosum tuber sample KL036 (run ONT2g compared to the amplicon run ONT2h from the
same sample) (Table 1). For library preparation, the rapid sequencing kit (SQK-RAD004; ONT) was used
by following the manufacturer’s instructions. Base calling was performed as described above. Both
passed and failed sequences were used in further bioinformatics analyses as implemented in PipeCraft.
We relied on the entire INSD as a metagenomics reference database.
Rapid pathogen diagnostics. We further elaborated on the metagenomics approach to maximize
the speed of pathogen diagnosis using the MinlON instrument. For ONT2i, ONT2j, ONT2k, ONT2Il, ONT2m,
and ONT2n runs (Table 1), we used ca. 20 mg of infected tissue of S. tuberosum or Cucumis sativa samples
and optimized rapid extraction protocols (Table 5). We used ca. 20 mg fresh material for extraction in two
technical replicates in 2-ml Eppendorf tubes that contained either 100 ul Phire plant direct PCR kit
lysis buffer (Thermo Fisher Scentific) or 500 ul (NH,),SO,-based lysis buffer [0.8 M Tris-HCl, 0.2 M
(NH,4),S0,, 0.2% (wt/vol) Tween 20; Solis BioDyne]. The Phire lysis protocol was shortened by
reducing the step of lysis to 2 to 5 min, preceded by tissue disruption using bead beating (5 min at
30 Hz) or a mortar and pestle in liquid N,, followed by brief centrifugation at 5,000 X g, incubation
at 30°C for 5 min, and a final centrifugation at 11,000 X g for 1 min. The (NH,),SO, lysis included
incubation time reduced to 5min, followed by incubation at 98°C for 2 min. The DNA was
concentrated from lysate using the FavorPrep gel/PCR purification kit (Favorgen Biotech Corp.,
Vienna, Austria) by following the manufacturer’s instructions, except including centrifugation steps
for 1 min and final elution using 50 wl water. Some samples were further subjected to Agencourt
AMPure XP bead purification (Beckman Coulter, East Windsor, NJ, USA) to remove DNA fragments of
<500 bases. DNA concentration was measured using QUBIT. For library preparation, we used the
SQK-RADO004 kit and followed the manufacturer’s protocols, except with shortened fragmentation
time at 30°C of 30 s. MinlON runs were performed on R9.4 flow cells, and the data were downloaded
after obtaining sufficient amounts of sequences (Table 5). The runs were interrupted in 1 to 2 h
(Table 1). Only the passed sequences were used in further bioinformatics analyses using PipeCraft
by following the options for the ONT2g metagenomic run.
Data availability. Sanger sequences of potato samples have been deposited in the UNITE database
(https://unite.ut.ee/) and INSD databases (GenBank accession numbers MN065746 to MNO065768).
Representative Sequel sequences of 99% similarity consensus were generated using PipeCraft and
uploaded to the UNITE database, which is the only repository that accepts quality-filtered HTS reads. Raw
sequence data of MinlON and Sequel are available from the PlutoF digital repository and the Sequence
Read Archive (PRINA545967), respectively. Sample-by-MOTU tables used in these analyses can be
accessed from the PlutoF digital repository (https://plutof.ut.ee/#/filerepository/view/3431905).
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