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Abstract

Plants and fungi interact widely in nature. Approximately 90% of plant species form mutualistic
interactions with mycorrhizal fungi and all plants are known to be infected by at least one
pathogenic fungus. Due to their large, negative effect on agriculture special focus in research is put
on understanding plant pathogenic fungi. In order to study biotrophic interactions, where the
pathogen requires a living host, one suitable model system is Ustilago maydis infecting maize.

However genetic manipulation and growth of maize is both difficult and requires extensive space.

In this thesis, the alternative pathosystem of Ustilago bromivora infecting the model grass
Brachypodium distachyon is described. I analyse and compare the U. bromivora genome with five
other smut fungi, including prediction of orthologous genes, the construction of a high-confidence

phylogeny, prediction of secreted proteins and detection of signals of positive selection.

I further extend the possibilities of the U. bromivora — B. distachyon pathosystem through the use of
a hybrid fungus obtained by mating U. bromivora and U. hordei. This hybrid system is used to
investigate the factors underlying host specificity of U. bromivora and reveals that virulence on
Brachypodium is a quantitative trait with three loci contributing the greatest effect. In addition, no
genomic locus is identified as essential for infection, suggesting that multiple different
combinations of virulence factors can overcome host defence and contribute to establishment of

biotrophy.

In summary, the new U. bromivora — B. distachyon pathosystem is described and provides new
opportunities for research on biotrophic pathogens with an easily-manipulated host. The comparison
with other smut fungi allows rapid transfer of existing knowledge to the new system and the
possibility of a hybrid fungus creates a tool which can be used to answer questions in a different

way to traditional approaches.



Zusammenfassung

Pflanzen und Pilze interagieren in der Natur sehr stark. Etwa 90% der Pflanzenarten bilden
mutualistische Wechselwirkungen mit Mykorrhizapilzen und alle Pflanzen sind bekanntlich mit
mindestens einem pathogenen Pilz infiziert. Aufgrund ihrer groflen, negativen Auswirkungen auf
die Landwirtschaft liegt ein besonderer Fokus in der Forschung auf dem Verstdndnis
pflanzenpathogener Pilze. Um biotrophe Wechselwirkungen zu untersuchen, bei denen der Erreger
einen lebenden Wirt bendtigt, ist ein geeignetes Modellsystem Ustilago maydis infizierender Mais.

Genmanipulation und Maiswachstum sind jedoch schwierig und erfordern viel Platz.

In dieser Arbeit wird das alternative Pathosystem von Ustilago bromivora beschrieben, das das
Modell Gras Brachypodium distachyon infiziert. Ich analysiere und vergleiche das U. bromivora-
Genom mit fiinf anderen Smut-Pilzen, darunter die Vorhersage orthologer Gene, der Aufbau einer
hochvertrauenswiirdigen Phylogenie, die Vorhersage sekretierter Proteine und der Nachweis von

Signalen positiver Selektion.

Ich erweitere die Maoglichkeiten des U. bromivora — B. distachyon Pathosystems durch die
Verwendung eines Hybridpilzes, der durch die Paarung von U. bromivora und U. hordei gewonnen
wird. Dieses Hybridsystem wird verwendet, um die Faktoren zu untersuchen, die der Wirtsspezifitat
von U. bromivora zugrunde liegen, und zeigt, dass die Virulenz auf Brachypodium ein quantitatives
Merkmal ist, wobei drei Loci den grolSten Effekt haben. Dariiber hinaus wird kein genomischer
Locus als wesentlich fiir eine Infektion identifiziert, was darauf hindeutet, dass mehrere
verschiedene Kombinationen von Virulenzfaktoren die Wirtsabwehr {iberwinden und zur

Etablierung der Biotrophie beitragen kénnen.

Zusammenfassend wird das neue U. bromivora — B. distachyon Pathosystem beschrieben und bietet
neue Moglichkeiten fiir die Erforschung biotroper Krankheitserreger mit einem leicht zu
handhabenden Wirt. Der Vergleich mit anderen Schmutzpilzen ermoéglicht eine schnelle
Ubertragung des vorhandenen Wissens auf das neue System und die Méglichkeit eines Hybridpilzes
schafft ein Werkzeug, mit dem Fragen anders beantwortet werden kénnen als mit herkdmmlichen

Ansétzen.

Ubersetzt mit www.DeepL.com/Translator



Preamble

Biologists all have their favourite organisms to work with but everyone would agree that no species
exists in isolation. All life is connected to other life forms in one way or another. The nature of these
relationships can vary widely; some species merely share the same environment, others are predator
and prey, we see co-operation, competition and parasitism and have discovered scores of
microorganisms which live out their entire existence inside of other species. Understanding these
lifeforms and how they interact with each other is the overarching goal of biology. In this thesis, I

hope to shed some light on the way that plants and fungi interact.

Plant-fungal interactions

Plant-fungal interactions are extremely common, with nearly all plant species known to associate
with a group of fungi known as mycorrhiza[1]. These symbiotic interactions, which may be
intracellular in the form of arbuscular mycorrhiza or extracellular in the form of ectomycorrhiza,
involve a close association between fungal species and plant roots in order to exchange nutrients for
the benefit of both parties. Primarily, this involves the fungus providing nitrogen and phosphorus to
the plant in exchange for sugars. Ectomycorrhiza have also been shown to facilitate carbon
exchange in forest ecosystems[2] and different ectomycorrhizal genotypes can influence how plants

respond to drought stress[3].

For plants which do not form mycorrhizal symbioses, some of the functions of those interactions
can be taken over by endophytic fungi. Neither mycorrhizal nor endophytic relationships are
constant and change according to the nutritional status of the plant. An example of this is the
relationship between Arabidopsis thaliana and the endophyte Colletotrichum tofieldiae. In low
phosphate conditions, A. thaliana suppresses its defence systems to allow colonisation by C.
tofieldiae in order to enable phosphate exchange with the fungus[4]. In conditions where is
sufficient phosphate, or in low phosphate conditions when exposed to the related-but-pathogenic
Colletotrichum incanum, A. thaliana activates its defences. This shows that the lack of a defence
response is not merely due to nutrient limitations. Similarly, a strain of endophytic Helotiales has

been shown to transport phosphorous to Arabis alpina in low-phosphorous environments|[5].

A more harmful form of plant-fungal interactions is the infection of a plant host by a pathogenic
fungus. This is always detrimental to the plant, though the exact consequences depend on the type
of pathogen. The two main types are necrotrophic pathogens which feed on dead plant tissue and

biotrophic pathogens which require a living host plant. There are also hemi-biotrophic pathogens
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which switch from a biotrophic to a necrotrophic lifestyle according to specific cues. Plants exhibit

different defence responses when dealing with a necrotrophic versus a biotrophic pathogen[6].

All plants are known to be infected by at least one type of fungus and fungi are considered the main
plant pathogen[7,8]. Monoculture farming can contribute to the emergence of plant
pathogens[9] whose effects differ according to the specific crop but which can be
devastating[10,11]. Wheat blast outbreaks, caused by Magnaporthe oryzae, result in the loss of 10-
30% of the global rice harvest every year[12]. Such outbreaks can originate from all over the globe
due to international trade. The 2016 wheat blast outbreak in Bangladesh, the first in Asia, was
determined to, most-likely, have come from strains native to Brazil[13]. One study estimates that at
a 10% production loss across India, Bangladesh and Pakistan, due to wheat blast would lead to the
loss of 1.77 million tonnes of harvest and US$ 264 million[14]. The 2016 outbreak led to crop
losses between 5-51% over the region where it occurred which suggests that these numbers could

be an underestimate of the potential consequences.

Given the reality of climate change, it is not sufficient to consider only the impact of fungi on the
world today but also what could happen in the future. Changes in climate could result in the spread
of dangerous fungal species to regions which are currently inhospitable to them. For example, there
is speculation that the poisonous, ectomycorrhizal death cap mushroom, Amanita phylloides, which
has been responsible for human fatalities, could spread to Eastern Canada due to climate
change[15]. There is also the possibility that new fungal diseases may emerge. If fungi expand into
new areas, they may encounter species which could serve as potential hosts or provide opportunities

for gene exchange through hybridisation or horizontal gene transfer.

It is even hypothesised that a warming climate, which reduces the difference between ambient and
mammalian body temperatures, could result in many environmental fungi gaining the ability to
become pathogenic on humans or other animals[16]. While this is unlikely to be a major factor in
plant-fungal interactions, there are fears that a changing climate could thaw out microorganisms that
have been frozen in arctic permafrost and potentially reintroduce extinct diseases[17,18]. This is
speculation but, given the impact that fungi have on the world today, it should not be taken

lightly[19].

How to study biotrophic interactions

My focus is on biotrophic pathogens. One widely-used system for studying biotrophic interactions
is that of Ustilago maydis which infects Zea mays (maize)[20,21]. Its importance for studying the

mechanisms of pathogenesis earned it a spot in a list of the top 10 fungal pathogens in molecular



plant pathology[11]. It is also used in homeopathic remedies, eaten in Mexico as

huitlacoche[22] and has been proposed as a platform for vaccine delivery[23].

There are many features of U. maydis which make it a great model for plant-pathogen interactions
and it has been continuously studied for many decades[24]. It is a facultative biotroph which needs
to infect maize to complete its sexual life cycle but which can be grown saprophytically. This is in
contrast to some other biotrophic models, such as rust fungi, which cannot be cultured
independently of the host, preventing the use of many standard techniques[25]. Its life cycle
consists of a free-living haploid stage and a pathogenic dikaryotic stage formed when individuals of
different mating types combine. Although it usually requires mating in order to infect maize,
haploid, solopathogenic strains have been developed[26] which allow for easy genetic
manipulation. Infection symptoms on maize can be seen within one week of infection which allows
for rapid testing of mutant strains. In addition to this, many tools have been developed for U.
maydis as well as many data sets including the full genome sequence[27], tissue specific gene

expression[28,29] and detailed time courses of gene expression[30].

However, the U. maydis-maize system suffers from a big drawbacks. Maize requires large amounts
of space, has a relatively slow life-cycle and is not easily amenable to genetic manipulation as it has
a large, polyploid genome[31]. Maize varieties have been developed to address some of these
problems, such as Fast-Flowering Mini-Maize[32], but not all of them. We wanted to establish
another system which could work as a model for biotrophic plant pathogens with a host that is

easier to manipulate.

We chose to work with was Ustilago bromivora. It is related to U. maydis and displays many
similar biological traits which make it a good system, such as the ability to grow saprophytically.
Although originally described as infecting brome grasses[33], a chance infection showed that U.

bromivora was also capable of infecting Brachypodium distachyon[34].

B. distachyon is a model grass which does not need large amounts of space, has a small, sequenced
genome[35,36], various tools available, including T-DNA insertion lines[37], as well as protocols
for microscopy[38] and transformation[35]. In addition, B. distachyon has been used as a model for
understanding non-host resistance of fungal pathogens[34,37,38] which would provide an

interesting comparison with a native, biotrophic, fungal pathogen.

Effectors as the key to plant-pathogen interactions

In order to understand the interaction between plants and their pathogens, it is necessary to
understand effectors. Effectors are small molecules which are secreted by pathogens in order to

manipulate the host's defences to ensure a successful infection. They are as common as they are

11
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diverse and can be found in bacteria[39,40], oomycetes[41,42], fungi[42—45] and nematodes[46].
While any molecule can potentially function as an effector, e.g. RNA[47], I will only be considering
effector proteins due to the ease of protein predictions and the many molecular techniques available

for them.

As all effectors need to be secreted, this is usually where prediction efforts begin. In the most
simple approaches, one merely uses a tool like SignalP to detect a signal peptide which will mark
the protein for export from the cell[48]. As this will likely lead to many false positives, it is overlaid
with other predictive tools which provide localisation predictions or the number of transmembrane
domains. Different combinations of tools result in differing numbers of predicted secreted proteins,
even when working on the same fungus[27,49,50]. There are also attempts to use machine learning

over various protein data sets to directly predict effector proteins, such as EffectorP[51,52].

Once secreted, effectors can either act in the apoplastic space or be translocated and act inside the
plant cell. Bacteria and nematodes can inject effector proteins directly into the host cell through
either the type III secretion system[53] or the stylet[46] respectively. In oomycetes and fungi,
effectors are first secreted into the apoplast before translocation into the host cell. While many
translocated oomycete effectors share an RxLxR domain, whose exact mechanism is still
unclear[41,54], fungal effectors do not have any domains in common. Cytoplasmic and apoplastic
effectors of M. oryzae are known to be secreted via different processes but the details of how those
effectors are translocated is still unclear[55]. This uncertainty is representative for the vast majority

of fungal effectors, although several different theories exist[56,57].

However, predictions should always be confirmed experimentally through experimentation and this
is especially important in the case of effectors which are defined by their function and not by any
particular sequence or structural property. It is necessary to determine whether deletion of a putative
effector has an effect on virulence. Although there are methods for rapidly screening effector
deletions, at least in U. maydis[58], this can still be complicated by redundant effector functions or
cultivar-specific effects. For example, deletion of the U. maydis effector ApB73 shows severe loss
of symptom formation in maize cultivar B73 but only partial loss of symptoms in EGB[59]. As a
result of these difficulties, despite at least 409 predicted secreted proteins in U. maydis[27,49,50],

we understand the molecular function of fewer than 10 of them.

Due to the importance of overcoming host defences for the pathogen and of protecting themselves
for the host, evolution in host-pathogen interactions tends to be very rapid[60,61]. Some pathogens
have what has been termed a two speed genome[62], where there are gene dense, repeat poor

regions with low mutation rates and gene poor, repeat rich regions with elevated mutation rates.



Effector genes have often been observed to occur within these repeat rich regions and this rapid

evolution complicates effector prediction.

The advantage in this evolutionary arms race tends to move and back and forth and can be
understood by a simple model. When a pathogen first infects a plant, pathogen associated molecular
patterns, from molecules such as chitin, are detected by the plant and trigger a generic defence
response. Pathogens then evolve effectors to overcome this. The plant, in turn, evolves the ability to
sense the effector or its action on a host target[63] and restores the defence response. Again,
pathogens evolve new ways to counter this development and the balance continues to shift back and

forth. This model was termed the zigzag model by Jonathon Jones and Jeffrey Dangl[64].

What is needed for host specificity?
In Publication 1[49] and Publication 2[65], we described the U. bromivora-Brachypodium

pathosystem as well as the genome sequence, predicted secreted proteins and a comparison with
other smut fungi but we did not have any functional information on what genes were important for
the interaction. However, we had learned that U. bromivora was able to mate with the closely-
related Ustilago hordei and still infect Brachypodium. This opened up a new way of understanding

virulence and host specificity of U. bromivora by studying hybrid fungi.

For a pathogen to exhibit virulence on a host, several things need to happen. (1) It is necessary for
the pathogen to be able to resist the basic host defences and begin an infection. This is the step
where most pathogens fail. The air is full of millions of viruses and bacteria per cubic metre[66].
Fungal spores can also be found in the air and includes pathogens of both humans and plants[67].
Despite this, most potential hosts remain free of disease. (2) Once the primary plant defences are
breached, a pathogen needs to overcome more specific defences. Plants have nucleotide-binding,
leucine-rich repeat receptors (NLRs) which are capable of recognising fungal effectors and
triggering a hypersensitive response resulting in cell death. The structure of the network of detector
and helper NLRs allows for a small number of NLRs to target many effectors and increases the
robustness of the defence response[68]. (3) If all the plant defences have been overcome, then it is
necessary for a pathogen to obtain the required nutrients in order to grow. In the case of biotrophic
pathogens such as U. bromivora, there is another step (4) where a pathogen needs to adapt itself to

grow alongside the host for a prolonged period of time.

Pathogens with different lifestyles can approach the question of host specificity in different ways.
For necrotrophic pathogens, which feed on dead plant tissue, being able to grow with the host is a
non-issue. This can allow necrotrophic pathogens which only need to kill host tissue, such as

Botrytis cinerea and Sclerotinia sclerotiorum, to have a wide range of host plants[11,69—71]. On the

13
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other hand, biotrophic pathogens not only need to overcome plant defences but also need to grow in
close contact with, obtain nutrients from and not kill the host plant. This can result in more
restrictive host ranges and, at the extreme end, obligate biotrophs, such as the rust fungi, which are

only able to survive on their host[72].

Virulence on a specific host is not a binary trait. In most cases it is true that a pathogen either can or
can not infect a specific host but, when an infection fails, it can fail at many different stages. U.
maydis Stpl deletion strains exhibit a failure of plant cell penetration[73]. This demonstrates a
complete inability to infect. In contrast, the stripe rust Puccinnia striiformis, which usually infects
wheat and barley, is able to colonise the leaves of the non-host B. distachyon, although, except in
rare cases, it is unable to form pustules to complete its life cycle[74]. Despite a similar final
outcome, the failure of P. striiformis and the failure of U. maydis Stpl deletion mutants clearly
occur at different stages of the infection process. Furthermore, host specificity can be more fine-
grained than the species level. In our own work on U. bromivora we found that it was only able to

infect two out of 29 B. distachyon cultivars[49].

Hybrids and host jumps

Following the definition of Olson and Stenlid, hybrids are individuals produced from either the
successful mating or vegetative fusion of individuals from two populations that are distinguishable
on the basis of one or more heritable characters[75]. In animals, hybrids are rare but can occur in
the wild between closely related species[76]. For plants, which can grow vegetatively, hybridisation
is a major driver of speciation[77]. Similarly, hybridisation is possible for many microbes. In the
Ustilagenaceae, including U. maydis, U. bromivora and U. hordei, widespread interspecific mating

has been observed[78,79].

A fungal hybrid is of great interest for research and agriculture as the combination of two separate
effectomes can lead to the formation of new host symptoms or pathogenicity on a new host, termed
a host jump. In at least one case, pathogenicity of the hybrid was correlated with mitochondrial
origin[80]. Several examples of pathogenesis by hybrid fungi have been described and been the

subject of much discussion[75,81,82].

A good example of a host jump due to hybridisation concerns powdery mildew. Blumeria graminis,
the causal agent of powdery mildew, has several formae speciales. B. graminis secalis infects Rye
and B. graminis tritici infects Bread wheat. In the 1960's, triticale, an artificial hybrid crop created
by crossing rye and bread wheat was introduced[83]. Triticale seemed to be immune to powdery
mildew until infection was reported in 2001. The strain of powdery mildew which infects triticale,

B. graminis triticale, was determined to be a hybrid of B. graminis secalis and B. graminis



tritici[84]. The combination of the two previously-uninfecting pathogens allowed the hybrid to

overcome the plant's defences.

With Publication 3(Bosch et al., 2019 (submitted to Mpmi)) we extend our previously described
pathosystem by using a hybrid of U. bromivora and U. hordei which is still able to infect B.

distachyon in order to investigate host specificity in U. bromivora.
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Aims of the thesis

Establish Ustilago bromivora-Brachypodium distachyon as a
model system for studying biotrophic interactions
This first aim of this thesis, covered by Publication 1 and Publication 2, is to establish the U.

bromivora-B. Distachyon interaction as a model system for studying biotrophic plant pathogen
interactions. Specifically, my focus is on the bioinformatic analysis of the U. bromivora genome
including the prediction of effector proteins and the comparison of the genome with that of other

smuts.

Dissect the molecular basis for Ustilago bromivora host spe-
cificity on Brachypodium distachyon

In Publication 3, I intend to gain a greater understanding of the important aspects of U. bromivora
that allow it to infect B. distachyon. This is accomplished through the use of a hybrid fungal

pathogen created through the artificial mating of U. bromivora with its close relative, U. hordei.



Publication 1: A complete toolset for the study of Ustil-
ago bromivora and Brachypodium sp. as a fungal-tem-

perate grass pathosystem

Contribution to the paper:

Drafted the paper, analysed and interpreted the data.
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A complete toolset for the study of
Ustilago bromivora and Brachypodium sp.
as a fungal-temperate grass pathosystem

Franziska Rabe™?*, Jason Bosch'!, Alexandra Stirnberg’, Tilo Guse’, Lisa Bauer'*,
Denise Seitner’, Fernando A Rabanal’, Angelika Czedik-Eysenberg’, Simon Uhse",
Janos Bindics', Bianca Genenncher'S, Fernando Navarrete', Ronny Kellner?,
Heinz Ekker*, Jochen Kumlehn®, John P Vogel®, Sean P Gordon®,

Thierry C Marcel’, Martin Miinsterkotter®, Mathias C Walter",

Christian MK Sieber®™, Gertrud Mannhaupt®2, Ulrich Giildener®?,

Regine Kahmann?, Armin Djamei’?*

'Gregor Mendel Institute, Austrian Academy of Sciences, Vienna Biocenter, Vienna,
Austria; ?2Max Planck Institute for Terrestrial Microbiology, Marburg, Germany; *Max
Planck Institute for Plant Breeding Research, Cologne, Germany; *Vienna Biocenter
Core Facilities GmbH, Vienna, Austria; °Leibniz-Institut fur Pflanzengenetik und
Kulturpflanzenforschung, Gatersleben, Germany; °DOE Joint Genome Institute,
California, United States; /INRA UMR BIOGER, AgroParisTech, Université Paris-
Saclay, Thiverval-Grignon, France; ®Institute of Bioinformatics and Systems Biology,
Helmholtz Zentrum Miinchen, German Research Center for Environmental Health,
Neuherberg, Germany; “Department of Genome-oriented Bioinformatics,
Wissenschaftszentrum Weihenstephan, Technische Universitat Minchen, Freising,
Germany

Abstract Due to their economic relevance, the study of plant pathogen interactions is of
importance. However, elucidating these interactions and their underlying molecular mechanisms
remains challenging since both host and pathogen need to be fully genetically accessible
organisms. Here we present milestones in the establishment of a new biotrophic model
pathosystem: Ustilago bromivora and Brachypodium sp. We provide a complete toolset, including
an annotated fungal genome and methods for genetic manipulation of the fungus and its host
plant. This toolset will enable researchers to easily study biotrophic interactions at the molecular
level on both the pathogen and the host side. Moreover, our research on the fungal life cycle
revealed a mating type bias phenomenon. U. bromivora harbors a haplo-lethal allele that is linked
to one mating type region. As a result, the identified mating type bias strongly promotes
inbreeding, which we consider to be a potential speciation driver.

DOI: 10.7554/¢elife.20522.001

Introduction

Knowledge of basic molecular principles in biology has mainly been gained through intensive studies
of relatively few but technically well accessible model systems ranging from prokaryotes to eukar-
yotes, including the bacterium Escherichia coli, the fungus Saccharomyces cerevisiae, the insect Dro-
sophila melanogaster, the mammal Mus musculus, as well as the dicot plant Arabidopsis thaliana.
However, findings in these model organisms cannot always be generalized to more distantly related
species (Mohammadi et al., 2015; Rine, 2014). This has led to the development of new model

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522
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elLife digest Fungi cause many diseases in plants, and reduce the yield of important crops like
wheat, corn and rice — all of which belong to the family of grasses. Much research into how disease-
causing fungi infect plants will look at a given fungus that infects a specific plant in order to
understand plant diseases in general. Over the years, scientists have generated suites of research
tools to study these pairs of fungi and plants. However, many of these organism pairs (often called
“model pathosystems”) have drawbacks when it comes to research in the laboratory, either on the
side of the fungus or the side of plant.

Brachypodium is a small grass that grows quickly and, unlike crop plants, it grows well in the
laboratory. These characteristics make Brachypodium a promising model organism for studying
many aspects of plant biology. Recently, a fungus called Ustilago bromivora — which is related to a
fungus that infects corn — was reported to infect Brachypodium. This raised the question: could this
fungus and this small grass become a new model pathosystem?

Rabe, Bosch et al. set out to answer this question and now provide a toolkit that will help to
establish U. bromivora and Brachypodium as a new model pathosystem. In all of U. bromivora’s
close relatives, two compatible strains must meet and mate before the fungus can infect the plant;
first Rabe, Bosch et al. confirmed that this is also the case for U. bromivora. Studying the life cycle of
the U. bromivora fungus also unexpectedly revealed that while both mating partners are needed to
infect the plant, only one of the strains survives outside of the plant after the infection. This
phenomenon, referred to as a “mating type bias”, has been described for a few other related fungi.

Next, Rabe, Bosch et al. conducted a genetic screen and identified two compatible strains that
can grow without the plant as yeast-like cells. This means that these cells can be manipulated
genetically, and indeed protocols to grow and genetically engineer the fungus and plant to address
different research questions are included in the toolkit as well.

Other new tools include the complete genetic sequence of the fungus with all its genes
annotated, and a dataset of which genes are active in U. bromivora growing yeast-like in liquid
culture versus those active when the fungus grows as a pathogen inside the plant.

Together these new tools and datasets will provide a foundation to study different aspects of the
interactions between grasses and disease-causing fungi. This in turn may lead to new methods to
reduce fungal growth and reduce yield losses caused by fungal diseases in crop plants. Finally, the
discovery that U. bromivora shows a mating type bias could provide a starting point for future
studies into sexual reproduction in fungi and how new species arise.

DOI: 10.7554/elife.20522.002

systems, closer to species of economic relevance for humans. For temperate poaceous crops like
wheat and barley, the small, fast growing grass Brachypodium distachyon has become a promising
model organism (Mur et al., 2011; Brkljacic et al., 2011; Vogel and Hill, 2008; Huo et al., 2008,
Yordem et al., 2011; Garvin, 2008; Draper et al., 2001). The intrinsic properties of B. distachyon,
including self-fertility, its short life cycle, a small sequenced diploid genome, and its genetic accessi-
bility, make it highly suitable as a laboratory model plant. Symbiotic and biotrophic interactions of
plants with fungi or other microbes can have major impacts on plant development and crop yield
(Oerke, 2006). Therefore, the study of these interactions is important for research-driven pest con-
trol. Biotrophic plant pathogens rely on a living host to proliferate and complete their life cycles. To
successfully colonize their host plants, these pathogens employ small secreted molecules, termed
effectors. By means of these molecules, biotrophic pathogens are able to avoid host recognition,
suppress plant defense responses, and redirect the host metabolism for their needs (Djamei et al.,
2011; Doehlemann and Hemetsberger, 2013; Djamei and Kahmann, 2012; Deslandes and Rivas,
2012; Bozkurt et al., 2012). Since most effectors target processes on the host side, the understand-
ing of biotrophy and the molecular study of effectors profits strongly from both, a fully genetically
accessible host plant as well as a pathogen that is amenable to genetic manipulation.

Among the facultative biotrophic pathogens, the smut fungus Ustilago maydis is a valuable model
to study biotrophic interactions (Djamei et al., 2011; Brefort et al., 2014, Kamper et al., 2006;
Horst et al., 2010; Brefort et al., 2009, Doehlemann et al., 2009). Although U. maydis is

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522 2 of 35
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Figure 1. The life cycle of Ustilago bromivora. U. bromivora spores germinate (A) and form a promycelium

(B). Under high nutrient conditions, haploid yeast-like progeny (sporidia) are released and proliferate via budding
(C). Under low nutrient conditions intratetrad mating occurs between two adjacent cells of a promycelium by
formation of a loop-like mating structure that connects both cells (D). After plant penetration, fungal filaments
grow mainly along the stem without triggering macroscopic symptoms (E) until flower development occurs. Upon
flowering, macroscopic symptoms are detectable as black, smutted spikelets filled with fungal spores (F). Fungal
cell walls and nuclei were stained with WGA-Alexa Fluor 488 and DAPI, respectively (A-D). Plant membranes were
stained with FM4-64, fungal hyphae with WGA-Alexa Fluor 488 (E). Scale bars: 5 um (A-D), 10 um (E, right panel),
or 1 cm (E, left panel) and (F).

DOI: 10.7554/elife.20522.003

The following figure supplement is available for figure 1:

Figure supplement 1. The morphology of U. bromivora sporidia is similar to U. hordei, but not to U. maydis.
DOI: 10.7554/eLife.20522.004

genetically fully accessible with a small, completely sequenced genome of 20.5 Mb and many molec-
ular tools available, its host plant Zea mays is not as suitable as laboratory model organism due to
its large size, demanding growth requirements, cross-pollinating nature, elaborate transformation
requirements, and complex genome (Kdmper et al., 2006; Que et al., 2014; Schnable et al.,
2009). Accordingly, a more suitable model system where both, plant and pathogen are more

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522 30of35
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: accessible is highly desirable. The recent redis-
‘ covery that the U. maydis-relative U. bromivora
can infect Brachypodium sp. provided the impe-
tus to explore the suitability of the U. bromi-
vora-Brachypodium system as a novel plant-
pathogen model to study biotrophic interactions
(Barbieri et al., 2011).

Here we describe the characterization of this
valuable model pathosystem. This encompasses
(i) the detailed understanding of the life cycle of
U. bromivora, (i) the identification of a
sequenced compatible host, (iii) the establish-
ment of transformation systems for both the
Video 1. Spore germination under high nutrient pathogen and the plant, and (iv) the sequencing
conditions (PD a.gar)‘ and analysis of the fungal genome. Moreover,
DOI: 10.7554/elife.20522.005 . . . .

the observation of a mating type bias present in
U. bromivora provided first insights into the biol-
ogy of this pathogen.

Results and Discussion

The life cycle of U. bromivora and its mating type bias

Descriptive studies on the life cycle and mating behavior of smut fungi have been performed for
more than 100 years (Bauch, 1922, Brefeld, 1883). In all grass smuts (family Ustilaginaceae) studied
so far, sexual and pathogenic development are coupled (Begerow et al., 2014). Infection mostly
occurs at the early seedling stage of the respective host plant. After penetrating the plant, the
dikaryotic pathogen grows biotrophically inter- and intracellularly in its host and macroscopic symp-
toms are usually exclusively limited to the inflorescences (Brefort et al., 2009). In these plant organs,
fungal proliferation finally occurs after systemic growth and eponymous black teliospores are

exponential phase

;

E 67
S 5 “0-  4°C21°C
9 4 —= 21°C+21°C

0
0 10 20 30 40 50 60 70 80 90 100

hours after inoculation

Figure 2. Axenic growth of U. bromivora. Growth of U. bromivora UB1 was assessed by monitoring cell density
spectrophotometrically at A = 600 nm in liquid PD medium at 21°C in a time course of 96 hr. Growth was
compared between axenic cultures inoculated from plate with cold-treated fungal cell material (24 hr at 4°C) or
cell material that was kept at 21°C. Experiments were performed in 3 biological replicates. Significance between
cell densities of cold-treated and non-treated cells at each time point was calculated by unpaired t test. **p<0.01,
***5<0.001, ****p<0.0001. The doubling time was calculated by taking the slope of a linear regression during
exponential phase.

DOI: 10.7554/elife.20522.006
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formed. U. maydis is a prominent exception as it induces spore filled galls on all aerial parts of its
host (Brefort et al., 2009). As described in the early 20t century by Robert Bauch (Bauch, 1925), U.
bromivora grows in its host plant after infection at the seedling stage, and only exhibits macroscopic
symptoms during inflorescence development by replacing flowers with black teliospore-filled sori
(Figure 1). Teliospores are the diploid resting stage of these fungi and are able to survive harsh envi-
ronmental conditions. In a humid, favorable environment, spores germinate, undergo meiosis and
form a promycelium from which haploid cells are released. The haploid yeast-like cells are non-path-
ogenic and grow saprophytically (Brefort et al., 2009). To elucidate this part of the life cycle of U.
bromivora, we followed germination of fungal spores by widefield and confocal laser scanning
microscopy. Under nutrient-rich conditions, U. bromivora spores germinated, formed a promycelium
and yeast-like cells were released (Figure 1A-C, Video 1). The egg-shaped cells of U. bromivora,
which are released after germination, show high morphological similarity to the sporidia of the bar-
ley-infecting covered smut Ustilago hordei, and their morphology differ from the cigar-like shaped
haploid cells of U. maydis (Figure 1—figure supplement 1). The high morphological similarity
between U. bromivora and U. hordei is in line with phylogenetic analysis based on internal tran-
scribed spacer (ITS) and large subunit (LSU) rDNA sequence comparison, which suggested that U.
bromivora is more closely related to U. hordei than to U. maydis (Stoll et al., 2005).

During saprophytic growth, daughter cells bud off from the mother cell at the side of the oval tip.
For a better visualization of the fungal cells, we employed the chitin stain Wheat Germ Agglutinin
(WGA) that is conjugated to Alexa Fluor 488 (Figure 1C). The WGA-Alexa Fluor 488 conjugate dis-
tinctively stained the tip of the sporidia indicating cell wall composition differences at the sporidial

A B

spores spore progeny

prai pra2 pral pra2 n =225

-
(=3
o

Mating type of spore
progeny in [%]
(3]
o

494 b — 494 bp
488 bB —— > -
0
MAT-1 MAT-2
c MAT-1
MAT-1/MAT-2 MAT-2

x =dead

high nutrients

MAT-1

MAT-2

germinating diploid spore haploid progeny

Figure 3. Mating type bias of U. bromivora. (A) Diagnostic PCR on genomic DNA derived from spores and spore
progeny to test for mating type 1 (MAT-1) or mating type 2 (MAT-2). To this end, primers targeting a conserved
region of pheromone receptor alleles 1 (pral) and 2 (pra2), adapted from Kellner et al. (2011), were used. Sizes
of PCR products are indicated with arrow heads. Representative PCR results are shown. (B) Quantification of
mating type alleles of 225 progeny derived from 21 spores by PCR as described in (A). (C) Schematic model
illustrating the observed mating type bias phenomenon.

DOI: 10.7554/elife.20522.007

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522 5 of 35

22



e LI F E Research article

Microbiology and Infectious Disease | Plant Biology

poles. This could be due to either an uneven chi-
tin distribution or an uneven accessibility of chitin
for the stain along the sporidial cell wall
(Figure 1C).
By performing growth analyses we determined
the doubling time of U. bromivora sporidia. In .
comparison to U. maydis sporidia that exhibit a
doubling time of about 2 hr (Steinberg, 2007),
U. bromivora sporidia grow much slower (dou-
bling time in exponential phase at 21°C: 5 1/3 hr;
Figure 2). Interestingly, we observed that the
lag-phase of the U. bromivora culture could be .
significantly shortened when U. bromivora was

kept for 24 hr at 4°C prior to inoculation (Fig-
ure 2). The underlying mechanism for this phe-

—

Video 2. Spore germination under low nutrient
nomenon is unclear and awaits further research. conditions (water agar).

Prior to pathogenic growth, in case of the DOI: 10.7554/elife.20522.008
well-studied smut fungus U. maydis, two haploid
cells of compatible mating type recognize each
other via a pheromone-receptor system on the plant surface, grow towards each other, fuse, and
form a dikaryotic filament. This dikaryotic filament represents the pathogenic form of the fungus. It
penetrates the leaf cuticle and grows intra- and intercellularly inside the maize plant. After prolifera-
tion in the aerial parts of the host, the filaments fragment and, after karyogamy, form diploid spores
(Brefort et al., 2009, Martinez-Espinoza et al., 2002). The molecular regulation of the dimorphic
switch is based on the bi-allelic a locus encoding the pheromone receptor system and the multiallelic
b locus coding for a heterodimeric homeodomain transcription factor that controls pathogenic
development (Schulz et al., 1990; Bélker et al., 1992). While U. maydis has a tetrapolar mating
type system with a and b loci that segregate during meiosis, these two loci are genetically and physi-
cally linked in U. hordei, leading to a bipolar mating system with only two mating types, mating type
1 (MAT-1) and mating type 2 (MAT-2) (Bakkeren and Kronstad, 1994; Lee et al., 1999). To test for
the presence of the mating system described for related smuts we assessed whether U. bromivora
spores, that are considered to contain the genetic information of both mating partners, harbor
known pheromone-receptor alleles. To this end, we employed a diagnostic PCR approach described
by Kellner et al. (2011) using primers that target conserved regions of either the pheromone recep-
tor allele pral or pra2 -. The PCR analysis revealed amplicons for pral and pra2 indicating the pres-
ence of both mating type alleles (Figure 3A). To subsequently identify haploid U. bromivora cells of
compatible mating type after spore germination, 225 randomly chosen progeny of 21 spores were
tested. Surprisingly, by testing these progeny, we identified only cells of mating type 1 (MAT-1;
Figure 3A,B). These findings indicate a mating type bias after spore germination (Figure 3C). This
phenomenon of biased strains was previously described in other related fungi where recessive alleles
linked to the mating type-locus were found to be causative for the observed biases (Nielsen, 1968;
Hood and Antonovics, 2000).

Due to the putative haplo-lethal allele, we assumed that haploid MAT-2 cells have only a very
short period of time to be rescued by finding and mating with a compatible partner, allowing the
subsequent formation of a dikaryotic filament. To observe mating events, spores were germinated
on water agar and monitored by light microscopy (Video 2, Figure 1D). After spore germination,
the cytoplasmic connection to the spore content becomes separated and, in the majority of germi-
nation events, only two cells are visible outside the spores. These cells frequently form a cytoplasmic
bridge-like mating structure and fuse (Video 2, Figure 1D). The mating of progeny derived from the
same spore is also known as an intratetrad mating event (Antonovics and Abrams, 2004). Using
DAPI staining at this stage, we most commonly observed a diffuse distribution of signal across the
two mating cells and, more rarely, a distinct nuclei-like area (Figure 1D). In contrast to these mating
cells, distinct nuclei-like structures could be visualized with this stain in saprophytically growing cells
(Figure 1C). The destiny of the other two meiotic products, which, in the majority of observed cases,
seemed to stay inside the spore shell, is unclear and awaits further research. The formation of conju-
gation hyphae that loop directly to neighboring, conjoined cells of the same tetrad could be a

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522 6 of 35
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Table 1. Tested Brachypodium accessions for U. bromivora susceptibility/resistance.

Susceptible to U. Accession Country of

Name Species Sequenced bromivora number Source origin

ABR3 B. Y N (2x)* ABY-Bs 5088 Brachyomics collections (C. Stace and P. Catalan), Spain
distachyon Aberystwyth, UK

ABR4 B. Y Y (many) ABY-Bs 5089 Brachyomics collections (C. Stace and P. Catalan), Spain
distachyon Aberystwyth, UK

ABRé6 B. Y N (2x)* ABY-Bs 5091 Brachyomics collections (C. Stace and P. Catalén), Spain
distachyon Aberystwyth, UK

ABR7 B. Y N (2x)* ABY-Bs 5092 Brachyomics collections (C. Stace and P. Catalén), Spain
distachyon Aberystwyth, UK

ABR9 B. Y N - unknown Croatia
distachyon

Adi-10 B. Y N W6 39243 USDA-ARS-WRPIS; Vogel et al. (2009) Turkey
distachyon

Adi-12 B. Y N Wé 39245 USDA-ARS-WRPIS; Vogel et al. (2009) Turkey
distachyon

Adi-2 B. Y N Wé 39235 USDA-ARS-WRPIS; Vogel et al. (2009) Turkey
distachyon

Bd1-1 B. Y Y P1 170218 / W6  GRIN Germplasm; Vogel et al. (2006) Turkey
distachyon 46201

Bd18-1 B. Y N PI 245730 / W6 USDA-ARS-WRPIS; Vogel et al. (2006) Turkey
distachyon 46204

Bd21 B. Y N Pl 254867 / W6 GRIN Germplasm; Vogel et al. (2006) Iraq
distachyon 36678

Bd21-3 B. Y N Wé 39233 GRIN Germplasm; Vogel and Hill (2008) Irag
distachyon

Bd2-3 B. Y N PlI 185133 / W6 Vogel et al. (2006) Irag
distachyon 46202

Bd3-1 B. Y N (2x)* Pl 185134 / W6 USDA-ARS-WRPIS; Vogel et al. (2006) Iraq
distachyon 46203

BdTR10C B. Y N Wé 39406 USDA-ARS-WRPIS Turkey
distachyon

BdTR11I B. Y N Wé 39426 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTR13a B. Y N Wé 39430 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTR13C B. Y N Wé 39432 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTR1I B. Y N Wé 39308 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTR2B B. Y N W6 39314 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTR2G B. Y N Wé 39319 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTR3C B. Y N Wé 39332 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

BdTRSI B. Y N Wé 39366 USDA-ARS-WRPIS; Filiz et al. (2009) Turkey
distachyon

Foz1 B. Y N - Mur et al. (2011) Spain
distachyon

Gaz8 B. Y N Wé 39269 USDA-ARS-WRPIS; Vogel et al. (2009) Turkey
distachyon

Kah1 B. Y N Wé 39278 USDA-ARS-WRPIS; Vogel et al. (2009) Turkey
distachyon

Table 1 continued on next page
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Susceptible to U. Accession Country of

Name Species  Sequenced bromivora number Source origin

Koz1 B. Y N Wé 39284 USDA-ARS-WRPIS; Vogel et al. (2009) Turkey
distachyon

Mur1 B. Y N - Mur et al. (2011) Spain
distachyon

S8iiC B. Y N - Ana Caicedo Lab, University of Massachusetts Spain
distachyon

ABR114 B. stacei Y Y (2x)* - unknown Spain

ABR113 B. Y - unknown Portugal
hybridum

ABR117, B. N Y (2x)* Pl - 219965 GRIN Germplasm Afghanistan

Bd117, Bdé hybridum

Bal-P7 B. N Y (2x)* W6 - 39259 GRIN Germplasm Turkey
hybridum

Bd23 B. N Y (2x)* Pl - 287783 GRIN Germplasm Spain
hybridum

Bd26 B. N Y (2x)* Pl - 372187 GRIN Germplasm Uruguay
hybridum

Bd28 B. N Y (many)* Pl - 533015 GRIN Germplasm Australia
hybridum

Bd4 B. N Y (2x)* Pl - 208216 GRIN Germplasm South Africa
hybridum

Bd8 B. N Y (2x)* Pl - 219971 GRIN Germplasm Afghanistan
hybridum

Isk-P4 B. N Y (2x)* W6 - 39273 GRIN Germplasm Turkey
hybridum

Y = yes, N = no; * = times tested
DOI: 10.7554/elife.20522.010

necessary result of the mating type bias and ensures an efficient re-entry into the pathogenic stage
of the life cycle. At the same time, the haplo-lethal allele that is likely linked to the MAT-2 locus pro-
motes an inbreeding mode of U. bromivora with direct consequences on speciation, genome size,
and selection on recessive alleles as it has been observed in other organisms (Wright et al., 2008;
Ellegren and Galtier, 2016; Joly, 2011).

Isolation of a haplo-viable U. bromivora MAT-2 strain

Although the observed mating type bias is an interesting biological phenomenon, it is an undermin-
ing factor for the use of U. bromivora as genetically accessible model system to study biotrophic
interactions. It creates a situation where one mating partner can only be maintained in the patho-
genic, dikaryotic stage together with its compatible mating type and, as a consequence, it can nei-
ther be cultured axenically nor transformed under laboratory conditions. Depending on the physical
distance of the MAT-2 locus to the haplo-lethal allele that causes the mating type bias, homologous
recombination can lead to an uncoupling and the formation of a haplo-viable MAT-2 strain. There-
fore, we screened for such viable haploid MAT-2 recombinants by using a pooled infection assay
where a pool of spore-derived progeny was grown saprophytically and used for re-infection of Bra-
chypodium sp. (for details see Material and Methods). By pursuing this approach, we identified one
MAT-2 strain that we named UB2. This strain, which is not derived from the same spore as UB1,
retained the capability to mate with the U. bromivora MAT-1 strain UB1, which we isolated in a clas-
sical spore germination assay. Moreover, upon inoculation of Brachypodium sp., UB2 along with
UB1 formed viable spores demonstrating a successful completion of their life cycle. Infection symp-
toms of UB1xUB2-inoculated plants were indistinguishable from infected spikelets of spore-inocu-
lated plants (data not shown).

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522 8 of 35

25



e LI F E Research article

Microbiology and Infectious Disease | Plant Biology

ABR4 ABR114 Bd1-1

Figure 4. ABR4, ABR114, and Bd1-1 are susceptible to U. bromivora. Representative pictures of infected ABR4,
ABR114, and Bd1-1 spikelets. Sequenced B. distachyon accessions ABR4 and Bd1-1 as well as the sequenced B.
stacei accession ABR114 were inoculated with U. bromivora spore material and screened for infection symptoms.
Upon flowering macroscopic infection symptoms could be observed as spore-filled spikelets. This figure relates to
Table 1. Scale bars: 1 cm.

DOI: 10.7554/eLife.20522.009

Identification of a sequenced compatible host of U. bromivora

Phylogenetic analysis recently led to a taxonomy split within the Brachypodium lineages, separating
B. distachyon with cytotype 2n = 10 from Brachypodium stacei (2n = 20) and the allotetraploid Bra-
chypodium hybridum (2n = 30) (Catalan et al., 2012). The spontaneous infection event by U. bromi-
vora reported by Barbieri et al. (2011) occurred in the B. hybridum accession Bd28. The B.
hybridum accession Bd28 undergoes self-fertilization, grows fast, and is easy to
handle (Barbieri et al., 2011). One slightly complicating fact is its allotetraploid genetic background
but its genome is currently being sequenced and will be available to the community in near future (J.
Vogel, unpublished). In order to identify additional Brachypodium sp. accessions susceptible to U.
bromivora, in total, 39 accessions were infected with spores and analyzed for macroscopic infection
symptoms in the spikelets. Whereas B. distachyon Bd21, along with 27 other tested accessions, did
not show infection symptoms, we found eleven accessions to be fully susceptible to U. bromivora
(Table 1). The finding that susceptible host plant accessions originate from Europe, Asia, Africa, Aus-
tralia as well as South America (Table 1) underlines that U. bromivora is considered as a cosmopolite
(Bauch, 1925). The natural host range of U. bromivora comprises various species of the genera
Agropyron, Austrofestuca, Brachypodium including B. distachyon, Bromus, Critesion, Elymus, Fes-
tuca, Hordeum, Lolium, Sitanion and Trachynia (Bauch, 1925; Fisher and Holton, 1957,
Vanky, 2011) and our experiments can confirm at least three host species, B. distachyon, B.
hybridum and B. stacei. Among the susceptible accessions are the B. distachyon accessions ABR4,
originally collected from Southern Spain, and Bd1-1, an inbred line, as well as the B. stacei accession
ABR114 (Figure 4). The genomes of all three susceptible diploid accessions have been sequenced
(J. Vogel, unpublished), providing the foundation for valuable tools and studies of our novel plant
pathosystem. While, to our knowledge, ABR4 has not been tested for susceptibility to other impor-
tant fungal pathogens, Bd1-1 shows resistance to the wheat pathogen Zymoseptoria tritici as well as
to Puccinia graminis (Figueroa et al., 2013; O’Driscoll et al., 2015). Therefore, Bd1-1 represents a
suitable model accession to study compatible interactions with U. bromivora as well as incompatible
interactions with P. graminis and Z. tritici. Moreover, the comparison of susceptible B. distachyon
accessions such as Bd1-1 and ABR4, with the resistant accession Bd21 allows the study of
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Figure 5. Establishment of transformation for the fungal pathogen U. bromivora and its host plant B. hybridum
Bd28. (A) Schematic representation and timeline of protoplastation and transformation of U. bromivora UB1 with
the autonomously replicating pNEBuC-GFP plasmid conferring Carboxin resistance and encoding GFP.

(B) Schematic representation and timeline of A. tumefaciens-mediated transformation of B. hybridum Bd28.
lllustrations are not to scale.

DOI: 10.7554/¢elife.20522.011

The following figure supplements are available for figure 5:

Figure supplement 1. Several resistance markers can be employed for selection of U. bromivora transformants.
DOI: 10.7554/¢elife.20522.012

Figure supplement 2. UB2 can mate with UB1-GFP, form filaments, and produce viable spores.

DOI: 10.7554/¢elife.20522.013

Figure supplement 3. Microscopy of transgenic Bd28 eCFP-SKL marker line.

DOI: 10.7554/¢elife.20522.014

compatible and incompatible interactions with U. bromivora without switching pathosystems. The
discovery of several Brachypodium accessions resistant to U. bromivora, comprising accessions of B.
distachyon, B. stacei, and B. hybridum, suggests that resistance likely evolved in a common ancestor
of B. distachyon and B. stacei. As there is evidence that B. hybridum is the product of an interspecies
cross between these two diploid taxa (Petersen et al., 2011), this scenario would suggest that smut
resistance was independently lost several times in each taxon. Alternatively, resistance based on sin-
gle or even multiple factors could have evolved independently several times in the different closely
related species. Within the limits of a relatively small sample size we observe a trend of B. hybridum
accessions to be susceptible to U. bromivora. This could be due to suppression of resistance in poly-
ploid genomes, a previously described phenomenon found in tetra- and hexaploid wheat
(Knott, 2000; Kerber, 1991).

Since Bd28 is an excellent host for U. bromivora and needs only very short vernalization to induce
flowering and to show infection symptoms, we used this accession for the establishment of a model
host. To this end, we developed an efficient growth and infection method providing high germina-
tion rate, reliable floral induction, and high infection rate by U. bromivora (for details see Material
and Methods). These protocols could be also applied for the diploid and sequenced accession
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ABR4. However, in contrast to Bd28, ABR4 requires a minimum of four weeks vernalization to induce
flowering and needs six weeks of vernalization to induce fast bulk flowering. 95 days after the initia-
tion of vernalization, flowering of ABR4 is completed and we observed infection rates of almost
100%. Due to its shorter vernalization requirement, Bd28 can complete its life cycle in approximately
70 days. Interestingly, different time points of spore inoculation as well as the spore load seem to
lead to varying infection efficiency. We regularly observed infected plants showing a few healthy spi-
kelets beside spore-filled ones (data not shown). The presence of healthy spikelets might be the evo-
lutionary result of a sustainable virulence strategy of this host-specific, biotrophic pathogen to avoid
complete sterilization of its host and therefore its local extinction.

Transformation establishment for U. bromivora and its host B.
hybridum Bd28

The establishment of transformation protocols for both the pathogen and its host plant is an impor-
tant requirement to employ U. bromivora and Brachypodium sp. as a genetically accessible biotro-
phic model system.

For initial transformation tests of U. bromivora, we used the self-replicating pNEBuC-GFP and
pNEBuUC-mCherry-HA vectors, which were developed for U. maydis (Brachmann, 2001). These plas-
mids contain a gene conferring Carboxin resistance and a gene encoding either the green fluores-
cent protein (GFP-HA) or mCherry-HA protein. GFP-HA or mCherry-HA are under control of the
artificial otef promoter, which is constitutively active in axenic culture (Spellig et al., 1996). Expres-
sion of these genes allows a fast readout of the transformation efficiency. Although different trans-
formation protocols were tested, PEG-mediated protoplast transformation turned out to be most
efficient (average transformation efficiency: 314 colonies per pg plasmid DNA; Figure 5A). Since
appropriate selection markers are essential for high-efficiency transformations, we concomitantly
tested three different antibiotics and selection markers. While wild type cells could not be propa-
gated, transformants harboring self-replicating plasmids conferring Carboxin, Geneticin G418, or
Hygromycin resistance were able to grow on respective selection media (Figure 5—figure supple-
ment 1). We also tested integrative constructs for various loci such as the mating type region or the
predicted pep1 gene locus, encoding an effector ortholog that has been shown to contribute to vir-
ulence in U. maydis (Doehlemann et al., 2009). However, our results suggest, that in contrast to U.
maydis, DNA uptake or other steps during transformation seem to be less efficient in U. bromivora
preventing high transformation rates and strongly reduced the number of stable integration events.
Therefore, we conducted a restriction enzyme mediated integration (REMI) approach which should
promote genomic integrations (Bélker et al., 1995). By employing this technique, we obtained a
UB1 derivative with a stable integration of GFP driven by the otef promoter (UB1-GFP). To ensure
that after REMI mutagenesis, UB1-GFP has retained its capability to infect, we inoculated germinat-
ing Bd28 caryopses with a mixture of UB1-GFP and UB2. Spore-filled spikelets and GFP producing
progeny derived from these spores demonstrated a successful infection and completion of the fun-
gal life cycle (Figure 5—figure supplement 2).

To establish transformation for the B. hybridum accession Bd28, we adapted a Bd21 transforma-
tion protocol (Vain et al., 2008) for its specific needs (Figure 5B). As a proof of principle, we gener-
ated transgenic lines harboring a fluorescently tagged peroxisome-targeting construct (eCFP-SKL).
On the one hand, this construct provides a fast visual read out of a successful transformation; on the
other hand, respective transgenic lines might be a valuable tool for studying cell biological questions
in Brachypodium sp. (Figure 5—figure supplement 3).

The genome of U. bromivora

By comparative rDNA analysis, U. hordei has been shown to be the most closely related smut to U.
bromivora that has been sequenced to date (Stoll et al., 2005). The presence of extensive repetitive
elements and transposable elements (TE) in the U. hordei genome complicated its genome assembly
(Laurie et al., 2012). To circumvent possible assembly problems with the related U. bromivora
genome, we performed Single Molecule Real-Time (Pacific Biosciences, Menlo Park, CA) sequencing
of UB1, the isolated MAT-1 strain. PacBio sequencing has been shown to deliver long reads, facilitat-
ing fast and accurate genome assembly. After subread filtering, 376,645 reads (3.1 Gb total) with
84.5% accuracy and a mean length of 8,186 bp (approximately 154x coverage of the ~20.7 Mb
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Table 2. Genome comparison of sequenced smut fungi.

U. bromivora U. maydis’ S. reilianum? S. scitamineum’ U. hordei* M. pennsylvanicum®

Assembly statistics
Total contig length (Mb) 19.7 18.2 19.5 20.6 19.2
Total scaffold length (Mb) 20.5 19.8 18.4 19.6 21.15 19.2
Average base coverage 154x 10x 20x 30x 25x 339x
Nso contig (kb) 127.4 50.3 376 48.7 434
Nso scaffold (kb) 877 817.8 738.5 759.2 307.7 121.7
Chromosomes 23 23 23 23
GC-content (%) 52.4 54 59.7 54.4 52 50.9

coding (%) 54.4 56.3 62.6 57.8 54.3 54

non-coding (%) 49.4 50.5 54.3 51.1 434 46.9
Coding sequence
Percent coding (%) 59.8 61.1 65.9 62 57.5 56.6
Average gene size (bp) 1699 1836 1858 1819 1705 1734
Average gene density (gene/kb) 0.35 0.34 0.36 0.34 0.33 0.33
Protein-coding genes 7233 6786 6648 6693 7113 6279
Exons 11154 9783 9776 10214 10907 9278
Average exon size 1101 1230 1221 1191 1107
Exons/gene 1.5 1.44 1.47 1.5 1.53 1.48
tRNA genes 133 1 96 116 110 126
Secretome
Predicted secreted proteins 409 485 461 466 405 300
Non-coding sequence
Introns 3921 2997 3103 3521 3161 2999
Introns/gene 0.54 0.44 0.46 0.53 0.44 0.48
Average intron length (base) 163 142 144 130.1 141 191.4
Average intergenic distance (bp) 1054 1127 929 1114 1186 1328
Repeat sequences
DNA Transposon 1.89% 0.29% 0.13% 0.25% 0.89% 0.29%
LINE 4.38% 0.35% 0.04% 0.27% 4.62% 0.40%
SINE 0.18% 0.05% 0.03% 0.05% 0.27% 0.10%
LTR Retrotransposon 5.83% 1.15% 0.13% 0.69% 4.82% 1.17%
Unclassified non LTR-Retrotransposon 0.06% 0.02% 0.01% 0.01% 0.10% 0.032
Unclassified Retrotransposon 2.03% 0.21% 0.12% 0.29% 1.47% 0.39%
Unclassfied 0.06% 0.08% 0.02% 0.08% 0.38% 0.04%
Total TE class 14.33% 2.11% 0.45% 1.60% 11.84% 2.32%
Simple sequence repeats 1.31% 1.75% 2.00% 1.59% 1.59% 1.54%
Total excl. Tandem repeats 15.72% 3.90% 2.49% 3.23% 13.56% 3.95%
Tandem repeats 5.14% 4.22% 6.97% 4.54% 5.20% 5.16%
Total repeat coverage 18.51% 6.70% 8.26% 6.68% 16.45% 6.72%

1K.’:'imper et al., 2006; “Schirawski et al., 2010; *Dutheil et al., 2016; “Laurie et al., 2012; *Sharma et al., 2014
DOI: 10.7554/elife.20522.015

genome) were obtained. Assembly and polishing resulted in 25 contigs of which 23 showed good
synteny with the optically mapped synthetic chromosomes of U. hordei (Laurie et al., 2012). Based
on this, U. bromivora has 23 chromosomes (20.5 Mb), the mitochondrial genome and an unassigned
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Figure 6. Phylogeny of U. bromivora and related smuts. Unrooted phylogeny created from 4,947 one-to-one
orthologs. Branch lengths represent the mean number of substitutions per DNA site. Terminal branch lengths for
U. bromivora and U. hordei are not to scale.

DOI: 10.7554/elife.20522.016

smaller contig. Gene model prediction led to the identification of 7,233 protein coding genes
(Table 2). All gene models were manually curated by extensive comparative analysis to the existing
Ustilaginaceae annotations and 82.3% of all gene models were confirmed by assembled transcripts
obtained from lllumina-based RNA-seq of axenically grown UB1. With 7,233 protein coding genes,
U. bromivora harbors 120 more genes than the close relative U. hordei that has an assembled
genome 0.65 Mb larger than U. bromivora (Laurie et al., 2012). The compactness of the U. bromi-
vora genome is underscored by the fact that 67.9% of the genes are intron-less, 19.3% have one
intron, whereas only 12.8% are predicted to contain multiple introns.

To assess the completeness of the U. bromivora genome, a BLAST search was performed with
highly conserved core genes present in higher eukaryotes (Aguileta et al., 2008; Parra et al.,
2009). From the expected 248 single-copy orthologs extracted from 21 genomes (Parra et al.,
2009), 247 are present in the U. bromivora genome (missing KOG1468, translation initiation factor
elF-2B), indicating that >99% of the gene space is covered by the assembly.

To assess the difference of UB1 and its compatible mating partner UB2 on a genomic level, we
performed lllumina 125 paired-end sequencing of UB2 and single nucleotide polymorphism (SNP)
calling. By using stringent parameters, we identified 1,323 SNPs between the two strains (Figure 7—
source data 1). 783 of them are found in coding sequences and 429 lead to non-synonymous muta-
tions. Since UB1 and UB2 were independently isolated from different spores, SNPs might be a result
of the prevalent inbreeding due to intratetrad mating which over time leads to significant differences
between progenies of different spore tetrads.

We constructed a phylogenetic tree using one-to-one orthologous genes as identified by
OrthoMCL (Figure 6). The resulting phylogeny shows Sporisorium reilianum and Sporisorium scitami-
neum forming one cluster and U. bromivora and U. hordei forming a second cluster. U. maydis
shows a closer relationship to the tested species of the Sporisorium genus than to the ones of the
Ustilago genus that are more closely related to Melanopsichium pennsylvanicum. This is in agree-
ment with the relationships found by Stoll et al. (2005) and Sharma et al. (2014) . The phylogeny
also illustrates the close relationship between U. hordei and U. bromivora, which share orthologs for
a large number of genes and between which protein sequence conservation is much higher than
between other fungi (data not shown).
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Figure 7. The mating type chromosome (chromosome 1) of U. bromivora UB1 (MAT-1) and UB2 (MAT-2). (A)
Schematic representation of the a locus (encoding the predicted pheromone receptor system) and the b locus
(encoding the putative heterodimeric transcription factor for pathogenic development) of UB1 (MAT-1 strain) and
UB2 (MAT-2 strain) according to de novo assembly of both strains. Potential rga2 and Iga2 orthologs, encoding
proteins for uniparental mitochondrial inheritance (Fedler et al., 2009), are located in the a2 region between mfa2
and pra2. *Due to rearrangements in the mating type region of UB2, the orientation of a2 and b2 locus could not
be exactly determined. However, data suggest an inversion of the a2 locus. (B) The mating type region of UB1 is
enriched for transposable elements. Graph depicts percentage of transposon coverage in 25 kb windows
occurring every 12.5 kb along the chromosome. (C) Mapping of UB2 to the UB1 reference genome shows large
non-mapped stretches in the MAT-1 locus indicating sequence differences in this region between MAT-1 and
MAT-2. (D) Enrichment of single nucleotide polymorphisms (SNPs) in and around the mating type region between
the genomes of UB1 and UB2. Number of SNPs is shown in 5 kb windows.

DOI: 10.7554/elife.20522.017

The following source data and figure supplements are available for figure 7:

Source data 1. List of Single Nucleotide Polymorphisms (SNPs) identified in UB2.

DOI: 10.7554/¢elife.20522.018

Figure supplement 1. Transposon content along U. bromivora chromosomes.

DOI: 10.7554/eLife.20522.019

Figure supplement 2. Genes of the mating type regions are up to 98% identical between U. bromivora and U.
hordei.

DOI: 10.7554/¢elife.20522.020

The mating type chromosome

The mating type locus of U. bromivora UB1 is located on chromosome 1. We identified genes
encoding a putative pheromone receptor (UBRO_03901) and pheromone (UBRO_03899) as well as
bEast (UBRO_00885) and bWest (UBRO_00887) orthologs encoding a putative homeodomain-tran-
scription factor (Figure 7A). The pheromone/receptor genes (a locus) are separated from the bEast
and bWest genes (b locus) by a 183 kb long region highly enriched in transposable elements (TE;
39.85% compared to an average of 17.18% over the length of the chromosome and to an overall
genome average of 14.33%,; Figure 7B, Figure 7—figure supplement 1). This bipolar mating sys-
tem resembles the structural organization found in the close relative U. hordei although the region
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Figure 8. Enrichment of classes of interest among predicted secreted proteins and in planta differentially expressed transcripts. (A) Proportions of
genes encoding unclassified proteins based on FunCat classification within all annotated U. bromivora genes, within genes encoding secreted proteins,

within all genes up- and downregulated in planta twelve days after planting (dap) as well as within the genes that are differentially regulated and
encode secreted proteins. (B) Proportions of genes encoding predicted secreted proteins within all annotated U. bromivora genes, within all genes

Figure 8 continued on next page
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Figure 8 continued

found to be expressed in axenic culture and in planta, and within genes significantly up- or downregulated in planta. Fisher exact test was used to test
whether the proportion of selected genes within a given class differs significantly from the proportion within all annotated genes; ****p-value < 0.0001,
***p-value < 0.001. The total number of genes is shown in brackets below each chart.
DOI: 10.7554/eLife.20522.021

The following figure supplement is available for figure 8:

Figure supplement 1. Functional categorization of putatively secreted proteins and all proteins encoded in the genome.
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between the a and b locus in U. hordei is, at ~500 kb, larger (Figure 7—figure supplement 2)
(Bakkeren and Kronstad, 1994).

Mapping of lllumina reads from UB2 to the UB1 reference genome and subsequent SNP calling
showed that the mating type region flanked by the a and b loci is highly diverse between the two
compatible strains, as evidenced by segments depleted of reads, rearrangements and a high num-
ber of SNPs in the regions covered (Figure 7C,D; Figure 7—source data 1). We calculated for the
mating type region a SNP frequency of 1.8E-03 SNPs bp™' compared to a frequency of 6.5E-05 SNPs
bp~" for the entire genome. This sequence divergence is likely a result of recombination suppression
in the mating type region leading to a bipolar mating system at the cost of losing a recombination-
based repair in this region.

Analysis of genes encoding putatively secreted proteins

One class of proteins which is of special interest for biotrophic interactions is secreted proteins. In
addition to functions such as cell wall remodeling and hydrolytic enzymes for substrate degradation,
this class includes effector proteins, which might directly impact the outcome of the biotrophic inter-
action with the host and often target the host defense system or its metabolism (Asai and Shirasu,
2015). Several criteria had to be fulfilled for a predicted U. bromivora protein to be considered a

Ustilago maydis
Chr 19 156.000 164.000 172.000 180.000 188.000
UMAG_05294 UMAG_12302 UMAG_10554  UMAG_05300 UMAG_05302 UMAG_10555  UMAG_05306 UMAG_05308 UMAG_05310 UMAG_05312 UMAG_05314 UMAG_08317 UMAG_05319
UMAG_05295 UMAG_10553  UMAG_05299  UMAG_05301  UMAG_0S03  UMAG_05305 UMAG_10556 UMAG_05300 UMAG_05311  UMAG_05313 UMAG_1057  UMAG_05318
Ustilago bromivora 158,000 166.000 174000 182.000
Chr18
UBRO_10022 UBRO_20010  UBRO_20000 UBRO_08127 UBRO_20002 UBRO_08132 UBRO 20003 UBRO_10033

L ST S o - » DT B . o >

UBRO_20009  UBRO_20348 UBRO_ 08125 UBRO_20001  UBRO_08130  UBRO_08134 UBRO_20004
Ustilago hordei
Chr 18 (scaffold 5.0017)

140.000 148.000 156.000 164.000 172.000 180.000 188.000 196.000
UHOR_ 08128 UHOR_10014  UHOR_10016 UHOR_10017  UHOR_10019 UHOR._10021 UHOR_10023  UHOR_ 10025 UHOR_ 10026 UHOR_10028  UHOR_10030 UHOR_ 08130 UHOR_ 08134 UHOR_ 13915 UHOR_10033
4 @ amqd4d 4 44 > » - p » o= e 4D P4 e < —— -
UHOR_ 08127 UMOR_13090  UHOR_10015  UHOR 13893 UHOR_10018 UHOR 10020 UHOR_10022  UHOR_10024 UHOR_ 08123 UHOR_10027  UHOR_10029 UHOR_10031 UHOR_ 08132 UHOR_10032 UHOR_ 13916
Bl gene encoding putative secreted protein I gene encoding predicted non-secreted protein

Figure 9. Gene by gene comparison between the largest secreted virulence cluster of U. maydis (cluster 19) with the corresponding region in the U.
bromivora and U. hordei genome on chromosome 18. The scheme depicts U. maydis cluster 19 on chromosome 19, the predicted U. bromivora cluster
18 on chromosome 18 and the corresponding region on chromosome 18 (scaffold 5.0017) of U. hordei. Syntenic orthologs between U. maydis and U.
bromivora as well as between U. bromivora and U. hordei are connected with a green bar. Genes encoding predicted non-secreted proteins are
displayed in grey, genes encoding putative secreted proteins in blue.
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secreted protein: it had to contain a signal peptide, fewer than two transmembrane helices, no
endoplasmatic reticulum (ER) retention signal, and it had to be predicted not to target mitochondria.
These strict criteria led to the prediction of 409 secreted proteins encoded in the U. bromivora
genome.

The majority of putatively secreted proteins are of unknown function
and their transcripts are overrepresented in planta

While for 46.3% of all U. bromivora proteins we could not assign a potential function based on
BLAST sequence similarity (‘unclassified proteins’), this fraction increases to 69.7% for the proteins
that are predicted to be secreted. This makes proteins of unknown function the most significantly
enriched functional category of U. bromivora secreted proteins (Figure 8A, Figure 8—figure sup-
plement 1).

To provide insights into expression patterns of the genes encoding putatively secreted proteins
in U. bromivora during saprophytic growth and in planta, we conducted RNA-seq analyses. To this
end, we isolated RNA from axenic UB1 culture and from stems of twelve day old B. hybridum Bd28
plants that were spore-inoculated with U. bromivora. Among the 6,756 transcripts found to be
expressed in our dataset, 493 were significantly upregulated in planta compared to axenic culture
(logFC > 2, adjusted p-value < 0.1), while 1,138 transcripts were significantly downregulated. Nota-
bly, transcripts predicted to encode secreted proteins are significantly enriched among the upregu-
lated transcripts compared to all annotated genes (30.8% compared to 5.7%; Fisher exact test,
p-value < 2.2E-16; Figure 8B). Moreover, we could show by functional protein classification that
among the putatively secreted proteins that are induced in planta, unclassified proteins are signifi-
cantly overrepresented (84.1% compared to 46.4% within all annotated genes; p-value = 2.2E-16;
Figure 8A). In contrast, in the subset of down-regulated genes, a functional overrepresentation of
genes encoding secreted, unclassified proteins could not be observed. Our findings are in line with
the observation that the vast majority of effector proteins are so far functionally not characterized.
At the sequence level these proteins are only poorly conserved between distant fungal pathogens
making the prediction of protein function difficult.

The majority of putative U. bromivora effectors are not clustered

In the case of U. maydis, many of the small secreted protein encoding genes are organized in patho-
genicity clusters and a large number of them were shown to play a role in virulence (Kamper et al.,
2006). To assess the presence of potential pathogenicity clusters in the U. bromivora genome, we
defined clusters as containing at least three adjacent genes encoding predicted secreted proteins or
three genes encoding secreted proteins interrupted by maximal one single non-secreted protein-
coding gene. These in comparison to the analysis of Kdmper et al. (2006) relatively relaxed criteria
led to the identification of only eleven secretion clusters comprising a total of 10.51% of all putative
secreted proteins of U. bromivora. Although some of the putative effector clusters identified in U.
maydis also show a syntenic organization in the U. bromivora genome, many others do not and the
vast majority of the predicted secreted proteins of U. bromivora are not clustered. Among all clus-
ters, the largest is cluster 18, related to U. maydis cluster 19. Whereas cluster 19 (as located on chro-
mosome 19) in U. maydis comprises 24 putative effector genes (Brefort et al., 2014), the syntenic
cluster in U. bromivora comprises less than half the number of putative secreted protein encoding
genes and is located on chromosome 18 (Figure 9). In the close relative U. hordei the clustering of
genes encoding predicted secreted proteins in this region is even less compact and disrupted to a
greater extent than in U. bromivora (Figure 9) (Laurie et al., 2012). Our analysis of the U. bromivora
clusters further showed that the syntenic genes missing from cluster 18 have not moved to other
parts of the genome but are simply absent from U. bromivora and occur only in U. maydis or are
shared between U. maydis, S. reilianum, and S. scitamineum (data not shown).

Orthologous and orphan genes

One indication of how suitable a specific model system is for generalizing knowledge to other
related species is the presence of orthologous genes. Excluding mitochondrial genes, among the
7,193 genes present in the U. bromivora genome, 5,121 one-to-one orthologs were predicted with
U. maydis, U. hordei, S. scitamineum, S. reilianum, and M. pennsylvanicum. These one-to-one
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A
U. maydis U. bromivora Identity (%)  Similarity (%)
UMAG_02239 (See1) UBRO_03678 32.77 41.11
UMAG_01375 (Pit2) UBRO_02064 32.25 41.93
UMAG_02475 (Stp1) UBRO_12209 41.93 47.78
UMAG_02011 (ApB73) UBRO_02986 38.88 50.42
UMAG_05731 (Cmu1) UBRO_07433 46.10 56.69
UMAG_03223 (Mig1) UBRO_20685 51.02 62.24
UMAG_01987 (Pep1) UBRO_02965 61.41 70.10
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Figure 10. Testing orthologs of core effectors for functional interchangeability between U. bromivora and U.
maydis. (A) List of known effector orthologs in U. bromivora and U. maydis and their amino acid identity and
similarity. Identity shows the percentage of identical positions in the alignment, taking gaps into account.
Percentage identity = 100 (identical positions / length of alignment). Similarity gives a measure of how similar two
protein sequences are to one another based on the physical and chemical properties of their amino acids.
Sequences were aligned using T-Coffee and identity and similarity scores were given by SIAS (Sequence Identity
and Similarity; http://imed.med.ucm.es/Tools/sias.html). (B) Core-effector mutants of U. maydis (SG200Astp1 and
SG200Apep1) can be complemented with the respective U. bromivora ortholog. Disease symptoms of infected
plants were scored at twelve days post inoculation (dpi) according to Kédmper et al., 2006. The darker the color,
the more severe the symptoms. Numbers of infected plants are indicated above each column. p-values are
calculated by Fisher exact test, MTC by Benjamini-Hochberg algorithm, ****p<0.0001. Leaves of representative
plants twelve days after inoculation with indicated strains are shown next to the stacked bar plot. Scale bars: 1 cm.
DOI: 10.7554/elife.20522.024

orthologs are genes which have one ortholog in each of the other species and no paralogs. M. penn-
sylvanicum and U. bromivora share 5,470 orthologs. In contrast, U. bromivora shares 5,841 orthologs
with U. maydis and 6,180 orthologs with U. hordei. The lower number of orthologs in M. pennsylva-
nicum is in line with the observation that this smut genome has lost genes that might be associated
with a switch from a monocot to a dicot host plant (Sharma et al., 2014).

Among the 409 U. bromivora predicted secreted proteins, we found 216 of them among the
5,121 one-to-one orthologs. All of the U. maydis effectors functionally characterized or described in

the literature, including Tin2, See1, Cmu1, Pep1, Pit2 and Mig1 (Djamei et al., 2011; Redkar et al.,

2015a, 2015b; Hemetsbergeret al., 2012; Doehlemann et al., 2009; Mueller et al., 2013,
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Figure 11. U. bromivora shows a decrease in the occurrence of CpG dinucleotides. Dinucleotide frequencies in
repeat regions were determined using RIPCAL and were compared to those of control regions. A noticeable
decrease in the occurrence of CpG dinucleotides was detectable for both U. hordei and U. bromivora as well as,
to a lesser extent, M. pennsylvanicum.

DOI: 10.7554/elife.20522.025

Basse et al., 2000; Tanaka et al., 2014), share orthologs with U. bromivora (Figure 10A). The amino
acid similarity between each U. maydis effector and its corresponding U. bromivora ortholog ranges
from 41% for the organ specific effector See1 to 70% for the widely conserved peroxidase inhibitor
effector Pep1 (Figure 10A). To experimentally test if U. bromivora effectors can functionally comple-
ment their respective orthologs in the U. maydis / Zea mays pathosystem, we chose two conserved
effectors for that assay, Stp1 and Pep1 (Doehlemann et al., 2009; Schipper, 2009). These effectors
were recently shown to play an essential role for virulence of U. maydis. The avirulent phenotype of
both U. maydis deletion mutants could be complemented by introducing the corresponding U. bro-
mivora ortholog (Figure 10B). This demonstrates that the U. bromivora / Brachypodium system
could be indeed suitable to study the functional role and host targets of conserved effectors from
related species.

Besides the described orthologs, we found 427 orphan U. bromivora genes that lack orthologs in
the five other fungi they were compared with. Of these, 21 are predicted to encode secreted pro-
teins. None of the orphan genes had a predicted function according to either FunCat or Blast2GO.

Transposable elements and genome defense machinery

Comparing the currently available smut genomes both, U. hordei and, to an even greater extent, U.
bromivora contain a high number of transposable elements and other repetitive sequences, encom-
passing up to 14.33% of the genome (Table 2). Similar to the other smuts sequenced to date, the U.
bromivora genome has a low frequency of small interspersed nuclear elements (SINEs) (0.18% of the
genome), a class of retrotransposons that lost the coding region for their own reverse transcriptase.
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Table 3. Positive selection among sequenced smut fungi

U. bromivora U. maydis U. hordei S. scitamineum S. reilianum M. pennsylvanicum
Genes analysed
Total 4947 4947 4947 4947 4947 4947
Under selection (g = 0.05) 140 345 188 170 256 2390
Under selection (g = 0.01) 96 116 135 90 91 1434
Non-PSEPs
Total 4738 4735 4733 4748 4743 4753
Under selection (g = 0.05) 128 318 168 153 240 2287
Under selection (g = 0.01) 86 105 122 81 84 1377
PSEPs
Total 209 212 214 199 204 194
Under selection (g = 0.05) 12 27 20 17 16 103
Under selection (g = 0.01) 10 11 13 9 7 57

*Number of genes under positive selection in each of the six fungi used in this study. The number of genes predicted to be under positive selection is
given for both a FDR of 0.05 and 0.01 and are grouped in three categories: total genes analyzed, the subset of genes that are not predicted to be
secreted and the subset of genes that are predicted to be secreted. This analysis is limited to the 4,947 one-to-one orthologs that were used for the
construction of the phylogeny.

DOI: 10.7554/eLife.20522.026

However, it contains a high percentage of long terminal repeat (LTR) retrotransposons (5.83%),
which are independent from other mobile genomic elements and encode all proteins necessary for
transposition. Similar ratios of long interspersed elements (LINE) have spread in the U. hordei and
the U. bromivora genome (4.62% and 4.38%, respectively; Table 2). With few exceptions, such as
the mating type chromosome (Chr1), transposable elements are evenly distributed over the U. bro-
mivora chromosomes (Figure 7—figure supplement 1). These results are in line with those made in
U. hordei, where except for the mating type region, repetitive sequences are also evenly distributed
across the genome (Laurie et al., 2012; Bakkeren et al., 2006).

While transposable elements have clearly shaped the genome of U. bromivora, their action might
be counter-balanced by the presence of a functional core machinery of the RNA interference path-
way. Homology searches identified UBRO_08937 that likely encodes the PAZ-domain (Piwi/Argo-
naute/Zwille-domain) containing endoribonuclease DICER. UBRO_20628, UBRO_01631, and
UBRO_08874 encode three RNA-dependent RNA Polymerases (RARP) which are necessary for the
formation of the complementary strands of target RNA, and therefore represent a prerequisite for
RNA-directed silencing. UBRO_06256 is predicted to encode the argonaute protein, the catalytic
subunit of the RISC-complex. We also identified the small RNA methyltransferase Hen1
(UBRO_08578). Moreover, the chromodomain (CD) protein CHP1 and CHP2 important for hetero-
chromatic gene silencing are with UBRO_05116 and UBRO_07750 as well present. Analysis of dinu-
cleotide frequencies in repetitive regions of the genome shows a lack of CpG dinucleotides similar
to that observed in U. hordei (Laurie et al., 2012) (Figure 11). This may indicate the presence of
repeat induced point-mutations (RIP) which can serve as an additional genomic defense mechanism
against transposable elements (Selker, 2002).

Genes under positive selection in U. bromivora

Genes under positive selection are indicative of an ongoing adaptation process often found either
upon a host jump, neofunctionalization of a protein, or during the arms race between the host and
the pathogen. We analysed the proteins of our six fungal genomes for signs of positive selection.
Our analysis of the one-to-one orthologs between the six smut fungi we compared (Table 3) con-
firmed the previously reported finding of high levels of positive selection in M. pennsylvanicum
(Sharma et al., 2014). It also showed that U. bromivora has the lowest levels of selection when mea-
sured at a false discovery rate (FDR) of 0.05 but is between U.maydis and S. reillianum when using
an FDR of 0.01. Among the genes being under positive selection, only twelve encode predicted
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secreted proteins. In contrast to the twelve genes found in U. bromivora, M. pennsylvanicum, which
adapts to its dicot host, harbors 103 genes encoding predicted secreted proteins that were shown
to be under positive selection. The evolutionary pressures driving the observed incidents of selection
in U. bromivora remain unclear.

Conclusion

Smut fungi, especially U. maydis, have become models for studying recombination (Holliday, 1964),
cell biology (Steinberg et al., 2008; Haag et al., 2015), and, due to their nature, biotrophic interac-
tions (Brefort et al., 2009). This has resulted in U. maydis being considered as an important model
pathogen in the scientific community (Dean et al., 2012). In recent years, the importance of small
secreted molecules termed effectors, which shape the biotrophic interaction between the pathogen
and its host, has become increasingly evident. One major challenge for effector research is that most
effector proteins have no sequence similarity to any known protein and are therefore difficult to
functionally characterize. Although these important molecules are produced by the pathogen, in
many cases they target host processes and therefore require a completely accessible host system for
complementary functional studies in both the host and pathogen. In our search to identify a biotro-
phic model pair for a smut and a temperate host grass that due to their genetic accessibility will
enable these complementary functional studies, we chose the smut fungus U. bromivora and its
compatible host grass Brachypodium sp.

Although U. bromivora is closely related to other sequenced model smuts, it displays interesting
peculiarities in its lifestyle, especially in connection with its mating system. Most strikingly is one
major feature: the mating type bias. Upon spore germination and meiosis, the a and b loci located
on chromosome 1 co-segregate, and progeny with two different mating types arise from one spore,
MAT-1 and MAT-2. Interestingly, the locus that causes the mating type bias co-segregates with the
MAT-2 mating type region leading to the inability to survive under saprotrophic conditions. Indepen-
dent of its cause, it has important implications for the biology of U. bromivora. The bipolar mating
system and the intratetrad mating entail a strong tendency for inbreeding which could be
an advantageous driving speciation of this highly specialized plant pathogen (Hoekstra, 2005). This
holds especially true as the pheromone receptor based cell-cell recognition system is rather promis-
cuous between different smut species and might not be sufficient as a speciation barrier
(Kellner et al., 2011). Besides the removal of detrimental DNA, like transposable elements and del-
eterious mutations, sexual reproduction is a way to efficiently reshuffle alleles over generations to
provide an opportunity for natural selection to produce efficient allele combinations
(Goddard et al., 2005; Lee et al., 2010). The relative abundance of transposable elements in U.
bromivora could potentially serve as a source of variation to counterbalance the assumed loss of het-
erozygosity due to inbreeding between progeny from the same spore. This could enable the popula-
tion to adapt to evolving challenges such as host defense mechanisms. As a consequence, it might
be essential to keep the functional machinery for RNA silencing intact to limit the uncontrolled
spreading of transposable elements with potentially deleterious effects. In contrast to U. bromivora,
U. maydis has evolved a very efficient recombination system enabling the removal of most of its inva-
sive transposable elements. This was likely a prerequisite to allow the loss of the silencing machinery
in U. maydis, which subsequently led to the gain of a competitive advantage through symbiosis with
double-stranded RNA totiviruses, which encode for killer toxins that target non-killer containing
competitive microbes (Drinnenberg et al., 2011; Koltin and Day, 1976).

The deleterious allele which leads to the mating type bias in U. bromivora is still unidentified. In
the related smut Microbotryum violaceum (formerly described as Ustilago violacea), intratetrad mat-
ing was observed as a result of a recessive haplo-lethal allele (Hood and Antonovics, 2000). In Usti-
lago nuda, a recessive proline biosynthesis allele linked to the mating type locus led to a similar
result in the haploid stage of the dimorphic life cycle (Nielsen, 1968). Alternatively, a dominant
mechanism via meiotic drive elements as described for Neurospora crassa (Turner and Perkins,
1979) and other ascomycetes such as Gibberella fujikuroi (Fusarium verticillioides) (Kathariou and
Spieth, 1982) and Podospora anserina (Bernet, 1967) could be causative for the observed mating
type bias in U. bromivora. While, in this scenario, the ‘killer’-allele and ‘resistance’-allele would form
a locus and would be linked to the recombination-suppressed MAT-1 region, the corresponding
‘Non-killer/susceptibility’ alleles would co-segregate with the MAT-2 region. The alleles of the MAT-
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2 strain would therefore lead to its haplo-lethality. Future research will clarify the cause of the mating
type bias in U. bromivora.

In summary, the newly established model system U. bromivora and Brachypodium sp. has tremen-
dous potential for the study of biotrophy related questions on both the pathogen and host side as
well as evolutionary questions such as sex and speciation. The high quality, manually curated fungal
genome, available RNA-seq data, and growth as well as transformation protocols for both the host
and the pathogen, provide a solid basis for scientists to gain new insights into biotrophic plant path-
ogen interactions.

Materials and methods

Strains, plasmids, and fungal culture conditions

DNA manipulation and plasmid generation were performed according to standard molecular cloning
procedures (Chong, 2001; Ausubel et al., 1987). All DNA manipulations were performed with E.
coli MACH1 (Thermo Fisher Scientific, Waltham, MA). Primers and plasmids are compiled in
Supplementary file 1. All sequences of plasmids created in this study are provided as gb/gbk files
in Supplementary file 2. Strains used in this study are listed in Supplementary file 1. The Ustilago
bromivora spore material used in this study was obtained from Thierry Marcel and originated from
spontaneous repetitive infections which occurred in a greenhouse at INRA UMR BIOGER, Avenue
Lucien Brétigniéres BP01, 78850 Thiverval-Grignon, France (Barbieri et al., 2012). U. bromivora UB1
(formerly named UB2112) and UB2 were cultivated in Potato dextrose (PD) liquid medium (2.4% PD
dissolved in H,O; Becton, Dickinson and Company, Franklin Lakes, New Jersey) at 21°C, shaking at
200 rpm in baffled flasks. U. maydis and U. hordei were cultivated according to Kiamper et al.
(2006) and Laurie et al. (2012). U. maydis strains were generated by gene replacement via homolo-
gous recombination as described by Kamper (2004) or by insertion of p123 derivatives into the ip
locus (Loubradou et al., 2001).

U. maydis virulence assays

U. maydis virulence assays were performed as described by Kdmper et al. (2006). In brief, the solo-
pathogenic strain SG200 and its derivatives were cultivated in Yepsiign: (0.4% yeast extract, 0.4%
peptone, 2% sucrose) at 28°C, under continuous shaking (200 rpm), until they reached an ODggg nm
of 0.8. After centrifugation at 2400 g for 5 min, cultures were adjusted in H,Oqq to an ODggpp nm = 1.
The suspensions were subsequently used for syringe-inoculation of seven day old maize seedlings
(variety Early Golden Bantam). Infection symptoms were scored twelve days post infection employ-
ing the scoring system described by Kamper et al. (2006).

Genomic DNA extraction for Single Molecule Real-Time (PacBio) and
lllumina sequencing

Genomic DNA (gDNA) extraction was performed as previously described for U. maydis
(Kamper et al., 2006). U. bromivora cultures were grown to an exponential phase and subjected to
Phenol-Chloroform extraction. For Single Molecule Real-Time (PacBio) sequencing of UB1, Phenol-
Chloroform extraction was followed by an additional purification step via the Power Clean DNA Kit
(MO BIO Laboratories, Carlsbad, CA). For lllumina sequencing of UB2, Phenol-Chloroform extracted
gDNA was purified using the MasterPure Complete DNA and RNA Purification Kit (Epicentre, Madi-
son, WI).

Library preparation and Single Molecule Real-Time (PacBio) sequencing

The SMRT bell was produced using the DNA Template Prep Kit 1.0 (Pacific Biosciences, Menlo Park,
CA). The input genomic DNA concentration was measured using a Qubit Fluorometer dsDNA Broad
Range assay (Thermo Fisher Scientific, Waltham, MA). 10 ug of gDNA was mechanically sheared to
an average size distribution of 15 kb, using a Covaris gTube (Kbiosciences, Hoddesdon, UK). A Bioa-
nalyzer 2100 12K DNA Chip assay (Agilent, Santa Clara, CA) was used to assess the fragment size
distribution. 5 ug of sheared gDNA was DNA damage repaired and end-repaired using polishing
enzymes. A blunt end ligation reaction followed by exonuclease treatment was performed to create
the SMRT bell template. A Blue Pippin device (Sage Science, Beverly, MA) was used to size select
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the SMRT bell template and enrich for large fragments > 10 kb. The size selected library was quality
inspected and quantified on an Agilent Bioanalyzer 12 kb DNA Chip and on a Qubit Fluorimeter
(Thermo Fisher Scientific, Waltham, MA), respectively.

A ready to sequence SMRT bell-Polymerase Complex was created using the P6 DNA/Polymerase
binding kit 2.0 (Pacific Biosciences, Menlo Park, CA) according to the manufacturer’s instructions.

The Pacific Biosciences RS2 instrument was programmed to load and sequence the sample on 5
SMRT cells (v3.0; Pacific Biosciences, Menlo Park, CA), taking 1 movie of 240 min each per SMRT
cell. A MagBead loading (Pacific Bioscience, Menlo Park, CA) method was chosen in order to
improve the enrichment of longer fragments.

After the run, a sequencing report was generated for every cell via the SMRT portal, in order to
assess the adapter dimer contamination, the sample loading efficiency, the obtained average read-
length, and the number of filtered sub-reads.

UB1 de novo genome assembly

The genome was assembled with Pacific Bioscience’s SMRTanalysis software version 2.2.0 and the
hierarchical genome-assembly process (HGAP) v3 protocol (Chin et al., 2013) including polishing
with Quiver. Default settings were used, except for selecting only reads with a minimum length of
10,000 bp and read quality above 0.8. Assembly and polishing resulted in 25 contigs with an overall
length of 20.7 Mb.

Transcriptome assembly

U. bromivora UB1 was grown in axenic culture (21°C, 200 rpm, PD medium) in three independent
biological replicates to an exponential phase (ODggp nm = 0.8). RNA was extracted using the TRIzol
method (Chomczynski and Sacchi, 2006) according to the manufacturer’s protocol (Thermo Fisher
Scientific, Waltham, MA). Residual DNA was removed with the DNA-free Kit (Thermo Fisher Scien-
tific, Waltham, MA). The extracted and purified RNA was used for library generation with the NEB
Next Ultra RNA Library Prep Kit according to the manufacturer’s protocol (cutout size 200-800 bp;
New England Biolabs, Ipswich, MA) and was sequenced with an lllumina HiSeq2000 instrument in
paired-end 100 mode. The resulting data was pooled to yield 68M read pairs. The overall quality
metrics were verified with fastqc (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The
pooled reads were then assembled using Trinity (vr20140413p1) using the built-in trimmomatic qual-
ity trimming, in-silico read normalization and jaccard clipping procedures (Grabherr et al., 2011).
The resulting transcriptome assembly consisted of 11,918 contigs with an N50 of 3,027 bp.

Prediction of open reading frames and proteome analysis

Primary structural annotation was achieved by mapping the protein sequences of U. hordei on the
scaffolds using exonerate (v2.2.0) unless the protein sequences could not be mapped (Slater and
Birney, 2005). As a de novo gene predictor, GeneMark-ES version 2 was applied (Ter-
Hovhannisyan et al., 2008). In addition, the orthologous protein sequences of U. maydis, S. reilia-
num and U. hordei were inspected by multi T-Coffee (v8.69) alignments to further validate the gene
structure in U. bromivora (Notredame et al., 2000). As transcriptional evidences, RNA-seq reads
were mapped on the genome using tophat2 (v2.0.8). The interval for allowed intron lengths was set
to a minimum of 20 nt and a maximum of 1 kb (Langmead et al., 2009; Trapnell et al., 2012). The
Trinity assembled RNA reads were mapped as transcripts (Grabherr et al., 2011). The different
gene structures and supporting evidence were displayed in GBrowse (Donlin, 2009), allowing man-
ual validation and correction of all coding sequences. The final call set comprises 7,233 protein cod-
ing genes. In addition, 133 tRNA-encoding genes are predicted using tRNAscan-SE (Lowe and
Eddy, 1997). The protein coding genes were analyzed and functionally annotated using the PED-
ANT system (Walter et al., 2009), accessible at http://pedant.helmholtz-muenchen.de/genomes.
jsp?category=fungal. The genome and annotation were submitted to the European Nucleotide
Archive (http://www.ebi.ac.uk/ena) under the study number PRJEB7751.

The predicted protein set was searched for highly conserved single (low) copy genes to assess
the completeness of the sequence dataset. Orthologous genes to all 246 single copy genes were
identified by BLASTP comparisons (eValue: 1073) against the single-copy families from all 21 species
available from the FunyBASE (Aguileta et al., 2008). Additionally, 247 of 248 core-genes commonly
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present in higher eukaryotes (CEGs) could be identified by BLASTP comparisons (eValue: 1073
(Parra et al., 2009).

Differential expression and overrepresentation analyses in the
transcriptomic dataset

For differential expression analysis, RNA from axenic culture of UB1 (see 'Transcriptome assembly’)
and from seedlings, 12 days after planting of germinating caryopses that were incubated with spore
material for 1 week at 4°C, was isolated using the TRIzol method and DNA was removed with the
DNA-free Kit (Thermo Fisher Scientific, Waltham, MA). After library preparation (cutout size: 200-
800 bp; NEB Next Ultra RNA Library Prep Kit; New England Biolabs, Ipswich, MA) three indepen-
dent biological replicates were sequenced with an lllumina HiSeq2000 instrument, paired-end 100
bp.

RNA-Seq was quantified against the combined transcriptome extracted from Brachypodium dis-
tachyon Bd21 (Bdistachyon_283_v2.1) and Ustilago bromivora UB1 annotations with kallisto using
default parameters (Bray et al., 2016). In our dataset we identified 20 cases, where more than one
splicing variant encoded by the same gene was present. In all subsequent analyses, splicing variants
were treated and counted as individual genes. Differential expression statistics between axenic and
in planta samples were computed using the DeSeq2 R package under the assumption that the over-
all expression level is similar between the two samples (Love et al., 2014). Transcripts were consid-
ered significantly up- or downregulated in planta, if the log2fold-change compared to axenic culture
was >2/<-2 and the Benjamini-Hochberg (Hochberg and Benjamini, 1990) corrected p-value
was <0.1. Over-/underrepresentation of individual functional classes of interest (e.g. predicted
secreted proteins) among the in planta up- and downregulated transcripts was tested by Fisher
exact test in the R statistical environment (Core Team, R, 2011). Systematic over-/underrepresenta-
tion analysis for all functional classes present in the FunCat annotation of the given dataset was con-
ducted with the FunCat workflow (Ruepp et al., 2004). Expression data were submitted to
GeneExpressionOmnibus  (http://www.ncbi.nlm.nih.gov/geo/) under the accession number
GSE87751.

Bioinformatics analysis: Secreted protein prediction, orthologs, and
transposons

To predict putative secreted proteins, protein sequences were retrieved from the PEDANT 3
Genome Database and analysed for specific features that are associated with secreted proteins. We
used SignalP (v4.0) (Petersen et al., 2011) to predict the existence of a signal peptide, TMHMM
(v2.0c) (Sonnhammer et al., 1998; Krogh et al., 2001) to predict the existence of transmembrane
domains, Phobius (v1.01) (Kall et al., 2004) to detect both signal peptides and transmembrane
domains, TargetP (v1.1b) (Emanuelsson et al., 2000) to predict the final location of a protein, and
ScanProsite (Gattiker et al., 2002) to detect the presence of the ER retention motif [KRHQSA]-
[DENQJ-E-L. A list of putative secreted proteins was generated that met the criteria of (1) signal pep-
tide predicted by both SignalP and Phobius, (2) fewer than two transmembrane domains predicted
by both TMHMM and Phobius, (3) no ER retention motif and (4) not predicted to target the
mitochondrion.

Orthologs were detected using OrthoMCL (v2.0.9) using default settings (Fischer, 2011).
OrthoMCL takes a list of proteins as an input and was provided with the full proteomes of U. maydis,
U. bromivora, U. hordei, S. scitamineum, S. reilianum, and M. pennsylvanicum. Orthologous proteins
from the different genomes are then sorted into groups. OrthoMCL makes use of the MCL algorithm
(Enright et al., 2002). Only nuclear genes were used for the prediction of orthologous relationships.

Protein alignments were performed in T-Coffee (v11.00.8cbe486) using the default settings.
BLAST searches were performed with the stand-alone BLAST+ suite (Camacho et al., 2009) where
possible. However, some programs required the older C legacy toolkit. We used RepeatScout
(Price et al., 2005) for the de novo identification of repeat families in combination with the RepBase
database (Jurka et al., 2005) to detect previously published transposable elements, pseudogenes,
and retroviruses. The combined library of de novo and RepBase repeats were used to identify indi-
vidual repeat elements on the genome using RepeatMasker (Smit et al., 1996-2010). All determined
repeat elements were classified using TEclass (Abrusan et al., 2009) and analyzed for fingerprints of
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repeat-induced point mutations (RIP) regarding overrepresented dinucleotide frequencies using RIP-
CAL (Hane and Oliver, 2008).

Fungal phylogeny and prediction of positive selection

5,121 genes were predicted as one-to-one orthologs, that means that there was an ortholog
detected in each of the six fungal species and there was only a single copy in each genome. After
removal of genes that were unsuitable for the positive selection analysis like genes without one-to-
one orthologs or which had more than one predicted transcript in one or more species, 4,947
sequences remained. The ORF sequences were converted to amino acid sequences with T-Coffee
(v11.00.8cbe486), aligned and then converted back into nucleotide sequences. These nucleotide
alignments were concatenated to form a single alignment which was used as the input for RAXML
(v8.1.16) (Stamatakis, 2014). The tree was generated using the rapid bootstrapping and best-scor-
ing maximum likelihood tree algorithm, GTRGAMMA nucleotide model and 1000 bootstraps.

The individual alignments and the unrooted species tree were used as inputs for the codeml pro-
gram from PAML 4.8A. (Yang, 1997). Two control files were used, both, allowing two or more dN/
dS ratios for branches, checking for positive selection and having an initial omega value of 1. One
allowed the omega value to vary while the second kept it constant. The likelihood ratios under the
two models were compared for each gene with the formula ALRT = 2 x (InL1 - InLO). The resulting
value could be assessed using the chi-squared distribution with 1 degree of freedom to determine if
the gene was under positive selection or not. Raw p-values were adjusted to take into account the
false discovery rate using the qvalue R package (http://qvalue.princeton.edu/, http://github.com/
jdstorey/qvalue) (Storey, 2015).

lllumina sequencing of UB2, mapping to UB1, and SNP calling

Genomic DNA of UB2 was used for library generation (insert size 600-900 bp; NEBNext Ultra DNA
Library Prep Kit for Illlumina; New England Biolabs, lpswich, MA) and sequenced with an lllumina
HiSeq2500 instrument in 125 bp paired-end mode. Reads were mapped to the genome of UB1
using CLC Genomics Workbench (v.7.0.3; Qiagen, Hilden, Germany) with the following parameters:
mismatch cost = 2, insertion cost = 3, deletion cost = 3, length fraction = 0.5, similarity fraction = 0.8,
no global alignment. SNP calling was performed via the quality-based variant detection mode with
the following parameters: neighbourhood radius = 4, maximum gap and mismatch count = 2, mini-
mum central quality = 10, non-specific matches, broken pairs and variants in non-specific regions
were ignored, minimum coverage = 90, minimum variant frequency = 95%, maximum expected
alleles = 2, maximum coverage = 203, sufficient variant count = 85, required variant count = 85. For
calling SNPs the presence in both forward and reverse reads was a requirement. Heterozygous SNPs
as well as small insertions and deletions were not considered. Moreover, the mitochondrial genome
was not included in the analysis.

UB2 de novo genome assembly from lllumina paired-end reads

De novo assembly of the MAT-2 strain UB2 was performed with SOAPdenovo2 (Luo et al., 2012)
(127mer version 1.4.10) with kmer lengths ranging from 43 to 115 in steps of 6 with the following
parameters: max_rd_len = 120, avg_ins = 470, asm_flags = 3, rd_len_cutoff = 120, rank = 1, pair_-
num_cutoff = 3, map_len = 32. While assemblies with kmer lengths 73-91 performed good at
diverse metrics, kmer 91, at 4,712 bp and 8,160 bp, had the best mean size for both contigs and
scaffolds, respectively, and the highest number of contigs larger than 100 kb. The resulting assembly
(kmer 91) had a contig and scaffold N50 of 23,058 bp and 113,827 bp. Scaffolds obtained after de
novo assembly as well as the raw sequencing reads were submitted to the European Nucleotide
Archive (http://www.ebi.ac.uk/ena) under the study number PRJIEB7751.

Spore recovery and sterilisation

Infected spikelets were dehusked and ground with a pistil in a 1.5 ml microcentrifuge tube. After the
addition of 250 ul water, grinding continued until a black spore suspension was visible. The spore
suspension was subjected to CuSQO, treatment to kill vegetative fungal cells and bacteria. CuSQO4
was added to the suspension at a final concentration of 1.5%, solution and spores were incubated
for 15 min, and washed 3 times with water to remove all traces of CuSQ,4. CuSOg4-treated spore
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material was resuspended either in 500 pl of water supplemented with 100 pg ml~" ampicillin, 50 ug
ml~" tetracycline, and 25 pug ml~" chloramphenicol and plated on PD agarose plates (2.4% PD sup-
plemented with 2% agarose) in serial dilutions for the isolation of haploid progeny or resuspendend
in 1 ml of the above-mentioned antibiotic solution and spotted on objective slides for microscopy.

WGA, FM4-64, and DAPI staining

Cell walls of fungal hyphae were stained with the chitin specific Wheat Germ Agglutinin - Alexa Fluor
488 conjugate dye (WGA-AF 488; Thermo Fisher Scientific, Waltham, MA). Plant membranes were
stained with FM4-64 (Thermo Fisher Scientific, Waltham, MA). Staining and confocal laser scanning
microscopy was performed as previously described by Doehlemann et al. (2008). For DAPI and
WGA staining of germinating spores and sporidia, germinating spores/sporidia were pelleted and
fixed by incubating them with acetone for 15 min. Fixation was followed by 10 min incubation with
WGA-AF 488 to visualize fungal cell walls and 15 min incubation with 1 pug ml~" DAPI solution
(Sigma-Aldrich, Taufkirchen, Germany) to stain nucleic acid. Cell/spore pellets were resuspended in
PBS and subjected to confocal laser scanning microscopy. Images were acquired with a LSM780
Axio Observer confocal laser scanning microscope (Zeiss, Jena, Germany). WGA-AF excitation was
at 488 nm and detection at 517-552 nm, DAPI excitation at 405 nm and detection at 421-508 nm.

Monitoring of germination by microscopy

CuSOy-treated spore suspensions were spotted on objective slides (um dish 35 mm; IBIDI, Planegg,
Germany). After freezing them for 20 min on a metal block to avoid spreading of the liquid, they
were covered with a thin (<2 mm) layer of PD agar or 1.5% water agar, respectively. After a 15-17 hr
incubation at 21°C, the picture acquisition was performed with an inverted microscope (Zeiss Axio-
vert 200 M with 40x/1.3 Plan-Neofluar Oil objective). Picture acquisition occurred every 20 min.
Image processing was done with Fiji Imaging software.

Transformation of U. bromivora

The transformation protocol was adapted from Schulz et al. (1990) and Gillissen et al. (1992). U.
bromivora cells were grown to an ODggo nm of 0.3-0.6. Cells were harvested at 2400 g (10 min, RT),
and washed once with Mgz+-MES buffer (20 mM MES buffer, pH 5.8, 1 M MgSQy,). The Pellet was
resuspended in 1 ml Mg®*-MES buffer containing 10 mg ml~" Glucanex (Sigma-Aldrich, Taufkirchen,
Germany) and 5 mg ml™" Yatalase (Takara Bio, Saint-Germain-en-Laye, France) and kept on ice. Pro-
toplastation was monitored and stopped by addition of 10 ml ice-cold Mg®*-MES buffer when 30-
40% of the cells appeared round due to the loss of the cell wall. Cells were washed 3 times (2400 g,
10 min, 4°C) in Mgz+-MES and once in STC buffer (STC: 100 mM CaCl,, 10 mM Tris-HCL pH 7.5, 0.9
M sorbitol). Protoplastation was followed by PEG-mediated transformation. To this end, 5 ug plas-
mid DNA and 1 ul 100 mg ml~" Heparin were added to 100 pl protoplasts and incubated for 30 min
on ice. 500 ul STC-PEG (40% PEG4000 in STC buffer) were added and mixed by pipetting gently up
and down. After 15 min incubation on ice, the mixture was plated on PD regeneration agar plates
composed of an lower layer of PD regeneration agar with twice the concentration of antibiotic (2.4%
PD, 0.9 M sorbitol, 1.5% agar supplemented with either 4 pg ml~" Carboxin, 200 ug ml~" Geneticin
G418, or 200 ug ml~" Hygromycin B) overlaid by an antibiotic-free layer of PD regeneration agar.
Colonies were visible after 10 to 14 days. For stable genomic integrations, restriction enzyme medi-
ated transformation was performed according to Bélker et al. (1995). In brief, 25 U of the restriction
enzyme Xbal and Xbal-linearized p123UB-GFP were added to protoplasts and the aforementioned
transformation protocol was followed immediately after addition of enzyme and plasmid.

Plant growth conditions and sexual propagation

Caryopses of B. distachyon accession Bd21 were kindly provided by Phillipe Vain (Vain et al., 2008),
caryopses of accession ABR4 by John Vogel. For production of donor material, caryopses of each
accession were gas-sterilized and transferred to @ = 10 cm pots with a 4:1 mixture of standard pot-
ting soil (Einheitserde Werkverband e.V., Sinntal-Altengronau, Germany) and perlite (Granuflor,
Vechta, Germany). Germination and early plant growth took place in a phyto chamber (Johnson
Controls, Milwaukee, WI) under the following conditions: 20 hr light (150 UE), 24°C; 4 hr dark, 18°C;
60% humidity. After 10 days, pots were transferred to a cold room to vernalize plants for 6 weeks at
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4°C, 40 uE, 13 hr light period. Pots were then moved back to the phyto chamber to allow plants to
flower. Four weeks after anthesis, plants were transferred to the greenhouse for caryopses matura-
tion and drying. Harvested caryopses were stored at 4°C in the dark.

Surface-sterilization of B. distachyon caryopses, vernalization, and
infection with U. bromivora spores and planting

Caryopses within husks were gas sterilized (Clough and Bent, 1998). After sterilization, caryopses
were moistened with a few ml of sterile water without submerging the caryopses and incubated in
the dark at 4°C for 1 week to germinate. The seedlings were then moistened with a spore/water sus-
pension for infection for one additional week at 4°C in the dark. Subsequently the seedlings were
potted in a mixture of 3:1:1:1 standard potting soil (Einheitserde Werkverband e.V., Sinntal-Alten-
gronau, Germany): perlite (Granuflor, Vechta, Germany): silica sand (min2C GmbH, Melk, Austria):
germination soil (Neuhaus ‘Huminsubstrat’, Klasmann-Deilmann GmbH, Geeste, Germany), at a
depth of ~1 cm, so that the emerged shoot remained exposed to the air and light. After 10 days in
the growth chamber (20 hr light (150 UE), 24°C; 4 hr dark, 18°C; 60% humidity) the pots were trans-
ferred to 4°C, 40 UE, 13 hr light period for 3 weeks (Bd28) or 6 weeks (ABR4), for vernalization and
subsequently returned to the growth chamber. 4-5 weeks later, the infected, spore filled spikelets
were visible.

Screen to isolate a compatible mating partner

U. bromivora spore material was surface sterilized and germinated on PD plates (see spore recovery
and sterilization). After spore germination, all derived colonies were pooled and used as an inoculum
for further proliferation in liquid PD medium for 24 hr to ensure that only strains, which are viable in
axenic culture, would grow. These mixtures were used as an infection inoculum of 300 vernalized B.
hybridum caryopses (Bd28). After six weeks the infected spikelets were harvested, derived spores
were surface sterilized and plated on solid PD medium. Colonies derived from single spores were
singled out and tested by diagnostic PCR for the presence of pra2.

Infection of B. hybridum with U. bromivora liquid culture

To infect B. hybridum Bd28 with a pair of compatible mating partners, both strains were grown until
they reach the exponential phase (ODgoo nm = 0.8) and set to an ODgog nm = 2 with HO44. Both
strains were mixed in equal amounts. One or two days before inoculation, vernalized B. hybridum
caryopses were placed to RT to promote germination. Upon inoculation with the fungal mixture, the
onset of coleoptiles should be visible. Seedlings were moistened with the fungal mixture and incu-
bated in an appropriate tube, e.g. 2 ml microcentrifuge tube, at 21°C in the dark. After 24 hr incuba-
tion, seedlings were potted.

Callus culture generation of Bd28

Mature embryos from dormant caryopses were used for callus culture, plant regeneration, and trans-
formation. In brief, dry dormant caryopses were surface-sterilized for 45 min with 6% NaClO includ-
ing 0.03% Tween20. After surface-sterilization, caryopses were rinsed five times with sterile tap
water. Embryo preparation was carried out in two steps. First, the embryo was cut away from the
endosperm. Second, the embryo was cut in a longitudinal direction into two pieces. Forty bisected
embryos were transferred to a @ = 10 cm petri dish with longitudinal wound in direct contact with
the callus induction medium (CIM). Callus induction of B. hybridum Bd28 took place on CIM (4.3 g
I~ MS No.4 (Murashige and Skoog medium modification No. 4; Duchefa Biochemie, Haarlem, The
Netherlands), 30 g I=" maltose, 11.1 uM 2,4-D, 2 mM NH4NO3, 1.9 mM MES-monohydrate, 1x B5
vitamin mixture (Duchefa Biochemie, Haarlem, The Netherlands), 3.5 g |~ "phytagel (Sigma-Aldrich,
Taufkirchen, Germany), pH 5.8. Before transformation, bisected embryos were pre-cultured for 6-8
weeks at 24°C without light. Every 14 days, calli were transferred to fresh CIM. Developing roots and
shoots were cut away.

A. tumefaciens-mediated transformation of B. hybridum Bd28
Agrobacterium tumefaciens strain AGL1 was used for transformation (Lazo et al., 1991). The plant
transformation vector p6U contains a hygromycin phosphotransferase gene driven by the Zea mays

Rabe et al. eLife 2016;5:20522. DOI: 10.7554/eLife.20522 27 of 35

44



e LI F E Research article

Microbiology and Infectious Disease | Plant Biology

ubiquitin promoter to confer hygromycin resistance to transformed plant cells. For B. hybridum
Bd28 transformation, AGL1 harboring the respective péU derivative was cultivated at 28°C and 210
rom in Erlenmeyer flasks containing 10 ml MG/L medium (Jones et al., 2005) supplemented with
100 pg ml~" Carbenicillin, 50 pg ml~" Rifampicin, and 100 pg ml~" Spectinomycin. After 22 hr, 500
UM Acetosyringone (Sigma-Aldrich, Taufkirchen, Germany) was added and the p6U-containing AGL1
strain was cultivated for additional 2 hr. For inoculation of pre-cultured B. hybridum calli, the A.
tumefaciens culture was diluted with infection solution (4 g I=" Chu (N6) minerals (Duchefa Bioche-
mie, Haarlem, The Netherlands), 6.75 uM 2,4-D, 36 g |~ glucose, 68.4 g I™" sucrose, 0.7 g 17", 6
mM L-proline, 1x Chu (Né) vitamin mixture (Duchefa Biochemie, Haarlem, The Netherlands), 500 uM
Acetosyringone (Sigma-Aldrich, Taufkirchen, Germany), pH 5.2) to ODss0 nm = 0.8.

6-8 weeks after callus induction, forty calli were transferred into 15 ml tubes and inoculated with
A. tumefaciens suspension. After 30 min, the A. tumefaciens suspension was discarded, calli were
transferred to sterile filter paper and dried for 30 min. Calli were then transferred to Co-culture-
medium (2 g I=" Chu (N6) minerals, 34.2 g I-" sucrose, 2 mM CaCl,, 20 uM Dicamba, 25 mM L-pro-
line, 2.3 mM MES-monohydrate, 3.3 mM L-cysteine, 1x B5 vitamin mixture (Duchefa Biochemie,
Haarlem, The Netherlands), 500 uM Acetosyringone (Sigma-Aldrich, Taufkirchen, Germany), 3.5 g
I=" phytagel, pH 5.8) and co-cultivated for 3 days, at 21°C without light. After co-cultivation, calli
were transferred to CIM supplemented with 300 mg |=! Timentin (Duchefa Biochemie, Haarlem, The
Netherlands) for a 5 days resting phase (counterselection of agrobacteria) at 24°C without light.
After the resting phase, calli were transferred to CIM supplemented with 300 mg I~ Timentin and
50 mg I~" Hygromycin B (Sigma-Aldrich, Taufkirchen, Germany) for an 8-12 week selection phase at
24°C without light. During that time, calli were transferred to fresh selection medium every two
weeks. After these 8-12 weeks of selection, surviving calli were transferred to regeneration medium
(K4N) (Kumlehn et al., 2006) including 150 mg I~ Timentin and 25 mg |~" Hygromycin B and culti-
vated for 8-12 weeks at 25°C with a 16/8 hr (light/dark) photoperiod. Regenerating plantlets from
independent calli were transferred to pots with a substrate mixture of 3:1:1:1 Einheitserde:perlite:
sand and grown as described previously (see ‘Plant growth conditions and sexual propagation).
Cyan fluorescent protein peroxisome (eCFP-SKL) Bd28-marker lines were tested by PCR and confo-
cal laser scanning microscopy.
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Isolation of Ustilago bromivora Strains from Infected Spikelets
through Spore Recovery and Germination
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[Abstract] Ustilago bromivora is a biotrophic smut fungus infecting Brachypodium sp. Itis closely related
to the barley-infecting smut Ustilago hordei, and related to the well-studied, gall-inducing model
pathogen Ustilago maydis. Upon flowering, the spikelets of U. bromivora-infected plants are filled with
black fungal spores. While it is possible to directly use this spore material to infect Brachypodium seeds,
in many cases it is more useful to isolate individual strains of U. bromivora for a genetically homogenous
population. This protocol describes how to collect and germinate the spores of U. bromivora on plate in
order to obtain strains derived from a single cell.

Keywords: Brachypodium distachyon, Ustilago bromivora, Biotrophic interaction, Plant pathogen,

Filamentous fungus, Head smut

[Background] Ustilago maydis infecting maize (Zea mays) has long been established as a model
system for studying biotrophic pathogens (Brefort et al., 2009). This has led to many discoveries
concerning the nature of biotrophic interactions but has limitations due to the practical difficulties of
working with maize in the laboratory. The same is true for the model fungus Ustilago hordei infecting
barley (Hordeum vulgare) (Laurie et al., 2012). In contrast to these crop plants, the model grass
Brachypodium distachyon has a small genome, undemanding growth conditions and is amenable to
genetic manipulation (Draper et al., 2001). B. distachyon has also been used to study non-host
resistance to Puccinia striiformis f. sp. tritici due to the genetic complexity of its usual host, wheat (An et
al., 2016). Recently, we have described Ustilago bromivora, a smut fungus related to U. maydis, which
is able to infect Brachypodium sp. and proposed this as a new model system for studying biotrophic
interactions (Rabe et al., 2016).

During infection of Brachypodium sp. by U. bromivora, no visible symptoms can be detected for most
of the infection. The only visible symptom of infection occurs during flowering when the plant produces
spikelets that are filled with black, fungal spores. These spores can be used to directly infect new seeds
but contain genetically disparate fungal strains. For most purposes a pure culture from a single cell is
preferable as it can be cultured axenically, characterized and genetically manipulated before being used
to infect further seeds. This protocol describes the process of germinating the U. bromivora spores in
vitro. It bears similarities to spore germination protocols of other smut fungi, for example U. maydis
(Heinze, 2009; Nadal et al., 2016), but has been modified to account for differences in the host species

and infected organs. Please be aware that U. bromivora shows a mating type bias leading to the survival
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of only one mating type (mat a) on plate after spore germination (Rabe et al., 2016). This means that it

will require additional effort to generate the second mating type or the use of the strain which we have

previously isolated.

Materials and Reagents

©® N o gk wDd

©

10.
11.
12.
13.
14.

Paper bag (HERA, catalog number: 716P50)

1.5 ml microcentrifuge tubes (SARSTEDT, catalog number: 72.690.001)
Petri dish (SARSTEDT, catalog number: 82.1473.001)
Micro-homogenizer (Carl Roth, catalog number: K994.1)

Pipetman Diamond tips, D200 (Gilson, catalog number: F161931)
Pipetman Diamond tips, D1000 (Gilson, catalog number: F161671)
Glass beads (Sigma-Aldrich, catalog number: 18406)

Copper sulfate (CuSOa4) (AppliChem, catalog number: 131270)
Ampicillin (Carl Roth, catalog number: K029.2)

Tetracycline (Duchefa Biochemie, catalog number: T0150)
Chloramphenicol (AppliChem, catalog number: A1806)

Potato dextrose broth (BD, catalog number: 254920)

Agar (BD, catalog number: 214040)

PDamp, Tet, chia plates (see Recipes)

Equipment

o gk~ wDd =

Scissors

Cooled incubator (ST) ST 1 (Pol-Eko Aparatura, catalog number: ST 1)

Pipetman P1000 (Gilson, catalog number: F123602)

Pipetman P200 (Gilson, catalog number: F123601)

Vortex

Heraeus™ Pico™ 17 Microcentrifuge (Thermo Fisher Scientific, Thermo Scientific™, model:

Heraeus™ Pico™ 17, catalog number: 75002410)

Procedure

1.

Harvest the infected spikelets from the plant by cutting them off using a pair of scissors. Figure
1 shows the appearance of the infected spikelets. Spikelets should be stored in a paper bag for

~10 days at 28 °C to dry out. They can then be stored at room temperature until use.
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Figure 1. Spikelets of B. distachyon infected by U. bromivora. The black masses of fungal
spores are clearly visible in both the hydrated (right) and dehydrated (left) spikelet. The scale
bar represents approximately 1 cm. The image background of the spikelets was digitally

removed.

Carefully grind the spikelets filled with spore material with a micro-homogenizer in 1.5 ml
microcentrifuge tubes to break up the spikelet. The spores are very robust to survive harsh
environments and will not be damaged by the grinding.

Add 500 pl ddH20 and continue to grind softly. It is best to use a rotating motion to grind the
spikelet as pushing into the microcentrifuge tube will cause the liquid to splash out. The liquid
will turn black as it is ground, indicating that the spores have been released and are properly
suspended.

Incubate the ground spores in ddH20 for 1 h at room temperature to allow faster-germinating,
contaminating, fungal spores to germinate. This will leave them more susceptible to the
sterilisation treatment and reduce overall contamination levels.

Add 500 ul 3% CuSO4 and mix the solution either by pipetting up and down or by using a vortex.
This will kill most, if not all, of the contaminating spores that have germinated but not the U.
bromivora spores which can take up to 17 h to germinate.

Note: CuSOsq is a heavy metal and should be handled and discarded according to its MSDS.
Incubate the spore/CuSO4 mixture for 15 min at room temperature.

Centrifuge the spore mixture at 1,200 x g for 5 min. This will cause the spores to pellet. Carefully
pour out the liquid and re-suspend the spores in 1 ml ddH20.

Repeat step 7 three times but, on the third time, instead of re-suspending the spores in ddH20,
proceed to step 9.

Re-suspend the spores in 300 pl ddH20 with antibiotics (ampicillin, tetracycline and
chloramphenicol). These will kill any non-fungal cells that might have survived the CuSO4

treatment.



Vol 7, Iss 14, Jul 20, 2017

I!" .
blO-pI’OtOCOl www.bio-protocol.org/e2392 DOI:10.21769/BioProtoc.2392

10. Make a dilution series of the fungal spore suspension (10°-10%) in ddH20O with the three
antibiotics.

11. Plate 100 pl of each dilution on a PDamp, Tet, chia plate (see Recipes), spread using glass beads
and incubate at 21 °C for several days to obtain colonies.

12. As U. bromivora spores contain tetrads, the original colonies should be singled out on PD plates

(with or without antibiotics) to obtain colonies derived from a single cell.
Notes
While we have provided information on the specific equipment and reagents used, we have no

reason to believe that it is essential to use them exactly. The equivalent equipment or reagents from

other manufacturers should be just as suitable.

Antibiotic Final concentration (ug/ml)
Ampicillin 100
Tetracycline 25

Chloramphenicol 25

Recipes

1. PDamp, Tet, chia plates
2.4% (weight/volume) potato dextrose broth
2.0% (weight/volume) agar
Note: Measure out the appropriate amount of potato dextrose broth and agar for the intended
volume. Dissolve them in ddH20 then autoclave the mixture at 121 °C for 15 min. Once it has
cooled to approximately 50 °C, add ampicillin, tetracycline and chloramphenicol to their final
concentrations. Pour the mixture into Petri dishes (20 ml per 9 cm Petri dish) and wait ~20 min

for it to set.
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Abstract

Pathogenic fungi can have devastating effects on agriculture and health. One potential
challenge in dealing with pathogens is the possibility of a host jump, i.e. when a pathogen
infects a new host species. This can lead to the emergence of new diseases or complicate the
management of existing threats. We studied host-specificity by using a hybrid fungus formed
by mating two closely-related fungi; Ustilago bromivora which normally infects
Brachypodium spp. and Ustilago hordei which normally infects barley. Although U. hordei
was unable to infect Brachypodium, the hybrid could. These hybrids also displayed the same

mating type bias that had been observed in U. bromivora and provide evidence of a dominant
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spore-killer-like system on the sex chromosome of U. bromivora. By analysing the genomic
composition of 109 hybrid strains, backcrossed with U. hordei over four generations, we
identified three regions associated with infection on Brachypodium spp and 75 potential
virulence candidates. The most strongly associated region was located on chromosome 8,
where 7 genes encoding predicted secreted proteins were identified. The fact that we
identified several regions relevant for pathogenicity on Brachypodium spp. but that none were
essential, suggests that host specificity, in the case of U. bromivora, is a multifactorial trait

which can be achieved through different subsets of virulence factors.

Introduction

Pathogenic fungi have a large impact on our ecosystem, infecting an array of hosts with
effects on biodiversity, medicine and agriculture. The consequences of a pathogen outbreak
can be disastrous. A recent estimate based on climate modelling and the 2016 outbreak of
wheat blast, caused by Magnaporthe oryzae, found that 7 million hectares in South Asia are

vulnerable to an outbreak with a potential crop loss of 1.77 million tons(Mottaleb et al. 2018).

Knowing the host range of a fungus is important for understanding, predicting and combatting
fungal outbreaks, especially as a pathogen could take refuge in wild species, complicating
disease management; for example, Phakopsora pachyrhizi, is suspected to winter in kudzu
vine between soybean seasons(Jarvie 2010). While some fungi have narrow host ranges of
only one or two plant species, others can infect more broadly; Botrytis cinerea is notable for

being able to infect over 200 plant species(Dean et al. 2012).

It is important to bear in mind that differences in the number of hosts can reflect differences in
the pathogen’s life cycle. While B. cinerea is a necrotrophic fungal pathogen which kills its

host to extract nutrients, other pathogens, such as Ustilago maydis, are highly specialised
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biotrophic pathogens and require a living host in order to complete their life cycle. In order to
accomplish this, U. maydis carefully controls gene expression and protein secretion, both
temporally(Lanver et al. 2018) and spatially(Skibbe et al. 2010; Schilling et al. 2014; Matei et
al. 2018). Due to the complex regulation of gene expression required by biotrophic pathogens,
they are generally expected to have a limited host range(Freeman and Beattie 2008) and
researchers have cautioned that broad host ranges may be indicative of species
complexes(Kruse et al. 2018). Occasionally, a biotrophic fungus is able to achieve some
growth in a non-host, but is unable to complete its life cycle(Bettgenhaeuser et al. 2018;

Frantzeskakis et al. 2017).

Infection of a plant by a pathogen depends on three major factors, the genotype of the
pathogen (which effectors, enzymes, detectable signatures, etc. it expresses), the genotype of
the plant (the structure of its cell walls, which receptors are expressed and so on) and the
environmental conditions (weather, nutrients, microbiome, etc.) that can have either a positive

or negative impact on infection rates.

From the pathogen side, host-pathogen interactions are controlled by effectors; small, secreted
molecules which manipulate the host’s defences(De Jonge et al. 2011; Uhse and Djamei
2018). As a species, the fungal pathogen Verticillium dahliae has a wide host range but most
isolates can only infect a small subset of those hosts(Bhat and Subbarao 1999). It has been
shown that V. dahliae strains have lineage-specific genes that are both expressed in planta and
are important for virulence(de Jonge et al. 2013). Furthermore, expression of one of these
lineage specific genes, Avel, can enhance the virulence of strains which naturally lack Avel

on tomato(de Jonge et al. 2012). This is a classic characteristic of an effector.

Plants have evolved the ability to recognise some effectors, or their activity, and elicit a
strong, specific defence response, known as effector triggered immunity. In the case of V.

dahliae, expression of the effector Avel increases virulence on tomato only if the plant does

63



ONOYULTDWN =

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

64

Molecular Plant-Microbe Interactions Page 4 of 46

not express the Vel receptor gene. Vel recognises Avel and triggers a hypersensitive
response, preventing infection(de Jonge et al. 2012). This opens up the possibility for a strain
of V. dahliae to experience a “host jump,” i.e. the ability of a fungal strain to infect a
previously-resistant host, that allows it to infect tomato lines expressing Vel by losing the
recognised Avel. Loss of recognised effectors has been described as underlying a host jump
of M. oryzae to common wheat(Inoue et al. 2017) and is a potential explanation for the gene
loss observed in the smut fungus Melanopsichium pennsylvanicum after a host jump from a
monocotyledonous host to the dicotyledonous Persicaria(Sharma et al. 2014). Alternatively, a
host jump could be enabled by the loss of an effector recognition gene, like Vel, on the plant
side. In such a case, the plant would no longer recognise the pathogen, would not trigger the

hypersensitive response and would therefore be susceptible to infection.

The ability of a pathogen to jump to a new, previously-resistant host can present a serious
problem as it can not be anticipated and could result in a threat from an endemic, but
previously non-pathogenic, microbe. This can be mediated by environmental effects such as a
change in climate that creates conditions favourable for infections(Casadevall 2018). In
Kentucky, an endemic strain of M. oryzae, which usually infects annual ryegrass, was
observed to infect wheat under the right conditions(Farman et al. 2016). Infection of new
hosts can also be facilitated by interactions with other species. While Phytophthora infestans
can not usually infect Arabidopsis thaliana, infection is possible if the plant is already
colonised by Albugo laibachii(Belhaj et al. 2017). These rare infections can be very important

as, once host resistance is overcome, it opens up a new niche for the pathogen to adapt to.

Different species which come in contact with one another may also be able to facilitate a host
jump through hybridisation(Brasier 2000; Olson and Stenlid 2002). The fungal pathogen
Blumeria graminis, the causal agent of powdery mildew, occurs in host-specific varieties; B.

graminis f. sp. tritici infects bread wheat while B. graminis f. sp. secalis infects rye. Triticale,
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the hybrid of wheat and rye, appeared to be immune to powdery mildew since its formation
approximately 50 years ago. However, in 2001, triticale was reported to show signs of
powdery mildew infection and it was recently found that powdery mildew in triticale is
caused by B. graminis f. sp. triticale, a hybrid of B. graminis f. sp. tritici and B. graminis f.
sp. secalis(Menardo et al. 2015). This example is not merely an isolated event. Pathogenic
hybrids have also been described for Verticillium longisporum, which has arisen multiple
times and displays an expanded host range compared to its parental species(Inderbitzin et al.
2011), and Melampsora xcolumbiana which has an intermediate phenotype compared to its
parental species and infects a greater range of poplar hosts(Newcombe et al. 2000). Many
other examples exist(Depotter et al. 2016), all highlighting the need for more research on

hybridisation and host jumps.

We recently described a new system for studying biotrophic plant-pathogen interactions using
the fungus Ustilago bromivora and grasses from the genus Brachypodium(Rabe et al. 2016).
We performed a genomic comparison between U. bromivora and several other smut fungi
which showed that the Brachypodium-infecting U. bromivora is very closely related to the
barley-infecting Ustilago hordei. U. bromivora and U. hordei share 6,180 orthologs with each
other and have 1,053 and 933 species-specific genes respectively(Rabe et al. 2016). Both U.
bromivora and U. hordei are biotrophs capable of being cultured as haploid saprophytes but

which require a plant host to complete their sexual life cycle.

In order to successfully infect a plant host, it is necessary for haploid cells of opposite mating
types to mate and form a dikaryon. Mating is accompanied by a morphological switch from
yeast-like budding to filamentous growth upon formation of mating hyphae. We observed that
the mating locus on chromosome 1 of U. bromivora(Rabe et al. 2016) is very similar to that of
U. hordei(Bakkeren and Kronstad 1994). Both fungi have a bipolar mating system with an a

mating locus, containing a pheromone/receptor pair necessary for mating, and a » mating
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locus, containing a homeodomain transcription factor necessary for pathogenesis, on a single
chromosome forming the MAT locus. Furthermore, many fungi in the genus Ustilaginaceae
are known to be able to form interspecific crosses(Kellner et al. 2011; Huang and Nielsen

1984) or can be manipulated into forming interspecific crosses(Bakkeren and Kronstad 1996).

In this paper, we describe U. bromivora and U. hordei hybrids which were able to form spores
after infecting various Brachypodium species. In order to understand the difference in host
specificity between the two genetically-similar fungi, we backcrossed the U. bromivora X U.
hordei hybrid with U. hordei over several generations. As spores can only be produced in
planta, there was a constant selection for the ability to infect Brachypodium spp. while
simultaneously diluting the U. bromivora genetic information which was not required for
infection. This revealed three genomic loci which were linked with virulence on U. bromivora

chromosomes 8, 13 and 22.

Results

U. bromivora and U. hordei form viable hybrids

We mated U. bromivora and U. hordei, showing that there is no incompatibility between the
two fungi (Fig S2) and that the hybrid fungus is able to successfully infect B. distachyon
ABR4 (Figs 1 + 2) as well as the allotetraploid B. hybridum Bd28 (Fig S3). While the overall
infection timeline and symptoms of the hybrid were similar to that of wildtype U. bromivora
(Attempted U. hordei infections produced no symptoms on Brachypodium spp.), there were a
few subtle differences. We noticed that the hybrid infections tended to distort the plant
spikelets more than wild-type U. bronivora. (Fig 1D-F) In addition, the hybrid sometimes
produced spores in the nodes of the B. distachyon ABR4 stem. (Fig 1G-I) Microscopically,

we neither saw obvious difference in how the fungi grow inside the plants (Fig 2 A-C, Fig S4)
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nor between the morphology and size of the spores of the hybrid and U. bromivora. (Fig 2 D-

F)

Using the Phenobox automated phenotyping system(Czedik-Eysenberg et al. 2018), it was
possible to distinguish U. bromivora-infected and hybrid-infected plants from uninfected
plants. (Fig 3A) Plants that were treated with either U. bromivora or the hybrid, but did not
develop symptoms, were indistinguishable from uninfected control plants. The data shows
that even a few days after vernalisation, the difference in plant height between control and
infected plants is significant. (Fig 3B) This suggests that “failed infections” represent a
complete failure to enter the plant and not merely a failure to develop spores, as one would
expect colonisation, with or without spore formation, to result in the same growth phenotype
of the plant. Fig 3B also shows an interesting phenomenon whereby B. distachyon ABR4
infected with the hybrid fungus fails to bolt, resulting in very little increase in height from 28
days after vernalisation when compared with B. distachyon ABR4 infected with U.

bromivora.

As the hybrid fungus is a dikaryon, it contains the complete genomic information of both U.
bromivora and U. hordei. Since the hybrid was capable of infecting B. distachyon ABR4, it
suggested either that B. distachyon ABR4 can not recognise U. hordei or that some factor in
U. bromivora is able to prevent the recognition. Altogether, this suggested that there are
specific factors encoded by U. bromivora that allow it to infect Brachypodium spp. while the

closely-related U. hordei can not.

Backcrossing hybrids with U. hordei

In order to save time, we continued working with B. hybridum Bd28 for the hybrid infections

as this host does not require vernalisation for floral induction and is equally well infected by
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the fungus. We designed an experimental approach to identify the important pathogenicity
regions of U. bromivora by repeatedly backcrossing the hybrid lines with U. hordei. (Fig 4)
Single spore cultures were obtained from plants infected by the original hybrid. The sporidia
released after spore germination are haploid and consist of a mixture of genomic information
from U. bromivora and U. hordei. Some sporidia can be expected to have maintained the
relevant pathogenicity regions from U. bromivora while others will have randomly lost it.
These F1, hybrid-derived strains are then backcrossed with U. hordei. As U. bromivora and
U. hordei are extremely close genetically, we assume that the U. hordei orthologs will be able
to complement the missing regions of U. bromivora, the exception being those U. bromivora-
specific regions important for pathogenicity in Brachypodium spp. After mating, further spore
production is obtained by infection of B. hybridum Bd28. This is what maintains the selection
for those regions of U. bromivora that are necessary for infection. Following several rounds
of backcrossing, we obtain a population of hybrid strains of various generations with a
decreasing proportion of their genome coming from U. bromivora; some of which are still

able to infect B. hybridum Bd28 and others which have lost this ability.

We observed a clear decrease in the percentage of strains that were able to cause infection
symptoms in each subsequent generation. (Fig SA) In addition, while the original hybrid of U.
bromivora X U. hordei led to the development of infection symptoms on a median of 60% of
infected plants, we saw a rapid drop in infection strength as we progressed through the
generations. (Fig 5B) This showed that the loss of U. bromivora genomic regions had a

negative, quantitative effect on the ability of the hybrids to infect B. hybridum Bd28.

We analysed the genomic sequences of 109 hybrid strains by NGS in order to identify which
regions of the genome were contributed from U. bromivora and to correlate that information
with which strains were able to cause symptom development on B. hybridum Bd28. (Table

S2) By aligning the Illumina reads to perfectly match U. hordei genes, we could count those
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reads which are either derived from U. hordei or are perfectly conserved. We could then take
the remaining reads and map them onto the U. bromivora genes. This allowed us to see which
genes are present (defined as at least 5 reads, covering 90% of the gene length) and express
that as a percentage of the total number of U. bromivora genes or the number of genes which
are either shared or U. hordei-specific. This provides a simple proxy for assessing how the
genomic contribution changes through the generations and shows that the amount of the
genome coming from U. bromivora decreases through the generations and the amount
contributed from or shared with U. hordei increases. (Fig 5C) The percentage of U. bromivora
gene content in the hybrid strains is correlated with their ability to cause infection symptoms

on plants (r = 0.407988).

Finally, when crossing U. bromivora MAT1 with U. hordei MAT2 and we saw a mating type
bias where 320 out of 342 sporidia (93.56%) from 99 spores were MAT1. Although there was
variation in later generations whether MAT1 or MAT2 predominated, there was always a
strong bias to a specific mating type. This indicates that the MAT1 bias that we previously
reported for U. bromivora is based on a dominant in trans acting factor that is genetically

linked to the region close to the matl locus on the fungal sex-chromosome(Rabe et al. 2016).

Genomic regions responsible for the host jump

The 109 Illumina-sequenced hybrids were divided into 31 strains which were observed to
cause infection symptoms on B. distachyon Bd28 and 78 strains which were not. Combining
the phenotypic and genotypic data allowed us to generate associations between them. We
used two independent methods to identify regions and genes that were required for

pathogenicity on B. hybridum Bd28.
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In our first approach we looked exclusively at non-synonymous changes in the hybrids
compared to both the U. hordei or U. bromivora reference genomes. This allowed us to find
genes which may have been mutated since sequencing and identify if those mutations affected
virulence. In total, 17,231 non-synonymous changes were identified, 5,214 of which were
more common in the infecting hybrid strains with 51 reaching statistical significance (p <
0.01). (Fig 6A) This gives a list of 35 genes which are associated with pathogenicity (Table
S3) but none of which are predicted to be secreted and thus would not likely fulfil the function
of an effector. Non-synonymous mutations found between hybrid strains and the U. hordei
genome are not expected to have an effect on the ability of the hybrid to infect. While it is
possible that mutations in U. hordei genes may have some effect on infection, given the lack
of predicted secreted proteins for both U. hordei and U. bromivora, it is more likely that these
mutations lead to a general improvement in growth which then contributes to an improved

outcome in planta.

An additional 11,978 non-synonymous changes were associated with those strains which
could no longer infect, with 1,179 reaching statistical significance (p < 0.01). (Fig 6B) The
198 genes represented by these SNPs (Table S4) are primarily found in U. bromivora with
fairly even representation across the genome. Only four are predicted to be secreted; two from
chromosome 1 are predicted to have a membrane function, one from chromosome 3 is
predicted to be involved in intracellular protein transport and the last, on chromosome 8, has
no functional annotation but was identified as an orthologue of U. maydis migl. Functional
annotation suggests that the majority of these 198 genes which have GO terms are involved in
DNA binding and endonuclease activity and located either in cell membranes or the
mitochondria. It seems likely that most of the affected genes are important for the growth of
the hybrids and mutations result in impaired infection even when the necessary effectors are
present. Given the large difference in the occurrence of these SNPs between U. bromivora

and U. hordei, it could also be suspected that these are genes which are not easily
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compensated by the U. hordei genome. Any impaired function from the U. hordei SNPs
would be compensated for during infection by the full genome of U. hordei during mating.
For U. bromivora, there is no such opportunity to compensate for species-specific pathways
or structural changes that have taken place over evolution. The few U. hordei SNPs that are
associated with a reduction in pathogenicity are then likely either dose dependent or represent

dominant, gain of function mutations which can have wide-ranging effects.

In our second approach, by using a combination of Multiplexed Shotgun Genotyping
(MSG)(Andolfatto et al. 2011) to determine ancestry-specific SNPs (SNPs which identify the
sequence as originating from either U. bromivora or U. hordei) and the R package 1/qtl(R
Core Team 2013; Broman et al. 2003) to analyse the resultant files, it was possible to generate
associations with pathogenicity over the entire U. bromivora genome. The outputs of the
analysis not only showed how SNPs were associated with pathogenicity (Fig 7) but also

allowed us to predict the parental contribution of each chromosome. (Fig S5)

We assessed the association of 260,109 ancestry-specific SNPs with two different
phenotypes; a binary trait considering whether a strain was capable of infecting B. hybridum
Bd28 and a quantitative trait based on the percentage of infected plants which displayed
symptoms. Three regions, occurring on U. bromivora chromosomes 8, 13 and 22, showed a
significant association with the ability to infect at an alpha value of 0.01. Only the region on
chromosome 8 was associated with both the binary and the quantitative measure of infection.
An association with chromosome 13 was found for the quantitative trait and with
chromosome 22 for the binary trait. If we lowered the threshold to an alpha value of 0.05 then
those three regions are the only ones which reach significance for both traits. Despite its
prominence in the association tests, the region on chromosome 8 is not essential for virulence
as several strains maintain the ability to infect while lacking part or all of the U. bromivora

sequence. This indicates that host specificity in U. bromivora is a multifactorial trait which is
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influenced by at least three loci and that infection can be achieved through multiple,

independent combinations of genes.

Altogether, we identified 75 genes in regions associated with virulence (Table S5). Out of
these, six lack an ortholog in U. hordei and all occur on chromosome 8. As we are looking for
factors unique to U. bromivora when compared to U. hordei, these may be of special
significance. One of the genes, UBRO 04981, is identified as a probable GFA1- glucosamine
fructose-6-phosphate transaminase and can be annotated with GO terms relating to chitin
biosynthesis and carbohydrate binding. Although not identified as secreted, this does identify
a function where a mutation could potentially improve pathogenesis as recognition of chitin
can lead to PAMP (pathogen associated molecular pattern)-triggered-immunity. Four of the
other five genes (UBRO 20681 — UBRO_20684) occur sequentially on chromosome 8. This
is interesting because it might suggest that these genes have a similar origin or are clustered
together for a shared function. Two have DNA-related functions while the other two have no

functional annotation at all.

Out of the 75 potential virulence genes, nine are predicted to be secreted, although three
(UBRO_04936, UBRO 06823 and UBRO 06828) are likely to have enzymatic functions
unrelated to virulence. Furthermore, the U. maydis orthologs of UBRO_ 04936 and

UBRO_ 06828 are downregulated during infection(Lanver et al. 2018). UBRO_06823 has two
U. maydis orthologs, one of which is upregulated during late infection and one of which is
upregulated at a low level during infection. UBRO 06823 has a function in glucan
catabolism, which could serve to help weaken the plant cell wall but which may just be

involved in harvesting sugar from the surrounding environment.

Two of the 75 virulence candidates (UBRO_ 04990 and UBRO_04923) are related to mig/,
which is known to be upregulated by U. maydis in planta and is likely an effector(Basse et al.

2000). The U. maydis ortholog of UBRO 04923 is UMAG 12126, which has been observed
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to have a virulence defect upon deletion(Uhse et al. 2018). All of the genes encoding
predicted secreted proteins of unknown function or those related to mig/ are located on
chromosome 8. Of the final four effector candidates (UBRO 05003, UBRO 04986,

UBRO 04984 and UBRO 04921), only UBRO 04921 does not have an ortholog in U.
maydis and all the orthologs are significantly upregulated during infection(Lanver et al.
2018). Most of the orthologs are upregulated approximately 10-fold during infection with the
exception of UBRO 05003, which has the GO annotation “defense response to other

organism,” which is only upregulated about 5-fold.

Discussion

Our study used hybridisation of two closely-related smut fungi to gain an understanding of
host specificity. We demonstrated that U. bromivora and U. hordei are capable of forming a
viable hybrid which can cause infection symptoms on Brachypodium spp. similar to, and
perhaps even stronger than, the parental U. bromivora. We can not say whether this is due to

the combined complement of effector proteins or some other effect of the combined genomes.

A particularly interesting observation was that there were several instances were there were
large numbers of ancestry-specific SNPs from both U. bromivora and U. hordei. When MSG
tried to predict ancestry of the chromosomes, these regions remained ambiguous and we
interpreted this as evidence of partial or complete duplication of chromosomes. Genome
sequencing was performed on the haploid sporidia, so it was unexpected to see multiple
copies of a chromosome or region of a chromosome. Chromosomal duplications are one of
the reasons that the fraction of U. bromivora-specific reads and shared or U. hordei-specific
reads do not always add up to 1. The genome content in our analysis is also affected by
sequencing depth in some cases, number and distribution of SNPs in a gene and other

technical biases.
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One region was particularly notable in terms of duplication; a 265 kb region of U. bromivora,
containing the mating type locus, was present in nearly every hybrid. Even when there was
evidence of a complete U. hordei version of chromosome 1, we also saw U. bromivora-
specific SNPs at the centre of chromosome 1, creating ambiguity in predicting ancestry. We
believe that this region encodes a spore-killer gene which results in a mating type bias.
Dominant spore-killer traits which lead to a mating type bias have been described in several
other fungi(Turner and Perkins 1979; Kathariou and Spieth 1982). Previously, we reported
that U. bromivora has a mating type bias where all 225 sporidia (100%) from 21 spores tested
found to be MAT1(Rabe et al. 2016) though the cause of the bias remained speculative. This
mating type bias persisted in our hybrid crosses although U. hordei does not display a mating
type bias. This provides evidence that the mating type bias is a dominant trait carried by U.
bromivora MATI, although the mechanism of action is still unknown. Interestingly, likely
due to the genomic rearrangements accompanying hybridisation, the mating type which was
favoured by the bias differed between generations. However, all the strains analysed here
maintained this spore-killer region, presumably as those which did not were unable to survive
saprophytically on plate without being rescued by a strain containing it. The sole exception to
this rule was F4 strain 72784 which has a reduced number of U. bromivora-specific SNPs in

that region and differs in mating type from the other F4 strains in the analysis.

Excluding the locus on U. bromivora chromosome 1 and the unassigned U. bromivora
genome scaffold, which has few SNP markers, we observed ambiguous ancestry and potential
duplications in 40 to 50% of all hybrid strains, e.g. chromosome 9 in the F3 and F4
generations. Genomic changes during hybridisation have been observed before in diverse
lineages including yeasts(Pryszcz et al. 2015), plants(Gaeta et al. 2007) and
marsupials(O’Neill et al. 2001). It is possible that chromosomal differences may arise to aid
speciation and the rearrangements seen here could indicate partial incompatibility between U.

bromivora and U. hordei. Saccharomyces can be divided into two groups; sensu stricto and
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sensu lato. It has been shown that interspecific hybrids between two yeasts in the sensu stricto
group maintain both sets of parental chromosomes(Marinoni et al. 1999) and chromosomal
stability approximately equal to a diploid parental strain(Kumaran et al. 2013). However,
interspecific matings involving a sensu lato species show much lower rates of viable hybrid
formation and a failure to maintain both complete sets of parental chromosomes(Marinoni et
al. 1999). It is unclear exactly what effect genomic rearrangements might have on
pathogenicity beyond the specific genetic composition of the hybrids but changes in gene
expression, which could potentially have virulence effects, have been observed in hybrid
fungal genomes(Cox et al. 2014). It would be interesting if future research could identify any

changes in gene expression among the hybrids due to these rearrangements.

By associating genetic differences between the hybrids with their ability to cause infection
symptoms, we identified three regions in U. bromivora which are likely to be important for U.
bromivora pathogenicity on Brachypodium spp. These regions occur on U. bromivora
chromosomes 8, 13 and 22. The strongest association with hybrid virulence came from U.
bromivora chromosome 8. We showed that this region has more putative effector proteins but
it is not essential for virulence, which suggests that infection can be accomplished with

different effector complements.

It could be possible that there was originally one major factor allowing U. bromivora to
colonise Brachypodium spp. but over time, its significance has faded during adaptation. The
evidence we provide does not exclude this possibility but it doesn’t provide strong support for
it either. It seems more likely that this host specificity might have arisen slowly rather than as
a specific event. Perhaps the ancestral species of U. bromivora and U. hordei encountered
Brachypodium spp. due to a migration on the plant or fungal side or a change in climate
allowed infection, similar to M. oryzae infection of wheat(Farman et al. 2016). With no

particular adaptation to the host, the infection would be very weak and only occasionally lead
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to spore formation, not unlike Puccinia striiformis f. sp. tritici on Brachypodium spp.
today(Gilbert et al. 2018). These weak infections would allow for natural selection to act on

the ancestral fungus in order to adapt to better infect and reproduce on Brachypodium spp.

Although our work here was focused on host specificity of U. bromivora infecting
Brachypodium spp., the hybrid fungus approach is not limited to this system. If it were shown
that U. bromivora alone is unable to infect barley and that the hybrid maintains the ability,
then one could investigate host specificity of U. hordei on barley in much the same manner.
Given the widespread possibilities for hybridisation among the Ustilaginaceae(Kellner et al.
2011; Huang and Nielsen 1984) and the possibility of enabling hybridisation through
manipulating mating loci(Bakkeren and Kronstad 1996), one could imagine hybrid infections
as a useful tool for examining host-specific pathogenicity in smuts generally and, perhaps,

even more widely.

Materials and Methods

Strains, growth and infection

We used U. bromivora strains Mat 1 and Mat 2 which were previously described(Rabe et al.
2016) and U. hordei Mat 1 (strain 4875-4) and Mat 2 (strain 4875-5) which were provided by
Jan Schirawski. Growth conditions for U. bromivora, U. hordei, B. distachyon ABR4 and B.
hybridum Bd28 as well as the infection protocol were all previously described(Rabe et al.
2016). U. bromivora and the U. bromivora x U. hordei hybrids were originally used to infect
B. distachyon ABR4. Images of whole plants and the phenotypic data for a comparison of
growth effects were acquired using the PhenoBox automated plant phenotyping
platform(Czedik-Eysenberg et al. 2018). Whole plants were stored in 100% ethanol before

microscopy and images of fungal infections in plant tissue were acquired following the
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protocol of Dawson et al.(Dawson et al. 2015) Spores from the hybrid-infected plants were
isolated from infected spikelets and germinated as previously described(Bosch and Djamei
2017). The mating type of the haploid hybrid strains was determined, they were mated with
U. hordei of the opposite mating type (Mat 1 hybrid with Mat 2 U. hordei and vice versa) and
the dikaryotic fungi were used to infect B. hybridum Bd28. B. hybridum Bd28 was used
because of the easier growth conditions and shorter time to flowering compared to B.

distachyon ABR4(Rabe et al. 2016).

DNA extraction and PCR

Fungal cultures were grown in potato dextrose medium and genomic DNA was extracted
using a phenol/chloroform extraction. Mating type was determined by a PCR approach based
on Kellner et. al.(Kellner et al. 2011) Primers were designed to amplify the fungal mating
loci; U. bromivora pral (GCTTTGTTGAGTGTCGATGC and
ACCAATGTCGCCATGTACTC, 494bp product) and U. hordei pra2
(TCCCTCTCTTCTTCGTGGTT and GCTGGAGTAAGGCAGAAGTC, 418bp product).
Mating could also be shown by inducing filamentation by growing a mixture of two
compatible mating types on potato dextrose plates with the addition of activated charcoal (10

g/L).

Next Generation Sequencing

Extracted fungal gDNA was adjusted to 2.5 ng/ul after quantification using picogreen dye
(Thermo Fisher Scientific) to exclusively measure double-stranded DNA. We followed a
modification of the Illumina library preparation protocol prepared by Sergey Kryazhimskiy
(V. 2.1 (2013-06-06)) which was later published, after further modifications, by Baym et. al.
(Baym et al. 2015) Barcoding was done using an Illumina Nextera kit (Illumina) for labelling
24 samples. We performed library amplification using either Veraseq polymerase (Biozyme)

or Phusion polymerase (Thermo Fisher Scientific) and size selection with AMPure XP beads
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(Beckman Coulter). Fragment profiles of the libraries were determined with a Fragment
Analyzer (Advanced Analytical) and libraries were pooled to equal concentrations, either
based on the concentration determined by the Fragment Analyzer or a second round of
quantification with picogreen fluorescent spectrometry. The libraries were sequenced using

[Mlumina HiSeqV4 PE125 on a HiSeq2500 at the VBCF NGS Unit (www.vbcf.ac.at).

To get an idea of how well the sequencing covered the U. bromivora part of the hybrid
genome and to identify the presence or absence of specific genes, we performed the following
steps: The demultiplexed .bam files received from the NGS facility were converted to paired
fastq files with the use of BAM2FQ.jar. BAM2FQ.jar is a VBCF NGS modification of the

Picard tools from the Broad Institute (http://broadinstitute.github.io/picard) to include a

graphical user interface. These paired fastq files were imported into CLC Genomic
Workbench 9 (Qiagen), aligned perfectly first to the U. hordei protein-coding genes and then
to the U. bromivora protein-coding genes and summary tables for both alignments were
produced. The U. bromivora reference genome (GCA_900080155.1) was sequenced from U.
bromivora UB1 (formerly strain UB2112)(Rabe et al. 2016). The U. hordei reference genome
(GCA _000286035.1) was sequenced from U. hordei Mat 1 (strain Uh4857-4)(Laurie et al.

2012).

The workflow uses U. bromivora specific reads only to show which genes are present. Due to
how closely related the two fungi are, it is not always possible to distinguish between them,
but regions from U. bromivora that are identical to those from U. hordei are not expected to

be relevant to pathogenicity.

In order to make comparisons between different hybrid strains, the gene-by-gene information
was reduced to strain-specific summaries and these were joined together into a single table

through custom bash and R(R Core Team 2013) scripts.
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The install file for the CLC Genomic Workbench 9 workflow and the custom bash and R

scripts are archived on Zenodo (DOI: 10.5281/zenodo.2563198).

Virulence associations with potentially damaging SNPs

Initial quality control, adapter removal and filtering of raw sequence reads was performed
using Trim Galore! (v0.4.5)

(https://www.bioinformatics.babraham.ac.uk/projects/trim galore/) in the default mode.

Processed paired-end reads were mapped against U. hordei and U. bromivora chromosomes
using BWA mem (v0.7.17)(Li and Durbin 2009). Subsequently, we marked all potential PCR

duplicates using Picard Tools (v2.18.3) (http://broadinstitute.github.io/picard) to reduce the

amount of potential technical artefacts. SNPs and Indels were called using GATK
HaplotypeCaller (v3.8-1)(McKenna et al. 2010) in gVCF mode. We applied hard-filtering on
raw variant calls according to ‘GATK Best Practices’ to remove potential false-positive
variants. Due to the absence of any gold standard variant set, we used the set of remaining
high confidence variants to apply the GATK BaseRecalibrator on the PCR-marked BAM
files. Afterwards, the final variant calling was performed. Variant filtering was done using the
same parameters as before. The resulting SNPs were annotated using snpEff
(v4.3q)(Cingolani et al. 2012). Subsequently, SNPs with putative damaging effects (non-
synonymous and loss-of-function) were used as input for association tests using PLINK
(v1.9)(Purcell et al. 2007). Association p-values were corrected for multiple testing according

to Benjamini-Hochberg(Benjamini and Hochberg 1995).

Multiplex Shotgun Genotyping and r/qtl

In order to estimate the likely ancestry of chromosomal regions within the hybrids, we made
use of the Multiplexed Shotgun Genotyping (MSG) technique(Andolfatto et al. 2011) on the
first of the paired fastq files. The ancestry tables which are outputted by MSG were cleaned to

remove SNPs where more than 10% of the strains lacked data and were then submitted to
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pull _thin (https://github.com/dstern/pull_thin) to remove redundant SNPs. The cleaned

ancestry files were then used as input to r/qtl(Broman et al. 2003) with the read cross

(https://github.com/dstern/read _cross_msg) function, along with information on which strains
caused symptoms on plants in order to show linkage between SNPs and pathogenicity over
the whole genome. We used 1,000 permutations of r/qtl’s scanone function to determine that
measuring association with a lod (logarithm of odds) threshold of 4.13 would be equivalent to
an alpha of 0.01. Genes that fell within regions with a lod score equal to or greater than 4.13
were considered as potential virulence candidates. For chromosome 22, the relevant region is
only ~500 bp in length but this falls entirely within the gene UBRO_ 08780 which was then

added to the potential virulence candidates list.

In order to estimate the size of the region involved in the mating type bias, we modified the
analysis above. Instead of performing the r/qtl analysis with the virulence data, we used the
mating type of the hybrid strains. Due to presence of the mating type bias region in nearly
every strain, there is a sudden, strong drop in association scores over that region. By
identifying which SNPs where assigned a LOD score below 0,5, we were able to assign
specific co-ordinates to this region. The region that was identified fell within a larger region

that had previously been identified in unpublished data as important for the mating type bias.
Functional annotation of potential virulence candidates

Potential functions of the candidate genes were obtained through annotations of the
genomes(Laurie et al. 2012; Rabe et al. 2016) and via analysis with Blast2GO(Gotz et al.
2008). We obtained functional annotations in Blast2GO by integrating the built-in Interpro

scan with the BLAST search, mapping and annotation, all using the default settings.

Acknowledgements



Page 21 of 46

ONOYULTDWN =

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

Molecular Plant-Microbe Interactions

We would like to thank the GMI/IMBA/IMP service facilities, especially the High
Performance Computing service, as well as the Vienna BioCenter Core Facilities (VBCF),
particularly Next Generation Sequencing and Plant Science, for technical support. Next-

generation sequencing was performed at the VBCF NGS Unit (www.vbcf.ac.at). We would

like to thank Franziska Rabe and Marina Perez for their involvement in starting this project,
Julia Riefler and Daniel Pleyer for plant support, Patrick Reilly for assistance with MSG and
Maria Gutin for advice about pull thin and r/qtl. In addition, we would like to extend our
thanks to the other members of the Djamei lab, particularly Simon Uhse, as well as J.
Matthew Watson for their comments on the draft manuscript. Finally, we are grateful to the

two anonymous reviewers for their constructive comments on our earlier manuscript.

Literature Cited

Andolfatto, P., Davison, D., Erezyilmaz, D., Hu, T. T., Mast, J., Sunayama-morita, T., and
Stern, D. L. 2011. Multiplexed shotgun genotyping for rapid and efficient genetic
mapping Multiplexed shotgun genotyping for rapid and efficient genetic mapping.

Genome Res. 21:610-617

Bakkeren, G., and Kronstad, J. W. 1994. Linkage of mating-type loci distinguishes bipolar
from tetrapolar mating in basidiomycetous smut fungi. Proc. Natl. Acad. Sci. 91:7085—

7089

Bakkeren, G., and Kronstad, J. W. 1996. The pheromone cell signaling components of the
Ustilago a mating-type loci determine intercompatibility between species. Genetics.

143:1601-13

Basse, C. W., Stumpferl, S., and Kahmann, R. 2000. Characterization of a Ustilago maydis

Gene Specifically Induced during the Biotrophic Phase: Evidence for Negative as Well

81



ONOYULTD WN =

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

82

Molecular Plant-Microbe Interactions Page 22 of 46

as Positive Regulation. Mol. Cell. Biol. 20:329-339

Baym, M., Kryazhimskiy, S., Lieberman, T. D., Chung, H., Desai, M. M., and Kishony, R.
2015. Inexpensive Multiplexed Library Preparation for Megabase-Sized Genomes S.J.

Green, ed. PLoS One. 10:¢0128036

Belhaj, K., Cano, L. M., Prince, D. C., Kemen, A., Yoshida, K., Dagdas, Y. F., Etherington,
G. J., Schoonbeek, H., van Esse, H. P., Jones, J. D. G., Kamoun, S., and Schornack, S.
2017. Arabidopsis late blight: infection of a nonhost plant by Albugo laibachii enables

full colonization by Phytophthora infestans. Cell. Microbiol. 19:¢12628

Benjamini, Y. ., and Hochberg, Y. 1995. Controlling the False Discovery Rate : A Practical

and Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B. 57:289-300

Bettgenhaeuser, J., Gardiner, M., Spanner, R., Green, P., Hernandez-Pinzon, 1., Hubbard, A.,
Ayliffe, M., and Moscou, M. J. 2018. The genetic architecture of colonization resistance
in Brachypodium distachyon to non-adapted stripe rust (Puccinia striiformis) isolates.

PLOS Genet. 14:¢1007637

Bhat, R. G., and Subbarao, K. V. 1999. Host Range Specificity in Verticillium dahliae.

Phytopathology. 89:1218-1225

Bosch, J., and Djamei, A. 2017. Isolation of Ustilago bromivora Strains from Infected

Spikelets through Spore Recovery and Germination. BIO-PROTOCOL. 7

Brasier, C. 2000. Plant pathology: The rise of the hybrid fungi. Nature. 405:134—135

Broman, K. W., Wu, H., Sen, S., and Churchill, G. a. 2003. R/qtl: QTL mapping in

experimental crosses. Bioinformatics. 19:889—-890

Casadevall, A. 2018. Fungal Diseases in the 21st Century: The Near and Far Horizons.

Pathog. Immun. 3:183



Page 23 of 46 Molecular Plant-Microbe Interactions

1

2

2 541  Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L., Land, S. J., Lu, X.,
Z 542 and Ruden, D. M. 2012. A program for annotating and predicting the effects of single
7

8 543 nucleotide polymorphisms, SnpEff. Fly (Austin). 6:80-92

9

10

11 544  Cox, M. P, Dong, T., Shen, G., Dalvi, Y., Scott, D. B., and Ganley, A. R. D. 2014. An
13 545 interspecific fungal hybrid reveals cross-kingdom rules for allopolyploid gene expression

546 patterns. PLoS Genet. 10:¢1004180

547  Czedik-Eysenberg, A., Seitner, S., Giildener, U., Koemeda, S., Jez, J., Colombini, M., and
51 548 Djamei, A. 2018. The “PhenoBox”, a flexible, automated, open-source plant

23 549 phenotyping solution. New Phytol. 219:808—-823

26 550 Dawson, A. M., Bettgenhaeuser, J., Gardiner, M., Green, P., Hernandez-Pinz6n, 1., Hubbard,
28 551 A., and Moscou, M. J. 2015. The development of quick, robust, quantitative phenotypic

552 assays for describing the host—nonhost landscape to stripe rust. Front. Plant Sci. 6:1-9

553  Dean, R, Van Kan, J. a L., Pretorius, Z. a., Hammond-Kosack, K. E., Di Pietro, A., Spanu, P.
36 554 D., Rudd, J. J., Dickman, M., Kahmann, R., Ellis, J., and Foster, G. D. 2012. The Top 10

38 555 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 13:414-430

41 556  Depotter, J. R. L., Seidl, M. F., Wood, T. a., and Thomma, B. P. H. J. 2016. Interspecific

2 557 hybridization impacts host range and pathogenicity of filamentous microbes. Curr. Opin.
45

46 558 Microbiol. 32:7-13

47

48

49 559  Farman, M., Peterson, G. L., Chen, L., Starnes, J. H., Valent, B., Bachi, P., Murdock, L.,
51 560 Hershman, D. E., Pedley, K. F., Fernandes, J. M. C., and Bavaresco, J. 2016. The Lolium
53 561 Pathotype of Magnaporthe oryzae Recovered From a Single Blasted Wheat Plant in the

562 United States. Plant Dis. 101:PDIS-05-16-0700-RE

563  Frantzeskakis, L., Courville, K. J., Pliicker, L., Kellner, R., Kruse, J., Brachmann, A.,

564 Feldbriigge, M., and Gohre, V. 2017. The Plant-Dependent Life Cycle of Thecaphora

83



ONOYULTD WN =

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

84

Molecular Plant-Microbe Interactions Page 24 of 46

thlaspeos : A Smut Fungus Adapted to Brassicaceae. Mol. Plant-Microbe Interact.

30:271-282

Freeman, B. C., and Beattie, G. A. 2008. An Overview of Plant Defenses against Pathogens
and Herbivores. Plant Heal. Instr. Available at:
http://www.apsnet.org/edcenter/intropp/topics/Pages/OverviewOfPlantDiseases.aspx

[Accessed March 21, 2019].

Gaeta, R. T, Pires, J. C., Iniguez-Luy, F., Leon, E., and Osborn, T. C. 2007. Genomic
Changes in Resynthesized Brassica napus and Their Effect on Gene Expression and

Phenotype. PLANT CELL ONLINE. 19:3403-3417

Gilbert, B., Bettgenhaeuser, J., Upadhyaya, N., Soliveres, M., Singh, D., Park, R. F., Moscou,
M. J., and Ayliffe, M. 2018. Components of Brachypodium distachyon resistance to

nonadapted wheat stripe rust pathogens are simply inherited. PLOS Genet. 14:¢1007636

Gotz, S., Garcia-Gomez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda, M. J.,
Robles, M., Talon, M., Dopazo, J., and Conesa, A. 2008. High-throughput functional

annotation and data mining with the Blast2GO suite. Nucleic Acids Res. 36:3420-3435

Huang, H.-Q., and Nielsen, J. 1984. Hybridization of the seedling-infecting Ustilago spp.
pathogenic on barley and oats, and a study of the genotypes conditioning the morphology

of their spore walls. Can. J. Bot. 62:603—608

Inderbitzin, P., Davis, R. M., Bostock, R. M., and Subbarao, K. V. 2011. The Ascomycete
Verticillium longisporum Is a Hybrid and a Plant Pathogen with an Expanded Host

Range A. Litvintseva, ed. PLoS One. 6:¢18260

Inoue, Y., Vy, T. T. P., Yoshida, K., Asano, H., Mitsuoka, C., Asuke, S., Anh, V. L.,
Cumagun, C. J. R., Chuma, I., Terauchi, R., Kato, K., Mitchell, T., Valent, B., Farman,

M., and Tosa, Y. 2017. Evolution of the wheat blast fungus through functional losses in a



Page 25 of 46

ONOYULTD WN =

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

Molecular Plant-Microbe Interactions

host specificity determinant. Science (80-. ). 357:80-83

Jarvie, J. A. 2010. A review of soybean rust from a South African perspective. S. Aftr. J. Sci.

105:103

de Jonge, R., Bolton, M. D., Kombrink, A., van den Berg, G. C. M., Yadeta, K. A., and
Thomma, B. P. H. J. 2013. Extensive chromosomal reshuffling drives evolution of

virulence in an asexual pathogen. Genome Res. 23:1271-1282

De Jonge, R., Bolton, M. D., and Thomma, B. P. H. J. 2011. How filamentous pathogens co-

opt plants: The ins and outs of fungal effectors. Curr. Opin. Plant Biol. 14:400—406

de Jonge, R., Peter van Esse, H., Maruthachalam, K., Bolton, M. D., Santhanam, P., Saber, M.
K., Zhang, Z., Usami, T., Lievens, B., Subbarao, K. V., and Thomma, B. P. H. J. 2012.
Tomato immune receptor Vel recognizes effector of multiple fungal pathogens

uncovered by genome and RNA sequencing. Proc. Natl. Acad. Sci. 109:5110-5115

Kathariou, S., and Spieth, P. T. 1982. Spore Killer Polymorphism in FUSARIUM

MONILIFORME. Genetics. 102:19-24

Kellner, R., Vollmeister, E., Feldbriigge, M., and Begerow, D. 2011. Interspecific sex in grass

smuts and the genetic diversity of their pheromone-receptor system. PLoS Genet. 7

Kruse, J., Pigtek, M., Lutz, M., and Thines, M. 2018. Broad host range species in specialised
pathogen groups should be treated with suspicion — a case study on Entyloma infecting

Ranunculus. Persoonia - Mol. Phylogeny Evol. Fungi. 41:175-201

Kumaran, R., Yang, S. Y., and Leu, J. Y. 2013. Characterization of Chromosome Stability in

Diploid, Polyploid and Hybrid Yeast Cells. PLoS One. 8

Lanver, D., Miiller, A. N., Happel, P., Schweizer, G., Haas, F. B., Franitza, M., Pellegrin, C.,

Reissmann, S., Altmiiller, J., Rensing, S. A., and Kahmann, R. 2018. The Biotrophic

85



ONOYULTD WN =

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

86

Molecular Plant-Microbe Interactions Page 26 of 46

Development of Ustilago maydis Studied by RNA-Seq Analysis. Plant Cell. 30:300-323

Laurie, J. D., Ali, S., Linning, R., Mannhaupt, G., Wong, P., Guldener, U., Munsterkotter, M.,
Moore, R., Kahmann, R., Bakkeren, G., and Schirawski, J. 2012. Genome Comparison
of Barley and Maize Smut Fungi Reveals Targeted Loss of RNA Silencing Components

and Species-Specific Presence of Transposable Elements. Plant Cell. 24:1733—-1745

Li, H., and Durbin, R. 2009. Fast and accurate short read alignment with Burrows-Wheeler

transform. Bioinformatics. 25:1754—-1760

Marinoni, G., Manuel, M., Petersen, R. F., Hvidtfeldt, J., Sulo, P., and Piskur, J. 1999.
Horizontal transfer of genetic material among Saccharomyces yeasts. J. Bacteriol.

181:6488-6496

Matei, A., Ernst, C., Giinl, M., Thiele, B., Altmiiller, J., Walbot, V., Usadel, B., and
Doehlemann, G. 2018. How to make a tumour: cell type specific dissection of Ustilago

maydis-induced tumour development in maize leaves. New Phytol. 217:1681-1695

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., Garimella,
K., Altshuler, D., Gabriel, S., Daly, M., and DePristo, M. A. 2010. The Genome
Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA

sequencing data. Genome Res. 20:1297-1303

Menardo, F., Praz, C., Wyder, S., Bourras, S. . A., McNally, K. E., Parlange, F., Riba, A.,
Roffler, S., Schaefer, L., Shimizu, K. K., Valenti, L., Zbinden, H., Wicker, T., and
Keller, B. 2015. Hybridization of powdery mildew strains gives raise to pathogens on

novel agricultural crop species. Nat. Genet. 48:1-24

Mottaleb, K. A., Singh, P. K., Sonder, K., Kruseman, G., Tiwari, T. P., Barma, N. C. D.,
Malaker, P. K., Braun, H.-J., and Erenstein, O. 2018. Threat of wheat blast to South

Asia’s food security: An ex-ante analysis W. Ma, ed. PLoS One. 13:e0197555



Page 27 of 46

ONOYULTD WN =

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

Molecular Plant-Microbe Interactions

Newcombe, G., Stirling, B., McDonald, S., and Bradshaw, H. D. 2000. Melampsora x
columbiana, a natural hybrid of M. medusae and M. occidentalis. Mycol. Res. 104:261—

274

O’Neill, R. J. W, Eldridge, M. D. B., and Graves, J. A. M. 2001. Chromosome
heterozygosity and de novo chromosome rearrangements in mammalian interspecies

hybrids. Mamm. Genome. 12:256-259

Olson, A., and Stenlid, J. 2002. Pathogenic fungal species hybrids infecting plants. Microbes

Infect. 4:1353-1359

Pryszcz, L. P., Németh, T., Saus, E., Ksiezopolska, E., Hegediisova, E., Nosek, J., Wolfe, K.
H., Gacser, A., and Gabaldon, T. 2015. The Genomic Aftermath of Hybridization in the

Opportunistic Pathogen Candida metapsilosis. PLOS Genet. 11:¢1005626

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., Maller, J.,
Sklar, P., de Bakker, P. I. W., Daly, M. J., and Sham, P. C. 2007. PLINK: A Tool Set for
Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum.

Genet. 81:559-575

Rabe, F., Bosch, J., Stirnberg, A., Guse, T., Bauer, L., Seitner, D., Rabanal, F. a, Czedik-
Eysenberg, A., Uhse, S., Bindics, J., Genenncher, B., Navarrete, F., Kellner, R., Ekker,
H., Kumlehn, J., Vogel, J. P., Gordon, S. P., Marcel, T. C., Miinsterkotter, M., Walter,
M. C., Sieber, C. M., Mannhaupt, G., Giildener, U., Kahmann, R., and Djamei, A. 2016.
A complete toolset for the study of Ustilago bromivora and Brachypodium sp. as a

fungal-temperate grass pathosystem. Elife. 5:1-35
R Core Team. 2013. R: A Language and Environment for Statistical Computing.

Schilling, L., Matei, A., Redkar, A., Walbot, V., and Doehlemann, G. 2014. Virulence of the

maize smut Ustilago maydis is shaped by organ-specific effectors. Mol. Plant Pathol.

87



ONOYULTD WN =

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

88

Molecular Plant-Microbe Interactions Page 28 of 46

15:780-789

Sharma, R., Mishra, B., Runge, F., and Thines, M. 2014. Gene loss rather than gene gain is
associated with a host jump from Monocots to Dicots in the Smut Fungus

Melanopsichium pennsylvanicum. Genome Biol. Evol. 6:2034-49

Skibbe, D. S., Doehlemann, G., Fernandes, J., and Walbot, V. 2010. Maize tumors caused by

Ustilago maydis require organ-specific genes in host and pathogen. Science. 328:89-92

Turner, B. C., and Perkins, D. D. 1979. Spore killer, a chromosomal factor in neurospora that

kills meiotic products not containing it. Genetics. 93:587-606

Uhse, S., and Djamei, A. 2018. Effectors of plant-colonizing fungi and beyond C. Zipfel, ed.

PLOS Pathog. 14:¢1006992

Uhse, S., Pflug, F. G., Stirnberg, A., Ehrlinger, K., von Haeseler, A., and Djamei, A. 2018. In
vivo insertion pool sequencing identifies virulence factors in a complex fungal-host

interaction J. Heitman, ed. PLOS Biol. 16:¢2005129

Author-Recommended Internet Resources

Raw sequencing data in the form of demultiplexed BAM files has been deposited in the
National Center for Biotechnology Information’s (NCBI) Sequence Read Archive (SRA) with

BioProject ID: PRINA508607.

Figure Captions

Fig 1. Macroscopic infection phenotype on B. distachyon ABR4
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Macroscopic phenotype of ABR4 plants when uninfected or infected by either U. bromivora
or the U. bromivora X U. hordei hybrid. (A, B, C) The overall appearance of the plant at 42
days after vernalization (DAV). Scale bar represents 2 cm. (D, E, F) A close-up of the
spikelets. Scale bar represents 20 mm. (G, H, I) The stem nodes. On rare occasions, the hybrid

produces spores in the nodes. Scale bar represent 1 mm.

Fig 2. Microscopic infection phenotype on B. distachyon ABR4

Microscopic phenotype of ABR4 plants when uninfected or infected by either U. bromivora
or the U. bromivora X U. hordei hybrid. (A,B,C) Maximum intensity z-stack projection
showing fungal and plant cells in the stem, 3 weeks after vernalization. The plant cell walls
are stained with propidium iodide and fungal cells are stained with wheat germ
agglutinin(WGA)-Alexafluor. Scale bar represents 50 um. (D,E,F) Differential interference
contrast (DIC) microscopy images of the spores released from grinding the spikelet. The
uninfected spikelet shows no spores at all whereas both U. bromivora and hybrid infected

spikelets stain the water black with the spores. Scale bar represents 10 um.

Fig 3. Phenotypic differences between uninfected, U. bromivora-infected and hybrid-

infected B. distachyon ABR4

While the end phenotypes of the U. bromivora X U. hordei hybrid and U. bromivora infection
are quite similar, there are subtle differences in their effects on the plant. (A) A principle
components analysis (PCA) of uninfected (pale yellow), U. bromivora-infected (red) and
hybrid-infected (blue) B. distachyon ABR4 plants 42 days after vernalisation based on visual
data collected by the Phenobox automated phenotyping system. The lighter coloured spots are

plants which were infected with U. bromivora or the hybrid but did not develop symptoms.
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These failed infections are indistinguishable from uninfected plants on the PCA. U.
bromivora and hybrid infected plants are both distinct from the uninfected plants and from
each other. The parameters describing the loading of the displayed principal components can
be seen in Table S1. Further details on the parameters determined by the Phenobox are
available in Czedik-Eysenberg et. al.(Czedik-Eysenberg et al. 2018) (B) A more detailed look
at a single phenotypic trait (plant height) when measured over time. U. bromivora and the
hybrid are both significantly smaller than uninfected plants. From 28 days after vernalisation,
there is a clear difference between hybrid-infected and U. bromivora infected plants as the
former fails to undergo bolting. Error bars indicate standard deviation. P-values were
corrected for multiple testing using the Benjamini—Hochberg method. *, P < 0.05; **, P <

0.01; *** P <0.001; **** P <0.0001.

Fig 4. Schematic of the hybrid backcrossing

Schematic describing the hybrid backcrossing approach. Running down the left-hand side is
the name of each hybrid generation. On the yellow background, haploid parental strains
(Generation P) each contain 100% of their respective genome. These parental strains are
mated to form an infectious dikaryon with 100% of each parent’s genome (Generation dP,

where the “d” indicates the dikaryon formed by mating with U. hordei).

From generation F1 onwards, only the haploid hybrid is shown in detail. Between each
generation the hybrid is mated with U. hordei to form a dikaryon which is used to infect B.
hybridum Bd28. This dikaryotic form is depicted by a black dot on the line between haploid
generations and both produces the spores for the next generation and shows which strains are
still pathogenic. Different F1 strains were used to create several sets of independent F2
progeny. The main hybrid line, marked in bold, shows the strains descended from the same

parent in each generation. At the bottom right of each set of hybrids is a pair of numbers that
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represents the number of strains which were able to cause infection symptoms on plants as

well as the total number of strains tested.

Fig 5. Hybrid strain virulence and U. bromivora genome content decreases with each

generation

(A) The percentage of hybrid strains capable of causing infection symptoms on B. hybridum
Bd28 when mated with U. hordei decreases with each generation. (B) For hybrid strains
capable of causing infection symptoms, the strength of the infections decreases with each
generation. The strength of the infection is measured as the number of plants infected which
go on to develop symptoms for a particular hybrid strain. For the dP generation (U. bromivora
X U. hordei) the individual points show independent infections. For the backcrossed
generations, the individual points show specific hybrid strains. No dF4 strains were observed
to cause symptoms. (C) With each generation the percentage of U. bromivora genes (red),
detected by U. bromviora-specific reads, in the hybrid strains decreased while the percentage

of U. hordei or shared genes (blue), detected by U. hordei-specific or shared reads, increased.

Fig 6. Potentially damaging SNPs associated with the ability to infect B. hybridum Bd28

An analysis of potentially damaging (non-synonymous and loss-of-function) SNPs in hybrids
which may be associated with the ability to infect B. hybridum Bd28. These SNPs were
obtained by comparing the reads to the reference genomes and can be found in both parental
species. They are divided into SNPs that are (A) found more often in strains which are
capable of infecting and (B) more often in strains which are not capable of infecting. Points

above the red line represent SNPs which are overrepresented in infectious samples with a p-
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value < 0.01. P-values were corrected for multiple testing using the Benjamini—-Hochberg

method. Due to space constraints, not all scaffolds or chromosomes are labelled.

Fig 7. Linkage of ancestry markers with the ability to infect B. hybridum Bd28

Certain regions of the U. bromivora genome show an association with the ability to infect B.
hybridum Bd28. The red line shows the lod (logarithm of odds) score cut-off of 4.13,
representing o = 0.01. The lod score is a measure of the association of a particular SNP with
the phenotype under consideration. Regions on chromosome 8, 13 and 22 exceed the
threshold. (A) Lod scores of chromosomal regions when the phenotype is defined as a binary
trait of causing infection symptoms on B. hybridum Bd28 or not. (B) Lod scores of
chromosomal regions when the phenotype is the percentage of total plants that show infection
symptoms. Due to space constraints, the mitochondria and an unassigned scaffold are not

labelled.

e-Xtras Captions

Figure S1: U. bromivora and U. hordei fungal cultures

Fungal cultures growing in liquid potato dextrose medium. Phenotypically, the haploid cells

of U. bromivora and U. hordei are very similar. Scale bar represents 10 pm.

Figure S2: Charcoal mating

U. bromivora (UB) and U. hordei (UH) are able to mate and form filaments on charcoal
plates. The number refers to the strain’s mating type, e.g. UBI1 is U. bromivora Matl. When

the same mating only one mating type is present, filamentation does not occur and the
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colonies have a smooth border. When opposite mating types are present, e.g. UB1 and UB2,

then the mated fungus filaments and the border of the colony appears fuzzy.

Figure S3: Infection phenotype on B. hybridum Bd28

Phenotypes of B. hybridum Bd28 infected with U. bromivora, U. bromivora X U. hordei
hybrid or uninfected. Infection phenotypes are comparable with those observed in B.
distachyon ABR4. (Fig 1) A, B and C show B. hybridum Bd28 plants 48 days after planting
(DAP). Scale bar represents 2 cm. D, E and F show a close-up of the spikelets. Scale bar
represents 20 mm. G, H and I show differential interference contrast (DIC) microscopy

images of the spores released from grinding the spikelet. Scale bar represents 10 pm.

Figure S4: Microscopy of U. bromivora and hybrid infection on B. hybridum ABRA4.

Microscopic phenotype of ABR4 plants infected by either U. bromivora or the U. bromivora
X U. hordei hybrid. Maximum intensity z-stack projection showing fungal and plant cells in
the stem, 3 weeks after vernalization. The plant cell walls are stained with propidium iodide

and fungal cells are stained with wheat germ agglutinin(WGA)-Alexafluor. Scale bar

represents 50 pm.

Figure S5: Chromosome ancestry of hybrid strains

Ancestry of each chromosome predicted by unique U. bromivora or U. hordei SNPs. The
ancestry informative SNPs run along the top and bottom of each plot. Red shows U.
bromivora specific SNPs and blue shows U. hordei specific SNPs. When there are sufficient

SNPs from one progenitor and not the other, that chromosomal region is filled in with the
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colour of the ancestral progenitor. In cases where the ancestry is ambiguous the region is left
blank, e.g. chromosome 9 in F3. This likely represents a situation where chromosomes from
both parents are present. Each generation is represented by a single hybrid; F1 is the parental
strain for F2, which is the parental strain of F3 and F3 is the parental strain of F4. Each
generation shows a reduction in the genomic regions contributed by the original U. bromivora

strain. Due to space constraints, the mitochondria and an unassigned scaffold are not labelled.

e-Xtras

Figure S1: U. bromivora and U. hordei fungal cultures

Figure S2: Charcoal mating

Figure S3: Infection phenotype on B. hybridum Bd28

Figure S4: Microscopy of U. bromivora and hybrid infection on B. hybridum ABRA4.

Figure S5: Chromosome ancestry of hybrid strains

Table S1: Phenobox PCA loadings

Table S2: Strains for NGS

Table S3: Genes containing potentially damaging SNPs which are more common in infecting

strains.

Table S4: Genes containing potentially damaging SNPs which are more common in non-

infecting strains.

Table S5: Potential pathogenicity genes
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41 Fig 1. Macroscopic infection phenotype on B. distachyon ABR4

Macroscopic phenotype of ABR4 plants when uninfected or infected by either U. bromivora or the U.
bromivora X U. hordei hybrid. (A, B, C) The overall appearance of the plant at 42 days after vernalization
43 (DAV). Scale bar represents 2 cm. (D, E, F) A close-up of the spikelets. Scale bar represents 20 mm. (G, H,
44 I) The stem nodes. On rare occasions, the hybrid produces spores in the nodes. Scale bar represent 1 mm.
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Uninfected i Hybrid infected U. bromivora infected

Microscopic phenotype of ABR4 plants when uninfected or infected by either U. bromivora or the U.
bromivora X U. hordei hybrid. (A,B,C) Maximum intensity z-stack projection showing fungal and plant cells
in the stem, 3 weeks after vernalization. The plant cell walls are stained with propidium iodide and fungal

cells are stained with wheat germ agglutinin(WGA)-Alexafluor. Scale bar represents 50 pm. (D,E,F)

Differential interference contrast (DIC) microscopy images of the spores released from grinding the spikelet.
The uninfected spikelet shows no spores at all whereas both U. bromivora and hybrid infected spikelets stain
the water black with the spores. Scale bar represents 10 pm.
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While the end phenotypes of the U. bromivora X U. hordei hybrid and U. bromivora infection are quite
similar, there are subtle differences in their effects on the plant. (A) A principle components analysis (PCA)
of uninfected (pale yellow), U. bromivora-infected (red) and hybrid-infected (blue) B. distachyon ABR4
plants 42 days after vernalisation based on visual data collected by the Phenobox automated phenotyping
system. The lighter coloured spots are plants which were infected with U. bromivora or the hybrid but did
not develop symptoms. These failed infections are indistinguishable from uninfected plants on the PCA. U.
bromivora and hybrid infected plants are both distinct from the uninfected plants and from each other. The
parameters describing the loading of the displayed principal components can be seen in Table S1. Further
details on the parameters determined by the Phenobox are available in Czedik-Eysenberg et. al.(Czedik-
Eysenberg et al. 2018) (B) A more detailed look at a single phenotypic trait (plant height) when measured
over time. U. bromivora and the hybrid are both significantly smaller than uninfected plants. From 28 days
after vernalisation, there is a clear difference between hybrid-infected and U. bromivora infected plants as
the former fails to undergo bolting. Error bars indicate standard deviation. P-values were corrected for
multiple testing using the Benjamini-Hochberg method. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P
< 0.0001.

190x77mm (300 x 300 DPI)

97



ONOULT DA WN =

98

Molecular Plant-Microbe Interactions

Gen
U. bromivora U. hordei

.\ /.
: o ®

Y

I 11/28

9 mﬁ?

dF2 Total number
of strains

F1

dF1

F2

18/42 1/10

F3

1/67
dF3 Xy
Number of strains
F4 causing symptoms
0/23

Fig 4. Schematic of the hybrid backcrossing
Schematic describing the hybrid backcrossing approach. Running down the left-hand side is the name of
each hybrid generation. On the yellow background, haploid parental strains (Generation P) each contain
100% of their respective genome. These parental strains are mated to form an infectious dikaryon with
100% of each parent’s genome (Generation dP, where the “d” indicates the dikaryon formed by mating with
U. hordei).
From generation F1 onwards, only the haploid hybrid is shown in detail. Between each generation the hybrid
is mated with U. hordei to form a dikaryon which is used to infect B. hybridum Bd28. This dikaryotic form is
depicted by a black dot on the line between haploid generations and both produces the spores for the next
generation and shows which strains are still pathogenic. Different F1 strains were used to create several sets
of independent F2 progeny. The main hybrid line, marked in bold, shows the strains descended from the
same parent in each generation. At the bottom right of each set of hybrids is a pair of numbers that
represents the number of strains which were able to cause infection symptoms on plants as well as the total
number of strains tested.
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Fig 5. Hybrid strain virulence and U. bromivora genome content decreases with each generation

(A) The percentage of hybrid strains capable of causing infection symptoms on B. hybridum Bd28 when

mated with U. hordei decreases with each generation. (B) For hybrid strains capable of causing infection

symptoms, the strength of the infections decreases with each generation. The strength of the infection is
measured as the number of plants infected which go on to develop symptoms for a particular hybrid strain.
For the dP generation (U. bromivora X U. hordei) the individual points show independent infections. For the
backcrossed generations, the individual points show specific hybrid strains. No dF4 strains were observed to

cause symptoms. (C) With each generation the percentage of U. bromivora genes (red), detected by U.
bromviora-specific reads, in the hybrid strains decreased while the percentage of U. hordei or shared genes

(blue), detected by U. hordei-specific or shared reads, increased.
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Fig 6. Potentially damaging SNPs associated with the ability to infect B. hybridum Bd28
An analysis of potentially damaging (non-synonymous and loss-of-function) SNPs in hybrids which may be
associated with the ability to infect B. hybridum Bd28. These SNPs were obtained by comparing the reads to
the reference genomes and can be found in both parental species. They are divided into SNPs that are (A)
found more often in strains which are capable of infecting and (B) more often in strains which are not
capable of infecting. Points above the red line represent SNPs which are overrepresented in infectious
samples with a p-value < 0.01. P-values were corrected for multiple testing using the Benjamini-Hochberg
method. Due to space constraints, not all scaffolds or chromosomes are labelled.
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Fig 7. Linkage of ancestry markers with the ability to infect B. hybridum Bd28
Certain regions of the U. bromivora genome show an association with the ability to infect B. hybridum Bd28.
The red line shows the lod (logarithm of odds) score cut-off of 4.13, representing a = 0.01. The lod score is
a measure of the association of a particular SNP with the phenotype under consideration. Regions on
chromosome 8, 13 and 22 exceed the threshold. (A) Lod scores of chromosomal regions when the
phenotype is defined as a binary trait of causing infection symptoms on B. hybridum Bd28 or not. (B) Lod
scores of chromosomal regions when the phenotype is the percentage of total plants that show infection
symptoms. Due to space constraints, the mitochondria and an unassigned scaffold are not labelled.
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Figure S1: U. bromivora and U. hordei fungal cultures
Fungal cultures growing in liquid potato dextrose medium. Phenotypically, the haploid cells of U. bromivora
and U. hordei are very similar. Scale bar represents 10 pm.
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Figure S2: Charcoal mating
U. bromivora (UB) and U. hordei (UH) are able to mate and form filaments on charcoal plates. The number
refers to the strain’s mating type, e.g. UB1 is U. bromivora Matl. When mated in a pair-wise manner we can
see that the same mating types never filament (demonstrated by the smooth colony boundaries) whereas
opposite mating types between all species are capable of filamentation.
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37 Figure S3: Infection phenotype on B. hybridum Bd28
38 Phenotypes of B. hybridum Bd28 infected with U. bromivora, U. bromivora X U. hordei hybrid or uninfected.
39 Infection phenotypes are comparable with those observed in B. distachyon ABR4. (Fig 1) A, B and C show B.
hybridum Bd28 plants 48 days after planting (DAP). Scale bar represents 2 cm. D, E and F show a close-up
of the spikelets. Scale bar represents 20 mm. G, H and I show differential interference contrast (DIC)
microscopy images of the spores released from grinding the spikelet. Scale bar represents 10 pm.
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U. bromivora infected

Microscopic phenotype of ABR4 plants infected by either U. bromivora or the U. bromivora X U. hordei
hybrid. Maximum intensity z-stack projection showing fungal and plant cells in the stem, 3 weeks after
vernalization. The plant cell walls are stained with propidium iodide and fungal cells are stained with wheat
germ agglutinin(WGA)-Alexafluor. Scale bar represents 50 pm.
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33 Ancestry of each chromosome predicted by unique U. bromivora or U. hordei SNPs. The ancestry informative

SNPs run along the top and bottom of each plot. Red shows U. bromivora specific SNPs and blue shows U.
hordei specific SNPs. When there are sufficient SNPs from one progenitor and not the other, that

35 chromosomal region is filled in with the colour of the ancestral progenitor. In cases where the ancestry is

36 ambiguous the region is left blank, e.g. chromosome 9 in F3. This likely represents a situation where

37 chromosomes from both parents are present. Each generation is represented by a single hybrid; F1 is the

38 parental strain for F2, which is the parental strain of F3 and F3 is the parental strain of F4. Each generation

39 shows a reduction in the genomic regions contributed by the original U. bromivora strain. Due to space

constraints, the mitochondria and an unassigned scaffold are not labelled.
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Discussion

Host specificity in the U. bromivora - Brachypodium pathosys-
tem

This thesis shows the establishment of a new biotrophic model system described in Publication
1[49], with some of the methods expanded in more detail in Publication 2[65] and an accompanying
paper by Czedik-Eysenberg et al.[85]. U. bromivora shares many of the characteristics that made U.
maydis a good research subject and many current U. maydis techniques are likely to be easily
adapted to U. bromivora. This new system addresses difficulties in the use of maize as a research
subject which can impose limitations on the widespread model system of U. maydis — maize. B.
distachyon is recognised as a model grass and is both amenable to genetic manipulation and already
used to study non-host resistance. U. bromivora infection on B. distachyon is suitable for analysis
through the Phenobox automated phenotyping platform[86] which removes potential biases and

subjectivity which might arise in manual phenotyping of an U. maydis infection.

In publication 3(Bosch et al., 2019 (submitted to Mpmi)), this system is further expanded by
creating hybrid fungal strains of U. bromivora and U. hordei. This provides a new way of
investigating U. bromivora biology and an alternative to techniques such as mutation screens. When
investigating the factors that enable U. bromivora host specificity on Brachypodium spp., the hybrid
approach shows distinct advantages to a mutation screen. While a mutation screen will identify
factors that are required, it will be more difficult to tease out whether the genetic elements that were
mutated are essential for U. bromivora's growth, are important for virulence in a broad sense or are
specific for virulence on Brachypodium. By using the hybrid approach, with a species that shares
6180 orthologous genes[49], we can focus our attention on the specific aspects of U. bromivora that

promote virulence on Brachypodium spp.

A further advantage of the hybrid system when compared to mutational screening is that no
individual genes are rendered inactive; everything in the hybrid system is, at least in theory, still
functional. With the mutation screen, it would be possible to find genes involved in a process but
more difficult to find what is causing a difference between two species. Using hybrids, we can

investigate differences between different genomes or alleles that lead to a specific phenotype.

Although we focussed on host specificity in U. bromivora, there is no reason that the same
approaches couldn't be used for any phenotypic differences[79]. For example, U. bromivora and U.
hordei also differ in their growth rate and how readily the cultures form a pellet when centrifuged.

By using a variety of hybrids, the genetic basis underlying these differences could be determined.



Knowing the genes responsible for these varying phenotypes may shed some light on the different

evolutionary pressures acting on each species.

In the plant immune system, recent research has emphasised how defensive responses are
networked together in detection[87] and response[68], creating redundancy and durability of the
immune system[88]. One could speculate that pathogens may have a similar network of protein-
protein interactions which strengthen their ability to infect and deal with different host genetic
backgrounds. If this were true, the lack of a specific signal may indicate that the loss of any
particular component of the infection network is compensated for by changes in other components
of the network. If this doesn't compensate perfectly then it would explain the observed decrease in
virulence in the hybrid strains and the lack of a specific signal. There is evidence that bacterial
effectors, termed metaeffectors, are capable of directly regulating one another[40]. Furthermore, we
have some evidence of effector-effector interactions in the related U. maydis(Alcantara & Bosch et

al., 2019, submitted to Frontiers in Plant Science).

Future work

With the U. bromivora — Brachypodium pathosystem established for research, most new tools will
no doubt be developed to answer the specific questions that the system will be used for. However,
one development which should be prioritised is the development of a solopathogenic strain of U.
bromivora. The current U. bromivora workflow involves the growth of both Mat 1 and Mat 2
strains, with mating necessary before infection. The removal of the mating step will bring a number
of benefits to U. bromivora research including decreasing the time taken for experiments, allowing
genetic manipulation of only a single, haploid organism and opening up the possibility of using

pooled strain techniques such as iPool-Seq[58].

With our current hybrid data, we were not able to refine the genomic loci contributing to host
specificity in U. bromivora down to the level of specific genes. There could be several reasons

behind this which would need to be mitigated in different ways.

We have already shown that there does not appear to be any single locus which is essential for
virulence on Brachypodium spp. This would suggest that the ideal approach would be to follow a
single hybrid line through the generations to be sure that we are only following one method of
achieving virulence. Although we tried this, we did not see an association with virulence before we
could no longer see infections occurring. I would expect that we could improve our signal by
increasing the number of plants that are infected, in order to better exclude false negative infections,

and increasing the number of strains sequenced, to achieve better resolution.
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We may still struggle to achieve a decent signal as there is possibility of many confounding
variations. In our hybrid system, we are switching many different genes between the U. bromivora
and U. hordei versions with the assumption that the orthologs will interact with one another
correctly. It may be that certain combinations of U. bromivora and U. hordei genes are simply non-
functional. This could introduce too much variation into our experiment to pull out a clear signal

without greatly increased sample sizes.

Lastly, our end point is spore production. Different hybrids could fail at very different stages of the
infection process. If this is the case, we may be measuring several separate phenomena which will
make teasing out the actual factors related to host specificity very difficult. Those factors may be
quantitative in nature which would further add complexity to our results. In human genetics, the
omnigenic model suggests that the majority of heritability in complex genetic diseases is due to
small effects from across the genome[89]. As a complex trait, virulence may be subject to a similar

model.

Alternatively, there is the possibility that measuring the presence or absence of ancestry-specific
SNPs does not provide the required information to come to a definite conclusion about which genes
are necessary or important for infection. It may be that, despite their presence in a hybrid, certain
genes exhibit abnormal levels or patterns of expression which could have an effect on virulence.
One paper on fungal hybrids suggests that this is not the case for the majority of the genes[90].
However, this study used an ancient allopolyploid with very little gene loss which is unlikely to
accurately represent our backcrossed strains. In an ideal situation, we would combine the genomic
information with an RNAseq time course of the hybrid infection for a number of different strains.
Such an experiment is currently infeasible due to the vast difference in the number of fungal versus
plant cells, approximately 600X more plant than fungal reads[85]. Some form of enrichment will
need to be developed if this is to be done. The simplest and most cost-effective solution might be
isolation of fungal cells from infected plant material as DNA binding approaches may not retain the
necessary quantitative information. Similar techniques have been developed for bacterial plant

infections but would need to be tested for feasibility with fungi[91].

It would be ideal to acquire other, independent U. bromivora strains to compare the genome content
and virulence on different hosts. Evolutionary Molecular Plant-Microbe Interactions (EvoMPMI)
stresses the need to include more evolutionary concepts into the study of plant-pathogen
interactions[92]. Evolution, unlike most laboratory analyses, works on populations of competing
variants. There is a risk that our results on a particular strain of U. bromivora may not be
representative of U. bromivora as a whole and this lack of variation has been identified as a cause

for concern in plant pathology[93]. The question of host specificity is an evolutionary question and



many insights could be gained from a comparison of different strains of the same species. For
example, in the plant-pathogenic oomycete Phytophtora infestans, it has been observed that
different strains display variation in gene expression without variation in sequence, presumably due

to an epigenetic mechanism[94]. This variation has implications for a pathogen's host range.

Conclusion

I have described a new model biotrophic pathosystem based on U. bromivora infection of
Brachypodium spp. U. bromivora possesses many of the traits that make U. maydis a successful
model organism and it should be simple to adapt the techniques of U. maydis to work in U.
bromivora. The main advantage of this pathosystem over that of U. maydis and maize is the ease of
genetically manipulating Brachypodium spp. U. bromivora is also related to several sequenced smut
fungi which provides many opportunities for comparative analyses and it is even possible to form
viable, infectious hybrids with the closely-related fungus U. hordei. This opens up new avenues of
investigation and an alternative to mutational screening approaches. I used the hybrid fungus and
backcrossing with U. hordei to demonstrate that there are three genomic loci which play the largest
roles in U. bromivora virulence on Brachypodium spp. but that none of them are essential. This

shows that virulence on Brachypodium spp. is a quantitative, multifactorial trait.
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Appendices

Publication 1

Supplementary file 1: Primers, plasmids and strains used in this

study

Primers used in this study

Primer 5' - 3' Sequence Description

5_pral GCTTTGTTGAGTGTCGATGC primer for diagnostic PCR to assess mating type (MAT-1)

3_pral ACCAATGTCGCCATGTACTC primer for diagnostic PCR to assess mating type (MAT-1)

5_pra2 TTACCGGCGTAGATAGAGCA primer for diagnostic PCR to assess mating type (MAT-2)

3_pra2 ACGGCATGTCTTTCCATCTC primer for diagnostic PCR to assess mating type (MAT-2)

5_UmCBX_1 ACAATCACGAGAAATGCGCG p123UB-GFP cloning; amplification of flanking region of gene conferring Car-

boxin resistance present in p123 (Aichinger et al., 2003)

3_UmCBX_1 TAGTGGTCTCCGACATGGTCGGT-  p123UB-GFP cloning; amplification of flanking region of gene conferring Car-
GTGGATGTATGAAC boxin resistance present in p123 (Aichinger et al., 2003)

5_UBCBX_2 ACTAGGTCTCAT- p123UB-GEP cloning; amplification of UBRO_01267
GTCGCTATTCAACGTCAGC

3_UBCBX_mutl 2 TAGTGGTCTCTCGTAAAGACCATC- p123UB-GFP cloning; amplification of UBRO_01267
TAGACGACGACG

5_UBCBX_mutl_3 ACTAGGTCTCCTACGAGT- p123UB-GFP cloning; amplification of UBRO_01267, removal of internal Bsal
GCATCCTTTGCGC sites and introduction of His to Leu mutation conferring CBX resistance

3_UBCBX_mut2_3 TGATGGTCTCTGGTGAGGCAACG-  p123UB-GFP cloning; amplification of UBRO_01267, removal of internal Bsal
GTAGAGCGAGAAG sites and introduction of His to Leu mutation conferring Carboxin resistance

5_UBCBX_mut2_4 ATCAGGTCTCACACCATCAT- p123UB-GFP cloning; amplification of UBRO_01267, removal of internal Bsal
GAACTGCTCC sites and introduction of His to Leu mutation conferring Carboxin resistance

3_UBCBX_4

5_UmCBX_5

3_UmCBX_5

5_Umo01987_RB

3_Um01987_RB

5_Umo01987_LB

3_Umo01987_LB

5_Umo02475_RB

3_Um02475_RB

5_Um02475_LB

3_Um02475_LB

5_UbStpl_CD

3_UbStpl_CD

5_UbPepl_CD

TGATGGTCTCAGATTACGACGAG-
GCCATGATAGGAC

ATCAGGTCTCTAATCTTGATATA-
TCATATC

CTCAGTACAATCTGCTCTGATG

ATATGCTCTTCACGAACCGCT-
GCGACGTCGTTG

ATATGCTCTTCTCGCGGCGCGC-
CCCCCAGACTGGGTTGGTGGAC

ATATGCTCTTCACAGGGCGCGC-
CAATCGTGGCTGTCCACGAAAG

ATATGCTCTTCTGCCGTTGATGTC-
GAGAGTCCTC

ATATGCTCTTCACGAAGCTCTGCT-
GTAAAGAATC

ATATGCTCTTCTCGCGGCGCGC-
CCCGACAACTATGTAATCGCC

ATATGCTCTTCACAGGGCGCGC-
CATGATCAACCAGGATCAAC

ATATGCTCTTCTGCCGTGTTCTCT-
GCTTTATTTTC

ATATGGTCTCAggctCAATGCGAGC-
CGACTTTTTATC

ATATggtctcActgaTTGCTTCG-
GAGGGGGAGCAG

ATATGGTCTCAggcTCAATGAAGCT-
CACACTCAACAC

p123UB-GFP cloning; amplification of UBRO_01267, removal of internal Bsal
sites and introduction of His to Leu mutation conferring Carboxin resistance

p123UB-GFP cloning; amplification of flanking region of gene conferring Car-
boxin resistance present in p123 (Aichinger et al., 2003)

p123UB-GFP cloning; amplification of flanking region of gene conferring Car-
boxin resistance present in p123 (Aichinger et al., 2003)
right border pep1 deletion construct

right border pep1 deletion construct

left border pep1 deletion construct

left border pep1 deletion construct

right border stp1 deletion construct

right border stp1 deletion construct

left border stp1 deletion construct

left border stp1 deletion construct

UBRO_stp1 CDS for pUG_UBRO_Stp1 cloning

UBRO_stp1 CDS for pUG_UBRO_Stp1 cloning

UBRO_pep1 CDS for pUG_UBRO_Pep1 cloning
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3_UbPepl_CD

5_CFP-SKL

3_CFP-SKL

5_UmPepl_AB

3_UmPepl_AB
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CATCTTACCAAG
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Plasmids used in this study

plasmid cloning strategy resistance application/comments source
pNEBuC-GFP Gateway cloning of pEntryGFP with gate-  Amp, CBX U. bromvivora transformation test; this study
way compatible pNEBuUC (A. Djamei, un- autonomously replicating plasmid encoding
published) GFP-HA under control of otef promoter
pNEBuC-mCherry ~ Gateway cloning of pEntry-mCherry with  Amp, CBX U. bromvivora transformation test; this study
gateway-compatible pNEBuC (A. Djamei, autonomously replicating plasmid encoding
unpublished) mCherry-HA under control of otef promoter
pNEBuH Amp, Hyg U. bromvivora transformation test; Mueller et al., 1999
autonomously replicating plasmid confer-
ring Hygromycin resistance
pNEBuG pNEBuC (Brachmann, 2001) was linearized Amp, U. bromvivora transformation test; this study
with Notl to remove CBX resistance cas- G418 autonomously replicating plasmid confer-
sette and to introduce Geneticin G418 res- ring Geneticin G418 resistance
istance cassette that is flanked by NotI sites
(Baumann et al., 2012)
p123UB-GFP classical cloning via Bsal to combine flank- Amp, CBX plasmid for integrations in U. bromivora ip this study
ing regions of UMAG_00844 (gene confer- locus, encoding GFP and mutagenzied ver-
ring CBX resistance + for homologous re- sion of UBRO_01267 conferring CBX res-
combination in ip locus) present in p123 istance
(Aichinger et al., 2003) with mutagenized
UBRO_01267 and subsequent Accl-Zral
cloning into Accl-Zral linearized p123
(Aichinger et al., 2003)
pUKO_stpl Sapl-based Golden Gate* Spec, Hyg  deletion construct for UMAG_stpl this study
(UMAG_02475)
pUKO_pepl SapI-based Golden Gate* Spec, Hyg  deletion construct for UMAG_pepl this study
(UMAG_01987)
pUG_UBRO_stpl  Bsal-based Golden Gate* Spec, CBX complementation assay/ plasmid contains  this study
U. bromivora stpl (UBRO_12209) under
control of the U. maydis stpl promoter
(UMAG_02475)
pUG_UBRO_pepl Bsal-based Golden Gate* Spec, CBX complementation assay / plasmid contains  this study
U. bromivora pepl (UBRO_02965) under
control of the U. maydis pep1 promoter
(UMAG_01987)
p6U_eCFP-SKL eCFP-SKL (Nelsen et al., 2007) was cloned Spec, Hyg plasmid harboring eCFP-SKL under the this study

*for Golden Gate-based pUKO and pUG cloning strategies see Stirnberg and Djamei (2016); GoldenGate reactions were based on the Green Gate
system (Lampropoulos et al., 2013); promoter module of UMAG_stp1 is described in Stirnberg and Djamei (2016); CBX = Carboxin, Hyg =

via Spel-HindIII into pUBI-ABM (Jochen
Kumlehn, IPK Gatersleben) followed by
Sfil cloning into p6Uint-Ubi (Jochen Kum-
lehn, IPK Gatersleben)

ubiquitin promoter for A. tumefaciens-me-
diated transformation of Brachypodium sp.

Hygromycin B, G418 = Geneticin G418, Amp = Ampicillin, Spec = Spectinomycin
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Fungal strains used in this study

strain genotype resistance source

UB1 al bl this study

UB2 a2 b2 this study

UB1-GFP al bl Potef:GFP-HA CBX this study

FB1 al bl Banuett and Herskowitz, 1989
Uh4875-4 al bl Linning et al., 2004
SG200 al mfa2 bl b2 Phleo Kaemper et al., 2006
SG200Astpl al mfa2 b1 b2 AUMAG_02475 Phleo, Hyg this study
SG200Apepl al mfa2 b1 b2 AUMAG_01987 Phleo, Hyg this study
SG200Astp1-UBRO_stpl al mfa2 b1 b2 A ipr[PUMAG_02475:UBRO_12209]ips  Phleo, Hyg, CBX this study
SG200Apep1-UBRO_pepl al mfa2 bl b2 AUMAG_01987 Phleo, Hyg, CBX this study

ipr[PUMAG_01987:UBRO_02965]ips
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Publication 3

Table S1: Phenobox PCA loadings

PC1 PC2 PC3 PC4 PC5
side.geometry.vis.hull.- 0.174851400204901 -0.008477962267192 -0.058637227049273  0.028896280642577 -0.004489558708238
centroid.y..px.
side.intensity.vis.lab.l.stddev ~ 0.171792906609783 -0.009625691767697  0.026624505033303 -0.071460314473296 0.077451292788587
side.geometry.vis.cog.y..px. 0.170850861020123  0.001343279530392 -0.072606482325205 0.050446386949991  0.022047026904349
side.intensity.vis.hs- 0.166030264376018 -0.065111880083153 -0.005944200896688 -0.074510661672205 0.072529664576452
v.v.stddev
side.geometry.vis.hull.- 0.159891045654063  0.023566654983170  0.059466415852944  0.173905566148663 -0.100107158520960
fillgrade....
side.geometry.vis.hull.com- 0.156085641541339  0.040794033496069 -0.131106486513530  0.165843615277125 -0.110457276513854
pactness.01
side.geometry.vis.compact- 0.153549548691035  0.006474860364002 -0.113751719661000 0.105113649878786 -0.086244699905122
ness.01
side.intensity.vis.hs- 0.152547949781857  0.114238126520374  0.060316318816690 -0.204822546829680 0.050144161375299
v.dgci.mean
side.intensity.vis.hs- 0.151397783922661 -0.087359227333388  0.178414599720541 -0.012901428874198 0.128775787064743
v.h.stddev
side.intensity.vis.hs- 0.150180143491848  0.071564621394807  0.163145536663006 0.109176813505400 0.112659358932531
v.s.stddev
side.intensity.vis.lab.b.skew-  0.147905874155279 -0.023902829124744  0.030924145270989 -0.219648158562266 0.094535576851500
ness
side.intensity.vis.hsv.s.skew-  0.142789719516491 -0.025124722967918 0.176290024813360 -0.213961894079171  0.115891379571051
ness
side.intensity.vis.hsv.h.mean =~ 0.123309111097507  0.180097464213979  0.162623016607177 -0.171396209073505 0.057352846017375
side.geometry.vis.hull.circu-  0.098312842341865  0.086832989701847 -0.345612882417604 -0.047765322114257 -0.005113191990822
larity
side.intensity.vis.lab.a.mean  0.074835201899741 -0.274044110382808 -0.135642842886445 -0.019592687921786 0.028792444643952
side.intensity.vis.hsv.v.skew-  0.074282355250615  0.274616717872587  0.036182699670089 -0.060498111299567  0.032050339013364
ness
side.intensity.vis.lab.l.skew-  0.064875284713096  0.283535848968085 0.070798755588734 -0.028983377876185 0.039462314996707
ness
side.geo- 0.064708919421316 -0.030648351018815  0.273195324907382  0.290175430892303  0.047889538651565
metry.vis.leaf.width.mean..p
X.
side.geometry.vis.leaf.- 0.051861382240549 -0.053754926686184 -0.073986316891162  0.112584313920067 0.382129695760106
curvature.avg
side.intensity.vis.lab.a.stddev  0.048970227921468 -0.255111624841089  0.035498935805731  0.186314965804650 0.033548216033192
side.intensity.vis.hsv.h.red2-  0.014693417822454 -0.275891964552819 -0.146696029464540  0.107968516548213 -0.026925699529430
green
side.geometry.vis.cog.avg_di  0.002255703542709  0.167932971384247 -0.052112449597390  0.164807675059505 0.395799550991497
stance_to_vertical_image_ce
nter_line..px.
side.geometry.vis.cog.x..px.  -0.018295637390195  0.198440945976574 -0.024718249740881  0.212081933102325 0.264126955215246
side.geometry.vis.hull.- -0.020827610760453  0.195434865791632 -0.026739709385493  0.212548724608280  0.249230605356547
centroid.x..px.
side.intensity.vis.r- -0.032655316027948 -0.235928457583183  0.257081851741510 -0.202185058157414  0.087800569017500
gb.blue.mean
side.intens- -0.035349028982318 -0.089909295252184  0.306218296316481  0.218254981551409  0.112037697427877
ity.vis.lab.b.stddev
side.intensity.vis.hs- -0.041800190581421 -0.273179458566736 -0.195341189849896  0.101350854334737 -0.024172253914965
v.h.brown2green
side.geometry.vis.leaf.count  -0.064963553544493  0.160129518539592  0.117775501473364  0.050366658280877 -0.356816320045949
side.geometry.vis.area..px.2.  -0.066877875741975  0.170735057785491  0.136235464037443  0.246829416821700 -0.005541758655288
side.geometry.vis.hull.points  -0.091308879526549 -0.012672563451571  0.194762371185883 -0.014600944272732  0.070966044957166



side.geometry.vis.leaf.-
curvature.sum

side.intensity.vis.hsv.s.mean

side.intensity.vis.hsv.h.yel-
low2green

side.geometry.vis.branch-
point.count

side.geo-
metry.vis.leaf.length.mean..p
X.

side.intensity.vis.lab.a.skew-
ness

side.geometry.vis.hull.pc2..p
X.

side.geometry.vis.width..px.

side.geometry.vis.minrect-
angle.length.b..px.

side.geometry.vis.minrect-
angle.length.a..px.

side.intensity.vis.r-
gb.red. mean

side.geometry.vis.hull.com-
pactness.16

side.intensity.vis.hsv.h.skew-
ness

side.geometry.vis.border-
Jength..px.

side.intensity.vis.hsv.v.mean
side.intensity.vis.lab.l.mean

side.intensity.vis.rgb.-
green.mean

side.geo-
metry.vis.leaf.length.sum..px

side.geometry.vis.compact-
ness.16

side.geometry.vis.hull.area..p
X.

side.geometry.vis.minrect-
angle.area..px.

side.intensity.vis.lab.b.mean
side.geometry.vis.hull.length
side.geometry.vis.height..px.

side.geometry.vis.hull.pcl..p
X.

side.geometry.vis.circum-
circle.d..px.

height.to.width.ratio

side.geometry.vis.cog.avg_di
stance_to_center..px.

-0.092460456412351

-0.108030799671473
-0.117256776444562

-0.120328287461685

-0.121343123000004

-0.121405513313953

-0.124104330854089

-0.128842726706772
-0.130309123290017

-0.135324851522936

-0.143614236179736

-0.149542506707520

-0.152706621666149

-0.158233255684736

-0.158886928388560
-0.159966459220401
-0.162698872378977

-0.164811209939714

-0.165964872649882

-0.166991274771262

-0.167075002169144

-0.167502739555012
-0.168879339349225
-0.169845687308079
-0.170478261337160

-0.170602188191303

-0.171918495538601
-0.171968002998622

-0.003042306120814

0.126184582682743
-0.180857808722725

0.133590061548925

-0.048958096493151

0.205074193174650

0.055332371110506

0.043327597486806
-0.051255317765804

0.073176477700099

-0.189705382156517

-0.089269098225041

0.147125336333725

0.097055920538714

-0.126672554755516
-0.116012743202473
-0.089949643353554

0.093085645139938

0.046318011769573

0.044581346356191

0.035930250160517

0.001702822372275
0.018752855275062
0.006300567299638
0.003416456718609

0.003531805134576

0.007009203201882
-0.016758557768877

-0.139059886035139

-0.135596785506085
-0.135148114550108

-0.056662709124865

-0.123930791073007

-0.016226107021715

-0.252621310610907

-0.234824397857917
0.004062137250452

0.005904231623926

0.045375213517962

0.026428050607789

-0.054630230565439

0.099252613494437

0.094057227018227
0.110225776477561
0.125231304248854

-0.042155849221137

0.029337577327476

-0.089451796867690

-0.089156185410542

-0.019276704506100
0.107283700486389
0.114536693496418
0.112309235554262

0.111345064358562

0.025472377151153
0.038440934103580

-0.014722812810516

0.336812071937113
0.135248645311008

-0.143385499962733

-0.120365045191502

0.038349726445645

-0.095756347024549

-0.068904923692054
0.024888136329926

-0.090611435018349

0.065067161667001

-0.166898636192005

0.050828720224211

0.010727173389704

0.062847416093806
0.051917493166072
0.050325962001261

-0.075051808631144

-0.101290543905613

-0.070957874862694

-0.073461026148713

0.179830361915050
-0.044627183264777
-0.009289879919499
-0.015237442337841

-0.014833335807075

-0.084965386582854
-0.077076356822147

0.366681033077098

-0.090488643203065
0.014081252758827

-0.168982620087520

0.255546054697589

-0.090718734602208

0.059454230723798

0.123356414829150
0.068867024967779

0.002724149880669

-0.015464871389324

0.107426505011512

-0.043262672598728

0.002853953891878

-0.024925797236746
-0.016172601276589
-0.018071724482718

-0.024358310148643

-0.005382411344010

0.040478552860072

0.033279509706772

-0.065371864620083
0.086935756848037
0.027212402155781
0.046438706598115

0.046677477746130

0.002757843804938
0.046582920579426
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Table S2: Strains for NGS

NGS_Nu Plants_sh Total_ Percentage_ Mating_ Notes Ambiguous_gen- Ubromi_genes Uhordei_genes Hybrid_G Parent
mber owing_in- plants Infection Type ome_regions_(ex-  _(specific_read _(specific_and eneration
fection cluding_Chr_1_spo s) _shared_reads
rekiller_and_scaf- )
fold)

33767 0 15 0.00 1 Yes 0.5102183 0.4545071 F1 U. bromivora
Mat 1

33768 0 25 0.00 1 Yes 0.6057278 0.3569118 F1 U. bromivora
Mat 1

33769 0 19 0.00 1 Yes 0.6082302 0.3570525 F1 U. bromivora
Mat 1

33770 0 17 0.00 1 Yes 0.8940637 0.5232738 F1 U. bromivora
Mat 1

33771 0 15 0.00 1 No 0.5070207 0.4438194 F1 U. bromivora
Mat 1

33772 0 19 0.00 1 No 0.5060475 0.4436788 F1 U. bromivora
Mat 1

33773 0 20 0.00 1 No 0.4261087 0.5076642 F1 U. bromivora
Mat 1

33774 1 14 0.07 1 Source of F2 No 0.4338941 0.5093517 F1 U. bromivora
Mat 1

33775 0 16 0.00 1 No 0.4336160 0.5110392 F1 U. bromivora
Mat 1

33776 1 10 0.10 1 Source of F2 No 0.6723203 0.2566446 F1 U. bromivora
Mat 1

33777 3 14 0.21 1 Source of F2 No 0.5957181 0.3265364 F1 U. bromivora
Mat 1

33778 5 25 0.20 1 Source of F2 Yes 0.8858613 0.5186331 F1 U. bromivora
Mat 1

33779 1 21 0.05 1 Source of F2 No 0.4010844 0.3974125 F1 U. bromivora
Mat 1

33780 0 8 0.00 1 Yes 0.4908939 0.3940374 F1 U. bromivora
Mat 1

33781 0 7 0.00 1 Yes 0.5658279 0.4014906 F1 U. bromivora
Mat 1

33782 0 4 0.00 1 Yes 0.2078410 0.1693151 F1 U. bromivora
Mat 1

33783 1 10 0.10 1 Yes 0.5820937 0.3445366 F1 U. bromivora
Mat 1

33784 0 7 0.00 1 No 0.4907549 0.4199128 F1 U. bromivora
Mat 1

33785 0 6 0.00 1 Yes 0.8063395 0.8496695 F1 U. bromivora
Mat 1

33786 1 7 0.14 1 No 0.7358543 0.1856279 F1 U. bromivora
Mat 1

33787 6 30 0.20 1 Source of F2 No 0.7352982 0.1853466 F1 U. bromivora
Mat 1

33788 0 3 0.00 1 No 0.2409287 0.7077767 F1 U. bromivora
Mat 1

33790 0 10 0.00 1 Yes 0.1741971 0.2286598 F1 U. bromivora
Mat 1

34649 4 19 0.21 1 Source of F2 Yes 0.8106492 0.7651526 F1 U. bromivora
Mat 1

34650 2 10 0.20 1 Yes 0.8233004 0.7685276 F1 U. bromivora
Mat 1

34651 0 10 0.00 1 No 0.5820937 0.3552243 F1 U. bromivora
Mat 1

34652 0 11 0.00 2 No 0.2400945 0.7077767 F2 Pool of 33780,
non-sequenced
strain, 33782,
33783 and
33784

34654 0 11 0.00 2 Yes 0.4183234 0.8804669 F2 Pool of 33780,

non-sequenced
strain, 33782,
33783 and
33784



34655

34656

34657

34659

34660

34661

39081
39082
39083
39084
39086
39087
39088
39089
39090
39091
39092
39093
39094
39095
39096
39097
39098
39099
39100
39101
39102
39105
39106
39107
39108
39109
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39112
39113
39114
39115
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72766
72767
72768
72769
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10

11

11
11

11
10

10
12
10

13
10
11
10
11
10

0.00

0.00

0.00

0.00

0.00

0.00

0.00
0.09
0.00
0.00
0.00
0.14
0.00
0.00
0.00
0.00
0.11
0.00
0.00
0.33
0.10
0.00
0.09
0.20
0.25
0.00
0.18
0.11
0.00
0.00
0.10
0.00
0.00
0.18
0.00
0.00
0.00
0.15
0.00
0.00
0.00
0.00
0.00

NN NN

Source of F3

Yes

No

0.4255526

0.4452940

0.5282914

0.5300987

0.5310719

0.5200890

0.4515501
0.4826915
0.4434867
0.4313916
0.5688864
0.5184207
0.4915890
0.4514111
0.4473794
0.4511330
0.5719449
0.4490477
0.5015988
0.5046573
0.5061866
0.4661476
0.4981232
0.5298207
0.4658696
0.4461282
0.4915890
0.4920061
0.4409843
0.4095649
0.6147644
0.6162936
0.5460865
0.4566940
0.5879327
0.5451133
0.5239816
0.4904769
0.5079939
0.1076046
0.1073266
0.1070485
0.1598777

0.8832794

0.4966953

0.4332724

0.4335536

0.4045844

0.4031782

0.5103361
0.3965687
0.5033047
0.5078048
0.5512586
0.4061313
0.4398819
0.4829138
0.4813669
0.4822107
0.3543805
0.4822107
0.4384756
0.4387569
0.4396006
0.4629447
0.4374912
0.3889748
0.4428350
0.5117424
0.4500070
0.4501477
0.5011953
0.5369146
0.3179581
0.3186612
0.3917874
0.5042891
0.5083673
0.3919280
0.4211785
0.4699761
0.4405850
0.8472789
0.8469976
0.8484039
0.8055126

F2

F2

F2

F2

F2

F2

F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F3
F3
F3
F3

Pool of 33780,
non-sequenced
strain, 33782,
33783 and
33784

Pool of 33785,
33786, 33787,
33788, non-se-
quenced strain

Pool of 33785,
33786, 33787,
33788, non-se-
quenced strain

Pool of 33785,
33786, 33787,
33788, non-se-
quenced strain

Pool of 33789,
33790, 34649,
34650, 34651

Pool of 33789,
33790, 34649,
34650, 34651

33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
33787
39099
39099
39099
39099
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72770
72771
72772
72773
72774
72775
72776
72778
72782
72783
72784

72785
72786
72787
72788
72790
72791
72792
72794
72795
72796
72797
72798
72799
72800
72801
72802
72803
72804
72805
72806
72807
72808
72809
72810
72811
72812
72813
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13

13
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38
22
17
20
33
20
20
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20
18
35
20
17
20
36
19
20
20
35
32
19
20

0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.15
0.06
0.11
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.00

NN NN NN NN =N NN NN NN NN

NN

NN NN NN

NN NN NN NN

Source of F4

Missing spore
killer?

No

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No

Yes

Yes

0.1643264
0.1709996
0.1697484
0.1548728
0.1515362
0.1527874
0.2203531
0.1092729
0.1063534
0.1048241
0.1208119

0.0859169
0.0792437
0.0980120
0.0155707
0.1340192
0.0688169
0.1409704
0.2013068
0.1741971
0.1195607
0.1445850
0.2051995
0.1644655
0.4742110
0.4244404
0.8068956
0.7960517
0.7802030
0.8609759
0.1452801
0.1351314
0.3336577
0.3723064
0.0000000
0.5249548
0.3846795
0.0000000

0.7877936
0.8637322
0.8610603
0.8514977
0.8453101
0.8474195
0.7494023
0.8239347
0.8564196
0.8488258
0.8522008

0.6893545
0.8737168
0.8454507
0.9319364
0.8187315
0.8853888
0.8118408
0.7471523
0.7799184
0.8087470
0.8021375
0.7451835
0.8173253
0.9161862
0.9319364
0.8450288
0.8976234
0.8679511
0.9413585
0.8897483
0.8678104
0.9139362
0.9184362
0.9631557
0.9513430
0.9555618
0.9635776

F3
F3
F3
F3
F3
F3
F3
F3
F4
F4
F4

F4
F4
F4
F4
F2
F2
F2
F2
F2
F2
F2
2
F2
2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2

39099
39099
39099
39099
39099
39099
39099
39099
72776
72776
72776

72776
72776
72776
72776
33774
33774
33774
33776
33776
33776
33776
33777
33777
33777
33777
33778
33778
33778
33778
33779
33779
33779
33779
34649
34649
34649
34649



Table S3: Genes containing potentially damaging SNPs which are

more common in infecting strains

Gene Predicted Chromosome/ Source Feature Start End Score Strand Frame Attribute Orthologs (including self) Functional Annota-
Secreted  Contig tion
UBRO_ FALSE UBRO_chr02  MIPS mRNA 1227023 1228661 ID=mRNA:UBRO_  SPSC_02149 SPSC_06524
20472 20472;Note=+un- UBRO_06511 UBRO_20174
characterized+pro- UBRO_20469 UBRO_20472
tein UBRO_20630 UBRO_20759
UBRO_20057 UBRO_20400
UBRO_20401 BN887_03037
sr15411 SPSC_05615
UHOR_06511 UMAG_04525
UBRO_ * UBRO_chr02 ~ MIPS mRNA 1250468 1252014 ID=mRNA:UBRO_ G0:0016021 integral
21045 21045;Note=+un- component of mem-
characterized+pro- brane,GO:0003677
tein DNA binding
UBRO_ FALSE UBRO_chr02  MIPS mRNA 1500822 1501909 ID=mRNA:UBRO_ GO0:0016021 integral
20479 20479;Note=+un- component of mem-
characterized+pro- brane
tein
UBRO_ FALSE UBRO_chr03  MIPS mRNA 1737859 1739775 ID=mRNA:UBRO_ SPSC_00011 SPSC_00012
01988 01988;Note=+un- UBRO_01988 UBRO_20775
characterized+pro- UBRO_08867 UBRO_20326
tein UHOR_01988 UHOR_14700
UHOR_08867 UHOR_09014
BN887_02167 BN887_06186
SPSC_02318
UBRO_ FALSE UBRO_chr13  MIPS mRNA 161112 162608 ID=mRNA:UBRO_ 5107366 sr11325 sr15209 G0:0003677 DNA
20814 20814;Note=+un- SPSC_01813 SPSC_04725 binding
characterized+pro- UBRO_20361 UBRO_20409
tein UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002
UBRO_ FALSE UBRO_chr13  MIPS mRNA 436916 437809 ID=mRNA:UBRO_  UBRO_20297 UBRO_20462 G0:0003677 DNA
20825 20825;Note=+prob- ~ UBRO_20825 UBRO_20876 binding,GO:0006313
able+transposase UHOR_03913 UHOR_10023 transposition, DNA-
UHOR_10025 sr11477 mediated, GO:00150
SPSC_03451 74 DNA integration
UBRO_ FALSE UBRO_chrl5  MIPS mRNA 249359 250537 ID=mRNA:UBRO_ UBRO_20402 UBRO_20555
20846 20846;Note=+un- UBRO_20435 UBRO_20473
characterized+pro- UBRO_20476 UBRO_20544
tein UBRO_20606 UBRO_20846
UBRO_21007 UBRO_20772
UHOR_14039 UHOR_14142
UHOR_14176 SPSC_01964
UBRO_ FALSE UBRO_chr15  MIPS mRNA 593548 594902 ID=mRNA:UBRO_ UBRO_20110 UBRO_20406
20860 20860;Note=+un- UBRO_20860 UBRO_20886
characterized+pro- UBRO_20914 UHOR_14108
tein UHOR_14114 UHOR_14168
UBRO_ FALSE UBRO_chr22  MIPS mRNA 265779 266447 ID=mRNA:UBRO_ UBRO_21062 UBRO_20218
20278 20278;Note=+un- UBRO_20278 UBRO_20483
characterized+pro- UBRO_20529 UBRO_20533
tein UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745
SPSC_01947 UHOR_03466
UBRO_ FALSE UBRO_chr22  MIPS mRNA 349012 352350 ID=mRNA:UBRO_  SPSC_00011 SPSC_00012
08867 08867;Note=+un- UBRO_01988 UBRO_20775
characterized+pro- UBRO_08867 UBRO_20326
tein UHOR_01988 UHOR_14700
UHOR_08867 UHOR_09014
BN887_02167 BN887_06186
SPSC_02318
UHOR_ FALSE UHOR_scaf-  orf mRNA 493 1106 ID=mRNA_UHOR_
12027 fold_4.00047 12027;Parent=UHO
R_12027;Name=UH
OR_12027;Note=re-
lated+to+retrotrans-
poson-+nucleocapsid
+protein;pedant_db=
p3_t120017_Ust_hor
de_v2;
UHOR_ FALSE UHOR_scaf- orf mRNA 11125 12563 ID=mRNA_UHOR_
12032 fold_4.00047 12032;Parent=UHO

R_12032;Name=UH
OR_12032;Note=re-
lated+to+retrotrans-
poson+protein;ped-
ant_db=p3_t120017
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128

UHOR_
12077

UHOR_
12478

UHOR_
12662

UHOR_
13030

UHOR_
13044

UHOR_
13400

UHOR_
13437

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UHOR_scaf-
fold_4.00107

UHOR_scaf-
fold_4.00674

UHOR_scaf-
fold_4.00883

UHOR_scaf-
fold_4.01246

UHOR_scaf-
fold_4.01260

UHOR_scaf-
fold_5.00006

UHOR_scaf-
fold_5.00007

orf

orf

orf

orf

orf

orf

orf

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

3674

618

207

123

1388

346832

64651

4252

1211

680

563

2431

347704

65639

_Ust_horde_v2;

ID=mRNA_UHOR_
12077;Parent=UHO
R_12077;Name=UH
OR_12077;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
12478;Parent=UHO
R_12478;Name=UH
OR_12478;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR _
12662;Parent=UHO
R_12662;Name=UH
OR_12662;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
13030;Parent=UHO
R_13030;Name=UH
OR_13030;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
13044;Parent=UHO
R_13044;Name=UH
OR_13044;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
13400;Parent=UHO
R_13400;Name=UH
OR_13400;Note=re-
lated+to+retrotrans-
poson+protein;ped-
ant_db=p3_t120017
_Ust_horde_v2;

ID=mRNA_UHOR_
13437;Parent=UHO
R_13437;Name=UH
OR_13437;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

UHOR_13030 UHOR_15088
UHOR_16659 UHOR_13563
BN887_02654

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

G0:0003676 nucleic
acid binding

G0:0005488 binding

G0:0000943 retro-
transposon nucleo-
capsid,GO:0003676
nucleic acid
binding,GO:0015074
DNA integration

G0:0003676 nucleic
acid
binding,GO:0008270
zinc ion binding



UHOR_
08264

UHOR_
14038

UHOR_
00833

UHOR_
14168

UHOR_
14319

UHOR_
06744

UHOR_
06758

UHOR_
14699

UHOR_
00956

UHOR_
14792

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UHOR_scaf-
fold_5.00018

UHOR_scaf-
fold_5.00019

UHOR_scaf-
fold_5.00019

UHOR_scaf-
fold_5.00019

UHOR_scaf-
fold_5.00022

UHOR_scaf-
fold_5.00028

UHOR_scaf-
fold_5.00028

UHOR_scaf-
fold_5.00028

UHOR_scaf-
fold_5.00030

UHOR_scaf-
fold_5.00030

orf

orf

orf

orf

orf

orf

orf

orf

orf

orf

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

267785

174942

379787

473789

15660

199

38136

265676

45079

113463

268183

176285

380902

475059

17797

561

38939

266554

46290

114929

ID=mRNA_UHOR_
08264;Parent=UHO
R_08264;Name=UH
OR_08264;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
14038;Parent=UHO
R_14038;Name=UH
OR_14038;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
00833;Parent=UHO
R_00833;Name=UH
OR_00833;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
14168;Parent=UHO
R_14168;Name=UH
OR_14168;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
14319;Parent=UHO
R_14319;Name=UH
OR_14319;Note=re-
lated+to+TNA1+-
+high-+affinity+nicot
inic+acid+plasma+m
embrane-+permease;
pedant_db=p3_t1200
17_Ust_horde_v2;

ID=mRNA_UHOR_
06744;Parent=UHO
R_06744;Name=UH
OR_06744;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
06758;Parent=UHO
R_06758;Name=UH
OR_06758;Note=un-
characterized+pro-
tein+(N-
terminal+fragment);
pedant_db=p3_t1200
17_Ust_horde_v2;

ID=mRNA_UHOR_
14699;Parent=UHO
R_14699;Name=UH
OR_14699;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
00956;Parent=UHO
R_00956;Name=UH
OR_00956;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
14792;Parent=UHO

R_14792;Name=UH
OR_14792;Note=un-

UBRO_20403 UBRO_20494
UBRO_20581 UBRO_20600
UBRO_20693 UBRO_20773
UBRO_20905 UBRO_21046
UBRO_21083 UBRO_20434
UBRO_20451 UBRO_20527
UBRO_20538 UBRO_20707
UBRO_20586 UBRO_20665
UBRO_20701 UHOR_14038
UHOR_14159 UHOR_14178
SPSC_01963 UHOR_14003
UBRO_20842

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

UBRO_20110 UBRO_20406
UBRO_20860 UBRO_20886
UBRO_20914 UHOR_14108
UHOR_14114 UHOR_14168

UBRO_20208 UHOR_06758

sr11895 SPSC_01870
UBRO_00956 UHOR_00956
UMAG_00616

G0:0003677 DNA
binding

G0:0016021 integral
component of mem-
brane

G0:0016021 integral
component of mem-
brane,GO:0005488
binding

G0:0003676 nucleic
acid
binding,GO:0015074
DNA integration

G0:0016021 integral
component of mem-
brane

G0:0000943 retro-
transposon nucleo-
capsid

129



130

UHOR_
15109

UHOR_
15131

UHOR_
03849

UHOR_
15354

UHOR_
04813

UHOR_
07800

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UHOR_scaf-
fold_5.00036

UHOR_scaf-
fold_5.00036

UHOR_scaf-
fold_5.00036

UHOR_scaf-
fold_5.00041

UHOR_scaf-
fold_5.00045

UHOR_scaf-
fold_5.00063

orf

orf

orf

orf

orf

orf

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

203226

262671

330856

253328

147799

212409

204892

263774

332265

254368

150252

213065

characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR _
15109;Parent=UHO
R_15109;Name=UH
OR_15109;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
15131;Parent=UHO
R_15131;Name=UH
OR_15131;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
03849;Parent=UHO
R_03849;Name=UH
OR_03849;Note=pro
bable-+translation+in
itiation+factor+eIF2
+gamma-+chain;ped-
ant_db=p3_t120017
_Ust_horde_v2;

ID=mRNA_UHOR_
15354;Parent=UHO
R_15354;Name=UH
OR_15354;Note=un-
characterized+pro-
tein+(N-
terminal+fragment);
pedant_db=p3_t1200
17_Ust_horde_v2;

ID=mRNA_UHOR_
04813;Parent=UHO
R_04813;Name=UH
OR_04813;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

ID=mRNA_UHOR_
07800;Parent=UHO
R_07800;Name=UH
OR_07800;Note=un-
characterized+pro-
tein;pedant_db=p3_t
120017_Ust_horde_
v2;

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

BN887_05401 sr13562
SPSC_01777 UBRO_03849
UHOR_03849 UMAG_10129

UHOR_01827 UHOR_15092
UHOR_16068 UHOR_14844
UHOR_15354 UHOR_16801
UBRO_20258

SPSC_01802 SPSC_02044
SPSC_03529 UBRO_02119
UBRO_04813 UBRO_20573
UBRO_20574 UBRO_20867
UBRO_20967 UMAG_11874
UMAG_01443 UMAG_03635
UMAG_04689 UMAG_04693
UMAG_04887 UMAG_05066
UMAG_05621 UMAG_06351
UMAG_06356 UMAG_06479
UMAG_06505 UMAG_10981
UMAG_11979 UMAG_11109
UMAG_05436 UMAG_06514
UMAG_10169 BN887_04509
sr14681 UHOR_13031
UHOR_02119 UHOR_04813

UHOR_07800 UHOR_12031
UHOR_12112

G0:0003676 nucleic
acid
binding,GO:0008270
zinc ion binding

G0:0003676 nucleic
acid
binding,GO:0008270
zinc ion binding

G0:0005829
cytosol,GO:0005850
eukaryotic transla-
tion initiation factor
2
complex,GO:000374
3 translation initi-
ation factor
activity,GO:0003746
translation elonga-
tion factor
activity,GO:0003924
GTPase
activity,GO:0005525
GTP
binding,GO:0001731
formation of transla-
tion preinitiation
complex,GO:000641
4 translational elong-
ation

GO0:0000943 retro-
transposon nucleo-
capsid

GO0:0000943 retro-
transposon nucleo-
capsid



Table S4: Genes containing potentially damaging SNPs which are
more common in non-infecting strains

Gene

Sourc

Fea- Start

ture

End

Score Strand Frame

Attribute

Orthologs (including self)

Functional An-
notation

UBRO_
20402

UBRO_
20403

UBRO_
20406

UBRO_
01081

UBRO_
20218

UBRO_
00952

UBRO_
00877

UBRO_

Pre- Chromo-

dicted somel/Contig e
Secreted

FALSE UBRO_chr01 orf
FALSE UBRO_chr01 orf
TRUE UBRO_chr01 orf
FALSE UBRO_chr01 orf
FALSE UBRO_chr01 orf
FALSE UBRO_chr01  orf
FALSE UBRO_chr01 orf
FALSE UBRO_chro1  orf

mRNA 177838

mRNA 179986

mRNA 387097

mRNA 408093

mRNA 529301

mRNA 687157

mRNA 783110

mRNA 795531

179013

181224

388419

410111

530659

693033

788053

798260

ID=mRNA_UBRO_
20402;Parent=UB
RO_20402;Name=
UBRO_20402;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20403;Parent=UB
RO_20403;Name=
UBRO_20403;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20406;Parent=UB
RO_20406;Name=
UBRO_20406;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
01081;Parent=UB
RO_01081;Name=
UBRO_01081;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20218;Parent=UB
RO_20218;Name=
UBRO_20218;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
00952;Parent=UB
RO_00952;Name=
UBRO_00952;Not
e=related+to+RKR
1+-+RING+do-
main+E3+ubi-
quitin+ligase;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
00877;Parent=UB
RO_00877;Name=
UBRO_00877;Not
e=related+to+RAD
16+-
+nucleotide+ex-
cision+repair+pro-
tein;pedant_db=p3
_i2_t307758_Ust_
bromi_v3;

ID=mRNA_UBRO_

UBRO_20402 UBRO_20555
UBRO_20435 UBRO_20473
UBRO_20476 UBRO_20544
UBRO_20606 UBRO_20846
UBRO_21007 UBRO_20772
UHOR_14039 UHOR_14142
UHOR_14176 SPSC_01964

UBRO_20403 UBRO_20494
UBRO_20581 UBRO_20600
UBRO_20693 UBRO_20773
UBRO_20905 UBRO_21046
UBRO_21083 UBRO_20434
UBRO_20451 UBRO_20527
UBRO_20538 UBRO_20707
UBRO_20586 UBRO_20665
UBRO_20701 UHOR_14038
UHOR_14159 UHOR_14178
SPSC_01963 UHOR_14003
UBRO_20842

UBRO_20110 UBRO_20406
UBRO_20860 UBRO_20886
UBRO_20914 UHOR_14108
UHOR_14114 UHOR_14168

BN887_03556 sr11989
SPSC_01965 UBRO_01081
UHOR_01081 UMAG_00701

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

BN887_03874 sr11891
SPSC_01866 UBRO_00952
UHOR_00952 UMAG_00612

BN887_02691 sr11849
SPSC_01833 UBRO_00877
UHOR_00877 UMAG_10467

BN887_02673 sr11829

G0:0003677 DNA
binding

G0:0016020 mem-
brane

G0:0003676 nuc-
leic acid
binding,GO:00063
55 regulation of
transcription, DNA-
templated

G0:0005829
cytosol,GO:199011
2RQC
complex,GO:0008
270 zinc ion bind-
ing,GO:0016874 li-
gase

activity, GO:004302
3 ribosomal large
subunit
binding,GO:00616
30 ubiquitin protein
ligase

activity, GO:001656
7 protein ubiquitin-
ation,GO:0072344
rescue of stalled ri-
bosome,G0O:19901
16 ribosome-asso-
ciated ubiquitin-de-
pendent protein
catabolic process

G0:0003676 nuc-
leic acid
binding,GO:00055
24 ATP
binding,GO:00168
18 hydrolase activ-
ity, acting on acid
anhydrides, in
phosphorus-con-
taining
anhydrides,GO:00
46872 metal ion
binding

G0:0003676 nuc-
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00851

UBRO_ FALSE
00905

UBRO_ *
21028

UBRO_ FALSE
00870

UBRO_ FALSE
00869

UBRO_ FALSE
00866

UBRO_ FALSE
00864

UBRO_ FALSE
00862

UBRO_ FALSE
20210

132

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

mRNA 808986 811133

mRNA 816201 816758

mRNA 819845 820360

mRNA 823171 824448

mRNA 826756 828093

mRNA 828871 830389

mRNA 833387 835840

mRNA 846764 848005

00851;Parent=UB
RO_00851;Name=
UBRO_00851;Not
e=related+to+pu-
tative+C2H2+zinc+
finger+protein+flbC
;pedant_db=p3_i2
_t307758_Ust_bro
mi_v3;

ID=mRNA_UBRO_
00905;Parent=UB
RO_00905;Name=
UBRO_00905;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
21028;Parent=UB
RO_21028;Name=
UBRO_21028;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
00870;Parent=UB
RO_00870;Name=
UBRO_00870;Not
e=related+to+MRP
L33+-+mitochon-
drial+ribosomal+pr
otein,+large+sub-
unit;pedant_db=p3
_i2_t307758_Ust_
bromi_v3;

ID=mRNA_UBRO_
00869;Parent=UB
RO_00869;Name=
UBRO_00869;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
00866;Parent=UB
RO_00866;Name=
UBRO_00866;Not
e=related+to+cell+
cycle+arrest+pro-
tein+BUB2;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
00864;Parent=UB
RO_00864;Name=
UBRO_00864;Not
e=probable+glyco-
gen+synthase+kin
ase+3+alpha;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00862;Parent=UB
RO_00862;Name=
UBRO_00862;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20210;Parent=UB
RO_20210;Name=
UBRO_20210;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v

SPSC_02800 UBRO_00851
UHOR_00851 UMAG_00551

BN887_02697 sr11864
SPSC_01817 UBRO_00905
UHOR_00905 UMAG_00586

BN887_02679 sr11841
SPSC_02810 UBRO_00870
UHOR_00870 UMAG_00563

BN887_02698 sr11840
SPSC_02809 UBRO_00869
UHOR_00869 UMAG_00562

BN887_02699 sr11839
SPSC_02808 UBRO_00866
UHOR_00866 UMAG_00561

BN887_02678 sr11838
SPSC_02807 UBRO_00864
UHOR_00864 UMAG_00560

BN887_02700 UBRO_00862
UHOR_00862

UBRO_20342 UBRO_21048
UHOR 10026 UHOR_10032
UHOR_12026 UHOR_13117
UHOR_13979 UHOR_13994
UHOR_14022 UHOR_14049
UHOR_14093 UHOR_14103
UHOR_14152 UHOR_14181
UHOR_14949 UHOR_15002

leic acid binding

G0:0006270 DNA
replication initiation

G0:0003677 DNA
binding

G0:0015934 large
ribosomal
subunit,GO:00037
35 structural con-
stituent of ribo-
some,G0:0006412
translation

G0:0044732 mi-
totic spindle pole
body,GO:1990334
Bfal-Bub2 com-
plex,GO:0005096
GTPase activator
activity, GO:001713
7 Rab GTPase
binding,GO:00068
86 intracellular pro-
tein
transport,GO:0031
030 negative regu-
lation of septation
initiation
signaling,GO:0045
737 positive regu-
lation of cyclin-de-
pendent protein
serine/threonine
kinase

activity, GO:009063
0 activation of GT-
Pase activity

GO:0004674 pro-
tein serine/threon-
ine kinase

activity, GO:000552
4 ATP
binding,GO:00064
68 protein phos-
phorylation

G0:0016787 hy-
drolase activity

G0:0005634 nuc-
leus,G0:0003676
nucleic acid bind-
ing,GO:0015074
DNA integration



UBRO_
00859

UBRO_
00858

UBRO_
12050

UBRO_
00854

UBRO_
00853

UBRO_
00879

UBRO_
00880

UBRO_
12088

UBRO_
00883

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

mRNA 850166 852153

mRNA 856800 857885

mRNA 858157 859897

mRNA 861298 864351

mRNA 865267 870312

mRNA 891928 894405

mRNA 894825 895678

mRNA 898327 903384

mRNA 903800 906433

ID=mRNA_UBRO_
00859;Parent=UB
RO_00859;Name=
UBRO_00859;Not
e=related+to+GDP
/
GTP+exchange+fa
ctor+for+Gsplp/
Gsp2p;pedant_db=
p3_i2_t307758_Us
t_bromi_v3;

ID=mRNA_UBRO_
00858;Parent=UB
RO_00858;Name=
UBRO_00858;Not
e=probable+gly-
cerol-3-
phosphate+dehyd-
rogenase+
(NAD);pedant_db=
p3_i2_t307758_Us
t_bromi_v3;

ID=mRNA_UBRO_
12050;Parent=UB
RO_12050;Name=
UBRO_12050;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00854;Parent=UB
RO_00854;Name=
UBRO_00854;Not
e=related+to+GT-
Pase+activating+pr
otein+sec2;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
00853;Parent=UB
RO_00853;Name=
UBRO_00853;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
00879;Parent=UB
RO_00879;Name=
UBRO_00879;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00880;Parent=UB
RO_00880;Name=
UBRO_00880;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
12088;Parent=UB
RO_12088;Name=
UBRO_12088;Not
e=probable+DNA/
RNA+helicase+
(DEAD/
H+box+family+I1);p
edant_db=p3_i2_t
307758_Ust_bromi
_v3;

ID=mRNA_UBRO_
00883;Parent=UB

UHOR_12028 UHOR_12910
UHOR_13005 UHOR_13006
UHOR_14132 UHOR_14739
BN887_02598 UBRO_20153
UBRO_20210 UBRO_20516
UBRO_20889

BN887_02701 sr11835
SPSC_02805 UBRO_00859
UHOR_00859 UMAG_10463

BN887_02702 sr11834
SPSC_02804 UBRO_00858
UHOR_00858 UMAG_00555

BN887_02675 sr11833
SPSC_02803 UBRO_12050
UHOR_12050 UMAG_10462

BN887_02703 sr11832
SPSC_02802 UBRO_00854
UHOR_00854 UMAG_00553

BN887_02674 sr11831
SPSC_02801 UBRO_00853
UHOR_00853 UMAG_10461

BN887_02690 sr11850
SPSC_01832 UBRO_00879
UHOR_00879 UMAG_00572

BN887_02689 sr11851
SPSC_01831 UBRO_00880
UHOR_00880 UMAG_00573

BN887_02688 sr11852
SPSC_01830 UBRO_12088
UHOR_12088 UMAG_00574

BN887_02693 sr11853
SPSC_01829 UBRO_00883

G0:0009331 gly-
cerol-3-phosphate
dehydrogenase
complex,GO:0004
367 glycerol-3-
phosphate dehyd-
rogenase [NAD+]
activity, GO:004280
3 protein homodi-
merization

activity, GO:005128
7 NAD
binding,GO:00059
75 carbohydrate
metabolic
process,G0O:00461
68 glycerol-3-phos-
phate catabolic
process,GO:00551
14 oxidation-reduc-
tion process

GO0:0005086 ARF
guanyl-nucleotide
exchange factor
activity, GO:003201
2 regulation of ARF
protein signal
transduction

G0:0031011 Ino80
complex,GO:0042

133



UBRO_
00884

UBRO_
00885

UBRO_
00887

UBRO_
00894

UBRO_
03911

UBRO_
00849

UBRO_
00845
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FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

mRNA 906591

mRNA 908242

mRNA 909933

mRNA 916072

mRNA 928922

mRNA 970417

mRNA 974504

907328

909732

912155

916884

929822

973560

976447

RO_00883;Name=
UBRO_00883;Not
e=related+to+IES1
+-
+Subunit+1+of+the
+INO80+chro-
matin+remodeling+
complex;pedant_d
b=p3_i2_t307758_
Ust_bromi_v3;

ID=mRNA_UBRO_
00884;Parent=UB
RO_00884;Name=
UBRO_00884;Not
e=related+to+LRP
1+-+nuclear+exo-
some-
associated+nuc-
leic+acid+binding+
protein;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
00885;Parent=UB
RO_00885;Name=
UBRO_00885;Not
e=probable+b+mat
ing+type+locus,
+bE1+allele;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00887;Parent=UB
RO_00887;Name=
UBRO_00887;Not
e=probable+b+mat
ing+type+locus,
+bW1+allele;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00894;Parent=UB
RO_00894;Name=
UBRO_00894;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
03911;Parent=UB
RO_03911;Name=
UBRO_03911;Note
=related+to+sub-
unit+of+the+Arp2/3
+complex;pedant_
db=p3_i2_t307758
_Ust_bromi_v3;

ID=mRNA_UBRO_
00849;Parent=UB
RO_00849;Name=
UBRO_00849;Not
e=related+to+UTR
1+
(associated+with+f
erric+reductase+ac
tivity);pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
00845;Parent=UB
RO_00845;Name=
UBRO_00845;Not
e=related+to+GDA

UHOR_00883 UMAG_00575

BN887_02687 sr11854
SPSC_01828 UBRO_00884
UHOR_00884 UMAG_00576

BN887_02686 sr11855
SPSC_01827 UBRO_00885
UHOR_00885 UMAG_12052

BN887_02694 sr11856
SPSC_01826 UBRO_00887
UHOR_00887 UMAG_00578

BN887_02695 sr11858
SPSC_01811 UBRO_00894
UHOR_00894 UMAG_10468

BN887_03007 sr13589
SPSC_01808 UBRO_03911
UHOR_03911 UMAG_ 02388

BN887_02672 sr11828
SPSC_02799 UBRO_00849
UHOR_00849 UMAG_00549

BN887_02704 sr11827
SPSC_02798 UBRO_00845
UHOR_00845 UMAG_00548

766 nucleosome
mobilization

G0:0005634 nuc-
leus,GO:0003677
DNA
binding,GO:00063
55 regulation of
transcription, DNA-
templated

G0:0005634 nuc-
leus,GO:0003677
DNA binding

G0:0016021 integ-
ral component of
membrane

G0:0005826
actomyosin con-
tractile
ring,GO:0005885
Arp2/3 protein
complex,GO:0030
479 actin cortical
patch,GO:0031097
medial
cortex,GO:003131
5 extrinsic com-
ponent of mito-
chondrial outer
membrane,GO:004
3332 mating pro-
jection
tip,GO:0003729
mRNA
binding,GO:00051
98 structural mo-
lecule

activity, GO:005101
5 actin filament
binding,GO:00000
01 mitochondrion
inheritance,GO:00
00147 actin cor-
tical patch as-
sembly,GO:003431
4 Arp2/3 complex-
mediated actin
nucleation

G0:0003951
NAD+ kinase activ-
ity, GO:0006741
NADP biosynthetic
process,GO:00163
10 phosphoryla-
tion,GO:0019674
NAD metabolic
process

G0:0016021 integ-
ral component of
membrane,GO:001
6787 hydrolase
activity



UBRO_
00844

UBRO_
20414

UBRO_
00840

UBRO_
00839

UBRO_
00832

UBRO_
00829

UBRO_
12331

UBRO_
20130

UBRO_
03919

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

mRNA 976672

mRNA 978276

mRNA 980743

mRNA 981650

mRNA 986582

mRNA 990960

mRNA 993989

mRNA 996554

mRNA 100403

977598

978556

981309

982804

990754

993182

996133

997219

100510

1+-+guanosine+di-
phosphatase;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00844;Parent=UB
RO_00844;Name=
UBRO_00844;Not
e=probable+PRO3
+-+delta+1-
pyrroline-5-
carboxylate+re-
ductase;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
20414;Parent=UB
RO_20414;Name=
UBRO_20414;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
00840;Parent=UB
RO_00840;Name=
UBRO_00840;Not
e=related+to+MIC
17+-+mitochon-
drial+intermem-
brane+space+pro-
tein,
+required+for+nor-
mal+oxygen+con-
sumption;pedant_d
b=p3_i2_t307758_
Ust_bromi_v3;

ID=mRNA_UBRO_
00839;Parent=UB
RO_00839;Name=
UBRO_00839;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
00832;Parent=UB
RO_00832;Name=
UBRO_00832;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
00829;Parent=UB
RO_00829;Name=
UBRO_00829;Not
e=related+to+HRD
1+-+ubiquitin-pro-
tein+ligase;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
12331;Parent=UB
RO_12331;Name=
UBRO_12331;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20130;Parent=UB
RO_20130;Name=
UBRO_20130;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
03919;Parent=UB
RO_03919;Name=

BN887_02671 sr11826
SPSC_02797 UBRO_00844
UHOR_00844 UMAG_00547

BN887_02705 sr11824
SPSC_02795 UBRO_00840
UHOR_00840 UMAG_15006

BN887_02669 sr11823
SPSC_02794 UBRO_00839
UHOR_00839 UMAG_00545

BN887_02706 sr11822
SPSC_02793 UBRO_00832
UHOR_00832 UMAG_00543

BN887_02668 sr11821
SPSC_02792 UBRO_00829
UHOR_00829 UMAG_00542

BN887_02667 sr11819
SPSC_02791 UBRO_12331
UHOR_12331 UMAG_00540

sr11820 UBRO_20130
UHOR_12333 UMAG_11445

BN887_03008 sr13592
SPSC_02812 UBRO_03919
UHOR_03919 UMAG_10141

G0:0016021 integ-
ral component of
membrane,GO:000
4735 pyrroline-5-
carboxylate re-
ductase

activity, GO:005511
4 oxidation-reduc-
tion
process,GO:00551
29 L-proline bio-
synthetic process

G0:0016740 trans-
ferase activity

G0:0000836
Hrd1p ubiquitin lig-
ase
complex,GO:0016
021 integral com-
ponent of mem-
brane,GO:0008270
zinc ion
binding,GO:00168
74 ligase

activity, GO:006163
0 ubiquitin protein
ligase

activity, GO:001656
7 protein ubiquitin-
ation,G0O:0030433
ubiquitin-depend-
ent ERAD pathway

G0:0016021 integ-
ral component of
membrane

G0:0016021 integ-
ral component of
membrane
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UBRO_
03920

UBRO_
03923

UBRO_
20131

FALSE

FALSE

FALSE

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

mRNA

mRNA

mMRNA

100560
3

100936
7

101197
7

100689
5

101025
6

101304
6

UBRO_03919;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

03920;Parent=UB
RO_03920;Name=
UBRO_03920;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

03923;Parent=UB
RO_03923;Name=
UBRO_03923;Not
e=probable+TATA-
box-
binding+factor+TB
P;pedant_db=p3_i
2_t307758_Ust_br
omi_v3;

ID=mRNA_UBRO_
20131;Parent=UB
RO_20131;Name=
UBRO_20131;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v

BN887_02940 sr13593
SPSC_02813 UBRO_03920
UHOR_03920 UMAG_02392

BN887_02939 sr13595
SPSC_02815 UBRO_03923
UHOR_03923 UMAG_10143

UBRO_14159 UBRO_20131
UBRO_20501 UBRO_20782
UBRO_20801 UBRO_21051
UBRO_21086

G0:0016021 integ-
ral component of
membrane

G0:0000120 RNA
polymerase | tran-
scription factor
complex,GO:0000
126 transcription
factor TFIIIB com-
plex,GO:0005669
transcription factor
TFIID
complex,GO:0005
672 transcription
factor TFIIA com-
plex,GO:0000978
RNA polymerase I
proximal promoter
sequence-specific
DNA
binding,GO:00009
79 RNA poly-
merase |l core pro-
moter sequence-
specific DNA bind-
ing,GO:0001006
RNA polymerase
Il type 3 promoter
sequence-specific
DNA
binding,GO:00010
92 TFIIA-class
transcription factor
complex
binding,GO:00011
02 RNA poly-
merase |l activat-
ing transcription
factor
binding,GO:00011
86 RNA poly-
merase | transcrip-
tion regulator re-
cruiting

activity, GO:000368
2 chromatin bind-
ing,GO:0003700
DNA-binding tran-
scription factor
activity, GO:000374
3 translation initi-
ation factor

activity, GO:000830
1 DNA binding,
bending,GO:00977
18 disordered do-
main specific bind-
ing,G0O:0001188
RNA polymerase |
preinitiation com-
plex
assembly,GO:0006
355 regulation of
transcription, DNA-
templated,GO:000
6413 translational
initiation,GO:00427
90 nucleolar large
rRNA transcription
by RNA poly-
merase
1,GO:0051123 RNA
polymerase I
preinitiation com-
plex
assembly,GO:0070
893 transposon in-
tegration,GO:0070
898 RNA poly-
merase Il preiniti-
ation complex as-
sembly



UBRO_
20133

UBRO_
20415

UBRO_
20136

UBRO_
00824

UBRO_
20137

UBRO_
20138

UBRO_
00820

UBRO_
00818

UBRO_
00816

UBRO_
00899

FALSE

FALSE

TRUE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

UBRO_chr01

orf

orf

orf

orf

orf

orf

orf

orf

orf

orf

mMRNA

mMRNA

mRNA

mMRNA

mMRNA

mMRNA

mMRNA

mRNA

mMRNA

mRNA

101507
8

101704
7

102872
7

103177
7

104225
2

104332
4

104553
8

104654
2

104813
3

106644
1

101547
6

101888
1

102957
6

103721
8

104313
6

104360
5

104636
8

104723
1

105062
2

106837
8

3;

ID=mRNA_UBRO_
20133;Parent=UB
RO_20133;Name=
UBRO_20133;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20415;Parent=UB
RO_20415;Name=
UBRO_20415;Not
e=related+to+fer-
ric+reductase;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20136;Parent=UB
RO_20136;Name=
UBRO_20136;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
00824;Parent=UB
RO_00824;Name=
UBRO_00824;Not
e=related+to+MON
2+-
+peripheral+mem-
brane+protein+with
+a+role+in+endo-
cytosis+and+vacu-
ole+integrity;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20137;Parent=UB
RO_20137;Name=
UBRO_20137;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20138;Parent=UB
RO_20138;Name=
UBRO_20138;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
00820;Parent=UB
RO_00820;Name=
UBRO_00820;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
00818;Parent=UB
RO_00818;Name=
UBRO_00818;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
00816;Parent=UB
RO_00816;Name=
UBRO_00816;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
00899;Parent=UB
RO_00899;Name=
UBRO_00899;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

BN887_02938 sr13596
SPSC_02816 UBRO_20415
UHOR_03924 UMAG_02395

BN887_02707 sr11818
SPSC_02790 UBRO_00824
UHOR_00824 UMAG_00539

BN887_02664 sr11814
SPSC_02786 UBRO_20138
UMAG_11441

BN887_02708 sr11813
SPSC_02785 UBRO_00820
UHOR_00820 UMAG_00536

BN887_02663 sr11812
SPSC_02784 UBRO_00818
UHOR_00818

BN887_02709 sr11811
SPSC_02783 UBRO_00816
UHOR_00816 UMAG_00535

BN887_02684 sr11859
SPSC_01812 UBRO_00899
UHOR_00899 UMAG_00581

G0:0016021 integ-
ral component of
membrane,GO:001
6491 oxidore-
ductase activity

G0:0016020 mem-
brane

G0:0015031 pro-
tein transport

G0:0016021 integ-
ral component of
membrane

GO:0005777 per-
oxisome,GO:0010
468 regulation of
gene expression

G0:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0032153
cell division
site,GO:0035838
growing cell
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UBRO_
03908

UBRO_
03903

UBRO_
03902

UBRO_
03865

UBRO_
03861

UBRO_
20143

UBRO_
03832

UBRO_
20146

138

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

mMRNA

mRNA

mMRNA

mMRNA

mMRNA

mMRNA

mMRNA

mMRNA

108210 108524
3 5

109062 109193
1 4

109226 109296
5 3

110709 111060
1 0

1110999 111406
1

1116554 111910
9

1119818 112281
1

121485 121628
9 5

ID=mRNA_UBRO_
03908;Parent=UB
RO_03908;Name=
UBRO_03908;Not
e=related+to+oli-
gopeptide+trans-
porter;pedant_db=
p3_i2_t307758_Us
t_bromi_v3;

ID=mRNA_UBRO_
03903;Parent=UB
RO_03903;Name=
UBRO_03903;Not
e=probable+pan-
toate--beta-alan-
ine+ligase;pedant_
db=p3_i2_t307758
_Ust_bromi_v3;

ID=mRNA_UBRO_
03902;Parent=UB
RO_03902;Name=
UBRO_03902;Not
e=probable+al-
mating+type+pro-
tein+Rbal;pedant_
db=p3_i2_t307758
_Ust_bromi_v3;

ID=mRNA_UBRO_
03865;Parent=UB
RO_03865;Name=
UBRO_03865;Not
e=related+to+va-
cuolar+protein-
sorting+protein+VP
S35;pedant_db=p3
_i2_t307758_Ust_
bromi_v3;

ID=mRNA_UBRO_
03861;Parent=UB
RO_03861;Name=
UBRO_03861;Not
e=related+to+MC
M10+-
+essential+chro-
matin-
associated+pro-
tein+involved+in+t
he+initiation+of+D
NA-+replication;ped
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20143;Parent=UB
RO_20143;Name=
UBRO_20143;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
03832;Parent=UB
RO_03832;Name=
UBRO_03832;Not
e=related+to+trans
lation+initiation+fac
tor+IF-2,+mito-
chondrial;pedant_d
b=p3_i2_t307758_
Ust_bromi_v3;

ID=mRNA_UBRO_
20146;Parent=UB
RO_20146;Name=
UBRO_20146;Not

BN887_02943 BN887_04986
sr13585 sr15234 sr16251
SPSC_00222 SPSC_01072
SPSC_00881 SPSC_01798
UBRO_03908 UBRO_06799
UBRO_07979 UHOR_03908
UHOR_06799 UHOR_07979
UMAG_02387 UMAG_04347
UMAG_10896 BN887_03178

BN887_02945 sr13581
SPSC_01803 UBRO_03903
UHOR_03903 UMAG_10139

BN887_02946 sr13580
UBRO_03902 UHOR_03902
UMAG_02384

BN887_05395 sr13574
SPSC_01766 UBRO_03865
UHOR_03865 UMAG_10136

BN887_05417 sr13573
SPSC_01767 UBRO_03861
UHOR_03861 UMAG_10135

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

BN887_05007 sr13548
SPSC_01791 UBRO_03832
UHOR_03832 UMAG_02344

UBRO_20146 UMAG_10485

tip,G0:0007127
meiosis |

GO0:0016021 integ-
ral component of
membrane

G0:0005770 late
endosome,GO:000
5829
cytosol,GO:003090
6 retromer, cargo-
selective
complex,GO:0008
565 protein trans-
porter

activity, GO:000688
6 intracellular pro-
tein
transport,GO:0042
147 retrograde
transport, endo-
some to Golgi

G0:0005634 nuc-
leus,GO:0003690
double-stranded
DNA
binding,GO:00036
97 single-stranded
DNA
binding,GO:00062
70 DNA replication
initiation

GO0:0005739 mito-
chondrion,GO:000
3743 translation
initiation factor
activity, GO:000392
4 GTPase

activity, GO:000552
5GTP
binding,GO:00701
24 mitochondrial
translational initi-
ation

G0:0003676 nuc-
leic acid

binding,GO:00082
70 zinc ion binding



UBRO_
20153

UBRO_
15112

UBRO_
20156

UBRO_
20157

UBRO_
21038

UBRO_
20160

UBRO_
21039

UBRO_
20444

UBRO_
20242

FALSE

FALSE

FALSE

FALSE

*

FALSE

*

FALSE

FALSE

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr01 orf

UBRO_chr02 orf

UBRO_chr02 orf

mMRNA

mRNA

mRNA

mMRNA

mMRNA

mMRNA

mRNA

MRNA

mMRNA

127305
4

131101
6

134355

9

135060
0

139965
4

140131
2

140325
7

66845

308977

127557
8

131436
3

134445

8

135160
9

140107
1

140249
6

140364
9

67288

309986

e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20153;Parent=UB
RO_20153;Name=
UBRO_20153;Not
e=related+to+Gag-
pol+polyprotein;pe
dant_db=p3_i2_t3
07758_Ust_bromi_
v3;

ID=mRNA_UBRO
15112;Parent=UB
RO_15112;Name=
UBRO_15112;Note
=uncharacterized+
protein;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
20156;Parent=UB
RO_20156;Name=
UBRO_20156;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20157;Parent=UB
RO_20157;Name=
UBRO_20157;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
21038;Parent=UB
RO_21038;Name=
UBRO_21038;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20160;Parent=UB
RO_20160;Name=
UBRO_20160;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

21039;Parent=UB
RO_21039;Name=
UBRO_21039;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

20444;Parent=UB
RO_20444;Name=
UBRO_20444;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_

20242;Parent=UB
RO_20242;Name=
UBRO_20242;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

UBRO_20342 UBRO_21048
UHOR_10026 UHOR_10032
UHOR_12026 UHOR_13117
UHOR_13979 UHOR_13994
UHOR_14022 UHOR_14049
UHOR_14093 UHOR_14103
UHOR_14152 UHOR_14181
UHOR_14949 UHOR_15002
UHOR_12028 UHOR_12910
UHOR_13005 UHOR_13006
UHOR_14132 UHOR_14739
BNS87_02598 UBRO_20153
UBRO_20210 UBRO_20516
UBRO_20889

BN887_03270 sr13507
SPSC_01723 UBRO_15112
UHOR_15112 UMAG_02311

UBRO_20157 UBRO_20217
UBRO_20242 UBRO_20277
UBRO_20314 UBRO_20389
UBRO_20449 UBRO_20455
UBRO_20458 UBRO_20482
UBRO_20504 UBRO_20528
UBRO_20534 UBRO_20548
UBRO_20589 UBRO_20670
UBRO_20671 UBRO_20690
UBRO_20790 UBRO_20848
UBRO_20874 UBRO_20859
SPSC_04004 UMAG_02747

UBRO_20340 UBRO_20995
UHOR_01754 UHOR_02803
UHOR_06991 UHOR_14945
UHOR_15241 UHOR_13171
UBRO_21038

UBRO_20160 UHOR_07815

UBRO_20444 UBRO_20498

UBRO_20157 UBRO_20217
UBRO_20242 UBRO_20277
UBRO_20314 UBRO_20389
UBRO_20449 UBRO_20455
UBRO_20458 UBRO_20482
UBRO_20504 UBRO_20528
UBRO_20534 UBRO_20548
UBRO_20589 UBRO_20670
UBRO_20671 UBRO_20690
UBRO_20790 UBRO_20848
UBRO_20874 UBRO_20859
SPSC_04004 UMAG_02747

G0:0003676 nuc-
leic acid
binding,GO:00150
74 DNA integration

GO0:0046872 metal
ion binding

G0:0005488 bind-
ing,GO:0008152
metabolic process

G0:0003676 nuc-
leic acid

binding,G0O:00082
70 zinc ion binding

G0:0000943 retro-
transposon nucleo-
capsid

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
mediated,GO:0015
074 DNA integra-
tion
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UBRO_
20244

UBRO_
20450

UBRO_
20453

UBRO_
20454

UBRO_
21041

UBRO_
20465

UBRO_
20371

UBRO_
21042

UBRO_
21043

UBRO_
20471

FALSE

FALSE

FALSE

FALSE

*

FALSE

FALSE

*

*

FALSE

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

mRNA 496373 496963

mRNA 506979 507443

mRNA 520928 521509

mRNA 712080 712895

mRNA 828635 829894

mRNA 963745 964965

mRNA 107335 107375
9

mRNA 110120 110187
8 0

mRNA 110238 110329
0 4

mRNA 121327 121376
3 1

ID=mRNA_UBRO_
20244;Parent=UB
RO_20244;Name=
UBRO_20244;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20450;Parent=UB
RO_20450;Name=
UBRO_20450;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20453;Parent=UB
RO_20453;Name=
UBRO_20453;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20454;Parent=UB
RO_20454;Name=
UBRO_20454;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21041;Parent=UB
RO_21041;Name=
UBRO_21041;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20465;Parent=UB
RO_20465;Name=
UBRO_20465;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20371;Parent=UB
RO_20371;Name=
UBRO_20371;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21042;Parent=UB
RO_21042;Name=
UBRO_21042;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
21043;Parent=UB
RO_21043;Name=
UBRO_21043;Not
e=related+to+retrot
ransposon+pro-
tein;pedant_db=p3
_i2_t307758_Ust_
bromi_v3;

ID=mRNA_UBRO_
20471;Parent=UB
RO_20471;Name=
UBRO_20471;Not

UBRO_20450 UHOR_03156

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

sr07366 sr11325 sr15209
SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

UBRO_21042 UHOR_12938

G0:0016021 integ-
ral component of
membrane,GO:000
3676 nucleic acid
binding,G0:00150
74 DNA integration

G0:0003676 nuc-
leic acid

binding,GO:00082
70 zinc ion binding

G0:0003677 DNA
binding

G0:0000943 retro-
transposon nucleo-
capsid,GO:000367
6 nucleic acid bind-
ing,G0O:0015074
DNA integration



UBRO_
20472

UBRO_
20473

UBRO_
20476

UBRO_
21048

UBRO_
21049

UBRO_
20479

UBRO_
20481

UBRO_
21052

UBRO_
20499

UBRO_

FALSE

FALSE

FALSE

*

FALSE

FALSE

FALSE

FALSE

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr02 orf

UBRO_chr03 orf

UBRO_chr03 orf

mMRNA

mMRNA

mMRNA

mMRNA

mRNA

mMRNA

mMRNA

MRNA

mMRNA

mRNA

122702
3

124847
9

137686
0

138829
2

139026
2

150082
2

152479
5

195716
2

14723

46175

122866
1

124992
7

137837
4

138998
9

139142
8

150190
9

152640
5

195779
1

16096

47233

e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20472;Parent=UB
RO_20472;Name=
UBRO_20472;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20473;Parent=UB
RO_20473;Name=
UBRO_20473;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20476;Parent=UB
RO_20476;Name=
UBRO_20476;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21048;Parent=UB
RO_21048;Name=
UBRO_21048;Not
e=related+to+retrot
ransposon+nucleo-
capsid+protein;ped
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21049;Parent=UB
RO_21049;Name=
UBRO_21049;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20479;Parent=UB
RO_20479;Name=
UBRO_20479;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20481;Parent=UB
RO_20481;Name=
UBRO_20481;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21052;Parent=UB
RO_21052;Name=
UBRO_21052;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20499;Parent=UB
RO_20499;Name=
UBRO_20499;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

SPSC_02149 SPSC_06524
UBRO_06511 UBRO_20174
UBRO_20469 UBRO_20472
UBRO_20630 UBRO_20759
UBRO_20057 UBRO_20400
UBRO_20401 BN887_03037
sr15411 SPSC_05615

UHOR_06511 UMAG_04525

UBRO_20402 UBRO_20555
UBRO_20435 UBRO_20473
UBRO_20476 UBRO_20544
UBRO_20606 UBRO_20846
UBRO_21007 UBRO_20772
UHOR_14039 UHOR_14142
UHOR_14176 SPSC_01964

UBRO_20402 UBRO_20555
UBRO_20435 UBRO_20473
UBRO_20476 UBRO_20544
UBRO_20606 UBRO_20846
UBRO_21007 UBRO_20772
UHOR_14039 UHOR_14142
UHOR_14176 SPSC_01964

UBRO_20342 UBRO_21048
UHOR_10026 UHOR_10032
UHOR_12026 UHOR_13117
UHOR_13979 UHOR_13994
UHOR_14022 UHOR_14049
UHOR_14093 UHOR_14103
UHOR_14152 UHOR_14181
UHOR_14949 UHOR_15002
UHOR_12028 UHOR_12910
UHOR_13005 UHOR_13006
UHOR_14132 UHOR_14739
BN887_02598 UBRO_20153
UBRO_20210 UBRO_20516
UBRO_20889

UBRO_21049 UHOR_14179

sr07366 sr11325 sr15209
SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

UBRO_04256 UBRO_20275
UBRO_20382 UBRO_20537
UBRO_20714 UBRO_20865
UBRO_20722 UBRO_20724
UBRO_20768 UBRO_20796
UBRO_20837 UBRO_21052
UBRO_20792 UBRO_20212
UBRO_20495 UHOR_04256

sr07366 sr11325 sr15209
SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

UBRO_20105 UBRO_20133

G0:0003676 nuc-
leic acid

binding,GO:00082
70 zinc ion binding

G0:0016021 integ-
ral component of
membrane

G0:0003677 DNA
binding

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
mediated,GO:0015
074 DNA integra-
tion

GO:0003677 DNA
binding
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20502

UBRO_
20248

UBRO_
21055

UBRO_
21056

UBRO_
20515

UBRO_
20516

UBRO_
20524

UBRO_
20525

UBRO_
20527

UBRO_
20361

FALSE

*

*

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

UBRO_chr03 orf

mRNA 77772

mRNA 476808

mRNA 479182

mRNA 553307

mRNA 554926

mRNA 739609

mRNA 806001

mRNA 923859

mRNA 110153
5

78497

477551

479889

554303

556098

740649

806600

925121

110235

20502;Parent=UB
RO_20502;Name=
UBRO_20502;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20248;Parent=UB
RO_20248;Name=
UBRO_20248;Not
e=related+to+GYP
1+-+GTPase+ac-
tivating+protein;pe
dant_db=p3_i2_t3
07758_Ust_bromi_
v3;

ID=mRNA_UBRO_
21055;Parent=UB
RO_21055;Name=
UBRO_21055;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21056;Parent=UB
RO_21056;Name=
UBRO_21056;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20515;Parent=UB
RO_20515;Name=
UBRO_20515;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20516;Parent=UB
RO_20516;Name=
UBRO_20516;Not
e=related+to+Gag-
pol+polyprotein;pe
dant_db=p3_i2_t3
07758_Ust_bromi_
v3;

ID=mRNA_UBRO_

20524;Parent=UB
RO_20524;Name=
UBRO_20524;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_

20525;Parent=UB
RO_20525;Name=
UBRO_20525;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

20527;Parent=UB
RO_20527;Name=
UBRO_20527;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

20361;Parent=UB
RO_20361;Name=
UBRO_20361;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v

UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

UBRO_20248 UHOR_15967

UBRO_20342 UBRO_21048
UHOR_10026 UHOR__10032
UHOR_12026 UHOR_13117
UHOR_13979 UHOR_13994
UHOR_14022 UHOR_14049
UHOR_14093 UHOR_14103
UHOR_14152 UHOR_14181
UHOR_14949 UHOR_15002
UHOR_12028 UHOR_12910
UHOR_13005 UHOR_13006
UHOR_14132 UHOR_14739
BN887_02598 UBRO_20153
UBRO_20210 UBRO_20516
UBRO_20889

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

UBRO_20403 UBRO_20494
UBRO_20581 UBRO_20600
UBRO_20693 UBRO_20773
UBRO_20905 UBRO_21046
UBRO_21083 UBRO_20434
UBRO_20451 UBRO_20527
UBRO_20538 UBRO_20707
UBRO_20586 UBRO_20665
UBRO_20701 UHOR_14038
UHOR_14159 UHOR_14178
SPSC_01963 UHOR_14003
UBRO_20842

sr07366 sr11325 sr15209

SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499

G0:0016491 ox-
idoreductase activ-
ity, GO:0055114 ox-
idation-reduction
process

G0:0003677 DNA
binding

G0:0005634 nuc-
leus,GO:0003676
nucleic acid bind-
ing,GO:0015074
DNA integration

G0:0016021 integ-
ral component of
membrane,GO:000
3677 DNA binding

G0:0003677 DNA
binding



UBRO_
20528

UBRO_
20533

UBRO_
20537

UBRO_
20547

UBRO_
20553

UBRO_
20567

UBRO_
20572

UBRO_
20573

UBRO_
20329

FALSE

FALSE

FALSE

FALSE

TRUE

FALSE

FALSE

FALSE

FALSE

UBRO_chr03

UBRO_chr03

UBRO_chr03

UBRO_chr03

UBRO_chr03

UBRO_chr04

UBRO_chr04

UBRO_chr04

UBRO_chr04

orf

orf

orf

orf

orf

orf

orf

orf

orf

mMRNA

mRNA

MRNA

mRNA

mMRNA

mRNA

mMRNA

110356
0

118021
5

119817
8

143821
7

148547
5

144908

338925

mRNA 437715

mMRNA 448532

110489
6

118136
9

119924
5

143865
4

148598
1

145419

341589

440294

449554

ID=mRNA_UBRO_
20528;Parent=UB
RO_20528;Name=
UBRO_20528;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20533;Parent=UB
RO_20533;Name=
UBRO_20533;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20537;Parent=UB
RO_20537;Name=
UBRO_20537;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20547;Parent=UB
RO_20547;Name=
UBRO_20547;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20553;Parent=UB
RO_20553;Name=
UBRO_20553;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20567;Parent=UB
RO_20567;Name=
UBRO_20567;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20572;Parent=UB
RO_20572;Name=
UBRO_20572;Not
e=related+to+retrot
ransposon+pro-
tein;pedant_db=p3
_i2_t307758_Ust_
bromi_v3;

ID=mRNA_UBRO_
20573;Parent=UB
RO_20573;Name=
UBRO_20573;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20329;Parent=UB
RO_20329;Name=
UBRO_20329;Not

UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

UBRO_20157 UBRO_20217
UBRO_20242 UBRO_20277
UBRO_20314 UBRO_20389
UBRO_20449 UBRO_20455
UBRO_20458 UBRO_20482
UBRO_20504 UBRO_20528
UBRO_20534 UBRO_20548
UBRO_20589 UBRO_20670
UBRO_20671 UBRO_20690
UBRO_20790 UBRO_20848
UBRO_20874 UBRO_20859
SPSC_04004 UMAG_02747

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

UBRO_04256 UBRO_20275
UBRO_20382 UBRO_20537
UBRO_20714 UBRO_20865
UBRO_20722 UBRO_20724
UBRO_20768 UBRO_20796
UBRO_20837 UBRO_21052
UBRO_20792 UBRO_20212
UBRO_20495 UHOR_04256

UBRO_20052 UBRO_20333
UBRO_20547 UBRO_20746

BN887_05068 sr10318
SPSC_03544 UBRO_20553
UMAG_01241

BN887_02599 UBRO_20572
BN887_06274 UHOR_13182
UMAG_12288 UBRO_20518
UHOR_08447

SPSC_01802 SPSC_02044
SPSC_03529 UBRO_02119
UBRO_04813 UBRO_20573
UBRO_20574 UBRO_20867
UBRO_20967 UMAG_11874
UMAG_01443 UMAG_03635
UMAG_04689 UMAG_04693
UMAG_04887 UMAG_05066
UMAG_05621 UMAG_06351
UMAG_06356 UMAG_06479
UMAG_06505 UMAG_10981
UMAG_11979 UMAG_11109
UMAG_05436 UMAG_06514
UMAG_10169 BN887_04509
sr14681 UHOR_13031
UHOR_02119 UHOR_04813

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
mediated,GO:0015
074 DNA integra-
tion

G0:0005488 bind-
ing,G0O:0006886
intracellular protein
transport

G0:0005634 nuc-
leus,GO:0005829
cytosol,GO:000371
4 transcription
corepressor activ-
ity,GO:0070370
cellular heat accli-
mation,G0O:190350
7 negative regula-
tion of nucleic acid-
templated tran-
scription

G0:0000943 retro-
transposon nucleo-
capsid,GO:000367
6 nucleic acid bind-
ing,G0O:0015074
DNA integration

G0:0000943 retro-
transposon nucleo-
capsid,GO:000367
6 nucleic acid bind-
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UBRO_ *
21062

UBRO_ FALSE
20586

UBRO_ FALSE
20587

UBRO_ FALSE
20591

UBRO_ FALSE
20279

UBRO_ FALSE
20285

UBRO_ FALSE
20596

144

UBRO_chr04 orf

UBRO_chr04 orf

UBRO_chr04 orf

UBRO_chr04 orf

UBRO_chr04 orf

UBRO_chr04 orf

UBRO_chr04 orf

mRNA 765814 766518

mRNA 110009 110128
6 1

MRNA 110214 110260
3 4

mRNA 115015 115145
9 7

mRNA 120689 121110
9 4

mRNA 135842 135907

mRNA 144710 145084
4 6

e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21062;Parent=UB
RO_21062;Name=
UBRO_21062;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20586;Parent=UB
RO_20586;Name=
UBRO_20586;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20587;Parent=UB
RO_20587;Name=
UBRO_20587;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20591;Parent=UB
RO_20591;Name=
UBRO_20591;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20279;Parent=UB
RO_20279;Name=
UBRO_20279;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20285;Parent=UB
RO_20285;Name=
UBRO_20285;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20596;Parent=UB
RO_20596;Name=
UBRO_20596;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

UBRO_20403 UBRO_20494
UBRO_20581 UBRO_20600
UBRO_20693 UBRO_20773
UBRO_20905 UBRO_21046
UBRO_21083 UBRO_20434
UBRO_20451 UBRO_20527
UBRO_20538 UBRO_20707
UBRO_20586 UBRO_20665
UBRO_20701 UHOR_14038
UHOR_14159 UHOR_14178
SPSC_01963 UHOR_14003
UBRO_20842

UBRO_20452 UBRO_20539
UBRO_20580 UBRO_20587
UBRO_20610 UBRO_20999

sr07366 sr11325 sr15209
SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

SPSC_00206 SPSC_01500
SPSC_01215 SPSC_05764
UBRO_20081 UBRO_20349
UBRO_20089 UBRO_20219
UBRO_20355 UBRO_20594
UBRO_20727 UBRO_20164
UBRO_20203 UBRO_20637
UBRO_20669 UBRO_20815
UBRO_20220 UBRO_20284
UBRO_20335 UBRO_20728
UBRO_20754 UBRO_20968
UBRO_20279 UBRO_20307
UBRO_20844 UBRO_20280
UBRO_20360 UBRO_20596
UBRO_20964 UBRO_20353
UBRO_20752 UHOR_01239
UHOR_07208 UHOR_12887
UHOR_16074 UHOR_12189
UHOR_14247 sr05445
UBRO_20884 UBRO_20085
UHOR_02454 SPSC_05299
SPSC_06576

SPSC_00206 SPSC_01500
SPSC_01215 SPSC_05764

UBRO_20081 UBRO_20349
UBRO_20089 UBRO_20219
UBRO_20355 UBRO_20594
UBRO_20727 UBRO_20164
UBRO_20203 UBRO_20637
UBRO_20669 UBRO_20815
UBRO_20220 UBRO_20284
UBRO_20335 UBRO_20728
UBRO_20754 UBRO_20968
UBRO_20279 UBRO_20307
UBRO_20844 UBRO_20280
UBRO_20360 UBRO_20596
UBRO_20964 UBRO_20353
UBRO_20752 UHOR_01239
UHOR_07208 UHOR_12887

ing,GO:0015074
DNA integration

G0:0016021 integ-
ral component of
membrane,GO:000
3677 DNA binding

G0:0003677 DNA
binding

G0:0005488 bind-
ing



UBRO_
20598

UBRO_
20606

UBRO_
20622

UBRO_
21002

UBRO_
20714

UBRO_
20696

UBRO_
05068

UBRO_
20690

UBRO_
20685

UBRO_
20722

FALSE

FALSE

FALSE

*

FALSE

FALSE

FALSE

FALSE

TRUE

FALSE

UBRO_chr04 orf

UBRO_chr04 orf

UBRO_chr06 orf

UBRO_chr08 orf

UBRO_chr08 orf

UBRO_chr08 orf

UBRO_chr08 orf

UBRO_chr08 orf

UBRO_chr08 orf

UBRO_chr09 orf

mRNA 148309 148367
3

mRNA 167942 168070
0

mRNA 24689 25850

mRNA 11848 13221

mRNA 43345 44412

mRNA 460266 460859

mRNA 471734 475339

mMRNA 493332 494633

mRNA 589807 590452

mRNA 220244 220990

ID=mRNA_UBRO_
20598;Parent=UB
RO_20598;Name=
UBRO_20598;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20606;Parent=UB
RO_20606;Name=
UBRO_20606;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20622;Parent=UB
RO_20622;Name=
UBRO_20622;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21002;Parent=UB
RO_21002;Name=
UBRO_21002;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20714;Parent=UB
RO_20714;Name=
UBRO_20714;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20696;Parent=UB
RO_20696;Name=
UBRO_20696;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
05068;Parent=UB
RO_05068;Name=
UBRO_05068;Not
e=related+to+STE
23+-+Metallopro-
tease+involved+in
+a-factor+pro-
cessing;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
20690;Parent=UB
RO_20690;Name=
UBRO_20690;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

20685;Parent=UB

RO_20685;Name=
UBRO_20685;Not

e=related+to+Migl
+protein;pedant_d

b=p3_i2_t307758_
Ust_bromi_v3;

ID=mRNA_UBRO_

20722;Parent=UB
RO_20722;Name=
UBRO_20722;Not

UHOR_16074 UHOR_12189
UHOR_14247 s105445
UBRO_20884 UBRO_20085
UHOR_02454 SPSC_05299
SPSC_06576

UBRO_20402 UBRO_20555
UBRO_20435 UBRO_20473
UBRO_20476 UBRO_20544
UBRO_20606 UBRO_20846
UBRO_21007 UBRO_20772
UHOR_14039 UHOR_14142
UHOR_14176 SPSC_01964

sr07366 sr11325 sr15209
SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

UBRO_04256 UBRO_20275
UBRO_20382 UBRO_20537
UBRO_20714 UBRO_20865
UBRO_20722 UBRO_20724
UBRO_20768 UBRO_20796
UBRO_20837 UBRO_21052
UBRO_20792 UBRO_20212
UBRO_20495 UHOR_04256

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

BN887_05458 sr14254
SPSC_04302 UBRO_05068
UHOR_05068 UMAG_11953

UBRO_20157 UBRO_20217
UBRO_20242 UBRO_20277
UBRO_20314 UBRO_20389
UBRO_20449 UBRO_20455
UBRO_20458 UBRO_20482
UBRO_20504 UBRO_20528
UBRO_20534 UBRO_20548
UBRO_20589 UBRO_20670
UBRO_20671 UBRO_20690
UBRO_20790 UBRO_20848
UBRO_20874 UBRO_20859
SPSC_04004 UMAG_02747

UBRO_04675 UBRO_20685
UBRO_20847 sr14220
SPSC_04271 UHOR_04675
UMAG_03223

UBRO_04256 UBRO_20275
UBRO_20382 UBRO_20537
UBRO_20714 UBRO_20865
UBRO_20722 UBRO_20724

G0:0003677 DNA
binding

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
mediated,GO:0015
074 DNA integra-
tion

GO:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
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UBRO_ FALSE
20724

UBRO_ FALSE
20074

UBRO_ FALSE
20733

UBRO_ FALSE
20738

UBRO_ FALSE
20741

UBRO_ FALSE
20752

UBRO_ FALSE
20297

UBRO_ FALSE
20204

UBRO_ FALSE
20235
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UBRO_chr09 orf

UBRO_chr09 orf

UBRO_chr09 orf

UBRO_chr09 orf

UBRO_chr09 orf

UBRO_chr10 orf

UBRO_chr10 orf

UBRO_chrll orf

UBRO_chr12 orf

mRNA 254663

mRNA 433150

mRNA 489983

mRNA 708836

mRNA 713395

mRNA 26565

mRNA 365393

mRNA 455142

mRNA 37072

255729

434200

490453

709777

713700

27932

366247

456176

38856

e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20724;Parent=UB
RO_20724;Name=
UBRO_20724;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20074;Parent=UB
RO_20074;Name=
UBRO_20074;Not

e=related+to+trans
posase;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
20733;Parent=UB
RO_20733;Name=
UBRO_20733;Not
e=related+to+Tran
sposase;pedant_d
b=p3_i2_t307758_
Ust_bromi_v3;

ID=mRNA_UBRO_
20738;Parent=UB
RO_20738;Name=
UBRO_20738;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20741;Parent=UB
RO_20741;Name=
UBRO_20741;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20752;Parent=UB
RO_20752;Name=
UBRO_20752;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20297;Parent=UB
RO_20297;Name=
UBRO_20297;Not
e=probable+trans-
posase;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
20204;Parent=UB
RO_20204;Name=
UBRO_20204;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20235;Parent=UB
RO_20235;Name=
UBRO_20235;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

UBRO_20768 UBRO_20796
UBRO_20837 UBRO_21052
UBRO_20792 UBRO_20212
UBRO_20495 UHOR_04256

UBRO_04256 UBRO_20275
UBRO_20382 UBRO_20537
UBRO_20714 UBRO_20865
UBRO_20722 UBRO_20724
UBRO_20768 UBRO_20796
UBRO_20837 UBRO_21052
UBRO_20792 UBRO_20212
UBRO_20495 UHOR_04256

UBRO_20738 UHOR_12238

SPSC_00206 SPSC_01500
SPSC_01215 SPSC_05764
UBRO_20081 UBRO_20349
UBRO_20089 UBRO_20219
UBRO_20355 UBRO_20594
UBRO_20727 UBRO_20164
UBRO_20203 UBRO_20637
UBRO_20669 UBRO_20815
UBRO_20220 UBRO_20284
UBRO_20335 UBRO_20728
UBRO_20754 UBRO_20968
UBRO_20279 UBRO_20307
UBRO_20844 UBRO_20280
UBRO_20360 UBRO_20596
UBRO_20964 UBRO_20353
UBRO_20752 UHOR_01239
UHOR_07208 UHOR_12887
UHOR_16074 UHOR_12189
UHOR_14247 sr05445
UBRO_20884 UBRO_20085
UHOR_02454 SPSC_05299
SPSC_06576

UBRO_20297 UBRO_20462
UBRO_20825 UBRO_20876
UHOR_03913 UHOR_10023
UHOR_10025 sr11477
SPSC_03451

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

UBRO_20235 UHOR_15968

mediated, GO:0015
074 DNA integra-
tion

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-

mediated, GO:0015
074 DNA integra-
tion

G0:0006259 DNA
metabolic process

GO:0003677 DNA
binding,GO:00063
13 transposition,
DNA-

mediated, GO:0015
074 DNA integra-
tion

G0:0003676 nuc-
leic acid

binding,GO:00082
70 zinc ion binding

G0:0003676 nuc-
leic acid
binding,GO:00062
59 DNA metabolic
process

G0:0005739 mito-
chondrion,GO:001
6021 integral com-
ponent of mem-
brane,GO:0004222
metalloendopepti-
dase

activity, GO:004687
2 metal ion bind-
ing,GO:0051603



UBRO_
20233

UBRO_
20232

UBRO_
06175

UBRO_
21076

UBRO_
21077

UBRO_
21078

UBRO_
20814

UBRO_
20817

UBRO_
20324

UBRO_
20822

FALSE

FALSE

FALSE

*

*

*

FALSE

FALSE

FALSE

FALSE

UBRO_chr12 orf

UBRO_chr12 orf

UBRO_chrl2 o

UBRO_chr12 orf

UBRO_chr12 orf

UBRO_chr12 orf

UBRO_chr13 orf

UBRO_chr13 orf

UBRO_chr13 orf

UBRO_chr13 orf

mRNA 47584 48629

mRNA 49054 49934

mRNA 51491 52084

mRNA 90061 90762

mRNA 91149 91532

mRNA 92110 92445

mRNA 161112 162608

mRNA 320434 321228

mRNA 321890 323270

mRNA 371419 372054

ID=mRNA_UBRO_
20233;Parent=UB
RO_20233;Name=
UBRO_20233;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20232;Parent=UB
RO_20232;Name=
UBRO_20232;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
06175;Parent=UB
RO_06175;Name=
UBRO_06175;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21076;Parent=UB
RO_21076;Name=
UBRO_21076;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
21077;Parent=UB
RO_21077;Name=
UBRO_21077;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
21078;Parent=UB
RO_21078;Name=
UBRO_21078;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20814;Parent=UB
RO_20814;Name=
UBRO_20814;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20817;Parent=UB
RO_20817;Name=
UBRO_20817;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20324;Parent=UB
RO_20324;Name=
UBRO_20324;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_

20822;Parent=UB
RO_20822;Name=
UBRO_20822;Not

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

sr02163 UBRO_20232

UBRO_06175 UHOR_06175

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

sr07366 sr11325 sr15209
SPSC_01813 SPSC_04725
UBRO_20361 UBRO_20409
UBRO_20420 UBRO_20465
UBRO_20481 UBRO_20591
UBRO_20814 UBRO_20827
UBRO_20916 UBRO_20413
UBRO_20416 UBRO_20499
UBRO_20568 UBRO_20763
UBRO_20793 UBRO_20994
UBRO_21002

sr02164 UBRO_20817

UBRO_20324 UHOR_14711

proteolysis in-
volved in cellular
protein catabolic
process

G0:0000943 retro-
transposon nucleo-
capsid
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148

UBRO_
06907

UBRO_
20824

UBRO_
20825

UBRO_
20837

UBRO_
06154

UBRO_
20841

UBRO_
20843

UBRO_
20844

UBRO_

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr13 orf

UBRO_chr13 orf

UBRO_chr13 orf

UBRO_chr15 orf

UBRO_chrl5 orf

UBRO_chr15 orf

UBRO_chrl5 orf

UBRO_chr15 orf

UBRO_chrl5 orf

mMRNA

mRNA

mMRNA

mMRNA

mMRNA

mRNA

mRNA

mMRNA

mRNA

415295

420392

436916

7511

37772

136888

145270

146494

149934

416167

421333

437809

8290

40963

138379

145971

148224

150311

e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
06907;Parent=UB
RO_06907;Name=
UBRO_06907;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
20824;Parent=UB
RO_20824;Name=
UBRO_20824;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20825;Parent=UB
RO_20825;Name=
UBRO_20825;Not
e=probable+trans-
posase;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO
20837;Parent=UB
RO_20837;Name=
UBRO_20837;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO
06154;Parent=UB
RO_06154;Name=
UBRO_06154;Not
e=related+to+va-
cuolar+protein+sor
ting+16;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO
20841;Parent=UB
RO_20841;Name=
UBRO_20841;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20843;Parent=UB
RO_20843;Name=
UBRO_20843;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20844;Parent=UB
RO_20844;Name=
UBRO_20844;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_

BN887_06194 sr15307
SPSC_00956 UBRO_06907
UHOR_06907 UMAG_04421

UBRO_20297 UBRO_20462
UBRO_20825 UBRO_20876
UHOR_03913 UHOR_10023
UHOR_10025 sr11477
SPSC_03451

UBRO_04256 UBRO_20275
UBRO_20382 UBRO_20537
UBRO_20714 UBRO_20865
UBRO_20722 UBRO_20724
UBRO_20768 UBRO_20796
UBRO_20837 UBRO_21052
UBRO_20792 UBRO_20212
UBRO_20495 UHOR_04256

BN887_02451 sr14985
SPSC_05285 UBRO_06154
UHOR_06154 UMAG_11636

UBRO_20764 UBRO_20841

SPSC_00206 SPSC_01500
SPSC_01215 SPSC_05764
UBRO_20081 UBRO_20349
UBRO_20089 UBRO_20219
UBRO_20355 UBRO_20594
UBRO_20727 UBRO_20164
UBRO_20203 UBRO_20637
UBRO_20669 UBRO_20815
UBRO_20220 UBRO_20284
UBRO_20335 UBRO_20728
UBRO_20754 UBRO_20968
UBRO_20279 UBRO_20307
UBRO_20844 UBRO_20280
UBRO_20360 UBRO_20596
UBRO_20964 UBRO_20353
UBRO_20752 UHOR_01239
UHOR_07208 UHOR_12887
UHOR_16074 UHOR_12189
UHOR_14247 sr05445
UBRO_20884 UBRO_20085
UHOR_02454 SPSC_05299
SPSC_06576

G0:0005634 nuc-
leus,G0:0003677
DNA
binding,GO:00082
70 zinc ion
binding,GO:00009
81 DNA-binding
transcription factor
activity, RNA poly-
merase |I-
specific, GO:00063
57 regulation of
transcription by
RNA polymerase Il

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
mediated,GO:0015
074 DNA integra-
tion

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-

mediated, GO:0015
074 DNA integra-
tion

GO0:0005737 cyto-
plasm,G0:000823
7 metallopeptidase
activity, GO:000650
8
proteolysis,GO:000
6886 intracellular
protein
transport,GO:0007
033 vacuole organ-
ization

G0:0003676 nuc-
leic acid
binding,GO:00062
59 DNA metabolic
process



20845

UBRO_
20846

UBRO_
21012

UBRO_
20854

UBRO_
20860

UBRO_
20861

UBRO_
20876

UBRO_
20085

UBRO_
20084

FALSE

*

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr15 orf

UBRO_chr15 orf

UBRO_chrl5 o

UBRO_chr15 orf

UBRO_chr15 orf

UBRO_chr16 orf

UBRO_chr16 orf

UBRO_chr16 orf

mRNA 249359 250537

mRNA 432534 433183

mMRNA 436204 437139

mRNA 593548 594902

mRNA 595268 596807

mRNA 350134 351153

mRNA 558801 561262

mRNA 562971 564301

20845;Parent=UB
RO_20845;Name=
UBRO_20845;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20846;Parent=UB
RO_20846;Name=
UBRO_20846;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21012;Parent=UB
RO_21012;Name=
UBRO_21012;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20854;Parent=UB
RO_20854;Name=
UBRO_20854;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20860;Parent=UB
RO_20860;Name=
UBRO_20860;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20861;Parent=UB
RO_20861;Name=
UBRO_20861;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20876;Parent=UB
RO_20876;Name=
UBRO_20876;Not
e=probable+trans-
posase;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO_
20085;Parent=UB
RO_20085;Name=
UBRO_20085;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20084;Parent=UB
RO_20084;Name=
UBRO_20084;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

UBRO_20402 UBRO_20555
UBRO_20435 UBRO_20473
UBRO_20476 UBRO_20544
UBRO_20606 UBRO_20846
UBRO_21007 UBRO_20772
UHOR_14039 UHOR_14142
UHOR_14176 SPSC_01964

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

UBRO_20110 UBRO_20406
UBRO_20860 UBRO_20886
UBRO_20914 UHOR_14108
UHOR_14114 UHOR_14168

UBRO_21062 UBRO_20218
UBRO_20278 UBRO_20483
UBRO_20529 UBRO_20533
UBRO_20546 UBRO_20590
UBRO_20873 UBRO_20998
UBRO_21009 UBRO_21033
UBRO_21041 UBRO_21053
UBRO_21054 UBRO_21069
UBRO_21084 UBRO_20454
UBRO_20861 UBRO_21034
UBRO_21076 UBRO_20691
UBRO_20887 UBRO_21085
sr16557 UMAG_02745

SPSC_01947 UHOR_03466

UBRO_20297 UBRO_20462
UBRO_20825 UBRO_20876
UHOR_03913 UHOR_10023
UHOR_10025 sr11477
SPSC_03451

SPSC_00206 SPSC_01500
SPSC_01215 SPSC_05764
UBRO_20081 UBRO_20349
UBRO_20089 UBRO_20219
UBRO_20355 UBRO_20594
UBRO_20727 UBRO_20164
UBRO_20203 UBRO_20637
UBRO_20669 UBRO_20815
UBRO_20220 UBRO_20284
UBRO_20335 UBRO_20728
UBRO_20754 UBRO_20968
UBRO_20279 UBRO_20307
UBRO_20844 UBRO_20280
UBRO_20360 UBRO_20596
UBRO_20964 UBRO_20353
UBRO_20752 UHOR_01239
UHOR_07208 UHOR_12887
UHOR_16074 UHOR_12189
UHOR_14247 sr05445
UBRO_20884 UBRO_20085
UHOR_02454 SPSC_05299
SPSC_06576

UBRO_20084 UBRO_20912
UMAG_05313

G0:0016021 integ-
ral component of
membrane

GO0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-

mediated, GO:0015
074 DNA integra-
tion

G0:0005488 bind-
ing

149



150

UBRO_
20173

UBRO_
20169

UBRO_
21021

UBRO_
20966

UBRO_
20342

UBRO_
21023

UBRO_
20277

UBRO_
08867

UBRO_
21201

FALSE

FALSE

*

FALSE

FALSE

*

FALSE

FALSE

*

UBRO_chr19

UBRO_chr19

UBRO_chr21

UBRO_chr21

UBRO_chr22

UBRO_chr22 orf

UBRO_chr22

UBRO_chr22 orf

UBRO_mito

orf

orf

orf

orf

orf

orf

orf

mMRNA

mMRNA

mMRNA

mRNA

mRNA

MRNA

mRNA 267461

mRNA 349012

454099

543704

328492

335842

167444

171486

mRNA 34362

455139

544633

329342

339416

169115

171836

268389

352350

39765

ID=mRNA_UBRO_
20173;Parent=UB
RO_20173;Name=
UBRO_20173;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20169;Parent=UB
RO_20169;Name=
UBRO_20169;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
21021;Parent=UB
RO_21021;Name=
UBRO_21021;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
20966;Parent=UB
RO_20966;Name=
UBRO_20966;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
20342;Parent=UB
RO_20342;Name=
UBRO_20342;Not
e=related+to+retrot
ransposon+nucleo-
capsid+protein;ped
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21023;Parent=UB
RO_21023;Name=
UBRO_21023;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3

ID=mRNA_UBRO_
20277;Parent=UB
RO_20277;Name=
UBRO_20277;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
08867;Parent=UB
RO_08867;Name=
UBRO_08867;Not
e=uncharacter-
ized+protein;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21201;Parent=UB
RO_21201;Name=
UBRO_21201;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p

UBRO_20105 UBRO_20133
UBRO_20161 UBRO_20173
UBRO_20204 UBRO_20233
UBRO_20316 UBRO_20371
UBRO_20388 UBRO_20502
UBRO_20524 UBRO_20639
UBRO_20695 UBRO_20696
UBRO_20800 UBRO_20854
UBRO_20869

UBRO_20035 UBRO_20394
UBRO_20169 UBRO_20647
UBRO_20955 UBRO_20959
UBRO_20985 sr11443

SPSC_05561 UHOR_15672

UBRO_20342 UBRO_21048
UHOR 10026 UHOR_10032
UHOR_12026 UHOR_13117
UHOR_13979 UHOR_13994
UHOR_14022 UHOR_14049
UHOR_14093 UHOR_14103
UHOR_14152 UHOR_14181
UHOR_14949 UHOR_15002
UHOR_12028 UHOR_12910
UHOR_13005 UHOR_13006
UHOR_14132 UHOR_14739
BN887_02598 UBRO_20153
UBRO_20210 UBRO_20516
UBRO_20889

UBRO_20199 UBRO_20439
UBRO_20997 UBRO_21023

UBRO_20157 UBRO_20217
UBRO_20242 UBRO_20277
UBRO_20314 UBRO_20389
UBRO_20449 UBRO_20455
UBRO_20458 UBRO_20482
UBRO_20504 UBRO_20528
UBRO_20534 UBRO_20548
UBRO_20589 UBRO_20670
UBRO_20671 UBRO_20690
UBRO_20790 UBRO_20848
UBRO_20874 UBRO_20859
SPSC_04004 UMAG_02747

SPSC_00011 SPSC_00012
UBRO_01988 UBRO_20775
UBRO_08867 UBRO_20326
UHOR_01988 UHOR_14700
UHOR_08867 UHOR_09014
BN887_02167 BN887_06186
SPSC_02318

G0:0008622 epsi-
lon DNA poly-
merase
complex,GO:0003
677 DNA
binding,GO:00038
87 DNA-directed
DNA polymerase
activity, GO:001649
1 oxidoreductase
activity, GO:000626
1 DNA-dependent
DNA
replication,GO:005
5114 oxidation-re-
duction
process,GO:00718
97 DNA biosyn-
thetic process

G0:0003676 nuc-
leic acid

binding,GO:00082
70 zinc ion binding

G0:0003677 DNA
binding,GO:00063
13 transposition,
DNA-
mediated,GO:0015
074 DNA integra-
tion

GO0:0005751 mito-
chondrial respirat-
ory chain complex
1IV,GO:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-



UBRO_
21202

UBRO_
21203

UBRO_
21204

*

*

*

UBRO_mito

UBRO_mito

UBRO_mito

orf

orf

orf

mRNA 34362
mRNA 34362
mRNA 34362

44491

47004

49774

3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21202;Parent=UB
RO_21202;Name=
UBRO_21202;Not
e=intron-
encoded+GIY-
YIG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21203;Parent=UB
RO_21203;Name=
UBRO_21203;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO
21204;Parent=UB
RO_21204;Name=
UBRO_21204;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
__bromi_v3;

*

brane,GO:0004129
cytochrome-c oxi-
dase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00468
72 metal ion bind-
ing,GO:0006123
mitochondrial elec-
tron transport,
cytochrome c to
oxygen,G0O:00063
14 intron
homing,GO:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

GO0:0005751 mito-
chondrial respirat-
ory chain complex
1V,GO:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0004129
cytochrome-c oxi-
dase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00468
72 metal ion bind-
ing,GO:0006123
mitochondrial elec-
tron transport,
cytochrome c to
oxygen,G0O:00063
14 intron
homing,GO:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

GO0:0005751 mito-
chondrial respirat-
ory chain complex
1V,GO:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0004129
cytochrome-c oxi-
dase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00468
72 metal ion bind-
ing,G0O:0006123
mitochondrial elec-
tron transport,
cytochrome c to
oxygen,G0:00063
14 intron
homing,G0O:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

G0:0005751 mito-
chondrial respirat-
ory chain complex
1V,GO:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0004129
cytochrome-c oxi-
dase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00468
72 metal ion bind-
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UBRO_
21206

UBRO_
21207

UBRO_
21208

UBRO_
21209

*

*

*

*

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

orf

orf

orf

orf

mRNA 34362

mRNA 35113

mRNA 42751

mRNA 43955

55414

36825

43146

44491

ID=mRNA_UBRO_
21206;Parent=UB
RO_21206;Name=
UBRO_21206;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO
21207;Parent=UB
RO_21207;Name=
UBRO_21207;Not
e=probable+group
+lI+intron+reverse
+transcriptase/
maturase;pedant_
db=p3_i2_t307758
_Ust_bromi_v3;

ID=mRNA_UBRO_
21208;Parent=UB
RO_21208;Name=
UBRO_21208;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO
21209;Parent=UB
RO_21209;Name=
UBRO_21209;Not
e=intron-
encoded+GlY-
YIG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

*

ing,G0O:0006123
mitochondrial elec-
tron transport,
cytochrome c to
oxygen,G0:00063
14 intron
homing,G0O:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

G0:0005751 mito-
chondrial respirat-
ory chain complex
1V,GO:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0004129
cytochrome-c oxi-
dase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00468
72 metal ion bind-
ing,GO:0006123
mitochondrial elec-
tron transport,
cytochrome c to
oxygen,G0:00063
14 intron
homing,GO:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

G0:0003964 RNA-
directed DNA poly-
merase

activity, GO:000627
8 RNA-dependent
DNA biosynthetic
process,GO:00063
97 mRNA pro-
cessing

G0:0005751 mito-
chondrial respirat-
ory chain complex
1IV,G0:0016021 in-
tegral component
of
membrane,GO:000
4129 cytochrome-c
oxidase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00061
23 mitochondrial
electron transport,
cytochrome c to
oxygen,G0O:00063
14 intron
homing,GO:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

GO0:0005743 mito-
chondrial inner
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0070469
respirasome,GO:0
004129 cyto-
chrome-c oxidase
activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,G0:00468
72 metal ion bind-
ing,GO:0006119
oxidative phos-
phorylation,GO:00
06314 intron hom-



UBRO_
21210

UBRO_
21212

UBRO_
21214

UBRO_
21216

UBRO_
21218

*

*

*

*

*

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

orf

orf

orf

orf

orf

mRNA 45029

mRNA 55841

mRNA 60291

mRNA 65593

mRNA 69538

45850

56569

61055

66822

71966

ID=mRNA_UBRO_
21210;Parent=UB
RO_21210;Name=
UBRO_21210;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21212;Parent=UB
RO_21212;Name=
UBRO_21212;Not
e=intron-
encoded+GlY+en-
donuclease;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO
21214;Parent=UB
RO_21214;Name=
UBRO_21214;Not
e=ATP+synthase+
subunit+6;pedant_
db=p3_i2_t307758
_Ust_bromi_v3;

ID=mRNA_UBRO_
21216;Parent=UB
RO_21216;Name=
UBRO_21216;Not
e=Cytochrome+c+
oxidase+subunit+2
++/+GIY-YIG+do-
main+of+intron+en
donuclease+l;ped-
ant_db=p3_i2_t30
7758_Ust_bromi_v
3;

ID=mRNA_UBRO_
21218;Parent=UB
RO_21218;Name=
UBRO_21218;Not
e=NADH-ubi-
quinone+oxidore-

*

ing,GO:0009060
aerobic
respiration,GO:002
2900 electron
transport
chain,G0O:0090305
nucleic acid phos-
phodiester bond
hydrolysis,GO:190
2600 proton trans-
membrane trans-
port

G0:0005751 mito-
chondrial respirat-
ory chain complex
1IV,G0:0016021 in-
tegral component
of
membrane,GO:000
4129 cytochrome-c
oxidase

activity, GO:000451
9 endonuclease
activity, GO:002003
7 heme
binding,GO:00061
23 mitochondrial
electron transport,
cytochrome c to
oxygen,G0O:00063
14 intron
homing,GO:00159
90 electron trans-
port coupled pro-
ton
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

G0:0004519 endo-
nuclease

activity, GO:009030
5 nucleic acid
phosphodiester
bond hydrolysis

G0:0005743 mito-
chondrial inner
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0045263
proton-transporting
ATP synthase
complex, coupling
factor
F(0),G0:0015078
proton transmem-
brane transporter
activity, GO:001598
6 ATP synthesis
coupled proton
transport

G0:0005751 mito-
chondrial respirat-
ory chain complex
1IV,G0:0016021 in-
tegral component
of
membrane,GO:000
4129 cytochrome-c
oxidase

activity, GO:000451
9 endonuclease
activity, GO:000550
7 copper ion bind-
ing,G0O:0020037
heme
binding,GO:00090
60 aerobic respira-
tion,G0O:0042773
ATP synthesis
coupled electron
transport, GO:0090
305 nucleic acid
phosphodiester
bond
hydrolysis,GO:190
2600 proton trans-
membrane trans-
port

G0:0005743 mito-
chondrial inner

membrane,GO:000
5886 plasma mem-
brane,G0O:0016021
integral component
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UBRO_
21225

UBRO_
21224

UBRO_
21227

*

*

*

UBRO_mito

UBRO_mito

UBRO_mito

orf

orf

orf

mRNA

mRNA

mMRNA

91600

91600

106770

97075

99986

112713

ductase+chain+1;p
edant_db=p3_i2_t
307758_Ust_bromi
_v3;

ID=mRNA_UBRO_
21225;Parent=UB
RO_21225;Name=
UBRO_21225;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21224;Parent=UB
RO_21224;Name=
UBRO_21224;Not
e=apocytochrome+
b;pedant_db=p3_i
2_t307758_Ust_br
omi_v3;

ID=mRNA_UBRO_
21227;Parent=UB
RO_21227;Name=
UBRO_21227;Not
e=NADH-ubi-
quinone+oxidore-
ductase+chain+5;p
edant_db=p3_i2_t
307758_Ust_bromi
_v3;

of
membrane,GO:007
0469
respirasome,GO:0
008137 NADH de-
hydrogenase (ubi-
quinone)

activity, GO:004803
8 quinone
binding,GO:00090
60 aerobic respira-
tion

G0:0005743 mito-
chondrial inner
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0045275
respiratory chain
complex
11,GO:0003677
DNA
binding,GO:00041
29 cytochrome-c
oxidase

activity, GO:000451
9 endonuclease
activity, GO:000812
1 ubiquinol-cyto-
chrome-c re-
ductase

activity, GO:002003
7 heme
binding,GO:00468
72 metal ion bind-
ing,GO:0006122
mitochondrial elec-
tron transport, ubi-
quinol to cyto-
chrome
¢,G0:0006314 in-
tron
homing,GO:00090
60 aerobic respira-
tion,GO:0090305
nucleic acid phos-
phodiester bond
hydrolysis,GO:190
2600 proton trans-
membrane trans-
port

G0:0005743 mito-
chondrial inner
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0045275
respiratory chain
complex
11,GO:0004129
cytochrome-c oxi-
dase

activity, GO:000812
1 ubiquinol-cyto-
chrome-c re-
ductase

activity, GO:002003
7 heme
binding,G0O:00468
72 metal ion bind-
ing,G0O:0006122
mitochondrial elec-
tron transport, ubi-
quinol to cyto-
chrome
¢,GO:0009060 aer-
obic
respiration,GO:190
2600 proton trans-
membrane trans-
port

G0:0005743 mito-
chondrial inner
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0045263
proton-transporting
ATP synthase
complex, coupling
factor
F(0),G0:0070469
respirasome,GO:0
008137 NADH de-
hydrogenase (ubi-
quinone)

activity, GO:001507
8 proton trans-
membrane trans-
porter

activity, GO:001598
6 ATP synthesis



UBRO_
21229

UBRO_
21231

UBRO_
21234

UBRO_
21235

UBRO_
21236

UBRO_
21237

UBRO_
21238

UBRO_
21239

*

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

UBRO_mito

orf

orf

orf

orf

orf

orf

orf

orf

mMRNA

mMRNA

MRNA

mRNA

mRNA

mMRNA

mRNA

mMRNA

110238

129712

134976

137218

140632

149959

152264

153958

110969

130587

135932

137715

141384

150774

153958

154365

ID=mRNA_UBRO_
21229;Parent=UB
RO_21229;Name=
UBRO_21229;Not
e=intron-
encoded+LAGLID-
ADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21231;Parent=UB
RO_21231;Name=
UBRO_21231;Not
e=NADH-ubi-
quinone+oxidore-
ductase+chain+6;p
edant_db=p3_i2_t
307758_Ust_bromi
_v3;

ID=mRNA_UBRO_
21234;Parent=UB
RO_21234;Name=
UBRO_21234;Not
e=probable+LAGL-
IDADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21235;Parent=UB
RO_21235;Name=
UBRO_21235;Not
e=probable+LAGL-
IDADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO
21236;Parent=UB
RO_21236;Name=
UBRO_21236;Not
e=probable+LAGL-
IDADG+endonuc-
lease;pedant_db=p
3_i2_t307758_Ust
_bromi_v3;

ID=mRNA_UBRO_
21237;Parent=UB
RO_21237;Name=
UBRO_21237;Not
e=ribosomal+pro-
tein+S3;pedant_db
=p3_i2_t307758_U
st_bromi_v3;

ID=mRNA_UBRO
21238;Parent=UB
RO_21238;Name=
UBRO_21238;Not
e=NADH-ubi-
quinone+oxidore-
ductase+chain+2;p
edant_db=p3_i2_t
307758_Ust_bromi
_v3;

ID=mRNA_UBRO_
21239;Parent=UB
RO_21239;Name=
UBRO_21239;Not
e=NADH-ubi-
quinone+oxidore-
ductase+subunit+3
;pedant_db=p3_i2
_t307758_Ust_bro
mi_v3;

*

coupled proton
transport,GO:0042
773 ATP synthesis
coupled electron
transport

G0:0043231 intra-
cellular membrane-
bounded
organelle, GO:0044
444 cytoplasmic
part,GO:0004519
endonuclease
activity, GO:009030
5 nucleic acid
phosphodiester
bond hydrolysis

GO:0005747 mito-
chondrial respirat-
ory chain complex
1,G0O:0016021 in-
tegral component
of
membrane,GO:000
8137 NADH de-
hydrogenase (ubi-
quinone)

activity, GO:005511
4 oxidation-reduc-
tion process

G0:0004519 endo-
nuclease

activity, GO:009030
5 nucleic acid
phosphodiester
bond hydrolysis

G0:0005739 mito-
chondrion,GO:000
4519 endonuc-
lease

activity, GO:009030
5 nucleic acid
phosphodiester
bond hydrolysis

GO0:0005739 mito-
chondrion,GO:000
4519 endonuc-
lease

activity, GO:000631
4 intron
homing,GO:00903
05 nucleic acid
phosphodiester
bond hydrolysis

GO:0005761 mito-
chondrial ribo-
some,G0:0003735
structural constitu-
ent of
ribosome,GO:0006
412 translation

G0O:0005743 mito-
chondrial inner
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0070469
respirasome,GO:0
008137 NADH de-
hydrogenase (ubi-
quinone)

activity, GO:004277
3 ATP synthesis
coupled electron
transport

G0:0005747 mito-
chondrial respirat-
ory chain complex
1,GO:0005886
plasma
membrane,GO:001
6021 integral com-
ponent of mem-
brane,GO:0004519
endonuclease
activity, GO:000813
7 NADH dehydro-
genase (ubi-
quinone)

activity, GO:004803
8 quinone
binding,GO:00551
14 oxidation-reduc-
tion
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UBRO_
21240

UHOR_
13044

UHOR_
08264

UHOR_
14161

*

FALSE

FALSE

FALSE

UBRO_mito

UHOR_scaf-
fold_4.01260

UHOR_scaf-
fold_5.00018

UHOR_scaf-
fold_5.00019

orf

orf

orf

orf

mRNA 156798 158249

mRNA 1388 2431

mRNA 267785 268183

mRNA 460682 464908

ID=mRNA_UBRO_
21240;Parent=UB
RO_21240;Name=
UBRO_21240;Not
e=NADH-ubi-
quinone+oxidore-
ductaset+chain+4;p
edant_db=p3_i2_t
307758_Ust_bromi
_v3;

ID=mRNA_UHOR
_13044;Parent=U
HOR_13044;Name
=UHOR_13044;No
te=uncharacter-
ized+protein;ped-
ant_db=p3_t12001
7_Ust_horde_v2;

ID=mRNA_UHOR
_08264;Parent=U
HOR_08264;Name
=UHOR_08264;No
te=uncharacter-
ized+protein;ped-
ant_db=p3_t12001
7_Ust_horde_v2;

ID=mRNA_UHOR
_14161;Parent=U
HOR_14161;Name
=UHOR_14161;No
te=uncharacter-
ized+protein;ped-
ant_db=p3_t12001
7_Ust_horde_v2;

*

BNS87_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

BN887_02600 BN887_02713
UHOR_00833 UHOR_12077
UHOR_14059 UHOR_01674
UHOR_13996 UHOR_04106
UHOR_06224 UHOR_10015
UHOR_10031 UHOR_12673
UHOR_13044 UHOR_13272
UHOR_13991 UHOR_14014
UHOR_14086 UHOR_14161
UHOR_14170 UHOR_14669
UHOR_04108 UHOR_15109
UHOR_10014 UHOR_12378
UHOR_13752 UHOR_14060
UHOR_14564 UHOR_15610
UHOR_16664 UHOR_10028
UHOR_13992 UHOR_12602
UHOR_16322 UHOR_13400
UHOR_14013 UHOR_15903
UHOR_14895 UHOR_16372
SPSC_04529 UBRO_20328
UBRO_12371 UBRO_20143
UBRO_20214 UMAG_02565

process,GO:00903
05 nucleic acid
phosphodiester
bond hydrolysis

GO:0005747 mito-
chondrial respirat-
ory chain complex
1,G0:0016021 in-
tegral component
of
membrane,GO:000
4519 endonuc-
lease

activity, GO:000813
7 NADH dehydro-
genase (ubi-
quinone)

activity, GO:004803
9 ubiquinone bind-
ing,GO:0009060
aerobic
respiration,GO:001
5990 electron
transport coupled
proton
transport,GO:0042
773 ATP synthesis
coupled electron
transport,GO:0090
305 nucleic acid
phosphodiester
bond hydrolysis

G0:0003676 nuc-
leic acid

binding,GO:00082
70 zinc ion binding



Table S5: Potential pathogenicity genes

Gene Predicted Chromosome/ Source Feature Start End Attribute Orthologs (including self) Functional Annota-
Secreted  Contig tion
UBRO_ FALSE UBRO_chr08  MIPS mRNA 612228 614219 ID=mRNA:UBRO_  BNB887_01069 sr11120 G0:0006207 'de
05009 05009;Note=+re- SPSC_04251 UBRO_05009 novo' pyrimidine
lated+to+di- UHOR_05009 UMAG_10643 nucleobase biosyn-
hydroorotate+dehyd- thetic
rogenase,+mitochon- process,GO:0016021
drial+precursor integral component
of
membrane,GO:0004
152 dihydroorotate
dehydrogenase activ-
ity,GO:0055114 ox-
idation-reduction
process,GO:0044205
‘de novo' UMP bio-
synthetic
process,GO:0005886
plasma
membrane,GO:0005
743 mitochondrial
inner membrane
UBRO_ FALSE UBRO_chr08  MIPS mRNA 614875 615165 ID=mRNA:UBRO_  sr11118 UBRO_05007 G0:0005681 spli-
05007 05007;Note=+re- UHOR_05007 UMAG_10642 ceosomal
lated+to+LSM8+- complex,GO:000568
+Component+of+sm 8 U6
all+nuclear+ribonuc- snRNP,GO:0046540
leoprotein+com- U4/U6 x U5 tri-
plexes+involved-+in+ snRNP
RNA-+processing+an complex,GO:000372
d+splicing 3RNA
binding,GO:0000398
mRNA splicing, via
spliceosome
UBRO_ FALSE UBRO_chr08  MIPS mRNA 615651 618932 ID=mRNA:UBRO_  BNB887_01068 sr11117 G0:0005515 protein
05006 05006;Note=+re- SPSC_04250 UBRO_05006 binding,GO:0008047
lated+to+SKT5+- UHOR_05006 UMAG_10641 enzyme activator
+protoplast+regener- activity,GO:0043085
ation+and-+killer+tox positive regulation of
in+resistance+pro- catalytic activity
tein
UBRO_ TRUE UBRO_chr08  MIPS mRNA 622143 622659 ID=mRNA:UBRO_  BN887_01067 sr11116 G0:0098542 defense
05003 05003;Note=+un- SPSC_04249 UBRO_05003 response to other or-
characterized+pro- UHOR_05003 UMAG_10640 ganism
tein
UBRO_ FALSE UBRO_chr08  MIPS mRNA 624169 626397 ID=mRNA:UBRO_  BN887_01071 sr11115 G0:0005623
05002 05002;Note=+re- SPSC_04247 UBRO_05002 cell,GO:0016209 an-
lated+to+perox- UHOR_05002 UMAG_03211 tioxidant
iredoxin+q activity,GO:0016491
oxidoreductase
activity,GO:0045454
cell redox homeo-
stasis,G0O:0055114
oxidation-reduction
process,GO:0098869
cellular oxidant de-
toxification
UBRO_ FALSE UBRO_chr08  MIPS mRNA 626644 627578 ID=mRNA:UBRO_ BN887_01064 sr11114 G0:0051301 cell di-
04999 04999;Note=+re- SPSC_04246 UBRO_04999 vision,GO:0019901
lated+to+CKS1+- UHOR_04999 UMAG_03210 protein kinase bind-
+cyclin- ing,GO:0061575
dependent-+kinases-+r cyclin-dependent
egulatory+subunit protein serine/
threonine kinase ac-
tivator
activity,GO:0045737
positive regulation of
cyclin-dependent
protein serine/
threonine kinase
activity,GO:0043130
ubiquitin
binding,GO:0042393
histone
binding,GO:0000307
cyclin-dependent
protein kinase
holoenzyme com-
plex,GO:0019005
SCF ubiquitin ligase
complex,GO:001630
1 kinase
activity,GO:0007346
regulation of mitotic
cell cycle
UBRO_ FALSE UBRO_chr08 ~ MIPS mRNA 629429 630529 ID=mRNA:UBRO_ UBRO_20096 UBRO_20255
20684 20684;Note=+un- UBRO_20367 UBRO_20532
characterized+pro- UBRO_20595 UBRO_20684
tein UBRO_20805 UBRO_20809
UBRO_20890 UBRO_20933
UBRO_20980 UBRO_21035
SPSC_03839
UBRO_ FALSE UBRO_chr08  MIPS mRNA 631390 632859 ID=mRNA:UBRO_  UBRO_20098 UBRO_20167
20683 20683;Note=+un- UBRO_20213 UBRO_20366
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158

UBRO_
20682

UBRO_
20681

UBRO_
04997

UBRO_
04996

UBRO_
04994

UBRO_
04991

UBRO_

04990

UBRO_
04989

UBRO_
04988

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

TRUE

FALSE

FALSE

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

633283

635514

637190

640773

643289

644342

649098

650591

654272

633843

636269

640180

642854

643885

648028

649613

652951

660401

characterized+pro-
tein

ID=mRNA:UBRO_
20682;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
20681;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04997;Note=+prob-
able+SEC24+-
+COPII+coated+vesi
cle+component

ID=mRNA:UBRO_
04996;Note=+re-
lated+to+SNU71+-
+component+of+Ul
+snRNP+required+f
or+mRNA+splicing
+via+spliceosome

ID=mRNA:UBRO_
04994;Note=+re-
lated+to+glomerulo-
sclerosis+protein+M
pvl7

ID=mRNA:UBRO_
04991;Note=+re-
lated+to+thymidylat
e+kinase

ID=mRNA:UBRO_
04990;Note=+re-
lated+to+Migl+-
+Migl+protein,+in-
duced+during+bio-
trophic+phase

ID=mRNA:UBRO_
04989;Note=+re-
lated+to+TFG1+-
+TFIIF+subunit+
(transcription+initi-
ation+factor)

ID=mRNA:UBRO_
04988;Note=+prob-
able+chitin+syn-
thase+8

UBRO_20531 UBRO_20683
UBRO_20804 UBRO_20808
UBRO_20256 UBRO_20938
UBRO_20979 UBRO_20362
UBRO_20682 UBRO_20803
UBRO_20097 SPSC_03840

UBRO_20098 UBRO_20167

UBRO_20213 UBRO_20366
UBRO_20531 UBRO_20683
UBRO_20804 UBRO_20808
UBRO_20256 UBRO_20938
UBRO_20979 UBRO_20362
UBRO_20682 UBRO_20803
UBRO_20097 SPSC_03840

BN887_01063 sr11112
SPSC_04245 UBRO_04997
UHOR_04997 UMAG_03209

BN887_01072 sr11111
SPSC_04244 UBRO_04996
UHOR_04996 UMAG_10639

BN887_02489 sr11109
SPSC_04243 UBRO_04994
UHOR_04994 UMAG_03207

BN887_02488 sr11108
SPSC_04242 UBRO_04991
UHOR_04991 UMAG_03206

SPSC_04259 SPSC_04264
UBRO_04990 UHOR_04990

BN887_02490 sr11107
SPSC_04241 UBRO_04989
UHOR_04989 UMAG_15003

BN887_02491 BN887_03783
sr11106 sr14109 SPSC_04240
SPSC_06424 UBRO_04780
UBRO_04988 UHOR_04780
UHOR_04988 UMAG_03204
UMAG_10367

GO0:0003824 cata-
Iytic
activity,GO:0006259
DNA metabolic pro-
cess

GO0:0000943 retro-
transposon nucleo-
capsid,GO:0003676
nucleic acid
binding,GO:0015074
DNA integration

G0:0000139 Golgi
membrane,GO:0005
789 endoplasmic re-
ticulum
membrane,GO:0030
127 COPII vesicle
coat,GO:0070971
endoplasmic retic-
ulum exit
site,GO:0005515
protein
binding,GO:0008270
zinc ion
binding,GO:0006886
intracellular protein
transport,GO:000688
8 endoplasmic retic-
ulum to Golgi ves-
icle-mediated trans-
port

G0:0003723 RNA
binding,GO:0006397
mRNA processing

GO0:0005743 mito-
chondrial inner
membrane,GO:0016
021 integral com-
ponent of membrane

G0:0004798
thymidylate kinase
activity,GO:0005524
ATP
binding,GO:0006233
dTDP biosynthetic
process,GO:0016310
phosphorylation,GO:
0046940 nucleoside
monophosphate
phosphorylation

G0:0005634 nuc-
leus,GO:0003677
DNA
binding,GO:0006367
transcription initi-
ation from RNA
polymerase II pro-
moter,GO:0032968
positive regulation of
transcription elonga-
tion from RNA poly-
merase II promoter

G0:0031505 fungal-
type cell wall organ-
ization,GO:0005524
ATP
binding,GO:0016459
myosin
complex,GO:003042
8 cell
septum,G0:0030659
cytoplasmic vesicle
membrane,GO:0003
779 actin
binding,GO:0016021
integral component
of
membrane,GO:0004



UBRO_
04987

UBRO_
04986

UBRO_
20680

UBRO_
04984

UBRO_
04983

UBRO_
20679

UBRO_
04981

UBRO_
04980

UBRO_
04978

FALSE

TRUE

FALSE

TRUE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

661536

663968

668255

670014

671110

675164

681469

684162

686294

663098

664357

668608

670869

674172

678280

683709

685763

689151

ID=mRNA:UBRO_
04987;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04986;Note=+re-
lated+to+conserved+
hypothetical +Ustil-
aginaceae-
specific+protein

ID=mRNA:UBRO_
20680;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04984;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04983;Note=+prob-
able+Rad51-associ-
ated+protein+Brh2

ID=mRNA:UBRO_
20679;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04981;Note=+prob-
able+GFA1+-+gluc-
osamine--fructose-6-
phosphate+transam-
inase

ID=mRNA:UBRO_
04980;Note=+re-
lated+to+lipoamide+
acyltransferase+com
ponent-+of+branched
-chain+alpha-
keto+acid+dehydro-
genase+complex,
+mitochondrial+pre-
cursor

ID=mRNA:UBRO_
04978;Note=+re-
lated+to+CHL1+-

+protein+of+the+DE

AH+box+family

sr11104 SPSC_04239
UBRO_04987 UHOR_04987

UMAG_03202 UMAG_10403
sr11101 SPSC_04237
UBRO_04986 UHOR_04986
sr11102 SPSC_04238

sr11100 SPSC_04236
UBRO_04984 UHOR_04984
UMAG_03201

BN887_02487 sr11099
SPSC_04235 UBRO_04983
UHOR_04983 UMAG_03200

UBRO_20170 UBRO_20191
UBRO_20222 UBRO_20396
UBRO_20491 UBRO_20649
UBRO_20679 UBRO_20791
UBRO_20813 UBRO_20943
UBRO_20947 UBRO_20906
UBRO_20954 UBRO_20958
UBRO_20485 UHOR_15671

BN887_02486 sr11096
SPSC_04233 UBRO_04980
UHOR_04980 UMAG_10402

BN887_02485 sr11094.2
SPSC_04232 UBRO_04978
UHOR_04978 UMAG_10401

100 chitin synthase
activity,GO:0005886
plasma
membrane,GO:0003
774 motor activity

G0:0016021 integral
component of mem-
brane

G0:0000724 double-
strand break repair
via homologous re-
combination

GO0:0097367 carbo-
hydrate derivative
binding,GO:0034221
fungal-type cell wall
chitin biosynthetic
process,GO:0004360
glutamine-fructose-
6-phosphate transa-
minase (isomerizing)
activity,GO:0006002
fructose 6-phosphate
metabolic
process,GO:0016021
integral component
of
membrane,GO:0006
047 UDP-N-acetyl-
glucosamine meta-
bolic
process,GO:0006487
protein N-linked
glycosylation

G0:0005634 nuc-
leus,GO:0005524
ATP
binding,GO:0003677
DNA
binding,GO:0031405
lipoic acid
binding,GO:0016407
acetyltransferase
activity,GO:0032508
DNA duplex un-
winding,GO:000573
9
mitochondrion,GO:0
004003 ATP-depend-
ent DNA helicase
activity,GO:0006139
nucleobase-contain-
ing compound meta-
bolic process

G0:0005634 nuc-
leus,GO:0005524
ATP
binding,GO:0034085
establishment of sis-
ter chromatid cohe-
sion,GO:0003677
DNA
binding,GO:0016746
transferase activity,
transferring acyl
groups,G0O:0032508
DNA duplex un-
winding,GO:001602
1 integral component
of
membrane,GO:0004
003 ATP-dependent
DNA helicase activ-
ity,GO:0006139 nuc-
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160

UBRO_
04977

UBRO_
04976

UBRO_
04975

UBRO_
04974

UBRO_
04973

UBRO_
04921

UBRO_
04923

UBRO_
04924

UBRO_
04938

UBRO_
04936

UBRO_
04935

UBRO_
04940

FALSE

FALSE

FALSE

FALSE

FALSE

TRUE

TRUE

FALSE

FALSE

TRUE

FALSE

FALSE

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

689839

692293

694312

696716

698132

762046

765755

766867

797738

799345

800884

804475

691005

693370

695613

697825

698752

762451

766447

767352

799105

800071

802929

805224

ID=mRNA:UBRO_
04977;Note=+re-
lated+to+triose+phos
phate/3-phosphogly-
cerate/
phosphate+transloc-
ator

ID=mRNA:UBRO_
04976;Note=+re-
lated+to+C-
type+cyclin

ID=mRNA:UBRO_
04975;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04974;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04973;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04921;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04923;Note=+re-
lated+to+Mig1-+pro-
tein

ID=mRNA:UBRO_
04924;Note=+re-
lated+to+MRPL51+-
+mitochondrial+ri-
bosomal+protein,
+large+subunit

ID=mRNA:UBRO_
04938;Note=+prob-
able+platelet-activat-
ing+factor+acetylhy-
drolase+ib+alpha+su
bunit

ID=mRNA:UBRO_
04936;Note=+prob-
able+1,4-Ben-
zoquinone+reductase

ID=mRNA:UBRO_
04935;Note=+prob-
able+glycine--

tRNA+ligase+GRS1

ID=mRNA:UBRO_
04940;Note=+un-
characterized+pro-
tein

BN887_02484 sr11093
SPSC_04231 UBRO_04977
UHOR_04977 UMAG_10400

BN887_02482 sr11091.2
SPSC_04230 UBRO_04976
UHOR_04976 UMAG_10399

BN887_02481 sr11090
SPSC_04229 UBRO_04975
UHOR_04975 UMAG_03194

BN887_02493 sr11089.2
SPSC_04228 UBRO_04974
UHOR_04974 UMAG_10398

BN887_02480 sr11087
SPSC_04227 UBRO_04973
UHOR_04973 UMAG_03192

UBRO_04921 UHOR_04921

sr14222 SPSC_04273
UBRO_04923 UHOR_04923
UMAG_12216

sr14198 SPSC_04201
UBRO_04924 UHOR_04924
UMAG_10382

BN887_02505 sr14206
SPSC_04193 UBRO_04938
UHOR_04938 UMAG_03164

BN887_02460 sr14207
SPSC_04192 UBRO_04936
UHOR_04936 UMAG_10387

BN887_02459 sr14208
SPSC_04191 UBRO_04935
UHOR_04935 UMAG_03162

BN887_02506 sr14209
SPSC_04190 UBRO_04940
UHOR_04940 UMAG_03166

leobase-containing
compound metabolic
process

G0:0016021 integral
component of mem-
brane

G0:0000307 cyclin-
dependent protein
kinase holoenzyme
complex,GO:000563
4
nucleus,GO:0016538
cyclin-dependent
protein serine/
threonine kinase reg-
ulator
activity,GO:0000079
regulation of cyclin-
dependent protein
serine/threonine
kinase
activity,GO:0070816
phosphorylation of
RNA polymerase II
C-terminal domain

G0:0000307 cyclin-
dependent protein
kinase holoenzyme
complex,GO:000563
4
nucleus,GO:0016538
cyclin-dependent
protein serine/
threonine kinase reg-
ulator
activity,GO:0070816
phosphorylation of
RNA polymerase IT
C-terminal domain

G0:0005762 mito-
chondrial large ri-
bosomal
subunit,GO:0003735
structural constituent
of
ribosome,GO:00325
43 mitochondrial
translation

GO0:0005515 protein
binding

G0:0010181 FMN
binding,GO:0003955
NAD(P)H dehydro-
genase (quinone)
activity,GO:0055114
oxidation-reduction
process

G0:0004820 gly-
cine-tRNA ligase
activity,GO:0005524
ATP
binding,GO:0070150
mitochondrial gly-
cyl-tRNA
aminoacylation,GO:
0005739 mitochon-
drion



UBRO_
04942

UBRO_

04943

UBRO_
04944

UBRO_
04945

UBRO_
04946

UBRO_
04948

UBRO_
04949

UBRO_
04951

UBRO_
04953

UBRO_
04954

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

805923

809077

811083

813059

816102

818090

821978

825282

827349

830734

808511

809544

812462

815863

817285

819487

822906

826247

829910

831591

ID=mRNA:UBRO_
04942;Note=+re-
lated+to+en-
dothelial+zinc+fin-
ger+protein+in-
duced+by+tumor+ne
crosis+factor+alpha

ID=mRNA:UBRO_
04943;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04944;Note=+prob-
able+CAR2+-+or-
nithine+aminotrans-
ferase

ID=mRNA:UBRO_
04945;Note=+re-
lated+to+DRS1+-
+RNA+helicase+of+
the+DEAD+box+fa
mily

ID=mRNA:UBRO_
04946;Note=+re-
lated+to+GCN3+-
+translation+initi-
ation+factor+elF2B,
+34+KD,
+alpha+subunit

ID=mRNA:UBRO_
04948;Note=+re-
lated+to+Zinc+fin-
ger+protein

ID=mRNA:UBRO_
04949;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04951;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04953;Note=+re-
lated+to+SKT5+-
+protoplast-+regener-
ation+and-+killer+tox
in+resistance+pro-
tein

ID=mRNA:UBRO_
04954;Note=+un-
characterized+pro-
tein

BN887_02507 sr14210
SPSC_04189 UBRO_04942
UHOR_04942 UMAG_03167

BN887_06142 sr14211
SPSC_04188 UBRO_04943

UHOR_04943 UMAG_03168-A

BN887_02458 sr14212
SPSC_04187 UBRO_04944
UHOR_04944 UMAG_03169

BN887_02508 sr14213
SPSC_04186 UBRO_04945
UHOR_04945 UMAG_03170

BN887_02457 sr14214
SPSC_04185 UBRO_04946
UHOR_04946 UMAG_03171

BN887_02456 sr14215
SPSC_04184 UBRO_04948
UHOR_04948 UMAG_03172

UBRO_04949 UHOR_04949

BN887_02455 sr14216
SPSC_04183 UBRO_04951
UHOR_04951 UMAG_10390

BN887_02509 sr14217
SPSC_04182 UBRO_04953
UHOR_04953 UMAG_10391

sr14193 SPSC_04178
UBRO_04954 UHOR_04954
UMAG_03178

G0:0003676 nucleic
acid binding

GO0:0030170 pyri-
doxal phosphate
binding,GO:0010121
arginine catabolic
process to proline
via
ornithine,GO:00057
37
cytoplasm,GO:0019
544 arginine cata-
bolic process to
glutamate,GO:00551
29 L-proline biosyn-
thetic
process,GO:0004587
ornithine-oxo-acid
transaminase activity

G0:0005524 ATP
binding,GO:0003723
RNA
binding,GO:0042254
ribosome
biogenesis,GO:0004
386 helicase
activity,GO:0005730
nucleolus

G0:0003743 transla-
tion initiation factor
activity,GO:0050790
regulation of cata-
Iytic
activity,GO:0005085
guanyl-nucleotide
exchange factor
activity,GO:0002183
cytoplasmic transla-
tional
initiation,GO:19038
33 positive regula-
tion of cellular re-
sponse to amino acid
starvation,GO:00320
45 guanyl-nucleotide
exchange factor
complex,GO:000644
6 regulation of trans-
lational
initiation,GO:00058
51 eukaryotic trans-
lation initiation
factor 2B
complex,GO:001674
0 transferase
activity,GO:0030234
enzyme regulator
activity

G0:0003676 nucleic
acid binding

G0:0005829
cytosol,GO:0035539
8-0x0-7,8-di-
hydrodeoxy-
guanosine triphos-
phate pyrophos-
phatase
activity,GO:0006203
dGTP catabolic pro-
cess

GO:0005515 protein
binding

G0:0044424 intra-
cellular
part,GO:0003676
nucleic acid
binding,GO:0008380
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UBRO_
04955

UBRO_
04956

UBRO_
04897

UBRO_
04896

UBRO_
04895

UBRO_
04894

UBRO_
04893

UBRO_
04892

UBRO_
04891

UBRO_

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

FALSE

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

831776

836091

842005

843304

844352

849509

851635

854159

857932

861186

834148

839372

843078

843990

849331

851143

853836

856516

860172

864446

ID=mRNA:UBRO_
04955;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04956;Note=+re-
lated+to+white+col-
lar+1+protein

ID=mRNA:UBRO_
04897;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04896;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04895;Note=+re-
lated+to+SMC4+-
+Stable+Mainten-
ance+of+Chromo-
somes

ID=mRNA:UBRO_
04894;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04893;Note=+re-
lated+to+SSN3+-
+cyclin-
dependent+CTD+kin
ase

ID=mRNA:UBRO_
04892;Note=+re-
lated+to+CCR4+-
+transcriptional+reg-
ulator+involved+in+
carbon+catabolite+re
pression

ID=mRNA:UBRO_
04891;Note=+prob-
able+heat+shock+pr
otein+80

ID=mRNA:UBRO_

UBRO_04955 UHOR_04955

BN887_05734 sr14191
SPSC_04176 UBRO_04956
UHOR_04956 UMAG_03180

sr14190 SPSC_04175
UBRO_04897 UHOR_04897
UMAG_03135

sr14189 SPSC_04174
UBRO_04896 UHOR_04896
UMAG_03134

BN887_05736 sr14188
SPSC_04173 UBRO_04895
UHOR_04895 UMAG_12209

BN887_06137 sr14187
SPSC_04172 UBRO_04894
UHOR_04894 UMAG_03132

BN887_05737 sr14186
SPSC_04171 UBRO_04893
UHOR_04893 UMAG_12208

BN887_05732 sr14185
SPSC_04170 UBRO_04892
UHOR_04892 UMAG_10379

BN887_05738 sr14184
SPSC_04169 UBRO_04891
UHOR_04891 UMAG_11952

SPSC_04168 UBRO_04890

RNA splicing

GO:0005847 mRNA
cleavage and poly-
adenylation spe-
cificity factor com-
plex,GO:0003723
RNA
binding,GO:0006378
mRNA polyadenyla-
tion,GO:0098789
pre-mRNA cleavage
required for poly-
adenylation

G0:0005634 nuc-
leus,GO:0006355
regulation of tran-
scription, DNA-tem-
plated

G0:0005694 chro-
mosome,GO:000551
5 protein
binding,GO:0005524
ATP
binding,GO:0051276
chromosome organ-
ization

G0:0016021 integral
component of mem-
brane

GO0:0005524 ATP
binding,GO:0008353
RNA polymerase IT
CTD heptapeptide
repeat kinase activ-
ity,GO:0046872
metal ion
binding,GO:0016592
mediator
complex,GO:000571
9 nuclear euchro-
matin,GO:0051726
regulation of cell
cycle,GO:0004693
cyclin-dependent
protein serine/
threonine kinase
activity,GO:0045944
positive regulation of
transcription by
RNA polymerase
11,GO:0006468 pro-
tein phosphorylation

G0:0000932 P-
body,GO:0005634
nucleus,GO:0030015
CCR4-NOT core
complex,GO:000372
3RNA
binding,GO:0004535
poly(A)-specific
ribonuclease
activity,GO:0005515
protein
binding,GO:0046872
metal ion
binding,GO:0000289
nuclear-transcribed
mRNA poly(A) tail
shortening,GO:0090
503 RNA phosphodi-
ester bond hydro-
lysis, exonucleolytic

GO0:0016887 ATPase
activity,GO:0005524
ATP
binding,GO:0070924
heterochromatin as-
sembly involved in
chromatin silencing
by small
RNA,G0:0061077
chaperone-mediated
protein
folding,GO:0051082
unfolded protein
binding

G0:0015267 chan-



04890

UBRO_ FALSE

04889

UBRO_ FALSE
04888

UBRO_ FALSE
04886

UBRO_ FALSE
04885

UBRO_ FALSE
06814

UBRO_ FALSE
06816

UBRO_ FALSE
20815

UBRO_ FALSE
06818

UBRO_ FALSE
06819

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr08

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr13

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

864915

867360

871790

874750

195588

198307

202510

208660

211032

865934

871409

873025

875916

196303

201522

206918

210921

212555

04890;Note=+re-
lated+to+channel+pr
otein

ID=mRNA:UBRO_
04889;Note=+re-
lated+to+lipase/es-
terase

ID=mRNA:UBRO_
04888;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
04886;Note=+re-
lated+to+retinal+sho
rt-chain+dehydro-
genase/reductase

ID=mRNA:UBRO_
04885;Note=+re-
lated+to+Ribonuc-
lease+P+protein+sub
unit+p30

ID=mRNA:UBRO_
06814;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
06816;Note=+re-
lated+to+conserved+
hypothetical +Ustil-
aginaceae-
specific+protein

ID=mRNA:UBRO_
20815;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
06818;Note=+re-
lated+to+KRI1+-
+KRRI-
Interacting+protein+

ID=mRNA:UBRO_
06819;Note=+re-
lated+to+Cyto-
chrome+P450+8B1

UHOR_04890

UBRO_04889 UHOR_04889
sr15703 SPSC_04167
UMAG_03128

BN887_05731 sr14183
SPSC_04166 UBRO_04888
UHOR_04888 UMAG_03127

UMAG_03126 UMAG_05069
BN887_05730 sr14182
SPSC_04165 UBRO_04886
UHOR_04886

BN887_02715 sr14181
SPSC_04164 UBRO_04885
UHOR_04885 UMAG_03124

UBRO_06814 UHOR_06814

BN887_04930 sr15246
SPSC_00894 UBRO_06816
UHOR_06816 UMAG_11147

SPSC_00206 SPSC_01500
SPSC_01215 SPSC_05764
UBRO_20081 UBRO_20349
UBRO_20089 UBRO_20219
UBRO_20355 UBRO_20594
UBRO_20727 UBRO_20164
UBRO_20203 UBRO_20637
UBRO_20669 UBRO_20815
UBRO_20220 UBRO_20284
UBRO_20335 UBRO_20728
UBRO_20754 UBRO_20968
UBRO_20279 UBRO_20307
UBRO_20844 UBRO_20280
UBRO_20360 UBRO_20596
UBRO_20964 UBRO_20353
UBRO_20752 UHOR_01239
UHOR_07208 UHOR_12887
UHOR_16074 UHOR_12189
UHOR_14247 sr05445
UBRO_20884 UBRO_20085
UHOR_02454 SPSC_05299
SPSC_06576

UBRO_06818 UBRO_06818c
BN887_04979 sr15247
SPSC_00895 UHOR_06818
UMAG_04361

sr15248 UBRO_06819
UHOR_06819 UMAG_04362

nel
activity,GO:0055085
transmembrane
transport,GO:001602
1 integral component
of membrane

G0:0016787 hydro-
lase activity

G0:0005737 cyto-
plasm,GO:0005515
protein
binding,GO:0042594
response to starva-
tion

G0:0005789 endo-
plasmic reticulum
membrane,GO:0016
021 integral com-
ponent of
membrane,GO:0047
560 3-dehydro-
sphinganine re-
ductase
activity,GO:0006666
3-keto-sphinganine
metabolic
process,GO:0030148
sphingolipid biosyn-
thetic
process,GO:0055114
oxidation-reduction
process

G0O:0004526 ribo-
nuclease P
activity,GO:0003723
RNA
binding,GO:0090501
RNA phosphodiester
bond
hydrolysis,GO:0008
033 tRNA pro-
cessing,GO:0005655
nucleolar ribonuc-
lease P complex

G0:0031072 heat
shock protein bind-
ing,G0O:0051082 un-
folded protein bind-
ing

G0:0005730 nucle-
olus,GO:0030686
90S
preribosome,GO:000
5515 protein bind-
ing,G0O:0000447 en-
donucleolytic cleav-
age in ITS1 to separ-
ate SSU-rRNA from
5.8S rRNA and
LSU-rRNA from tri-
cistronic rRNA tran-
script (SSU-TRNA,
5.8S rRNA, LSU-
rRNA)

GO:0016705 ox-
idoreductase activity,
acting on paired
donors, with incor-
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UBRO_ FALSE
06822

UBRO_ TRUE
06823

UBRO_ FALSE
06825

UBRO_ FALSE
06826

UBRO_ TRUE

06828

UBRO_ FALSE
06829

UBRO_ FALSE
06830

UBRO_ FALSE
08780

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr13

UBRO_chr22

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

MIPS

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

213847

217004

219864

222764

229085

232460

233877

141525

216783

218452

221504

227508

231421

233740

235784

143752

ID=mRNA:UBRO_
06822;Note=+re-
lated+to+MTG2+-
+Mitochondrial+GT
P+binding+protein

ID=mRNA:UBRO_
06823;Note=+re-
lated+to+EXG1+-
+exo-beta-1,3-glu-
canase

ID=mRNA:UBRO_
06825;Note=+re-
lated+to+SRM1+-
+nucleotide+ex-
change-+factor

ID=mRNA:UBRO_
06826;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
06828;Note=+re-
lated+to+endo-
1,3(4)-beta-glu-
canase

ID=mRNA:UBRO_
06829;Note=+un-
characterized+pro-
tein

ID=mRNA:UBRO_
06830;Note=+re-
lated+to+eukaryotic
+translation-+initi-
ation+factor

ID=mRNA:UBRO_
08780;Note=+re-
lated+to+MBP1+-

+transcription+factor

+subunit-+of+the+M
BF+factor

BN887_04931 sr15249
SPSC_00896 UBRO_06822
UHOR_06822 UMAG_11148

UMAG_04364 UMAG_05550
BN887_04978 sr15250
SPSC_00897 UBRO_06823
UHOR_06823

BN887_04932 sr15251
SPSC_00898 UBRO_06825
UHOR_06825 UMAG_04365

BN887_04933 sr15252
SPSC_00901 UBRO_06826
UHOR_06826 UMAG_11149

UBRO_06828 UHOR_06828
UMAG_04368

BN887_04935 sr15255
SPSC_00904 UBRO_06829
UHOR_06829 UMAG_04370

BN887_04977 sr15256
SPSC_00905 UBRO_06830
UHOR_06830 UMAG_04371

BN887_02824 sr11315
SPSC_04490 UBRO_08780
UHOR_08780 UMAG_11222

poration or reduction
of molecular
oxygen,GO:0005506
iron ion
binding,GO:0055114
oxidation-reduction
process,GO:0044425
membrane
part,GO:0004497
monooxygenase
activity,GO:0020037
heme binding

G0:0003676 nucleic
acid
binding,GO:0005525
GTP binding

G0:0009251 glucan
catabolic
process,GO:0006073
cellular glucan meta-
bolic
process,GO:0005576
extracellular
region,GO:0004553
hydrolase activity,
hydrolyzing O-glyc-
osyl
compounds,GO:000
9986 cell surface

G0:0046872 metal
ion binding

G0:0016021 integral
component of mem-
brane

GO0:0009251 glucan
catabolic
process,GO:0052861
glucan endo-1,3-
beta-glucanase activ-
ity, C-3 substituted
reducing group

G0:0016702 ox-
idoreductase activity,
acting on single
donors with incor-
poration of molecu-
lar oxygen, incorpor-
ation of two atoms of
oxygen,G0O:0055114
oxidation-reduction
process

G0:0022627 cytoso-
lic small ribosomal
subunit,GO:0000049
tRNA
binding,GO:0003743
translation initiation
factor
activity,GO:0005515
protein
binding,GO:0043022
ribosome
binding,GO:0006413
translational initi-
ation,GO:0006417
regulation of transla-
tion

G0:0033309 SBF
transcription com-
plex,GO:0005515
protein
binding,GO:0000790
nuclear
chromatin,GO:00057
37
cytoplasm,GO:0000
978 RNA poly-
merase II proximal
promoter sequence-
specific DNA bind-
ing,GO:0030907
MBEF transcription
complex,GO:001602
1 integral component
of
membrane,GO:0071
931 positive regula-
tion of transcription
involved in G1/S
transition of mitotic
cell
cycle,GO:0001228
DNA-binding tran-



scription activator
activity, RNA poly-
merase II-
specific,GO:004594
4 positive regulation
of transcription by
RNA polymerase 11
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