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Abstract

The work of this thesis has a common focus on bioinformatics, comparative genomics
of fungal genomes and clinical genomics of human chronic disease. We primarily
focused on using genomic data of dimorphic fungal pathogens in order to obtain a
better perspective and understanding of how commonly used assembly, annotation and
genomic comparison bioinformatics programs dealt with genomic data.

We began by exploring the advantages and disadvantages of using raw read
data for comparative genomics applications and found that the often sought after goal
of a finished assembly can be a utopian illusion. We proposed that familiar, gene-sized
sequences, including but not limited to nuclear protein-coding genes, would provide
feasible consensus benchmarks allowing simple visualization. The exploratory
analysis of such familiar candidate loci constituted a step toward finding, testing and
establishing familiar, biologically interpretable consensus benchmark sequences for
fungal and other eukaryotic genomes. We assembled the genomes of various strains of
Paracoccidioides brasiliensis while varying k-mer lengths from 17 to 127 bp using
SOAPdenovo and Velvet, and found a striking example of how certain k~-mer lengths
(between 49 and 51 bp) caused one of these programs to include a substantial amount
of repetitive content as an artifact, which misrepresents the true fungal genomic
content.

Our group re-sequenced the reference strains that had been used for the
existing assemblies and annotations of Paracoccidioides spp., and used the new,

higher quality reads to substantially improve the reference assemblies and annotations
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of these pathogenic fungi. We also sequenced de novo the species Emmonsia crescens
and E. parva, which are closely related to the causal agent of blastomycosis,
Blastomyces dermatitidis, but non-pathogenic or with low virulence. We performed
comparative analyses of gene content and structure between various strains of B.
dermatitidis, E. crescens and E. parva. We screened a sample of 11 fully sequenced
fungal mitochondrial genomes by observing where exact k-mer repeats occurred
several times and found that such screening may serve as an efficient expedient for
gaining a rapid but representative first insight into the repeat landscapes of sparsely
characterized mitochondrial chromosomes. We extended our studies of
Paracoccidioides spp. and sequenced, assembled and annotated 31 isolates
representing the phylogenetic, geographic, and ecological breadth of the genus. These
samples included clinical, environmental and laboratory reference strains of the S1,
PS2, PS3, and PS4 lineages of P. brasiliensis and also isolates of the species
Paracoccidioides lutzii. We completed the first annotated genome assemblies for the
PS3 and PS4 lineages and found that gene order was highly conserved across the
major lineages, with only a few chromosomal rearrangements.

Using available sequences, we then designed and analytically validated two
primer pairs from regions that are unique to Histoplasma capsulatum but present
across diverse strains of this species, and can therefore be utilized to detect the
presence of H. capsulatum. Using the same approach, we also designed and
analytically validated three primer pairs of high confidence for the amplification of

sequence fragments that are unique to the genus Paracoccidioides. We designed and
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implemented an algorithm that takes any given sequence(s) and splits the sequence
into fragments in order to query the unique percentage of the fragment against a group
of sequences that are closely related to the query as well as outgroups that may be
relevant in clinical settings, including human.

In the section of human genomics, we genotyped 67 selected SNPs within the
9p21.3 locus of the human genome, motivated by its proven association with
cardiovascular disease, for a Colombian cohort of 357 healthy individuals with data
collected for detailed hemodynamic and other phenotypic traits. We found consistent
associations of SNPs in a 60 kb subregion inside this locus with the phenotypic
category of blood pressure. We also sequenced the exome of a patient with familiar
hypercholesterolemia. Our findings helped the guide the patient’s treatment using an
alternative next generation cholesterol lowering drug which showed promising results

1n treatment.
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Resumen

Este trabajo de tesis tiene un enfoque comun en bioinformética, gendémica comparativa
de genomas flngicos y gendémica clinica de la enfermedad crénica humana. Nos
centramos principalmente en el uso de datos gendmicos de patdgenos fungicos
dimorficos con el fin de obtener una mejor perspectiva y comprender como de manera
comun los programas bioinformaticos de ensamblaje, anotacion y los estudios de
gendmica comparativa utilizan los datos genémicos.

Nuestro estudio inicia explorando las ventajas y desventajas de usar datos
crudos de lecturas “reads” para aplicaciones en gendmica comparativa, y encontramos
que el objetivo de lograr un ensamblaje terminado puede ser una ilusién utdpica.
Propusimos entonces que secuencias familiares o conocidas, con caracteristicas de
genes nucleares codificantes de proteinas y otras regiones no codificantes, servirian
como un punto de referencia de secuencias consenso uUtiles para la visualizacion
simple de estas secuencias. El andlisis exploratorio de este tipo de loci candidato
familiar constituyd un paso hacia la busqueda y prueba de estas secuencias usadas
como punto de referencia con significado bioldgico para hongos y otros genomas
eucariotas. Ensamblamos los genomas de varias cepas de Paracoccidioides
brasiliensis, variando las longitudes de los k-mer de 17 a 127 pb usando los programas
SOAPdenovo y Velvet, y encontramos un ejemplo sorprendente de como ciertas
longitudes k-mer (entre 49 y 51 pb) causaron que uno de estos programas incluyera
una cantidad sustancial de secuencias repetitivas como artefactos, lo cual tergiversa el

ensamblaje del genoma flingico.



Nuestro grupo realizd la re-secuenciacion de varias cepas de referencia que
habian sido utilizadas para los ensamblajes y las anotaciones existentes de
Paracoccidioides spp. Como producto de esta re-secuenciacion se obtuvieron lecturas
“reads” de alta calidad que mejoraron sustancialmente los ensamblajes y las
anotaciones de referencia de estos hongos patdégenos. También secuenciamos de novo
las especies Emmonsia crescens y E. parva, las cuales se hallan estrechamente
relacionadas con el agente causal de la blastomicosis, Blastomyces dermatitidis,
siendo estas especies de Emmonsia no patdgenas o con baja virulencia. Se realizaron
analisis comparativos del contenido de genes y su estructura entre diversas cepas de B.
dermatitidis, E. crescens y E. parva. Se realizd una seleccion de 11 genomas
mitocondriales de hongos totalmente secuenciados determinando la ubicacion exacta
donde ocurrieron repeticiones de los A-mer y se encontrd que tal determinacioén puede
servir como un recurso eficiente para obtener una primera vista rapida pero
representativa del panorama de secuencias repetidas en las cromosomas
mitocondriales escasamente caracterizados.

Extendimos nuestros estudios de Paracoccidioides spp.: se secuenciaron,
ensamblaron y anotaron 31 aislamientos que representan la amplitud filogenética,
geografica y ecologica del género. Estas muestras incluyeron cepas de referencia
clinicas, ambientales y de laboratorio de los linajes S1, PS2, PS3 y PS4 de P.
brasiliensis 'y también aislamientos de la especie Paracoccidioides lutzii.

Completamos los primeros ensambles del genoma anotado para los linajes PS3 y PS4
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y encontramos que el orden de los genes estaba altamente conservado a través de los
principales linajes, con s6lo unos pocos reordenamientos cromosomicos.

Utilizando las secuencias disponibles, hemos disefiado y validado
analiticamente dos pares de cebadores que hibridan en regiones que son Unicas para
Histoplasma capsulatum, las cuales estan presente en las diversas cepas conocidas de
esta especie, y por lo tanto, pueden utilizarse para detectar la presencia de H.
capsulatum. Siguiendo el mismo enfoque, también diseflamos y validamos
analiticamente tres pares de cebadores de alta confianza para la amplificacion de
fragmentos de secuencia que son Unicas para el género Paracoccidioides. Hemos
disefiado e implementado un algoritmo que toma cualquier secuencia dada y la divide
en fragmentos con el fin de determinar el porcentaje unico del fragmento comparado
con un grupo de secuencias que estan estrechamente relacionados con la secuencia de
interés asi como grupos externos “outgroups” que pueden ser relevantes en un
escenario clinico, incluidos los humanos.

En la seccion de gendomica humana, se realizo la genotipificacion de 67 SNPs
seleccionados dentro del locus 9p21.3 del genoma humano, motivado por su
asociacion comprobada con las enfermedades cardiovasculares, para una cohorte
colombiana de 357 individuos sanos de los que se tenia informacion acerca de sus
rasgos hemodindmicos detallados y otros rasgos fenotipicos. Encontramos
asociaciones consistentes de SNPs en una subregion de 60 kb dentro de este locus con
la categoria fenotipica de la presion arterial. También se secuencid el exoma de un

paciente con hipercolesterolemia familiar. Nuestros hallazgos ayudaron a guiar el

Xii



tratamiento del paciente usando un farmaco alternativo de nueva generacion para

reducir el colesterol el cual mostrd resultados prometedores en su tratamiento.
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Chapter 1: Presentation of the work

1.1 Preamble

The work of this thesis has a common focus on bioinformatics, comparative genomics
of fungal genomes and clinical genomics of human chronic disease. Although
genomics of fungal infectious diseases and human chronic disease may sound worlds
apart, a common ground underlies both studies. The shared denominator is the
eukaryotic genome and the importance of unraveling its genomic structure and content
to better understand pathogenesis. Bioinformatics and genomics have helped to bridge
the gap between the genomic data produced in research and their clinical interpretation
in the last decade. This applies to infectious and human chronic disease advances. In
fungal genomics, when a given genomic sequence of a pathogenic fungal species is
available, one can compare its genome with the genomes of phylogenetically related
species in order to better understand its genomic structure and function. The feasible
application of whole-genome sequencing, assembly, and comparative analyses to one
of the simplest eukaryotic forms, unicellular fungi, makes this an ideal group of model
organisms to choose, in order to fine-tune techniques and develop methods that can be
applied in genomics research. Hence, I primarily focused on using genomic data of
dimorphic fungal pathogens in order to obtain a better perspective and understanding
of how commonly used assembly, annotation and genomic comparison bioinformatics
programs dealt with genomic data. Throughout the course of my studies, our groutook
on two large research projects funded by Colciencias: (1) A gene atlas for human
pathogenic fungi and (2) Population analysis and molecular understanding of the

aging diseases locus 9p21.3 in a Colombian cohort: a multi-level study. The work
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presented in this thesis falls within the scope of both projects. In order to facilitate
comprehension for the reader, I present the fungal genomics sections first, followed by
the sections corresponding to human chronic disease.
1.2 Fungal genomics
1.2.1 Overview
Several thermal dimorphic fungi in the Onygenales order cause respiratory diseases,
especially in immunocompromised patients. The clinical relevance of genomic studies
of fungal pathogens is supported by the need to understand their genes, the regulation
of the genes, and the proteins they encode, and then to apply insights from that
understanding to the development of methods for detection or treatment. As a final
result, we were able to describe, improve and compare various genomic assemblies
and annotations of species within the Ajellomycetaceae family. We also accomplished
a total of 5 novel molecular detection designs via conventional and real time PCR that
were analytically validated with promising clinical and environmental applications.

1.1 Presentation of fungal genomics chapters
In these fungal genomic sections, our overall objective was to utilize bioinformatics
tools to better understand the process of how genomic differences contribute to
pathogenicity of thermal dimorphic pathogenic fungi, as well as how one can improve
current genomic sequences and their annotation in order to contribute to current
molecular detection methods, based on unique genomic region amplification. Such

methods may open possibilities for designing novel primer pairs that could potentially
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achieve higher levels of specificity and sensitivity using conventional molecular
detection techniques without sacrificing cost.

Initially, the main research interest of our group was to sequence, assemble and
compare the genomes of several pathogenic fungal species in the Onygenales order.
Initial results allowed us to better understand the complex nature of the genomic
organization and content of fungal genomes. We began this journey by studying how
the valuable and informative content of fungal genomic reads can be quickly queried
to search for gene content. We explored the ups and downs of using raw read data for
comparative genomics applications and found that the often sought after goal of a
finished assembly can be a utopian illusion. We published the work titled “The
eukaryotic genome, its reads and the unfinished assembly” in FEBS Letters in 2013,
found in chapter 2 (Mufoz et al., 2013).

Next, we considered that assembly analyses could be greatly facilitated by
using simple DNA sequence benchmarks, i.e., standard test sequences that could
monitor or help to predict ease or difficulty of (a) short-read sequencing and (b) de
novo assembly of the sequenced reads. We proposed that familiar, gene-sized
sequences, including but not limited to nuclear protein-coding genes, would provide
feasible consensus benchmarks allowing simple visualization. The exploratory
analysis of such familiar candidate loci constituted a step toward finding, testing and
establishing familiar, biologically interpretable consensus benchmark sequences for
fungal and other eukaryotic genomes. We published this work titled “Limits to

Sequencing and de novo Assembly: Classic Benchmark Sequences for Optimizing
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Fungal NGS Designs” in Advances in Computational Biology in 2014, found in
chapter 3 (Mufioz et al., 2014).

As a result of the previous two publications, and now understanding the
complex nature of raw genomic data and their subsequent assembly, we were
interested in better understanding how some commonly used de novo assembly
algorithms scaffold reads when modifying kmers choices. In this study, we assembled
the genomes of various strains of Paracoccidioides brasiliensis while varying k-mer
lengths from k=17 to k=127 using SOAPdenovo and Velvet. We found a striking
example showing how certain k-mer lengths, specifically between k=49 and k=51 in
the SOAPdenovo package, caused a substantial amount of repetitive content to be
included in the genomic assemblies as potential artifacts, which misrepresents the true
fungal genomic content. We published the work titled “The complex task of choosing
a de novo assembly: Lessons from fungal genomes” in the Journal of Computational
Biology and Chemistry in 2014, found in chapter 4 (Gallo et al., 2014).

At this point, our group had re-sequenced the reference strains used in the
assemblies and annotations of Paracoccidioides spp., as well as sequencing de novo
the species Emmonsia crescens and E. parva, which are closely related to the causal
agent of blastomycosis, Blastomyces dermatitidis, but non-pathogenic or with low
virulence. Although the genomes of Paracoccidioides spp. were previously published
in 2011, the assemblies and annotations could be greatly improved by re-sequencing
the reference strains, as well as other representative strains of these species. We

improved the assembly and annotation of the Paracoccidioides spp. and published the
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work titled “Genome Update of the Dimorphic Human Pathogenic Fungi Causing
Paracoccidioidomycosis” in PLOS Tropical Neglected Diseases in 2014, found in
chapter 5. In parallel, we continued the comparative analysis of gene content and
structure between various strains of B. dermatitidis, E. crescens and E. parva. We
published the work titled “The Dynamic Genome and Transcriptome of the Human
Fungal Pathogen Blastomyces and Close Relative Emmonsia” in PLOS Genetics in
2015, found in chapter 6 (Muioz et al., 2015).

Up to this point, we had only considered nuclear genomic DNA, yet
mitochondrial DNA (mtDNA) plays a very important role in the biological functions
of all species. The presence of repetitive or non-unique DNA persisting over sizable
regions of a eukaryotic genome can hinder the genome’s successful de novo assembly
from short reads: ambiguities in assigning genome locations to the non-unique
subsequences can result in premature termination of contigs and thus overfragmented
assemblies. Fungal mtDNA genomes are compact (typically less than 100 kb), yet
often contain short non-unique sequences that can be shown to impede their successful
de novo assembly in silico. Such repeats can also confuse processes in the cell in vivo.
We screened a sample of 11 fully sequenced fungal mitochondrial genomes by
observing where exact k-mer repeats occurred several times. We found that such
screening may serve as an efficient expedient for gaining a rapid but representative
first insight into the repeat landscapes of sparsely characterized mitochondrial
chromosomes. We published the work titled “From NGS assembly challenges to

instability of fungal mitochondrial genomes: a case study in genome complexity” in
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Computational Biology and Chemistry in 2016, found in chapter 7 (Misas et al.,
2016).

We continued our studies of Paracoccidioides spp. and sequenced, assembled
and annotated 31 isolates representing the phylogenetic, geographic, and ecological
breadth of the genus. These samples included clinical, environmental and laboratory
reference strains of the S1, PS2, PS3, and PS4 lineages of P. brasiliensis and also
isolates of the species Paracoccidioides lutzii. We completed the first annotated
genome assemblies for the PS3 and PS4 lineages and found that gene order was highly
conserved across the major lineages, with only a few chromosomal rearrangements.
Our analyses provided insight into the recent evolutionary events highlighting genetic
differences between the lineages that could impact the distribution, pathogenicity, and
ecology of Paracoccidioides. We published the work titled “Genome Diversity,
Recombination, and Virulence across the Major Lineages of Paracoccidioides” in
mSphere in 2016, found in chapter 8 (Muioz et al., 2016).

The previous publications marked a milestone in our research as we felt
confident about the experience we had gained in fungal genomics and considered a
clinical application of this knowledge. We chose one of the pathogenic species within
this Onygenales clade with high public health impact, Histoplasma capsulatum, and
revisited the genomic sequences utilized in molecular detection of the fungus.
Although the genome of H. capsulatum has not been updated, using all available

sequences allowed us to design primer pairs with high confidence. Specifically, our
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aim was to generate a set of sequence fragments that are unique to diverse H.
capsulatum strains that can be utilized to detect the presence of H. capsulatum.

In order to re-analyze all of the available sequences of H. capsulatum, we
designed and implemented an algorithm that takes any given sequence(s) and splits the
sequence into fragments in order to query the unique percentage of the fragment
against a group of sequences that are closely related to the query as well as some
outgroups, including human. In this case, we compared H. capsulatum against other
Onygenales fungal species. This algorithm has not been published and is currently
used as an in-house script for the design of novel molecular detection assays by our
laboratory. The algorithm and its description can be found in as an appendix to chapter
9.

As a proof of principle, we used our algorithm, as well as other bioinformatic
methods, for the design of primer pairs used for the molecular identification for H.
capsulatum. We analytically validated the primer pairs designed using isolated DNA
from 62 H. capsulatum strains. We obtained promising results with 100% analytical
specificity and 100% analytical sensitivity. The work titled “Design and
standardization of a conventional and a real time PCR assay based on novel species-
specific genomic regions of the fungal pathogen Histoplasma capsulatum” has been
submitted to PLOS ONE and can be found in chapter 9.

In parallel, and utilizing the same protocols, we also designed and validated
primer pairs used for the molecular identification of Paracoccidioides spp., fungal

pathogens that cause paracoccidioidomycosis, which is endemic in Latin America. We



Chapter 1: Presentation of the work

obtained promising results with 100% analytical specificity and 100% analytical
sensitivity. The work titled “Design and standardization of a conventional and a real
time PCR assay based on novel genus-specific genomic regions of the fungal

’

pathogens Paracoccidioides spp.” is in the last stage of preparation and will be
submitted for publication, and is included as a draft manuscript in chapter 10.

This concludes my work in the area of fungal genomics. The work on the
application of the algorithm and the design of potential diagnostic assays was a result
of my international internship as a Fulbright Fellow at Georgia Institute of Technology
and the Centers for Disease Control and Prevention (CDC). The work done in the
design and implementation of the algorithm was appraised by international referees
who awarded me the recognition of MIT Technological Reviews Innovator Under 35
Colombia 2015 as well as BBC World: BBC: Young Latin Americans revolutionizing
science and medicine with their inventions 2016.

1.3 Human cardiovascular genomics

1.3.1 Overview

Human cardiovascular genomic studies are of high importance worldwide due to the
high mortality rates caused by cardiovascular diseases observed in low, middle and
high income countries. Several publications have demonstrated that a specific region
of the human genome, the 9p21.3 locus, is highly involved in cardiovascular disease,
inflammation and cancer. At the molecular and genetic levels, the six major disease

groups, which all affect the higher age groups within and beyond Colombia are: (1)

diseases of heart, (2) malignant neoplasms, (3) chronic lower respiratory diseases, (4)
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cerebrovascular diseases, (5) Alzheimer's disease, and (6) diabetes mellitus (in
particular, type 2). Insights into these diseases at the molecular and genetic levels are
likely to also help the understanding of metabolic syndrome, and of other
constellations of abnormalities that are found linked to it via associations. We studied
a 100 kilobase (kb) region in the human genome, together with its immediately
surrounding regions, which has consistently appeared, independently and in original
studies done by different research groups, as being strongly associated with two or
more of the above 6 disease types and/or their established precursor signs/markers.
The 9p21.3 locus spans a region next to and including the cyclin-dependent kinase
inhibitor gene CDKN2A4/B. This region, called ANRIL, corresponds to a long non
coding antisense RNA of the CDKN2A/B gene. It is one of the most interesting,
repeatedly 'rediscovered’ and now frequently discussed loci reported for
cardiovascular disease association (Paynter et al., 2009, Stefansson et al., 2009,
Jarinova et al., 2009, Pasmant et al., 2011, Scheffold et al., 2011). It has also appeared
in lists of loci preferentially associated with malignant neoplasms (Sherborne et al.,
2010, Lucioni et al., 2011, Savola et al., 2007), type 2 diabetes mellitus (Silander et
al., 2009, Cheng et al., 2011) and late-onset Alzheimer's disease (Zuchner et al.,
2008). The gene CDKN2A, which is within the locus, is also of interest for longevity
studies, because of its apparent role in aging-related processes, notably tumor
suppression and/or cellular senescence (Halaschek-Wiener et al., 2009).

We took on the task of genotyping 67 SNPs within this region that had

previously been reported as highly associated with coronary heart disease and type 2
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diabetes for a cohort of 394 healthy individuals. These studies are important for
understanding risk associated with disease, highly important as public health
indicators of the population. Nevertheless, studies in affected populations provide
insights of the disease itself. Human cardiovascular genomics also has an important
application as a diagnostic aid for patients with cardiovascular diseases that may have
an inherited component.
1.2.1 Presentation of the human cardiovascular genomics chapters

We began our work on human cardiovascular genomics with a study involving
genotyping of 67 selected SNPs within the 9p21.3 locus of the human genome
motivated by its proven association to cardiovascular disease. In collaboration with a
prestigious Cardiology group in Medellin, we focused on a Colombian cohort of 357
healthy individuals with data collected for 44 basic phenotypic traits and of which 181
of those individuals had additional data on 157 detailed hemodynamic and other
phenotypic traits. The phenotypic categories were mainly linked to cardiovascular
disease. Preliminary results using population genomics algorithms indicated consistent
associations of several SNPs in this locus with the phenotypic category of blood
pressure. These studies are still underway and the final analysis has not yet been
published. We recently published intermediate results applying our k-SNP analysis
methods to another locus (12q24), titled “Towards multiple-SNP motif analyses of loci
associated with phenotypic traits” in the Journal of American College of Cardiology

in 2017, found in chapter 11.
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The real-world implementation of human genomics in the clinical setting is
slowly making its way into Colombia. As part of the experience I gained throughout
my doctoral studies, I was given the opportunity to be the founder and scientific
director of a clinical genomics laboratory, GenomaCES at Clinica CES, a university
hospital of Universidad CES. I have applied the bioinformatics and genomics
pipelines we implemented early in my doctoral studies for clinical application on
human samples of various chronic diseases. The implementation of whole exome
sequencing has allowed me to effectively diagnose mutations, insertions and deletions
within the coding sequences of patients with genetic conditions such as
cardiomyopathy, innate metabolism diseases, neuromuscular pathologies and various
cancers. We concluded that use of exome sequencing has a high impact on cost-
effective diagnosis and lowers cost to the national health system when compared to
traditional single gene sequencing. We present some of these results in the publication
titled “Current state of cardiovascular genomics in Colombia” in Revista Colombiana
de Cardiologia in 2016, found in chapter 12 (Gallo et al., 2017).

As a proof of principle, we sequenced the exome of a patient with familiar
hypercholesterolemia. The objective was to determine which genetic variations
underlie this inherited cardiovascular pathology. Our findings helped the cardiology
group focus the patients’ treatment using an alternative next generation cholesterol
lowering drug which showed promising results in treatment. The work titled
“Hipercolesterolemia familiar heterocigota en manejo con anti-PCSK9” was

accepted in Revista Colombiana de Cardiologia in 2017, found in chapter 13.
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1. Introduction

Advances in next-generation sequencing (NGS) technology in
recent years have increased length and accuracy of short read se-
quences that are produced as primary sequence data. A few years
ago, Illumina/Solexa reads, which typically allow good coverage
at affordable cost, still measured only some 36 base pairs (bp), of
which the last 6 bp or so were often of poor quality. Now, Illumina
read lengths are typically at least 100 bp, and the quality is often
excellent throughout.

The one-pass, automated nature of current sequencing work-
flows runs allows NGS to reliably deliver a single set of text or bin-
ary files that contain the full set of fixed-length reads or read-pairs
for a genome of interest. Such stand-alone or modular output is
attractive, and many groups now deposit their primary read data
in short read archives at NCBI or the European Nucleotide Archive
for others to use. In an NGS project, the standardized output files,

Abbreviations: NGS, next generation sequencing; GC, guanine and cytosine level
* Corresponding author at: Cellular & Molecular Biology Unit, Corporacién para
Investigaciones Biol6gicas, Medellin, Colombia.
E-mail address: oliver.clay@gmail.com (O.K. Clay).

in FASTQ or equivalent format, arrive from the sequencer ready for
quality control, assembly and then annotation.

As NGS technologies advance, the way we think of the primary
output from a sequencer is changing, and the time may have come
to reassess a way of looking at sequencing processes that we have
retained from past decades.

In the past, the gap-free, ‘finished’ assembly (which may still be
a utopia for many genomes, even for the human genome, in spite of
its paramount importance for human health) was seen as a prime
object or trophy. The hypothesis we explore here is that until such
a goal comes closer, it might help us to think more clearly, prag-
matically, and phenomenologically about NGS if we de-emphasize
the goal of a static, ‘best’ assembly and consider, instead, the initial
read set as the primary and reliable object. Possible assemblies,
with their respective annotations, would then become dynamic,
modifiable views of that primary object or ‘observable’, although
at any given time a single state-of-the-art assembly could serve
as a reference. Our working hypothesis is that shifting the object-
view boundary in this way could bring advantages, if short-read
approaches remain a stable norm.

In most of the following considerations we will keep individual,
previously unsequenced, unicellular fungi in mind as conceptual
test genomes. Unicellular fungi are intermediate, in genome size

0014-5793/$36.00 © 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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and complexity, between the prokaryotes (bacteria and archaea)
and much larger, metazoan eukaryotes such as human, so their
NGS reads do not need massive storage (as do, for example, some
extensive human population resequencing studies or large-scale
metagenomics projects). Many unicellular fungi are of wide inter-
est, either because they are pathogenic to human, other animals, or
plants, or because they serve as model fungi or close relatives of
well-characterized fungi. Many unicellular fungi can now be se-
quenced at good coverage in a single lane (or even a fraction of a
lane) of an Illumina sequencer, especially if one is interested
mainly in the genes. The storage space that is occupied by the pri-
mary NGS reads can hardly be considered expensive, and in future
it will presumably become cheaper.

2. Uncurated de novo assemblies can lose information

The strict de novo genome assembly problem belongs to a class
of combinatorial inverse problems exemplified by Humpty
Dumpty’s rhyme.! A strictly de novo assembly of a genome from
an NGS read set (for single or paired reads) can never contain more
information than is present in that original read set. Automatic de
novo assembling without human supervision or curation will never
create new sequence-specific information, although it may skillfully
extract or infer information present in the reads, and it may lose
information that was originally present in the raw reads.

First, contiguity information is usually lost when a eukaryotic
genome is chopped into small pieces. The smaller the pieces, or
the higher the repetitiveness, the worse is the loss. In some gen-
omes, only parts of the original genome can be reliably assembled
from the short pieces de novo, because the short pieces’ sequences
are not all unique in the actual genome, so their sequence context
cannot be reconstructed [2-4]. Already the 86 kb, circular mito-
chondrial genome of baker’s yeast [5], which contains substantial
repeats and low complexity regions, provides a good example of
this difficulty for NGS-only approaches.

Second, most assembly programs, such as Velvet [6] or SOAPde-
novo with GapCloser [7], must make some evidence-based deci-
sions. Such decisions may leave no trace of their risk or location
in the resulting assembly when it is released, so if the decision
was wrong, further information may be lost.

Third, not only do typical NGS assemblies released to the public
omit the quality information provided for each read, but the local
coverage by reads, another measure of confidence (number of
reads covering a given position, and degree of agreement among
those reads’ sequences), is also missing from the resulting contigs
or scaffolds. Indeed, with current NGS technology, most loci in a
genome are likely to be covered by many reads, if they are correctly
mapped. Especially where guanine and cytosine level (GC) is
neither very high nor very low, the reads’ coverage depth (coverage
profile), quality and consistency contain information. To give one
example: such local read alignments can help one to detect, a
posteriori, where an unsupervised assembly might have
erroneously collapsed nearly identical paralogs (as exist in some
mammalian interferons; [8]) onto a single composite ‘gene’ that
does not exist.

3. The idea of a final assembly is often a utopia

For reasons including those mentioned above for de novo
assembly, the long, assembled and annotated chromosomal se-
quences (contigs or scaffolds) that are obtained for eukaryotes

1 “Humpty Dumpty sat on a wall / Humpty Dumpty had a great fall / All the king’s
horses and all the king’s men |/ couldn't put Humpty together again” [1]. Humpty
Dumpty is often depicted as an egg with a face, hands and feet; the problem is to
piece the egg back together from its fragments.

are usually hypotheses, not facts. This conclusion applies also
where the assembly is not a de novo assembly but a reference
assembly, because reference assemblies inherit mistakes from
the genome sequence(s) to which they refer. Indeed, reference
assemblies or annotations are ultimately based, possibly via a
chain of recursive referencing, on some ‘first’ reference genome
that was assembled or annotated de novo. Assembly and annota-
tion errors can propagate along such a chain, especially when
one does not interleave reference strategies with de novo strate-
gies. ‘Snowball effects’ of this kind can be a problem not only for
reference assembly or when finding genes [9,10], but also when
assigning functions to genes via reference using programs such
as Blast2GO.

Even some of the most important eukaryotic genomes’ assem-
blies remain unfinished, and the goal of a perfect, final genome se-
quence is likely to remain a utopia for many eukaryotic species in
the near future. This is mainly because of repetitive non-protein
coding sequences (a genome’s protein-coding exons are often well
covered by NGS-derived contigs [2]). Thus, the public human gen-
ome assembly, which was formally declared “finished” in its
euchromatic parts in 2004 [11], is actually still incomplete: the
hg19 sequence continues to lack large expanses of heterochroma-
tin, as well as some euchromatic regions such as the (repetitive)
ribosomal DNA on chromosomes 13, 14, 15, 21 and 22.

It is likely that several existing annotated assemblies of eukary-
otic genomes will be updated again at some future time, as users
discover inconsistencies between assembled and annotated se-
quences of related species/strains, succeed in assembling previ-
ously missing regions, re-curate automated output from gene
callers, or sequence transcripts. The influx of information on indi-
vidual genes coming from molecular biology experiments will con-
tinue, so it is to be expected that the best assembly will ultimately
incorporate them and thus continue to change.

Much as one can now print books on demand and reduce the
need for archiving, one can in principle perform automatic assem-
blies or annotations of genomes on demand. Algorithms for de
novo or reference assembly and annotation continue to evolve
and improve, together with the databases they access and the
hardware they use. As a result, assemblies and their annotations
are likely to become increasingly replaceable, transitory, quick to
alter, automated, and cheap to repeat or remaster.

We propose that it is natural to consider the read set as the
master reference, template or object, from which assemblies and
their respective annotations are generated as dynamic, modifiable
and refreshable ‘views’. Variants of the object-view (or thing-view)
metaphor are commonly used in software design, where it is good
practice to clearly separate a basic ‘thing’ or its model from possi-
ble views of it, both conceptually and when coding [12,13]. Clearly
separating out the true observable is also a necessary practice in
quantum mechanics, where an often-followed protocol is “‘what
is observed, certainly exists; about what is not observed we are
still free to make suitable assumptions.’ This freedom then is used
to avoid paradoxes” [14].

What is firm, and possibly irreproducible at a later time, is the
set of text or binary files containing the primary read sequences
and their quality tracks. This set of files encodes an experiment
and a DNA sample, captured in a momentary snapshot of an indi-
vidual organism at a particular time in the evolutionary history of
the strain or population to which the organism belongs. In such a
read file, the nucleotide sequences are delivered together with the
quality symbol for each nucleotide. For practical purposes, such
as browsing or searching by users, annotation database organizing
and consistent communication among researchers, the read set
should at any given time be accompanied by a single state-of-the-
art assembly chosen as a reference and with a version number, as
is the case for human genome releases, but with the understanding
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that this is one assembly view of the reads and is likely to be re-
placed in future.

4. A read set is a precious object

When NCBI came close to permanently closing its Sequence
Read Archive for new submissions at the beginning of 2011, it be-
came clear to many how important it is to keep a central service for
receiving and carefully maintaining read data. This was an impor-
tant issue: still today, major genome sequencing centers do not all
offer, for public downloading, the original read sets they used for
the assemblies on their web servers.

Some researchers, however, voiced the opinion that every-
thing can simply be resequenced later, consequently reads are
not precious (and they take up gigabytes of storage), so they
can be discarded. A related opinion would be that the reads are
not and should not be the object; perhaps a fungal strain that
has been assigned a strain number in a strain collection might
deserve that role, but not its reads. Although such stances might
seem reasonable at first sight, there are three reasons to think
otherwise.

The first reason is reproducibility. If NGS reads are used as a
foundation for building an assembly and annotation, and insights
and findings are in turn built on top of those and published, the
basic principles of scientific conduct dictate that the reads will
remain of vital importance to check reproducibility. If ever an in-
quiry should be needed later because someone notices a strange
result, was it the processing of the reads that was strange, or
was something wrong with the reads themselves? If the reads
were discarded or misplaced, there is no way to solve this
problem.

The second reason is a practical one. From a purely project-
management perspective, consider the actual ordering and obtain-
ing of samples, extracting of DNA, preparing of insert libraries, and
waiting (sometimes for months) in queues for time on sequencers
that are shared by an institution or community, together with the
actual cost of sequencing. In addition, one must invest human time,
attention and insistence in order to make sure everything is done
well. Contrast that bill with the simple running of a re-assembly
or re-annotation task in background mode on one’s own server
during a weekend, possibly using a more recent assembly or anno-
tation program.

A third reason for keeping read sets comes from an evolutionary
or identification perspective. The metaphor of a unique, time-
stamped snapshot is justified because populations, even strains,
get lost or change. Microbiologists working in microbial identifica-
tion who re-order (or follow over time) a strain of a microbe from a
strain collection may occasionally notice a change in phenotypic
properties (assuming no strains were mixed up, which also some-
times happens). When collected microbes or cell lines are followed
in time, genes that are no longer used, or are no longer under their
previous selection pressure, can show expression anomalies or cor-
responding epigenetic changes in methylation patterns or chroma-
tin configuration [15]. After many generations, such changes can in
turn lead to changes in the observable genome sequence, for exam-
ple when a gene mutates without negative consequences for the
cell’s survival or replication.

We mentioned in the Introduction that, in recent years, the
usable or effective read length one can expect from readily afford-
able NGS has approximately trebled, from less than 36 bp to over
100 bp. This change, although it may seem a modest step, has
brought clear advantages for both the ease of de novo assembly
and the ease of locating the individual reads on a conspecific or
related reference genome. Although for some genomes a usable
read length of 30bp may suffice to obtain long contigs, i.e.,
assemblies with high N50 values, there are other genomes in

which assembly quality or reliability increases very noticeably
when one increases read lengths to 100 bp. A quantitative analy-
sis comparing read lengths and their effects on assembly quality
in selected genomes is presented in Ref. [3]. The use of paired-
end reads, separated via an insert library by a fairly fixed distance
of a few hundred base pairs, then further improves reliability. In-
deed, a read in a small repetitive region has a better chance of
being disambiguated by its mate: even if a read is lost in the re-
peats, its mate standing on firm, unique DNA some distance away
can in principle localize both. An example of a fungal genome pa-
per in which assembly results are shown first after using paired-
end 36 bp Solexa/lllumina reads, and then again after including
also longer, single-end 454 reads, is the paper describing the
Sordaria macrospora genome project [16]. Trebling the effective
sequence length from around 30 bp to 100 bp can, similarly, facil-
itate the assignment of an individual read to its position in an
external reference assembly. Such considerations strengthen the
notion that NGS read sets have now become precious objects in
their own right.

5. Assembly-free uses of reads

Dedicated assembly/annotation projects that include human
curation components have enormous merit. For the progress of
genome biology, it is crucial that they continue to receive decent
funding. We are still far from being able to replace, by any unsu-
pervised pipeline or view, the dedicated human curating, expert
decision-making, quality honing, and careful resolution of biologi-
cal inconsistencies that are part of a serious genome assembly and
annotation project. However, experiences made since the advent of
NGS no longer sustain the opinion that, prior to human curation, it
need be “the initial alignment or assembly that determines
whether an experiment has succeeded and provides a first glimpse
into the results” [17]. First glimpses can also be obtained from the
reads without an assembly. One can now, for example, directly
view or search the raw read data for a task at hand, quickly create
an ad hoc, local assembly of reads around a guide or test gene of
interest, or compare sites where there are single-nucleotide poly-
morphisms (SNPs) within a population.

Biological analyses can be done in principle, and sometimes also
in practice, using the raw reads directly, bypassing global assem-
blies and/or annotation. This statement is more obvious than it
may seem. Today, many global assemblies and annotations are al-
most entirely automated. The products of such software runs can
therefore be represented, or conceptually replaced, by the pro-
cesses themselves, which can be piped and optimized. In other
words, there is no conceptual need for a ‘thing’ or intermediate
product called an assembly or an annotation. This simple observa-
tion, and its potential for exploiting when one designs algorithms
or combinatorial methods, has not received much attention in
the literature. An exception has been the research of Peterlongo
and his colleagues on pre-assembly or assembly-free, direct analy-
sis of NGS reads. They have written and presented dedicated, effi-
cient proof-of-concept programs for local or targeted assemblies,
SNP calling and other biological analyses that do not require prior
whole-genome assembly or annotation [18,19]. As one of their pre-
sentations aptly states in its title: “Biological information is in the
reads” [20].

Some basic and useful direct analysis or data extraction proce-
dures (‘pedestrian’ tasks) can sometimes be quite easily and tracta-
bly performed on commodity hardware using familiar general-
purpose programs such as BLAST or BLAT and/or basic Linux/Unix
commands, although newer, dedicated NGS programs such as BWA
[21] or Bowtie 2 [22] have advantages for pipelines. An example is
a similarity search for a gene of interest against 50 million read
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pairs of a fungal genome. Such checks can be extremely valuable
when one cannot find the ortholog of a known gene in a newly ob-
tained genome assembly, and wants a reliable proof of its absence
in the actual genome.

The possibilities of directly using reads for analysis provide an
opportunity to reflect on the timeliness of a historic linear pipeline
topology, still widely used as a paradigm when designing genome
projects. Its direction goes from sequencing through assembly and
annotation to analysis and then usually to publication and project
termination, but typically not back again to reassembly or re-anno-
tation unless there is a formal follow-up project. Much as the
waterfall-Gantt model of project management, which corporate
and other organizations have used as a guideline for decades
[23,24], and with parallels to the Central Dogma of molecular biol-
ogy [25], current genome hosting often does not anticipate how
feedback from outside scientific communities could be efficiently
integrated after the end of a genome project, when user communi-
ties wish to suggest further changes or corrections to genome
assemblies or annotations on a routine, ongoing basis. A wish
might be to frequently refresh assembly views or their annotations
under a set of constraints representing user-supplied knowledge
items. Although it is not yet clear how this would be implemented,
user feedback would be treated as a certain event, or even actively
solicited, and corresponding checkpoints would be hardwired into
the plan (Supplementary Material, Box S1). In other words, the
views could be freed to change dynamically while the central ob-
ject, the original genome snapshot being viewed, stays accessible
in the reads.

6. Conclusion

In this contribution, we motivate an unconventional way of
envisaging genomics processes, which has helped us to clarify
and improve our own conceptual workflows in a fungal genomics
lab. Although individual points mentioned here have been raised
or discussed informally by others in conferences or on web sites,
we have seen few previous publications (which we cite) that were
dedicated to centrally addressing them and outlining a coherent
perspective for a broad readership. It is difficult to predict for
how long short-read sequencing technology will stay the main ap-
proach, and it is clear that many of the considerations presented
here would need to be changed if much longer reads (e.g., along
the lines anticipated for Oxford Nanopore sequencing [4,26]) be-
come the popular choice. Until then, we hope that clear thinking
along the lines we sketch here will stimulate conceptual and prac-
tical advances in genomics and genome informatics.
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Abstract. Planning of pipelines for next-generation sequencing (NGS)
projects could be facilitated by using simple DNA sequence benchmarks,
i.e., standard test sequences that could monitor or help to predict ease
or difficulty of (a) short-read sequencing and (b) de novo assembly of the
sequenced reads. We propose that familiar, gene-sized sequences, includ-
ing but not limited to nuclear protein-coding genes, would provide fea-
sible consensus benchmarks allowing simple visualization. We illustrate
our proposal for fungi with candidates from ribosomal DNA (rDNA,
used in phylogeny and identification/diagnostics), mitochondrial DNA
(mtDNA), and combinatorially constructed conceptual (synthetic) DNA
sequences. The exploratory analysis of such familiar candidate loci could
be a step toward finding, testing and establishing familiar, biologically
interpretable consensus benchmark sequences for fungal and other eu-
karyotic genomes.

Keywords: Next generation sequencing, Eukaryotic genomes, De novo
assembly, Benchmarking.

1 Introduction

When one plans pipelines for next-generation sequencing (NGS) projects, it
would often be helpful to have available simple reference DNA sequences or
benchmarks, i.e., standard or consensus test sequences that could monitor or
help to predict ease or difficulty of (a) short-read sequencing and (b) de novo
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assembly of the sequenced reads. Indeed, a genome or genomic region can have
patches that are inherently refractory to either endeavour.

We consider separately two main groups of tasks in a genomics pipeline lead-
ing to an assembly, which lend themselves to separate benchmarking: tasks that
are done before the official read set is obtained, and tasks that are done after one
has the reads. The former, sequencing-related tasks include choice of sequenc-
ing technology and choice of parameters such as read length and insert size;
the preparation and possible selection of insert libraries; actual sequencing; and
any routine censoring or other processing of raw sequencer output that is then
performed in order to arrive at a set of official or presentable read files. The
latter, assembly-related tasks include choice of assembly program(s) and choice
of parameters such as k-mer length (for de Bruijn graph-based programs); ac-
tual assembling into contigs and/or scaffolds; and any subsequent censoring or
elimination of short or otherwise doubtful contigs or scaffolds from the assembly.
The tasks listed in these two groups are the ones we can influence, for which we
seek guidance, and for which existing and new benchmarks could be valuable.
We propose that familiar sequences, of the length of one or a few known genes,
could provide useful and realistic external references that would be helpful in
such contexts.

If one looks only at whole-genome assemblies of eukaryotes without consid-
ering the structural and functional features that exist along the chromosomes,
benchmarks already exist. Well-known examples are N50, NG50 or NG90; state-
of-the-art benchmarks of this category are listed and used in the recent Assem-
blathon 2 report [5]. If one restricts one’s attention to protein-coding genes of the
nuclear genome, benchmarking can be done by assessing how well one’s assembly
covers conserved or ‘core’ genes that one expects to find, e.g., using CEGMA
[28,29,5]. We propose, in the case of fungi, to complement such existing bench-
marks with benchmarks based on ribosomal DNA (rDNA, used in phylogeny and
identification/diagnostics), mitochondrial DNA (mtDNA, of which for example
the gene for cytochrome c oxidase subunit 1, CO1, is used in barcoding), and
combinatorially constructed conceptual or synthetic DNA sequences. We present
our proposal using selected examples.

2 Materials and Methods

Reference sequences were selected after performing exploratory studies on DNA
sequences of model and pathogenic fungi (Saccharomyces cerevisiae, Aspergillus
fumigatus, and dimorphic fungi from the Onygenales order) that are represented
by an intrinsic interest in the scientific community and may therefore already be
available prior to a strain’s whole-genome sequencing. We retrieved real DNA
reference sequences from public databases (GenBank, Broad Institute), and cre-
ated synthetic DNA reference sequences by generating DNA stretches that have
no repeats of length > w. Reads used in the exploratory studies were taken from
Ilumina paired-end short-read (I > 100 bp) files downloaded from the NCBI Se-
quence Read Archive (SRA), from our own Illumina paired-end reads (I > 100
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bp) or, in the case of ideal reads (see [20]), created from longer public sequences
by generating all possible subsequences of a fixed length [ (I > 100 bp). Further
details of presented examples are given in Figure legends and descriptions in the
main text.

3 Results and Discussion

3.1 Benchmarks from Ribosomal DNA for Optimizing
Sequencing-Related Tasks

Although ribosomal DNA (rDNA) of a eukaryotic organism can seriously resist
assembly because of its tandemly repeated nature (for example, some of the
human genome’s known rDNA regions are still missing from the hgl9 sequence),
we focus here on inherent resistance to sequencing and/or related tasks that lead
to the production of an official read set.

Generally, patches along a chromosome that are truly refractory to sequencing
(thus causing unsatisfactory read depths) can result from various factors, of
which one seems to be extreme or unusual GC (guanine-cystosine) levels [33,
and refs. therein|. The rDNA loci in eukaryotes, including fungi and also human
[16, Genbank accession U13369], can exhibit some of a genome’s most severe GC
changes and/or extremely high levels of GC; in the interphase nucleus, rDNA
does not reside in typical chromosome territories but in nucleoli [1].

Figure 1 shows an example of how a classic rDNA reference sequence of a
fungus can be used as a potential benchmark, to monitor patches along the
sequence where reads from a closely related organism (here, another strain of
the same species) are thinly spread. If the organism represented by the reads is
close enough to the organism represented by the reference sequence, and if one
chooses a matching method having appropriate sensitivity and specificity (e.g.,
general-purpose matching programs such as BLAST or BLAT or more dedicated
NGS programs such as BWA [22] or Bowtie 2 [21]), then patches of shallow reads
must have been caused during sequencing or sequencing-associated steps.

3.2 Benchmarks from Mitochondrial DNA for Optimizing
Assembly-Related Tasks

Mitochondrial genomes of some fungi can be surprisingly difficult to assemble
de novo, despite their small sizes, which are typically less than 100 kb. For
example, two groups that used shotgun methods to sequence strains of yeast
(Saccharomyces cerevisiae) appear to have encountered problems in obtaining
satisfactory assemblies of the mitochondrial genome [12,25].

A short sequence of less than 100 kb might, at first sight, seem like child’s
play to assemble, but it turns out that some far bigger nuclear genomes are
routinely and quite successfully assembled and annotated while the same organ-
isms’ mitochondral genome is not. Mitochondrial genomes can contain seriously
repetitive and/or low complexity DNA interspersed in a number of noncoding
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Fig. 1. Positional variation of read counts of Aspergillus fumigatus strain A1163 (Il-
lumina GAII paired-end reads of length 101 bp, insert size 300; NCBI SRA accession
SRX028559) that match along an rDNA reference sequence. The reference sequence
is from A. fumigatus strain NRRL 35223 (GenBank accession EF634403, 1154 bp).
Matching was done using BLASTN with default settings (black read depth curve). A
moving-window GC plot (window 101 bp, step 1 bp) is shown above the match counts,
anticorrelating with them. Matching was repeated with the DUST [27] low complexity
filter switched off (-dust no , light curve superposed on and essentially coinciding with
black read depth curve), in order to confirm that the anticorrelation with GC is not an
artifact of low-complexity patches. Since the first two valleys of the read coverage plot
are found within internal transcribed spacer regions (ITS1: positions 13-195, ITS2:
positions 353-521), we also verified that these sequences are highly conserved (close to
100% identity) among A. fumigatus strains, i.e., that the valleys are not due to more
pronounced ITS sequence divergence as is sometimes seen in higher-level, interspecies
alignments [17,18]; we have observed similar fluctuations of read depth when mapping
our own Illumina 101 bp reads for an Emmonsia parva strain to a reference rDNA se-
quence for that strain. Positions are midpoint of BLAST match for read match counts
and window midpoint for GC. Inset: Scatterplot and quadratic polynomial fit sketching
the negative relation between read depth and GC (R = 0.604; cf. also a similar general
relation observed in [33, Suppl. Figure 3]).
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stretches along the sequence, which can confuse assembly programs. In fact, re-
peats can confuse not only assembly programs, but also (biological) homologous
recombination, leading to mitochondrial genome instabilities that can become
visible as petite mutant colonies in yeast [3,4,12], so if one is looking for a tough
benchmark sequence this may be a good candidate: Figure 2 shows that even
an ideal paired-end strategy with no sequencing errors and providing uniform,
good coverage by reads cannot bridge the ori repeats, and suggests that the
resulting (modest) fragmentation may be a fundamental limit [20] that is not
dependent on the program used for assembling. This small genome has relatively
few genes, of which the CO1 gene has been proposed for barcoding [31], and it
is well-studied and familiar to all biologists. Use of mitochondrial genomes as
benchmarks might correspond to benchmarking ideals of a “toughest competi-
tor” [7, p. 10], or to agile practices advocating that one write a test that fails,
then be prompted by the failing test to write code that will pass that test (]9,
pp. 25-29], [6, Chapters 16-19]).

3.3 Comments on Benchmarks from Nuclear Protein-Coding DNA

Protein-coding genes of the nuclear genome are the most abundant genes of a
eukaryotic organism, but they are often less difficult to sequence or assemble than
other genomic regions. On the other hand, in some sequencing and assembly
projects one may be primarily interested in obtaining the full set of nuclear
protein-coding sequences, and much less interested in other regions. A recent
reminder that it is important to be clear about one’s priorities was given by
the results of Assemblathon 2, in which some of the least successful assemblies
of vertebrate genomes, as measured by genome-wide metrics, were successful in
covering a majority of genes ([5]; see also [20]).

The frequently observed or rediscovered success of simple next-generation
sequencing strategies in assembling most protein-coding sequences suggests that
the notion of gene space is appropriate here [29], a term that was originally used
to characterize the dramatic enrichment of genes in a relatively small interval of
the GC distribution of genomes such as those of cereal plants [8].

The set of genes that was used to assess coverage by the Assemblathon 2
entries came from a collection of core eukaryotic protein-coding genes (CEGs),
proposed by Parra et al. [28,29] as a composite benchmark. Their rigorous fil-
tering protocol yielded 458 genes [28] present in 6 eukaryotic model organisms
including human and baker’s yeast, of which 248 genes were found to be gener-
ally present as single copy genes [29]; the 248 genes were then further divided
into 4 groups according to their conservation. Based on mapping of CEGs in
25 previously characterized eukaryotic gen he most conserved group (group 4),
consisting of 65 genes, has been proposed as an estimator of the percentage of
total protein-coding genes covered by the assembly that should be useful even
for highly divergent genomes; a CEGMA mapping package is available for ana-
lyzing coverage of arbitrary eukaryotic genomes using CEG genes [29].
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Fig. 2. Simulated NGS strategy designs for the yeast mitochondrial genome. Results of

feeding all possible subsequences of length 100 bp of the Saccharomyces cerevisiae ref-
erence mtDNA genome sequence [14, GenBank acc. AJ011856], as simulated ideal reads
at 100x [20], to the SOAPdenovo/GapCloser assembly pipeline [24]. Scaffold/contig
properties are shown for oppositely directed sample runs (sense and antisense, for con-
sistency checking) in two contrasting sample scenarios or strategies. The first strategy
is single reads at a low k-mer size (23 bp), and is completely unsuccessful; the sec-
ond strategy is paired-end reads separated by 512 bp at a high k-mer size (63 bp),
and is more successful, but still all scaffolds/contigs are prematurely terminated at
ori repeats, suggesting a fundamental limit of the NGS sequencing design (lower left
scatterplot, and corresponding arcs in circular Geneious [19] display with inner ring
showing GC). One sample mitochondrial gene, CO1, is shown.

28



Chapter 3: Limits to Sequencing and de novo Assembly: Classic Benchmark Sequences for Optimizing Fungal

NGS Designs

Classic Benchmark Sequences 227

3.4 Benchmarks from Artificially Generated DNA Symbol
Sequences for Optimizing Assembly Programs

The last class of benchmarks we discuss comes from artificial DNA. Although
the use of such artificial or conceptual DNA (DNA in silico) is not backed by a
tradition of study by molecular biologists (with an few exceptions), it is backed
by a classic branch of thinking and proving theorems about repetitiveness in
combinatorics, i.e., in mathematics. This tradition usually bears the name of de
Bruijn, although it has its roots in the first graph-theoretic result, Euler’s 1766
solution of the Kénigsberg bridge problem [23, p. 40], [2, Chapter 11].

If mitochondrial genomes, such as that of yeast shown in Figure 2, are some of
the toughest benchmarks for assembly-related tasks because of their repeats and
low-complexity regions, then we can, conversely, aim to find lenient benchmarks
that could serve as a minimal requirement for assembly programs by eliminating
repeats or, alternatively, by artificially constructing a library of synthetic DNA
(syDNA) sequences that are guaranteed to have no repeats longer than a given
length on either strand. For example, the first sequence in such a library could
be free of repeats greater than some length w, the second sequence in the li-
brary could be free of repeats greater than w+1, and so on. Different assembly
programs could be assessed or ‘acceptance-tested’ based on their performance
profiles when fed such a synthetic sequence library in read-sized fragments (pos-
sibly paired, and/or with simulated sequencing errors to assess robustness).

The problem of constructing, or generating, a repeat-free double-stranded
DNA sequence for a given word length w was formulated and addressed already
early, in an appendix [15] of a 1966 paper addressing the danger of ectopic (illegit-
imate, out-of-register) homologous recombination [32]. That appendix presented
maximal attainable lengths (~ 4" /2) and theorems pertaining to those lengths.

The generating of single-stranded DNA (ss-DNA) sequences without repeats
is relatively straightforward, and even implemented in the general-purpose math-
ematics software Sage (DeBruijnSequences(4,w) .an element() and then re-
place 0,1,2,3 by A,C,G,T; for theory see [2, Chapter 11], and for the elegant
generation of a basic example for a given w used by Sage see [30, section 7.3],
[13]). However, the study of algorithms for generating double-stranded (ds-DNA)
repeat-free sequences, in which no words or their reverse complements encounter
a match, has not received much attention since 1966. One reason is that the
ss-DNA problem is traditionally solved by considering a well-studied class of
directed graphs, the de Bruijn graphs, which are used also in several NGS as-
sembly programs. When one considers ds-DNA, however, the underlying struc-
ture is less simple: a word needs to be ‘glued’ to its reverse complement to form
a single node or vertex consisting essentially of two node-chambers, connected
to other nodes or their chambers by separate directed or doubly-directed edges
(bi-directed graph, bi-flow, conjunction product; [26]; cf. also [11]).

Although it would be useful to have an efficient algorithm for directly gener-
ating maximal nonrepetitive ds-DNA sequences, e.g., via an analog of the Lyn-
don word approach used by Sage, one can create nonrepetitive ds-DNA sequences
that are not maximal but often sufficiently long for one’s purposes, by generating
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maximal nonrepetitive ss-DNA sequences and then censoring or editing them. In
such editing, visualization using the familiar dotplot method is helpful.

We end this subsection with a toy example. The following randomly gener-
ated, 1028-nt de Bruijn sequence, viewed as a simple sequence of letters from a
4-letter alphabet, has no repeats of length 5 nt or more:

GCCGAGTCATTTTTATATAGGCTGCCTGCTATACCACGTCTCGGCCCAGCCAAAAAGCTGTTTTCGCTACAGTCTGATCACGGAATGCAAGCA
ACAATGACGTTGACACCCACCAGGTTTGCACCTAAGGTGGGCCGGTCGATGCTCTTATCGCATCCAGTGTAGGGCGTGTTGCCATTCCCGCAA
TCTCACCGTTACTTCATGAGACGATCCGTGAACATCTGTACTAGCTCAACTAAACAGGGACATGTCTTGGTATCCCCAATAAAGGCATAAGAC
AGCGATACACTTTAGTTGTTATGGGAGTATTAGCCTATTCAAGATAGCGCACTATGATGGAGAGGCCAGATCTTTCACTCGTATGTGAGTGAC
CATAGACTACCGGGCTTTTGGACTGACTTAGATTGTGTGCGCGGGTCTAATGTATAATCAGTACAACCAACGGCAAAGAACTTGTAAGTCGGA
TATGCCGCTGGGTTGGCCTCTAGGAGCTAGTGCCCTTGAAGCCGTCACACAAGGGTAACGCAGGAAGGACGCTTGCGGCGAAACTGCGTAATA
CTCATATTGATTCTGCAGTTCAGACCGCGTTTCTATCATCAATTCGAGGGGTGCATGGCGGTGATAACACGCCACTGGCAGAAGTGGCTCCAA
GTTAGGTACCTTACCCCCGAATAGTCCCATGCGAGCCCCTACGTACGGGGGATTTGTCAGCAGCTTCGGTAGTAGAAAGTAAATATCTACTGT
CCACAGAGCGGAGGATGAATCGTGCTTAAAATGGTCAAATCCTGTGGATCGGGAAATTAACCCGTAGCACATTACGCGACAAACCGATTATTT
CCATCGAAGAGTTTACATACGAGAATTTAAGCGTCCTTCTTCCGACTCTCCTCCGCCTTTGAGCATTGGGGCACGAACCTCGCGCTCGACCTG
AAAACGACGGTTCCTAGAGATGTTCGTCGCCCGGCTAACTCCCTGGTGTCGTTCTCTGGAACGTGGTTAATTGCTGAGGTCCGGACCCTCAGG
CGCCG

However, if we interpret the sequence as one strand of ds-DNA, the situation
changes. Indeed, GAAGG should not occur twice and its reverse complement
CCTTC should never occur, but the first two underlined regions show that
this condition is not met. Palindromes, i.e., sense-antisense ‘self-repeats’ (third
underlined region), should in principle also be absent, as a short read assembly
program could get confused about the direction in which it should continue
growing a contig. The underlined regions are the only ones with such problems.

We ran this example through the assembly program succinctAssembly/
gossamer, which implements efficient algorithms for assembly sub-tasks with few
additional heuristics [10], on all of the sequence’s 16-bp ds-DNA subsequences
choosing a k-mer size of 10. This procedure is analogous to the one used for
yeast mtDNA illustrated in Figure 2. As expected, the places where the contigs
broke off were precisely the 3 underlined regions.

4 Conclusion

Exploratory analyses of familiar reference sequences, such as those we present
here as candidate benchmark loci, could take us a step further toward find-
ing, testing and establishing familiar, modestly sized, biologically interpretable
consensus benchmark sequences for fungal and other eukaryotic genomes. The
results suggest that we could use selected, known genes or genomic regions as
guides to monitor, help predict, and thus optimize the success of sequencing and
assembly pipelines or designs for whole genomes.
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Selecting the values of parameters used by de novo genomic assembly programs, or choosing an optimal
de novo assembly from several runs obtained with different parameters or programs, are tasks that can
require complex decision-making. A key parameter that must be supplied to typical next generation
sequencing (NGS) assemblers is the k-mer length, i.e., the word size that determines which de Bruijn
graph the program should map out and use. The topic of assembly selection criteria was recently revisited
in the Assemblathon 2 study (Bradnam et al., 2013). Although no clear message was delivered with
regard to optimal k-mer lengths, it was shown with examples that it is sometimes important to decide
if one is most interested in optimizing the sequences of protein-coding genes (the gene space) or in
optimizing the whole genome sequence including the intergenic DNA, as what is best for one criterion
may not be best for the other. In the present study, our aim was to better understand how the assembly
of unicellular fungi (which are typically intermediate in size and complexity between prokaryotes and
metazoan eukaryotes) can change as one varies the k-mer values over a wide range. We used two different
de novo assembly programs (SOAPdenovo2 and ABySS), and simple assembly metrics that also focused
on success in assembling the gene space and repetitive elements. A recent increase in [llumina read
length to around 150bp allowed us to attempt de novo assemblies with a larger range of k-mers, up
to 127 bp. We applied these methods to Illumina paired-end sequencing read sets of fungal strains of
Paracoccidioides brasiliensis and other species. By visualizing the results in simple plots, we were able to
track the effect of changing k-mer size and assembly program, and to demonstrate how such plots can
readily reveal discontinuities or other unexpected characteristics that assembly programs can present
in practice, especially when they are used in a traditional molecular microbiology laboratory with a
‘genomics corner’. Here we propose and apply a component of a first pass validation methodology for
benchmarking and understanding fungal genome de novo assembly processes.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

“Complexity” is, itself, a complex concept. In a review of
complexity and its measures in the context of DNA, Li (1997)
has correctly pointed out the need to occasionally return to first
principles when considering which, if any, of the more widely
used (and sometimes not fully interchangeable) definitions of

* Corresponding author at: Cellular & Molecular Biology Unit, Corporacién para
Investigaciones Bioldgicas, Medellin, Colombia.
E-mail address: oliver.clay@gmail.com (O.K. Clay).

http://dx.doi.org/10.1016/j.compbiolchem.2014.08.014
1476-9271/© 2014 Elsevier Ltd. All rights reserved.

complexity is most relevant to a given task at hand. Indeed, the
task itself can be used to define a measure of complexity of a
genome (or other object), namely the difficulty of accomplishing
that task on the genome (Li, 1997and refs. therein).

A task associated with eukaryotic genomics that has become
increasingly important for individual laboratories as DNA sequenc-
ing costs continue their decrease is the task of obtaining a
reliable, annotated de novo assembly of a genome of a species,
isolate/strain/population or, especially in large metazoans, of an
individual. Depending on the questions one wishes to answer by
obtaining genome sequences, in some contexts one may be inter-
ested primarily in obtaining the sequences of all genes or coding
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regions of the genome being studied; in other contexts one may
also need to obtain the unique intergenic regions that could be rel-
evant for the genes’ expression such as promoters and enhancers;
finally, one’s aim may be to offer to the community a ‘full’ reference
sequence for a genome, including as much of its repeat landscape
as is feasible given the available technology, time and funds. The
optimal design or simulation of a sequencing strategy, and indeed
the ‘complexity of the genome’ one faces, can vary depending on
the precise task of interest.

Clearly it can be of much utility if one can design, compare and
then choose a relatively optimal sequencing strategy together with
the subsequent steps of assembly and annotation, before embark-
ing on the actual library preparation and sequencing (Mufioz
et al., 2014). For this one needs to know what one wants most,
e.g., what cost-effectiveness, cost-utility or cost-benefit trade-
offs (Drummond et al., 2005) one is prepared to make, and what
sequencing technologies, options, and hardware configurations are
available to one’s laboratory.

There have been promises of what the next NGS genera-
tion (post-next generation sequencing, or third/fourth generation
sequencing), will soon be able to offer. Some of the promises still
need to be fulfilled, however. As a recent article in Science (Pennisi,
2014) has emphasized, because of various delays we have still not
fully arrived at the goal of empowering small laboratories to enjoy
reliable, stand-alone implementations of the projected new tech-
nologies that fit within their often modest budget.

In this article, we therefore focused on a second generation tech-
nology, Illumina short read sequencing (single or paired-end reads),
a widely used solution that has consistently remained accessible
and typically reliable now for several years, for which costs charged
by some service providers have decreased, and for which read
lengths have recently increased to about 150 bp. Insights obtained
for this specific technology can be partly generalized or extrapo-
lated, mutatis mutandis, to other read sequencing technologies that
also use de Bruijn graph-based assembly methods (Compeau et al.,
2011). Also, arecent analysis by Li et al. (2014) in the context of ref-
erence assembly, showing that mappability of reads (or r-mers) to
reference sequences does not markedly improve above read lengths
rof150-200 bp, could suggest that at least some findings for de novo
assembly of currently available (150 bp) reads might extrapolate
well to longer Illumina reads that may be available in future.

We will restrict our genomic context to unicellular fungi,
eukaryotes that have served as models of metazoan eukaryotes
(including human) in many respects including disease (Bassett
et al., 1996; Foury, 1997), and that represent an intermediate in
size and complexity between the genomes of prokaryotes (bacte-
ria or archea) and those of vertebrates and flowering plants.
Since the prime model fungus, the baker’s yeast S. cerevisiae, has
a relatively compact nuclear genome, we break with tradition
by choosing as our main example another, less compact fungal
genome that has recently been fully sequenced, assembled and
annotated (Desjardins et al., 2011), the thermally dimorphic human
pathogenic fungus Paracoccidioides brasiliensis. Its nuclear genome
has a larger size and contains more repetitive DNA than yeast, and
in this respect it may be more representative of other eukaryotes
and their assembly challenges.

In short read sequencing of such genomes, and the subsequent
processing of the reads, there are at least three stable, key param-
eters that can currently be considered fundamental (Fig. 1). Other
measures or parameters determining the success of an assembly
include measures pertaining to read depth or coverage, and non-
tunable measures reflecting the repeat structure or profiles of the
genome itself.

Two of the key parameters depicted in Fig. 1 are sequencing-
related, namely the read size r and, if paired-end reads are used
as part of the design, also the insert size I of the insert library.

-

computational

I

1

Fig. 1. Three key length parameters that can influence the structure of de novo
assemblies obtained from Illumina short reads. Two parameters that are decided
at the sequencing-design stage (horizontal plane in the scheme at top) are read
length r and, where paired-end reads are used, insert length I. An additional key
parameter that can be chosen or modified at the assembly stage (vertical axis in the
scheme at top) is the k-mer length, which is a tunable parameter (k<r) in typical
de Bruijn graph-based de novo NGS assembly programs, including SOAPdenovo2
(Luo et al., 2012), ABySS (Simpson et al., 2009), Velvet (Zerbino and Birney, 2008)
and ALLPATHS (MacCallum et al., 2009). Insert lengths are often considerably longer
than read lengths, and are therefore denoted here by an upper-case symbol; to com-
municate a design either the outer insert length I, (the length of the insert between
adapters, which includes the two end regions that are sequenced as reads) or, less
frequently, the inner insert size I; = I, — 2r (the distance between the two reads) have
been used in the literature; clearly only one of them needs to be specified when the
read size r is given (scheme at bottom). Insight into methodologies (experimental
and/or computational) can be gained by choosing a single species/isolate, and then
comparing sequencing designs (having different r and/or I values) and assembly
designs (using different programs and a range of k values).

In actual practice, where there is a spread of insert sizes, one can
take the mean insert size, i.e., the average fragment size <I,>, to
represent the insert size (see Fig. 1), or one can include more infor-
mation ranging from the standard deviation to an estimate of the
full frequency distribution of fragment lengths given by an electro-
pherogram.

The third key parameter depicted in Fig. 1 is a bioinformatic
parameter that is used only after the sequencing of the raw reads
is done, the so-called k-mer length, or k. This parameter is the
length of a read’s fixed-length subsequences, or words, that are
used in the de Bruijn graph-based assembly steps that form a
part of most modern, widely used short-read assembly programs
(Compeau et al., 2011). Given the value of k, the assembly program
traces out from the reads the corresponding regions of a full de
Bruijn graph over an alphabet of size 4 (i.e., 0,1,2,3 or A,C,G,T) and
dimension k (Berge, 2001, p. 167 ff.). In this way, flows on the de
Bruijn graph correspond to successive 1-step shifts of a window
of size k traversing a sequence. At least conceptually, one needs
to generalize the de Bruijn graph because reverse complements
should not be counted twice (Medvedev and Brudno (2009), cf. also
Deng and Wu (2005)). Implementations differ, but they all involve
steps in which regions of a full de Bruijn or de Bruijn-like graph are
traced out by the reads and the flows are recorded (see Mufioz et al.
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(2014) and refs. therein). Which de Bruijn-like graph is partially
constructed is decided by the parameter k. The value of k can also
be thought of as the ‘window size’ through which these steps of the
assembly program ‘see’ the reads. A further consideration, which
different assembly programs may deal with in different ways, is
the additional constraint on the possible assemblies imposed by
the pairing of the reads, i.e., by the knowledge of which reads are
paired, together with the knowledge of the frequency distribution
of the insert/fragment sizes in the library used for sequencing: this
is where the experimental parameter I is needed.

The ability to wisely choose options and parameters ensuring
a good de novo assembly is a valuable asset when designing a
sequencing project for a fungal genome. One sometimes needs to
consider bioinformatic options or parameters at the same time as
one chooses experimental details for the initial read sequencing
(as one would do when writing a grant proposal). Given a selected
fungal organism (species and strain/isolate) and a particular exper-
imental strategy, which for Illumina short-read sequencing will
always involve choosing read length r and usually also insert
length(s) I, what assembly and annotation quality could we expect
in the best possible case? A closely related reference species’ exist-
ing assembly or reads, where available, can often help answer this
question in silico. Simulated reads can be obtained from the scaf-
folds by in silico ‘sonication’ and fed to a series of different assembly
and annotation runs with different parameters/choices, thus avert-
ing unpleasant surprises later, such as the discovery that one’s
choice of read or insert length was inherently unsuited for the cho-
sen genome and task. Low and high k values may have different
advantages and drawbacks.

The problem addressed here, the choice of an assembler and
‘k strategy’, or the choice of an assembly from a set of assemblies
obtained from the same reads using different strategies, is indeed
a complex one, depending also on the repeat complexities of the
genome of interest, as is now finally being acknowledged (see,
e.g., Haznedaroglu et al. (2012) and refs. therein). In a single con-
tribution presenting original data it would be very difficult to do
justice to this complex problem if one insists on also maintaining
generality, providing an exhaustive review, or suggesting general
guidelines that one cannot feasibly alpha-test. In this contribution,
we therefore choose a restricted context, and report results from an
initial exploration of fungal assemblies from real reads, using two
widely used assembly programs or pipelines that were run over
a wide range of k-mer lengths: the SOAPdenovo2 pipeline (up to
but not including the final GapCloser run; Luo et al. (2012)) and the
ABySS program (Simpson et al., 2009). We imagine a typical molec-
ular microbiology laboratory endowed with a medium-sized grant
to initiate constructive genomics work (e.g., a server with no more
than 64 GB RAM), and having no bioinformatic ‘insider informa-
tion’ or dedicated informatic personnel, i.e., no access to tips, tricks
or ‘tweaks’ that are not available in the public domain. Although
Illumina read-based quality reports and other analytical studies
have been offered before, to our knowledge few if any focused
on non-model fungi having repeat-rich genomes, or 150 bp read
sets; including such realistic and timely features that are likely to
reflect real in-house genomics projects allows us to obtain a wider
picture.

2. Materials and methods
2.1. Sequencing

Paracoccidioides brasiliensis strains Pb113, Pb1445 and PbBAC
were sequenced using an Illumina HiSeq 2500 sequencer, with
150bp paired-end reads and a nominal length (insert size) of
620 bp. Insert library construction and sequencing were performed

at the DNA Services facilities of the University of Illinois at Urbana-
Champaign.

Saccharomyces cerevisiae strain S288c paired-end reads were
downloaded from the NCBI Sequence Read Archive (SRA), Exper-
iment ERX240932, Run ERR266425. The reads were sequenced
using Illumina HiSeq 2000 with a nominal length (insert size) of
450bp and a read length of 144 bp.

Although plots are shown here only for P. brasiliensis strain
Pb113 as an example, full plots were also obtained for the other two
P. brasiliensis strains and the S. cerevisiae strain, with corresponding
findings.

For comparing SOAPdenovo2 metrics at the observed jump from
49bp <k< 51bp for a third fungal genus, paired-end Illumina
reads (read length 101 bp) of Emmonsia crescens strain UAMH 4076
and Emmonsia parva strain UAMH 130 were used. Insert library
construction and sequencing with a HiSeq 2000 sequencer were
performed at the Broad Institute, Cambridge, MA (collaborative
paper in preparation; NCBI Bioproject PRINA179100).

2.2. Assemblies

The program SOAPdenovo version 2.04-r240 (SOAPdenovo2;
Linux binary for k values up to 127 bp) was used with all odd (i.e.,
allowed) k-mer values from 17 bp to 127 bp. The assemblies were
run essentially using default parameters (except for the k-mer val-
ues), only modifying the config files with the corresponding read
lengths and insert sizes, along with the maximum read length as
the read length. The recommended SOAPdenovo2 pipeline also
includes the programs KmerFreq and Corrector (SOAPec_v2.01),
which are run prior to calling the SOAPdenovo2 program, and
GapCloser, which is run after SOAPdenovo2 as a final step. Paradox-
ically, however, KmerFreq comes with no clear recommendations
for pre-piping reads for which one wants SOAPdenovo2 to use high
k values (e.g., around 50): KmerFreq-HA does not accept k values
above 27, and KmerFreq_AR uses 4 GB RAM for k=17, 256 GB RAM
for k=19, etc., and so is not useful in normal practice even at moder-
ately high k values. In both variants of KmerFreq, the defaults were
17, so we used that value for all assemblies in KmerFreq AR (-k 17 -
q33-t10)and Corrector AR (-k17-13-Q33-r50-t 12). Because we
wanted to focus on the processes of the core assembly program, we
did not attempt to close the gaps remaining after SOAPdenovo2 by
running GapCloser.

ABySS version 1.3.7 was used with all odd k-mer values from
17 bp to 127 bp. The assemblies were run using default parameters.

2.3. Genes and repeats

BLASTX version 2.2.28+ was run locally with default settings
using protein sets from reference annotations as the database, and
the 17-127 bp k-mer assemblies were the query.

Augustus (Keller et al., 2011, http://bioinf.uni-greifswald.de/
augustus/) was used for fully automated gene calling on each
assembly.

RepeatMasker version open-4.0.3 was used to detect repetitive
elements in each assembly using the fungal repeats data set from
Repbase.

LTR Finderversion 1.0.5 (tlife.fudan.edu.cn/lItr_finder/) was used
to find long terminal repeat (LTR) transposons in each assembly,
with default settings.

3. Results
3.1. Metrics for assessing assembly of bulk DNA

We used the SOAPdenovo2 pipeline (without GapCloser post-
processing) and the ABySS program/pipeline to generate a large
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Fig. 2. Variation of four assembly statistics (metrics assessing assembly of bulk DNA) for P. brasiliensis strain Pb113, as the chosen k-mer length is increased: assembly size,
size of longest scaffold, number of scaffolds, and N50. The k-mer lengths ranged from 17 to 127 bp, and the assembly pipelines used were SOAPdenovo2 and ABySS. The
shape of the plot for SOAPdenovo2 (but not ABySS) assembly size resembles the contour of a mouse (‘mouse model’ or shape with its ‘rump’ at 50 bp and pointed ‘ears’ at
100bp). A similar trend is seen when one chooses the total number of scaffolds in the assembly as the statistic. The plots of SOAPdenovo2 assemblies, also in the other three
genomes studied, show an upward discontinutity or ‘jump’ in assembly size and number of scaffolds between k-mer lengths 49 bp and 51 bp (see Table 1). An upward jump
at this k-mer length was present in the SOAPdenovo2 assemblies of all real genomes we studied, but in no ABySS assemblies; the smaller ‘ears’ jump was outside the k range

for sets of shorter reads (101 bp, Table 1).

number of assemblies of paired-end Illumina reads for each fungal
genome of interest, and then compare those assemblies via a series
of bulk DNA based, gene-based and repeat-based metrics. To make
descriptions simple and uniform, throughout the main text of this
paper we will loosely refer to all final (i.e., maximally extended or
joined) sequences of the assembly that are delivered by the two
pipelines as scaffolds, although (at least for SOAPdenovo2) some of
these long sequences are technically contigs.

The four fungal genomes we chose for detailed analytics were
three strains of a human pathogen endemic to several regions
of South America, P. brasiliensis (Pb113 from Brazil, Pb1445 from
Argentina and PbBAC from Colombia; for the genome of other con-
specific strains, see Desjardins et al. (2011)), and the model strain
S288c of the baker’s yeast S. cerevisiae (for the genome assembly
and complexity analyses of this strain, see (Goffeau et al., 1996; Li
et al., 1998; Roman-Roldan et al., 1998; Li, 1997)).

For reads of 150 bp, we ran each of the two assembly programs
for every possible odd k-mer length from 17 bp to 127 bp, resulting
in a total of 112 assemblies for each genome. For reads shorter than
150 bp, we ran the assemblies over a correspondingly smaller range
of k values.

The resulting plots of four simple bulk DNA metrics are shown
for the assemblies from reads (150 bp) of P. brasiliensis isolate Pb113
in Fig. 2. It can be seen that whereas in all plots for the ABySS runs
the k-dependence is relatively smooth, and in two metrics (assem-
bly size and scaffold number) completely monotone, the shapes of
all four SOAPdenovo?2 plots are more jagged, suggesting underly-
ing complexity in the ways this pipeline or some of its algorithms
handle the Illumina reads at different k-mer sizes. In particular,
such plots dispel the notion that any assembly program will invari-
ably have a single, smooth local maximum near a traditional k-mer
value, and that exploring assemblies at k-mer values farther away
will merely give predictable or irrelevant results. Without having to
delve into the details of an assembly program'’s source code, which

is a complex venture even where the program is open source, we
already have a first, graphic overview of how the program behaves
and ‘reacts’ to changes in the key parameter k.

Two of the four SOAPdenovo2 plots exhibit at least one charac-
teristic jump or ‘cliff’ for Pb113. Interestingly, N50, which has been
one of the most widely used metrics for such plots, does not reveal
the characteristic jump(s) here. Where longest scaffold is the met-
ric, the ‘Arizona butte’ landscape one sees in this particular example
was not a surprise, as scaffolds tend to terminate at ‘weak spots’
(e.g., non-unique regions) of the genome that are often far apart.
By contrast, the plots for assembly size and scaffold number were
a surprise, and have a characteristic ‘mouse profile’ shape; abrupt
upward jumps are seen at 49 bp <k< 51 bp in Fig. 2 and, to a smaller
extent, at 99bp <k< 101 bp (‘ears’ of the mouse). Proportionally,
the scaffold number has the most dramatic jump: the tiny change
of k value from 49 bp to the next allowed (i.e., odd) value, 51 bp,
caused an order-of-magnitude increase in the number of scaffolds,
from around 4000 to around 35,000. This jump was caused by a
large increase of short sequences of length 100 bp in the reported
assembly (file . scafseq; see Supplementary Fig. S3).

A similarly accidented dependence on k was seen for assembly
size and scaffold number in the other SOAPdenovo2, but not ABySS,
assemblies of the other three fungal genomes. We also ran assem-
blies at k=49 and 51 bp for reads of two Emmonsia species that were
sequenced as part of another study (101 bp paired-end reads). The
height of the jump at 49 bp <k< 51 bp varied, however: the assem-
bly size increase at that k increment, reported in Table 1, is smallest
but still clearly present in the more compact (repeat-poorer) yeast
genome, and largest in the less compact (repeat-richer) Emmonsia
genomes.

To check that the SOAPdenovo2 program did not exhibit trivial
or general discontinuities also in genomes where no repeats are
present, we used ShortCAKE (Orenstein and Shamir, 2013) to syn-
thetically generate a maximal linear sequence or ‘chromosome’ of
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Table 1

Discontinuity in the size of assemblies produced by SOAPdenovo2 between k-mer lengths 49 and 51 bp, for several fungal species and strains. The table also reports the design
(r, 1) and count of the read set for each strain. Pb113 is the P. brasiliensis strain depicted in the plots of this paper. Even higher jumps than those of P. brasiliensis (for which the
reference assemblies for Pb18 and Pb03 have sizes 29.95 and 29.06 Mb, respectively) are seen in Emmonsia spp., presumably as a result of a higher repeat content. Conversely,
the much more compact genome of baker’s yeast S. cerevisiae strain S288c (reference assembly size 12.16 Mb) has a correspondingly low, but still clearly noticeable jump
between k-mer lengths 49 and 51 bp; in the case of these (SRA public domain) yeast reads the discontinuity was more pronounced for scaffold number, which jumped from

8705 for k=47 and 9017 for k=49 to 15,315 for k=51 bp.

Species Strain Increase in assembly size Number of reads r(bp) I1(bp)
(Mb) from k=49 to k=51
P. brasiliensis Pb113 3.2 15,515,977 x 2 150 620
P. brasiliensis Pb1445 32 16,165,496 x 2 150 620
P. brasiliensis PbBAC 33 13,868,844 x 2 150 620
S. cerevisiae $288c 0.7 50,352,236 x 2 144 450
E. crescens UAMH 4076 7.4 48,133,047 x 2 101 157
E. parva UAMH 130 9.6 47,986,642 x 2 101 158

length 2,097,152 bp engineered to have no repeats of size 11 bp or
higher on either strand, i.e., a double-stranded de Bruijn sequence
of word size 11 on a 4-letter alphabet (see Fraenkel and Gillis, 1966;
Mufioz et al., 2014). We then created artificial paired-end reads
from that sequence with a read size r of 150bp and I, of 770bp,
and fed them to the SOAPdenovo2 pipeline under the same con-
ditions and k-mer values as we had done for the real sequences.
Although to our surprise SOAPdenovo2 did not assemble the syn-
thetic read set on our system for some intermittent (isolated) k
values because of segmentation faults, assembly did succeed for
many k values throughout the 17-127 bp range we used for the
P. brasiliensis genomes. For all of the successful k-mer values, the
SOAPdenovo2 assembly consisted of a single scaffold recreating
the original sequence, i.e., corresponded to flat (horizontal) plots
in which no metrics depend on k.

This simple negative control does not rule out that the upward
jumps at 50bp (and/or at 100bp) in the real read sets were
caused by internal thresholds in algorithm(s) or internal param-
eters that are used by SOAPdenovo2, or in the preprocessing tools
KmerFreq-AR and Corrector_AR. Indeed, it seems likely that inter-
nal decisions inside program(s), such as if-then-else decision(s)
involving cutoff(s), contributed to the discontinuities observed (see
Section 4). In either case, the plots are relevant for this study: one
of the aims of the present study was to investigate the utility of
plotting metrics’ k-dependence as a way of gaining insight into the
pros and cons of choosing individual or combined k-mer lengths for
sequence assembly, in actual practice. Variations with respect to k
thata microbiologist using genomics may encounter when properly
using off-the-shelf assembly software are of interest. By visualiz-
ing such real variation, in graphical displays of pertinent species’
genome assemblies, one is less likely to make a choice of k-mer
size that later turns out to be far from optimal.

3.2. Metrics for assessing gene presence in the assemblies

We next investigated the contributions of unique genes and
repeats to the metric vs. k plots observed in Fig. 2.

Rather than attempting to create fine-tuned gene annotations in
order to assess gene presence, we used two imperfect but straight-
forward, easily reproducible methods to roughly estimate relative
presence of probable genes. Neither of these methods explicitly
involved arbitrary ‘manual’ decisions, or arbitrary choices of tun-
able weights.

The first method was to choose two reference gene sets from
other strains/ species, and track how many of their genes/proteins
had one or more BLASTX matches in the 112 Pb113 assemblies
obtained by the two different programs. For the two reference
gene sets, we chose the previously published official gene set of
P. brasiliensis Pb18, which is closely related to the reference strain
Pb113, and a reference set of well-conserved core genes, CEGMA

(Parraetal.,, 2007,2009; Bradnam et al., 2013), for which the fungal
reference species are S. cerevisiae and Schizosaccharomyces pombe.
The resulting plots are displayed in Fig. 3. The proportion of refer-
ence genes that matched a region in the assemblies (a rough esti-
mate of the gene-level coverage of the P. brasiliensis genome) was
very highinall cases, with the percentage of hits never falling below
99 percent. The plots show no substantial jump in the relative num-
ber of matches in SOAPdenovo2 assemblies around k-mer values
50 bp or 100 bp; even though a fraction of the genes may match par-
alogs (i.e., similar but ‘different’ genes) rather than, or in addition
to, orthologs (i.e., the ‘same’ or corresponding gene), the absence of
a substantial jump indicates that gene number differences cannot
explain the ‘jump of the mouse’, nor are they affected by it. The plots
also suggest that the presence of reference genes is about as good at
low k values as it is at high k values. BLASTX similarity histograms
for different k values are shown in Supplementary Fig. S1.
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Fig. 3. Variation of two gene-number based assembly metrics using BLAST for P.
brasiliensis strain Pb113, as the chosen k-mer length is increased from 17bp to
127 bp. The plots show the percentage of genes from the fully annotated reference
assembly of the closely related P. brasiliensis strain Pb18 (A, as subject) or from the
CEGMA core reference genes (B, as subject/database) that had one or more BLASTX
match(es) to the SOAPdenovo2 and ABySS assemblies of Pb113 (as query). The fluc-
tuations seen appear amplified by the narrow range chosen for the vertical axis: the
percentage of hits remains above 99% at all k-mer values for both assembly programs
and both metrics.
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Our second method to estimate relative gene presence at dif-
ferent k values was to run the gene calling program Augustus on
each P. brasiliensis Pb113 assembly, with the closely related fun-
gus Histoplasma capsulatum as the training species, and use its raw
single-pass annotation output to assess gene assembly. The num-
ber of genes found in the 112 re-runs of this program on different
assemblies is shown in Fig. 4; the extents of the genes, and their
breakdown into contributions from coding and intron DNA, are
shown in Fig. 5. The data reveal only a tiny dependence on k of
the number, lengths, coding region lengths or intron lengths. They
show no trace of the main discontinuity (at k=50 bp) exhibited by
the total coding + noncoding DNA of the Pb113 and other fungal
assemblies.

3.3. Methods for assessing presence of previously characterized
repeat groups in the assemblies

The presence of genes in the assemblies, which corresponds to
representation or coverage of the gene space (Carels et al., 1995;
Parra et al., 2009), did not vary appreciably with the k-mer length

used for constructing the assemblies, and is therefore not affected
by the bulk DNA metrics’ sometimes strong or irregular dependence
on k that we had observed (Fig. 2), so we next examined repeats.
We directly assessed differences in repeat content using a pro-
gram that detects a wide range of simple and interspersed repeats
that are known, RepeatMasker. The number and extents of repeat-
matching DNA (for RepeatMasker) are shown in Figs. 6 and 7. For
the SOAPdenovo2 assemblies, both plots (k-dependencies) can be
seen to covary with those for assembly size and scaffold number
in Fig. 2 above, with accidents near the same k values (50 bp and
100 bp) and a similar ‘mouse’ shape. This parallelism, and the large
numbers and total lengths of the repeats involved, indicate that the
abrupt increase in assembly size and in scaffold number between
k<49 and k> 51 bp is at least partly a result of an increased propor-
tion of repetitive DNA. By contrast, the repeat metrics for the ABySS
assemblies showed very different k dependencies, i.e., plot shapes,
compared to those for assembly size or scaffold number; both
repeat number (Fig. 6) and total repeat length (Fig. 7) rose quickly
to a local (and, for repeat number, global) maximum at around k~
25 bp; for the rest of the range, the number plot remained almost
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Fig. 5. Total lengths of genes predicted ab initio by Augustus that were present in the assemblies of P. brasiliensis strain Pb113 (17 bp <k< 127 bp; colored bars) and, for
comparison, in the reference assembly of the closely related P. brasiliensis strain Pb18 (black bar at far right). The plots show the relative contributions (total lengths) of
predicted coding (CDS; bold color) and intron sequences (faint color), in the assemblies obtained via SOAPdenovo2 (A) and ABySS (B). (For interpretation of the references to
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flat from k~ 70 bp onwards, while the total length plot maintained
a slight upwards slope.

We also ran a more specialized program for detecting long
terminal repeat transposons, LTR_Finder, and plotted the number
presence of LTR transposons (Supplementary Fig. S2). Although the
plots exhibited a consistent trend in both SOAPdenovo and ABySS
assemblies, rising with increasing k, the numbers of detected LTR
transposons per assembly were tiny, even in the Pb18 reference
assembly (only 24 transposons), and apparent fluctuations were
statistically unreliable.

4. Discussion
4.1. Effects of varying k-mer length

For the de novo assemblies created by ABySS, plots of essen-
tially all metrics vs. the fundamental assembly software parameter
k changed smoothly and slowly as k was increased, and for several
metrics the dependency was monotone or close to monotone (i.e.,
eitherincreasing or decreasing). As expected, one metric, the length
of the longest scaffold in the assembly, was the exception, and its
discontinuities are easily explained by the clustering of repetitive
DNA in the genome. Indeed, the main reason for premature termi-
nating of extending scaffolds or contigs is the presence of repetitive
DNA: where subsequences occur several times in the genome in dif-
ferent places, de novo read assembly programs (and reference read
assembly programs (Li et al., 2014)) can be faced with an ambiguous
situation that they cannot resolve without access to additional con-
tiguity information. Thus, the synthetic double-stranded sequence
of >2Mb we created using ShortCAKE so that no 11-mer would
be repeated on either strand can be used as a benchmark (Mufioz

etal.,2014): assembly programs using a k-mer size above 11 should
never have problems assembling this sequence in one piece, and
indeed this was confirmed (i.e., even with SOAPdenovo2 no assem-
bly consisted of two or more scaffolds, regardless of k).

The ABySS scenario of the generally smooth or monotone
k-dependencies was, however, not always found when the SOAPde-
novo2 pipeline was used. In particular, two of the metrics, assembly
size and number of scaffolds, that gave smooth k-dependence
for ABySS gave an accidented or discontinuous k-dependence at
k=50bp, and to some extent at k=100 bp, for SOAPdenovo2. The
most striking of those metrics was the number of scaffolds in the
assembly, which for Pb113 was only 4004 at k=49 bp but jumped
up to 35,368 at k=51 bp. Although initially we did not rule out that
biological size thresholds of repeats might be contributing to such
a discontinuity in principle, the magnitude and sharpness of the
transition (occurring from one allowed k value to the next) and the
suspiciously round numbers of their locations (50 and 100) made
such an explanation improbable in this case. When we plotted the
lengths of the scaffolds, it became clear that almost all of the addi-
tional 31,364 sequences appearing in Pb113 at k=51 bp had lengths
of 100 bp or very close to 100bp (see Supplementary Fig. S3). It
therefore appeared that some switch in the code was letting in vast
quantities of 100 bp-sized sequences and considering them as part
of the assembly when k exceeded 50 bp; if these corresponded to
reads that could not be extended to longer sequences, it seemed
reasonable that they would be largely repetitive DNA, thus explain-
ing the parallel ‘mouse’-shaped curves in the assembly size (Fig. 2)
andrepeats plots (Figs. 6 and 7), as well as the larger jumps found for
the more repetitive, larger genomes. We looked briefly through the
source code of the main program in the SOAPdenovo?2 suite we had
used, SOAPdenovo-127mer, but on a first pass we found only one
possibly relevant if-then-else decision (in loadGraph.c); when
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we changed it and recompiled, we saw that its effect was only small.
We then reasoned that the KmerFreq and Corrector preprocessing
steps, for which one cannot specify k values above 27 bp, might be
involved in the jump, and re-ran SOAPdenovo2 again without these
steps for k=49 and k=51. To our surprise, there was now a down-
wards jump instead of an upwards jump and, as expected from
the lack of correction, the numbers of sequences in the assemblies
were vastly bigger (1,517,856 sequences for the k=49 Pb113 assem-
bly vs. 251,968 for the k=50 Pb113 assembly). Such checks would
be compatible with an interpretation of the jump at k=50bp as a
consequence of what may be two alternate ways the SOAPdenovo2
pipeline effectively processes repeats (for k< 49 bp and k> 51 bp);
such an interpretation would also be compatible with our finding
that the jump was smaller for the more compact (less repetitive)
genome of S. cerevisiae (Table 1) and absent for the synthetic chro-
mosome that was engineered to be devoid of repeats. The resulting
assembly, i.e., an outcome of grappling with the genome’s repeats,
could be quite sensitive to small changes in conditions such as
program/parameter options, input reads and their quality, and the
repeat landscape of the genome.

4.2. Recommendations and analyses from other groups

There are two questions that may rightly be asked at this point.
First, how do other groups see the problem of choosing the ‘right’
k-mer size? Second, have discontinuities in profiles of assembly
metrics or statistics versus k-mer choices been observed by other
groups?

Since we used Illumina reads, and since we focused more on the
details of SOAPdenovo2 than on other programs, we first mention
their views regarding k-mer choice. A document with brief guide-
lines written by Illlumina, apparently with E. coli and perhaps other
bacteria in mind Illumina (2010), states the following opinion:

The right choice for k depends on coverage, read length, and
error rates and is hard to determine in advance. Anecdotal rec-
ommendations indicate that the size of k should not be lower
than half of the read length. If time allows, we recommend per-
forming several assemblies over a small range of k and choosing
the one that yields the best assembly for the desired application.

Here, there is a clear preference not to commit to any overly
simplistic recipe for the right choice of k, although the document
does mention an example that has been considered. We agree
with Illumina’s own recommendation, namely to perform several
assemblies over a range of k values before making a choice, if
possible. Several k values in a small range implies high resolu-
tion (closely spaced k values), and this seems best, as for example
sharp discontinuities can go unnoticed if resolution is low, where
users may intuitively assume some form of smooth or monotone
interpolation. In this study we consider the possible advantage
of a larger range of k to get a wider picture, but without reduc-
ing the resolution. We feel that with a modern laboratory setup,
where a reasonably equipped server will be needed to run even a
single assembly, the additional time needed to execute a loop of
exploratory runs will, in many cases, be repaid by the benefit of a
more informed decision.

Our results for fungal genomes presented here do not, however,
suggest extrapolating the anecdotal rule of thumb to a general fun-
gal context. For the reads of 101 bp, if the anecdotal k > r/2 criterion
had been optimal, we would have needed to choose k values of
at least 51 bp. For the reads of 150 bp, the optimal k-mer values
according to the anecdotal recommendation would have been at
75 bp or higher. For SOAPdenovo2, then, the k > r/2 advice would
have given us possibly suboptimal assemblies for the read sets we
used, i.e., assemblies characterized by many small contigs rich in
repeats and, for P. brasiliensis, assemblies much longer than the

reference assembly, the ABySS assemblies, and the SOAPdenovo2
assemblies for lower k (see Fig. 2).

The publication of SOAPdenovo2 (Luo et al.,2012) also had com-
ments on the topic of k-mer choice:

important factor in the success of [de Bruijn graph]-based
assembly is k-mer size selection. Using a large k-mer has
the advantage of resolving more repeat regions; whereas, use
of small k-mers is advantageous for assembling lowcoverage
depth and removing sequencing errors.

In that paper’s additional file the authors also mention that,
where heterozygosity is present in a genome (unlike many fungi),
it can be an additional factor that tends to reduce contig lengths, in
particular where high k-mer sizes are used. Their conclusion: “For
a complex genome, it is difficult to determine the optimal k-mer
size based on theory.” This view is also in line with ours, and one
way of taking a more practical route is to profile at high resolution,
and then try to explain, the behavior of various assembly and/or
gene annotation metrics as k changes, in order to choose candidate
k-mer sizes for a final assembly. For example, in our P. brasiliensis
runs of SOAPdenovo2 for k just above 51 bp with our settings, there
would be features of the assembly, such as many small contigs often
containing repeats, that one might wish to address with additional
filtering strategies.

A complementary approach, elected for SOAPdenovo2 (Luo
et al., 2012) and by other groups in genomics and transcriptomics
contexts (Samanta, 2012; Peng et al., 2012; Wences et al., 2013;
Bankevich et al., 2012; Surget-Groba and Montoya-Burgos, 2010;
Melicher et al., 2014), is to use multiple k-mer strategies: the idea
is to merge (meta-assemble), and/or iteratively refine, assemblies
obtained using different k-mers and/or assembly programs. Indeed,
the ‘one size fits all’ assumption that is often made in practical
assembly projects can be inherently problematic, as the choice of
k can dramatically influence quality and contiguity of assemblies,
and there may be different optimal k values for different regions
of the same genome (Wences et al., 2013). Whether the strategy is
multi-k or single k, high-resolution profiling such as we advocate
here can assist in recognizing propitious ranges of the k-mer size(s).

Other authors have proposed criteria or methods for k-mer
choice. For example, Chikhi and Medvedev (2014) propose an
automatable method, which first generates abundance histograms
for putative or candidate values of k, then fits a generative model
to each histogram in order to estimate how many distinct k-mers
in the histogram are genomic (i.e. error-free), and then picks the
value of k which maximizes the number of genomic k-mers. They
benchmark their method (tool KmerGenie) using Genome Assem-
bly Gold-standard Evaluation data or GAGE (Salzberg et al., 2012).
GAGE data have been used also in Luo et al. (2012) and, in the
specific context of post-contig-assembly scaffolding, in Hunt et al.
(2014).

4.3. Discontinuities

We now address the second question mentioned above, that
of previous reports of discontinuities in profiles of metrics hav-
ing k as the independent variable. In a search for metrics analyses
that include eukaryotic organisms, and use NGS read lengths of >
100 bp, we did not find any high-resolution k-dependency profiles
of eukaryotes employing SOAPdenovo2 that had been obtained in
a similar way to ours. The closest data that we could find, at a lower
resolution than we used (steps of 10 bp versus 2 bp in our analyses),
were in a table of results in Chikhi and Medvedev (2014), obtained
via SOAPdenovo2 from 124-bp GAGE reads (Salzberg et al., 2012)
for the common eastern bumble bee Bombus impatiens. That table
profiles N50 and assembly size; assembly sizes were 224.1 Mb for
k=41bp,229.7 Mb for 51 bp, 230.4 for 61 bp, 226.1 Mb for 71 bp and
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207.1 Mb for 81 bp. Clearly we cannot expect similar results to our
unicellular fungi for the bumble bee genome, which is roughly an
order of magnitude larger (and could not be successfully assembled
with some other programs, including Velvet (Salzberg et al., 2012)).
The low resolution also does not allow discontinuities to be seen.
However, the rapid rise of assembly size from 41 bp to 51 bp, and
subsequent slower rise and then decline, are qualitatively analo-
gous to the shape of the SOAPdenovo?2 profile we observed for P.
brasiliensis and other fungi.

In analyses using other assembly programs/pipelines, we found
very few k-dependence profiles with a high resolution and/or a sug-
gestion of a discontinuity. An exception was a variable-resolution
profiling (Samanta, 2012) for contigs of a ~ 700 Mb genome assem-
bled from 100bp Illumina reads using Minia (Chikhi and Rizk
(2012); see also Salikhov et al. (2013)): N50 had a jump or steep
decrease and assembly size had a jump or steep increase (from
540 to 600 Mb). Both were located between 45, 47 and 49bp on
one side, and 55 bp and higher k on the other side; no assemblies
were recorded for k values of 51 and 53 bp. The interpretation given
was that successively larger segments are being assembled as k
is increased (because large k-mers can distinguish better between
slightly different small repeats), whereas with increasing k the de
Bruijn graph gets increasingly fragmented (e.g., in the limit k=r
each unique read becomes a separate node unconnected to others).
The position of the steep changes around k=50 bp was interpreted
as half the read size. By contrast, in our different context, with a dif-
ferent assembler, the same position of the jumps remained fixed at
k=50 (and k=100) bp regardless of read size.

Finally, discontinuities sometimes have easily explainable tech-
nical causes, and can affect internal metrics; an example that
is unrelated to our observations is one of E. coli assembly pro-
files obtained for Minia and two related programs (2-bloom and
4-bloom), in which three internal statistics (a traversal time, a con-
struction time and a structure size expressed in bits/k-mer) jumped
at k=32 bp because of a switch from 64-bit to 128-bit representation
of k-mers (Salikhov et al., 2013).

In summary, we are still not sure what caused the systematic
discontinuities we observed in our fungal profiles. We posted the
question for SOAPdenovo on seqanswers.com but no answers were
proposed. Three broad categories of explanation might be: known
technical reasons, previously undocumented anomalies or artifacts
(possibly occurring only for certain program(s), settings, taxa, error
levels, etc.), or biological reasons. Although we consider the last
category unlikely as a sole determinant of the jump position(s) on
the k axis, it could contribute.

4.4. Comments on genome complexity and repeats

The term ‘complexity’ as applied to DNA sequences is often
encountered by molecular biologists in contexts such as BLAST
searches on a server at NCBI, in which one can decide whether
or not to mask out ‘low complexity’ regions. These regions have
often very low or very high GC, so that the 4-letter alphabet of
DNA almost collapses to a 2-letter alphabet (A and T, or else G and
C), which in turn makes chance repeats or chance matches more
probable than in a fully used 4-letter alphabet. Similarly, in text-
books (Lewin, 1999), monographs (Davidson, 1976, p. 189 ff.) and
articles since the first DNA reassociation work of Britten and his
colleagues in the 1960s (Britten and Kohne, 1968), a genome of a
given size is traditionally considered most complex if it contains
very few repeats, and less complex if it has more repeats. Thus,
repetitiveness can have a connotation of lowering complexity.

If, however, one approaches the issue from another point
of view, namely the task of assembling a genome from short
reads de novo, then the connotation is quite different. A genome
without any perfect repeats of a given size on either strand

(i.e., a double-stranded de Bruijn sequence) can be generated
(Fraenkel and Gillis, 1966; Orenstein and Shamir, 2013), and is
the simplest conceivable genome of its length, for the short-read
assembly task. From this viewpoint, adding repeats to such a
genome can make a typical de novo or reference assembly task
more difficult, but never easier, so in this sense it increases the
complexity of the genome (see Results, and examples given in
Mufioz et al. (2014)).

Not only genome assemblers can face tasks that become more
complex when repeats in the genome are abundant or long. The
nucleus or mitochondrion of the eukaryotic cell (or selection) may
face more complex tasks of genome integrity/stability mainte-
nance or ‘ambiguity management’ when its genome is repeat-rich.
For example, the repeats can recombine illegitimately, which
can lead to deletion mutants such as the petite mitochondrial
genomes of baker’s yeast, which generate petite (anaerobic-only)
colonies that can be distinguished with the naked eye (see Bernardi
(2004) and refs. therein). In human, illegitimate recombination
can also lead to disease, for example when an important region of
a chromosome is looped out in the process and deleted; in some
instances inappropriate repetition of sequences could be of much
importance for the fitness of the organism (Ahmed et al., 1999;
Abrusan and Krambeck, 2006).

4.5. Toward a first-pass evaluation methodology for new releases
of assembly programs

Advice for choosing a k value sometimes considers assembly
programs as straightforward and transparent implementations of
the fundamental algorithms that they use, which can be elegant, or
simple to describe or portray. Such algorithms include basic steps
involving the use of de Bruijn graphs that are shared, in one form
or another, by several modern assembly programs currently in use.

In the present study, we have approached the question from
a very different point of view, not considering primarily what
assembly programs based on de Bruijn graph principles should
do, but observing what they do in real practice, when one uses
them directly ‘out of the box’ and applies them as specified, to
small genomes of fungi having a moderate amount of complex-
ity (as assessed by a moderate, but notable, content of repetitive
DNA; see previous section). A graphical overview, and a first insight
into dominant processes of the programs or pipelines, is gained
already by visualizing how rough ‘presence’ metrics of assembly
success vary if one varies k, and possibly also when one modifies
key experimental parameters such as r and I. The ‘presence’ metrics
we used here roughly estimate the presence of a genome’s DNA, its
genes, and its expected types of repeats. Also relevant, although
not included in this limited study, would be the variation with k of
dedicated ‘accuracy’ metrics that gauge the presence of small errors
in assembly sequences. Such rare, small errors might, despite their
scarcity, occasionally cause frameshift errors where they appear in
coding regions, and/or readthrough errors at exon boundaries or
stops, which even if infrequent would be important to take into
account, if their occurrence were to vary systematically with k in
the range considered in practice (>20bp). There might also occa-
sionally exist a collapse of reads from similar coding sequences of
two close paralogs onto one. If such rare errors affecting the faith-
ful portrayal of the gene space were to occur preferentially in some
intervals along the k axis, it would be good to consider them in
order to make an informed choice of k.

Sometimes it is helpful to conceptually separate the central and
often elegant algorithmic core(s) of a bioinformatic program from
its other, more peripheral parts, which can occasionally encode
relatively ad hoc decisions, peripheral algorithms (e.g., in our case
possibly algorithms not related to de Bruijn graph methods), or
heuristic expedients. Such additional parts might sometimes even
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be responsible for superior performance compared to other pro-
grams using the same algorithmic core. Some of those parts may
be carefully planned; in others, a decision, although reasonably
made, may be to some extent arbitrary, or may not be crucial in the
original context for which the program was intended. As a program
evolves complexity, and the scenarios for which it is used expand,
it may be difficult to keep track of such past decisions and their
possible effects. In the more general context of re-testing evolving
software, (Brooks, 1995, p. 6) writes: “the number of cases [to
test] grows combinatorially. It is time-consuming, for subtle bugs
[or anomalies, or unexpected effects can] arise from unexpected
interactions of debugged components.” In some bioinformatic
programs, ad hoc or arbitrary decisions can also form part of the
main algorithm, as in some widely used progressive multiple
alignment programs, which include the CLUSTAL series; of such
programs, (Felsenstein, 2004, p. 500) notes that “alignments are
combined using some rather arbitrary rules”, and (Durbin et al.,
1998, p. 148) write that “CLUSTALW is unabashedly ad hoc in its
alignment construction and scoring stage”. In this study, we have
addressed the profiling of assembly programs’ behaviors for a
given genome as k is varied, in a way that monitors not only the
algorithmic core(s) but also more peripheral parts of the programs.

We envisage a possible future tradition for first-pass perfor-
mance assessment of genome assembly software, which would not
imply extensive testing whenever a major new release is offered.
Instead, and in line with benchmarking that we have previously
proposed (Mufioz et al., 2014), evaluation (internal or external)
could be standardized by using performance plots or curves such
as those we sketch here, and using a set of standard test genomes
that include eukaryotes; because of the limited size of the eukary-
otic genomes of unicellular fungi, we propose that they would be
good candidates to include. It could be particularly useful to include
fungi having well-characterized genomes that are not as compact
(repeat-poor) as the nuclear genome of baker’s yeast, of which P.
brasiliensis is an example.
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Abstract

Paracoccidiodomycosis (PCM) is a clinically important fungal disease that can acquire serious systemic forms and is caused
by the thermodimorphic fungal Paracoccidioides spp. PCM is a tropical disease that is endemic in Latin America, where up to
ten million people are infected; 80% of reported cases occur in Brazil, followed by Colombia and Venezuela. To enable
genomic studies and to better characterize the pathogenesis of this dimorphic fungus, two reference strains of P. brasiliensis
(Pb03, Pb18) and one strain of P. lutzii (Pb01) were sequenced [1]. While the initial draft assemblies were accurate in large
scale structure and had high overall base quality, the sequences had frequent small scale defects such as poor quality
stretches, unknown bases (N's), and artifactual deletions or nucleotide duplications, all of which caused larger scale errors in
predicted gene structures. Since assembly consensus errors can now be addressed using next generation sequencing (NGS)
in combination with recent methods allowing systematic assembly improvement, we re-sequenced the three reference
strains of Paracoccidioides spp. using lllumina technology. We utilized the high sequencing depth to re-evaluate and
improve the original assemblies generated from Sanger sequence reads, and obtained more complete and accurate
reference assemblies. The new assemblies led to improved transcript predictions for the vast majority of genes of these
reference strains, and often substantially corrected gene structures. These include several genes that are central to virulence
or expressed during the pathogenic yeast stage in Paracoccidioides and other fungi, such as HSP90, RYP1-3, BAD1, catalase B,
alpha-1,3-glucan synthase and the beta glucan synthase target gene FKS1. The improvement and validation of these
reference sequences will now allow more accurate genome-based analyses. To our knowledge, this is one of the first reports
of a fully automated and quality-assessed upgrade of a genome assembly and annotation for a non-model fungus.
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Introduction

Paracoccidioides spp. is a thermally dimorphic pathogenic
fungus that causes paracoccidioidomycosis (PCM), a neglected
health-threatening human systemic mycosis endemic to Latin
America where up to ten million people are infected. Disease can
progress slowly, with roughly five new cases of disease per million
infected individuals per year, with a male to female ratio of 13 to 1.
About 80% of PCM cases occur in Brazil, followed by Colombia
and Venezuela [2].

Within the Paracoccidioides genus, the three characterized
phylogenetic lineages of P. brasiliensis (PS2, PS3, S1) and the
one characterized lineage of P. [utzii (PbOl-like) can infect

PLOS Neglected Tropical Diseases | www.plosntds.org

humans, and these groups can vary in virulence and induce
different immune responses by the host [3,4]. To better
understand the pathogenesis and to enable genomics-based
studies, the genomes of Paracoccidioides spp. were sequenced,
analyzed and made publicly available in 2011 [1]. The Broad
Institute of MIT and Harvard in partnership with the Paracoc-
cidioides research community selected three reference isolates for
sequencing and genomic analysis; assembly size for these strains
varied between 29.1 and 32.9 Mb, and between 7,875 and 9,132
genes were identified in each strain [1]. These included two
strains of P. brasiliensis (Pb18 representing the S1 lineage and
Pb03 representing the PS2 lineage) and one strain of P. lutzii
(Pb01) [1].
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Author Summary

The fungal genus Paracoccidioides is the causal agent of
paracoccidioidomycosis (PCM), a neglected tropical dis-
ease that is endemic in several countries of South America.
Paracoccidioides is a pathogenic dimorphic fungus that is
capable of converting to a virulent yeast form after
inhalation by the host. Therefore the molecular biology
of the switch to the yeast phase is of particular interest for
understanding the virulence of this and other human
pathogenic fungi, and ultimately for reducing the morbid-
ity and mortality caused by such fungal infections. We here
present the strategy and methods we used to update and
improve accuracy of three reference genome sequences of
Paracoccidioides spp. utilizing state-of-the-art lllumina re-
sequencing, assembly improvement, re-annotation, and
quality assessment. The resulting improved genome
resource should be of wide use not solely for advancing
research on the genetics and molecular biology of
Paracoccidioides and the closely related pathogenic spe-
cies Histoplasma and Blastomyces, but also for fungal
diagnostics based on sequencing or molecular assays,
characterizing rapidly changing proteins that may be
involved in virulence, SNP-based population analyses and
other tasks that require high sequence accuracy. The
genome update and underlying strategy and methods also
serve as a proof of principle that could encourage similar
improvements of other draft genomes.

These sequenced isolates are extensively referenced in molec-
ular biology and experimental mycology laboratories working with
Paracoccidioides spp. and also other pathogenic fungi, including
those working with yeast phase specific genes expressed during
host infection. These sequences also serve as a reference to analyze
high-throughput data increasingly generated by genomic, meta-
genomic, transcriptomic and proteomic approaches. Additionally,
accurate sequences are critical for evolutionary analyses, e.g., to
identify positively selected genes, as well as to provide new targets
for the design of diagnostic assays.

The P. brasiliensis Ph18 and Pb03 strains and the P. lutzii Ph01
strain were sequenced using the sequencing technology and
computational methods available at the time, which produced
high quality draft assemblies. However, the assemblies included a
large number of gaps and uncertain or low quality nucleotides in
the final consensus sequences. Also, the annotation pipelines
flagged only the most extreme annotation errors for curation and
did not address the larger number of smaller scale errors in the
gene models and underlying sequence [5]. Correction of such
errors requires re-evaluation of the assembly consensus sequence
and associated annotation.

Assembly errors that could not be detected in previous data and
passed standard quality control criteria at that time can now be
corrected using next generation sequencing (NGS) for systematic
assembly improvement. These include errors in gene-containing
regions of the original genomic assembly affected by poor quality
sequence or ambiguities, which can cause incorrect gene structure
predictions. Since predicted genes of reference genomes are now
frequently used for homology-based inference or confirmation of
gene structures in closely related species, errors in the reference
sequence may be propagated to other genomes [6,7]. Therefore,
systematic improvement of a genome assembly and annotation
can impact not just the understanding of that particular species,
but also that of other related species for which it is used as a
reference for comparison.

PLOS Neglected Tropical Diseases | www.plosntds.org

Genome Update of Paracoccidioides brasiliensis and P. lutzii

Here, we present an update of the three Paracoccidioides
reference genome sequences achieved using Illumina re-sequenc-
ing to correct assembly errors and document the improvements
obtained. The improved and updated reference genome assem-
blies and annotations of this important human fungal pathogen
now allow more accurate SNP analyses, genome-wide evolution-
ary (e.g., selection) analyses that depend on high-quality sequences,
phylogenetic footprinting studies of regulatory regions, or primer
and probe design for diagnostic assays.

Methods

Paracoccidioides reference strains and previous
sequencing

Three reference isolates of Paracoccidioides spp. (Ph01, Ph03
and Pb18), representing two species, were previously sequenced.
The isolate of P. lutzii (Pb01) was a clinical isolate originating from
an acute form of paracoccidioidomycosis (PCM) in an adult male.
The two P. brasiliensis isolates were from individuals presenting
chronic PCM; Pb03 represents the PS2 phylogenetic group and
Pbl18 the SI group [1,4]. In a partnership between the Broad
Institute and the Paracoccidioides research community, these
genomes were previously sequenced using multiple whole genome
shotgun libraries constructed from genomic DNA for each strain;
paired-end sequences were generated for each with Sanger
technology and assembled using Arachne [1] (assembly v1; S1
Table).

Re-sequencing of Paracoccidioides reference strains

The reference strains PhO1 (previously sequenced DNA sample)
and Pb03 and Pbl8 (newly extracted DNA samples) were re-
sequenced using Illumina technology. For library construction,
100 ng of genomic DNA was sheared to ~250 bp using a Covaris
LE instrument and prepared for sequencing as previously
described [8]. A library for each of the three samples was used
to generate 101 base paired-end reads on the Illumina HiSeq2000
platform, producing an average genome coverage of 165X.

Assembly improvement using Pilon

To improve the genome sequence of Paracoccidioides spp.
strains Pb01, Pb03 and Pbl8, Illumina paired-end reads were
aligned to the draft reference assemblies (assembly v1) using BWA
version 0.5.9 with default settings [9]. The assembly consensus
sequence was re-evaluated by providing these alignments as input
to the automated assembly improvement program Pilon (version
1.4, default parameters, www.broadinstitute.org/software/pilon/).
Pilon uses the Illumina read alignments for multiple classes of
assembly correction. First, Pilon scans the read alignments for
positions where the sequencing data disagree with the input
genome (assembly v1) and corrects small errors such as single
nucleotide differences and small insertion/deletion events. Second,
Pilon looks for coverage and alignment discrepancies to identify
potential mis-assemblies and larger variants. Finally, Pilon uses
reads anchored adjacent to discrepant regions and gaps in the
input genome to reassemble the region, attempting to fill in the
true sequence including large insertions. As output, Pilon provides
the sequence of this improved genome assembly (assembly v2;
Fig. 1) along with files summarizing the changes and quality
measures used in the assessment.

Gene prediction and annotation
Protein-coding genes were predicted in the improved assemblies

(assembly v2) using a combination of gene models from the
prediction programs Augustus [10], Genemark-ES [11],
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GlimmerHMM [12], Genewise [13], and Snap [14], as well as
automated revision based on EST data (e.g., from [15]) and
manual gene revision of flagged calls. The predicted gene sets were
then provided as input to EvidenceModeler (EVM) [16] to obtain
the best consensus model for a given locus. The consistency of the
gene models was evaluated by examining alignments of protein
orthology groups identified using OrthoMCL [17]. EVMLite was
used to rescue orphan genes not captured in EVM; only those
genes with additional evidence such as overlap to Genewise or
non-repeat HMMER3 PFAM domains were rescued, as well as
non-redundant genes overlapping the OrthoMCL genes in clusters
containing 2 or more genomes. Lastly spurious gene models
matching repetitive or low-complexity sequences were removed.
For each Paracoccidioides genome, we compared the original
annotation (v1) with the updated annotation (v2) to evaluate the
changes in the new gene sets. To precisely characterize the types of
changes across the vl and v2 annotations, we first mapped the
corresponding gene between the two assemblies. The vl and v2
assemblies were aligned using nucmer [18], and the alignment
coordinates were used to assign gene correspondence between the
initial annotation vl and the new annotation v2. This mapping
also allowed us to preserve locus numbers in the updated gene set.
Each annotated gene was assigned a locus number, keeping where
appropriate the previous locus number of the form
PAAG_####4  (Pb01), PABG_##### (Pb03) or
PADG_##### (Pbl8), which serves as a unique identifier

PLOS Neglected Tropical Diseases | www.plosntds.org

within each genome and across assemblies. New genes, merged
genes, and genes with large structure and sequence changes in
transcripts were assigned new and unique locus numbers following
the last locus number of annotation v1. Locus numbers of deleted
genes do not appear in the final gene sets.

Evaluation of gene annotation improvements between
Paracoccidioides strains

To evaluate whether the changes in gene sequence and structure
produced a more accurate gene set, the gene sequences of
annotation vl and of the updated annotation v2 were compared
via sequence similarity and orthology analysis. To evaluate the
consistency of gene structures for orthologs as well as their
conservation between species, OrthoMCL version 1.4 with a
Markov inflation index of 1.5 and a maximum e-value of 1e-5 was
used to identify orthologous clusters across the six total protein sets
corresponding to annotations v1 and v2 of each Paracoccidioides
strain. For each cluster group representing putative orthologs, we
compared the maximum length difference among the three
Paracoccidioides genes in annotation v2 to that in the annotation v1.

To compare the functional content of the vl and v2 gene sets,
we evaluated both protein domain families (PFAM) and pathway
information (KEGG). Using HMMERS3 [19], we mapped v27 of
the PFAM domain database [20] to both the vl and v2 gene sets.
KEGG domains [21] from release 65 were also mapped to both
gene sets using BLAST.
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To evaluate changes in the gene structure, the corresponding
transcripts from annotation vl and v2 were identified as described
above. We also aligned gene sets vl and v2 using BLASTn [22]
version 2.2.28+ with default parameters, using an in house Perl
script to determine the types of modification for each gene, which
included changes in gene length, gene coverage and percent
nucleotide identity. We manually checked a random gene sample
of each type of change (up to 10 genes) from both gene
correspondence and BLAST analyses to verify that changes in
gene set v2 were actually gene improvements. To evaluate changes
in the coding regions of genes of high interest to the community,
we selected known specific yeast-phase genes or virulence factors
of Paracoccidioides spp., as well as other genes that are generally
considered relevant for research on Paracoccidioides or related
dimorphic pathogens, for manual review. The sequences of these
genes’ coding regions were aligned at the protein level with
CLUSTALW [23] version 2.1, using both the vl and v2
annotations.

Gene annotation improvements using genes from

CEGMA and from related dimorphic pathogenic fungi

The coverage of Core Eukaryotic Genes defined by CEGMA
[24] was evaluated using the CoreAlyze tool (http://sourceforge.
net/projects/corealyze/) to summarize results for all the vl and v2
gene sets. BLASTp version 2.2.28+ was run with default settings
using protein sets from annotations v1 and v2 as the database, with
Saccharomyces cerevisiae and Schizosaccharomyces pombe CEGMA
proteins as the query. We also included the protein gene sets of
two close relatives of Paracoccidioides, the dimorphic fungal
pathogens Blastomyces dermatitidis and Histoplasma capsulatum.
In order to obtain a detailed picture of the changes where gene
annotations were modified but not completely overridden, we
compared protein sequences between the two versions, excluding
proteins that were added or deleted from the final gene set v2, as
well as proteins for which the new annotation was for a completely
different transcript at the same locus. For a hit to be counted, the
protein needed to match a protein in the reference set with at least
75% identity for the vl and v2 annotations. This percent identity
cutoff was determined empirically to ecliminate spurious low
similarity alignments. The percent identity and the bit score
between the query protein and each version of the Paracoccid-
ioides annotations (v1 and v2) were compared.

Results

Genome resequencing with NGS technology

The strains of the genomes of Paracoccidioides spp. previously
sequenced [1], Pb18 and Pb03 and Ph01, were re-sequenced using
Illumina 101 bp paired-end reads. This sequencing generated 93.6
million reads for Pb18 with an average coverage of 198X, 124.2
million reads for Ph03 with an average coverage of 150X and
110.0 million reads for PbO1 with an average coverage of 148X.
This high coverage sequence data was then used to refine the
consensus sequence of the original assembly by assessing
differences between the new sequence and the previous assemblies.
This can target a wide range of improvements, including
correcting base calls, resolving ambiguous bases and closing gaps
within scaffolds.

Genome assembly improvement using Pilon

Fig. 1 shows a simplified overview of the workflow of genome
improvement. The new Illumina data were used to systematically
improve the three Paracoccidioides spp. assemblies using Pilon
(http://www.broadinstitute.org/software/pilon/). Pilon bases its
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improvement calls on an alignment of the reference genome and
the sequenced reads. The aligned bases and depth at each
sequenced position provides evidence for the reference base or for
an alternative; where changes are supported they can result in
single base differences, insertion or deletion of single bases or
larger regions, identification of collapsed regions and more
complex changes and gap filling based on local reassembly. Reads
of each of the genomes of Pb18, Pb03 and Pb01 were aligned to
the corresponding reference assembly using BWA [9] and the
resulting bam file was used as input for Pilon.

In cach of the Paracoccidioides assemblies, Pilon identified and
fixed base errors in the consensus sequence. The statistical
improvements for the assemblies v2 of Paracoccidioides spp. arc
summarized in Table 1. The most frequent class of changes was
single base substitutions, identified as single nucleotide polymor-
phisms (SNPs) between the assembly and reads. Between 3,018
and 3,290 single base errors were corrected in each assembly.
Small insertions and deletions were also incorporated into each
assembly. The major classes of changes can be attributed to bases
added and removed in reassembly fixes, collapsed bases in the new
assembly and the closing of gaps (Table 1). Regions of mis-
assembly identified and fixed by Pilon resulted in bases added or
removed but no new gaps opened. Across all the assemblies, 20%
of all initial gaps were closed by Pilon; the number of gaps closed
were 113, 56 and 212, for Pb18, Pb03 and Pb01, respectively.
Opverall, the assembly improvement process led to an increase of
contig N50 for all strains. About ~99% of low quality nucleotides
in assemblies vl were well supported or fixed with high flag
coverage in assemblies v2.

Overall, the P. lutzii PbOl genome assembly was most
substantially improved, based on comparing statistics for all v1
and v2 assemblies (SI Table). The contig N50 for PbOl v2
increased by 29.1 kb; more bases were added and removed after
re-assembly fixes and more gaps were closed than in the other two
genomes. The genome size and number of scaffolds of Pb18 and
Pb03 were essentially unchanged. The Pb0l genome size
decreased slightly from 32.94 to 32.93 Mb; the updated assembly
contains one scaffold fewer, as two scaffolds were merged by
closing the gap between them. The number of contigs was reduced
in all three strains, which considering the increase in the contig
N50 indicates that the assemblies v2 for Pb18, Ph03 and PbO1
were less fragmented. All these changes indicate that the genome
assemblies v2 after Pilon improvements were more contiguous,
contained more bases with high quality, and had fewer gaps and
erTors.

Gene annotation improvement in updated assemblies

The gene annotations of the reference strains Pb18, Pb03 and
PbO1 were updated using a pipeline to transfer and revise gene
structures (Methods). The implemented annotation pipeline was
an updated and improved version of the previous protocol used to
annotate Paracoccidioides spp. assemblies v1. The current pipeline
includes an updated set of gene prediction programs, including the
EVM caller used to select the best call for each locus. Databases
used for training these gene prediction programs are also more
comprehensive, with more sequences available from the dimorphic
fungi group for comparison. Also, the databases used for homology
inference and functional annotation were updated since the
previous annotation. In addition, we identified orthologs to
evaluate the gene calls for consistency (see below). The incorpo-
ration of these new methods and data improved the evidence
supporting gene prediction.

The updated gene sets are more consistent across the three
Paracoccidioides genomes (S1 Table). The total gene count for the
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Table 1. Summary of assembly metrics after Pilon improvement.

Genome Update of Paracoccidioides brasiliensis and P. lutzii

Pilon summary metrics P. brasiliensis P. lutzii
Pb18 Pbo3 Pb01
Read depth of coverage 127 146 148
SNPs 3,290 3,018 3,072
Ambiguous bases 246 222 221
Small insertion bases 957 1,083 1,062
Small deletion bases 725 714 628
Bases added in reassembly fixes 109,312 89,243 118,931
Bases removed in reassembly fixes 37417 38,906 41,822
Gaps opened 0 0 0
Gaps closed 113 56 212
Collapsed regions 3 1 2
Collapsed bases 64,378 20,918 43,967
Increase in contig N50 (kb) 14.16 498 29.17

doi:10.1371/journal.pntd.0003348.t001

two P. brasiliensis genomes now only differs by 37 in v2 whereas
the vl gene counts differed by 866; overall the update removed
351 genes from Pb18 and added 552 genes to Pb03. P. lutzii
(Pb01) also has a more similar gene count, due to 306 fewer genes
in the v2 compared to vl. A more detailed view of the gene
structure changes by major categories is provided in Table 2; these
statistics were calculated by mapping the transcripts from the
previous annotation to the corresponding locus on assembly v2.
Notably, this analysis helped recover a large number of genes
missed by the original annotation in each genome; the total genes
newly added to a region was 840 in Pb18, 933 in Pb03 and 936 in
PhOl. In addition, dubious genes were removed from each
genome; the number of genes no longer present at the same locus

was 1187 in Pb18, 490 in Pb03 and 1265 in PbO1. Other changes
include extending or truncating transcripts, merging or splitting
transcripts, changes to splice sites, and changes to UTRs (Table 2).
Only 23% of genes in the v2 annotations were unchanged from v1;
the primary transcripts were identical for 1816 genes in Pbl8,
2599 in genes Pb03 and 1581 in genes Pb01. Genes with any type
of change in their coding sequences represent a smaller subset, in
total 5734 (68%) in Pb18, 4895 (58%) in Pb03 and 6309 (71%) in
PbO1.

Both sequence addition (gap filling and local reassembly) and
small changes in the genome assemblies (single-nucleotide
substitutions or insertion/deletion events (indels)), contributed to
the improvement of the gene annotation in the update v2. Two

Gene added to a region that previously had none

Same start and same stop; internally, a splice site moved

Splice agreement, new model is longer; upstream start and downstream stop
Splice agreement and same stop; new model is longer, upstream start

Splice agreement and same start; new model is longer, downstream stop
Splice agreement; new model has upstream, or downstream, start and stop
Splice agreement, new model is shorter; downstream start and upstream stop
Splice agreement and same stop; new model is shorter, downstream start
Splice agreement and same start; new model is shorter, upstream stop
Splice agreement and same start and same stop, but differ in UTR

Multiple old genes map to multiple new genes; complex change

Multiple old genes have been merged into one

Single old gene has been split into multiple new genes

Other model not covered by another category or multiple models
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Table 2. Summary of annotation changes in protein coding genes.
Change type P. brasiliensis P. lutzii  change description
Pb18 Pb03 PbO1
Add 840 933 936
Splice site 1,124 1,122 1,000
Extended 3 6 2
Start Extended 262 329 307
Stop Extended 46 38 30
Shift 15 12 18
Truncated 5 4 2
Start Truncated 237 208 276
Stop Truncated 7 1 6
UTR 1,504 802 1,679
Cluster 12 9 16
Merge 118 88 102
Split 402 509 495
Other CDS change 1,999 1,757 2,376
None 1,816 2,599 1,581 Primary transcript is identical
Total 8,390 8,427 8,826 Total genes in current annotation version 2
doi:10.1371/journal.pntd.0003348.t002
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Pbo3_v2 GTGAAMACGCACAG 2287
Pb03_v1 GTGAAA-CGCACAG 2286
Pb18_v2 GTGAAAACGCACAG 2296
Pb18_v1 GTGAAAACGCACAG 2296
PbO1_v2 GTGAAAACGCACAG 2284
Pbo1_vl GTGAAMACGCACAG 3408

PbO3_v2 ATCATCCCQ—ATAATCCG 779
Pb@3_V1 ATCATCCCGCATAATCCG 780
Pb18_v2 ATCATCCCC-ATAATCCG 779
Pb18_v1 ATCATCCCG-ATAATCCG 779
Pb@1_v2 ATCGTCCCO-ATAATCCG 779
PbO1_v1l ATCGTCCCG-ATAATCCG 779

Aligned region

Fig. 2. Examples of an artifactual insertion and an artifactual deletion that were corrected during the update of the P. brasiliensis
Pb03 genome sequence. Screenshots of Pilon-generated genome browser tracks in GenomeView v1.0 [35] show the evidence used by Pilon to
recognize and correct an incorrect insertion in the gene PABG_00120 (left) and an incorrect deletion in the gene PABG_00790 (right). Tracks (top
panels) depict paired-end reads (green) aligned to the corresponding region of the reference assembly v1, a subset of the total depth of ~150X or
~170X; these alignments were used by Pilon to refine the consensus sequence, generating the improved Pb03 assembly v2. Positions in the v1
assembly where aligned reads suggest a change due to either a gap (red box) or an insertion (black line) are indicated with dashed red boxes. The
changes suggested by Pilon are also supported by conservation of the changed bases in a multiple alignment (bottom panels) with the

corresponding region of P. brasiliensis Pb18 and P. lutzii Pb01.
doi:10.1371/journal.pntd.0003348.9002

examples of how indel correction fixed gene structures are shown
in Fig. 2. In the first case (left panel), an extra C was inserted at a
polyC tract in PABG_00129 of Pb03; correction of this position
resulted in extending the coding DNA sequence (CDS) of this gene
by 423 bases. In the second case (right panel), an A was deleted at
a polyA tract in PABG_00790; correction of this position also
corrected the reading frame, allowing for removal of a false intron
that was needed to step over a stop codon and extension of the
CDS of this gene by 252 bases. While these are small changes to
the underlying assembly, both have had larger impact on
correcting these gene structures.

The annotation improvements were also analyzed by com-
paring the alignments of orthologs for all three Paracoccidioides
genomes, identified by OrthoMCL (Methods). For orthologs
identified either from the vl or v2 assemblies, maximum and
minimum gene length was computed for each ortholog cluster.
In comparing these gene lengths (Fig. 3A), the vl gene
annotations (red points in scatterplot) exhibited a higher
variation among Pb18, Pb03 and Pb01 orthologs compared to
annotation v2 (blue points). The positions that are closer to the
diagonal correspond to smaller differences in gene length
between orthologs; as expected for an improved annotation,
the v2 points are closer to the diagonal than vl. These
differences between maximum and minimum length of the
genes within each orthologous cluster group were also plotted on
a logarithmic scale (Fig. 3B), based on sorting cluster differences
from smallest to largest. The v2 annotation differences (blue
curve) were lower and well separated from the v1 annotation (red
curve), providing additional support of the increased length
concordance in the v2 annotation.

PLOS Neglected Tropical Diseases | www.plosntds.org

Further analysis of gene conservation also supported the greater
consistency among the Paracoccidioides spp. genomes in the v2
annotation. The number of genes found in all three genomes
increased, whereas the number of unique genes specific to only
one genome decreased; this has produced a more uniform set of
protein coding genes (Figure S2). The improved structural
annotation also led to improvements in functional annotation.
The v2 annotation had more genes with assigned protein domain
families (PFAM) and pathway information (KEGG), using the
same version of these databases for the v1 and v2 gene sets (Figure
S2). This supports the higher functional content of the revised gene
sets, despite the lower total gene counts in two of the genomes.

We also manually reviewed and curated the predicted structures
of a number of protein-coding genes that are of importance to the
Paracoccidioides research community, including well-character-
ized yeast-phase specific genes and other virulence factors. This
introduces changes to the transcript sequence of 27 of these genes
(Table 3). The improvements to the assemblies resulted in updated
transcript predictions for the vast majority of genes of the three
reference strains, with substantially corrected gene structures for
several virulence-associated or yeast-phase specific genes of central
importance in Paracoccidioides or other dimorphic fungi, includ-
ing HSP90 [25], PbGP43 [26], PbP27 [27], RYPI-3 (28], BADI
[29], catalase B, alpha 1,3 glucan synthase and the beta glucan
synthase target gene FKSI [30,31]. An extreme example is the
HSPY0 gene, where corrections were made to the sequence of
each of the three Paracoccidioides genomes (Fig. 4). This example
illustrates the annotation errors in vl of all Paracoccidioides
reference strains that were fixed in v2 after Pilon improvement and
re-annotation. In this case one or more single-nucleotide errors,
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Fig. 3. Improved consistency of gene annotation in v2 genomes. The final predicted gene sets of the three Paracoccidioides strains were
clustered using OrthoMCL, in v1 and v2. The scatterplots (A) compare, for each clustered group, the maximum length versus the minimum length of
the three Paracoccidioides genes in the same cluster, for each of the two versions. The scatterplot contrasts the maximum-minimum pairs from
annotation v1 (red points) and those from annotation v2 (blue points). The location of blue points closer to the diagonal illustrates that the
annotation v2 was more consistent across the three genomes with smaller differences in gene length. In the same sense, the rank plots (B) show the
difference between maximum and minimum length for each clustered group, for each of the two versions; again annotation v2 (blue line) showed
fewer (later increase) and smaller (more gradual increase) differences, corresponding to the improvement of the genome annotation in v2.
doi:10.1371/journal.pntd.0003348.9003

unknown single nucleotides (N’s), and/or single nucleotides that sequences and predicted protein sequences. This work has revised
were erroneously reported as absent or duplicated by Sanger these reference genomes, providing the Paracoccidioides commu-
sequencing resulted in radically different predicted gene structures nity with more complete and accurate sequences; this provides a
(intron/exon and/or gene boundary errors). This is shown in more accurate foundation for future genome-based, molecular
detail for a cluster of errors present at the end of HSP90 in Ph03 biological or genetic research on paracoccidioidomycosis and the
(Fig. 4B), which included alteration of the proper stop codon,  fungal strains that cause it. The strategy we have followed will
resulting in premature truncation of this gene. Another example of ~ more widely be useful also for other groups wishing to update
coding sequence updates to multiple genomes is shown for FKSI, fungal and other microbial genomes in future.
where different regions of the Pb03 and Pbl8 proteins were The updating of a reference genome, in particular of the
restored in the updated assemblies and annotations (Figure SI). underlying assembly and annotation, can be thought of as a largely
The improvements in the annotation v2 were also analyzed for computational form of deep sequence curation. The success of the
completeness by comparing to a set of highly conserved fungal update we present here shows that next-generation sequencing
genes defined by CEGMA and to protein sets of related dimorphic (NGS) together with publicly available software tools can markedly
human pathogenic fungi. Genes in the v2 annotation showed a enhance the quality of a eukaryotic genome resource. Indeed, the
higher coverage of both the CEGMA and related dimorphic availability of affordable NGS sequencing opportunities makes
fungal data sets in comparison with annotation vl, suggesting such endeavors accessible to small bioinformatics groups. The
these v2 genes are more complete (Figure S3). Furthermore, we massively computer-assisted component of such an update, which
examined the level of conservation to other fungi, by analyzing the can include tabular and graphical views for monitoring improve-

difference of the BLASTp score between the vl and v2 protein sets ments and performing quality control, can be complemented by
compared to those of B. dermatitidis, H. capsulatum and the ChO_OSIHg and fOHOWH}gaf"W_ ‘guide gCAHCSJ to evaluate the process.
CEGMA genes of S. cerevisiae and S. pombe. We observed that in This focused analysis provides tangible examples of how the

all cases the v2 annotation had more hits greater than the  update affected predicted properties of important genes, such as
minimum-similarity cutoff, and that the vast majority of genes of ~ gene structure or encoded proteins.
the v2 annotation had higher BLAST score values than their The accuracy of a genome sequence and associated annotations
counterparts from vl annotation (Figure S4). are critically important for many types of analysis; therefore
validating and improving the accuracy of the sequence and
Discussion annotation can have wide impact, especially for methods highly
sensitive to sequence errors. One example involves examining a
The initial draft genomes of three isolates of Paracoccidioides genome sequence for evidence of genes and genic regions likely to
(P. brasiliensis isolates Pb03 and Pb18, and P. lutzii isolate Pb01) be under positive selection. Such genes and genic regions, which
served as the first complete genome references for this fungal — are believed to be relatively rare in many eukaryotic genomes (see,
species [1]. Although these assemblies were obtained using the best e.g., [32]), are sometimes associated in pathogenic organisms with
technology available at that time, they included gaps and low virulence or rapid adaptation to host conditions, including
quality sequence in genic and intergenic regions, which in turn resistance to defense by the host or avoidance of the host immune
resulted in a number of suboptimal gene structures, coding system. An example of such adaptation has been found for surface
PLOS Neglected Tropical Diseases | www.plosntds.org 7 December 2014 | Volume 8 | Issue 12 | e3348
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A. Pb01, Pb03 and Pb18 HSP90 at protein level
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Fig. 4. Diverse error correction for the 90 kDa heat shock protein (HSP90 gene) of Paracoccidioides spp. (A) In this example different
annotation errors were present in v1 of all three Paracoccidioides reference strains, all of which were fixed in v2 after Pilon improvement and re-
annotation. The example also illustrates how one or more single-nucleotide errors, unknown single nucleotides (N's), or single nucleotides that were
erroneously reported as absent or duplicated by a Sanger sequencer can amplify across annotations, generating radically different gene structure
(intron/exon and/or gene boundary) predictions. (B) Five changes are shown at assembly (DNA sequence) level, one of which was a single nucleotide
error in a stop codon; as a result, the gene-calling program did not recognize the end of an exon and it was not reported.

doi:10.1371/journal.pntd.0003348.g004

proteins of diverse pathogens [32] and in fungi of the proline-rich
antigen gene in Coccidioides spp. [33]. Positive selection can also
occur in response to antimicrobial drugs, as in chloroquine
resistance in Plasmodium falciparum [34]. Candidate regions
under positive selection are commonly identified as sections of
coding regions having unusually high rates of nonsynonymous
(amino-acid changing) substitutions. Precisely because such regions
are quite rare, a coding region of low sequence quality having
several sequencing errors could be categorized as a region under
positive selection, and if there are several such regions in a
genome, an automated genome-wide screen will report a high
percentage of false positives. Conversely, assembly and annotation
improvements such as we describe here can effectively evaluate
and fix such regions of a genome so that even error-sensitive
evolutionary analyses become realistic.

Similar considerations also apply to analyses that have more
obvious clinical relevance. For example, improving a DNA
sequence’s accuracy can bring it closer to being ‘clinical grade’ or
‘diagnostic grade’. Indeed, identification of a clinical sample of a
human pathogenic fungus isolated in a hospital using sequence
comparison requires certainty that any nucleotide differences (e.g.,
resulting from single nucleotide polymorphisms/SNPs) observed
between the sequenced sample and trusted reference strain(s) or
isolate(s) are not simply errors in the reference. For fungi
encountered in clinical contexts, only one or a few traditionally
used loci are typically represented by reliable reference sequences,

PLOS Neglected Tropical Diseases | www.plosntds.org

which are often from the ribosomal DNA, or from one or two
protein-coding genes known beforehand to be diagnostically
informative. Reference diagnostics, as well as diagnostic PCR
assays (c.g., primer/probe design in real-time PCR assays), depend
on such regions that have been reliably characterized at the
molecular level in a fair number of related species or strains that
could be present in clinical settings. Whole-genome gene sets offer,
however, new perspectives; if their sequence quality is high, one
could then systematically and exhaustively screen alignments of the
full gene sets for diagnostically promising genes and genic regions
that are likely to be informative for the identification task at hand.
Such genome-wide screens should be able to identify new, candidate
target loci, and molecular assays could then be developed for them
and validated. Genome sequences also allow for metagenomic or
metatranscriptomic analysis, where reference genomes enable
identification of the pool random sequence from the population of
microbes in a sample. Such wide applications will be better powered
by efforts such as this to improve the set of reference genomes that
form a fundamental basis of comparison and analysis.

By re-sequencing three reference strains of Paracoccidioides
spp., using deep sequencing depth of Illumina paired-end reads,
we have been able to substantially improve the assemblies and
annotations for this important human fungal pathogen. Here we
have presented the updated and improved annotated genome
sequences, which constitute new references that can be used in
diverse future molecular projects by those working in the field of
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medical mycology. Since the process leading to the new sequences
is largely automated using publicly available programs and the
NGS technology used is cost-effective, the success of our strategy
represents a proof of concept that may stimulate similar updates of
other genomes in future.

Supporting Information

Figure S1 Regions of FKS1 protein sequence alignment
highlighting changes between genome versions. This
example is of a gene relevant to medical and experimental
mycology, the 1,3-beta glucan synthase component FKSI. The
colored regions (blue text for bases, red ‘-° for gaps in the
alignment) illustrate the improvements in the annotation (‘CDS’
category) that led to improved protein sequences in two of the
three Paracoccidioides strains.

(TIF)

Figure 82 Comparison of ortholog conservation and
annotation in vl and v2 genomes. The final gene sets of each
annotation version were clustered using OrthoMCL. (A) Bar chart
showing the relative contributions of core, auxiliary and unique
genes to the final gene clusters of versions 1 and 2. The clustered
groups were categorized as ‘core’ if present in all strains, ‘aux’ if
present in two strains and ‘uniq’ if present in one strain. (B) Venn
diagram showing numbers of shared and unique genes in
annotation v2. (C) Total numbers of predicted genes, and total
numbers of predicted genes that were assigned functional
annotation from PFAM and/or KEGG. In all cases, the annotation
v2 is more consistent or homogeneous across the three strains than
annotation vl1: there are more core genes in annotation v2 and also
in v2 the two strains Pb03 and Pb18 from the same species (P.
brasiliensis) give more similar results (bar charts). Furthermore, the
new annotation has more genes with assigned functional annotation
even using the same version of the databases.

(TIF)
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Abstract

Three closely related thermally dimorphic pathogens are causal agents of major fungal dis-
eases affecting humans in the Americas: blastomycosis, histoplasmosis and paracoccidioi-
domycosis. Here we report the genome sequence and analysis of four strains of the
etiological agent of blastomycosis, Blastomyces, and two species of the related genus
Emmonsia, typically pathogens of small mammals. Compared to related species, Blasto-
myces genomes are highly expanded, with long, often sharply demarcated tracts of low
GC-content sequence. These GC-poor isochore-like regions are enriched for gypsy ele-
ments, are variable in total size between isolates, and are least expanded in the avirulent B.
dermatitidis strain ER-3 as compared with the virulent B. gilchristii strain SLH14081. The
lack of similar regions in related species suggests these isochore-like regions originated
recently in the ancestor of the Blastomyces lineage. While gene content is highly conserved
between Blastomyces and related fungi, we identified changes in copy number of genes
potentially involved in host interaction, including proteases and characterized antigens. In
addition, we studied gene expression changes of B. dermatitidis during the interaction of
the infectious yeast form with macrophages and in a mouse model. Both experiments
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highlight a strong antioxidant defense response in Blastomyces, and upregulation of dioxy-
genases in vivo suggests that dioxide produced by antioxidants may be further utilized for
amino acid metabolism. We identify a number of functional categories upregulated exclu-
sively in vivo, such as secreted proteins, zinc acquisition proteins, and cysteine and trypto-
phan metabolism, which may include critical virulence factors missed before in in vitro
studies. Across the dimorphic fungi, loss of certain zinc acquisition genes and differences in
amino acid metabolism suggest unique adaptations of Blastomyces to its host environment.
These results reveal the dynamics of genome evolution and of factors contributing to viru-
lence in Blastomyces.

Author Summary

Dimorphic fungal pathogens including Blastomyces are the cause of major fungal diseases
in North and South America. The genus Emmonsia includes species infecting small mam-
mals as well as a newly emerging pathogenic species recently reported in HIV-positive
patients in South Africa. Here, we synthesize both genome sequencing of four isolates of
Blastomyces and two species of Emmonsia as well as deep sequencing of Blastomyces RNA
to draw major new insights into the evolution of this group and the pathogen response to
infection. We investigate the trajectory of genome evolution of this group, characterizing
the phylogenetic relationships of these species, a remarkable genome expansion that
formed large isochore-like regions of low GC content in Blastomyces, and variation of gene
content, related to host interaction, among the dimorphic fungal pathogens. Using RNA-
Seq, we profile the response of Blastomyces to macrophage and mouse pulmonary infec-
tion, identifying key pathways and novel virulence factors. The identification of key fungal
genes involved in adaptation to the host suggests targets for further study and therapeutic
intervention in Blastomyces and related dimorphic fungal pathogens.

Introduction

Blastomyces is a genus of a thermally dimorphic fungal pathogen, which is the etiological agent
of blastomycosis, a lung infection that can become a systemic mycosis. In North America, Blas-
tomyces is endemic in the Ohio and Mississippi river valleys, the Great Lakes region, and the
St. Lawrence River [1]. Within Blastomyces, two lineages of B. dermatitidis have been recog-
nized [2], with recent work providing evidence that one lineage is a distinct species, B. gilchristii
[3]. Both species can infect humans, and vary in morphology, virulence and immune responses
by the host. The primary mode of infection is inhalation of conidia and the subsequent conver-
sion of these conidia into parasitic yeast [4,5]. Clinical manifestations range from asymptom-
atic infection to symptomatic disease and include pneumonia, acute respiratory distress
syndrome, and a rapidly progressive dissemination involving multiple organ systems that is
often fatal [5,6]. Diagnosis is often complicated by the similarity of symptoms to those of viral
or bacterial respiratory infection and by the aforementioned variety of manifestations [7].

As a thermally dimorphic fungus, Blastomyces has the remarkable ability to switch
between two different morphologies in response to external stimuli, predominantly tempera-
ture [5]. At 22-25°C, Blastomyces grows as septate hyphae that produce infectious conidia
and at 37°C it grows as a budding yeast [8]. Blastomyces is part of a larger group of dimorphic
fungal pathogens, including Histoplasma, Paracoccidioides, and Coccidioides, all belonging to
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the order Onygenales. The dimorphic fungi collectively are the most common cause of inva-
sive fungal disease worldwide and account for several million infections each year [8]. Unlike
opportunistic fungi, such as Candida albicans, Cryptococcus neoformans, or Aspergillus fumi-
gatus, the dimorphic fungi can infect immunocompetent and immunocompromised hosts
[6,9-11].

Previous work has shown that in Blastomyces, the temperature-dependent switch from
hyphae to yeast along with upregulation of yeast-phase specific genes is critical for virulence
[12-14]. The dimorphism-regulating kinase-1 (DRKI) promotes the temperature-dependent
conversion from mold to yeast, and its deletion renders Blastomyces avirulent during experi-
mental murine pulmonary infection [12]. The upregulation of yeast-phase specific genes, such
as the Blastomyces yeast-phase specific gene 1 (BYSI) [15] and the Blastomyces adhesion-1
gene (BADI) [13,14], is also important for the adaptive response of the yeast cells in the host
environment. BADI is considered an essential virulence factor in Blastomyces, since it binds
yeast cells to host tissue and impairs host immune defenses by inhibiting the production of
tumor necrosis factor-o. and blocking CD4" T lymphocyte activation [13].

Within the Onygenales, Blastomyces, Histoplasma and Paracoccidioides belong to the family
Ajellomycetaceae. Also within Ajellomycetaceae is the genus Emmonsia, which includes E. cres-
cens and E. parva, the etiological agents of adiaspiromycosis, a pulmonary disease of small
mammals and occasionally of humans [16]. Recently, a cluster of systemic infections of HIV-
positive patients in South Africa were shown to be caused by Emmonsia isolates [17]. While E.
crescens and E. parva also undergo a dimorphic shift at high temperature, they transform into
large, thick-walled adiaspores rather than yeast cells [18] (S1 Table). Two phylogenetic studies
using 18S ribosomal DNA sequences found that E. parva was the sister species to Blastomyces
[19,20]. The positioning of E. crescens was less clear; in one analysis it was a sister group to
Paracoccidioides [19] while in the other analysis it was grouped with Blastomyces and E. parva
[20]. In neither phylogeny was the alternative positioning of E. crescens strongly supported.

To further investigate the genomic basis of differences observed among the Ajellomyceta-
ceae in terms of pathogenicity, morphology, and the infection process, we sequenced six
genomes of Blastomyces and Emmonsia, as well as sequencing the B. dermatitidis transcriptome
during macrophage co-cultivation and in vivo pulmonary infection. The newly sequenced
genomes included three representative strains of B. dermatitidis (ER-3, ATCC18188, and
ATCC26199), and one strain of each of B. gilchristii (SLH14081), E. parva (UAMH139), and E.
crescens (UAMH3008). Blastomyces dermatitidis ER-3 was isolated from a woodpile located in
a highly endemic region of Wisconsin and is hypovirulent in mice [21,22]. The ATCC18188
strain is the only current example of the 'a’ mating type (MATI-1 locus) available for B. derma-
titidis [23]. ATCC26199 is a clinical isolate from South Carolina that is commonly used for in
vitro and in vivo laboratory assays [14]. Blastomyces gilchristii SLH14081 is a human clinical
isolate that is highly virulent in a murine model of blastomycosis [22,24]. Both Emmonsia
strains were isolated from small mammals, E. parva from a weasel in Ravelli County, Montana,
and E. crescens from lungs of a rodent (Arvicola terrestris) in Norway.

Utilizing this genomic data, we find that the Blastomyces genomes are much larger than
those of their close relatives, and are characterized by large, isochore-like GC-poor regions
overrun by repetitive elements. Our whole-genome analyses provide further evidence for the
phylogenetic relationships between Blastomyces and Emmonsia and other Onygenales. Finally,
we identify novel sets of candidate virulence factors through comparison of the Blastomyces
transcription during in vivo pulmonary infection to growth in co-culture with macrophages or
in different media or temperature. This combination of genomic and transcriptomic analysis
provides a foundation and new candidate genes to further characterize the underlying
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molecular differences that determine the infectious potency of Blastomyces strains and give rise
to the clinical profiles attributable to blastomycosis.

Results
Expanded genomes of Blastomyces species

We sequenced and assembled the genomes of three Blastomyces dermatitidis strains and one B.
gilchristii strain, and representatives of two Emmonsia species. The Blastomyces strains were
sequenced using either Sanger technology or a hybrid of Sanger and 454 technologies. The
Emmonsia strains were sequenced using Illumina technology, and de novo assemblies were
generated for each strain (Methods). Comparison of the genomes of four Blastomyces strains,
SLH14081, ER-3, ATCC18188 and ATCC26199, revealed they were over twice the size of all
other Onygenales. The Blastomyces assemblies range in size from 66.6 Mb for B. dermatitidis
strain ER-3 to 75.4 Mb B. gilchristii strain SLH14081 (Table 1). These assemblies were over
twice as large as those of other dimorphic pathogens in the order Onygenales including the
Emmonsia species (30.4 Mb), although the use of only short reads from a single library for the
two Emmonsia may under-represent repetitive sequence (Fig 1). The assemblies of two Blasto-
myces strains, SLH14081 and ER-3, were sequenced to a higher depth than the other two
strains, and as a result contain nearly all of the assembled sequence in a relatively small number
of scaffolds, 100 and 25 scaffolds respectively. As an independent assessment of genome size
and structure, we generated an optical map of the SLH14081 strain (S1 Fig). Consistent with
our assembly of this strain, the map had an estimated size of 79.6 Mb, arranged in eighteen
linkage groups. In addition, a total of 65.9 Mb of the 75.4 Mb of the SLH14081 assembly was
anchored to the optical map (S2 Table).

The total number of predicted genes in Blastomyces, Emmonsia, and other related fungi was
similar despite the large difference in genome size. In Blastomyces, the number of predicted
genes varied between 9,180 in ATCC26199 to 10,187 in ATCC18188; for E. parva and E. cres-
cens the counts were similar, 8,563 and 9,444, respectively (Table 1), as were those of other
sequenced Onygenales (Fig 1). High representation of core eukaryotic genes in each genome
provides evidence that their gene sets are nearly complete; E. parva includes 88% of core
eukaryotic genes, while the E. crescens and Blastomyces gene sets include 96-98% (S2 Fig).

Phylogenetic position of Blastomyces, Emmonsia parva and E. crescens

To compare gene content and conservation, we identified orthologous gene clusters in the six
genomes sequenced here, 10 additional Onygenales genomes, including three other pathogenic
species (Histoplasma, Paracoccidioides, and Coccidioides), and three Aspergillus genomes.
Using 2,062 single copy core genes present in all strains, we estimated a phylogeny of these

Table 1. Assembly and annotation statistics for Blastomyces and Emmonsia genomes. Bd: B. dermatitidis, Bg: B. gilchristii, Ep: E. parva, Ec: E.

crescens.
Total assembly length  Scaffolds Scaffold N50 GC-content (%) Genes Coding (%) Intergenic length Repeat (%)

Bg SLH14081 75.35 Mb 100 2.44 Mb 35.8 9,692 16.9 7.2 kb 63.0

Bd ER-3 66.57 Mb 25 5.55 Mb 37.1 9,755 19.2 6.0 kb 60.0

Bd ATCC18188 73.58 Mb 4,159 0.40 Mb 36.7 10,187 17.4 4.2 kb 56.6

Bd ATCC26199 71.52 Mb 3,282 0.29 Mb 36.6 9,180 17.5 4.5 kb 58.5

Ep UAMH139 30.35 Mb 2,682 31.17 kb 44.7 8,563 35.6 1.4 kb 9.9

Ec UAMH3008 30.36 Mb 1,150 95.15 kb 45.4 9,444 41.8 1.4 kb 5.4

doi:10.1371/journal.pgen.1005493.t001
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Fig 1. Phylogeny and gene conservation of Blastomyces and Emmonsia spp. Maximum likelihood tree inferred from concatenated protein alignments of
2,062 core genes based on 1,000 replicates; all bootstrap values (top value for each node) were 100% except for one node within B. dermatitidis, which was
88%. Branch order was also well supported by the consensus of individual gene trees (GSF, lower value for each node). A bar plot of orthology classes is
shown to the right, where core genes found in all genomes are shown in green, shared genes present in more than one but not all genomes in blue, genes
specific to Blastomyces genomes in red, and genes that were unique to only one of the 19 genomes in yellow. Finally, genome size is plotted for each
genome along the x-axis, which ranges from 20 to 80 Mb.

doi:10.1371/journal.pgen.1005493.g001

organisms using RAXML ([25]; Fig 1). This analysis strongly supports the clustering of Blasto-
myces with E. parva (100% of bootstrap replicates and 100% Gene Support Frequency (GSF)
[26]) as previously reported [19,20]. In contrast to prior work, Histoplasma is strongly sup-
ported as sister group to Blastomyces and E. parva (100% of bootstrap replicates and 90% GSF),
with E. crescens strongly supported as a sister group to that clade (100% of bootstrap replicates
and 100% GSF), and with Paracoccidioides in a basal position (Fig 1). The polyphyletic nature
of Emmonsia suggests that the Ajellomycetaceae have undergone multiple evolutionary transi-
tions allowing the infection of humans and other mammals. Within Blastomyces, we found
support for strain SLH14081 as an outgroup relative to the other three strains (S3 Fig). This is
consistent with the placement of strain SLH14081 within the newly described species B. gil-
christii [3]; the other three strains sequenced here are still classified as B. dermatitidis.

Blastomyces genomes show a bimodal GC distribution

A bimodal distribution of GC-content observed in all Blastomyces sequenced, which was less
pronounced in E. parva and E. crescens and absent in other Ajellomycetaceae, suggests that
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Fig 2. GC frequency distributions (histograms) of overlapping fragments (windows, of 32 kb) of the genome assemblies of Blastomyces
dermatitidis ER-3, B. gilchristii SLH14081, Emmonsia parva (UAMH139), E. crescens (UAMH3008), Histoplasma capsulatum (WU24),
Paracoccidioides lutzii (Pb01), Coccidioides immitis (RS3), and Leptosphaeria maculans (v23.1.3). The bin size of the histograms is approximately
0.1% GC. Horizontal axes show GC % and vertical axes show relative frequencies.

doi:10.1371/journal.pgen.1005493.9002

these genomes are organized in large isochore-like regions of high and low GC-content. This
finding for nuclear DNA explains the GC-poor fraction of the Blastomyces genome initially
identified using CsCl gradient analytical ultracentrifugation [27], which the authors hypothe-
sized was due to a large proportion of GC-poor mitochondrial DNA in Blastomyces cells.
Examining the genome wide GC content revealed a bimodal distribution for all strains of Blas-
tomyces including ER-3 and SLH14081, the smallest and largest assembly, respectively (Fig 2),
and was observed for all window sizes ranging from 2 kb to 256 kb (S4 Fig). The detection of a
bimodal signal in larger windows supports the organization of the genomes in large isochore-
like regions, with average GC content of 29.6% and 31.0% in GC-poor regions and 45.9% and
46.6% for the rest of the genome in B. gilchristii strain SLH14081 and B. dermatitidis strain ER-
3, respectively (Table 2). Analysis of the related pathogens H. capsulatum, P. lutzii, and C.
immitis showed no evidence for bimodality of GC content, while both E. parva and E. crescens
revealed small peaks of low GC sequence. Read-based analysis and using smaller window sizes
(e.g. 128 bp) supported these findings, suggesting they are not due to differences in assembly
completeness (S5 Fig).

To further examine the organization of GC-content across the genome, we next defined the
boundaries of low GC content regions in Blastomyces. In the smallest assembly, of the ER-3
strain, we identified 221 GC-poor tracts with an average size of 186.0 kb, encompassing a total
size of 41.1 Mb (Tables 2 and S3). In the largest assembly, of the SLH14081 strain, we identified
350 GC-poor tracts with an average size of 140.2 kb, encompassing a total size 49.1 Mb (Tables
2 and S3). The 8 Mb difference between the total size of GC-tracts in the genomes of B. derma-
titidis ER-3 and B. gilchristii SLH14081 accounts for nearly all of the 8.8 Mb difference in
assembly size. Notably, GC-poor tracts in Blastomyces can be quite long, and reach maximal
lengths of 1.3 Mb. In the assemblies of E. parva, E. crescens and other Ajellomycetaceae, long
GC-poor tracts were rarely observed (e.g., a total of only 4 GC-poor regions larger than 10 kb
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Table 2. Gene and repeat features of Blastomyces GC-rich and GC-poor regions compared to Histoplasma.

Total size (Mb)

Total genes

Gene length (bp)
Intergenic distance (bp)
GC content (%)

Gene GC content (%)
Coding (%)

Syntenic genes (%)
Repeat (%)

doi:10.1371/journal.pgen. 1005493.t002

Blastomyces Histoplasma
GC-poor GC-rich

SLH14081 ER-3 SLH14081 wu24
491 254 26.2 33
1,990 1,858 7,765 7,834 9,251
1,549 1,471 2,737 2,716 1,686
18,523 22,983 1,212 1,400 1,850
29.6 46.6 45.9 46.2
48 46.9 51.8 51.8 51.2
7.5 5.6 83.4 80.9 35.9
734 76.1 99 98.8 NA
93.7 95.2 6.2 4.8 15.4

in E. parva were found adjacent to a long GC-rich region in the same scaffold, and just 1 in E.
crescens), corresponding to the less pronounced bimodal GC distribution of the genome assem-
bly. However, more contiguous assemblies would be needed to reveal the overall extent of long
GC-poor tracts. The only other fungal genome noted to have an isochore-like structure, Lepto-
sphaeria maculans [28], contains a smaller expansion of GC-poor regions (Fig 2); individual
tracts were on average half the size (70.4 kb) of those in Blastomyces, and encompassed a
smaller fraction (36%) of the L. maculans genome [28]. This difference is consistent with the
lower fraction of long AT blocks we observe by comparing windows of different sizes in Blasto-
myces and L. maculans (S4 Fig).

The GC-poor regions include nearly all the repetitive elements in the genome and conse-
quently have a lower density of predicted genes (e.g., see Fig 3). In ER-3, 93.7% of repetitive
sequence is found in GC-poor regions (Table 2). The gypsy elements that dominate repetitive
sequence in the Blastomyces genomes have low GC-content; on average those in ER-3 and
SLH14081 have respective GC-content of 31.0% and 29.9%, matching the overall GC level of
the GC-poor regions (Table 2). GC-poor tracts of Blastomyces contain only approximately one
fifth of the predicted protein-coding gene set, including some notable genes such as 1,3-beta-
glucan synthase component (FKS1), Blastomyces yeast phase-specific gene (BYSI), and one of
two BYSI-like proteins we identified (S6 Fig and S4 Table). By contrast, BADI, which encodes
an essential virulence factor involved in host cell interaction and immune evasion [13], is
found within a GC-rich region. Intergenic regions are also larger here than for other genes in
the genome; the average intergenic region for ER-3 is 18.5 kb in GC-poor regions, a 3-fold
expansion compared to the 6.0 kb genome-wide average (Table 2 and Figs 3 and S6).

The GC-poor regions also show lower synteny between the Blastomyces genomes compared
to other regions with more typical GC content (e.g., see Fig 3). Overall, B. dermatitidis strain
ER-3 and B. gilchristii strain SLH14081 shared 125 syntenic blocks including 93.8% and 94.5%
of genes, encompassing only 69.5% and 69.3% of each assembly. These percentages are much
smaller than those observed among strains of related species (such as 95% and 93% synteny
between strains of P. brasiliensis [29]). The lower synteny among Blastomyces strains is largely
explained by the proportion of genes found in repeat-rich, GC-poor regions (Table 2 and Fig
3). Nearly all (99%) of genes in GC-rich regions are highly syntenic across Blastomyces strains,
even between B. dermatitidis strain ER-3 and B. gilchristii strain SLH14081. However, the GC-
poor regions have more limited synteny even within strains of Blastomyces encompassing 74 to
76% of genes in those regions (Table 2 and Fig 3).
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Fig 3. Correspondence of GC content and synteny for Blastomyces. Comparison of GC content (top panel) and genome synteny (lower panel) fora 5.2
Mb region of B. dermatitidis strain ER-3 (scaffold (sc) 1, coordinates from 4.5 to 9.7 Mb) and corresponding syntenic regions of B. gilchristii strain SLH14081
and Histoplasma capsulatum strain WU24. Location of genes (blue boxes) and gypsy elements (green boxes) are depicted across each genomic region.
Orthologs between genomes are connected in pink, which are organized into syntenic regions that are disrupted by GC-poor regions in both Blastomyces

genomes.

doi:10.1371/journal.pgen.1005493.9003

Overall, the function, expression, and selective pressure of genes in GC-poor regions appear
similar to those genes found elsewhere in the genome. Despite the lower synteny, GC-poor
regions are not significantly enriched for Blastomyces-specific genes, nor did they show much
functional enrichment (S1 Text, S5 Table). Comparing selection pressure on the 7,228 single
copy orthologs present in all four Blastomyces genomes also did not find a significant difference
in the number of genes with high omega values (omega > 1) (Methods). These analyses suggest
that despite the dynamic reorganization due to invading gypsy elements, the GC-poor regions
do not appear to be fast evolving by these measures. Furthermore, there is no large-scale differ-
ence in the expression levels of genes in GC-poor regions. Comparing transcript levels for
genes in GC-poor and GC-rich regions, we found that genes in both GC classes show similar
expression levels (S7 Fig), again supporting the general similarity of genes found in these two
genomic neighborhoods.

Characterization of repetitive sequence expansion

The 2-fold larger size of the Blastomyces genomes compared to other dimorphic fungi is due
largely to an expansion of repetitive sequence. The proportions of the Blastomyces genome
assemblies that were covered by repeats ranged from 56.6% (41.6 Mb) for B. dermatitidis
ATCC18188 to 63.0% (47.5 Mb) for B. gilchristii SLH14081. SLH14081 had the highest repeat
content and the largest assembly size. The E. parva and E. crescens assemblies both had a lower
repeat content, 9.9% (3.0 Mb) and 5.4% (1.6 Mb), respectively (Table 1). In all genomes, a
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Fig 4. Relative contributions from known repeat categories to Blastomyces and Emmonsia genomes.
(A) Repetitive elements were identified in each assembly using a combination of de novo classified elements
and known elements. The total amount of genome sequence for each element class (top panel) and the
relative frequency of known elements (bottom panel) are shown for B. dermatitidis (BD; ATCC26199,
ATCC18188, ER-3), B. gilchristii (BG; SLH14081), E. crescens (EC; UAMH3008), and E. parva (EP;
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UAMH139). (B, C). Phylogenetic relationship of two subgroups of gypsy elements was inferred using
FastTreeDP from alignments of reverse transcriptase domains. The largest subgroup of 922 sequences (B)
includes domains from the Blastomyces strains ER-3 and SLH14081, E. parva strain UAMH139, and the
Repbase ACa Gypsy element, whereas the other subgroup of 544 sequences (C) is specific to the two B.
dermatitidis and B. gilchristii. The outer ring indicates strain specific duplications of four or more sequences.

doi:10.1371/journal.pgen.1005493.9004

small number of transposable element classes as well as AT-rich simple sequence regions were
highly represented (Fig 4A).

More specifically, the genome expansion in Blastomyces strains has resulted from a prolifer-
ation of gypsy LTR retrotransposons, including both ancestral and lineage-specific prolifera-
tion. In the Blastomyces genomes, Gypsy elements account for almost all repetitive DNA, with
alower frequency of sequences similar to the non-LTR Tadl and copia LTR retroelements
(Figs 4A and S8). In all Blastomyces and Emmonsia genomes the most frequent Gypsy element
subtype matches the “ACa” (Ajellomyces or Histoplasma capsulatum) Gypsy element from
Repbase [30] (Fig 4A and 4B). Further phylogenetic characterization of 2,331 Gypsy elements
identified four subtypes that appear specific to Blastomyces (S1 Text and Figs 4 and S9). Some
subtypes had diversities that were primarily the result of ancestral duplication, resulting in
large numbers of orthologous elements between strains (e.g., Fig 4B), while other subtypes
appeared to predominantly contain strain-specific paralogous expansions, consistent with the
cryptic speciation in the Blastomyces genus (e.g., Fig 4C). Gypsy elements were also detected in
the Emmonsia and Histoplasma assemblies, but in far fewer copies (Figs 3 and 4), consistent
with the recent expansion in Blastomyces. Gypsy elements are frequently observed in fungal
genomes [31], including Coccidioides [32] and Paracoccidioides [29] but in far fewer copies.

Gene family evolution of Blastomyces and other Ajellomycetaceae

To identify gene content that could play a role in the evolution of the dimorphism and patho-
genesis within the family Ajellomycetaceae, we searched for expansions or contractions in
functionally classified genes compared to the other fungi from the order Onygenales (S6
Table). We identified PFAM domains, KEGG pathways, Gene Ontology (GO) terms, or kinase
families that were significantly enriched or depleted. Domains associated with polyketide
synthases were depleted in the Ajellomycetaceae, and an independent prediction of secondary
metabolite enzymes confirmed that Blastomyces and other fungi from the Ajellomycetaceae
contain fewer PKS gene clusters than other Onygenales (S7 Table, S1 Text). Other differences
between the Ajellomycetaceae and other Onygenales include fewer copies of multiple classes of
peptidases (M36, M43, S8) as well as an associated inhibitor (19, inhibitor of S8 protease), vari-
able copy number of LysM-domain proteins potentially involved in chitin binding, which are
most expanded in dermatophytes but at next highest levels among the human pathogens in
Blastomyces, and a higher number of protein kinases (S6 Table and S10 Fig), including an
expansion of the FunK1 family similar to that previously noted in Paracoccidioides [29].

We next identified 140 gene clusters conserved in Blastomyces, Emmonsia, Histoplasma,
and Paracoccidioides, but absent from other Onygenales and Aspergillus (S8 Table). These gene
clusters include a predicted heme oxygenase (BDBG_02689), which could produce free iron
from host heme. In addition to the 140 gene clusters, we also identified conserved genes in sub-
sets of the Ajellomycetaceae including homologs of two previously typed antigens; a gene simi-
lar to the 27 kDa antigen of Paracoccidioides [33] is present in Blastomyces and one
Histoplasma genome, and a gene cluster specific to Blastomyces and Paracoccidioides shares
similarity with the antigenic Aspergillus cell wall mannoprotein [34].
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Genes depleted in or absent from Emmonsia with possible roles in
virulence or phase transitions

To identify potential genetic features of the Ajellomycetaceae pathogenic to immunocompetent
humans (Blastomyces, Histoplasma, and Paracoccidioides) relative to E. parva and E. crescens,
we conducted a second enrichment analysis as described above (S9 Table). The primary patho-
gens showed enrichment of only two PFAM domains, a phosphorylase and endonuclease (S9
Table). The phosphorylase domain over-represented in Blastomyces is associated with nucleo-
side phosphorylases; many of these proteins also contain Ankyrin repeats and NACHT
domains. Phosphorylases are involved in nucleotide and amino acid salvage, and could allow
pathogens greater metabolic versatility when certain building blocks are unavailable. The
absence of any larger pattern of gain or loss of functional classes suggests that smaller changes
in gene content, independent gain and loss between the species, or expression differences may
account for differences in pathogenesis.

We then identified specific orthologs present in all four strains of Blastomyces but absent
from both non-pathogenic Emmonsia species. Comparing the ortholog set of Blastomyces to E.
parva and E. crescens, we found a total of 552 ortholog clusters that were present in all Blasto-
myces strains but absent in both Emmonsia genomes (S10 Table). Most of these (393 clusters)
were present only in Blastomyces, and while most of these proteins (92% in B. gilchristii strain
SLH14081) had no PFAM domain assignment, the set did include the Blastomyces yeast phase-
specific protein 1 (BYSI). This gene is a marker of the phase transition to and from the yeast
phase [15], although it has recently been shown not to be required for virulence in studied
strains [24].

While both E. parva and E. crescens are not reported to be primary human pathogens, phy-
logenetic analysis suggests that the transition to this lifestyle may have been independent,
resulting in differential gene loss. One of the genes absent only in E. crescens is the siderophore
iron transporter mirB (MIRB). Many pathogenic microorganisms have evolved high affinity
iron acquisition mechanisms, which include the production and uptake of siderophores. In B.
dermatitidis, the expression of genes involved in the biosynthesis of siderophores and uptake of
siderophores, including two iron transporters (MIRB and MIRC), are induced under iron-poor
conditions [35]. While MIRB appears to be absent in E. crescens, siderophore uptake may be
still enabled by the second transporter, MIRC, which is conserved in this species.

Transcriptional profiling of Blastomyces in macrophages

To better understand which Blastomyces genes play roles in pathogenicity and virulence, we car-
ried out RNA-Seq of B. dermatitidis strain ATCC26199 to profile expression under varying tem-
perature, nutrient availability, and infection status. Combining this data allowed us to
disambiguate expression variability due solely to differences in temperature and media-specific
nutrient availability from those specific to macrophage interactions in vitro or host infection in
vivo. Five conditions were sampled: 37°C with macrophages in RPMI media, 37°C in RPMI
media, 37°C in HMM media, 22°C in HMM media, and in vivo pulmonary infection with yeast
in a mouse model (Fig 5A). For each condition, two biological replicates were performed, and
the read counts per transcript were highly correlated between replicates (R> 0.99, S11 Fig).
Gene expression levels and mapping statistics are presented in S11 and S12 Tables, respectively.

When B. dermatitidis yeast cells were co-cultured with human bone marrow derived macro-
phages, the majority of yeast cells (59%) were internalized by macrophages. Comparison of
yeast co-cultured with and without macrophages identified 140 genes differentially expressed
between these two conditions, 112 of which were upregulated in the presence of macrophages
(S13 Table). This upregulation suggested a small, specific response to macrophages in this
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Fig 5. Transcriptional response of B. dermatitidis strain ATCC26199 to infection. (A) Schematic of samples compared by RNA-Seq analysis and (B)
Heatmap of differentially expressed genes, where the cluster of genes specifically induced in vivo during mouse infection is highlighted.

doi:10.1371/journal.pgen.1005493.9005

Table 3. Blastomyces transcripts most significantly induced during macrophage infection.

experiment. Examination of this set of genes revealed numerous genes that have the potential
to facilitate adaptation to the host environment. The 20 most significantly upregulated genes
(Table 3) include a predicted secreted endo-1,3(4)-B-glucanase (BDFG_03060) involved in cell
separation after cytokinesis in C. albicans [36], transporters, including an ABC transporter

(BDFG_05060) homologous to Aspergillus fumigatus MDRI and a zinc transporter

(BDFG_02462) similar to the vacuolar zinc transporter ZRT3 in S. cerevisiae, dehydrogenases

Locus Predicted function FDR Fold Change
BDFG_03193 hypothetical protein, secreted 0 3.63
BDFG_03060 beta-1,3-glucanase,secreted 6.40E-196 2.04
BDFG_06058 transcription factor 6.68E-152 1.90
BDFG_05060 ABC transporter 5.07E-131 1.86
BDFG_04440 transcription factor 2.07E-118 1.54
BDFG_04186 hypothetical protein 1.92E-104 1.58
BDFG_06466 succinate dehydrogenase, iron-sulfur subunit 5.27E-101 1.23
BDFG_06207 vacuolar iron transporter 1.71E-92 1.98
BDFG_04494 succinate dehydrogenase, cytochrome b560 subunit 4.51E-90 1.20
BDFG_01343 electron-transferring-flavoprotein dehydrogenase 5.35E-87 1.17
BDFG_02965 catalase, CATP 4.69E-86 1.30
BDFG_00760 pyruvate decarboxylase 1.26E-84 1.66
BDFG_04269 Eukaryotic cytochrome b561 2.68E-78 1.09
BDFG_04739 hypothetical protein 8.97E-76 3.62
BDFG_02901 cytochrome P450 alkane hydroxylase 1.69E-75 1.05
BDFG_09499 cytochrome ¢ 1.98E-73 1.15
BDFG_04995 hypothetical protein, secreted 3.69E-73 1.54
BDFG_01204 Cu-Zn superoxide dismutase, SOD3, secreted 1.51E-66 1.03
BDFG_02462 Metal ion transporter, ZRT3-like 5.43E-66 1.26
BDFG_04916 hypothetical protein 8.63E-66 1.14
doi:10.1371/journal.pgen.1005493.t003
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involved in amino acid catabolism, and antioxidants peroxisomal catalase (CATP,
BDFG_02965) and superoxide dismutases (SOD3, BDFG_01204; SOD2, BDFG_07895), which
may protect against reactive oxygen species (ROS). The induction of endo-1,3(4)-B-glucanase
and CATP in the presence of macrophages was also confirmed by qRT-PCR (S12 Fig and
Methods).

Transcriptional profiling of Blastomyces in a mouse model

We also identified gene expression changes specific to in vivo murine pulmonary infection
from our transcriptomic data of B. dermatitidis strain ATCC26199. By k-means clustering of
expression values, we identified a set of 72 genes that are upregulated in vivo during mouse
infection relative to all other conditions, regardless of temperature, media, and in vitro macro-
phage interactions (Fig 5B and S14 Table). Using all conditions for this comparison helped
eliminate from consideration differences observed, for example, between the yeast samples cul-
tured in different media. Genes in this set with greater than 2-fold upregulation in vivo are
highlighted in Table 4, and primarily fell into five functional categories: 1) secreted proteins, 2)
zinc acquisition, 3) antioxidants and oxygenases, 4) amino acid metabolism, and 5)
transporters.

The most highly expressed gene in vivo was BADI (BDFG_03370; S11 Table), which
encodes a yeast-phase specific virulence factor that facilitates adhesion to host cells and evasion
of host immune defenses [13]. BADI also had the highest transcript abundance for yeast co-
cultured with macrophages and yeast without macrophages at 37°C (S13 Table). Thus, BADI
was not identified among the set of 72 differentially expressed genes because the transcription
of BADI is influenced by temperature [37]. The effect of temperature during the mold to yeast
transition on the transcriptome of dimorphic fungal pathogens has been the topic of previous
studies [38-41] and was therefore not further evaluated here.

A total of nine secreted proteins were identified in this set of 72, including five of the ten
most highly upregulated genes by fold change, potentially playing roles in host-pathogen inter-
actions. Another highly up-regulated secreted protein (BDFG_00717) contains a predicted
CFEM domain as well as a GPI-anchor; these features, as well as small size (236 amino acids),
are shared with member of the haemoglobin-receptor gene family in C. albicans [42]. The most
highly upregulated gene, BDFG_05357, encodes a HRXXH domain-containing secreted pro-
tein that may function as a zinc scavenging protein (Tables 4 and S14). This gene is present in
the genomes of Blastomyces and Coccidioides, but absent from those of Emmonsia, Histoplasma
and Paracoccidioides. BDFG_05357 is a homolog of C. albicans PRA1 (pH-regulated antigen-
1) [43] and S. cerevisiae ZPSI (zinc-pH-regulated protein). In C. albicans, the transcription of
PRAI and ZPS1 is induced under alkaline pH and zinc-deplete conditions [44,45], and PRAI is
co-regulated with its upstream gene, ZRT1, which encodes a high-affinity zinc transporter that
interacts with zinc-bound PRAI [45]. Similarly, the B. dermatitidis homolog of ZRT1,
BDFG_09159, is highly expressed in vivo; the induced expression of both PRA1 and ZRTI was
confirmed by qRT-PCR (S12 Fig). However unlike in C. albicans, ZRT1 is not adjacent to
PRATI in the B. dermatitidis genome. While PRA1 is conserved in all four Blastomyces genomes,
there is no copy of this gene in Histoplasma as previously noted [45], nor in Emmonsia or Para-
coccidioides, suggesting differences in how zinc is acquired within the Ajellomycetaceae.

In addition to PRA1/ZPSI and ZRT], a larger module of genes that regulate zinc acquisition
is co-regulated in Blastomyces. The transcript abundance of BDFG_07269, which encodes a
low-affinity zinc transporter (ZRT2), is also significantly upregulated in the mouse model. In §.
cerevisiae, the zinc-responsive transcription factor ZAP1 regulates expression of ZRTI and
ZRT2, along with ZPS1. We identified the ortholog of ZAPI in strain ATCC26199 as
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Table 4. Blastomyces genes induced during mouse infection*

Locus Predicted function Functional Mousevs  Mousevs  Mousevs Mousevs  Average fold
categories Mac NoMac Yeast Mold change
BDFG_02039 cysteine synthase cysteine 0 0 0 0 9.03
BDFG_05357 HRXXH domain protein secreted, zinc 0 0 0 0 8.11
BDFG_09329 secreted hypothetical protein secreted 0 0 0 0 7.80
BDFG_02038 MFS transporter transport 0 0 0 7.28E-304 6.30
BDFG_06873 secreted hypothetical protein secreted 0 0 0 2.18E-164 5.96
BDFG_09159 zinc transporter, ZRT1 zinc, transport 0 0 3.27E-248  2.57E-312 5.12
BDFG_08433 glycerate kinase 5.28E-208 6.66E-275  1.46E-196 1.30E-83 4.60
BDFG_01204 superoxide dismutase, SOD3 zinc, redox 1.75E-216 0 0 4.67E-223 413
BDFG_07895 superoxide dismutase, SOD2 redox 1.99E-168 0 1.82E-316 413
BDFG_04319 oxidoreductase redox 0 0 7.70E-205  1.31E-156 3.66
BDFG_01073 MaoC-like dehydratase 8.90E-77 1.11E-30 0 0 3.34
BDFG_04176 BYS1-like secreted 6.92E-18 8.39E-53  1.14E-191 0 3.30
BDFG_09115 short chain dehydrogenase redox 4.76E-90 7.17E-103 3.50E-79  3.98E-126 3.22
BDFG_07137 RNA ligase-like domain protein 8.80E-54 1.60E-44  329E-156  1.18E-219 2.82
BDFG_08059 cysteine dioxygenase redox, cysteine 1.75E-52 5.95E-118  8.41E-294 4.36E-48 272
BDFG_05427 cation/proton antiporter transport 3.58E-82 9.67E-115 0 2.70
BDFG_08334 secreted hypothetical protein secreted 5.02E-76 1.31E-191 3.21E-31 1.73E-104 2.62
BDFG_00028 2-oxoisovalerate dehydrogenase E1 redox 4.20E-56 2.69E-200  5.14E-285 2.66E-74 2.59
component, alpha subunit
BDFG_02611 acetyl-coenzyme A synthetase 2.18E-108 4.00E-139  4.48E-116  4.64E-120 242
BDFG_07269 zinc transporter, ZRT2 zinc, transport 2.20E-162 6.94E-210 9.85E-44  5.74E-117 2.36
BDFG_00760 pyruvate decarboxylase 3.01E-15 1.22E-124 1.11E-272 9.32E-55 2.26
BDFG_05654 2-oxoisovalerate dehydrogenase E2 redox 1.63E-35 3.81E-135  7.75E-167 1.18E-87 2.24
component
BDFG_06615 Sodium:neurotransmitter symporter transport 4.85E-62 4.13E-80 3.43E-56  3.56E-119 2.18
family
BDFG_04184 phenylpyruvate dioxygenase redox 1.08E-12 9.55E-99  9.00E-211 6.53E-70 2.16
BDFG_00717 CFEM domain protein secreted 7.48E-15 1.60E-38 1.86E-106 1.27E-32 213
BDFG_01386 methionine sulfoxide reductase redox 2.69E-140 5.79E-137  9.73E-218 2.50E-71 213
BDFG_06042 MFS transporter transport 2.72E-56 2.47E-81 1.90E-31 6.36E-35 212
BDFG_03316 MFS transporter transport 3.98E-44 4.94E-59 7.45E-99 4.48E-84 2.1
BDFG_03902 2-oxoisovalerate dehydrogenase, E1 redox 8.15E-37 2.56E-123  2.70E-135  1.48E-105 2.06
component, beta subunit
BDFG_05401 BTB/POZ-domain protein 9.74E-64 2.92E-88 2.59E-38 9.34E-62 2.02

*Genes with predicted PFAM domains or secretion signals, and greater than 2-fold higher expression during mouse infection are listed; full list of all
significant genes in S14 Table.

doi:10.1371/journal.pgen.1005493.t004

BDFG_07048, which was also significantly upregulated in vivo relative to all other conditions
(S14 Table) despite not being identified by k-means clustering. These results suggest that zinc
acquisition and homeostasis may play a critical role for survival of B. dermatitidis in vivo.

Genes that convert reactive oxygen species to dioxygen and dioxygen to metabolites were
also highly upregulated in vivo. These include two superoxide dismutases (SOD3:
BDFG_01204 and SOD2: BDFG_07895), which were even more upregulated in vivo than in
macrophages. Four dioxygenases (BDFG_04184, BDFG_04185, BDFG_08059, BDFG_06504)
were also upregulated in vivo, representing almost half of the dioxygenases found in the
genome, which utilize dioxygen to drive amino acid catabolism. This set includes
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4-hydroxyphenylpyruvate dioxygenase, (4-HPPD; BDFG_04184) and homogentisate 1,2-diox-
ygenase (BDFG_04185), which are involved with tyrosine catabolism [46]. Other upregulated
oxygenases include indoleamine 2,3-dioxygenase (BDFG_06504) and squalene monooxygen-
ase (ERG1I—BDFG_07857), which are involved with tryptophan catabolism and ergosterol bio-
synthesis respectively. ERGI is a target of current antifungal drugs, including terbinafine. High
in vivo expression of this gene may suggest that drugs targeting it may be more effective in vivo
than in vitro.

Genes involved in cysteine biosynthesis and catabolism were highly upregulated during
infection including cysteine synthase A (BDFG_02039) and cysteine dioxygenase
(BDFG_08059). Cysteine synthase A may provide a large pool of synthesized cysteine for B.
dermatitidis metabolism; the induced expression during infection was confirmed by
qRT-PCR (S12 Fig). Based on orthology analysis, cysteine synthase A is absent from the
genome of H. capsulatum, and previous studies have shown that Histoplasma yeast are auxo-
trophic for cysteine [47,48]. Cysteine dioxygenase catabolizes cysteine to L-cysteinesulfinic
acid, an intermediate that can be used for taurine biosynthesis or metabolized to sulfite and
pyruvate. A homolog of C. albicans SSUI (BDFG_06814), which encodes a sulfite efflux
pump and is co-regulated with cysteine dioxygenase in C. albicans [49], was also upregulated
in B. dermatitidis.

Transporters in fungi have been associated with an enhanced ability to remove harmful
products as well as to survive on diverse nutrient sources, both of which could contribute to
virulence and pathogenicity. Of the 72 genes upregulated in vivo during mouse infection, 11
are predicted transporters. These included the major facilitator type (MFS; BDFG_06068 -
unknown function, BDFG_06042 -glycose transport, BDFG_02038 —unknown function),
amino acid transporters (BDFG_02310, BDFG_07447) and metal transporters (zinc/iron
transporters discussed above, BDFG_09159, BDFG_07269, and NICI nickel transporter,
BDFG_02449; S14 Table). This upregulation potentially reflects differences in metabolite and
cofactor availability in the host relative to in vitro conditions.

Discussion

Phylogenetic position of Blastomyces spp. and Emmonsia parva and E.
crescens

Our whole-genome based phylogenetic analysis recovered a sister-group relationship between
Blastomyces spp. and Emmonsia parva, as previously reported from ribosomal DNA sequences
[19,20]. However, our study placed Histoplasma as the next most basal species, and uniquely
placed E. crescens between Histoplasma and the basal Paracoccidioides with strong bootstrap
support. This more external position of Paracoccidioides compared to Histoplasma agrees with
an earlier rDNA tree without Emmonsia [50]. Furthermore, gene support frequencies (GSF)
were relatively high, and increased when we subsampled only well-supported genes, providing
additional support for the topology presented here.

The polyphyletic nature of the non-human pathogen Emmonsia suggests substantial plastic-
ity in regard to human pathogenesis in this group. Ancestral variation in the ability of these
species to infect other mammals could then be associated with exaptation to human hosts.
Additional diversity of Emmonsia, including the third described species, E. pasteuriana [51,52]
and other closely related isolates [17] suggests that the full breadth of the Emmonsia genus may
not be captured by the two isolates sequenced here. Interestingly, both E. pasteuriana and
related isolates produce yeast cells at high temperature, rather than the adiaspores produced by
E. parva and E. crescens. Further sequencing of Emmonsia species and other related strains
may reveal additional patterns and trends in the evolution of the dimorphic fungi.
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Genome expansion and segmentation: GC-poor isochore-like regions

The mosaicism observed here in the genome of Blastomyces differs substantially from that
observed in other fungi and larger eukaryote genomes. While isochore-like GC-poor regions are
unprecedented at this scale in fungal genomes described to date, there are parallels to the organi-
zation of L. maculans, though GC-poor regions occupy a smaller fraction of that genome [28].
Longer GC-poor isochores of more than 300 kb are commonly found in mammals and other ver-
tebrates [53-55]. GC-poor isochores in vertebrates are often more stable over long evolutionary
times [55,56] and have other properties such as lower gene expression [55] that do not appear to
be shared by the GC-poor tracts of B. dermatitidis and B. gilchristii (S1 Text).

Characterization of repetitive sequence in GC-poor regions suggests these originated with a
dramatic expansion of elements of the LTR/Gypsy category. Phylogenetic analysis suggests
these elements swept through a lineage leading to the present-day B. dermatitidis and B. gil-
christii, and to a lesser extent Emmonsia parva, and have further expanded during the diversifi-
cation of Blastomyces. While H. capsulatum does not have such an expanded genome, or a
sizable GC-poor component, and so appears less affected by gypsy expansion, Histoplasma
may alternatively have more robust defense against repetitive elements or be less able to accom-
modate large amounts of repeats in its genome.

While GC-poor tracts have been particularly dynamic areas due to Gypsy element insertions
during the recent evolution of Blastomyces, these regions appear typical in gene content and
expression. Perhaps due to their recent origin, the GC-poor regions do not appear to have seques-
tered particular classes of genes such as secreted proteins or have other hallmarks of rapidly evolv-
ing gene content. The long GC-poor regions also include some well characterized genes involved
in phase transitions and pathogenesis, including the Blastomyces yeast-specific gene BYSI, a
marker of the phase transition to and from the yeast phase [15,24]. Reduced levels of synteny in
the GC poor regions between B. dermatitidis and B. gilchristii could prevent effective meiotic
recombination between the two lineages, further supporting their designation as separate species.

Functional diversity of gene content in Blastomyces and the other
Ajellomycetaceae

Despite the large increase in genome size in Blastomyces, the total number of protein coding
genes is only modestly expanded. Blastomyces and other sequenced species from the Ajellomy-
cetaceae family, including the human primary pathogens Histoplasma and Paracoccidioides,
have similar gene content with only a few gene loss or gain events that map to common func-
tional classes. This stability suggests that more modest differences in gene content and
sequence, as well as potential divergence of gene regulation, contribute to phenotypic differ-
ences between the species. Larger differences exist between the Ajellomycetaceae and other
more divergent members of the Onygenales. There is no expansion of degradative proteases as
previously noted for Coccidioides [57]; in fact, three peptidase families (M36, M43, and S8) are
present at lower copy number in Blastomyces and the other Ajellomycetaceae. While Blasto-
myces contains a higher number of LysM proteins than the dimorphic Onygenales, the number
is small relative to that found in Dermatophytes [58]. This analysis also identified candidate
genes involved in host interaction, including proteins homologous to antigens in related fungi
and a heme oxygenase that could release iron from host heme.

Features of Blastomyces gene expression in macrophages and in vivo

For yeast co-cultured with macrophages and yeast in vivo, some aspects of the transcriptional
response were shared including response to oxidative stress and amino acid catabolism. Yeast
co-cultured with macrophages showed upregulation of numerous genes involved in oxidative
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reduction, which may play a major role in protecting Blastomyces from ROS. The macrophage
phagosome is poor in glucose and amino acids, but rich in ROS [59,60]. Blastomyces is rela-
tively resistant to ROS and virulence correlates with the ability to minimize ROS generation in
innate immune cells [61,62]. The upregulation of superoxide dismutases (SOD3, SOD2) and
catalase P may protect B. dermatitidis yeast against oxidative stress. In H. capsulatum, extracel-
lular SOD3 and intracellular catalase P, contribute to survival within macrophages [63,64].
Moreover, SOD3 promotes H. capsulatum virulence in a murine model of pulmonary infection
[63]. The upregulation of 4-HPPD, which is involved with pyomelanin biosynthesis, contrib-
utes to antioxidant defense and intracellular survival of Penicillium marneffei [65]. Inhibition
of 4-HPPD in P. brasiliensis and P. marneffei blocks the phase transition to yeast at 37°C
[65,66]. Furthermore, in vivo numerous dioxygenases were upregulated, suggesting that diox-
ide produced in response to ROS may be utilized for amino acid metabolism.

Changes in amino acid metabolism were prevalent in both the macrophage co-cultured and
in vivo Blastomyces, suggesting the recycling of amino acids as an energy source (Results, S1
Text). In particular, the very specific increase in cysteine catabolism (cysteine dioxygenase) and
biosynthesis (cysteine synthase A) during in vivo infection suggests that cysteine may be critical
to virulence. In mice, deletion of cysteine dioxygenase (CDGI) in C. albicans results in attenu-
ated virulence [49]. Furthermore, upregulation of sulfite efflux pump (SSUI), which is co-regu-
lated with CDGI in C. albicans, could play a role in B. dermatitidis virulence during in vivo
infection. Exported sulfite can destabilize host proteins by reducing disulfide bonds and facili-
tates the growth of dermatophytes on keratinized tissue [67]. How breakdown of tryptophan
by indoleamine 2,3-dioxygenase (IDO), which can supply de novo nicotinamide adenine dinu-
cleotide (NAD+), alters the fungal-host interaction is unknown. In cancer, tumor cells with
increased expression of IDO may facilitate tryptophan depletion in the microenvironment to
suppress the host immune response [68]. Infection with H. capsulatum, P. brasiliensis, and C.
albicans upregulates host IDO activity, reduces fungal growth, impairs Th17 T-cell differentia-
tion, and blunts excessive tissue inflammation [69-71].

The specific in vivo upregulation of genes that encode secreted proteins as well as those
involved with transmembrane transport (e.g., amino acids, glucose), amino acid metabolism (e.g.,
cysteine), and metal acquisition (e.g., zinc, nickel) highlights virulence factors potentially being
missed by in vitro studies and the importance of understanding nutrient and co-factor availability
in any study system. Uptake of zinc and nickel, which serve as enzyme co-factors, contribute to
virulence in C. albicans and Cryptococcus neoformans respectively [45,72]. PRAI encodes a
secreted “zincophore” under alkaline and zinc-poor conditions that acts in concert with ZRT1 to
promote zinc acquisition and facilitate endothelial cell damage by C. albicans [45]. NIC1-mediated
nickel uptake is critical for urease activity, which contributes to C. neoformans invasion of the cen-
tral nervous system [72]. In C. posadasii, urease induces host tissue damage [73]. While genes
involved with the acquisition of zinc (e.g., ZRT1, ZRT2, ZAPI homologs) and nickel (e.g., NICI
homolog) are largely conserved with other fungi, the absence of PRA1 in Histoplasma, Paracocci-
dioides, and Emmonsia highlights recent evolutionary changes in zinc acquisition mechanisms in
the family Ajellomycetaceae. This, in conjunction with differences in cysteine metabolism between
Blastomyces and Histoplasma, suggest that despite the many common elements of dimorphism
and pathogenesis, each genus of dimorphic fungi likely has unique nutritional requirements.

Methods
Selection of isolates for sequencing

Four strains of Blastomyces were sequenced: SLH14081 representing the new species B. gilchris-
tii,and ER-3, ATCC18188 and ATCC26199 representing B. dermatitidis. The SLH14081 strain
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is a highly virulent, clinical isolate that can cause disease in immunocompetent persons, while
ER-3 was isolated from a woodpile and is hypovirulent in mice [21,22]. The remaining two
strains are strain ATCC18188, a representative MAT "alpha’ isolate, and ATCC26199, a com-
monly used laboratory isolate.

Two species that are closely related to Blastomyces, that can cause pulmonary disease in
rodents (adiaspiromycosis), were also sequenced: Emmonsia parva UAMH139 and Emmonsia
crescens UAMH3008. These isolates were chosen for comparison as these species are not typi-
cally human pathogens, yet they are closely related to the three pathogenic dimorphic genera
Blastomyces, Histoplasma and Paracoccidioides, with which they form a clade that is nested
within the order Onygenales and represents the Ajellomycetaceae family [20].

Sequencing of Blastomyces, E. parva and E. crescens

Genomic DNA for sequencing was prepared from mycelial or yeast culture, using phenol/chlo-
roform extraction. For the Blastomyces SLH14081 and ER-3 strains, whole genome shotgun
sequence was obtained using Sanger technology on an ABI 3730 from a Fosmid (epiFOS) and
two plasmid (pJAN and pOT) libraries. For B. dermatitidis ATCC18188, whole genome shot-
gun sequence was obtained from two small insert libraries (fragment and 1.5 kb) using Roche
454 technology and from a Fosmid library using Sanger technology. For B. dermatitidis
ATCC26199 20X of sequence was generated using 454 technology from a small insert fragment
library. In addition, a plasmid (pOT) and Fosmid (epiFOS) library were constructed and
sequenced using Sanger technology by the Washington University Genome Center, generating
a total of roughly 3.6X coverage.

For each Emmonsia species, a single library was used to generate 101 bp paired-end reads
using [llumina technology on a Genome Analyzer II generating a total of 116X coverage for E.
parva UAMHI139 and 163X coverage for E. crescens UAMH3009. Libraries of average insert
size of 639 bp for E. parva and of 686 bp for E. crescens were chosen based on the electrophero-
grams obtained from Bioanalyzer. Sequencing of both Emmonsia genomes was performed at
the Genomic Sequencing Laboratory, University of California, Berkeley.

Genome assemblies

Blastomyces strains SLH14081 and ER-3 were assembled with Arachne [74] (Assemblez Build
20080911). For B. dermatitidis ATCC18188, a hybrid assembly was generated with Newbler ver-
sion 2.3. For B. dermatitidis ATCC26199, a hybrid assembly of the Sanger and 454 data was gen-
erated with Newbler version "MapAsmResearch-03/15/2010" with options-rip and -scaffold.

For the Emmonsia genomes, assemblies were generated using multiple programs, including
the SOAPdenovo / GapCloser package [75], ABYSS [76] and Velvet [77]. SOAPdenovo assem-
blies were selected based on quality metrics. While assemblies with high k values increased the
fraction of GC-poor regions represented in the assembly, optimal assembly of gene sequences
were achieved using lower k values, based on comparing each assembly to gene sets of Blasto-
myces and other related dimorphic fungi using TBlastN. The assemblies for the Emmonsia
genomes (k = 27 for E. parva and k = 29 for E. crescens) were processed using the program
GAEMR (http://www.broadinstitute.org/software/gaemr/), where overall assembly metrics
were used to select the best assembly considering both continuity and completeness, though
these measures were lower than for genomes assembled from multiple libraries.

Optical mapping of Blastomyces

To validate the assembly of strain SLH14081 and anchor it onto chromosomes, we constructed
an optical map, a single-molecule based ordered restriction map. The map of B. gilchristii strain
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SLH14081 was constructed by OpGen using the restriction enzyme BsiWI (CAGTACG). The
optical map consists of 16 linkage groups, with size ranging from 9.728 Mb to 730 kb. The total
size of the map was estimated as 79.64 Mb in size, slightly larger than the 75.35 Mb genome
assembly, likely due to repetitive element sequence missing from the assembly. A total of 36
assembly scaffolds covering 68.9 Mb were mapped based on shared restriction sites to the opti-
cal linkage groups (S2 Table).

RNA-Seq of ATCC26199 from yeast, mold, and infection conditions

To enable more accurate gene prediction and analyze gene expression, RNA was prepared and
deeply sequenced from five conditions (yeast with or without macrophages in RPMI media, in
vivo during murine pulmonary infection, and in vitro yeast and mold in Histoplasma macro-
phage media (HMM)) with two biological replicates per condition.

ATCC26199 yeast cells were co-cultured with bone marrow derived murine macrophages
from C57BL/6 mice in RPMI media with 10% heat inactivated FBS and supplemented with peni-
cillin (100 U) and streptomycin (100 ug) or incubated in this media alone. Yeast and macrophages
were co-cultured using a ratio of one yeast for every two macrophages (MOI 0.5). The use of alve-
olar macrophages was precluded due to the large numbers of mice that would be needed to har-
vest these cells. Following inoculation of cell culture flasks with B. dermatitidis yeast, the co-
cultures were incubated at 37°C for 24 hrs. The majority of the yeast were either single cells or
cells with one bud (average 89%). The extent of macrophage internalization of yeast was mea-
sured using Uvitex staining to differentiate between extracellular and intracellular yeast. A total of
1,976 cells were counted across seven individual fields of view, with an average of 59% Uvitex neg-
ative (intracellular) and 41% Uvitex positive (extracellular). The majority of B. dermatitidis cells
exhibited yeast morphology (> 96%); pseudohyphal growth occurred in 2.4% of co-cultured yeast
and 3.7% of yeast grown in RPMI media without macrophages. Harvested yeast cells were flash
frozen in liquid nitrogen, ground with a mortar and pestle into a fine powder, and RNA extracted
using the phenol-guanidium thiocyanate-1-bromo-3-chloropropane extraction method [78].

For in vivo transcriptional profiling, C57BL/6 mice were infected with 2 x 10 B. dermatitidis
ATCC26199 yeast cells intratracheally and monitored for signs and symptoms of infection
[79]. Mice with euthanized by carbon dioxide at 17 days post infection and yeast were isolated
from murine lung tissue using the technique developed by Marty et al. [80]. Briefly, excised
lungs were homogenized in pre-chilled (4°C) double-distilled, sterile water (ddH,O) supple-
mented with DNase I 10 pg/ml (Roche) using an Omni TH tissue homogenizer (Omni Interna-
tional, Kennesaw, GA), passed through a 40 pm cell strainer (ThermoFisher Scientific,
Waltham, MA), and centrifuged at 770g for 5 minutes at 4°C. The supernatant and interface
were removed using a serologic pipette and yeast pellet was washed with ice-cold ddH,0 and
rapidly frozen in liquid nitrogen for RNA extraction. Time ex vivo was less than 30 minutes
and samples were near-freezing (4°C) during all isolation steps. Quality control analyses using
qRT-PCR demonstrated that the short ex vivo time (< 30 minutes) at 4°C minimized changes
in transcript abundance that would have occurred if the samples were processed at higher tem-
peratures or for a longer duration [80]. Total RNA isolated from B. dermatitidis yeast during
pulmonary infection was divided into 2 pools of 5 mice each (pool #1 and pool #2).

In vitro yeast were incubated in liquid Histoplasma macrophage media (HMM) at 37°C
while shaking [81]. The majority of cells had yeast morphology; less than 3.25% of cells grew as
pseudohyphae. To generate mycelia, yeast cells were incubated in liquid HMM for 14 days at
22°C while shaking. Harvested yeast and mycelial cells were flash frozen in liquid nitrogen,
ground with a mortar and pestle into a fine powder, and RNA extracted using the phenol-gua-
nidium thiocyanate-1-bromo-3-chloropropane extraction method [78].
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Total B. dermatitidis RNA from all samples (in vivo, in vitro, co-cultures) was treated with
TurboDNase (Bio-Rad, Hurcules, CA) and cleaned using an RNeasy column (Qiagen). RNA
integrity and quality was assessed using Nanodrop spectrophotometry, 0.8% agarose gel elec-
trophoresis, and an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA integ-
rity numbers (RIN) for in vivo samples were > 7.5 (7.6 for pool #1, 7.8 for pool #2). RIN values
for in vitro and co-cultures (including yeast only RPMI) were > 8.7.

For RNA-Seq, poly-A mRNA was purified for each total RNA sample and strand-specific
libraries prepared as previously described [82,83]; each library was sequenced using Illumina
Technology, generating an average of 65,174,908 101 bp reads per sample. RNA-Seq was incor-
porated into gene prediction and used to detect differentially expressed transcripts as described
below.

Genome annotation

For initial gene sets, a total of 38,405 EST's generated from yeast and mycelial samples of
ATCC26199 (Washington University) and from a normalized cDNA library of SLH14081
(Broad Institute) were used for gene prediction. To achieve better transcript coverage, strand-
specific RNA-Seq data from 10 samples representing the above yeast, mold, and infection
stages was assembled with the Inchworm component of Trinity [84] and processed with PASA
[85] to generate a set of transcripts for gene prediction. Gene sets were generated by using Evi-
denceModeler (EVM) [85] to select the best gene call for a given locus from the gene prediction
programs SNAP, Augustus, Geneid, and Genewise and from PASA RNA-Seq transcripts as
previously described [85,86].

Project numbers and locus tag prefixes assigned to gene sets are as follows: B. gilchristii
SLH14081 (PRJNA41099, locus tag prefix BDBG), B. dermatitidis ER-3 (PRINA29171, prefix
BDCG), ATCC18188 (PRJNA39265, prefix BDDG), and ATCC26199 (PRINA39263, prefix
BDFQ); the E. parva UAMH139 (PRJNA178178, prefix EMPG) and E. crescens UAMH3008
(PRJNA178252, EMCG).

Expression profiling

RNA-Seq reads were aligned to the transcript sequences of B. dermatitidis strain ATCC26199
using Bowtie [87]. Transcript abundance was estimated using RSEM [88], TMM-normalized
FPKM for each transcript were calculated, and differentially expressed transcripts were identi-
fied using edgeR [89], all as implemented in the Trinity package version r2013-2-25 [90]. To
identify GO term enrichment of differentially expressed genes, we classified transcripts using
Blast2GO [91] and then performed comparisons with Fisher’s exact test. A 2-fold difference in
FPKM values and a false discovery rate below 0.05 were used as a criteria for significant differ-
ential expression. To identify possible functions of the gene products of significantly differen-
tially expressed parasitic-phase genes, protein homologs were assigned based on BLAST, Gene
Ontology (GO) terms and protein family domains (PFAM, TIGRFAM).

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from B. dermatitidis yeast as described above. One microgram of
DNase-treated total RNA was converted to cDNA using iScript cDNA synthesis kit (Bio-Rad).
qRT-PCR was performed with SsOFast EvaGreen Supermix (Bio-Rad) using a MyiQ real-time
PCR detection system (Bio-Rad). Reactions were performed in triplicate using the following con-
ditions: 1 cycle 95°C x 30 sec, followed by 40 cycles at 95°C for 5 sec, 60°C for 10 sec. Transcript
abundance for genes of interest were normalized relative to the transcript abundance of GAPDH.
Relative expression (RE) was calculated as RE = 28 ACt = Clgene of interest—Ctgappr [92].
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Primer sequences used were as follows: AATCCTTTGACAGTGAAAC (forward) and
CCATAAATCTGCTACAACAG (reverse) for BDFG_03060, ACTGTCGGTGGAGAGAAG
(forward) and ACTGGGGTGTTGTTGAAG (reverse) for BDFG 02965, GACTATCCCATC
CACAAC (forward) and TACAGAGCGGAATCTTTG (reverse) for BDEG 05357,
TTTGGCACTGGAGTTATG (forward) and TGCTTCGTAGTCTAAAGTC (reverse) for
BDFG 09159, GTGCTACAACGGAGATAC (forward) and GATAACCACCACGAACAC
(reverse) for BDFG 02039, ACCCCCGCTCCTCCATCTTC (forward) and GAGTAGCCC
CACTCGTTGTCATACC (reverse) for BDBG_07959 (GAPDH).

Segmentation and identification of genes and repeats located in GC-
poor tracts

We used the IsoFinder GC segmentation program (http://bioinfo2.ugr.es/oliver/isofinder;
[93]) to segment all ER-3 and SLH14081 scaffolds into long homogeneous genomic regions
(LHGRSs). The option p2 (parametric/student ¢-test with different variances), a window size of
5 kb and a p value cutoff of 0.01 (P parameter 0.99) were chosen after evaluating P cutoffs
between 0.95 and 0.99, and window sizes ranging between 3 and 5 kb. The final settings were
chosen as they accommodated gene synteny between ER-3 and SLH14081 in the GC-poor seg-
ments, obviating the need to manually remove narrow GC peaks caused by short genic regions.

To identify the coordinates of the longer GC-poor and GC-rich tracts on the assemblies of
Blastomyces strains ER-3 and SLH14081, we set the boundary between GC-poor and GC-rich
at 38% GC, a value that is in the deep valley between the two components of these genomes’
bimodal GC distribution. The deep valley is robust and persists over a wide range of window/
segment sizes ranging up to > 60 kb (S4 Fig). We then grouped adjacent segments located
between successive transitions (regime switches) across the 38% GC border. Islands of N’s in
the interior of the GC-poor tracts were retained, but those at the tract fringes (i.e, next toa
jump across the 38% GC threshold) were not. This procedure yields a large-scale segmentation
of all scaffolds into strictly alternating “GC-poor” and “GC-rich” tracts. The GC-poor tracts
and genes in those regions are listed in S3 and S4 Tables, respectively; GC-rich tracts form the
remainder of the assemblies. We performed MySQL joins to identify the genes and repeats
(GFF files produced by RepeatMasker of elements from RepeatModeler) located entirely or
partly in the GC-poor tracts.

Synteny analyses

DAGchainer [94] was used to identify syntenic blocks with a minimum of 6 genes, which were
required to be in the same order and orientations in the compared genomes. Synteny plots
were generated using a custom perl script, using the GDgraph library; code is available at
https://github.com/gustavol1/syntenia. Geneious Pro was used to visualize smaller-scale synte-
nies within and among genome assemblies.

Recognition and characterization of repeats

De novo repetitive sequence in each assembly was identified using RepeatModeler version
open-1.0.7 (www.repeatmasker.org/RepeatModeler.html). Copies of de novo repeats and fungal
sequences from RepBase [95] were mapped in each assembly using RepeatMasker version
open-3.2.8 (www.repeatmasker.org/). For phylogenetic analysis of gypsy elements, reverse
transcriptase domains were identified from each element; matches to the PFAM RVT _1
domain were identified with HMMER (version 3.1b1) [96] for 6-frame translations of each ele-
ment generated by EMBOSS transeq (version 6.5.7 with parameters-frame 6-clean Y) [97]. The
best domain match for each element was selected, requiring 50% alignment coverage and c-
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Evalue < 1e-5. The domains identified in Blastomyces SLH14081 (991 total) and ER-3 (1,296
total), E. parva (40 total), and similar Repbase gypsy elements (4 total) were aligned with
MAFFT (version 6.717) [98], and a phylogeny estimated using FastTreeDP (version 2.1.8)
[99]. Four large subgroups were identified and visualized using iTOL [100].

Identification and analysis of orthologs and phylogenetic analysis

A total of 16 genomes from the Onygenales order and three Aspergillus genomes were chosen
for comparative analyses (S15 Table). These include the four Blastomyces (SLH14081,
ATCC26199, ATCC18188, ER-3) and two Emmonsia species (UAMH139, UAMH3008) as
well as the following: Histoplasma capsulatum WU24 (AAJI01000000), H. capsulatum
G186AR (ABBS01000000), Paracoccidioides lutzii Pb01 (ABKH02000000), P. brasiliensis Pb03
(ABHV02000000), and P. brasiliensis Pb18 (ABKI02000000), Coccidioides immitis RS
(AAEC00000000), C. posadasii C735 delta SOWgp (ACFW00000000), Uncinocarpus reesii
1704 (AAIW00000000), Microsporum gypseum CBS118893 (ABQE00000000), Trichophyton
rubrum CBS118892 (ACPH01000000), Aspergillus nidulans FGSC A4 (AACD00000000), A.
flavus NRRL3357 (AATH00000000), A. fumigatus Af293 (AAHF01000000). OrthoMCL was
used to cluster the protein-coding genes of the 19 chosen genomes by similarity.

To estimate the species phylogeny, a total of 2,062 orthologs present in a single copy in all of
the 19 genomes were identified. Protein sequences of the 2,062 genes were aligned using MUS-
CLE, and a phylogeny was estimated from the concatenated alignments using RAXML v7.7.8
with model PROTCATWAG. To more closely examine the relationship of the Blastomyces iso-
lates, single copy orthologs were identified in all four strains of Blastomyces and E. parva; the
protein sequences of a total of 6,605 single copy orthologs were aligned using MUSCLE, and
the resulting sequences replaced with the corresponding codons. A phylogeny was estimated
from this nucleotide alignment using RAxML v7.3.3 with model GTRCAT. A total of 1,000
bootstrap replicates were used for each analysis. The level of support for the best RAXML tree
was also evaluated using individual gene trees, by calculating the gene support frequency (GSF,
[26]). A phylogeny was estimated and bootstrapped using the same parameters as for the
concatenated sequence matrix, and gene trees with high bootstrap support at all nodes were
then selected. A total of 162 gene trees were supported by at least 70% of bootstrap replicates at
all nodes; the percent of gene trees supporting the RAXML best tree was calculated using
RAXML and is shown in Fig 1. We also evaluated larger subsets of trees including those with
60% bootstrap support at all nodes, 50% bootstrap support, or all trees regardless of support,
and found lower support respectively in each subset for our best tree.

To examine selective pressure on genes in GC-poor regions, we identified 7228 genes that
were single copy in the four Blastomyces genomes from the OrthoMCL run. dy/ds values for
each gene were computed on codon-based nucleotide alignments with the codeml module of
PAML [101], using the one-ratio (M0) model.

Gene family and protein domain analysis

Genes were functionally annotated by assigning PFAM domains, GO terms, and KEGG classi-
fication. HMMER3 [96] was used to identify PFAM domains using release 27. GO terms were
assigned using Blast2GO [91], with a minimum e-value of 1x10"*°. Protein kinases were identi-
fied using Kinannote [102] and divergent FunK1 kinases were further identified using
HMMER3. Secondary metabolite gene clusters were predicted with antiSMASH version 2.0.2
[103]. Genes were clustered using OrthoMCL [104] with a Markov inflation index of 1.5 and a
maximum e-value of 1x10°.

PLOS Genetics | DOI:10.1371/journal.pgen.1005493  October 6, 2015 22/31

79



Chapter 6: The Dynamic Genome and Transcriptome of the Human Fungal Pathogen Blastomyces and Close
Relative Emmonsia

Dy
@ * PLOS ‘ GENETICS Genome and Transcriptome of Blastomyces Dermatitidis

To identify functional enrichments in Blastomyces and other subsets of the 19 compared
genomes, we used four gene classifications: OrthoMCL similarity clusters (see above), PEAM
domains, KEGG pathways, and Gene Ontology (GO), including different hierarchy levels. A
gene was considered to be a member of a given gene class when, respectively, the gene (a)
belonged to the given OrthoMCL cluster, (b) contained at least one instance of the given
PFAM domain in the encoded protein, (c) belonged to the given KEGG pathway, or (d) was
tagged by the given GO label. Using a matrix of gene class counts for each classification type,
we identified enrichment comparing two subsets of queried genomes using Fisher’s exact test.
Fisher’s exact test was used to detect enrichment of PFAM, KEGG, or GO terms between
groups of interest, and p-values were corrected for multiple comparisons [105]. Significant
(corrected p-value < 0.05) PFAM and GO terms expansion or depletion was examined for
three comparisons: Ajellomycetaceae compared to other Onygenales (S6 Table), pathogenic
compared to non-pathogenic from Ajellomycetaceae (S9 Table), and Blastomyces compared to
other Ajellomycetaceae; the only terms found to be expanded only in Blastomyces included
nucleosome and zinc ion binding. No significant enrichment in KEGG terms was detected for
these comparisons.

Supporting Information

S1 Fig. Optical map of Blastomyces gilchristii strain SLH14081.
(PNG)

S2 Fig. Conservation of core eukaryotic gene (CEG) set across Blastomyces, Emmonsia, and
other compared genomes. The percent coverage of genes with significant Blast similarity is
shown for alignments above and below the recommended 70% coverage threshold; matches
with less than 70% coverage suggest these are partial gene structures.

(PDF)

$3 Fig. Phylogeny of Blastomyces and Emmonsia parva. Maximum likelihood tree of the
four Blastomyces strains (ATCC26199, ATCC18188, ER-3, SLH14081) and E. parva
(UAMH139) was inferred using RAXML based on the concatenated nucleotide sequence
alignment 6,605 genes.

(PDF)

$4 Fig. GC frequency distributions (histograms) of overlapping fragments (windows, sub-
sequences) of the genome assembly of Blastomyces gilchristii (SLH14081) B. dermatitidis
(ER-3) and Leptosphaeria maculans (v23.1.3). Window sizes included 2, 8, 32, 64, 128 and
256 kb. Step size was 1/128 of the window size. The bin size of the histograms is approximately
0.1% GC. Horizontal axes show GC percent and vertical axes show relative frequencies.

(PDF)

S5 Fig. GC frequency distributions (histograms) of small overlapping fragments (windows,
of 128 bp) of the genome assembly of Blastomyces dermatitidis (ER-3), B. gilchristii
(SLH14081), Emmonsia parva (UAMH139), E. crescens (UAMH3008), Histoplasma capsu-
latum (WU24), Paracoccidioides lutzii (Pb01), Coccidioides immitis (RS3) and Lepto-
sphaeria maculans (v23.1.3).

(PDF)

$6 Fig. Comparison of GC-poor insertions in an otherwise syntenic region of Emmonsia
parva (UAHM139) and the four sequenced strains of Blastomyces. The example illustrates
the intraspecific variability in presence/absence of GC-poor segments or ‘inserts’ and, even
where their presence and location are conserved, the variability in their lengths. In (A) the

PLOS Genetics | DOI:10.1371/journal.pgen.1005493  October 6, 2015 23/31

80



Chapter 6: The Dynamic Genome and Transcriptome of the Human Fungal Pathogen Blastomyces and Close

Relative Emmonsia

@PLOS ‘ GENETICS

Genome and Transcriptome of Blastomyces Dermatitidis

dotplot of one complete scaffold of E. parva aligned to B. gilchristii strain SLH14081 (top) and
B. dermatitidis strain ER-3 (bottom). In (B) the corresponding location of the inserts and the
length; only insertion sites that were >15 kb for at least one strain are shown. This 265 kb
region of the E. parva genome, lacks intermediate-sized (>15 kb) or long inserts, allowing its
use as a simple reference for marking positions.

(PDF)

$7 Fig. Comparison of the expression of GC-poor genes vs. GC-rich genes. (A) Box plot of
the gene expression (log2(FPKM+1)) of the genes located in GC-rich regions (blue) and genes
located in GC-poor regions (green) in all five conditions of the RNA-Seq experiment of B. der-
matitidis strain ATCC26199. Histograms in (B) show in the x-axis the distribution of the gene
expression (log2(FPKM+1)) of those genes according their location during mouse infection.
Similar distribution was observed in the other four conditions.

(PDF)

$8 Fig. Distribution of known repeats families in GC-poor regions as compared with
known repeats families in GC-rich regions in Blastomyces (ER-3). The list in the left

box represent the first 20 LTR/Gypsy representing approximately 90% of the LTR/Gypsy fam-
ily in the GC-poor regions.

(PDF)

$9 Fig. Phylogenetic characterization of Gypsy elements in Blastomyces. Four divergent
clades of gypsy elements (A, B, Fig 2B and 2C) were identified from a phylogeny inferred using
FastTreeDP from alignments of reverse transcriptase domains identified in gypsy elements of
B. dermatitidis (ER-3), B. gilchristii (SLH14081) and E. parva (UAMH139). Each of the four
clades is shown separately; A. Subgroup of 220 sequences includes non-ACa Repbase elements.
B. Subgroup of 554 sequences specific to Blastomyces. The outer circle indicates strain specific
duplications of four or more sequences.

(PDF)

$10 Fig. Eukaryotic protein kinase superfamily members (kinomes). The kinomes of Blasto-
myces gilchristii (Bg; SLH14081) and B. dermatitidis (Bd; ER-3, ATCC26199 and ATCC18188)
were compared with Emmonsia parva (Ep; UAMH139), E. crescens (Ec; UAMH3008), Paracoc-
cidioides brasiliensis (Pb; Pb18) and Coccidioides immitis (Ci; RS3). Kinases are classified into
major groups shown as colored blocks. Abbreviations: AGC, protein kinases A; CAMK, cal-
cium/calmodulin-dependent kinases; CK1, casein kinase 1; CMGC, cyclin-dependent kinases
(CDK), mitogen-activated, glycogen-synthase, and CDK-like kinases; STE, sterile phenotype
kinases; FunK1, fungal-specific kinase 1; PKL, protein kinase subdomain-containing proteins;
STK, serine/threonine protein kinase; STE, sterile phenotype kinases; TKL, tyrosine kinases.
(PDF)

$11 Fig. Correlation coefficients of FPKM values between samples. Two biological replicates
for each condition of the RNA-Seq of Blastomyces dermatitidis (ATCC26199).
(PDF)

$12 Fig. Quantitative real-time PCR (qRT-PCR) analysis. (A) qRT-PCR analysis of endo-1,3
(4)-B-glucanase (BDFG_03060) and catalase P (CATP; BDFG_02965) from B. dermatitidis
ATCC26199 yeast cells co-cultured with macrophages (Macrophage) and yeast cells grown in
the absence of macrophages (No Macrophage) at 37°C in RPMI. (B) qRT-PCR analysis of
genes encoding a zinc-scavenging protein (PRAI; BDFG_05357), zinc transporter (ZRT1;
BDFG_09159), and cysteine synthase A (CSA; BDFG_02039) from B. dermatitidis
ATCC26199 yeast cells isolated during murine pulmonary infection (in vivo) and yeast cells
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co-cultured with macrophages (Macrophage) in RPMI at 37°C. qRT-PCR data are from 2

experiments. Relative expression (RE) for the target gene was compared to GAPDH: RE = 2
- 2f(gene of interest)-(GAPDH)

(EPS)
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S1 Table. Phenotypic differences observed among B. dermatitidis, E. parva and E. crescens.
(DOCX)

§2 Table. Optical map information for B. gilchristii strain SLH14081.
(DOCX)

$3 Table. Coordinates of GC-poor tracts in B. dermatitidis ER-3 and B. gilchristii
SLH14081.
(XLSX)

$4 Table. Genes in GC-poor tracts in B. dermatitidis ER-3 and B. gilchristii SLH14081.
(XLSX)

S5 Table. Significant PFAM and GO enrichments comparing genes in GC-poor regions.
(XLSX)

$6 Table. Significant gene class enrichments in Ajellomycetaceae compared to other Ony-
genales.
(XLSX)

§7 Table. Secondary metabolite gene clusters.
(DOCX)

$8 Table. Gene clusters conserved in Blastomyces, Emmonsia, Histoplasma, and Paracocci-
dioides.
(XLSX)

§9 Table. Significant gene class in human pathogenic from Ajellomycetaceae (Blastomyces/
Paracoccidioides/Histoplasma vs E. crescens/E. parva).
(XLSX)

$10 Table. Blastomyces genes absent in E. parva and E. crescens.
(XLSX)

S11 Table. Gene expression levels.
(XLSX)

§12 Table. RNA-Seq mapping statistics.
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§13 Table. List of significantly upregulated genes in yeast-Macrophages as compared with
yeast-RPMI.
(XLSX)

$14 Table. List of significantly upregulated genes in vivo.
(XLSX)

§15 Table. List of genomes of Onygenales and Aspergillus species compared in this study.
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S1 Text. Supplementary Notes. Possible biological meaning of the GC-poor tracts;
Functional enrichment of genes in GC-poor tracts; The GATA transcription factor SREB and
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siderophore use; Secondary metabolite biosynthesis clusters; Characterization of gypsy element
expansion; Gene expression changes in amino acid metabolism.
(DOCX)
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The presence of repetitive or non-unique DNA persisting over sizable regions of a eukaryotic genome
can hinder the genome’s successful de novo assembly from short reads: ambiguities in assigning genome
locations to the non-unique subsequences can result in premature termination of contigs and thus over-
fragmented assemblies. Fungal mitochondrial (mtDNA) genomes are compact (typically less than 100 kb),
yet often contain short non-unique sequences that can be shown to impede their successful de novo
assembly in silico. Such repeats can also confuse processes in the cell in vivo. A well-studied example is
ectopic (out-of-register, illegitimate) recombination associated with repeat pairs, which can lead to dele-
tion of functionally important genes that are located between the repeats. Repeats that remain conserved
over micro- or macroevolutionary timescales despite such risks may indicate functionally or structurally
(e.g., for replication) important regions. This principle could form the basis of a mining strategy for accel-
erating discovery of function in genome sequences. We present here our screening of a sample of 11

fully sequenced fungal mitochondrial genomes by observing where exact k-mer repeats occurred sev-
eral times; initial analyses motivated us to focus on 17-mers occurring more than three times. Based on
the diverse repeats we observe, we propose that such screening may serve as an efficient expedient for
gaining a rapid but representative first insight into the repeat landscapes of sparsely characterized mito-
chondrial chromosomes. Our matching of the flagged repeats to previously reported regions of interest
supports the idea that systems of persisting, non-trivial repeats in genomes can often highlight features

meriting further attention.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Repeats along a chromosome of a eukaryotic genome can
severely inhibit the success of de novo or reference assemblies of the
chromosome’s sequence from short reads in silico, i.e., the stability
of the assembly process. This problem is especially pronounced in
next-generation sequencing (NGS) pipelines when the short (cur-
rently <300 bp) reads obtained are then piped through a de Bruijn
graph-based de novo assembly program (Compeau et al., 2011).

Abbreviations: NGS, next generation sequencing; mt, mitochondrial; mtDNA,
mitochondrial DNA; nt, nucleotide; bp, base pair; kb, kilobase pair; Mb, megabase
pair; ori, origin of replication; orf, open reading frame.

* Corresponding author.
E-mail address: oliver.clay@gmail.com (O.K. Clay).

http://dx.doi.org/10.1016/j.compbiolchem.2016.02.016
1476-9271/© 2016 Elsevier Ltd. All rights reserved.

Such programs consider in a first instance the NGS reads’ subse-
quences of a fixed length k (k-mers, words of length k), and use them
to build up and analyze a quasi-flow on a de Bruijn or de Bruijn-like
graph. Concurrently or in a second instance, such programs may
then also integrate the information of the full read sequences per
se and/or, where the reads are paired-end, the pairing information.

A good example of a genome or chromosome that illustrates
the repeat assembly problem is a familiar and long-studied mito-
chondrial genome of a unicellular fungus, the S288C strain of
baker’s yeast, Saccharomyces cerevisiae. In a previous study (Mufioz
et al., 2014), we fed subsequences of this completely sequenced
mitochondrial genome, i.e., ideal, short, paired in silico-generated
subsequences of read length 100 bp, without any sequencing errors
and without any competing nuclear genomic DNA, to a widely used
NGS assembly program. We confirmed what is perhaps already
obvious on fundamental grounds: over a large range of k value
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choices ranging up to 63 bp, repeated sequences from the eight ori
(origin of replication) regions consistently prevented full assem-
bly: the ori’s were precisely the positions where the contigs or
scaffolds could no longer be extended. In addition to fundamen-
tal (i.e., assembler-independent) limits that repeats can impose on
the assembly process, there are also assembler-specific problems
or complexities that can cause unexpected profiles of the assembly
variation as one changes the k value (Gallo et al., 2014).

Persistent repeats preventing full de novo assembly, i.e., pre-
senting limits to the contiguity of scaffolds/contigs that can be
achieved using typical NGS pipelines, can be interpreted as compro-
mising the stability of the assembly process in silico. The same repeats
that can prevent a satisfactory assembly, such as the ori repeats in
the mitochondrial genome of baker’s yeast, can also compromise
the stability of the genome itselfin vivo or in vitro, i.e., they can desta-
bilize processes within the cell and affect the structural stability of
the genome (Bernardi, 2005). Just as a de novo short-read assembly
program can get confused if it encounters a sequence of moderate
length that is repeated (i.e., not unique), and may then terminate
contig extension because it is not clear where the sequence contin-
ues, so a process of the cell such as recombination can apparently
get confused at the same places in a mitochondrial genome because
of ambiguity, and then create a deletion mutant in which DNA
located between the two repeats is lost (such as in the well-studied
petite-colony mutants in baker’s yeast; Marottaetal.(1982)).Inthe
human mitochondrial genome, a particularly common block dele-
tion that entails clinical consequences, called the common deletion,
deletes almost 5 kb. This may be a result of two copies of a 13-bp
sequence at the ends of the deleted segment (Samuels et al., 2004),
or the cause may be secondary structures co-localizing with those
two copies rather than the copies’ sequences themselves, as has
been proposed based on deletional spectra (Guo et al., 2010).

In the present study, we focused on mitochondrial genomes of
11 unicellular fungi that appear to have been completely and reli-
ably sequenced. We used a simple strategy, namely a search for
recurring oligonucleotides (w-mers) of a fixed length, to screen
for presence of possibly longer sequences that are repeated many
times within the genome; an ultimate goal, towards which this
study can offer only a first start, would be to understand the repeats
and repeat systems in those and other mitochondrial genomes in
the light of their possible function and evolution.

The working hypothesis motivating our study was that precisely
the risks taken by a mitochondrion that continues to maintain siz-
able repeats, persisting in numerous copies that are interspersed
around its relatively small genome, could often be a clue signaling
functionally and/or structurally important sequence features at or
flanking the repeats’ genomic locations. Indeed, in the absence of
any benefit, one might expect that natural selection will tend to
eliminate variants exhibiting risky repetition, and to favor vari-
ants exhibiting no or only benign repetition. Such a principle, if
consolidated by testing, could then be applied to efficiently ‘mine
for meaning’, in a high throughput fashion, across mitochondrial
or even nuclear genomes. As a start, we went through the steps
of systematically screening our 11 chosen fungal mitochondrial
genomes.

2. Materials and methods
2.1. Definition of mitochondrial genome

In this study we use the term “mitochondrial genome” as syn-
onymous with “mitochondrial DNA genome” or “mtDNA genome”.
Most genome reports use this definition. However, some authors
include also nuclear-encoded mitochondrial genes in the defini-
tion. Thus, Wallace (2013) defines the mitochondrial genome via

the role, not the physical location, of the DNA and its genes, so that
the “mitochondrial genome consists of thousands of copies of the
maternally inherited mtDNA plus between 1000 and 2000 nDNA
genes”.

2.2. Species and strains

An objective of the present study was to gain a first insight into
the presence and types of repeats in fungal mitochondrial genomes
that can be highlighted using a simple strategy, namely a search for
persistently recurring oligonucleotides of a fixed length. For rea-
sons given below, we focused primarily on 17-mers. Since repeats
can be the most difficult sequences to assemble from reads, we took
care to select only fungi represented by a complete mitochondrial
genome sequence that appeared reliable, with no obvious gaps that
might correspond to unsequenced repeats. We therefore did not
include partially sequenced/assembled genomes, in order to avoid
mistaking ‘absence of evidence’ for ‘evidence of absence’ of repeats.

We sampled transversally across fungi associated with animals
and well-studied model fungi, but did not include, for example,
non-model fungi associated exclusively with plants, and our list of
11 mtDNA sequences does not include all complete mitochondrial
genome sequences of such fungi now available (see, e.g., van de
Sande, 2012; Joardar et al., 2012).

BLASTN searches showed that a short segment of the mitochon-
drial genome sequence of Paracoccidioides brasiliensis Pb18 was of
non-fungal origin, and it was removed.

2.3. ‘17 x 4’ criterion for persistent repeats

For the study conducted here, unless otherwise mentioned, we
chose a pilot criterion that considers persistent repeats to be those
sequences of length at least 17 bp that are repeated at least 4 times
in a given mitochondrial genome. Fourfold repeats of sequences
longer than 17 bp always correspond to two or more overlapping
17-bp repeats and are therefore also represented.

We justify our choice of 17bp by our interest in (a) risk of
genome-destabilizing ectopic recombination,’ (b) risk of assembly-
destabilizing repetition, and (c) secondary structures possibly
associated with repeats. In these contexts, we note that (a) exper-
imental, quantitative recombination studies consistently suggest
that a perfectly repeated 17-mer should generally pose a risk of
ectopic recombination, when the repeats occur within short dis-
tances similar to those found within a circular fungal mitochondrial
genome; (b) some NGS short read assembly programs, such as
SOAPdenovo2, offer k-mer size choices starting at around 17 bp;
and (c) 17 bp is approximately the size of a conceivable, mini-
mal compact stemloop/hairpin with flanks (e.g., flank 2 bp + stem
5bp+loop 3bp+stem 5bp+flank 2 bp; see also Forsdyke (1995)
and related oligonucleotide symmetry searches in (Bultrini et al.,
2003; Baisnee et al., 2002)). We also note that a recent analysis of
frequently repeated words in the human nuclear genome focused
on words of a similar length, 15-16 bp (Zahradnik et al., 2014).

1 We note that the mitochondrial processes that typically interest us here do not
involve routine crossovers between two homologous chromosomes during meiosis,
soitis not clear if borrowed terms such as ‘ectopic’, ‘illegitimate’, or ‘out-of-register’
recombination really make sense for intra-chromosomal recombination of (hap-
loid) mitochondrial DNA. It is not evident what a corresponding ‘non-ectopic’ or
‘in-register’ recombination would be in such a context, as there is no expected,
natural, routine or programmed ‘in-register’ mtDNA recombination event in the
mitochondrion’s life cycle to which one could refer as an obvious standard. We
will however still borrow traditional metaphors such as ‘ectopic’ to refer to intra-
or inter-chromosomal recombination between non-overlapping regions that have
high sequence similarity.
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Our cutoff at 4 copies was chosen to pick up only clear sig-
nals. We were interested where the 17-nt repeats’ perseverance
is unlikely to be transient, to be retained just by chance, or to
have arisen via independent convergent mutations, as might con-
ceivably be the case if only two copies of a 17-mer are present in
the mitochondrial genome. In other words, our pilot criterion for
fungi was chosen to screen for ‘provocative’ repetition in fungal
mitochondrial genomes. It avoids false positives at the expense of
missing repeats that could be relevant, e..g., our criterion misses
the clinically important 13-bp repeat pair associated with the
‘common’ deletion in human (Samuels et al., 2004; Chen et al,,
2011).

When counting repeats, we did not distinguish among possible
relative orientations, e.g., between direct and inverted repeats.

2.4. Restriction to exact repeats

We deliberately focused almost exclusively on exact (100% iden-
tical) repetition of short (e.g., <40bp) sequences, and not on less
stringent (<100% identity) repeats as is customary in some other
contexts. This was in order to keep the criteria and the analyses
simple, and to avoid ‘curses of dimensionality’ when one simul-
taneously allows several freely variable parameters (number of
mismatches allowed, gap creation and extension penalties, lev-
els of similarity for mismatches, etc.). Other contexts require more
relaxed stringency, e.g., when one explores distributions of (possi-
bly degraded) transposons or other families of interspersed repeats
in nuclear genomes.

In the initial pre-scanning of genomes we considered different
possible minimum lengths w for the exact repeats. Afterwards,
we used w = 17bp throughout, for our ‘proof of principle’. We
did not explore the question of optimizing w for a given purpose
in a given genome. We refer to (Li and Freudenberg, 2014b) for
quantitative studies of the variation of w (or D) for the human
nuclear genome, and a (possibly fundamental) duality between
them and copy-number (C) variation analyses such as we present
here.

2.5. Programs for counting k-mer repeats

Following Li et al. (2014), we used DSK (Rizk et al., 2013), and as
an independent technical check also RepeatScout’s pre-processing
module build_lmer_table withthe -tandem 0 option(Priceetal.,
2005). These programs were used to extract, from each of the cho-
sen mitochondrial genome sequences, all 17-mers (types) together
with the number of times each of them were found in the sequence
(number of tokens). We verified that both programs correctly
manage reverse complements, i.e., that they correctly identify a
token such as ACGTACGTACGTACGTA with its reverse complement
TACGTACGTACGTACGT and count the two sequences together as
belonging to one double-stranded 17-mer type (labelled by one of
the two strands’ sequences).

In contrast to RepeatScout’s pre-processing module
build_lmer_table, which tabulates k-mers and their frequencies
and always gave correct results, the main part of RepeatScout uses
additional criteria to then extend overlapping repeats. This second
part of the RepeatScout program may not have been intended or
optimized for the kind of maximal extension tasks (>30bp) and
short initial repeat lengths (> 17bp) that interested us. Indeed,
RepeatScout often did not assemble the overlapping 17-mers to
their actual maximal repeat sequence or extension. We therefore
complemented exploratory use of RepeatScout with extension by
eye and re-running of the build lmer_table module for larger
repeat sizes (from 18 bp to over 30 bp).

3. Results
3.1. Selection of whole mitochondrial genome sequences

An aim of this study was to explore a very simple word-size
structured, exact-repeat based approach for flagging regions of
fungal mitochondrial genomes that are likely to be enriched for
potential functional or structural significance.

We focused on a small number of fungal mitochondrial genomes
that were represented by relatively high quality, bona fide com-
plete, annotated and/or curated mitochondrial genome sequences,
i.e.,, genomes for which we could expect exhaustive k-mer lists
and ‘final’ repeat statistics. In NGS short-read de novo assemblies,
for example, precisely those regions with substantial repeats can
be preferentially missing, so a partial NGS-derived fungal mito-
chondrial genome would give an unreliable picture of the actual
genome’s repeat structures (see Section 2.2).

In line with our laboratory’s interest, we restricted our search
to human pathogenic fungi and model fungi; we chose only one
genome/strain per genus, with the exception of Candida where we
chose two. We found that many fungi having sequenced nuclear
genomes do not have complete high-quality mitochondrial genome
sequences. (For comments on the more general phenomenon of
neglected mitochondrial genomes, see Pesole et al. (2012), Picardi
and Pesole (2012)).

Table 1 presents the 11 fungal mitochondrial genome sequences
we chose, which range from 19.4 kb for Schizosaccharomyces pombe
to 100.3 kb for Podospora anserina, and cover a representative range
for fungi. For comparison, we also included in our analyses the mito-
chondrial reference genome of human Bandelt et al. (2014, and refs.
therein; length 16.6 kb), to serve as an outgroup external to fungi.

3.2. Selection of pilot repeat criterion

To find a working criterion for our pilot study, we pre-scanned
the selected 11 fungal mitochondrial genomes for perfect repeats
of a fixed length. We looked for values w of that length that were
neither too small, in the sense that repetition is inevitable, nor too
large, in the sense that there is no repetition at all.

The pre-scanning suggested that a pilot criterion including only
>17-ntrepeats, occurring >4 times within the same mitochondrial
genome, might be an appropriately poised choice for the mining
task we consider. As we describe below, the criterion succeeds in
picking up documented, main repeat types previously observed
and/or characterized in our chosen mitochondrial genomes, and
suggests additional ones that have not yet been characterized. The
repeat length w = 17 nt is within the range of k-mer or ‘window’
sizes (de Bruijn graph dimensions) currently used by short-read
based de novo assembly programs; furthermore, it is within the
range of repeat lengths for which an illegitimate recombination
event (possibly leading to deletion of functionally important DNA
and genome instability) becomes a risk (see Section 2.3).

When we then applied this pilot criterion to scan the 11 selected
fungal mitochondrial genomes, we observed a wide variability:
from no repeats in some species, through very simple repeats,
to rich and complex vocabularies or systems of highly non-trivial
repeats, sometimes with clear propensity to form stable secondary
structures as in baker’s yeast. We therefore chose to report results
for the ‘17 x 4’ criterion in this study.

3.3. Basic repeat statistics for pilot ‘17 x 4’ criterion
Table 2 reports some basic repeat statistics for each of the cho-
sen mitochondrial genomes, using the ‘17 x 4’ pilot criterion for

persistent repeats. We included also two traditional, kinetic DNA
complexity measures in the statistics for these genomes, calculated
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Table 1
Mitochondrial genomes analyzed for 17-mer repeats in this study.
Abbr. Species Strain Class Accession Length, kb
Afum Aspergillus fumigatus AF293 Eurotiomycetes ]Q346808 31.8
calb Candida albicans SC5314 Saccharomycetes NC.002653 40.4
Cgla Candida glabrata CBS138 Saccharomycetes NC.004691 20.1
Ncra Neurospora crassa OR74A Sordariomycetes Broad-NC12 64.8
Pans Podospora anserina Race s Sordariomycetes NC.001329 100.3
Pbra Paracoccidioides brasiliensis Pb18 Eurotiomycetes NC_007935 713
Scer Saccharomyces cerevisiae 5288C Saccharomycetes NC.001224 85.8
Spom Schizosaccharomyces pombe ad7-50h-. Schizosaccharomycetes NC.001326 194
Tmar Talaromyces marneffei® MP1 Eurotiomycetes NC.005256 354
TreS Trichoderma reesei® QM 9414 Sordariomycetes NC_003388 421
Wean Wickerhamomyces canadensis® 21 ade,his Saccharomycetes D31785 27.7
Hsap Homo sapiens - Mammalia NC.012920 16.6

2 Other name: Penicillium marneffei; T. marneffei is now the agreed name, also in clinical studies (Jorgensen et al., 2015).

b Other name: Hypocrea jecorina.
¢ Other names: Hansenula wingei, Pichia canadensis.

Table 2

Repetitiveness statistics of 17-mers in the selected mitochondrial genomes, using two early genome complexity measures® and simple counts (underlined entries indicate

the most repetitive genomes).

Abbr. Length, kb Traditional complexities,kb ~ Complement, % Max. frequency of a 17-mer Persistent 17-mer types repeated >4x
BK1968 D1976 BK1968 D1976
Afum 31.8 313 309 15 2.8 4 21
calb 40.4 33.2 26.6 179 342 8 227
Cgla 20.1 19.3 18.7 37 6.5 24 35
Ncra 64.8 60.4 58.3 6.8 10.0 124 324
Pans 100.3 99.4 98.6 0.9 1.7 8 25
Pbra 713 67.4 65.6 52 7.7 165 289
Scer 85.8 71.9 65.7 16.1 234 99 1,148
Spom 194 19.4 19.4 0.1 0.1 2 0
Tmar 354 353 352 0.4 0.7 18 2
TreS 42.1 42.0 41.8 0.3 0.6 3 0
Wean 27.7 273 27.0 14 25 16 18
Hsap 16.6 16.5 16.5 0 0 0 0

2 Two traditional kinetic complexity measures for DNA sequences, BK1968 (Britten and Kohne, 1968) and D1976 (Davidson, 1976), are adapted here for word sizew = 17 bp
and no mismatches, and reported together with their complements (i.e., 1 — complexity/length) expressed as percentages of the entire sequence. These assign high values to
sequences with no repeats, and would give scer one of the lowest complexities per Mb, among the fungal species shown here.
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Fig. 1. Frequency plots of three fungal species (Neurospora crassa, Saccharomyces
cerevisiae and Paracoccidioides brasiliensis) that exhibit persistent repetition at word
size w = 17 bp, on double-logarithmic axes. It can be seen by eye that the slope of
the almost ‘linear’ decrease on log-log scale, i.e., the exponent of the approximate
power-law, is close to —3 and persists over about one decade. In this plot, values of n
having zero frequency are skipped, and adjacent values with non-zero frequencies
are directly joined by lines.

at word size 17 bp. These and some other complexity measures
essentially indicate levels of repetitiveness: for a given genome
size, less repetitive genomes are assigned higher traditional com-
plexities. Early reassociation studies reported kinetic complexities

for essentially w ~ 400 bp, allowing some mismatches (Britten and
Kohne, 1968); in Table 2 we apply the original formulae with
w=17bp, allowing no mismatches. At a repeat or word length
of 17 bp, these and other repetitiveness measures calculated for
Table 2 agree that 4 of the 12 genomes we examined, calb, Ncra,
Pbra, and Scer, have distinctly more repeats than the others.
Indeed, the rightmost column of the table also reports, for each
strain studied, the number of ‘persistent’ 17-mer types (includ-
ing overlapping 17-mer types) that were represented four or more
times in the strain’s mitochondrial genome. All persistent 17-mer
types that are present in a genome in 4 or more copies (i.e., 4 or
more tokens) are listed in Supplementary Table S1, grouped first
by species/strain (pages) and then by number of occurrences, i.e.,
tokens (columns).

Fig. 1 shows frequency plots of the three mitochondrial genomes
having the highest yields of persistently repeated 17-mers: Scer
(mtDNA genome size 85.8 kb), pbra (size 71.3kb) and Ncra (size
64.8 kb). For the double-logarithmic scales used in the figure, these
genomes exhibit a linear decrease with a slope close to —3, which
agrees well with slopes observed in the human nuclear genome
(see Supplementary Material, section A4).

3.4. Alphabet usage
The three mitochondrial genomes that had no 4-fold persistent
repeats at the 17-bp level were spom, Tres and the non-fungal

‘negative control’ Hsap. Spom is of interest as a model example,
as it was observed already decades ago that the nuclear genome of
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Examples of non-trivial repeats (‘flora and fauna’ of repeat landscapes) in selected mitochondrial genomes that were flagged by persistent 17-mers.?

263

Species Examples of persistent repeats

Afum 37-mer sequence, repeated exactly 4 times:
TATTAGTTAAGGTTACCTTACTTAAAGGGTTGAACAC

Pans GCGCTATATATAGCGCTATATATAGCGC and its variants GCGCTATATATAGCGCAAGCTCCTC
and GGCGCAAGCTCCTCCTC (so-called Hha-Alu 11-mer); TGTAARAGAGCAACGAGTAGACGG;
AGGATCCTCAGAGACTACACG; TCGACATACTTCGTCAGTA

calb Stemloops CCCGAGATCGTAGATCTCGGG (8% ), CCCGTAGGGTGTTTCACACCCTACGGGGTT (6x)

Ncra CCCTGCAGTACTGCAGGG(TZOx ), 17-mers with cores GCAAGCTTGC OF ACGGCT

Pbra Many perfect or imperfect 3-, 4- and 5-nt repeats; GC-rich polypurine or polypyrimidine
runs such as AGGAGGGGGAGGAGGGG | CCCCTCCTCCCCCTCCT

Scer 36-mer sequence of surrogate ori (ori%), exactly repeated 26 times:

aATAGTTCCGGGGCCCGGCCACGGGAGCCGGAACCCCgaAAGGAGa; conserved 21- and

18-mer blocks in alignment of the 8 oris (oril,..., 0ri8): ATCACCCACCCCCTCCCCCTATYE,
GGGGTCCCAATTATTATT; uncharacterized sequences/GC clusters, especially:
ACTCCTTCGGGGTCCGCCCCGC, CCCCGCGEGGCGGACCCC, GAAGGAGTGAGGGACCCC,
AATAGTCCGGCCCGCCCCC, GGGAGGGGGACCGAACCCC, CCCCGAAAGGAGAAATA.

2 The examples show consensus sequences of exact 4-fold repeats, or minor extensions of those consensus sequences that were supported at least 2-fold. Underlined

regions and lower-case letters within the repeats are explained in the text.

used the NCBI MegaBLAST server (Graphics link) and Geneious to
locate and visualize where each of the extended sequences had
matches to the full pans mt sequence. We also used the same
protocol for other fungal species (below).

The 4-fold repeated (persistent) 17-mers included just one AT-
only 17-mer, AgTg, but a variety of 17-mer types with high alphabet
usage, including several that were subsequences of previously
reported palindromes of length reaching up to 34 nt. Table 3 lists
some of the extensions found; references and more details are given
in Supplementary Material, subsection A6.2.

3.5.3. Candida albicans (Calb): most 17-mer repeats have no
subrepeats

Fig. 2 showed that C. albicans (calb) stands out compared to
the other fungi studied here: almost all persistent 17-mers in its
mitochondrial genome make use of the full 4-letter alphabet of
DNA, i.e., calb has essentially only the component of high alphabet
usage (only three persistent 17-mers consisted entirely of AT). It is
interesting that in this respect it is the opposite of the other Can-
dida species we examined, C. glabrata (Cgla): the mitochondrial
17-mers of cgla have only a low alphabet usage component and
no high alphabet usage component.

The calb mitochondrial genome landscape, as viewed in silico,
has been described (Gerhold et al., 2010) as containing “poten-
tially hairpin-forming sequences, GC clusters and nonanucleotide
promoter-like sequences that might serve as sites for RNA priming”,
which are scattered along the mtDNA sequence rather than clus-
tering into ori/rep or other structural loci as in Scer (cf. subsection
3.5.6). For matching of individual repetitive 17-mer types to some
of these features, and a possible ambiguity in structure prediction,
see Supplementary Material, subsection A6.3; two of the extensions
of repeated 17-mers (of lengths 21 and 30 nt) that corresponded to
previously noted likely hairpins are given in Table 3.

3.5.4. Neurospora crassa (Ncra): an amply repeated 18-mer,
predicted to form the loop of much longer stemloops

The mitochondrial genome of Ncra is characterized by a rich
repeat landscape, some of which was characterized and discussed
already in the 1980’s. For example, our most frequent 17-mer
(repeated 124 times in the genome) defines a palindromic 18-
mer motif, CCCTGCAGTACTGCAGGG (repeated 120 times). Longer
GC-rich palindromic sequences, containing the 18-mer as their
loop region, appear in the Ncra mtDNA and correspond to often
impressively long stemloops (perfect or with few bulges) or other
predicted secondary structures having possible roles in replication.
The impressively long predicted structures were pointed out in

Chromosome, 1021
64,840 5p

0005z

000°0t

Fig. 3. Mitochondrial genome locations (shown as thin blue bars) of the full palin-
dromic, 120-fold repeated, 18-mer motif CCCTGCAGTACTGCAGGG, that dominates the
repeat landscape of Neurospora crassa. The 39 CDS seigmentS of this genome’s anno-
tation are shown as black arrows; the inner ring shows GC fluctuations (GC increases
outwards). (For interpretation of reference to color in this figure legend, the reader
is referred to the web version of this article.)

1981 Yin et al. (1981, see esp. Figs. 3 and 5), and were observed
to flank tRNA genes; more results were obtained by Nargang et al.
(1983). The positional distribution of the highly repeated 18-mer
in the Ncra mtDNA (Fig. 3) shows that its presence, although clus-
tered, is not restricted to few sector(s) of the genome.

When we selected the forty 17-mers that were repeated at least
10 times, stripped their ends of any perfect or nearly perfect single-
nucleotide runs, and looked at the remaining subsequences of the
17-mers, we saw that they always formed part of one of three
distinct consensus sequences: the 18-bp palindrome motif men-
tioned above (notably with no mismatches/variation), the 6-mer
ACGGCT/AGCCGT, and the palindromic 12-mer GCAAGCTTGC.
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3.5.5. Paracoccidioides brasiliensis (pbra): almost all persistent
17-mers consist of short tandem subrepeats

Given the Pbra repeats’ promising metrics, robust power-law
trend and high alphabet usage (Figures 1 and 2), its persistent
repeat motifs of length <17 bp were disappointingly simplistic. As
in several other mt genomes, the frequently repeated 17-mers were
mostly AT-only sequences. Thus, the 17-mers occurring 11-165
times were AT-only or, in very few cases, were imperfect AT-only
with one C or G, or consisted entirely of (AGG),/(CCT), triplet
repeats. However, 17-mers occurring 4-10 times also showed the
same tendencies, or were formed of other perfect or imperfect 3-
, 4- or 5-nt repeats such as (AAGG),/(CCTT),, (AAGT),/(ACTT)y,
(AGG)n/(CCT)n, (ACT)n/(AGT)n, (TCA)n/(TGA)n, (AGTA)n/ (TACT)y,
(CGAT), or (AATTC),, which in some cases were interrupted by
single-nucleotide runs. There were also a few GC-rich sequences,
which were however consistently purine-only (A’s and G’s) |
pyrimidine-only (C's and T’s).

3.5.6. Saccharomyces cerevisiae (Scer): persistent 17-mers are
mainly in well-studied ori repeats and GC clusters

Since structural mutants, repeats, and/or potential secondary
structures of the mtDNA genome of the model fungus S. cerevisiae
have been given much attention over several decades, it is not sur-
prising that many of the particularly abundant 17-mers we found
corresponded to previously studied regions of this genome (see col-
ored 17-mers in Supplementary Table S1; an unedited alignment
of the genome’s documented origin of replication or ori regions,
which accounted for a large portion of the more persistent 17-mers,
is shown in Supplementary Figure S1).

We applied a similar ‘distilling’ procedure to our repeated 17-
mers as we had used for some other mitochondrial genomes:
selectively removing 17-mers with exclusive AT usage and then
screening the remaining yield of 17-mers using various criteria,
such as having low AG, having high repetitiveness, and/or belong-
ing to longer repeated supersequences that could be assembled
exclusively from the obtained yield of 17-mers. Low (i.e., highly
negative) AG flags those 17-mers that have higher propensity to
alone form secondary structures, but cannot capture those con-
tributing, e.g., to stem-halves of long stemloop structures.

A scatterplot illustrating screenings of the yield of 17-mers
is shown in Fig. 4. The Figure shows a few examples from the
most energetically favorable structures, and also how the tokens
(instances) of the most highly repetitive (>36-fold) 17-mers from
the scatterplot are distributed around the ‘master’ chromosome:
the strongest clustering is observed at or close to the ori’s (located
as specified in the GenBank sequence).

Longer sequences reconstructed from the persistent 17-mers
included classic ori sequences, surrogate ori sequences and classic
GC cluster sequences (Bernardi, 2004) as well as a few sequences
that to our knowledge have not been studied before; examples are
shown in Table 3.

4. Discussion

4.1. Characterizing the large diversity of 11 fungal mtDNAs’
repeat landscapes

We have analyzed repeated DNA in 11 fungal mitochondrial
genome sequences that are considered complete, by focusing on
persistent repeats of approximately 17 bp that appear at least four
times in the same genome. The results we obtained are compat-
ible with the idea that such repeated k-mers appear frequently
enough, but not too frequently, in order for them to be useful as
markers or flags of structurally and/or functionally interesting fea-
tures. We have illustrated this for a number of fungi, where the

regions they flagged often corresponded to regions that happened
to have received particular attention by other authors in the past, in
some cases largely irrespective of the regions’ repeated occurrence.
The fungi we chose for study include human pathogens (afum,
Calb, Cgla, the dermatophyte Tres and the thermally dimorphic
pathogens pbra and Tmar) and model organisms (Ncra, Pans, Scer
and Spom).

Compared to fungi, mammalian mitochondrial genomes tend
to have shorter or infrequently repeated non-unique sequences
Lakshmanan et al. (2012, Fig. 1A). Repeats that have attracted
interest in the model fly Drosophila occurred in tandem (Lewis
et al,, 1994; Kann et al., 1998; Rand, 2001). In angiosperm plants
the sometimes large (e.g., > 500 kb) sizes and large noncoding
DNA content of mtDNAs has provided opportunities for explor-
ing their repeats, but perhaps because of size and task complexity,
sequencing of entire mtDNA genomes has been slow (Kubo and
Newton, 2008; Negruk, 2013), and exhaustive analysis of the mtD-
NAs’ noncoding regions can be less straightforward than for fungi.
In summary, fungi currently appear to be a good choice of taxo-
nomic group in which to address repeat-related mtDNA questions.

We proceeded in our analyses of fungal mtDNA genomes and
their repeats via stepwise elimination or ‘shelling’ of repeat types,
which we grouped into ‘shells’ using a number of criteria that
the frequency data suggested (or, in some species, dictated). The
first shell to be removed was that of repeats that consist entirely,
or with very few exceptions, of A and T; the abundance of these
repeats was an mtDNA trait that differed among species, even
within the same genus (Calbvs. Cgla), but in general such individ-
ual AT-only repeats or repeat stretches were not sufficiently rare or
species-specific to appear useful as flags of structural or functional
features, and we did not analyze them further. Subsequent shelling
depended on the genome of interest, and its shellability: one cri-
terion we used for shelling was decomposability of the 17-mers
into smaller repeats; another expedient variable that revealed dis-
tinct groups of repeat types in some genomes was the magnitude
of the free energy (—AG) of the 17-mer’s own folding. The inner
shells often coincided with salient or species-specific features of
previously noted structural or functional interest. Some of the 17-
mers observed in these inner shells and their repetitiveness are
understood; others still await follow-up analyses and explanation.

The procedure we followed in this study, and the diversity of
the repeat ‘flora and fauna’ it allowed us to observe (viewed as lin-
ear sequences and/or as their likely folding patterns or shapes), led
us to revisit notions of complexity that are often used for describ-
ing whole-genome and other eukaryotic sequences. We propose
that a concept of complexity is needed here that goes beyond the
most commonly used complexity measures, which typically penal-
ize deviations from uniform word frequencies, or categorically
consider that repetition should lower complexity. In a nutshell:
repeats, if not present in overwhelming quantities, can serve roles
thatare able to facilitate or catalyze the genesis or growth of seman-
tically complex systems. We propose the term ‘repeat-associated
complexities’ for complexity notions that reflect this point of view.
A discussion with examples is given in Supplementary Material,
section A7.

4.2. Repeat-associated assembly instability may be a transient
problem, but repeat-associated genome instability is not

While we were writing this manuscript, [llumina increased the
maximum length of paired-end reads offered by its sequencing
machines, from around 100-150bp to 250 -300bp. As Illumina
and other NGS technologies advance, offering reads that are longer
and/or cost less, the repeat-associated instability of genome assem-
blies caused by short reads could soon become a problem of the
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Fig. 4. Predicted secondary structures and chromosomal locations of some highly repeated 17-mers in the mitochondrial genome of S. cerevisiae strain S288C (Scer). (A)
Scatterplot of minimum predicted Gibbs free energies AGn, of structures of persistent (at least 4-fold repeated) 17-mers of DNA of different repetition levels (token counts)
and not including 17-mers consisting solely of A’s and T’s, as estimated by the quikfold program (Zuker, 2003). (B) Examples of some energetically favored predicted
structures of individual 17-mers (boxed in panel A), with their AG estimates. (C) Locations of the most repeated 17-mers that did not consist only of A’s and T’s (repeated
>36-fold; 457 tokens), showing their frequent presence at or near the genome’s origins of replication (oris; plot made using Geneious Pro, with inner ring displaying GC%

and the ori coordinates taken from the GenBank sequence).

past, even if the fascination of some theoretical and algorithmic
questions surrounding short reads’ de novo assembly may remain.

By contrast, some parallel problems of instability or loss of
integrity of mtDNA genomes in vivo are likely to remain clinically
relevant. Human mtDNA deletion-related detriments to health can
be serious (Chen et al., 2011; Sequeira et al., 2012; Zaragoza et al.,
2011). In fungal pathogens containing repeats that could lead to
structural mutants via ectopic pairing, one could imagine virulence
being reduced by some deletions or enhanced by others (in relation
to mitochondrial activity changes that may be needed by the fun-
gus for pathogenic activities, cf. e.g. Maresca et al., 1981); insights
into fitness- or virulence-modulating mtDNA changes, e.g., affect-
ing respiration, might ultimately translate to ways of managing
infections.

4.3. Possible interpretations of persistent repeats in
mitochondrial genomes

4.3.1. Persisting risks or other disadvantages can indicate
presence of a tradeoff

We motivate this section with a parallel example, a hypothe-
sis that also involves mitochondria, namely the CoRR hypothesis
for the retention of genes in mtDNA (Allen and de Paula, 2013;
Allen, 2003). The rationale for this hypothesis is summarized by
Lane (2006, italics in the original): “there must be a very strong

positive reason” why the existing mitochondrial genes were
retained in the mitochondrial genome rather than having been
moved to central control in the nuclear genome as one might have
expected. The idea is that the genes that have persisted in the
mtDNA “have not remained there by chance, but because natural
selection has favoured their retention despite the manifold disad-
vantages”. The proposed reason is that the speed of respiration
is very sensitive to changing circumstances so, to respond effec-
tively to abrupt changes, mitochondria “need to maintain a genetic
outpost on site”.

In a similar way, words in a DNA sequence that consistently
occur far more often than expected may suggest that there is a
biologically significant benefit or reason for their persisting repet-
itiveness (Pesole et al., 1992), especially where such repetition is
known to be associated with potential disadvantages or risks. In
this study, a biological risk that has guided some of our explorations
is the risk of ectopic recombination or pairing, and the deletions of
DNA segments that such pairing can entail. After addressing the risk
itself, we address possible benefits of repetition that could balance
those risks, i.e., tradeoff scenarios that might be relevant.

4.3.2. The risk of ectopic recombination-mediated deletion is not
easy to quantify

The risk, or efficiency, of an ectopic pairing or recombination
event in a genome that could result in the deletion of intervening
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DNA has not been easy to quantify, or quantitatively predict,
from only information contained in the genome’s DNA sequence.
Over decades, attempts in this direction have been published
for dozens of systems, but the quantitative results on recombi-
nation frequencies or efficiencies from those systems have not
yet converged to a generally applicable formula or procedure for
estimating recombination probabilities directly from a genome
sequence. A few of the many reports are Baker et al. (1996),
Lichten and Haber (1989), Mezard et al. (1992), Sugawara and
Haber (1992), Bollag et al. (1989). The variable findings from stud-
ies using different systems illustrates that it is not easy to find
factors external to the sequence that could improve sequence-
based risk prediction. In mtDNA and if a good predictor were
available, risk of a deletion event might be best calculated from
the repeats themselves (Samuels et al., 2004; Chen et al., 2011)
and/or from joint secondary structures favoring pairing that can
preferentially occur in the vicinity of the repeats (Guo et al,
2010).

Although quantification of risk remains difficult, the numer-
ous studies focusing on ectopic recombination do, however, firmly
consolidate the presence of an ectopic pairing risk, across many con-
texts and scenarios. The studies strongly suggest that such risks, and
their possible consequences, should be anticipated when thinking
about non-unique DNA copies located at relatively short distances
from each other, as is the case in the relatively small mtDNA chro-
mosomes.

4.3.3. Possible benefits of maintaining structural diversity of
mtDNAs

We now consider ways in which risky (potentially genome-
destabilizing) ectopic recombination or deletion events, which it
would be advantageous to prevent in some circumstances, could in
fact be beneficial under other circumstances.

Roles in mechanisms of replication and/or transcription have
been invoked as one possible benefit of repeat presence in the
mitochondrial genomes of some fungi, and we have considered
them in some concrete fungal contexts in this article so far (see
Results). Proof of relevance for replication appears to be strong in
the well-studied case of the yeast S. cerevisiae, more tentative for
some other fungi, and absent for the clinically important and also
well-studied common deletion in human (see also Section 4.3.6
below).

The discovery of CRISPR sequences in prokaryotes, associated
with the organism'’s self-defense against viruses, raises the ques-
tion if any eukaryotic genomes (mtDNA or nuclear) might contain
sequences derived from a similar or related defense function,
and that have possibly now been adapted to a different role. In
the context of repeats with stemloop potential, such we have
described here in fungal mtDNA, we note that prokaryotic CRISPR
sequences can contain two or more direct repeats, often around
30-40bp or so in length, separated by spacer(s) of a similar length.
The direct repeats are, in turn, often palindrome-like or with
some dyad symmetry, possibly corresponding to stemloop-like
structures. A few fungal mtDNA repeats observed in this study
were located in sequences that appear compatible with a CRISPR
sequence, but the agreement was not extensive enough to suggest
a CRISPR-like or defense-derived function of repeated sequences
in fungal mtDNA (see Supplementary Material for details and
references).

In contrast to the possible or shown benefits or needs for repli-
cation, transcription, defense or other cellular processes, we now
mention a different type of benefit that could in principle be
associated with the robust presence of repeats in mitochondrial
genomes. This hypothesized benefit partly extrapolates insights
from angiosperms’ mitochondrial genomes (e.g., Kubo and Newton,

2008 2), which can be much larger than those of most fungi (e.g.,
588 kb in the legume Vicia faba; Negruk, 2013).

A strong form of the hypothesis we now consider is that selec-
tion could have maintained some repeat pairs because they provide,
via ectopic pairing, a mechanism to easily switch between alter-
native structural forms when these become advantageous, for
example when some environmental condition favors such a ‘struc-
tural switch’. A consequence could be the creation of structural
diversity among mtDNAs depending on environmental circum-
stances. In larger organisms such as human, a related principle
might lead to structural heteroplasmy (an example of this class
of phenomena, although not necessarily generated in this way,
might be the condition-dependent dimeric molecules, branched
structures and four-way junctions observed in adult cardiac muscle
mtDNAs by Pohjoismaki et al. (2010)). A down side would be the
creation of mtDNA deletion mutants causing clinical phenotypes in
human. Such consequences are what we indeed observe, in human
and (where applicable) in fungi.

In a related context, namely the stretches of tandem repeats
often found in nuclear genomes, Trifonov (Trifonov, 1999, 2004;
King et al., 2006) has introduced the metaphor of an evolution-
ary or adaptive “tuning knob” to emphasize how small changes
in the repeats can produce fast adaptation. Tandem repeats can
also, as their down side, cause clinical disease in human, as in the
case of excessively expanding or ‘runaway’ trinucleotide repeats
in the FMR-1 gene/Fragile X syndrome or in Huntington’s disease.
Tandem repeats can expand or contract by slippage; non-tandem
repeats, on which we focus in our study, cannot use this mecha-
nism, but can typically only use ectopic pairing in order to produce
fast adaptation, in this case by generating structural variants.

Interestingly, a recent analysis of 15- and 16-mer repeats (tan-
dem and non-tandem) in the human nuclear genome by Zahradnik
et al. (2014) showed that the most repeated words were various
mono- and dinucleotide repeats, subsequences of Alu repeats, and
the sequence T11GAGA/TCTCA7 and its truncations. The authors
point out that such massively repeated words are likely to have
been the generator sequences that then led also to a smaller num-
ber of mutated sequences, and propose as a conservative suggestion
“that all high occurrences in the vocabulary are due to higher use of
the words for whatever special intragenomic function they serve”,
a proposal that is paralleled by our view that frequency is likely to
imply function also in mtDNAs.

4.3.4. Updating the traditional demand for a single complete
genome sequence

The view considered here has consequences for the understand-
ing of genome sequences. It suggests that the notion of a consensus
or master structure or master chromosome (Kubo and Newton,
2008), constituting ‘the’ mitochondrial genome, may continue to
be useful as an idealized placeholder, but that this concept may
not satisfactorily mirror the existing, substantial structural diver-
sity or structural heteroplasmy that can often be observed among
mtDNA chromosomes of the same organism or isolate. The view
postulates that, whether in fungi or human, we may sometimes
need to consider the possibility of a distribution of different mtDNA
chromosomal sizes, structures or forms (see also Supplementary
Material, Section A5).

2 In 2008 these authors could already summarize the situation for angiosperm
mtDNAs as follows: “With one reported exception... each angiosperm master
chromosome harbors one to several sets of repeated sequences where active recom-
bination events occur between the repeat copies. Due to this property, isomeric
forms of the master chromosome would be expected when the repeat copies of a
set are present in inverted orientation to each other; alternatively, two subdivided
molecules (subgenomes) would be expected when two copies of the same repeat
are present in direct orientation.”
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A corollary is that for many species we may never succeed
in sequencing the mitochondrial genome of a species or strain,
because there may actually be several such viable genomes, which
may be structurally different. Moreover, in some conditions a
smaller variant(s) could be ‘better’ (e.g., replicate more efficiently
when needed while continuing to serve some useful function) than
the maximal sequence, which one might traditionally have thought
of as being the only complete one, and for which one wished ‘sta-
bility’. The maximal or ‘complete’ circular construct that has often
interested us so much in the past may, however, be just one of
many constructs or topologies (e.g., circular, linear or branched)
that co-exist in an organism, or in a Petri dish of fungal colonies
deriving from a single isolate (e.g., in co-existing petite and wild-
type colonies of yeast).

4.3.5. Practical consequences of structural mtDNA diversity

The sooner we realize that a distribution, not a single ‘wild type’
or variant chromosome, could often be the relevant paradigm when
we try to parse or assemble raw NGS mtDNA reads of a eukaryotic
individual or sample, the quicker we will be able to appropriately
adapt existing assembly tools or develop new ones in order to arrive
at assembled sequences of the major structural types, without get-
ting into a tug-of-war of apparently contradictory assemblies, of
which some are believed to be more correct than others.

Furthermore, as the title of this article indicates, there may be a
duality between the in vivo or in vitro situations in which repeats
can confuse ‘faithful’ transmission of a chromosomal sequence to
the future, e.g., via replication, and in silico situations in short-
read de novo or reference assembly where repeats can confuse the
reconstruction of a master chromosome sequence of a fungal mito-
chondrion. The duality may not stop here, however. Just as we are
now imagining a distribution of possible structural chromosome
variants, rearranged in accordance with the repeat pairs that could
potentially favor the creation of those variants, we can also, in par-
allel, imagine a distribution of possible assemblies of a set of short
NGS reads that is compatible with the informationin the read set. To
what extent the possible assemblies reflect the possible or observed
genomes remains speculative at this point. Figuring out which
(more global) assembly topologies or structures are compatible
with a set of (more local) segments or fragments of those structures
(e.g., short reads) is a classic problem that goes back at least as far
as Benzer's early analyses (Benzer, 1959, 1962; Golumbic, 2004);
for reconstructions of topologies in yeast mitochondria, see Rayko
and Goursot (1999). This classic problem received much attention
from combinatoricists in the 1970s and 1980s, e.g., in Golumbic
(2004), Berge (1983), Ch. 16, and Berge (1987), Ch. 5. It might soon
merit revisiting in light of the various interrelated open problems
of structural mitogenomics we have briefly touched upon in this
article (cf. also Supplementary Material, Section A6.3).

4.3.6. Factors influencing differential fitness of structural mutants

An initial ectopic pairing event may or may not lead to a viable
mutant mtDNA chromosome that can survive, replicate and suc-
ceed. In yeast mitochondria, some petite mutants can survive even
if they have only a single origin of replication (ori sequence) left but
no genes at all (Bernardi, 2004, 2005; de Zamaroczy et al., 1981;
Rand, 2001), and these can have replicative advantage over the
wild-type. Conversely, in human mitochondria, large-scale dele-
tion mutants that do not contain both the Oy and the Oy origins of
replication are only very rarely observed (Chenetal.,2011).Because
replication and replicative efficiency are so important, they provide
hard constraints shaping the evolution of the population.

The common ori2—ori7 mtDNA deletion (Marotta et al., 1982)
of the yeast S. cerevisiae might be seen as partly analogous to the
common 13-base pairing mtDNA deletion in human, although in
yeast the portion of the genome that is deleted is far smaller than

in human, only around 2 kb, and contains no gene or other feature
of known function (Foury et al., 1998). In S. cerevisiae, the origins
of replication ori2 and ori7 have been associated with repetitive-
ness (see also Section 3.5.6 above) as well as with roles and utility
in replication (reviewed with references in Bernardi (2004)). By
contrast, to our knowledge the extensively studied 13-bp repeats
in human mtDNA leading to the common deletion (Samuels et al.,
2004), and the putative duplex pairing structures within 100 bp of
the 13-bp repeats, which may be important for efficiency of the
common deletion (Guo et al., 2010), have not been associated with
arole in mtDNA replication in human; we also note that, unlike the
ori2-ori7 context in yeast, the human origins of replication Oy and
Oy are both far from the two 13-bp repeats.

4.3.7. Are repeats the primum movens of ectopic pairing?

An analysis of human deletion spectra by Guo et al. (2010) sug-
gests that the 100-bp regions around the two 13-bp repeats of the
human common mtDNA deletion might be even more important
for efficient pairing, and the resulting deletion of a large region of
DNA, than the 13-bp repeats themselves. Based on their results, the
authors suggest that in the sample studied, common deletions can
occur even without having two intact copies of the 13-bp repeat,
because the pairing events could be mediated by the surrounding
sequences, which however contain no such perfect repeats. Such a
scenario, in which 13-bp repeats are also robustly ‘backed up’ by
strong pairing tendencies of the surrounding DNA, would seem par-
ticularly incompatible with the idea that the propensity for pairing
of different regions of the mtDNA is just some erroneous danger
left uncorrected or unheeded by evolution, without any advantage.
The situation would be more compatible with a tradeoff involving
a possible direct benefit of maintaining structural mtDNA variety
or heteroplasmy in an individual or population. More strongly: we
might ask if an occasional need for the pairing event itself might
be a major, or conceivably even the main, pressure maintaining the
propensity for the common deletion in many human individuals.

More generally, we might ask if a possible benefit of further-
ing structural mtDNA variants, one that has not received much
attention in the literature, could be to facilitate fast adaptation or
fine-tuning of respiration in the cell, and respiration rates in the
mitochondria, by differential generation/elimination of structural
variants.

4.4. The ‘neglected’ mitochondrial genome: an overdue focus

The small mtDNA genomes or chromosomes of the mitochon-
dria of fungi, which are usually much smaller than 100 kb, belong
essentially to a genetically closed system, physically separate from
the nucleus and the nuclear genome, with DNA being transferred
only rarely or transiently between the two types of genome. This
fact, together with the proneness of intra-chromosomal repeats to
pair if they are separated by typical short distances within a fun-
gal mtDNA chromosome (kb to tens of kb), suggest that significant
repetition of sequences within the mtDNA could often pose a threat
of genome instabilities (e.g., large block deletions); for this reason,
fungal mtDNA sequences should be an attractive option for further
exploring some of the hypotheses we have considered here and
extending or consolidating our results.

At least in the case of fungal sequencing, however, the mito-
chondrial genome has gone through a phase of being ‘the neglected
genome’ (Picardi and Pesole, 2012; Pesole et al., 2012; Rand, 2001).
Many complete nuclear genome sequences have only incomplete
or missing mitochondrial genomes to accompany them. Obtaining
full mitochondrial genome assemblies of fungi from short reads
or 454 sequencing can be particularly difficult. Sometimes the rea-
sons are fundamental (repetitiveness of the genome vs. short reads),
i.e,, the assembly limits cannot be avoided by using a different
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assembly program (Mufioz et al., 2014). Thus, Lynch et al. (2008)
reported specific mtDNA assembly problems for scer isolates from
454 reads, and Dimitrov et al. (2009) and Steinmetz et al. (2002)
addressed variation in mitochondrial properties among Scer iso-
lates, but in the end they analyzed only nuclear DNA sequences to
explain the mitochondrial variation.

The mitochondrial genome has, in addition, well-known
fundamental differences compared to the nuclear genome: dif-
ferent genetic codes, different gene transcription and regulation
paradigms, haploidy, heteroplasmy, absence of nuclear chromatin
processes, and different genetics and evolution due to e.g. mater-
nal inheritance, no crossing over, transitions more common than
transversions, and phylogeny correlating with land geography.
Programs optimized for nuclear genomes do not always have a
‘mitochondrial’ switch, presumably because program authors do
not anticipate frequent use for mtDNA; incomplete mtDNA gene
annotations in UCSC human genome releases (e.g., of hg19) may be
partly due to such problems.

The period of neglected mitochondrial genomics may soon be
over. Simple, bulk screening strategies such as those described here
should then aid exploratory analyses of new, previously uncharac-
terized fungal mtDNA sequences, and may give us deeper insight
into the roles of repeat landscapes across fungal mitochondrial
genomes.

5. Conclusions

1 The degree of sequence repetition within mitochondrial genomes
of fungi spans a wide range, from only trivial or no repeats torich,
complex repeat systems with clear propensity to form secondary
structures. A good example of a fungus with such rich, complex
repeat systems is baker’s yeast (Scer).

2 Ectopicintrachromosomal recombining or pairing entails risks of
segmental deletions and genome instability, but these risks may
be compensated by a (possibly unknown) benefit of a particular
repeat, repeat system, or repeat-pairing product. Persistence can
be indicative of functional importance.

3 We have illustrated the potential of the above principle, for
mitochondrial sequence mining, by screening 11 complete fun-
gal mitochondrial genomes for repeated words of at least 17 bp
occurring at least 4 times, and then using those occurrences
to identify elements of repeat landscapes and possible struc-
ture/shape vocabularies in the genomes. Many such elements
were part of genome features that had previously attracted inter-
est, but some were novel.

4 In the 11 complete mitochondrial genomes we analyzed, we
used a simple ‘layer-peeling’ strategy for exhaustively analyzing
and interpreting the set of persistently repetitive 17-mers; this
proved to be effective, and a similar strategy should also be useful
for other w-mer sizes close to 17. Briefly, the strategy is to succes-
sively remove first the w-mer repeats that consist of only Aand T
(up to perhaps one instance of another base), and then those w-
mer repeats that decompose into much smaller subrepeats. For
the w-mers that remain, we apply methods such as: screening for
intrinsically likely secondary structures by calculating AG of the
the w-mers themselves and looking for strongly negative values;
local assembly to larger repeated sequences; and recognition of
highly repetitive core sequences within the w-mers. For the fungi
we studied this was a tractable protocol.

5 Some complexity measures, when applied to DNA sequences,
will assign low complexities when repeats are frequent. From
a semantic or a task viewpoint, however, the same repeat sys-
tems and/or their associated structures would increase structural
or functional complexity. This reasoning suggests the need for a
new notion, repeat-associated complexity.
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ABSTRACT The Paracoccidioides genus includes two species of thermally dimorphic
fungi that cause paracoccidioidomycosis, a neglected health-threatening human sys-
temic mycosis endemic to Latin America. To examine the genome evolution and the
diversity of Paracoccidioides spp. we conducted whole-genome sequencing of 31
isolates representing the phylogenetic, geographic, and ecological breadth of the
genus. These samples included clinical, environmental and laboratory reference
strains of the S1, PS2, PS3, and PS4 lineages of P. brasiliensis and also isolates of
Paracoccidioides lutzii species. We completed the first annotated genome assemblies
for the PS3 and PS4 lineages and found that gene order was highly conserved
across the major lineages, with only a few chromosomal rearrangements. Comparing
whole-genome assemblies of the major lineages with single-nucleotide polymor-
phisms (SNPs) predicted from the remaining 26 isolates, we identified a deep split of
the S1 lineage into two clades we named Sla and S1b. We found evidence for
greater genetic exchange between the S1b lineage and all other lineages; this may
reflect the broad geographic range of S1b, which is often sympatric with the re-
maining, largely geographically isolated lineages. In addition, we found evidence of
positive selection for the GP43 and PGAT antigen genes and genes coding for other
secreted proteins and proteases and lineage-specific loss-of-function mutations in
cell wall and protease genes; these together may contribute to virulence and host
immune response variation among natural isolates of Paracoccidioides spp. These in-
sights into the recent evolutionary events highlight important differences between
the lineages that could impact the distribution, pathogenicity, and ecology of Para-
coccidioides.

IMPORTANCE Characterization of genetic differences between lineages of the di-
morphic human-pathogenic fungus Paracoccidioides can identify changes linked to
important phenotypes and guide the development of new diagnostics and treat-
ments. In this article, we compared genomes of 31 diverse isolates representing the
major lineages of Paracoccidioides spp. and completed the first annotated genome
sequences for the PS3 and PS4 lineages. We analyzed the population structure and
characterized the genetic diversity among the lineages of Paracoccidioides, including
a deep split of S1 into two lineages (S1a and S1b), and differentiated S1b, associated
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with most clinical cases, as the more highly recombining and diverse lineage. In ad-
dition, we found patterns of positive selection in surface proteins and secreted en-
zymes among the lineages, suggesting diversifying mechanisms of pathogenicity
and adaptation across this species complex. These genetic differences suggest asso-
ciations with the geographic range, pathogenicity, and ecological niches of Paracoc-
cidioides lineages.

KEYWORDS: Paracoccidioides, evolution, genetic recombination, genome analysis,
mycology, population genetics

aracoccidioides spp. are the cause of paracoccidioidomycosis (PCM), a systemic

mycosis that mainly affects people in Latin America. In this region where PCM is
endemic, PCM has an estimated incidence of 1 to 3 cases per 100,000 inhabitants (1, 2).
The vast majority of PCM cases (roughly 80%) occur in Brazil, while Colombia and
Venezuela have the next highest numbers of infections (3). Paracoccidioides is a
thermally dimorphic fungus closely related to Histoplasma and Blastomyces, which
cause similar infections worldwide or predominantly in regions of North America,
respectively.

Multilocus sequencing studies elucidated species boundaries within the Paracoccid-
ioides genus and supported the existence of two distinct species, P. brasiliensis and
P. lutzii (4). P. lutzii is a single monophyletic and recombining population found to date
in central, southwest, and north Brazil and Ecuador (4). P. brasiliensis is monophyletic
and is comprised of distinct lineages classified as S1, PS2, PS3, and PS4 (4-6). The S1
lineage is associated with the majority of PCM cases and is widely distributed in South
America (4-6). PS2 has been identified to date only in Brazil and Venezuela, whereas
PS3 is mainly found in regions of endemicity in Colombia (4, 5). Recently, a novel
lineage, PS4, was described from a region of Venezuela (6). Evidence of recombination
was noted for P. brasiliensis S1 and P. lutzii, but not other lineages, based on a small
number of genomic loci (4, 5).

Isolates from each of these phylogenetic lineages of Paracoccidioides can infect
humans; however, different lineages can vary in virulence and culture adaptation and
can induce different immune responses by the host (7, 8). One feature that is correlated
with the differential rates of infection is variation in the number of infective conidia. For
example, isolates from S1 produce many more conidia than PS2 isolates, which could
be related to the disproportional 9:1 rate of S1 to PS2 infection in both human and
armadillo isolates (8). In addition to interspecific variation between lineages and
between species, Paracoccidioides isolates have been shown to contain extensive
intraspecific genetic variability between strains of the same lineage (9-11).

To enable genome-based studies of this medically important fungus, isolates of
P. brasiliensis S1 and PS2 and P. lutzii were previously sequenced and compared to
related dimorphic and nondimorphic fungi (12). Notably, Paracoccidioides and related
dimorphic pathogens have a reduced number of genes involved in carbohydrate
metabolism, protein metabolism, and synthesis of secondary metabolites (12), an
observation that allows new insights into the differences between these related fungi
and their physiological potential for pathogenicity. Recently, the genome assemblies
and gene annotations of those reference strains were improved using lllumina rese-
quencing, increasing the overall accuracy of assembly bases and gene structures (13).
These improved reference genomes of Paracoccidioides spp. provide an opportunity to
map the population structure and examine variation with finer resolution.

In this study, we used genome sequences of 31 isolates for a comprehensive compar-
ison of gene conservation, genetic diversity, and genome evolution across the major
lineages of Paracoccidioides. The panel of isolates sequenced in this study included
clinical isolates from acute and chronic PCM cases and environmental isolates from soil
or two species of armadillos (Dasypus novemcinctus and Cabassous centralis). We
assembled the first reference genomes for the PS3 and PS4 lineages: compared to the
previously assembled references from other lineages, gene content and order are
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highly conserved, with few rearrangements. We characterized genetic diversity among
the lineages, as well as lineage-specific evolutionary patterns within the Paracoccid-
ioides genus and found evidence of recombination and ancestral hybridization patterns
between some of the lineages. Additionally, we identified genomic regions or genes
that are highly diverse within or between lineages; these include genes with potential
roles in virulence. We found that genes with the strongest evidence of positive
selection include the GP43 antigen gene and genes coding for other secreted proteins
and proteases (e.g., PGA1, CBP1, SOD3, and ENGT), as well as loss-of-function mutation
in genes that are specific to some lineages. Our analyses provide insight into the recent
evolutionary events highlighting genetic differences between the lineages that could
impact the distribution, pathogenicity, and ecology of Paracoccidioides. These potential
virulence factors and genetic differences at the population level will be important for
future studies to compare with the infectious potency of Paracoccidioides clinical
isolates and clinical symptoms attributable to paracoccidioidomycosis.

RESULTS

Conserved genome organization across Paracoccidioides spp. To compare genome
structures and gene contents between the major Paracoccidioides lineages, we se-
quenced, assembled, and annotated a representative isolate from the PS3 lineage
(strain PbCnh) and from the PS4 lineages (strain Pb300) (see Fig. STA and Text S1 in the
supplemental material). The 29.4-Mb assemblies of both strains are intermediate in size
between those of the 29.95-Mb assembly of Pb18 (S1b) and the 29.06-Mb assembly of
Pb03 (PS2) (see Fig. S1B) (13). The gene annotation of strains PbCnh and Pb300 resulted
in 8,324 and 8,070 predicted protein-coding genes, respectively. High representation of
core eukaryotic genes provides evidence that those genomes are nearly complete; 96
to 98% of these conserved genes are found in all assemblies (see Fig. S1C). Predicted
gene contents were highly similar across all four P. brasiliensis genomes, comparing the
new assemblies to the previously sequenced genomes (see Fig. STB), which suggests
that the gene content is very consistent across the lineages.

The Paracoccidioides genomes of both species and all lineages are highly conserved
in terms of whole-genome sequence similarity and gene synteny (see Text S1 and
Fig. S1D). The genomes of P. brasiliensis share an average of 98.5% identity, whereas the
genome of the more distant species P. lutzii shares an average of 94.8% with P. brasil-
iensis. The genomes of PbCnh (PS3) and Pb300 (PS4) share the highest percentage
aligned (98.9%), which correlates with the phylogenetic and population structure
relationships (see below). We identified syntenic regions of conserved gene order and
found an average of 6,907 genes within syntenic blocks among the Paracoccidioides
lineages (see Fig. S1D to F). The percentage of genes in syntenic blocks ranged from
75.3% (interspecies, P. brasiliensis versus P. lutzii) to 89.9% (intraspecies, P. brasiliensis
versus P. brasiliensis). In contrast, the dimorphic fungus Blastomyces has only ~69%
genes in syntenic blocks due to the presence of isochore-like structures of repeat-rich
GC-poor and GC-rich blocks rarely observed in Paracoccidioides (14).

While the Paracoccidioides genomes were largely colinear, a few chromosomal
rearrangements were detected. A large rearrangement was detected between P. brasil-
iensis S1/PS3 and P. lutzii/P. brasiliensis PS2 in chromosome 4, where the regions at the
beginning and the end of the supercontig 4 are inverted, and the gene order across the
middle of the supercontig is conserved (see Fig. STF). A large chromosomal rearrange-
ment was also detected between P. brasiliensis and P. lutzii, where syntenic blocks in
P. brasiliensis chromosomes 3 and 5 (Pb18, supercontigs 2, 13, and 10) are combined
into a single supercontig in P. lutzii (see Fig. S1F). We found no evidence of assembly
errors across the junctions of these rearrangements based on even coverage of
aligned reads across these regions. In addition, we called structural variants based
on the read alignments to the Pb18 assembly, and recovered each of the rearrange-
ments present in the assemblies (see Text S1 and Data Set S1 in the supplemental
material). Chromosomal rearrangements may impact the capacity for genetic exchange,
as some crossover events will generate missing chromosomal regions or other aneu-
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TABLE 1 Paracoccidioides species isolates selected for this study

mSphere™

Isolate ID Other name(s) Origin Source Lineage Provider Reference
P. brasiliensis
Pb182 B17 Sao Paulo, Brazil Chronic PCM® S1b R. Puccia 44
PbCaz Cazon; A1 Chaco, Argentina Acute PCM S1b R. Negroni 45
Pb113 Manaus-AM, Brazil PCM S1b C. de Almeida Soares 46
PbBlo Brazil PCM S1b C. de Almeida Soares This study
MS1 Mato Grosso do Sul, Brazil PCM Sla M. Sueli Felipe 47
D03 Piracicaba, SP, Brazil PCM Sla E. Bagagli This study
MS2 Mato Grosso do Sul, Brazil PCM Sla M. Sueli Felipe 47
Pb1445 A5 Argentina Chronic PCM Sla R. Negroni 5
Pb337 T15LN1; B10 Brazil D. novemcinctus Sla E. Bagagli 48
Pb66 Brazil PCM Sla C. de Almeida Soares 49
PbBer Bercelli; A3 Argentina PCM Sla R. Negroni 5
D02 Laranjal Paulista, SP, Brazil PCM Sla E. Bagagli This study
T1F1 B1 Pratanea, SP, Brazil D. novemcinctus Sla E. Bagagli 48
T15N1 Botucatu, Brazil D. novemcinctus Sla E. Bagagli This study
T16B1 Brazil D. novemcinctus Sla E. Bagagli This study
Pb300° V1 Miranda, Venezuela Soil PS4 M. B. Albornoz 50
EPM83 Bogotd, Colombia Chronic PCM PS3 A. Restrepo 49
Pb339 B18 Sao Paulo, Brazil PCM PS3 A. Restrepo 51
Pb60855 Cc4 Antioquia, Colombia Chronic PCM PS3 A. Restrepo 52
PbBac Colombia PCM PS3 A. Restrepo This study
PbCab P196; C6 Caldas, Colombia C. centralis PS3 A. Restrepo 53
PbCnhe Colombia Chronic PCM PS3 A. Restrepo This study
PbJam Colombia Chronic PCM PS3 A. Restrepo This study
Pb02 V2 Caracas, Venezuela Chronic PCM PS2 R. Puccia 54
Pb037 B26 Sao Paulo, Brazil Chronic PCM PS2 R. Puccia 54
Pb262 Uberlandia, MG, Brazil Dog food PS2 Z. Pires de Camargo 55
T10B1 B7 Botucatu, Brazil D. novemcinctus PS2 E. Bagagli 5
P. lutzii
Pb014 Goiés, Brazil PCM P. lutzii R. Puccia 56
PI1578 Goias, Brazil PCM P. lutzii C. de Almeida Soares 47
EDO1 Goias, Brazil PCM P. lutzii C. de Almeida Soares 47
PIEE EE Mato Grosso, Brazil PCM P. lutzii M. Sueli Felipe 4

aReference strain assembled and annotated genome.
bPCM, paracoccidioidomycosis.

ploidies and nonviable progeny. The rearrangement between PS2 and the other
lineages of P. brasiliensis could potentially prevent genetic exchange between these
groups.

In addition to chromosomal rearrangements, we looked for evidence of copy
number and ploidy variation. We calculated the normalized read alignment density in
10-kb nonoverlapping windows (see Materials and Methods) and examined the varia-
tion across the Pb18 chromosomes. The alignment density showed no large regions of
higher sequencing depth, supporting that Paracoccidioides species do not maintain
aneuploid chromosomes or segments (see Fig. S2 in the supplemental material) such as
those found in other fungi.

Phylogenetic for S1 group split and allele sharing between lineages. To
examine the Paracoccidioides phylogenetic relationships, we identified polymorphisms
across an extended panel of 31 isolates (Table 1). Using 614,570 positions (single-
nucleotide polymorphisms [SNPs]) in the sequenced isolates, maximum likelihood and
Bayesian phylogenies were constructed to examine intralineage relationships (Materials
and Methods). Both maximum likelihood and Bayesian analyses highly supported that
P. brasiliensis isolates are clustered into five distinct lineages (Fig. 1; see Fig. S3 in the
supplemental material). Of the four previously identified lineages, S1 is the most highly
variable, with two distinct clades we denoted as the S1a and S1b lineages. The S1b
lineage includes the reference strain Pb18, along with three clinical isolates from Brazil
and Argentina. The S1a lineage includes clinical and environmental isolates and was
split into two subclades: one includes clinical isolates from Argentina and central-west
regions of Brazil, while the second includes three clinical and four armadillo isolates
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FIG 1 Phylogeny and recombination in Paracoccidioides. Two methods were used to examine strain relationships originating from across South America
(A): using 614,570 SNPs, including a phylogenetic network constructed with SplitsTree4 (B), and a Bayesian calibrated phylogeny constructed with BEAST
(C); bootstrap values from maximum likelihood phylogeny constructed with RAXML were included for major subdivisions. Both methods show evidence
of five distinct lineages in P. brasiliensis: S1 (blue), which is divided into two groups S1a (dark blue) and S1b (light blue), PS2 (green), PS3 (red), and the
recently described PS4 (purple). Also, this phylogeny supports the divergence between P. brasiliensis and P. lutzii (Pl [orange]) as a different species. In

addition, the phylogenetic network of P. brasiliensis suggests patterns of recombination (red branches).

from southeast Brazil. This phylogenetic analysis also supports that PS3 is a monophy-
letic group with very limited diversity of mostly isolates from Colombia, including both
chronic PCM isolates and one isolate from armadillo. While previous phylogenies using
short loci had suggested that PS3 only includes isolates from Colombia (4, 5, 8), we
found that the Pb339 isolate from southeast Brazil was placed in this lineage (Fig. 1),
suggesting that this lineage may be more widespread than previously described. In
addition, our phylogenetic analysis provides strong evidence for the separation of the
PS4 lineage, as recently proposed (6), sharing a common ancestor with PS3. This was
also supported by population structure analyses (see below). To confirm that the
phylogeny was not influenced by the use of a reference genome from one lineage, we
identified SNPs from reads aligned to reference genomes representing each lineage
(Pb03, PbCnh, Pb300, and Pb01) and found the same topology in phylogenies of each
set (see Fig. S3).

To better understand the evolutionary history of Paracoccidioides, we estimated the
divergence and most common ancestor dates (time to most recent common ancestor
[TMRCA]). This analysis suggests that P. lutzii and P. brasiliensis diverged about 22.5
million years ago (MYA). The P. brasiliensis lineages separated more recently at
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FIG 2 Classification of population-specific SNP alleles. The percentage of the distribution of SNP
alleles is shown for each pairwise comparison among the six lineages of Paracoccidioides spp. SNP
alleles were classified as fixed (blue), shared (red), private A (light gray [for each pairwise comparison
specific to the first lineage in the x axis]), and private B (dark gray [specific to the second lineage]).

1.47 MYA (Fig. 1). Within P. brasiliensis lineages, the shortest time of divergence was
found for PS3 (TMRCA, 23,000 years ago [23 KYA]) and the longest was found in S1b
(TMRCA, 575 KYA), with PS2 and S1a showing intermediate values (Fig. 1; see Fig. 54 in
the supplemental material). We estimated that P. lutzii diverged slightly earlier than the
P. brasiliensis groups, around 833 KYA. Using whole-genome SNPs, the separation of
P. brasiliensis and P. lutzii is very similar to a previously reported estimate (8); however,
we estimate more recent separation within each lineage.

While the SNP data strongly supported a single tree, we also examined the rela-
tionship of the sequenced isolates using a network approach to look for evidence of
alternative topologies. The NeighborNet algorithm identified five major groups within
the P. brasiliensis species, including the clear separation of S1 into the S1a and S1b
lineages. In addition, the network suggests some level of ancestral recombination
between the groups as well as more recent recombination involving the S1b lineage
(Fig. 1B). We tested for evidence of phylogenetic heterogeneity using the pairwise
homoplasy index test (15) and found statistically significant support for recombination
(P =43e-13).

Next, we compared the distribution of SNPs across the genome and examined how
sites were shared between lineages. We found a similar pattern of polymorphism
frequency across the genome for isolates of the same lineage; differences between
lineages include two distinct patterns for the related phylogenetic lineages S1a and
S1b, supporting this subdivision (see Fig. S2 in the supplemental material). To more
finely compare variant sites between lineages, we classified SNP alleles based on
populations as fixed, shared, or private based on pairwise comparisons between
lineages (S1a, S1b, PS2, PS3, PS4, and P. lutzii). S1b has the highest shared SNP allele
component, ranging from 12.4% to 21.1% compared with the S1a, PS2, PS3 and PS4
lineages and 2.5% compared with P. lutzii (Fig. 2). In contrast, the next highest shared
frequency is for S1a, which ranged from 0.17% to 1.1% compared with PS2, PS3, PS4,
and P. lutzii. To determine whether the large fraction of shared alleles was due to
recombination rather than just a higher genetic diversity in S1b, we combined SNPs for
PS3 and PS4 to make an artificial lineage with diversity relatively equivalent to that of
S1b. In this combined set, we did not observe the fraction of shared alleles increase
from the values of PS3 and PS4 alone, suggesting the effect in S1b is not due to high
diversity alone. While recombination with other lineages is also supported by the
network tree analysis, it is unclear whether this recombination was relatively recent or
ancestral.

Recombination and hybridization between the major lineages of Paracoc-
cidioides. To further examine the Paracoccidioides lineages for evidence of recombi-
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FIG 3 Genetic population structure of Paracoccidioides. (A) PCA of genetic variants in Paracoccidioides is shown as a two-dimensional plot for all isolates
(n = 31) (left) or for all P. brasiliensis isolates (n = 26) (right). In each plot, circles indicate isolates and colors indicate the lineage. (B) Population structure
of Paracoccidioides spp. (left) and P. brasiliensis (right) inferred from 476,589 and 339,966 SNPs, respectively, using the Structure software program with
different k values of 2 and 4, respectively. An admixture model with correlated allele frequencies and site-by-site analysis was used. Each isolate is
represented by a single vertical line broken into k-colored segments, with lengths proportional to each of the k inferred clusters. (C) Whole-genome plot

for Pb300 (PS4) deducted from Structure site-by-site analysis showing the chromosomal ancestry.

nation, we performed a principal-component analysis (PCA) of the SNP data. For all
Paracoccidioides isolates (n = 31), we found clear separation of the two species; PC1
cleanly separates P. brasiliensis and P. lutzii isolates as two distinct species. Within
P. brasiliensis, PC2 separates PS2 from all other groups and divides S1 into two distinct
groups (S1a and S1b lineages) (Fig. 3A). In this comparison, the S1b, PS3, and PS4
lineages appeared more closely related, suggesting less genetic divergence between
these lineages. Comparing only the P. brasiliensis isolates (n = 26), PC2 separates the
S1b, PS4, and PS3 lineages, where PS4 is located between S1b and PS3 (Fig. 3A). This
analysis supports the major subdivisions in the P. brasiliensis population and suggests
that some lineages have similar relationships to multiple other lineages, appearing
more centrally in PCA plots, suggesting the impact of recombination.

To examine the relationships of these groups, we predicted the population ancestry
for each strain using a model-based clustering algorithm implemented by the Structure
software (16). We identified populations within Paracoccidioides spp. using (i) all isolates
and (i) only P. brasiliensis isolates. There is clear separation between P. brasiliensis and
P. lutzii, with only two major clusters of ancestry (Fig. 3B). When only P. brasiliensis
isolates are examined, four distinct ancestry clusters are most highly supported (see
Materials and Methods), corresponding to S1a, PS2, PS3, and partially S1b. Evaluation
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of different values of k showed overall support for these major subdivisions; however,
P. brasiliensis could also be inferred to have 3 primary clusters of S1a, PS2, and PS3 (see
Materials and Methods and Fig. S5 in the supplemental material). In both the 3- and
4-cluster analyses, isolates from S1b and PS4 have a subset of sites found in different
clusters; there is a unique set of S1b/PS4 sites in the 4-cluster analysis, similar to the
private alleles found for S1b (Fig. 2). These patterns support a hybrid ancestry for the
S1b and PS4 P. brasiliensis isolates, which share SNP markers in different proportions
with the S1a and PS3 groups (Fig. 3B). Plotting SNPs colored by ancestry across the
genome for the PS4 isolate Pb300 revealed a highly intermixed pattern of small blocks
of S1b and PS3 ancestry, suggesting a relatively ancient hybridization event (Fig. 3C).

Equal frequencies of mating types in each lineage. Although the sexual phase
of Paracoccidioides had not been completely characterized in nature or in the labora-
tory, the patterns of recombination and ancestral hybridization we found may be most
parsimoniously explained by sexual reproduction. We identified the mating type of
each isolate based on the genomic sequenced data. While the previously sequenced
reference genomes Pb18 (S1b) and Pb03 (PS2) contain the mating type HMG (MATT-2),
here we generated the first assembled genome of mating type o (MAT1-1) for P. brasil-
iensis (strain PbCnh [PS3]). By aligning the assemblies, we observed that there are not
any chromosomal rearrangements near the mating locus that could impact the capac-
ity for interlineage genetic exchange (see Fig. STF in the supplemental material). The
assembly of Pb300 (PS4) also contains the mating type HMG (MATT-2). As previously
noted, conservation of mating- and meiosis-specific genes suggests that P. brasiliensis
has the necessary machinery for sexual reproduction (12), and we see no additional
gene loss in these lineages. All of the 31 sequenced Paracoccidioides isolates were
heterothallic with a population ratio of 1:1 of each mating type, both in the population
as a whole as well as among each lineage, with a total of 15 isolates « (MAT1-1) and 16
isolates HMG (MAT1-2) (see Fig. S6 in the supplemental material). The evidence for
genetic exchange and recombination and these roughly equal numbers of both mating
types in each lineage support the potential for sexual reproduction in Paracoccidioides.

Genome-wide population genetic variation between the major lineages of
Paracoccidioides. Both polymorphism and phylogenetic analyses suggest that PS3 is
a monophyletic group derived from a shared common ancestor with limited diversity,
and S1b is the most variable lineage, reflecting a more widespread geographic distri-
bution. We found the highest level of nucleotide diversity in S1b (7 = 0.00256), which
was 30-fold greater than the very low nucleotide diversity found in PS3 (7 = 0.00008).
Nucleotide diversities in S1a, PS2, and P. lutzii were intermediate: 0.00053, 0.00066, and
0.00015, respectively (Fig. 4A). In addition, we tested for genome-wide allele frequency
distribution using Tajima’s D (TD) to scan for signatures of demography and selection.
We found that all populations showed genome-wide Tajima’s D values not significantly
different from the null expectation. This suggests that each lineage is evolving neutrally
at the whole-genome level (Fig. 4A).

Additionally, we analyzed interspecific divergence between P. brasiliensis and P. lutzii
and between P. brasiliensis lineages (S1a, S1b, PS2, and PS3) across the genome using
Wright's Fg; statistic and a 10-kb sliding-window approach. Across the P. brasiliensis
pairwise comparisons, values ranged between 0.70 and 0.94, suggesting limited genetic
exchange between the lineages (Fig. 4C; see Fig. S7 in the supplemental material).
Furthermore, there were no regions of very low F¢; that would indicate recent genetic
exchange (see Fig. S7). Comparisons of P. lutzii and P. brasiliensis lineages had values
ranging from 0.97 to 0.99, suggesting strong local divergence between these species,
similar to the 0.95 F; value observed for most regions of Coccidioides immitis compared
to Coccidioides posadasii (17). S1b had the lowest pairwise Fs; values (0.70 to 0.76)
compared to the remaining lineages (0.91 to 0.94) (Fig. 4B; see Fig. S7). This supports
the hypothesis of recombination between S1b and the other lineages, which correlates
with the intermediate position of S1b in the population structure analysis and higher
degree of shared alleles (Fig. 3 and 2, respectively). This may have clinical implications
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FIG 4 Genome-wide nucleotide diversity (s [Pi]), Tajima’s D (TD), and population divergence analysis
(Fs;) in Paracoccidioides. (A) Genome-wide average of nucleotide diversity (@) and TD for sliding
windows of 10-kb regions within the main Paracoccidioides lineages. (B) Average of genome-wide
(10-kb windows) variation in (6), Weir's formulation of Wright's fixation index (Fs,), for pairwise
comparisons in each lineage. (C) Distribution of the average nucleotide diversity (), TD, and Fg; for
sliding windows of 10-kb regions for the S1a, S1b, PS3, and PS3 Paracoccidioides lineages.

since the S1b lineage is widely distributed in South America, includes highly virulent
strains, and has been associated with the vast majority of cases of PCM (Fig. 1).
Lineage-specific gain and loss and rapid evolution of virulence-associated
genes. Comparing the P. brasiliensis lineages, a total of 6,670 core ortholog clusters
had representative genes from all five reference genomes. We found 720 ortholog
groups in at least two strains and 459 ortholog groups that were present in all
P. brasiliensis strains but absent in P. lutzii. We did not find any significant enrich-
ment of functional categories among P. lutzii and P. brasiliensis strains or among
their lineages, which suggests that the phenotypic differences between P. lutzii and
P. brasiliensis and between the lineages are not due to large protein family expansion
or contraction. However, unique genes (those without orthologs in other lineages)
could contribute to different phenotypic differences observed in each lineage, as well
as genes duplicated in only one species. Among the unique genes we identified, there
were genes coding for several protein kinases, proteases, transcription factors, and
transporters (see Data Set S1 in the supplemental material). More specifically, in P. lutzii
there were several unique genes coding for anhydrolases, glycosyl hydrolases, pepti-
dases (M24 and C12), and methyltransferases, while in P. brasiliensis there were several
unique genes coding for actin, transporters, aspartyl proteases, peptidases (M16 and
M28), and transcription factors. These unique proteins may provide a more diverse
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FIG 5 Genes under positive selection in Paracoccidioides. Shown is a histogram of the dN/dS values

comparing P. brasiliensis (Pb18) and P. lutzii (Pb01). Genes undergoing positive selection (dN/dS of
>1) are in blue.

functional repertoire to each P. lutzii or P. brasiliensis lineage, enabling the fungus
different mechanisms and strategies to produce infection and disease.

In addition to identifying strain-specific genes, we identified nonsense mutations that
were specific to each lineage. For example, the serine carboxypeptidase gene (CPDS;
PADG_07980), the predicted mannan endo-1,6-a-mannosidase gene (PADG_00193), and
the predicted transmembrane gene (PADG_08161) have nonsense mutations in all lineages
of P. brasiliensis (S1a, S1b, PS2, PS3, and PS4) but not in P. lutzii, suggesting these genes are
not functional in P. brasiliensis. Other genes that do not have nonsense mutations in
P. brasiliensis (S1a, S1b, PS2, PS3, and PS4) but have nonsense mutations in all P. lutzii
strains included genes coding for the separase protease (peptidase_C50; PADG_07698),
a DNA-binding protein protease (peptidase_M24; PADG_01032), other secreted pro-
teins (e.g., PADG_00436), as well as other genes coding for proteins involved in
different cellular processes (e.g., sugar transporter, PADG_04202; sterigmatocystin bio-
synthesis monooxygenase StcW, PADG_04703; and a glucose-6-phosphate isomerase,
PADG_00451) (see Data Set S1). Differences in gene content between the species,
including genes coding for predicted proteases and cell wall genes, could impact how
each species/lineage interacts with the host or environment, although other genes with
overlapping functions could compensate for loss of these genes.

To more finely examine gene sequence differences and the impact of selection,
we calculated the ratio of nonsynonymous to synonymous evolutionary changes
(dN/dS, for each gene across the lineages of Paracoccidioides. An average of 485
genes were found to be under positive selection (dN/dS of >1) in each of the
lineages (Fig. 5; see Data Set S1). The set of genes evolving under positive selection
includes the surface antigen gene GP43 (PADG_07615), the superoxide dismutase
gene SOD3 (PADG_02842), the alternative oxidase gene AOX (PADG_03747), and the
thioredoxin gene (PADG_05504), virulence-associated genes of central importance
in Paracoccidioides and other dimorphic fungi (Table 2). Other notable genes under
positive selection included several protease genes, including a glutamate carboxy-
peptidase gene (PADG_00686), a multifunctional tryptophan biosynthesis protein
gene (PADG_07274), the a-pheromone processing metallopeptidase gene STE23
(PADG_07053), and the subtilase-type proteinase gene PSP3 (PADG_07422). In
addition, many genes coding for secreted proteins appear under positive selection,
including the calcium binding protein gene CBP1 (PADG_02399) and the mannan
endo-1,6-a-mannosidase gene DCW1 (PADG_01494). Among the 88 total secreted
proteins under positive selection, seven were found to be significantly differentially
upregulated during a mouse model of infection in Blastomyces (14), including a
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TABLE 2 Selection of candidate virulence factors in Paracoccidioides isolates found in highly diverse regions and/or under selection

Locus ID Description of protein T D SNPs dN/dS >1 [Fs

PADG_02498 3-Hydroxyanthranilate 3,4-dioxygenase + - - - -

PADG_00940 Acetate kinase; B. dermatitidis ortholog induced - + - + -
during macrophage interaction

PADG_01835 Aldehyde reductase; B. dermatitidis ortholog induced - - + +
during macrophage interaction

PADG_07461 a-1,3-Glucanase + + + + +

PADG_03747 Alternative oxidase; AOX gene - - - + -

PADG_02460 Antigenic GPI-protein; secreted; antigen; PGAT gene + — + + +

PADG_04167 Aspartyl aminopeptidase; peptidase family M18 + - - - -

PADG_06131 BUD32 protein kinase; vesicles - - + -

PADG_02399 Calcium binding protein; secreted; CBP1 gene - - - + +

PADG_00743 Class Il aldolase; B. dermatitidis ortholog induced - - + -
during macrophage interaction

PADG_12370 Endo-1,3(4)-B-glucanase; secreted; ENGT gene; B. dermatitidis - + - + -
ortholog induced during macrophage interaction

PADG_05497 GATA-binding protein; B. dermatitidis ortholog induced - - - + -
during macrophage interaction

PADG_07615 Glucan 1,3-B-glucosidase; secreted; antigen; GP43 gene; induced - + + + -
during macrophage interaction

PADG_05345 High-affinity nickel transporter; B. dermatitidis ortholog induced - - - + -
during in vivo infection

PADG_07274 Hypothetical protein - - - + -

PADG_06699 Hypothetical protein; B. dermatitidis ortholog induced - + - + -
during macrophage interaction

PADG_01238 Hypothetical protein; B. dermatitidis ortholog induced during - - - + -
macrophage interaction

PADG_01283 Hypothetical protein; B. dermatitidis ortholog induced during - - - + -
macrophage interaction

PADG_03908 Hypothetical protein; B. dermatitidis ortholog induced during - - - + -
macrophage interaction

PADG_07534 Hypothetical protein; B. dermatitidis ortholog induced during - - - + -
macrophage interaction

PADG_11963 Hypothetical protein; B. dermatitidis ortholog induced during - - - + +
macrophage interaction

PADG_02535 Hypothetical protein; secreted; vesicles; B. dermatitidis ortholog + + + + +
induced during in vivo infection

PADG_02542 Hypothetical protein; vesicles - - - + +

PADG_12450 Hypothetical protein; vesicles + - + + -

PADG_04741 Hypothetical protein; vesicles + + - + -

PADG_02521 Hypothetical protein; vesicles + - + -

PADG_12101 Hypothetical protein; vesicles - - - + -

PADG_01494 Mannan endo-1,6-a-mannosidase; secreted; DCW1 gene - + - + -

PADG_00948 Oxidoreductase; B. dermatitidis ortholog induced - + - + -
during in vivo infection

PADG_07460 Predicted aminopeptidase; peptidase family M18; induced + + + +
during macrophage interaction

PADG_05820 Predicted aminopeptidase; peptidase family M24; induced + + - -
during macrophage interaction

PADG_07369 Predicted dehydrogenase + + + - +

PADG_02527 Predicted dehydrogenase + - - - -

PADG_02562 Predicted dehydrogenase + + - - -

PADG_02492 Predicted dehydrogenase + - -

PADG_07365 Predicted dehydrogenase + - - - +

PADG_07411 Predicted dehydrogenase + - - - -

PADG_02575 Predicted nonribosomal peptide synthetase + + - -

PADG_06309 Predicted oxidoreductase + + + +

PADG_02592 Predicted oxidoreductase + + + - -

PADG_06322 Predicted peroxidase + + - - +

PADG_02507 Predicted peroxidase; secreted + - - + -

PADG_07053 Predicted protease; peptidase family 16 - - + -

PADG_00686 Predicted protease; peptidase family M28 - - - + +

PADG_06314 Predicted protease; peptidase family S10; secreted; induced + + - - -
during macrophage interaction

PADG_06167 Predicted protease; peptidase family S24 + - - + -

PADG_07422 Predicted protease; peptidase family S8; secreted - + - + +
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TABLE 2 (Continued)
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Locus ID Description of protein T D SNPs dN/dS >1 [

PADG_07454 Predicted scramblase; secreted + - + + +

PADG_06308 Predicted transporter + + + + +

PADG_02081 RING finger domain-containing protein; vesicles - + - + -

PADG_08583 Secreted protein - - + -

PADG_02569 Secreted protein + + - - -

PADG_00954 Secreted protein immunoreactive protein; secreted + + + + -

PADG_07830 Secreted protein; B. dermatitidis ortholog induced - - - + -
during in vivo infection

PADG_05055 Secreted protein; B. dermatitidis ortholog induced + + + + -
during macrophage interaction

PADG_03277 Secreted protein; vesicles; B. dermatitidis ortholog induced - - - + -
during in vivo infection

PADG_02842 Superoxide dismutase; secreted; SOD3 gene; B. dermatitidis - - - + -
ortholog induced during in vivo infection

PADG_05504 Thioredoxin — - - + -

PADG_02515 Transporter + - - + -

PADG_05881 Vacuolar amino acid transporter; vesicles - - - + =

PADG_00941 Xylulose-5-phosphate phosphoketolase; B. dermatitidis - + - + -

ortholog induced during macrophage interaction

high-affinity nickel transporter (PADG_05345), an oxidoreductase (PADG_00948) and
the SOD3-encoded protein. Other genes that were found significantly induced during
the interaction of Blastomyces with macrophages (14) were also found to evolve under
positive selection in Paracoccidioides, including the two most highly upregulated in
infected macrophages, a gene coding for a secreted protein with unknown function
(PADG_01283) and a secreted endo-1,3(4)-B-glucanase gene, ENGT (PADG_12370);
other genes found in both analyses include genes coding for GATA-binding protein
(PADG_05497), an aldehyde reductase (PADG_01835), and a glucan 1,3-B-glucosidase
(PADG_06699) (Table 2; see Data Set S1). These genes therefore may be generally
important for host interactions of dimorphic pathogens and make good candidates for
future studies on their contribution to virulence.

Combining diversity measures reveals lineage-specific targets of positive
selection. Examination of the local variation in nucleotide diversity () and Tajima's D
(TD) across the genome revealed small regions with high lineage-specific diversity,
which also typically showed high TD (Fig. 4C; see Data Set S1 in the supplemental
material). PS2 had the most lineage-specific high-diversity windows, with 14 in total,
coinciding with the more ancient divergence of this lineage and in agreement with
the phylogenetic analysis. The windows with significantly high 7 and TD high-
lighted lineage-specific regions of high diversity and selection, which in some cases
were regions with low interspecific divergence (Fs;) (Fig. 4B).

These high-diversity regions highlighted different sets of variable and rapidly evolv-
ing genes within lineage. These genes encompass diverse cellular functions, including
coding for secreted and cell wall proteins, transport, transcription regulation, oxidative
stress, and proteolysis (Table 2; see Data Set S1), some of which have experimental
evidence of a role in virulence and pathogenicity (see Text S1 in the supplemental
material). Two high-diversity regions found for S1b include two aminopeptidases
(PADG_05820 and PADG_07460) previously noted to be upregulated in Paracoccid-
joides during macrophage infection (18). In the low-diversity PS3 isolates, one large
highly variable region was identified that includes 125 genes (23 with a dN/dS of >1,
12 secreted protein genes, and 9 genes involved with the oxidation reduction process).
Among these genes are genes encoding two glycosylphosphatidylinositol (GPI)-
anchored proteins (including PGAT) and the secreted protein PADG_02535, which was
identified in extracellular vesicles of Paracoccidioides (19), and it was recently shown in
B. dermatitidis that an ortholog was more highly expressed during mouse pulmonary
infection (14). In two regions found for PS2, 11 of 48 genes show evidence of positive
selection (dN/dS of >1) and include genes coding for a serine carboxypeptidase
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(PADG_06314) induced in Paracoccidioides during macrophage infection (18) and a
peroxidase (PADG_06322), as well as the amino acid permease PADG_07440, which in
B. dermatitidis was highly induced during mouse pulmonary infection (14). Differences
in these genes might impact the virulence phenotypes observed across the lineages
and make good candidates for future studies of their contribution to virulence variation
between isolates of Paracoccidioides (Table 2).

DISCUSSION

Building on previous genomic analysis of Paracoccidioides (12, 13), here we reevaluate
the major lineages and provide new reference genomes for two lineages, PS3 and PS4.
Together these data enable a more comprehensive view of the genome content of
Paracoccidioides and help trace the genome-level variation following the recent diver-
gence into well-defined lineages. We find clear support for the separation of P. brasil-
iensis into distinct lineages; however, we also find evidence of recombination and
highest diversity within a single lineage, the newly described S1b. Dating the timing of
the separation of each lineage supported S1b as the earliest diverging P. brasiliensis
lineage, with the later emergence of PS2, S1a, and PS3.

Our study provides additional support for P. brasiliensis and P. lutzii as separate
species, with some amount of incomplete lineage sorting suggested by intermediate
Fs7 values between the P. brasiliensis lineages. Species definitions have been reevalu-
ated in many fungal groups, including the Onygenales (20), based on improved
phylogenies from wider sets of isolates compared or incorporation of additional loci, or
even whole genomes, in addition to the analysis of morphological data of sexual and
asexual structures and the evidence of sexual reproduction. Using multiple approaches,
we see clear separation of P. brasiliensis and P. lutzii and evidence of recombination
within P. brasiliensis; however, this recombination did not appear to be recent. While
the phylogenetic separation suggests the P. brasiliensis lineages are largely genetically
isolated, increased sample size is required to compare variation within and between the
lineages to support their separation into different species.

We found support for a split in the S1 group into S1a and S1b lineages; in addition
to genetic separation, signatures of recombination clearly differentiate S1b from S1a.
While the phylogenetic analysis suggests that S1a and S1b are both monophyletic, we
also find evidence from multiple analyses that S1b, the most geographically wide-
spread lineage, has undergone recombination with each of the other lineages. This
appears to be mostly ancestral, as F; while variable did not reveal any large recently
introgressed regions between lineages. The mixed ancestry of PS4 also suggests that
more ancient recombination created this lineage, as the pattern of SNP ancestry across
the genome revealed an intermixed distribution of both S1b and PS3 alleles that were
likely shuffled by extensive recombination over time. The sequence of additional
isolates of PS4 as well as S1b could help further explore how alleles within these groups
are distributed within each lineage and across geographic regions.

All lineages, including S1a and S1b, contain roughly equal numbers of both mating
types based on the sequenced isolates; an equal ratio was also previously noted in a wider
set of P. brasiliensis isolates (21). The equal representation suggests that other differences
between the strains explain how S1b has undergone higher levels of recombination
compared to S1a. Direct testing of mating potential for different strains requires the further
development of laboratory mating experiments, which appear to only initiate but not
complete mating to date (22). In addition, further studies comparing larger numbers of
isolates from the same geographic region but different lineage groups would be more
sensitive to detecting recent exchange between groups in nature.

This genome-wide comparison of the major lineages of Paracoccidioides revealed
that while the genome organization and gene content are highly conserved, specific
genes under positive selection include several previously known to be important for
host interaction as well as new candidates. Two of the genes we identified (GP43 and
(TS20) were noted in a previous study, which utilized expressed sequence tags (ESTs)
and found evidence of positive selection in 11 of 32 examined genes implicated in
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virulence (23). Here, we find evidence for positive selection in an average of 485 genes
per strain using the updated genome sequences. In addition to GP43, we see evidence
of selection in the gene coding for the secreted antigenic GPl-anchored protein, PGAT
(24). Other genes under positive selection include those coding for aminopeptidases
highly upregulated during host-pathogen interactions (14), secreted proteins previ-
ously found in Paracoccidioides extracellular vesicles (19), and other proteins involved
in mitigating oxidative stress that were also found induced during the interaction with
macrophages, such as the AOX, SOD3, and CBP1 genes (14, 18, 25-27). Secreted proteins
in Paracoccidioides have been associated with nutrient acquisition, cell defense, and
modulation of the host defense machinery.

Better knowledge of the differences between the Paracoccidioides lineages can help
guide the development of new diagnostics, treatments, and models of pathogen
evolution. Delineation of the prevalent S1 group into the well-separated S1a and S1b
lineages allowed us to differentiate S1b as the more highly recombining and diverse
lineage. The higher diversity present in S1b may contribute to its dispersion and
survival in a wider geographical range than the other lineages, perhaps enabling local
adaptation such as to temperature variation. In our data, all of the S1b strains are
clinical isolates and include two highly virulent strains, Pb18 and Pb113, and two strains
from acute PCM cases (PbBlo and PbCaz). In contrast, the S1a lineage includes clinical
and armadillo isolates, with very few sequence differences between strains from
these sources. Sequence of isolates from a wider geographical range, including Brazil,
Argentina, Paraguay, and Mexico, would likely increase the sampled genetic diversity of
Paracoccidioides and allow further study of these trends; additional isolates could also
enable genome-wide association studies of clinically relevant phenotypes. Develop-
ment of sequence-based diagnostics will need to take into consideration that S1b
strains share a higher percentage of alleles with all other strains; as these sites could
contribute to misidentification of lineages, sufficient power or selection of sites unique
to each group that also take into account the higher diversity in S1b would improve
diagnostic power.

MATERIALS AND METHODS

Selection and sequencing of Paracoccidioides isolates. A total of 31 isolates of P. brasiliensis and
P. lutzii were sequenced and included in the analyses (Table 1): 11 isolates from lineage S1a, 4 isolates
from S1b, 7 isolates from PS3, 4 isolates from PS2, 1 isolate from PS4, and 4 isolates from P. lutzii. Selected
isolates included clinical isolates from acute and chronic PCM cases, environmental isolates from
armadillos, and the previously published and updated reference genomes of P. brasiliensis (Pb03 from
PS2 and Pb18 from S1) and Pb01 from P. lutzii (12, 13). Genomic DNA for sequencing was prepared
from yeast culture, using phenol-chloroform extraction method. The genomes were sequenced using
lllumina sequencing platforms and using different insert sizes (~620, ~180, or ~650 bp), paired-end-read
lengths (150, 101, or 100 bp) and sequence coverage ranging from 68 to 419 (see Table S1 in the
supplemental material).

Identification and analysis of gene orthologs and selection analysis. For a detailed description
of the genome assembly and gene annotation of P. brasiliensis Pb300 and PbCnh strains, see the
supplemental material. The five assembled and annotated genomes representing each lineage of the
Paracoccidioides species were used for comparative analysis. Genes were functionally annotated by
assigning Pfam domains, GO terms, KEGG classification, SignalP, and TMHMM. OrthoMCL (28) was used
to cluster the protein-coding genes of the four chosen genomes by similarity and create sets of genes
that have a high probability of being orthologous to each other.

For selection analysis, variant call format (VCF) files were used to align the reference transcript set in
coding triplets in the PHYLIP multiple sequence alignment format. Then we calculated the ratio of
nonsynonymous to synonymous substitutions (dN/dS) within the Paracoccidioides genus on properly
aligned genes. We employed the yn00 program in PAML (29), implementing the Yang and Nielsen
method (30). To eliminate the possibility that fast-evolving genes detected in this analysis were biased
for false-positive SNP calls, we calculated the mean base quality, mean mapping quality, and quality
normalized to depth and compared these parameters for all fast-evolving genes and all other genes.

SNP variant detection and analysis. To detect polymorphisms, we used reference assemblies
representing each lineage (Pb18, Pb03, PbCnh, Pb300, and Pb01). Each of the 31 lllumina data sets was
independently aligned to the genome assemblies using the short read component aln of BWA version
0.5.9 (31) with default settings. SNPs and indels were called with Pilon version 1.4 using the haploid
ploidy default setting (32). An average of 38 million reads was aligned per strain, with an average quality
and error rate of 33.2 and 2.0E—02, respectively (see Table S1 in the supplemental material). Variant call
format (VCF) files were filtered using VCFtools version 0.1.12 (33) or according to further analyses—e.g.,
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considering SNP calls in all strains with genotype 1/1 and minimum depth 4. For SNP positions, the total
mapping depth was 125 and the mean base quality was 34, averaged across all variants (see Table S1).

To address if any lineage could be uniformly diploid, we examined candidate heterozygous positions
predicted by Pilon. The low frequency of such positions (~0.04%), which often overlap repetitive
sequence (68% of these positions), suggests there is little evidence for diploidy. This suggests that all
sequenced genomes are homozygous haploids, as expected from prior work establishing that Paracoc-
cidioides species are haploid (34, 35).

The false discovery rate (FDR) was estimated as an additional parameter of the mapping and SNP
calling accuracy (36). As a truth set, we simulated 670,000 random mutations in the reference genome
(Pb18). The number of random mutations was the maximum number of mutations detected with the
sequenced strains. Next, we aligned the raw reads to the random-mutated reference, called SNPs, and
compared them to the known truth set of simulated mutations to calculate the accuracy of our data and
process. Both the number of true positives (658,566; precision, 99.8%, and sensitivity, 98.3%) and the
number of false positives (386; 0.06%) show the high accuracy of the overall process, including read
quality, alignment accuracy, and the SNP calls.

To determine the chromosomal copy number variation (CCNV) and the distribution of SNPs across
the genome, we calculated the alignment density (depth of read coverage) and SNP density (frequency
of SNPs per site), respectively. All VCF files were summarized in 10-kb nonoverlapping windows. The
alignment density was normalized by the average genomic coverage and the window length. The SNP
density was normalized by the window length. The genome assembly of Pb18 is anchored to chromo-
somes (12); we used this reference to map the alignment density and SNP density into chromosomes.
Pb03, PbCnh, Pb300, and Pb01 were mapped into scaffolds.

To more finely compare variant sites between lineages, we classified the distribution of biallelic loci
between two populations categorized as “shared,” “fixed,” or “private.” If one allele is present in all
members of one population and the other allele is present in all members of the other population, that
locus was considered “fixed.” If both alleles are present in both populations, that locus was considered
“shared.” If one allele is present in all members of one population and the other population has both
alleles, that locus was considered “private.”

To analyze each SNP in the context of gene annotations of the reference genomes we used
VCFannotator (http://sourceforge.net/projects/vcfannotator/). Variants were placed in the context of
genome feature annotations and indicated as “intergenic,” “intronic,” or “coding.” The type of coding
mutation was further characterized by its impact on the protein-coding sequence as “synonymous,”
“nonsynonymous,” “nonsense,” or “read-through.” To evaluate the support for each mutation, the mean
base quality, the mean mapping quality, and the quality normalized to depth were retrieved and
compared.

Phylogenetic analysis using whole-genome SNPs. Alignments were constructed from SNP matri-
ces extracted from the VCF format. To consider a position in the alignment matrix, we used a minimum
depth of coverage of 4, and we kept those positions with at least one variant site in all the sequenced
isolates. We built an SNP alignment matrix for each Paracoccidioides reference strain used here repre-
senting each lineage to obtain four trees and compare their topologies. Maximum likelihood phylogenies
were constructed using RAXML version 8.0.20 (37) using the GTRCAT nucleotide substitution model and
bootstrap analysis based on 1,000 replicates. To infer Bayesian phylogenetic trees and to estimate the
divergence and most common ancestor dates, we used BEAST v1.8.2 (38). Using the SNP matrices, we
normalized the mutation rate for genome-wide variable sites (normalized, 4.43E—8; genome-wide, 1E—9
[39]) that was used as the clock rate along with the coalescent model, relaxed clock/uncorrelated
lognormal clock model. For nonpartitioned variant sites, we used the strict clock model, with the
constant pattern model, general time reversible (GTR) (G+1) substitution model, and 20,000,000 Markov
chain Monte Carlo (MCMC) chains. Tracer v1.6.0 (http://beast.bio.ed.ac.uk/Tracer) was used to visualize
traces and inspect the effective sample size and MCMC. We determined the relationship of the
sequenced isolates using the NeighborNet algorithm with SplitsTree4 (40).

Population genetic structure analyses. We performed a principal-component analysis (PCA) on a
matrix of SNP calls for all of the Paracoccidioides isolates (n = 31) and for only the P. brasiliensis isolates
(n = 26), using SMARTPCA (41). Population structure was performed using the Bayesian model-based
clustering program STRUCTURE v2.3 (16) in the site-by-site mode, with successive k values from 2 to 6.
We identified populations within Paracoccidioides using 476,589 SNPs in all isolates and within P. brasil-
iensis isolates using 339,966 SNPs. We estimated the model evidence for k using thermodynamic
integration method as implemented in MavericK v1.0 (42), using replicates for 10 randomly generated
1% subsamples of the P. brasiliensis SNP matrix; this supported k = 4 as the best choice for P. brasiliensis
(see Fig. S5B in the supplemental material). Genome-wide nucleotide diversity (7) and Tajima’s D were
computed for each identified Paracoccidioides population (S1a, S1b, PS2, PS3, and P. lutzii) using VCFtools
v0.1.12 (33). The average nucleotide diversity (m) and Tajima’s D were computed for nonoverlapping
sliding windows of 10 kb. We calculated Wright's fixation index (Fs; [43]) according to the equations
given in VCFtools v0.1.12 (33) adjusted for low sample sizes. Sliding-window Fg; analyses were conducted
using all SNPs found within 10-kb nonoverlapping windows. Variant call format (VCF) files were filtered
using an in-house perl script to calculate Fg;, and clusters for comparison were chosen based on the
whole-genome phylogenetic tree.

Accession number(s). The assemblies and annotations of the P. brasiliensis genomes have been
deposited in DDBJ/ENA/GenBank under the following accession numbers: Paracoccidioides brasiliensis
PbCnh, LYUC00000000; Paracoccidioides brasiliensis Pb300, LZYO00000000. All of the whole-genome
sequence (WGS) raw data for the 31 Paracoccidioides strains have been deposited in the NCBI Sequence
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Read Archive (BioProject, PRINA322632; SRA, SRP077566). BioSample and SRA accession numbers for
individual strains are included in Table S1 in the supplemental material.
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Abstract

Histoplasmosis 1s a systemic fungal disease caused by the fungal pathogen
Histoplasma capsulatum that causes significant morbidity and mortality in HIV/AIDS
patients and can also affect immunocompetent individuals. Although more recently
PCR assays and antigen-detection assays have been developed, conventional diagnosis
has largely relied on culture, which can take up to several weeks. One molecular assay
used for clinical detection amplifies a 100 kDa protein coding gene that is present in
H. capsulatum using nested PCR. Our aim was to provide a proof of principle for
rationally designing and standardizing a conventional and a corresponding real-time
PCR assay using Histoplasma-specific genomic regions, found by screening aligned
assemblies, that would only require one PCR run, instead of the two runs of a typical
nested PCR assay. Using all available genomic sequences for H. capsulatum and
closely related fungi, we tried search strategies for identifying genomic regions that
are specific to this species and could therefore be used to design conventional and
real-time PCR assays. In the first approach we searched for Histoplasma-specific
regions within current assemblies with high intraspecies conservation via multiple
sequence alignments of contigs/scaffolds. Our second approach utilized gene
annotations to search for protein-coding genes that are present in H. capsulatum but
are not present in other species via orthologous gene clusters. A third approach
involves a sliding window Blast algorithm to search for sequences in H. capsulatum
assemblies of any desired size and/or spacing that are conserved within and only

within H. capsulatum strains. The genomes of sequenced H. capsulatum strains were
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compared in silico to other closely related fungal genomes within the Onygenales
order, as well as to some fungal outgroups and human. We were able to design two
PCR assays, whose primer sets can be used with either conventional or real-time PCR.
Both primer sets resulted in 100% analytical specificity in vitro and following a
positive detection of 62/62 H. capsulatum isolates using purified DNA. Positive
control plasmid 10 fold serial dilutions were used to further test the analytical
sensitivity of the primer sets. We believe that assays that can be derived via the whole-
genome screening approach we propose could detect the presence of H. capsulatum
cheaper and faster than currently used nested PCR assays. The proof of principle
presented here establishes a new way to develop diagnostic assays, based on whole-

genome scanning, that should be useful also for detecting other pathogenic fungi.
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Introduction

Histoplasmosis is a systemic fungal disease caused by the inhalation of conidia of the
dimorphic fungus Histoplasma capsulatum, with cases reported worldwide.
Histoplasmosis is one of the most frequent fungal infections affecting individuals with
HIV/AIDS. Histoplasmosis causes significant morbidity and mortality in HIV-infected
individuals, particularly in those countries with limited access to rapid diagnostics or
antiretroviral therapies, with up to 40% mortality reported (Kauffman 2009, Scheel et
al. 2009, Baddley et al. 2008, Deepe 2010). The initial pulmonary manifestations of
histoplasmosis are often misdiagnosed as a bacterial or viral pneumonia or classified
as another disease, e.g., tuberculosis, with time and effort spent looking for non-fungal
infectious etiologies. Diagnosis has traditionally relied largely on conventional blood
cultures, which are positive in only approximately 50% of cases and may take up to 6
weeks, thus delaying diagnosis and initiation of therapy (Kauffman 2007). A major
limitation of the serological test is that in the presence of an active infection, they are
negative in up to 50% of immunosuppressed patients, especially those with AIDS
(Deepe 2010). Given the public health need to provide reliable, rapid and affordable
diagnosis of histoplasmosis, there is strong motivation to develop new and rapid
diagnostic methods with high sensitivity and specificity, for example by employing
molecular techniques (Scheel and Gomez 2014, Gomez 2011, Nacher et al. 2013).
Fungal infections can be diagnosed on the basis of morphological,
immunological, clinical, and histopathological information. Of these procedures,

histopathology can provide important diagnostic information in a relatively short

122



Chapter 9: Design and standardization of a conventional and a real time PCR assay based on novel species-specific
genomic regions of the fungal pathogen Histoplasma capsulatum

period of time, but identification is typically only tentative unless complemented by
specialized techniques such as immunofluorescence, or when the etiological agent has
distinct unique structures. Gomori methenamine or Grocott staining are useful for H.
capsulatum yeast identification although via these or other methods it is easily
confused with other yeasts such as Candida spp., Pneumocystes jirovecii,
Cryptococcus neoformans or other infectious agents such as Leishmania spp. and
Toxoplasma gondii (Brandt, Gomez and Warnock 2011, Deepe 2010).

DNA-based diagnosis has not yet been established as a routine diagnostic tool
for histoplasmosis, but is used in some reference laboratories (De Pauw et al. 2008,
Kauffman 2009). One molecular assay used for the detection of histoplasmosis is a
nested PCR assay based on a gene coding for a 100 kDa protein that is considered
specific to H. capsulatum (Bialek et al. 2002).

A new line of interest has arisen as a result of increased reliability of fungal
genome sequencing pipelines and assembly algorithms during the last decade.
Reference sequences that were utilized when some of the currently available assays
were designed and validated have since been updated, and for some fungi this has
resulted in dramatic quality improvements in sequence and annotation (Mufioz et al.
2014). With recent availability of finished and draft genome assemblies, as well as
unassembled raw sequence reads, new target regions can be identified for developing
more accurate molecular diagnostic assays. Such regions should have sequences that
are both specific to the fungus of interest (i.e., not present in other organisms) and

conserved in all strains of the fungus that might be present in clinical contexts.
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In general, properly designed and clinically validated assays should provide
the laboratory technician and clinician with a definitive diagnosis of the fungal
pathogen via a PCR assay that is easy to implement. Low income countries can be
affected in the diagnosis of fungal pathogens as a result of inadequate infrastructure
and high costs of importation, high costs of healthcare, and/or limited budgets of local
healthcare facilities/research centers (Harris 1998), and application of molecular
assays in clinical settings should not be limited to highly specialized reference
laboratories. Although molecular biology equipment is costly, a local research center
or small clinic may be able to easily acquire a thermal cycler for conventional PCR, or
if the budget permits, the equipment needed for real time PCR.

With possible economic or time constraints in mind, we aimed to design a
diagnostic method using either conventional PCR or real time PCR that does not
require sequencing, and reasoned that an easily deployable and affordable assay would
be beneficial for the public health sector. Considering that the development of
molecular assay methods for the diagnosis of fungal infections has sometimes been
guided by anecdotal reports rather than rational principles, the present work explores a
new route. We describe here a molecular diagnostic approach that should be capable
of a high level of analytical specificity and analytical sensitivity for detecting the
important endemic fungus H. capsulatum, involving a novel strategy for the rational
design of PCR assays that can be used where accurate whole genome sequences of
multiple strains of the target species and its close relatives are available and can be

aligned.
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Materials and Methods

Finding of unique regions of H. capsulatum
The methodology to find genome regions that are unique to H. capsulatum is based on
bioinformatic strategies explored by our group. These strategies utilize various open
source whole genome alignment algorithms, such as NUCmer and PROmer from the
MUMMER package (Delcher et al. 2003) and Blast (Altschul et al. 1990). We focused
on closely related fungal species to demonstrate uniqueness of regions to H.
capsulatum, including Paracoccidioides brasiliensis, P. lutzii, Blastomyces
dermatitidis, Emmonsia crescens, E. parva, as well as outgroups within the order
Onygenales, non-fungal pathogens, and human. For H. capsulatum, all available
genome sequences, including sequences from diverse strains, were obtained from
publicly available databases. The fungal species listed above must be considered for
possible cross-reaction due to phylogenetic relationship and homology. Once the
sequences were obtained, three approaches were considered.

The first approach used involved searching for Histoplasma-specific regions
within current assemblies. The contigs/scaffolds of the reference assembly of H.
capsulatum were aligned to contigs/scaffolds of the other fungal species, in particular
with the closely related pathogen Paracoccidioides spp. where we could vouch for
high sequence quality (Mufioz et al. 2014). The alignments were done using NUCmer
and PROmer from the MUMMER package and Blast. Contigs/scaffolds from H.
capsulatum that did not align to any contigs/scaffolds in these other fungal species

were selected as potentially Histoplasma-specific contigs/scaffolds. A second-pass
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verification for analytical sensitivity was done by aligning all available strain
sequences of H. capsulatum to ensure intraspecies inclusion. The subregions within
the contigs/scaffolds that passed these filters were retained as potential sites for primer
design. Once candidate primer sequences were designed, we used an additional
filtering step to check that they were not similar to known sequences of other
pathogens or to human genomic DNA, via Blast versus the non-redundant (nr) NCBI
database.

The second approach utilized gene annotations to search for protein-coding
genes that are present in H. capsulatum but are not present in other fungal species. We
used gene annotations from the closely related fungal pathogens in the
Ajellomycetaceae family, which includes H. capsulatum, as well as other fungal
species from the order Onygenales. This was done by searching orthologous gene
clusters obtained using OrthoMCL (Li et al. 2003). Gene clusters that were
represented only in H. capsulatum and not in the other species were selected as
potential genes for primer design. An additional step was performed via Blast versus
non-redundant databases to verify that the gene or genes selected are not present in
any known sequences of other organisms. If the gene or genes have small regions that
overlap with other organisms, or regions that are not conserved among H. capsulatum
strains, these regions are flagged as sites to avoid when designing primers, and the

regions that remain are used for primer design.
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A third approach involves a pairwise alignment algorithm based on a sliding
window Blast to search for sequences in H. capsulatum assemblies of any desired size
and/or spacing that are conserved within and only within H. capsulatum strains. We
used window sizes of 500 and 250 base pairs (bp). This screening generates a cluster
of genomic regions based on sequence homology. H. capsulatum sequence segments
that met the criteria of no similarity in the assemblies used for the query species, and
that also met the criteria of being conserved in the strains of H. capsulatum, were

considered as candidates for primer design.
DNA strains

Genomic DNA from fungal strain cultures listed in Table 1 were obtained from
several fungal pathogen DNA collections maintained at the Corporacion para
Investigaciones Biologicas (CIB, Medellin, Colombia) or the Centers for Disease
Control and Prevention (CDC, Atlanta, GA). Genomic DNA for microbial strains used
in analytical specificity tests were also obtained from these collections and are listed in
Table 1. The relative concentrations of the genomic DNA were determined with a

NanoDrop ND1000 apparatus (Thermo Scientific, Wilmington, DE).
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Table 1. Species used for in vitro testing of analytical specificity

Species Isolate Species Isolate
Coccidioides CDC B6037,CDCB10637,CDC Candida CIB Collection
immitis B10757,CDC B10813 guillermondi
Blastomyces CDC B3591,CDC 26117, CDC Candida CIB Collection
dermatitidis 180017,CDC 26116, CDC 26114 | tropicalis
Aspergillus CDCATCC1022T Candida CIB Collection
fumigatus parapsilopsis
Aspergillus CDC NRRL238, CDC NRRL239 Candida CIB Collection
versicolor glabrata
Aspergillus NRRL485, IF1 03-0139 Chrysosporium | CDC B1959, CDC B1980,
flavus keratinophilum | CDC B3644, CDC B2705
Aspergillus CDCIBT14590, CDC 141 Cryptococcus B8915, B9029
terreus neoformans
Aspergillus niger | IF103-0052, ATCC1015 Cryptococcus B8558, B9300

gattii
Neosartorya B6256 Uncinocarpus CDCCBS 121.77
fischeri reesii
Neosartorya B5571, B5573 Pneumocystis CDC 163
pseudofischeri jirovecii
Paracoccidioides | CIB Pb18, CIB Pb03 Mycobacterium | CIB Collection
brasiliensis tuberculosis
Paracoccidioides | CIB Pb01 Mycobacterium | CIB Collection
lutzii avium
Candida CIB Collection Mycobacterium | CIB Collection
albicans chelonae
Mycobacterium | CIB Collection
fortuitum

Primer design

The primers were designed using the Histoplasma-unique regions selected via the

bioinformatic analysis and subsequently analyzed using OligoAnalyzer 3.1 using

quality control guidelines provided by Integrated DNA Technologies, Inc. (IDT).

Some quality control aspects that were checked include: primers must be between 20-

23 nucleotides in length, ideal GC content of primers is between 40-60%, melting

temperatures (T,) of primers should be between 42-65°C, primers in a pair should
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have T,’s within 2°C of each other, and secondary structures (i.e., hairpins) within

primers and potential dimerization between the primers should be avoided.

The primers designed were subjected to a BLAST search against the GenBank
sequence database, to avoid cross-homology with other microorganisms or the human
genome. The primers that were selected are listed in Table 2. These primers were

designed for use in the conventional and real time PCR assays.

Table 2. Primer details

Gene Primer Length Temperature GC% A.mplicon Primer Sequence
(bp) size (bp)
CFP4 Forward 23 57.1°C 52.2 200 5'-GTGACATCTGGAGCAGCTGTTGA-3'
Reverse 23 57.1°C 52.2 5'-TCAACTCGGGCGCTCTGTCAAAA-3'
PPK Forward =~ 22 54.8°C 50 400 5'-CTGGTAAATAGGCGCTGTCTTG-3'
Reverse 22 54.8°C 50 5'-AGCTCAGCATCGACCGAATGAA-3'

Conventional PCR assay

The uniqueness of genomic regions for H. capsulatum were computationally predicted
to be unique and experimentally assessed by conventional PCR. Thermocycler
conditions were standardized via a temperature gradient of 54°C - 60°C using T100

Bio-Rad Thermal Cycler. The amplification products were analyzed on agarose gel

and visualized with ethidium bromide under UV light. The PCR conditions selected

were as follows: an initial step of 95°C for 10 min, followed by 45 cycles of 95°C for

30 seconds, 60°C for 30 seconds, and 72°C for 1 min.
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Real time PCR assay

Real-time PCR (RT-qPCR) was performed using SYBR Green Real-Time PCR
Master Mix, according to the manufacturer’s instructions (Thermo Fisher Scientific
Inc, USA) and using conditions standardized via conventional PCR. The CFX96 Real-
Time PCR Detection System (Bio-Rad, Headquarters Hercules, California, USA) was
used to carry out the amplification. PCR reactions were performed in 20-Y 1 final
volume containing qPCR master mix 2x. Each experiment was carried out in triplicate.
The real time PCR conditions were as follows: an initial step of 95°C for 10 min,
followed by 45 cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 70°C for 1

min, with a melting curve at 60°C to 95°C incremented 0.5°C each 0.05.

Determining analytical specificity of primers in vitro

The analytical specificity of the primer sets was evaluated by conventional PCR and
corresponding real time PCR using purified DNA from different isolates of H.
capsulatum, as well as from collections of other related fungal pathogens and
Mycobacterium tuberculosis maintained by the Corporacion para Investigaciones
Bioldgicas (CIB) and the Centers for Disease Control and Prevention (CDC, Atlanta,
GA). The isolates were tested at a concentration of 1 ng/ul. For analytical sensitivity
tests, all strains of H. capsulatum were tested for amplification with our chosen
primers. A total of 62 H. capsulatum isolates were used, including isolates from North
America (H. capsulatum CDC/Thon and H. capsulatum G217B), Central and South

America (H. capsulatum CIB 1980, H. capsulatum G184B, H. capsulatum CDC

130



Chapter 9: Design and standardization of a conventional and a real time PCR assay based on novel species-specific
genomic regions of the fungal pathogen Histoplasma capsulatum

3670/CDC2787), and from Africa (H. duboisii CDC5822/CDC5823). Isolates of other

pathogens used for the analytical specificity are listed in Table 1.

Generation of positive-control plasmids

Positive-control plasmids were constructed for H. capsulatum using the primers
designed from species-specific regions or genes as described above. The amplified
targets were cloned into the pCR 2.1 vector using the pCR 2.1 TOPO TA cloning kit
(Invitrogen Corporation Carlsbad, CA) according to the manufacturer’s instructions.
The plasmid construct was then purified using the PureLink® Quick Plasmid
Miniprep Kit (Thermo Fisher Scientific Inc). The ligation reactions were transformed

in TOP10 chemically competent cells. Colonies were selected in LB plates containing

50 ug/ml kanamycin (two for each transformation; Babady et al. 2011).
Determining diagnostic sensitivity

The in vitro analytical sensitivity test of the assay was determined by testing a dilution
series of H. capsulatum control plasmids. A 10-fold serial dilution of the plasmid was
performed in TE buffer (10° copies/ul serially diluted to 10 copies/ul) and was used to
construct the standard curve for limit of detection (LOD). Cycle threshold (CT) values
for each dilution series were determined in triplicates in 3 different experiments
consisting of 3 different tubes corresponding to the specific dilution of the curve on 3

different days.

131



Chapter 9: Design and standardization of a conventional and a real time PCR assay based on novel species-specific
genomic regions of the fungal pathogen Histoplasma capsulatum

Results

In silico assay design

We implemented bioinformatic approaches to search for regions within the genome of
H. capsulatum that are unique to this species (a criterion needed for high specificity),
as well as likely to be present in all strains of these species (a criterion needed for high
sensitivity), and that could therefore be used for the identification of H. capsulatum
via PCR assays. These allowed us to find several regions that were optimal for primer
design.

First, we searched for H. capsulatum scaffolds that were not similar to
genomic regions of other species. In H. capsulatum we found scaffolds, i.e., large
contiguous regions (HcG186AR contig 2.315 / supercontig 2.50, length=22,664 nt;
HcG217B contig 171, length=13,544 nt; HcH143 contig 2.108 in supercontig 2.1,
length=8,250 nt; HcHS88 scaffold 455, length= 1,881 nt,;
https://www broadinstitute.org/fungal-genome-initiative/histoplasma-genome-project)
that met the criteria of not aligning to other closely related fungal species and of being
present in all of the H. capsulatum strains queried. It was not possible to design
primers within these regions because of the low yield of perfect alignment stretches
longer than 20 base pairs that were conserved among the H. capsulatum strain
sequences we used. This low yield may be partly due to sequencing and/or assembly
errors, e.g.., single nucleotide errors (SNEs) masquerading as true SNPs, reflecting

limited quality of the assemblies currently available for H. capsulatum. We therefore
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did not include the regions found in this approach in the design of our assays reported
here, although future improvements of the H. capsulatum sequences may render this
approach feasible.

We next used, as a second approach, a search for entire protein-coding genes
that are unique to H. capsulatum. This second approach allowed us to design two
promising PCR primer pairs for the detection of the species. We were able to design
primer pairs for two of the genic regions obtained, which were located in the two
genes coding for culture filtrate protein 4 (CFP4; HCAG_06604; Holbrook et al.
2014) and a predicted protein kinase (PPK; HCBG_02218). The decision to focus on
these two regions was based on their gene annotation having a gene function
associated to it, as many of the other genes had no name or putative function. The
CFP4 gene had been previously described as having potential as a diagnostic
exoantigen (Holbrook et al., 2014). The genes were found using OrthoMCL matrix
results. The matrix produced was queried for genes that did not have any likely
orthologs in other sequenced species that we screened (see Materials and Methods).
We used strict filtering for the selection of the genes. Only genes that had no similarity
to potentially orthologous genes in the species queried were selected for further
analysis. Genes that met this criterion were then queried by Blastn (via the NCBI web
server) against the nr database in order to check the uniqueness of the genes to H.

capsulatum.
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The implementation of our second approach yielded many regions with
sufficient length for primer design. Although in theory any of the regions discovered
could have been used, we specifically used the two genomic regions from non-trivially
annotated genes as they seemed most likely to play a biological role. ie., to be
robustly species-specific regions because of some true functional differentiator
contrasting with closely related fungi. The primer details and PCR conditions are
listed in Table 2. For real time PCR contexts, we did not consider designs involving a
sequence-specific probe for a region between the two primers, as our aim was to keep
costs low without sacrificing specificity. Instead, we focused on the use of DNA
intercalating dyes such as SYBR Green. PCR conditions were the same for
conventional and real-time PCR.

Using a third approach, which does not depend on gene annotations or the
lengths of the scaffolds, we confirmed the uniqueness of the regions selected by the
first two search strategies. The use of our algorithm for this third approach permitted
the discovery of other unique genomic regions that were not found using the other

strategies, but they were not analyzed further in this study.

Analytical sensitivity and specificity of primers using fungal

genomic DNA in vitro

We tested our assay designs with 62 H. capsulatum strains from the fungal DNA
collections of the CDC and the CIB. The outcomes were positive for all of the 62

strains tested, i.e., the primer pairs had 100% analytical sensitivity in vitro. Specificity
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tests were done using the species mentioned above. The amplification was 100%
specific to H. capsulatum as no amplification was observed in other species.

The PPK primer pair resulted in PCR products with homogenous amplicon
sizes in all the tested DNAs, weighing approximately 400 bp. The CFP4 assay resulted
in PCR products amplicons weighing approximately 800 bp, although a few strains
had amplicons reaching up to 1000 bp when testing in positive control plasmids.
Considering that smaller fragment sizes (i.e., lower molecular weights) might often be
present in preparations of DNA from a clinical sample, we recommend primarily the

PPK primer pair instead of the CFP4 primer pair.
Limit of detection (LOD) using positive plasmid control

In order to test for the analytical limit of detection of the assays, 10 fold serial
dilutions of positive control plasmids were performed from 1 ng down to 1 fg for both
CFP4 and PPK plasmid controls. The dilutions were amplified via real time PCR
using standard conditions in triplicates for a sample processed on day 1, day 2 and day
3 for both plasmid controls. Detection of the positive control plasmid was observed up
to 1 fg for all attempts for both CFP4 and PPK plasmids. The LOD figure (Fig 1)
shows very homogenous amplification curves for the PPK plasmid; the LOD figure
for the CFP4 had higher variability within the day replicates. Although both regions
showed low limits of detection, we recommend using the PPK primer pair based on
the higher reproducibility observed. LOD was also tested via conventional PCR. A

positive band was observed up to 1 fg for PPK (Fig 2).
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Figure 1. Quantification standard curve obtained by using serial dilution 1:10 of

different concentrations of DNA construct from PPK genomic region.
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Figure 2. PPK control plasmid serial dilutions with no template control (NTC).
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Discussion

We systematically designed and tested two primer pairs that could be used for
conventional or real time PCR using similar conditions and the same primer sets. We
specifically focused on a general design to work for both technologies due to the lack
of specialized real time PCR equipment in standard molecular biology labs in some
clinical facilities and countries. The regions in which the primer pairs were located
correspond to two coding genes, culture filtrate protein 4 (CFP4) and a putative
protein kinase, PPK. Due to the smaller PCR product size and more homogenous
amplification curves during LOD testing, we selected the PPK primer pair for
recommending of posterior assay testing. Although the CFP4 primer pair may be
utilized, we believe that the PPK primer pair may be more efficient with the current
design. The PPK primer pair was able to detect in vitro down to 1 fg of the control
plasmid using both real time and conventional PCR designs. Other CFP4 primer pairs
may allow reduction of the PCR product size and of the variability of the amplification
curves.

We focused on the idea of creating primer sets that should work both for
conventional and real time PCR, and that do not involve a nested PCR design. Nested
PCR requires two amplification steps, which can increase complexity of the assay and
laboratory processing times and costs as well as increasing the probability of
contamination. Assays using primer pairs obtained via our screening methods should

not need a secondary amplification step, and in the designs we tested the limits of
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detection were low enough to be comparable to a previous nested PCR assay of Bialek
et al. targeting a region of a gene for a 100kDa protein.

Since the PCR assay for the detection of H. capsulatum amplifying the 100kDa
protein (Bialek 2002) has been used with success, we searched for the sequence of this
gene in our OrthoMCL results. The results did not include this gene as a unique gene
for H. capsulatum. Blast results showed that the sequence for the 100kDa gene as well
as the primers used in the assay share homology with other closely related fungal
species such as B. dermatitidis and P. lutzii. The 100 kDa assay may therefore succeed
because of sufficient sequence differences in a gene that is however present in a
number of related species, and not because of a strict absence of homologs of that
gene in genera outside Histoplasma.

Since the PPK assay that we suggest here for further clinical testing was
designed in a region coding for a protein kinase, we believe that this region should
maintain evolutionary stability throughout strains of H. capsulatum. We confirmed in
vitro analytical sensitivity of the primer pair via testing of DNA from 62 H.
capsulatum strains of different lineages representing a large geographical diversity,
and we observed amplification in all 62 isolates tested.

Experimental validations of PCR-based diagnostic tests typically involve three
phases. The first phase is in vitro testing that the assay works well for pure fungal
DNA of the target species, without any other DNA present (in vitro phylogenomic
sensitivity testing), and that it does not amplify DNA of other species, again tested in

isolation with only one species present at a time (in vitro phylogenomic specificity
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testing). The second or intermediate phase involves contexts of the DNA that are not
yet full clinical laboratory scenarios such as blood samples of infected patients, but
that go beyond the first in vitro scenario; such contexts could include, for example,
samples of human blood that are experimentally ‘spiked’ with fungal samples in the
lab, i.e., whole-blood infection models (which are used also in other research contexts,
e.g., Lehnert et al 2015; Hiinniger et al, 2014; Dix et al. 2015). The third and final
phase uses blood, tissues, body fluids or other samples of patients with demonstrated
infection by the target species from clinical cohorts, together with corresponding
negative control samples from individuals who are known not to be infected with the
target pathogen but possibly with other pathogens.

Clinical samples were not available for testing the sensitivity or specificity of
our assays in clinical contexts. To include a full clinical assay test in the present work
would have led outside its aim and scope. Instead, we have presented here a proof of
principle of the likely efficacy and practical utility of a conceptually simple new
method for designing primer pairs for PCR assays to detect pathogenic target species
in regions of the fungal tree that are represented by high-quality (‘clinical grade’)
whole-genome sequences. In order to assess the validity of the results reported here
for use in clinical laboratories, assays based on the primers pairs would need to be
tested in clinical samples. In the future, we hope to collaborate in a cohort study and

test our assays on clinical samples.
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We were able to identify two promising target regions, representing two likely
functional genes and their protein products, that were unique to Histoplasma, that
were present in all Histoplasma isolates for which sequences or samples were
available to us (i.e., with no false negatives observed in silico or in vitro), and that
were absent in all other species for which we had access to sequences or samples (i.e.,
with no false positives observed in silico or in vitro). We also found a region
containing an entire contig of a H. capsulatum reference genome sequence that was
present and roughly conserved in this species and absent from other species, but the
ambiguity between true variability and base-level errors that still is likely to exist in
the current Histoplasma genome sequences suggested that assay designs in this region
should await updates of these sequences. We are currently developing a more general,
assembly- and annotation-independent method to screen for species-specific regions; a
prototype implementation of this method again reported the two genic regions studied
here, as well as other promising regions.

Rational, genome-sequence based approaches such as we advocate here, and
that to our knowledge have so far been systematically explored only for viruses or
bacteria (Slezak et al., 2003; Phillippy et al., 2007, 2009) but not for eukaryotes until
this study, will allow researchers looking for target regions to exhaustively scan high-
quality genome alignments for candidate primer set designs meeting a given set of
criteria, and then rank them according to the expectation of their efficacy and
robustness, e.g., when samples are slightly degraded and have low molecular weight

(fragmented) fungal DNA. Using such an approach, we have identified two primer
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pairs that could be used to detect the presence of H. capsulatum. To the best of our
knowledge, one of the two primer pairs, from the PPK gene, should offer a quick and
affordable method for detecting H. capsulatum using PCR technology. The approach
we explored here should benefit substantially from genome sequence improvements
that are underway. As an example, a recent update of three reference genomes of
Paracoccidioides, a pathogen closely related to Histoplasma, using NGS resequencing
and correction employing a Pilon pipeline, showed that dramatic improvement of
base-level assembly and annotation quality is possible (Mufioz 2014, Walker et al.
2014). Future improvement of the Histoplasma and other fungal pathogen genome
sequences along similar lines should allow the identification of additional molecular
assay target sequences enabling more specific or more sensitive molecular assays for

the detection of pathogens.
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Chapter 9 Appendix

Perl program implementing a pairwise alignment
strategy for selecting unique genomic regions with

diagnostic potential
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Perl program implementing a pairwise alignment strategy for selecting unique

genomic regions with diagnostic potential

Description of the algorithm

This program is used in the first step of a multi-step process for finding genomic
regions of an organism that have diagnostic potential. In the first step, this organism’s
genome, the query genome, is compared with other genomes, the background or
subject genomes. The aim of this first stage is to identify regions in the query genome
that are not similar to any regions of any of the background or subject genomes.
Candidate regions obtained in this first step must then afterwards be compared (a)
against other strains of the query species or genus to ensure that the regions are also
present there, and (b) possibly against additional other, more distant background
species that could be present in a clinical context, including human, to ensure that the
regions have no similarity with any parts of those genomes.

The user must first determine which genomic sequences will be included in the
comparison. The sequences must be in Fasta format. The sequences should be in the
same directory, as a preprocessing step should take place prior to the actual
comparison.

In order to account for possible N’s within the assemblies, all of the sequence
scaffolds are initially queried for stretches of N’s greater than 15, which are then
removed. The program does not splice by joining the two flanking nucleotide regions.

Instead, each segment of well-characterized nucleotides is saved as a new temporary
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Fasta file. For example, if scaffold 1 has a length of 1000 bp, and a continuous stretch
of 20 N’s is found beginning at nucleotide position 450, the 20 N’s will be spliced out
of the sequence and two sub-scaffolds will be created; scaffold1.1, which will contain
the nucleotides 1-449, and scaffold1.2, containing nucleotides 471-1000. This splicing
out of long stretches of N’s will prevent false positive mismatches in the sequence
comparison steps downstream. The splicing process also renames the resulting Fasta
files with generic names for the reading/interpretation of the fragments. A legend is
created in a mapping file, which contains the information specifying from which
original scaffolds the fragments were derived. This process is done for all sequences in
the directory that will be used in the analysis by running the script
Break _and rename.pl.

The comparative similarity analysis (do_pairwise.pl) is based on a sliding
window alignment using Blastn. A local blast version must be previously installed on
the system and placed in the path. The fragments that were generated in the break and
rename step are compared in an all versus all fashion. The default window size of the
nucleotides to compare at a time is 1000 base pairs. The default moving-window step
size is half of the window size, and can be modified by the user in the parameters.

The resulting blast output is in tabular format 6. This is key for various
reasons. The alignment and similarity metrics provide us with needed information
summarizing the comparison of the sequences analyzed. A matrix is created for each
of the genomes used. Here one may extract the corresponding regions that are unique

to the genome of interest. To do so, one can use basic Unix commands in order to
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extract the sequence fragments that have no appreciable similarity (i.e., below the
reporting threshold) to the other genomes in the comparative analysis. After applying
those Unix commands, the user will have a complete set of sequences or coordinates
of regions that are unique to the query genome, and not present or similar to any

region in any of the background genomes.
Code

Break_and_rename.pl

#!/usr/bin/perl -w
use strict;
my @fasta = <* fasta>;

open OUT, ">mapping.txt" or die "Cannot create output mapping file mapping.txt: $1\n";
print OUT "Species\tNewAccession\tOldAccession\n";
for(my $i=0; $i < @fasta; $i++){
my $file = $fasta[$i];
open FILE, "<$file" or die "Cannot open input file $file: $!\n";
open NEW, ">temp.txt" or die "Cannot create output file temp.txt: $!\n";
my $j=1;
$file =~ s/\.fasta//;
while(my $desc = <FILE>){
my $seq = <FILE>;
chomp $desc;
chomp $seq;
my @seqs = split(/N{15,}/, $seq);
for(my $x = 0; $x < @seqs; $x++){
print OUT "$filetFUNG".$i." ".$j."-$x\t$desc\n";
$seqs[$x] =~ s/\st//g;
print NEW ">FUNG".$i." ".$j."-$x\n$seqs[$x]\n";

H
$j++;
}
close FILE;
close NEW;
‘mv temp.txt $file.fasta’;
}
close OUT;
Do_pairwise.pl

#!/usr/bin/perl -w
use strict;
use Getopt::Long;
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my @fasta = <* fasta>;

my $win = 5000;
my $step = int($win/2);
my $createDb = 0;

my $usage = "$0 [-w=window size. Default = 5000]
[-s=step size. Default = 2500]
[-d (if database creation is to be skipped)]";

GetOptions ("d+" =>\$createDb,
"w=1" => \$win,
"s=i" =>\$step);

if(! $createDb ){
#Create database
for(my $i=0; $i < @fasta; $i++){
print STDERR "Creating blast database for $fasta[$i]\n";
‘makeblastdb -in $fasta[$i] -dbtype nucl -input_type fasta’;

}
print STDERR "Created blast databases\n";
}
for(my $i=0; $i < @fasta; $i++){ # Query Genome

my %hits;
my @windows;

for(my $j=0; $j < @fasta; $j++){ # Subject Genome
next if ($i == §j);
print STDERR "Started comparing $fasta[$i] against $fasta[$j]\n";
open IN, "<$fasta[$i]" or die "Cannot open input file $fasta[$i]: $!\n";
my $desc ="";
while(<IN>){
if($_ =~ /">/){
$desc=9$ ;
chomp $desc;
next;
}
my $seq=$_;
chomp $seq;
my $len = length($seq);

my $x = 0;
for($x=0; $x < ($len-$win); $x = $x+$step){
my $string = substr($seq, $x, $win);
my $coord = "$x-".($x+$win);
push(@windows, $desc.":$coord");
if($string =~ /"N+$/){
$hits {$fasta[$j]} {$desc.":$coord"} {"cov"} = "NA";
$hits {$fasta[$j]} {$desc.":$coord"} {"pid"} = "NA";
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} else{
#print STDERR "echo '$string' | blastn -db $fasta[$j] -query - -
max_target seqs 1 -outfmt 6 -evalue 0.0005 | head -1 | awk 'BEGIN {OFS=\"\\t\"} {print \$4,\$3}"\n";
my ($cov, $pid) = split(/\s+/, ‘echo '$string' | blastn -db $fasta[$j] -query - -
max_target seqs 1 -outfmt 6 -evalue 0.0005 | head -1 | awk 'BEGIN{OFS="\\t"} {print \$4,\$3}");
if(! defined $cov){

$cov=0;
$pid = 0;
}
$cov /=5;

$hits {$fasta[$j]} {$desc.":$coord"} {"cov"} = $cov;
$hits {$fasta[$j]} {$desc.":$coord"} {"pid"} = $pid;
}
}
my $string = substr($seq, $x, ($len-$x+1));
my $coord = "$x-$len";
push(@windows, $desc.":$coord");
my ($cov, $pid) = split(Ast/, ‘echo '$string’ | blastn -db $fasta[$j] -query - -
max_target seqs 1 -outfmt 6 -evalue 0.0005 | head -1 | awk 'BEGIN{OFS="\\t"} {print \$4,\$3}");

if(! defined $cov){

$cov=0;
$pid = 0;
}
$cov /=5;

Shits {$fasta[$j]} {$desc.":$coord"} {"cov"} = $cov;
Shits {$fasta[$j]} {$desc.":$coord"} {"pid"} = $pid;
}
close IN;

}

open OUT, ">$fasta[$i]-blastHits.tsv" or die "Cannot create output file $fasta[$i]-blastHits.tsv:
$hn";
print OUT "Window";
for(my $j=0; ] < @fasta; $j++)1
next if($i == $j);
my $file = $fasta[$;];
$file =~ s/\.fasta//;
print OUT "\t$file-Coverage\t$file-Percldent";

H
print OUT "\n";

for(my $w = 0; $w < @windows; $w++){
print OUT "$windows[$w]";
for(my $j=0; $j < @fasta; $j++){ # Subject file
print OUT
"\t".$hits {$fasta[$j]} {$windows[$w]} {"cov"}."\t".$hits {$fasta[$j]} {$windows[$w]} {"pid"};

}

print OUT "\n";
H
close OUT;}
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Abstract

Paracoccidioidomycosis (PCM) is a human systemic granulomatous mycosis caused
by thermally dimorphic fungi from the Paracoccidioides genus. The disease is
prevalent in Latin America and triggers a serious clinical condition. Consequently,
rapid diagnosis and treatment are crucial to prevent progression of the disease, which
can result in death in the absence of therapy. Currently, there are several methods for
the detection of Paracoccidioides brasiliensis. However, many of these tests still
present challenges in terms of cost, accessibility, reproducibility and efficiency. Via a
genome-wide scanning we identified candidate target sequences, and designed and
analytically validated 3 genus-specific conventional and real time PCR primer sets
with potential for the rapid and economical detection of Paracocidioides species. All
three primer sets show promising results as 100% analytical specificity was obtained
with as well as amplification of isolated DNA from 92 Paracoccidioides spp. strains.
The lowest level of detection was that of 1 fg using a unique gene shared amongst the
species of the genus. using These primer sets show promising evidence for use in

detecting Paracoccidioides spp. in clinical or environmental samples.
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Introduction

The fungal genus Paracoccidioides is a thermally dimorphic Ascomycota that causes
paracoccidioidomycosis (PCM), a chronic, systemic and progressive mycosis endemic
in Latin America, where up to ten million people can be infected (Brummer et al.,
1993, Restrepo and Tobon., 2010). The Paracoccidioides genus contains two species,
Paracoccidioides brasiliensis and Paracoccidioides lutzii. The infection is acquired
through inhalation of conidia produced by the mycelial phase of the fungus, which at
body temperatures grows as multibudding yeast (McEwen et al., 1987). PCM must be
treated promptly, as Paracoccidioides infections may be fatal. Like most other
invasive mycoses, this fungus is difficult to eliminate from the human body, and
prompt detection and treatment are usually decisive to avoid long-term deleterious
injuries and consequences (Greer and Restrepo, 1977). Currently, isolation of
Paracoccidioides spp. in culture constitutes evidence of active disease, but this test is
positive in only 85% of cases. Growth in culture is required, taking between 20 - 30
days, followed by microscopic examination and/or immunologic tests such as
immunodiffusion and complement fixation to identify the microorganism (Restrepo
and Tobon., 2010).

During the last decades, molecular assays for PCM diagnosis have been
developed to provide alternative strategies for the diagnosis of PCM that can replace
the often time-consuming conventional methods. However, many of these tests still
present challenges in terms of cost, accessibility and efficiency. DNA probes have

been developed for the rapid identification of P. brasiliensis in mycelial and yeast
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cultures as well as in biopsies from oral cavity lesions of PCM patients and guinea
pigs inoculated with the fungus (Sandhu et al,, 1997; De Brito et al., 1999).
Furthermore, several molecular biological tools have been applied to detect specific P.
brasiliensis DNA sequences, such as polymerase chain reaction (PCR), nested PCR,
PCR- enzyme immunoassay, real time PCR (RT-PCR) and loop-mediated isothermal
amplification (LAMP) (Bialek et al., 2000; Gomes et al., 2000; Motoyama et al.,
2000; Lindsley et al., 2001; Semighini et al., 2002; San-Blas et al., 2005). In the latter
studies, various DNA templates were used to detect P. brasiliensis from distinct
sources such as: DNA from clinical and environmental isolates; sputum and
cerebrospinal fluid from PCM patients and tissues samples from mice infected with
conidia by intranasal inoculation The PbGP43 and ribosomal DNA genes have been
the most commonly targeted P. brasiliensis sequences for the detection of the fungus
in clinical samples. On the other hand, the PbP27 gene has been applied used to screen
for P. brasiliensis in clinical and environmental isolates, artificially contaminated soils
and in tissues of armadillos naturally infected with the fungus, although it has not been
used for the evaluation of human tissue samples (Diez et al., 1999, Rocha-Silva et al
2016). Moreover, microsatellites in the genome of P. brasiliensis have been detected
and proposed as genetically associated elements with the potential to discriminate
clinical isolates in accordance with virulence profiles (Nascimento et al., 2004).
Several PCR assays have been reported previously for the detection of
Paracocidioides brasiliensis, but these studies used the detection of 18S, 5.8S, 28S

and their spacer regions ITS1 and ITS2 as well as PbGP43 and PbP27 genes. The
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PbGP43 and PbP27 genes share homology with other phylogenetically related species
and therefore could cause false positive results (Teles and Martins., 2011). There are
difficulties in cultivating the Paracoccidioides species, and molecular assays have
shown success in the detection of P. brasiliensis even when microscopic observation
and antibody detection fail (Teles and Martins., 2011). The previous molecular
detection designs were optimized for detecting P. brasiliensis, but not for P. lutzii.
Our group recently published the genome updates of P. brasiliensis and P. lutzii
(Muioz et al., 2014). The availability of curated genome assemblies allowed us to
search for novel genomic regions that are unique to the genus Paracoccidioides, yet
absent in other species, permitting the design of highly specific primer pairs for the
molecular detection of these pathogens. We present 3 primer pairs that we designed
on the basis of such a search, and found that they are 100 % specific to the genus

using conventional and/or real time PCR technologies.

Materials and methods

The methodology used in this study was very similar to the one described in chapter 9.
For simplicity of this thesis, we will only describe the major differences in
methodology with respect to chapter 9. The methodology for finding the unique
regions for Paracoccidioides spp. used the 3 strategies mentioned described in chapter
9, with the only modification being the change of query genomes to P. brasiliensis and
P. lutzii and including the H. capsulatum genomes in the subject genomes list. The

DNA strains used for the analytical validation are listed in Table 1 of chapter 9, with
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the only modification being the inclusion of the H. capsulatum strains to the table. We
analyzed 92 Paracoccidioides spp. isolates from a variety of sources (geographic,
clinical, environmental, and phylogenetic species). Genomic DNA from fungal strain
cultures listed in Table 1 were obtained from several fungal pathogen DNA collections
maintained at the Corporacion para Investigaciones Biologicas (CIB; Medellin,
Colombia) or the Centers for Disease Control and Prevention (CDC; Atlanta, GA).
Positive-control plasmids were constructed from the selected unique regions of Pb18
isolates using the different primer pairs, taking into account the conserved regions
between the three reference genomes (Pb01, Pb03 and Pb18). The genome sequences
of Paracoccidioides are available in GenBank, with accession numbers P. [utzii Pb01
(ABKHO00000000), P. brasiliensis Pb03 (ABHV00000000), and P. brasiliensis Pb18

(ABKI00000000)) (Dejardins et al., 2011; Mufioz et al., 2014).

Table 1. Paracoccidioides spp. isolates used in the study

Isolates Country of origin-Source Species
TIF1 Brazil, environmental P. brasiliensis
T3B6 Brazil, environmental P. brasiliensis
T4B14 Brazil, environmental P. brasiliensis
T7F6 Brazil, enviromental P. brasiliensis
T8B1 Brazil, environmental P. brasiliensis
TI9B1 Brazil, environmental P. brasiliensis
T10B1 Brazil, environmental P. brasiliensis
TS5LNI1 Brazil, environmental P. brasiliensis
T13LN1 Brazil, environmental P. brasiliensis
T15LN1 Brazil, environmental P. brasiliensis
IBIA Brazil, environmental P. brasiliensis
Uberlandia  Brazil, environmental P. brasiliensis
BT60 Brazil, clinical P. brasiliensis
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BT84

Brazil, clinical

P. brasiliensis

14 - 121A

Brazil, clinical

P. brasiliensis

Pbl8

Brazil, clinical

P. brasiliensis

B339

Brazil, clinical

P. brasiliensis

P149

Colombia, clinical

P. brasiliensis

P159

Colombia, clinical

P. brasiliensis

P163

Colombia, clinical

P. brasiliensis

ATCC60855

Colombia, clinical

P. brasiliensis

P141

Colombia, clinical

P. brasiliensis

P196

Colombia, clinical

P. brasiliensis

P204

Colombia, clinical

P. brasiliensis

P202

Colombia, clinical

P. brasiliensis

P68

Colombia, clinical

P. brasiliensis

P72

Colombia, clinical

P. brasiliensis

P46

Colombia, clinical

P. brasiliensis

P161

Colombia, clinical

P. brasiliensis

ATCC76533

Colombia, clinical

P. brasiliensis

H0054-1-45

Colombia, clinical

P. brasiliensis

H0054-1-47

Colombia, clinical

P. brasiliensis

P206

Colombia, clinical

P. brasiliensis

P151

Colombia, clinical

P. brasiliensis

CIB44197

Colombia, environmental

P. brasiliensis

CIB40392

Colombia, environmental

P. brasiliensis

Pb300

Venezuela, environmental

P. brasiliensis

Ul

Antarticta, environmental

P. brasiliensis

Al

Argentina, clinical

P. brasiliensis

A2

Argentina, clinical

P. brasiliensis

A3

Argentina, clinical

P. brasiliensis

A4

Argentina, clinical

P. brasiliensis

A5

Argentina, clinical

P. brasiliensis

A6

Argentina, clinical

P. brasiliensis

A7

Argentina, clinical

P. brasiliensis

A8

Argentina, clinical

P. brasiliensis

P1

Paraguay, clinical

P. brasiliensis

P2

Paraguay, clinical

P. brasiliensis

P164

Colombia, clinical

P. brasiliensis

P165

Colombia, clinical

P. brasiliensis

P166

Colombia, clinical

P. brasiliensis

P168

Colombia, clinical

P. brasiliensis

P169

Colombia, clinical

P. brasiliensis

Pb 73

Colombia, clinical

P. brasiliensis

Pb381

Venezuela, clinical

P. brasiliensis

Pb 304

Venezuela ,clinical

P. brasiliensis
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15632 Brazil, clinical P. brasiliensis
4154 Brazil, clinical P. brasiliensis
15601 Brazil, clinical P. brasiliensis
Pb 89 Brazil, clinical P. brasiliensis
Pb76 Brazil, clinical P. brasiliensis
Pb 78 Brazil, clinical P. brasiliensis
P174 Colombia, clinical P. brasiliensis
P175 Colombia, clinical P. brasiliensis
P178 Colombia, clinical P. brasiliensis
Mg4 Brazil, clinical P. brasiliensis
924 Brazil, clinical P. brasiliensis
SS Brazil, clinical P. brasiliensis
1017 Brazil, clinical P. brasiliensis
D01 Brazil, clinical P. brasiliensis
D02 Brazil, clinical P. brasiliensis
PbS1 Brazil, clinical P. brasiliensis
Pb01 Brazil, clinical P. brasiliensis
Pb2 Venezuela, clinical P. brasiliensis
Pb3 Brazil, clinical P. brasiliensis
Pb4 Brazil, clinical P. brasiliensis
Pb5 Brazil, clinical P. brasiliensis
Pb6 Brazil, clinical P. brasiliensis
Pb7 Brazil, clinical P. brasiliensis
Pb8 Brazil, clinical P. brasiliensis
Pb9 Brazil, clinical P. brasiliensis
Pbl10 Pert, clinical P. brasiliensis
Pbl1l Brazil, clinical P. brasiliensis
Pbl13 Brazil, clinical P. brasiliensis
Pbl4 Brazil, clinical P. brasiliensis
Pb15 Venezuela, clinical P. brasiliensis
P179 Colombia, clinical P. brasiliensis
Pb305 Venezuela, clinical P. brasiliensis
Pb Bolivia Bolivia, clinical P. brasiliensis
Pb01 Brazil, clinical P. lutziii

P11578 Brazil, clinical P. lutziii

EDO1 Brazil, clinical P. lutziii

PIEE Brazil, clinical P. lutziii
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Results

In silico assay design

We implemented bioinformatic approaches to search for regions within the genus
Paracoccidioides that are unique to this genus (a criterion needed for high specificity),
as well as likely to be present in all species within this genus (a criterion needed for
high sensitivity), and that could therefore be used for the identification of P.
brasiliensis and P. lutzii via PCR assays. We were able to find several regions that
were optimal for primer design. We designed 3 candidate primer pairs within genomic
regions of P. brasiliensis and P. [utzii that allow for the molecular detection of
Paracoccidioides spp. These regions include two coding genes and one non coding
region.

First, we searched for Paracoccidioides spp. scaffolds that were not similar to
genomic regions of other species. Using the reference strains Pb18 and Pb03 of P.
brasiliensis and Pb01 representing P. [utzii, the only scaffold that was present in all
three reference strains was the scaffold named Supercontig 2.59 of the Pb03 assembly.
This scaffold contains a non coding genomic region of the Paracoccidiodies spp. that
is unique to the genus. The corresponding scaffolds in the two other reference strains
are shown in Figure 1A. This scaffold met the criteria of not aligning to other closely
related fungal species and of being present in all of the Paracoccidioides strains. As
compared to chapter 9, where we were not able to design primer pairs using this
approach due to the long stretches of low similarity regions within the species of H.

capsulatum, the updated genomes of Paracoccidioides spp. allowed for the design of
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highly specific primer pairs. For convenience we will call this identified unique region
GROP (Genomic region of Paracoccidioides). This example serves as a proof of
principle that the genome updates significantly improved regions of the assembly that
could otherwise have been misclassified as variable between strains and species due to
sequencing and/or assembly errors, e.g.., single nucleotide errors (SNEs)
masquerading as true SNPs.

We next used, as a second approach, a search for entire protein-coding genes
that are unique to the Paracoccidioides spp. This second approach allowed us to
design two promising PCR primer pairs for the detection of the genus. The candidate
genes were found using OrthoMCL matrix results. The matrix produced was queried
for genes that did not have any likely orthologs in other sequenced species that we
screened, previously described in chapter 9. We used strict filtering for the selection of
the genes. Only genes that had no similarity to potentially orthologous genes in the
species queried were selected for further analysis. Genes that met this criterion were
then queried by Blastn (via the NCBI web server) against the nr database in order to
check the uniqueness of the genes to Paracoccidioides spp. We found 282 genes that
met the criteria of being unique using strict filtering, yet this list was limited to 5
genes with a described putative biological function. Although in theory any of the
regions discovered could have been used, we specifically used the two genomic
regions from non-trivially annotated genes as they seemed most likely to play a
biological role i.e., to be robustly species-specific regions because of some true

functional differentiator contrasting with closely related fungi. These 5 genes are listed
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in Figure 1B. Of these 5 genes, we designed primer pairs for 2 genes. The first gene
for which we designed primers encodes a protein having a known biological function,
2-dehydropantoate 2-reductase (PADG 00213, XM 015844381.1). For convenience,
we will call this gene 2DROP (2 dehydropantoate 2-reductase of Paracoccidioides).
The second gene for which we designed primers also has a biological function and
encodes a dipeptidase (PADG 07542, XM 015845235.1). For convenience, we will
call this gene DPOP (Dipeptidase of Paracoccidioides). For real time PCR contexts,
we did not consider designs involving a sequence-specific probe for a region between
the two primers, as our aim was to keep costs low without sacrificing specificity.
Instead, we focused on the use of DNA intercalating dyes such as SYBR Green. The
primer details are listed in Table 2. The PCR conditions used are the same as
described chapter 9. PCR conditions were the same for conventional and real-time
PCR. The BLAST search of the primer and target sequences for Paracoccidioides spp
did not yield any cross- reacting sequences. In addition, testing of nucleic acids from
phylogenetic related fungi, others pathogens such as Mycobacterium spp, and other
potentially cross-reacting microbes and human demonstrated no cross- reactivity with
these organisms.

Using a third approach, which does not depend on gene annotations or the
lengths of the scaffolds, we confirmed the uniqueness of the regions selected by the
first two search strategies. The use of our algorithm for this third approach permitted
the discovery of other unique genomic regions that were not found using the other

strategies, but they were not analyzed further in this study.
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Table 2. Primer sequences

Gene name Primer Sequence (5' - 3')
2DROP  Forward TTCTAAGGAGCCGTTATGCTGT
2DROP  Reverse CAACTCCATTGGCCTTCCATTC
DPOP Forward ATGCATGAACTGAAGACGCCACC
DPOP Reverse GAGAAATTGCCGGAGACTTTGAG
GROP Forward CTTCTGAGAAAACTGCTAAGATG
GROP Reverse CTAAAGAGTTCACTGTCTGCTGT
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Al Pb 03

Supercontig_2.59

@ Supercontig_2.59
@ Supercontig_2.79
Pb (0] @ Supercontig_2.90
@ Supercontig_2.93
O Supercontig_2.99
@ Supercontig_2.11

Supercontig_2.46
Supercontig_2.47
Supercontig_2.48
\Supercontig_2.53
Supercontig_2.54
Supercontig_2.56

Pb 18
B)

Gene Name Pb01 Pb03 Pb18
2-dehydropantoate 2-reductase PAAG_01565 PABG_03619 PADG_00213
alpha-amylase B PAAG_02687 PABG_03167 PADG_01713
amine oxidase PAAG_02065 PABG_02316 PADG_11154
dipeptidase PAAG_04312 PABG_04087 PADG_07542
nuclear distribution protein PAC1 PAAG_11104 PABG_06688 PADG_02266

Figure 1. Paracoccidioides spp. regions used for the design of primer pairs. (A)
Scaffolds used in the search for unique genomic regions of Paracoccidioides spp
using the reference strains Pb18, Pb03 and Pb01. (B) List of 5 gene orthologs with an

assigned biological function found in Paracoccidioides spp.
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Analytical sensitivity and specificity of primers using fungal

genomic DNA in vitro

We tested our primer designs using 92 Paracoccidioides spp. strains from the fungal
DNA collections of CIB. The outcomes were positive for all of the 92 strains tested,
i.e., the primer pairs had 100% analytical sensitivity in vitro. Specificity tests were
done using the species listed in Table 1 in chapter 9 with the modifications described
in Materials and Methods. The amplification was 100% specific to the genus
Paracoccidioidies as no amplification was observed in other species. The amplicon
sizes of the primer sets were: DPOP primer pair, 600 bp, 2DROP, 1000 bp and GROP,
300 bp, which were expected by design and confirmed by agarose gel electrophoresis.
All PCR products showed homogenous amplicon sizes in all the tested DNAs and

were confirmed by Sanger sequencing.
Limit of detection (LOD) using positive plasmid control

In order to test for the analytical limit of detection of the assays, 10 fold serial
dilutions of positive control plasmids were performed from 1 ng/ul down to 1 fg/ul for
all three primer sets using plasmid controls. The dilutions were amplified via real time
PCR using standard conditions in triplicates for a sample processed on day 1, day 2
and day 3 for all plasmid controls.

For 2DROP, the LOD was 1 fg/ul using real time PCR. The amplification
curves are clearly separated from the no template control and primer dimers (Figure

2A). When visualized via agarose gel electrophoresis, the bands are also visible down
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to 1 fg/ul (Figure 2B). All amplicons share the same melting curve temperature of 82
°C (Figure 2C), indicating high specificity of the region amplified across 92 strains
from across Latin America. Primer dimer presence was not observed during late cycles
of amplification.

For DPOP, the LOD was 10 fg/ul using real time PCR (Figure 3A). The
amplification curves were clearly separated until 100 fg/ul. For lower dilutions which
are not clearly separated in the amplification curves, the use of melting temperature
data allows one to discern low levels of amplification from primer dimer noise. No
amplification curves were observed for the 1 fg/ul dilution. Primer dimers are
observed in late cycles above 40. All amplicons had a melting curve temperature of
81.5°C, while primer dimers had a melting curve temperature of 74 °C (Figure 3C).
The melting curve temperatures for all 92 strains showed marked homogeneity and
reproducibility, indicating a strong conservation of this gene in the Paracoccidioides
spp. When visualized via agarose gel electrophoresis, the bands are visible down to
only 10 pg/ul (Figure 3B). This may be due to the amount of DNA that was amplified
not being visible via the gel, but confirmed in the real time PCR run.

For GROP, the LOD was 100 fg/ul using real time PCR (Figure 4A). All
amplicons had melting curve temperatures of 75.5°C (Figure 4C), and when visualized
via agarose gel electrophoresis, the bands are also visible down to only 100 fg/ul
(Figure 4B). The homogenous amplification observed also indicates that this non
coding genomic region is highly conserved within the diverse strains of

Paracoccidioides spp.
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Figure 2. Real time PCR data of 2DROP. (A) Real time PCR amplification curves
using the serial dilutions of positive plasmid control of 2DROP. (B) 2% agarose gel
electrophoresis of PCR products obtained from real time PCR run shown in A. (C)

Melting curve analysis of real time PCR run shown in A.
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Amplification
800 + . : ST

MW 1ng/pul 100pg/pl 10pg/ul 1pg/ul  100fg/ul 10fg/ul  1fg/pl

-d(RFU)dT

Temperature, Celsius

Figure 3. Real time PCR data of DPOP. (A) Real time PCR amplification curves
using the serial dilutions of positive plasmid control of DPOP. (B) 2% agarose gel
electrophoresis of PCR products obtained from real time PCR run shown in A. (C)

Melting curve analysis of real time PCR run shown in A.
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Figure 4. Real time PCR data of GROP. A) Real time PCR amplification curves using
the serial dilutions of positive plasmid control of GROP. B) 2% agarose gel
electrophoresis of PCR products obtained from real time PCR run shown in A. C)

Melting curve analysis of real time PCR run shown in A.
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Discussion

The primer pairs we designed and analytically tested in this study showed promising
results for posterior validation using clinical or environmental samples. Validation of
these primer sets in clinical or environmental samples is still pending. We observed
analytical sensitivity and specificity of 100% (92/92) using DNA from
Paracoccidoides spp. cultured isolates for 2DROP, DPOP and GROP primer sets. All
three primer pair designs were purposely designed to work for conventional as well as
real time PCR without the need of probes. The results suggest that for either
conventional and/or real-time PCR technologies there is potential of the method for

detecting Paracoccidioides spp.

To our knowledge, no study has shown the limit fragment size for the detection
of fungal DNA in clinical or soil samples. Hence, we designed amplicon sizes which
vary from 300 bp to 1000 bp. The use of fluorescent DNA intercalators with large
amplicons should increase fluorescence signals in the presence of low levels of DNA,
as larger amplicons should emit more signal throughout the amplification process.
This is observed in the amplification curves of 2DROP, which has the largest
amplicon size (1000 bp) and the lowest LOD (1 fg/ul). Ideally, one should test all
three of our primer pairs in order to determine the clinical and/or environmental
sensitivity of the primer sets, taking into account the amplicon sizes. Our design of the
GROP primer pair also serves as a proof of principle for the use of non coding regions

of the genome containing no known genes in molecular detection, a less conventional
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approach for molecular identification.

Although publications use variations of PCR to detect PCM, most primers
detect only P. brasiliensis using either molecular beacons or nested PCR targeting the
ITS regions. ITS is typically used as a general amplification primer for fungi and is
highly variable in fungal species (Buitrago et al., 2009, Koishi et al., 2010, Dias et al.,
2012, Pitz et al., 2013). The use of PbGP43 for molecular detection of P. brasiliensis
has been questioned by some authors to be included in all isolates of the
Paracoccidioides genus (Dias et al., 2012). A recent publication uses Pb27 to detect
PCM, but this gene can often have high similarity in some regions of its sequence with
other fungal pathogens of the Onygenales (Rocha-Silva et al., 2016). Transposable
elements have also been used as a possible marker for the detection of PCM, but
require the interpretation of band patterns for the identification of species within the
genus, and no unique band pattern exists for the genus itself (Alves et al., 2015). To
our knowledge, this is the first report of a conventional PCR and corresponding real-
time PCR assay for the detection of pathogens of the genus Paracoccidioides based on

unique regions.

Overall, the development of these and other molecular tools may play an
important role in PCM detection in the cases where cross-reactivity with other fungal
species may interfere with conventional diagnosis (Bialek et al., 2000), as well as

potentially facilitating epidemiological and ecological studies of Paracoccidioides

Spp.
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A recent JACC article (1), and other studies (e.g., 2), are greatly improving our
overview of candidate genetic co-determinants of cardiovascular risk or blood
pressure, also raising curiosity about sources of consistently strong (e.g., p < 107")
observed associations. In 12q24, a SNP (rs3184504; 1) in one of 6 loci associated
with coronary artery disease was also strongly associated with blood pressure (2); a
web summary (3) noted its associations with 17 diseases or disease-related

characteristics.

From 1000 Genomes (4), we extracted 15-SNP, < 30-kb haplotype-motif views
around rs3184504 for individual and pooled world populations. The world view
reveals strong population structure of the 15-SNP motifs (Fig. 1, N =2 x 2504
haplotypes). At least two of the giant components and their master motifs (H1-H4;
encoding of ref. 4) appear also in individual populations, also some (e.g., GBR) that
are not considered appreciably admixed or structured. Two dominating consensus

motifs (H1+H2+H4 and H3) account for 83% of the 5008 haplotypes worldwide.

Statistical significance can occur also where individual SNPs have no adaptive
significance; if one drug is administered to cats and another to horses, efficacy
differences may just reflect cat-horse differences (5). In three (boxed) columns
(SNPs) in Fig. 1 with lowest p, allele-0 appears exclusively in the null motif H3 (red)
and two lower-frequency variants of its component (blue), thus best exposing an
underlying motif-component structure that explains observable variation and

covariation.
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SNP-by-SNP associations can be profitably complemented by (~ 30 kb) k-SNP motif
associations where two or more giant components dominate, even if the reasons for

their presence are uncertain.
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Legend to the Figure

Figure 1. Human local common-SNP haplotype motifs/clusters including 12q24
SNP rs3184504. Each row of the matrix is a motif, i.e., a vector of biallelic SNP
states observed in 1000 Genomes. Asterisks denote SNPs (columns) with diastolic
blood pressure associations p < 10" in ref. 2 (top: p values, SNP rs numbers; right:
motif instances observed; bottom: frequencies of allele 1). Motif networks are plotted
from difference (Hamming distance) matrices by programs Phylip/neighbor (top) and

R/pegas (bottom); arrows indicate the five most frequent motifs (H1-HS5).
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Clinical genomics has advanced exponentially worldwide
during the last decade due to innovation in sequencing
techniques, which has made procedures increasingly faster
and more economical. The current scenario is one in which
the physician has the latest generation diagnostic aids in
molecular and sequencing techniques at his/her disposal.
What follows is a brief review of diagnostic aids based on
genetic knowledge of the patient, and their current status
in the Colombian market.

Prior to new generation sequencing technologies, the
alternative for obtaining a patient’s genetic information was
traditional sequencing methods, based on Sanger’s techno-
logy. In order to obtain the sequence of a specific gene, the
target gene of interest was first selected. The physician had
to have an idea of which of these genes could be involved
in his/her patient’s disease, a decision which can be re-
latively complex to make. Sequencing of any gene can be
cumbersome due to the large difference in size and number
of exons among genes, which is relevant for understand-
ing the way in which genes are sequenced using traditional
methods. For genetic studies of one gene, first, all coding
parts of the gene are amplified, using the PCR (polymerase
chain reaction) technique. For example, the SCN5A gene has
28 exons with an approximate size of 80 kb. This entails many
PCR amplification cycles, where each exon must be ampli-
fied independently, thus increasing costs and labor time of

DOI of original article:
http://dx.doi.org/10.1016/j.rccar.2016.10.044
E-mail address: jegallo@ces.edu.co

http://dx.doi.org/10.1016/j.rccar.2016.10.045

molecular biology personnel. In cases in which sequencing
of a single gene has clinical validity, taking SCN5A as an
example, the complexity of the laboratory processes pales in
comparison to the great benefit for the patients of knowing
the possible genetic cause of their disease or cardiovascu-
lar event. However, since cardiovascular conditions are not
classical Mendelian diseases, in most cases it is impossible
to make an easy decision regarding which specific gene to
study.

The era of new generation sequencing expanded a bit
more the genetic tests that can be run simultaneously.
Sequencing of panels of genes associated with certain di-
seases may be more useful when making decisions, com-
pared with the information provided by the sequencing
of a single gene. There are many gene panels on the
market, which in the case of cardiovascular diseases may
range from a dozen to several hundred genes. Many of
these are commercial kits with a fixed list of genes to be
sequenced. The availability of these panels varies in the
reference laboratories, depending on the sequencing tech-
nology implemented. In economic terms, they can be a bit
more expensive than single gene sequencing, but the clin-
ical usefulness increases with the amount of information
obtained. The literature has shown that in certain cases the
gene involved in the pathology is not included in the com-
plete lists available for study in these panels, due to the
fact that the human genome is still being studied, and the
association of genes with diseases has not yet concluded.

In addition, there are other panels which are very
effective and useful. These do not sequence genes asso-
ciated with diseases, but rather focus on genes whose

0120-5633/© 2016 Published by Elsevier Espafia, S.L.U. on behalf of Sociedad Colombiana de Cardiologia y Cirugia Cardiovascular. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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functions are related to metabolism and drug interac-
tions. These tests are known as pharmacogenomic tests,
which provide information regarding how a patient will
react to taking a medication: whether favorably, as a non-
responder, or dose-dependent. In the cardiovascular field,
there are many medications which are included in these
tests, among which are antiarrhythmics, anticoagulants,
antianginals, antiplatelets, beta-blockers, calcium channel
blockers, phosphodiesterase inhibitors, and statins.

These results, together with genomic tests of genes asso-
ciated with diseases, lead to an understanding of the reasons
why specific patients do not respond adequately to certain
treatments. An example of this would be those who do not
respond to cholesterol medications, for whom there can be
various scenarios:

1. The patients have gene mutations associated directly
with body processes which process cholesterol, such as
the LDL and Apo B genes. These patients do not respond
to the medication since their genetics do not allow the
regulation of cholesterol levels.

2. The patients do not have mutations in the genes associa-
ted with body processes, but they do have mutations in
the cytochrome P450 genes involved in drug metabolism,
causing an inadequate response to treatment.

3. The patients have a combination of mutations 1 and 2.
In this case, there is much evidence to consider new ge-
neration medications which may be more effective, but
the genetic causes of high cholesterol levels affect the
results.

Furthermore, what should be done when studying orphan
cardiovascular diseases which do not have enough clinical
genomics studies, and for which there are no available gene
panels to aid in diagnosis? The most inclusive test today with
clinical usefulness is whole exome sequencing. This tech-
nique is based on sequencing all the coding regions of the
human genome. At last report, the human genome codes
for approximately 20,000 genes. This complete picture pro-
vides greater clarity on how the body as a whole maintains
a functional balance through its protein structures, which
allows the physician to treat his/her patient with precise
and personalized medicine.

The implementation of whole exome sequencing pro-
vides, in a relatively economical fashion, all the genetic

information which will code for proteins whose functions will
be involved in the maintenance, performance and healthy
functioning of the human body. Being the most inclusive does
not mean that it is the most employed test. Many physicians
still order single gene sequencing tests.

Perhaps the myth regarding how expensive panel or
whole exome tests can be, or the lack of coverage under
the compulsory health plan, may be the reasons why single
gene tests are still ordered. On the other hand, there is a
great cost-benefit in sequencing all an individual’s genes,
versus one gene at a time. With regard to costs, single
gene sequencing can cost approximately one to three mil-
lion pesos, and more in some cases. The cost of exome
sequencing is close to six million pesos. To simplify the com-
parison, let us suppose that the same user has the SCN5A
sequencing done for two million pesos. If we compare the
cost-benefit of obtaining information on one gene for two
million pesos, and a complete exome for six million pesos,
the sequencing of each gene using the exome (taking into
account that the human genome has approximately 20,000
genes) would be 300 pesos. This cost-benefit exercise clar-
ifies that whole exome sequencing continues to be a better
option when genetic tests are needed. As far as coverage by
POS [compulsory health insurance coverage], in 2015, the
Ministry of Health and Social Protection issued resolution
5592, where the Health Benefits Plan was comprehensively
updated, funded by the Captitation Payment Unit of the
General Health Social Security System. Codes 90.8.4.02
to 90.8.4.39 mention system coverage for molecular/
genetic/genomic tests. In particular, codes 90.8.4.12
(molecular study of diseases), 90.8.4.19 (mitochondrial
DNA genetic studies), 90.8.4.20 (molecular gene studies),
90.8.4.22 (molecular exon studies), and 90.8.4.24 (mole-
cular study of mutations), fit within the interpretation that
the whole exome sequencing could be implemented for
these tests.

In conclusion, the use of whole exome sequencing is a
test that may have sufficient clinical validity when issuing
a complete diagnosis. The potential benefits for the patients
outweigh the risks. The presence of pathogenic genomic
variants does not mean a 100% probability of developing
some medical problem, since other still undescribed factors
may exist. For many diseases which may be treatable, this
information will allow the patient and physician to imple-
ment timely prevention processes.
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Resumen

Introduccién: la hipercolesterolemia familiar representa un factor de riesgo sustancial para
padecer enfermedad coronaria prematura, arterial periférica y valvular. Se han descrito dos
formas segun su alteracion genética y cigocidad, asi como, tres mutaciones genéticas asociadas.
Pese a que el tratamiento con estatinas se considera la primera linea, algunos pacientes no
alcanzan metas, de modo que se han utilizado los inhibidores del PCSK9 como nueva estrategia.
Métodos y materiales: se expone el caso de una paciente de 42 afios con hipercolesterolemia
familiar heterocigota tratada con inhibidores del PCSK9. Se describen los criterios y estudios
genéticos utilizados para realizar el diagnostico, la cronologia de tratamientos que recibid y
los examenes de laboratorio anteriores y posteriores al inicio del evolocumab. Adicionalmente
se hace una revision de tema acerca de la hipercolesterolemia familiar y su tratamiento con
inhibidores del PCSK9.

Conclusiones: la hipercolesterolemia familiar es una enfermedad que ocasiona graves con-
secuencias cardiovasculares. Los inhibidores de PCSK9 se han convertido en una alternativa
prometedora para aquellos que no responden a las terapias convencionales. Se requieren
estudios que corroboren o contradigan los beneficios y eventos adversos encontrados hasta
el momento en que los pacientes se someten a estas nuevas terapias para asi ofrecer un
tratamiento ideal y oportuno.

© 2017 Sociedad Colombiana de Cardiologia y Cirugia Cardiovascular. Publicado por Else-
vier Espafa, S.L.U. Este es un articulo Open Access bajo la licencia CC BY-NC-ND
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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M. Duque et al.

Heterozygous familial hypercholesterolaemia being managed with anti-PCSK9

Introduction: Familial hypercholesterolaemia is a substantial risk factor for suffering premature
coronary, peripheral arterial, and valular disease. There are two forms described, depending on
their genetics and zygosity, as well as three associated genetic mutations. Although treatment
with statins is considered first line, some patients do not reach targets, as such that that PCSK9

Materials and method: A case is presented of a 42 year-old patient with heterozygous familial
hypercholesterolaemia treated with PCSK9 inhibitors. The criteria and genetic studies used to
make a diagnosis are described, as well as the chronology of the treatments that have been
received and the laboratory results before and after starting with evolocumab. A review has
also been made of the subject of familial hypercholesterolaemia and its treatment with PCSK9

Conclusions: Familial hypercholesterolaemia is a diseases that may have serious cardiovascular
consequences. PCSK9 inhibitors have become a promising alternative for those who do not
respond to conventional therapies. Studies are required that can corroborate or contradict the
benefits and adverse effects found up until now in patients subjected to these new therapies

© 2017 Sociedad Colombiana de Cardiologia y Cirugia Cardiovascular. Published by Else-
vier Espana, S.L.U. This is an open access article under the CC BY-NC-ND license
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in order to offer an ideal and appropriate treatment
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduccion

La hipercolesterolemia familiar es un trastorno genético
autosdmico dominante que se caracteriza por un aumento
importante de los niveles de colesterol de baja densidad (c-
LDL, su sigla en inglés), y a su vez genera un incremento
significativo en el riesgo cardiovascular, acompafado de sus
patologias y complicaciones consecuentes.

Dentro de la hipercolesterolemia familiar se enmarcan
dos tipos: la homocigota y la heterocigota. En ambos casos,
la enfermedad coronaria aparece antes que en el resto de
la poblacion.

Se ha calculado que entre 14 y 34 millones de perso-
nas en el mundo padecen hipercolesterolemia familiar, sin
embargo, en menos del 1% de los afectados se logra estable-
cer el diagnostico’, lo cual implica que muchos pacientes no
reciban las medidas terapéuticas adecuadas para tratar una
enfermedad que suele ser muy agresiva para adultos jovenes
y en edad media.

Se sabe que existen tres mutaciones genéticas asociadas
con la hipercolesterolemia familiar: la del receptor de LDL
(R-LDL), la de la apolipoproteina B (ApoB) y la de la pro-
proteina convertasa subtilina/kenina 9 (PCSK9). Gracias a
que se han reconocido dichas mutaciones, se han podido
desarrollar terapias farmacologicas que buscan un impacto
en aquellos pacientes que no responden a los medicamentos
de uso habitual para hipercolesterolemias sin origen gené-
tico. Dentro de esta nueva gama de medicamentos estan los
inhibidores de PCSK9, anticuerpos monoclonales que buscan
influenciar la reduccion de niveles de c-LDL.

A continuacion se presenta el caso de una paciente
joven con hipercolesterolemia familiar heterocigota, diag-
nosticada mediante estudio genético, con importantes
compromisos cardiovasculares y no respuesta a tratamientos

farmacologicos convencionales, razon por la que se decidio
iniciar terapia con inhibidores de PCSK9.

Caso

Paciente femenina, de 42 afnos, raza mestiza, madre de
dos hijas, con antecedente de dislipidemia diagnosticada a
los 32 anos y en tratamiento con estatinas, sin historia de
consumo de sustancias psicoactivas, alcohol, tabaquismo,
sobrepeso u obesidad. Como antecedentes familiares relato
enfermedad coronaria y dislipidemia en madre, hermana y
tios maternos (entre ellas dos mujeres); estos Ultimos murie-
ron de infarto agudo de miocardio antes de los 50 afnos. Su
madre tuvo el primer infarto agudo de miocardio a los 55
anos y es diabética insulino-requiriente. Ambas hijas, ado-
lescentes, tienen dislipidemia documentada.

Fue valorada por primera vez por el grupo CES Cardiologia
en 2014, fecha en la que consult6é para continuar manejo
de su dislipidemia, dolor en el miembro superior derecho y
dolor precordial de varios meses de evolucion.

Debido al cuadro clinico y sus antecedentes persona-
les, se hicieron varios estudios e intervenciones. Se llevo
a arteriografia selectiva de miembros superiores en la que
se documenté sindrome del opérculo toracico bilateral con
compromiso severo de la extremidad superior derecha. Tam-
bién se realizo arteriografia coronaria en la que se evidencio
compromiso severo del ostium de la primera rama diagonal
(ramus intermedio), y asi mismo se hizo angioplastia con
doble baldn e implantacion de un stent medicado en el ter-
cio medio de la arteria coronaria descendente anterior y
primera rama diagonal. La arteria coronaria derecha pre-
sentaba enfermedad aterosclerética difusa sin repercusion
hemodinamica.

Como citar este articulo: Duque M, et al. Hipercolesterolemia familiar heterocigota en manejo con anti-PCSK9. Rev
Colomb Cardiol. 2017. http://dx.doi.org/10.1016/j.rccar.2017.03.002
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Tabla 1 Criterios de ‘‘Dutch lipid clinic network’’ para !ipidos.. con la medjcacién de uso comun: es_ta@inas de alt.a
hipercolesterolemia familiar, aplicados al caso |nteps1dad, tratamiento combi n.ado con e.zgt’lr_m-bg Y colest.1-
ramina (tabla 3). En consecuencia, se decidio iniciar manejo
Criterios que cumple la paciente Puntaje con evolocumab 420 mg subcutaneo con frecuencia men-
Infarto agudo de miocardio en madre de la 1 sual..Se order}aron paraclinicos basicos previo§ al ir!icio
paciente a los 55 afios por enfermedad de dicho medicamento para dgcyment.ar la! ex1sten_c1a o
coronaria. Requirié manejo con bypass no de enfermedades reumatoldgicas, incluidos anticuer-
L pos nucleares 'extractables (ENA), anticuerpos antinucleares
Hija de la paciente con hipercolesterolemia: 1 (ANAS), proteina c reactiva y factor reumatoide, todos estos
Hija #1: 10 afios, c-LDL" 141 mg/dL. con resultados negativos. En la tabla 4 se muestra la evolu-
Menor de 18 afios con c- LDL en percentil 1 cion de los valores de laboratorio encontrados en la paciente

superior para edad y género (hija #1).

Paciente con enfermedad coronaria prematura 2
(mujer menor de 60 anos): implante de 2
stents medicados

c-LDL entre 191 y 250 mg/dl

Total 8

* ¢-LDL: colesterol de baja densidad.

w

Debido a estos hallazgos y al cuadro clinico sugestivo de
hipercolesterolemia familiar, se aplicaron los criterios de la
escala holandesa *‘Dutch lipid clinic network’’ para hiperco-
lesterolemia familiar (tabla 1), la cual arroj6 un puntaje de
10y apoyo el diagndstico definitivo con base en los siguientes
criterios: familiar en primer grado con enfermedad corona-
ria, familiar en primer grado con dislipidemia, menores de
18 ainos con anormalidad en el ¢c-LDL, enfermedad coronaria
prematura, enfermedad vascular periférica y niveles actua-
les de c-LDL entre 191-250 mg/dL. Se establecié que el riesgo
cardiovascular global por la escala de Framingham era del
39%.

Cabe anotar que el diagnostico confirmatorio de hiper-
colesterolemia familiar debe realizarse con un estudio
genético, prueba de oro para estos casos. En concordancia,
este se solicito al grupo GENOMACES, quienes reportaron
tres mutaciones asociadas a dislipidemia, ubicadas en los
genes APOA5, APOE y SCARB1. Adicionalmente, la paciente
tiene otras mutaciones genéticas, sin embargo, estos cam-
bios no se ha reportado asociacion clinica en las bases
de datos gendmicas: no obstante, otros cambios genéti-
cos dentro del mismo gen se han relacionado directamente
con las dislipidemias. Dichas mutaciones se encuentran en
los genes: INSRR (1 mutacion, 1g23.1), APOB (1 mutacion,
2p24.1), GCKR (2p23.3), ABCA12 (2q35), CELSR3 (3p21.31),
MTTP (4q23), ABCA13 (7p12.3), LDLRAD3 (11p13), CELA1
(12q13.13), LMF1 (16p13.3), APOBR (16p11.2), ABCA10
(17q24.3), INSR (19p13.2) y CELSR1 (22q13.31).

Respecto al tratamiento de su dislipidemia, previo al
diagnostico genético recibi6 diversos manejos: inicialmente
fue tratada con dieta, ejercicio aerébico (300 minutos por
semana de moderada intensidad, segln las indicaciones de
la Sociedad Americana del Corazén?) y tratamiento far-
macologico hipolipemiante intensivo (tabla 2), sin cambios
significativos en los niveles de c-LDL (valores de LDL por
encima de 200mg/dl). No se reporté intolerancia a las esta-
tinas, pero dada la intensidad del tratamiento se hicieron
mediciones de creatinina quinasa (CK), que arrojaron resul-
tados dentro de los limites normales.

Pese a todas las medidas farmacoldgicas y no farma-
cologicas mencionadas, no se logré controlar su perfil de

a partir del inicio de evolocumab. Cabe anotar que hasta la
fecha ha recibido 5 dosis de 210 mg quincenales, y no ha
presentado eventos adversos; asi mismo ha permanecido en
estrecho seguimiento por parte del grupo de CES Cardiolo-
gia.

Revision de tema

La hipercolesterolemia familiar es un desorden gené-
tico autosomico dominante que se caracteriza por niveles
de c-LDL elevados en plasma, lo que ocasiona mayor
riesgo para padecer enfermedad coronaria aterosclerdtica
prematura’-?. Este trastorno fue reconocido por primera vez
en 1938 por el noruego Carl Muller, quien evidenci6 que
existia una relacion entre el nivel de c-LDL, los xantomas
tendinosos y las lesiones coronarias®.

Como consecuencia del aumento del c-LDL circulante
se generan unos cambios del endotelio que llevan a
lesiones ateroscleroticas, enfermedad coronaria temprana,
enfermedad arterial periférica y enfermedad valvular (prin-
cipalmente estenosis adrtica)®‘. ademas de acumulacién de
colesterol en la piel, que conduce a la formacion de xan-
tomas, particularmente en superficies tendinosas (aquiliana
y extensor de los dedos), arco presenil por depdsitos en la
comea y xantelasmas por depositos de colesterol alrede-
dor de los ojos”-®. Los xantomas son patognomoénicos de la
enfermedad y deben hacer sospechar el diagnostico a cual-
quier edad’?; por su parte, los xantelasmas se asocian mas
con enfermedad coronaria y mortalidad, de manera inde-
pendiente del nivel de colesterol plasmatico'®.

Dentro de la hipercolesterolemia familiar se describen
dos presentaciones segun su alteracion genética y cigocidad:
hipercolesterolemia familiar heterocigota y homocigota. En
la primera se clasifican niveles de colesterol entre 350-
550 mg/dl, que se han relacionado con la aparicion

de enfermedad coronaria en hombres menores de 55 anos
y mujeres menores de 60 afios’-'"', En la segunda, los nive-
les de c-LDL alcanzan valores entre 650 y 1.000 mg/dl"? y
se relacionan con muerte por causas cardiovasculares en
menores de 30 afos.

Adicionalmente, se ha estimado que estos pacientes pue-
den padecer su primer evento coronario 20 afios antes que
la poblacion general (42 afios vs. 64 anos)'“. En un anali-
sis de pacientes con enfermedad heterocigota hecho por el
grupo ‘‘Simon Broome’’ en 1980, era preestatinas, se docu-
mentd un aumento de mortalidad de hasta cien veces, a
causa de enfermedad coronaria en jovenes entre 20-39 anos
vs. poblacién general'®.

En cuanto a su epidemiologia, se ha calculado que entre
14 a 34 millones de personas en el mundo sufren hiper-
colesterolemia familiar, no obstante, a menos del 1% se
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Tabla 2 Cronologia de tratamientos farmacoldgicos y no farmacoldgicos recibidos por la paciente

2012 2013 2014 2015 2016

Dieta X X X X X
Ejercicio’ X X X X X
Hipolipemiantes

Lovastatina - mg - 20 20 - -

Atorvastatina - mg - 20 40 - -

Rosuvastatina - mg - - 20 40 40

Ezetimibe - mg - - - 10 10

Colestiramina - g - - - 4 4
Adherencia al tratamiento integral -% 100 100 100 100 100
¢-LDL® mds bajo identificado - mg/dl 245 - 211,8 207 220,7

* 5 veces por semana durante 2 horas cada dia.
2 c-LDL: colesterol de baja densidad.

les realiza un diagnéstico adecuado’. La prevalencia de la
forma heterocigota en europeos es de 1 en 500 (0,20%)",
sin embargo, un estudio mas reciente de 69.016 individuos
con hipercolesterolemia, familiar sugiere una prevalencia
mayor: 1 por cada 200 habitantes'é. Se han reconocido
poblaciones con mayor prevalencia, entre estos africanos’”’,
canadienses, franceses (1 en 270), libaneses (1 en 85) y
judios Ashkenazi (1 en 72)'*'7, Por su parte, la forma homo-
cigota de la enfermedad afecta 1 de cada 1'000.000 de
personas'’.

Segun la etiologia, se sabe que esta enfermedad envuelve
tres mutaciones genéticas diferentes: del R-LDL, de la ApoB
y de la PCSK9'®. En Ultima instancia, todas estas alteracio-
nes genéticas generan disminucion de la degradacion del
c-LDL plasmatico mediante diferentes mecanismos. Asi, por
ejemplo, los R-LDL, que estan en su mayoria en la superficie
hepatica, son responsables de remover el c-LDL circulante.
Se han documentado mas de 1.288 mutaciones asociadas a
este receptor, 79% de las cuales pueden generar hipercoles-
terolemia familiar, lo que constituye la etiologia mas comun
de la enfermedad’’.

De otra parte, la ApoB es una proteina que actiia como
ligando entre el c-LDL y el R-LDL; si hay mutaciones en
la misma se impide la union y, por tanto, su degradacion.
Esta mutacion es causa del 5% de las hipercolesterolemias
familiares.

EL PCSK9 es el encargado de la eliminacion de los R-LDL
por medio de los lisosomas. Las mutaciones que aumentan
la accion de esta proteina llevan a niveles disminuidos del R-
LDL en los hepatocitos y en consecuencia a hiperlipidemia.
Esta mutacion contribuye al 1% de las hipercolesterolemias
familiares”%.

En el caso expuesto, las tres principales mutaciones
encontradas se relacionan con enfermedades que clara-
mente aumentan el riesgo cardiovascular:

La mutacion en el gen ApoA5 (cromosoma 11g23.3) se
asocia con hipertrigliceridemia familiar e hiperlipoproteine-
mia familiar tipo 52'. La mutacion en el gen ApoE, ubicado
en el cromosoma 19q13.32, se relaciona con aterosclero-
sis e hiperlipoproteinemia familiar tipo 3?2. La mutacion
del SCARB1, cromosoma 12q24.31, se relaciona con niveles
bajos de proteinas de alta densidad (c-HDL)?.

Tabla3 Examenes de laboratorio antes del inicio de los inhibidores del PCSK9

2009 2012 2014 2015 2016
Inicia | Final Inicia | Final Inicia | Final

Perfil lipidico

Colesterol total - mg/dl 254 301 258 257 270 299 283 270

c-HDL" - mg/dl 52 40 31 34 47 - 44,5 32

c-LDL? - mg/dl 187 245 214 211,8 207 237,8 220,7 222,6

Triglicéridos - mg/dl 75 78 64 56 80 76 100,9 77

Apolipoproteina B- mg/dl - - 143 - - - 202,9 122

Apolipoproteina A1- mg/dl - - 130 - - - 129 133

Lipoproteina - mg/dl - - - - - - - 10,1
Perfil tiroideo

Hormona estimulante de tiroidea - mU/ml - - 3,16 - 3,21 2,5 - 3,58

Tiroxina libre - ng/dl - - - - - - - 0,98
Creantina quinasa total - Ui/L - - - - - - - 66,41

" c-HDL: colesterol de alta densidad.
2 C-LDL: colesterol de baja densidad.
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Tabla4 Examenes de laboratorio posteriores al inicio de los inhibidores del PCSK9 (evolocumab)

A las 4 semanas A las 8 semanas

Perfil lipidico
Colesterol total - mg/dl
c-HDL" - mg/dl
c-LDL? - mg/dl
Triglicéridos - mg/dl

Perfil hepdtico
Aspartato aminotransferasa - U/L
Alanino aminotransferasa - U/L
Fosfatasa alcalina - U/L
Gamma gutamil transferasa U/L

Perfil renal
Creatinina - mg/dL
Nitrégeno ureico - mg/dL

Perfil tiroideo
Hormona estimulante de tiorides - mU/mL
Tiroxina libre (T4) - ng/dL

215,6 181
51 48
149,8 121,6
- 57

- 19

- 13

- 50,4
14 16
0,68 0,68
11,67 13,63
2,14 2,82
0,95

* c-HDL: colesterol de alta densidad.
2 C-LDL: colesterol de baja densidad.

Hasta la fecha la hipercolesterolemia familiar es sub-
diagnosticada y, por ende, subtratada. Se estima que solo
se reconoce el 20% de los casos'®. Un diagnéstico ade-
cuado debe incluir, por tanto, una combinacion entre
historia familiar, signos clinicos y concentracion de c-LDL.
Asi mismo, es pertinente excluir todas las causas secun-
darias de hiperlipidemia (diabetes mellitus, hipotiroidismo,
enfermedad hepatica y renal, medicamentos, sedentarismo,
entre otras)®. Para ello existen dos herramientas diagnosti-
cas frecuentemente utilizadas: los criterios de ‘‘Dutch Lipid
Clinic Netwok’’ y los de ‘‘Simon Broome’’, ambos combi-
nan el nivel de LDL en plasma, historia familia y marcadores
genéticos’.

Otra forma de diagnostico es la tamizacion con un
individuo como caso indice, necesaria debido a la alta pre-
valencia, mortalidad y morbilidad de la enfermedad; es de
anotar que es mas efectiva cuando se realiza en familiares
en primer grado de consanguinidad del caso indice?. Los
casos indices deben ser sometidos a estudios genéticos, y la
mutacion hallada es la que se estudia en los familiares. Este
método identifica el 50% de los casos totales de hipercoles-
terolemia familiar’®. Se debe aclarar que hasta un 40% de
pacientes diagnosticados con criterios clinicos no presentan
una mutacion genética identificable; en consecuencia, estos
individuos tienden a presentar menores niveles de c-LDL y a
tener mejor prondstico??’,

El objetivo principal del tratamiento de la hiper-
colesterolemia familiar es la reduccion de los eventos
cardiovasculares y la mortalidad. Hasta la fecha, éste se
basa en los niveles de c-LDL y no en las mutaciones genéti-
cas especificas®. La Asociacion Americana de Lipidos (NLA)
y el Instituto Nacional para la Salud y Excelencia Clinica
(NICE) del Reino Unido, recomiendan una reduccion de la
concentracion de c-LDL mayor al 50% del nivel previo al
tratamiento'*2%,

Dentro de las opciones farmacologicas, la primera linea
de tratamiento para la hipercolesterolemia familiar hete-
rocigota son las estatinas de alta intensidad (atorvastatina
80 mg/dia o la rosuvastatina 40mg/dia)?’, las cuales dismi-
nuyen la enfermedad coronaria hasta un 80% si se inician
como tratamiento preventivo en la adultez temprana®. La
respuesta inicial debe ser monitorizada uno a tres meses
después del inicio. Si el objetivo de disminucion de mas del
50% del valor inicial de c-LDL no se ha logrado después de
tres meses, el paso a seguir es la adicion de un segundo
medicamento, en cuyo caso el mas usado es el ezetimibe,
que disminuye los niveles de c-LDL un 15-20% adicional y
aumenta la cantidad de R-LDL en la superficie hepatica®*>',
Si pese a la doble terapia, tres meses después, el objetivo
no se cumple, se agrega un tercer medicamento (PCSK9 o
secuestrador de sales biliares)®.

En pacientes con intolerancia a las estatinas, la combi-
nacion entre ezetimibe, niacina, secuestradores de acidos
biliares y posiblemente inhibidores PCSK9 representan la
Unica alternativa de tratamiento?’. Contrario a lo ante-
rior, un estudio en 1.249 pacientes con hipercolesterolemia
familiar heterocigota evidenci6 que de 96% de los casos tra-
tados con estatinas, solo el 47% lograba la meta (reduccion
del 50% del c-LDL inicial) y s6lo el 21% alacanzaba nive-
les de c-LDL menores de 100mg/dl. Casi un tercio (27%)
de los pacientes que no cumplian las metas ya tenian pres-
cripcion de terapia combinada con ezetimibe®*2. Por todo
ello, en los Gltimos 5 afios se han intentado crear nue-
vas tecnologias en busca de medicamentos que controlen
de manera mas eficiente la hipercolesterolemia familiar y
sus complicaciones subsecuentes. En 2012 y 2013, respecti-
vamente, surgieron el lomitapide (inhibidor de la proteina
de transferencia de triglicéridos microsomal) y el mipomer-
sen (inhibidor de oligonucleétido antisentido de Apo B100)
para hipercolesterolemia familiar homocigota. En 2015 se

Como citar este articulo: Duque M, et al. Hipercolesterolemia familiar heterocigota en manejo con anti-PCSK9. Rev
Colomb Cardiol. 2017. http://dx.doi.org/10.1016/j.rccar.2017.03.002

293
294
295
296
297
298
299
300
301
302
303
304
305

306

312

314
315
316
17
318
319
320
321
n
k]
324
325
326

27

194



336

345

346

361
362
363

364

Chapter 13: Hipercolesterolemia familiar heterocigota en manejo con anti-PCSK9

+Model
RCCAR 405 1-8

6

M. Duque et al.

Tabla 5 Caracteristicas de los inhibidores del PCSK9 aprobados para aplicacion en seres humanos

Alirocumab Evolocumab

Via de administracion Subcuténea Subcutanea

Biohabilidad 75% 82%

Indicaciones Pacientes con Hipercolesterolemia familiar Pacientes mayores de 12 afos con
heterocigota que se encuentren con maximas hipercolesterolemia familiar homocigota que
dosis de estatinas y control dietario. no logran alcanzar las metas del c-LDL con las

dosis maximas de estatinas tolerables y dieta.
Pacientes con enfermedad cardiovascular Pacientes con enfermedad cardiovascular
aterosclerdtica que requieran reduccion adicional —aterosclerética que requieren reduccion
de c- LDL o que no toleran las estatinas. adicional del c-LDL
Pacientes intolerantes a las estatinas
Dosis 150mg cada 15 dias 420 mg cada 4 semanas (eficacia similar con

Resultados hasta la fecha Reduccion del c-LDL del 50%

Efectos adversos
(6,22%).

En estudio
ODYSSEY)

Nasofaringitis (10,5%), infecciones de via aérea
superior (9,3%), influenza (7,5), dolor lumbar

Eventos cardiovasculares a largo plazo (estudio

dosis de 140 mg cada 2 semanas)

Reduccion promedio del c-LDL del 51% al
adicionarse con estatinas.

Nasofaringitis (11,3%), reacciones en el sitio de
inyeccion (7.2%), influenza (5,7%), infeccion
urinaria (4,8%)

Eventos cardiovasculares a largo plazo (estudio
FOURIER)

aprobaron dos inhibidores de PCSK9 (alirocumab y evolocu-
mab) para el tratamiento de la hipercolesterolemia familiar
heterocigota®.

Los efectos clinicos del PCSK9 fueron reconocidos inicial-
mente por Abifadel et al., quienes en 2003, describieron en
dos familias francesas mutaciones que potencian la funcion
del gen de PCSK9. Estos pacientes tenian c-LDL elevado en
asociacion con aumento de enfermedad coronaria®. Poste-
riormente, estudios en animales identificaron la funcion del
PCSK9, molécula sintetizada en el higado que en circulacion
se une al R-LDL hepatico y al complejo PCSK9/R-LDL, que es
endocitado e internalizado en el lisosoma donde es sometido
a degradacion. Este proceso reduce la capacidad de remover
el c-LDL circulante y se traduce en niveles aumentados del
mismo*>*¢, El estudio ‘*Dallas Heart Study’’ encontré indi-
viduos con mutaciones que disminuian la funcion del gen
PCSK9 llevando a 28% menos c-LDL circulante que la pobla-
cién general®. Estos estudios plantearon la posibilidad de
que la inhibicion farmacologica del PCSK9 podria disminuir
el c-LDL en pacientes con hipercolesterolemia.

Asi pues, se ha logrado la inhibicion del PCSK9 mediante
la creacion de anticuerpos monoclonales humanizados que
no atraviesan la barrera hematoencefalica y que son capa-
ces de aumentar la remocion del c-LDL circulante®. Al
ser inyectado el anticuerpo anti-PCSK9 se une al PCSK9
circulante agotandolo rapidamente, y en consecuencia se
genera menor degradacion de R-LDL en compartimentos
lisosomales, aumento de R-LDL en la superficie hepatica y
disminucién de los niveles de c-LDL*. Se han creado tres
medicamentos de este tipo: alirocumab, evolocumab y boco-
cizumab. Los dos primeros ya estan aprobados por la FDA 'y
la EMA para uso en seres humanos. En la tabla 5 se resumen
algunas caracteristicas de estos dos medicamentos?®3?,

El evolocumab es un anticuerpo monoclonal humano com-
pleto tipo 1gG2. Los estudios hechos hasta el momento
estiman que este farmaco logra reducir en un 60% la concen-
tracion de c-LDL cuando se administra en las dosis probadas

por estudios de fase I11*>-*2, con una disminucién de los nive-
les circulantes de PCSK9 del 85-95% después de una semana
de la administracion®®.

El primer estudio de fase i que evallo el evolocumab
en pacientes con hipercolesterolemia familiar heterocigota
fue el RUTHERFORD-2, multicéntrico, doble ciego, alea-
torizado, placebo controlado, en el que se incluyeron 331
pacientes: un grupo recibié 210mg de evolocumab cada 2
semanas (420 mg mensuales), y el otro placebo. Luego de 12
semanas, el grupo que habian recibido dosis quincenales de
evolocumab presentaba una disminucion del c-LDL entre el
59-60% comparado con el placebo. También se demostré una
disminucion del 15% en los triglicéridos y un incremento del
7% en el c-HDL. Al parecer, la respuesta al evolocumab es
independiente del tipo de mutacién que cause la hiperco-
lesterolemia familiar heterocigota®. Para el caso expuesto
se calcularon los valores porcentuales en los que aumenta-
ron o disminuyeron los parametros basicos del perfil lipidico
respecto a los valores inmediatamente previos al inicio de
la aplicacion de evolocumab (tabla 6).

Existen reportes de efectos adversos generados por la
administracion del evolocumab. En los estudios de fase i
y m se informa un abandono al tratamiento entre el 1,9 al
2,3% por eventos adversos*. Los mas reportados hasta la
fecha son: nasofaringitis (5,9% en el grupo de evolocumab
vs. 4,8% en el grupo control), infecciones de via respirato-
ria superior (3,2 vs. 2,7%), cefalea (3,0 vs. 3,2%), dolor de
espalda (3,0 vs. 2,7%) y mialgias (2,5 vs. 2,6%). Entre los
efectos adversos de interés se encuentran reacciones en el
sitio de puncion (3,3 vs. 3,0%), elevacion de creatinina qui-
nasa mas de 5 veces el limite superior de normalidad (0,7 vs.
0,7%), elevaciones de ALT y/o AST mas de 3 veces al limite
superior de normalidad (0,4 vs. 1%) y alteraciones neurocog-
nitivas (amnesia, delirium, desorientacion y alteraciones en
la memoria) (0,1 vs. 0,3%) las cuales estan en estudio en el
EBBINGHAUS***, Entre 2-8% de los pacientes en los estu-
dios descontinuaron el medicamento, sin claridad sobre la
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Tabla 6 Comportamiento de los parametros basicos del perfil lipidico de la paciente posterior al inicio de los inhibidores del

A las 4 semanas

A las 8 semanas

PCSK9

Colesterol total - mg/dl 120,14
c-HDL" - mg/dl 459,3
c-LDL? - mg/dl

Triglicéridos - mg/dl

32,7

132,96
450

144,92
125,97

* c-HDL: colesterol de alta densidad.
2 c-LDL: colesterol de baja densidad.

causa de ésta. Asi mismo, por la composicion del inhibidor
de PCSK9 (anticuerpo humanizado) se pueden generar anti-
cuerpos contra el inhibidor de PCSK9, pero hasta ahora no
se han demostrado con frecuencia y no han disminuido la
eficacia del medicamento®.

Conclusiones

Pese a que la hipercolesterolemia familiar no se presenta en
un gran porcentaje de la poblacién, merece ser sospechaday
diagnosticada, a raiz de las consecuencias cardiovasculares
significativas que genera. Por tanto, su deteccion temprana
permite impactar en intervenciones oportunas.

En la actualidad, los inhibidores del PCSK9 se han conver-
tido en una alternativa prometedora para aquellos que no
responden a las terapias convencionales y cursan con enfer-
medades tan severas como la hipercolesterolemia familiar.
Por ahora, dichos inhibidores, especialmente, el evolocu-
mab en el tratamiento de la hipercolesterolemia familiar
heterocigota, parecen ser una terapia prometedora en
términos de disminucion de valores de colesterol total, c-
LDL y triglicéridos y aumento de c-HDL. Faltan estudios y
seguimientos muy estrechos y objetivos en el tiempo, que
corroboren o contradigan los beneficios y eventos adver-
sos encontrados hasta el momento en los pacientes que se
someten a estas nuevas opciones terapéuticas.
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Concluding remarks and perspectives

This thesis has taught me the valuable skill of understanding genomic content and structure
using NGS data and how these play an important role in clinical applications. The initial
work on fungal genome assemblies marked an important milestone for our line of research.
We were able to attain a deep level of understanding of the bioinformatic limits of using
NGS reads and address complex tasks involved in choosing de novo assemblies. One of the
main reasons why we were interested in improving our understanding of the structure and
content of genomic assemblies was to be able to provide the scientific community with high
quality novel genome sequence assemblies of the fungal pathogens B. dermatitidis,
Paracoccidioides spp., Emmonsia crescens and Emmonsia parva, as well as their
annotations, which are presented in the work we published. We were also able to update the
genome assemblies and annotations of three reference strains of Paracoccidioides spp,
which were published and made publically available to the scientific community. These
results have provided the medical mycology community with new and updated fungal
genomes that should facilitate comparative genomics projects requiring high quality of
assemblies and annotations, such as those addressing gene presence/absence, SNP analysis
of multiple species and/or strains and evolutionary analyses. For example, the sequences of
the Emmonsia spp. and Blastomyces dermatitidis and Paracoccidioides spp., described and
presented in this thesis, were used in a recent publication where the authors present
evidence to justify the introduction of a novel taxon within the Ajellomycetaceae (Dukik et
al,.2017).

Another contribution for medical mycology and clinical laboratories was to devise

and test ways to systematically design primer sets for the detection of fungal pathogens
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from aligned genome sequences, and to analytically validate primers we obtained for H.
capsulatum and Paracoccidioides spp. Here we provide the scientific community with
primer sets that can be tested using clinical samples in order to validate their application in
clinical settings. The algorithm we created will be made available to the scientific
community so that other groups can utilize this tool to design primer pairs for the molecular
detection of other pathogens. The algorithm is now being used by collaborators to design
primer pairs for the detection of Sporothrix spp., with promising results. We feel that this
contribution may help the scientific community bridge gaps between NGS sequencing and
molecular detection assays that can be implemented in laboratories.

As newer sequencing technologies are developed and costs decrease, the use of
genomics in the clinical setting will become more frequent. For the detection of pathogens,
more information of unique genomic signatures will be required, and the generation of
large databases will permit the rapid differential diagnosis of pathogens. Such molecular
detection protocols would be of high importance also in tropical areas such as Colombia
where many of the world’s important pathogens are endemic and cause a high burden of
health care costs.

Human genomics in Colombia is only recently starting to become incorporated into
clinical settings. The results we have obtained, but not yet published, in our study of 9p21.3
and its association with cardiovascular disease, blood pressure / hypertension and type 2
diabetes are highly significant for understanding the genetic risk component also of other
diseases associated with this locus, including cancers. The results, when completed, will
provide valuable information of public health relevance, and improved understanding of
such genetic risk will help in decision making, for example in preventative health programs

for individuals with a higher risk of developing cardiovascular disease.
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A whole exome approach on which we are working for mutation analysis of various
diseases is also showing promise. If most coding regions of the human genome could be
analyzed by a single test, this would provide clinicians with a top-down approach that could
aid in the correct diagnosis and treatment of patients with genetic diseases. We have now
tested our approach in more than 90 patients with various genetic diseases including
cardiovascular, neurological and lysosomal diseases and cancer. We have seen that is it
possible to accurately detect pathogenic mutations as well as variants of unknown
significance (VUS; work in progress).

Our analyses for a patient with familial hypercholesterolemia presented in chapter
13 shows a clear example of how genomics in the clinical setting is bridging gaps in
precision medicine in Colombia. The patient, who was affected by mutations in genes
related to the cholesterol processing pathway that were the most probable cause of her
disease, was also a non-responder to conventional cholesterol lowering drugs.

Genomics is forecasted to grow in the clinical setting in the upcoming years. We
foresee the future of genomics in medicine heading in a direction of not only using NGS
data for diagnostic purposes but also gene editing of pathogenic mutations. Metagenomic
sequencing of clinical samples is becoming more frequent. Important advances in clinical
genomics such as liquid biopsy for tumor sample characterization will be highly useful for
non-biopsiable or other regions of the body that are not easy to reach. As an example,
circulating tumor DNA extraction methods from peripheral blood are now allowing for
genomic analyses of tumors without highly invasive procedures. For brain stem tumors,
circulating tumor DNA is obtained directly from cerebrospinal fluid allowing tumor

classification.
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It is our hope that the results, insights and resources contributed in this thesis will
help expand the use of clinical genomics for the detection of microorganisms and human

chronic disease in the near future.
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