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Abstract

Hybridization between different species can result in the emergence of new lineages and
adaptive phenotypes. Occasionally, hybridization in fungal organisms can drive the
appearance of opportunistic lifestyles or shifts to new hosts, resulting in the emergence
of novel pathogens. In recent years, an increasing number of studies have documented
the existence of hybrids in diverse yeast clades, including some comprising human
pathogens. Comparative and population genomics studies performed on these clades
are enabling us to understand what roles hybridization may play in the evolution and
emergence of a virulence potential towards humans. Here we survey recent genomic
studies on several yeast pathogenic clades where hybrids have been identified, and dis-
cuss the broader implications of hybridization in the evolution and emergence of path-
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Introduction

Inter-species hybrids result from the crossing of two
diverged species. Hybrids are thus chimeric organ-
isms that carry material from two differentiated ge-
nomes and may display a range of properties
present in either of the two parent lineages, as well
as novel, emerging phenotypes that differentiate
them from both of their parents. As such, hybridiza-
tion has been long recognized as an important evo-
lutionary mechanism that can drive new adaptive
phenotypes that enable the colonization of new en-
vironments (Gladieux et al., 2014). Studies on hy-
bridization have been traditionally performed on
animals and plants, where hybrids are easy to recog-
nize from their morphology. Such studies have
established hybridization as an important evolu-
tionary force driving the origin of new lineages
and important ecological adaptations (Fonseca
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et al., 2004; Lee et al., 2013; Lunt et al., 2014,
Masuelli et al., 2009; Session et al., 2016). In fungi,
where hybrids are difficult to recognize morpholog-
ically or physiologically, the study of hybrids has
long been neglected. However, the advent of geno-
mics has recently enabled the identification of a
growing number of fungal hybrids belonging to di-
verse clades and among industrial, clinical or envi-
ronmental strains (Leducq et al., 2016; Morales &
Dujon, 2012; Pryszcz et al., 2014; Pryszcz et al.,
2015). Although most identified hybrids are
thought to have been formed relatively recently, hy-
bridization may have played an important role in the
origin of some ancient lineages. Indeed, hybridiza-
tion has recently been recognized as the process un-
derlying the major whole genome duplication that
occurred around 100 million years ago in the line-
age leading to Saccharomyces cerevisiae (Marcet-
Houben & Gabaldén, 2015).
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Besides its ecological and evolutionary impor-
tance, the study of hybridization is important
from a physiological perspective. The situation
created by the merging of two genomes, and the
resulting transcriptomes and proteomes within a
single cell, has been described as a ‘genomic
shock’ (McClintock, 1984). In particular, at the
early stages, physiological processes in hybrid or-
ganisms are expected to be intrinsically unfit, ow-
ing to interferences in the cross-talk of two
genetic systems that have evolved separately for
some time. Thus, even if some of the emerging
new properties in the hybrid ensure a selective
advantage in a given niche, the hybrid fitness will
benefit from purging existing deleterious interac-
tions between the two sub-genomes. This process
is referred to as genome stabilization, and is me-
diated by several mechanisms including genomic
recombination, gene conversion, or chromosomal
loss or duplication (Payseur & Rieseberg, 2016).
Although events mediated by such mechanisms
have a stochastic mutational source, they can be
subject to selection. Thus, evolution of fungal hy-
brid lineages follows particular rules, and we cur-
rently lack sufficient understanding of its tempo
and mode.

In the last decade, the incidence of fungal infec-
tions has increased, partly owing to recent ad-
vances in the medical sector such as the increased
survival of immunocompromised patients, the ex-
tensive use of antibiotics, immunosupressors or
medical devices such as catheters (Gabaldén &
Carreté, 2016; Pfaller & Diekema, 2007). This in-
crease in incidence is due not only to a higher
number of reported cases caused by known patho-
genic species, but also an increasing number of in-
fections whose underlying cause is a rare species
(Pfaller & Diekema, 2004). For instance, among
the etiological causes of invasive candidiasis, there
are over 30 different species (Gabaldén et al.,
2016), of which more than half can be considered
very rare (i.e. <0.1% of the cases). This has led
to the concept of emerging fungal pathogens
(Papon et al., 2013). Although the above-
mentioned progress in the medical sector is cer-
tainly one of the factors driving the increase in in-
cidence and number of etiological agents, it is
unclear whether other factors such as species dis-
persion to new environments may play a role. In
addition, although the number of fungal species
causing infection is increasing, there are clear
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differences among them in terms of their ability
to cause infection and damage to the human host.
In summary, we still have a very poor understand-
ing of the genomic properties that may underlie a
virulent outcome between a potential pathogen
and its host, and how they have emerged during
evolution.

In recent years hybridization has emerged as a
potential important source of new pathogenic spe-
cies. Indeed, a growing number of studies report
the presence of hybrids among clinical isolates, in
particular in yeast clades such as Cryptococcus or
Candida (Boekhout et al., 2001; Pryszcz et al.,
2014; Pryszcz et al., 2015; Schroder, 2016; Viviani
et al., 2006). These findings are worrisome, partic-
ularly considering current processes such as global
trade, environment alteration and climate change,
which may be favouring the encounter of divergent
species that can still hybridize. The sources and
potential implications of hybrids among clinical
isolates are still poorly understood, and hence there
is a need for studying the distribution, evolution
and physiology of pathogenic hybrids. In this re-
view we survey current knowledge about hybrids
in opportunistic human pathogens, with a special
emphasis on their genomic features and the mech-
anisms underlying their evolution. The possible re-
lationship between hybridization events and the
development of virulence will also be discussed.

Hybridization and the origin of emerging
phenotypes

Hybrids are chimeric organisms carrying two dif-
ferent genomes that must coexist within the same
cell. This phenomenon does not occur frequently
in nature because on many occasions the chimeric
organism is simply not viable. In the first instance
mating between two organisms may be prevented
by physiological pre-zygotic barriers such as prob-
lems in gamete recognition. If mating is possible
and a zygote is formed, numerous post-zygotic
barriers can exist. For instance, developmental
problems may arise, aborting the generation of a
new individual or, if the hybrid is viable, it may
not be able to reproduce. Ultimately, the hybrid
will need to survive in competition with other spe-
cies. Certainly, all natural hybrid species that we
now recognize are a small fraction of those that
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were initially formed, and they all must present
some characteristics that promoted their survival.
Hybridization events can promote the origin of
extreme phenotypes and adaptations to new eco-
logical environments (Gladieux et al., 2014). This
adaptation to new environments is key for hybrids’
survival, as it not only allows isolation from the
parent species but also it may provide a competi-
tive advantage that allows for a relatively high fit-
ness, despite the potential deleterious effects of
the underlying ‘genomic shock’ (see below). Ad-
aptation to new niches is generally promoted by
the presence in the hybrid of transgressive pheno-
types, that is, those phenotypes or characteristics
that are beyond those present in the parent species.
The sunflower Helianthus paradoxus, a hybrid be-
tween Helianthus annuus and H. petiolaris is an
example of this, as it can colonize soils with a high
concentration of salt, where neither of the two par-
ents can survive (Welch & Rieseberg, 2002a;
Welch & Rieseberg, 2002b). This possible exis-
tence of a superior performance of hybrids when
compared with their parent lineages was described
in 1908 by Shull, who later named this characteris-
tic ‘heterosis’ (Shull, 1908; Shull, 1914). Heterosis
can result from multiple mechanisms (Lippman &
Zamir, 2007; Swanson-Wagner et al., 2006), and
some studies point to the existence of a correlation
between the parent expression levels and the hy-
brid performance (Frisch et al., 2010; Thiemann
et al., 2010). This ability of hybrids to adapt to
new conditions and show transgressive phenotypes
has been highly exploited in agriculture and in fact
several crops that we include in our diet are hy-
brids (Bevan et al., 2017; Lippman & Zamir,
2007; Warschefsky et al., 2014). Besides agricul-
ture, industries such as beer- and wine-making
are also taking advantage of the different character-
istics of hybrid organisms (Pretorius & Bauer,
2002). Saccharomyces pastorianus is a hybrid
yeast which keeps the strong fermenting ability
of its parent S. cerevisae as well as the ability to
survive under low temperatures of its parent S.
eubayanus (Gibson & Liti, 2015). These two char-
acteristics are essential for lager beer production,
and therefore this organism has had an advantage
compared with each of the parents, being widely
used in this industry. Similarly, several hybrids be-
tween S. cerevisiae and other Saccharomyces spe-
cies such as S. kudriavzevii present the ability to
grow under ethanol and temperature stress
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(Belloch et al., 2009). This characteristic has been
extensively explored by wine-makers, who prefer
to produce white wine under low temperatures,
minimizing the loss of aromatic compounds, which
makes these hybrids an important economic asset
in this business (reviewed in Marsit and Dequin
(Marsit & Dequin, 2015)). These are two of many
possible examples of the relevance of hybridiza-
tion for our daily life. In fact, these industries are
increasingly recognizing the high potential of hy-
brids in adapting to new conditions and developing
advantageous phenotypes. Currently, the artificial
generation of new hybrids with useful characteris-
tics in the laboratory constitutes a promising inno-
vation strategy (Krogerus et al., 2017).

How can hybrids achieve these advantages? In
crops, the mechanisms underlying heterosis have
been extensively studied, and gene expression
changes were reported in intra-specific hybrids of
rice, maize and wheat (Guo et al., 2006; He et al.,
2010; Stupar & Springer, 2006; Swanson-Wagner
et al., 2006; Wang et al., 2006). These changes
can be additive or non-additive when, respectively,
the value of gene expression is the mean of both
parent lineages, or the expression of one parent is
decreased while the other is increased (reviewed
in Chen (Chen, 2013)). However, despite all of
the studies performed to understand these mecha-
nisms, the underlying molecular basis of heterosis
is still poorly understood. More studies are defi-
nitely needed in order to understand this question
better.

Genomic impacts of hybridization

As chimeric organisms, hybrids combine the ge-
netic material of the two parent lineages. This im-
plies a certain degree of genetic divergence
between the homeologous chromosomes, that will
initially equal the divergence between the two par-
ent species at the time of hybridization. The
resulting high levels of genetic heterozygosity
may directly impact the functioning of the cell. In-
deed, as suggested by the Bateson—-Dobzhansky—
Muller model (Bateson, 1909; Dobzhansky,
1934; Muller, 1942), different proteins for the
same biological process can be produced at the
same time, generating some incompatibilities that
can influence the survival or fertility of the
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organism. Therefore, selection will favour any
change that removes negative epistatic interactions
in these heterozygous genomes, thereby increasing
the chances of survival. In addition, even in the ab-
sence of selection, genomic changes involving dif-
ferential loss of chromosomal regions or gene
conversion will inevitably result in loss of hetero-
zygosity (LOH) in particular regions. The combi-
nation of these selective and neutral processes
will result in a progressive shaping of the heterozy-
gous genome, which would gradually lose hetero-
zygosity, while increasing its genomic stability.
Several processes can contribute to this stabiliza-
tion (Figure 1). For instance, the duplication of
the entire set of chromosomes through whole ge-
nome duplication would restore proper pairing be-
tween chromosomes, thus restoring the ability to
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go through meiosis (Marcet-Houben & Gabaldén,
2015; Wolfe, 2015). Alternatively duplication or
loss of individual chromosomes, leading to chro-
mosomal aneuploidies, can also enhance genomic
stability (Wertheimer et al., 2016). More specific
mechanisms may contribute as well to this shaping
process, namely gene loss, not only through liter-
ally deletion of the genomic region, but also
through pseudogenization (Albalat & Caiiestro,
2016), or through gene conversion, a process where
a DNA sequence from one chromosome substitutes
the one of its homeologue chromosomes so that the
two regions become identical (McGrath et al.,
2014). Events of gene loss and gene conversion
lead to LOH (Figure 1). This LOH is highly associ-
ated with the evolution of hybrids (Li et al., 2012;
Louis et al., 2012; Stukenbrock et al., 2012), being
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Figure |. Schematic representation of several different mechanisms that can lead to genome stabilization in hybrids. Shaded
ovals represent cells. Chromosomes are painted in different colours with different tones of the same colour indicating
homeologous pairs of chromosomes. In some cases insets highlight specific regions with genes indicated as coloured boxes.
From top to bottom, two haploid cells from different species cross and form a diploid hybrid. Four non-exclusive, alternative
evolutionary paths to genome stability are shown: (a) whole-genome duplication; (b) total or partial chromosome loss; (c)

gene loss; and (d) gene conversion and loss of heterozygosity
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an extremely important mechanism leading to the
reduction of genomic incompatibilities present in
such organisms.

Another relevant factor for the stabilization of
hybrid genomes is gene expression. Gene expres-
sion is regulated with cis (promoter region) and
trans (elsewhere in the genome) elements, and in
hybrid genomes it is possible that the cis compo-
nent of one parent is regulated by the trans compo-
nent of the other, which can alter gene regulation.
As shown by Tirosh and colleagues, alterations in
either cis or trans regulatory elements are impor-
tant to obtain genomic stability, and therefore the
reprogramming of gene expression should also be
considered as an important factor in the stabiliza-
tion of hybrid genomes (Tirosh et al., 2009). Fur-
thermore, alterations in reprogramming of gene
expression were shown to impact the way the hy-
brid interprets sensory signals (Tirosh et al.,
2009). This discovery raises the question whether
all of these large alterations in hybrid genomes
can have consequences in the way the organism in-
teracts with the surrounding environment. It would
be interesting in future works to address the ques-
tion of whether these alterations in the signal per-
ception can drive changes in the signal response,
and consequently, for example, result in the viru-
lence of a given hybrid pathogen.

Emerging pathogens and the evolutionary
origins of virulence

Virulence results from the interaction of a micro-
organism with the host; as such it is an emerging
property that depends on factors ranging from the
genetic determinants of the host and the microor-
ganism to the particular physiological or environ-
mental conditions (Casadevall, 2012). According
to Gabaldén and Carreté, not exclusively but par-
ticularly in opportunistic pathogens, virulence
should be regarded as a secondary effect or an
‘evolutionary accident’, resulting from traits
resulting from adaptations to selective pressure
different from that involved in the pathogenic
process itself (Gabaldén & Carreté, 2016). The
number of fungal organisms with the ability to
cause disease in humans may seem large, but it
is only a small fraction of those that come into
contact with us, as part of our microbiota or our
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environment. In addition, human fungal patho-
gens belong to evolutionary distinct clades and
always have close relatives that are unable to in-
fect humans (Figure 2). Thus, the ability to infect
humans must have emerged several times inde-
pendently. Uncovering what genomic changes
may have promoted the emergence of virulence
may serve to uncover novel virulence mecha-
nisms. Despite recent efforts, we know very little
about the evolution of virulence in fungi, al-
though several trends are emerging, such as an
increased cell-wall repertoire and adherence prop-
erties in pathogens as compared with closely re-
lated non-pathogens (Gabaldén et al., 2016).
Hybridization provides an evolutionary scenario
where radical genomic changes occur and where
new emerging phenotypes may appear. If the
new phenotype relates to the ability to survive
in the human host, or an enhanced evasion from
the immune system, we may obtain an increased
virulence potential in a possibly newly created
lineage. The relationship between hybridization
processes and the development of virulence po-
tential is not well understood. However, hybridi-
zation is being recognized as an important path
to virulence in the emergence of novel plant fun-
gal pathogens (Depotter et al., 2016), and several
human pathogenic species have been shown to
present hybrids, such as Candida orthopsilosis,
C. metapsilosis or Cryptococcus neoformans
(Boekhout et al., 2001; Pryszcz et al.,, 2014;
Pryszez et al., 2015; Schroder, 2016).

As discussed above, the initial instability pres-
ent in hybrid genomes can represent a problem
for these organisms as it has consequences in
their fitness or survival. However, at the same
time this instability results in high phenotypic
plasticity and variability, which can represent
an advantage in the adaptation to new environ-
ments. For example, the plant oomycete patho-
gen Phytophthora xserendipita is a hybrid
originated through the mating of Phytophthora
cactorum and P. hedraiandra, which infects the
monocotyledon and dicotyledon species outside
the host spectra of both parent species (Man in
‘t Veld WA, de Cock AWAM, Summerbell
RC., 2007). Thus, in the context of pathogenic
organisms, hybridization can have an impact
on the adaptation not only to different hosts,
but also to different organs, as well as to differ-
ent drugs.
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Figure 2. Evolutionary tree depicting the principal fungal clades with hybridization events in the origin of emergent patho-
gens. Clades where hybridization events have already been reported are indicated with the diamond symbol (¢). Hybrids or
hybrid parent species are in bold. Basidiomycota and Ascomycota phyla are presented with blue and yellow backgrounds, re-
spectively. Dark yellow highlights the CTG clade. Species already described as possible plant pathogens are in green, while
those already described as possible human pathogens are in orange. The tree was reconstructed based on a set of four
marker genes able to resolve fungal phylogenies (Capella-Gutierrez et al., 2014). Genes were aligned and trimmed following
PhylomeDB pipeline (Huerta-Cepas et al., 2014), and the tree was reconstructed using the raxmIHPC-PTHREADS-SSE3 op-
tion of RAXML v8.2.4 (Stamatakis, 2014) set with PROTGAMMALG substitution model

The globalization and mobility of goods and
people all over the world can contribute to the
spread of new variants or species to new geograph-
ical locations. It is known that there is less repro-
ductive isolation between organisms that are
geographically distant, and that the emergence of
hybrid pathogens is often associated with the intro-
duction of new microbes in a given area (Depotter
et al.,, 2016). In addition, global climate change
and other alterations of the environment are chang-
ing the potential geographic distribution of species,
favouring the colonization of new locations and
opening the possibility that previously isolated
species come into contact. Therefore it can be
speculated that these interchanges may contribute
to the present and future increase of the emergence
of hybrid species. Below, we survey recent studies
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on hybrids from the main clades of human patho-
genic yeasts.

Cryptococcus neoformans and
Cryptococcus gattii

The Cryptococcus neoformans/Cryptococcus gattii
species complex comprises a very heterogeneous
sets of basidiomycete species, and its taxonomic
organization has been reformulated several times
during the last decade. Until the beginning of the
present century, only one formal species was rec-
ognized — C. neoformans, with three recognized
varieties, C. neoformans var. neoformans (corre-
sponding to the serotype D), C. neoformans var.
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grubii (serotype A) and C. neoformans var. gattii
(serotypes B and C). However, in 2001, the analysis
of molecular markers indicated the existence of two
separated species: C. neoformans var. neoformans
and var. grubii and Cryptococcus gattii (Boekhout
et al., 2001). More recently, a taxonomic reclassifi-
cation based on phylogenetic analyses was pro-
posed, and up to seven different species are now
being considered. The two varieties of C.
neoformans correspond to C. neoformans (previous
var. grubii) and C. deneoformans (previous var.
neoformans), and C. gattii was divided into five dif-
ferent species, namely, C. gattii, C. bacillisporus,
C. deuterogattii, C. tetragattii and C. decagattii
(Hagen et al., 2015).

All of these species can cause human cryptococ-
cosis (Brown et al., 2012; Hagen et al., 2015). In-
fections from these yeasts generally start by
fungal spore cells reaching the human lungs
through inhalation from the environment, since
their main reservoir is trees (Cogliati et al.,
2016). Once in the lungs the fungus can develop
into a potentially fatal infection in immunocom-
promised patients, particularly AIDS patients
(Viviani et al., 2006). In recent years however,
some Cryptococcus outbreaks have affected pre-
sumed immunocompetent hosts in USA, Canada
and Australia (Byrnes & Heitman, 2009; Byrnes
& Marr, 2011; Galanis E, MacDougall L, Kidd S,
Morshed M, British Columbia Cryptococcus gattii
Working Group, 2010; Pappas, 2013). From the
lungs, Cryptococcus infections can spread to other
parts of the human body, causing additional clini-
cal complications such as meningoencephalitis
(Brown et al., 2012). The number of cryptococco-
sis in non-HIV patients is increasing (Bratton et al.,
2012; Henao-Martinez & Beckham, 2015) and it is
estimated that this disease affects 1 million people
every year, killing around 625000 (Park et al.,
2009). However, given that not all countries have
data available (Viviani et al., 2006), this number
could be an underestimate. In France the presence
of 0.3 infections per 100000 persons/year was re-
ported, with a fatality rate of 15%, while in
Germany, between 2004 and 2013, 491 cases were
reported (Bitar et al., 2014; Smith et al., 2015).

Molecular studies on the genetic background of
Cryptococcus samples revealed the presence of
several inter-species hybrids (Figure 3a), from
which the AD hybrids (C. neoformans x C.
deneoformans hybrids) are the most studied (see
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Table 1 for more information). The presence of dif-
ferent hybridization events could eventually point
to a high level of similarity between the different
Cryptococcus genomes. However, these species
are highly divergent at the nucleotide level, C.
neoformans and C. deneoformans having 7% di-
vergence, and C. gattii and C. deneoformans 13%
divergence. Moreover, C. deuterogatii has 7.6%
nucleotide divergence when compared with C.
gatti, and 14.5% when compared with C.
deneoformans (Table 1) (D’Souza et al., 2011;
Janbon et al., 2014). The presence of hybrid spe-
cies in Cryptococcus infections is a reality, with
up to 30% of all infections being associated with
AD hybrids (Viviani et al., 2006). Indeed, some
hybrid strains were shown to present an increased
virulence, suggesting that hybridization is associ-
ated with that trait (Hagen et al., 2015; Li et al.,
2012). This represents a special concern, particu-
larly if we take into account the fact that these
pathogens are already revealing some heterosis as
well as resistance to antifungal drugs (Li et al.,
2012). Some studies point to the existence of more
than one hybridization event in the origin of some
Cryptococcus hybrids (Li et al., 2012; Xu et al.,
2002), whose genomes are experiencing continu-
ous chromosomic changes (Li et al., 2012; Rhodes
et al., 2017), possibly reflecting the above-
mentioned process of genome stabilization, but at
the same time facilitating the path for pathogen
evolution. Genomic analyses of AD hybrids re-
vealed the presence of several aneuploidies, with
some chromosomes from a specific parent being
preferably retained (Hu et al., 2008). For instance,
in chromosome 1, whose aneuploidies have al-
ready been associated with drug resistance (Sionov
et al., 2010), there is a preference to retain the sero-
type A copy, which is sometimes duplicated, while
its homeologue from serotype D is lost (Hu et al.,
2008; Rhodes et al., 2017). It is notable that, for
eight AD hybrid strains recently analysed, a com-
mon origin was proposed at the same time that
they were shown to have undergone different evo-
lutionary paths (Rhodes et al., 2017). This is repre-
sentative of the high plasticity of these genomes,
and the high diversity generated after one hybridi-
zation event, contributing to the evolution of path-
ogenicity in these organisms.

Some Cryptococcus pathogenic species appear
as coexisting in the same niche (Cogliati et al.,
2016), showing that they are constantly in contact
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Figure 3. Schematic trees with representation of the different hybridization events already described in (a) Cryptococcus and
(b) Candida parasilosis s.l. clades. For each tree, hybrid parent species are in bold and connected with coloured curve lines. In
each tree, different colours represent different hybridization events. The tree representing Cryptococcus clade was adapted
from Hagen et al. (Hagen et al., 2015), while the one representing C. parapsilosis clade was adapted from Pryszcz et al. (Pryszcz
et al,, 2015). [Colour figure can be viewed at wileyonlinelibrary.com]

and exposed to the possibility of occurrence of
other hybridization events. The number of differ-
ent hybrid species in this clade, and thus the appar-
ent ease with which hybrids are formed recursively
from independent events between the same line-
ages, is remarkable. This may be indicative of
some special predisposition for these species to
cross. This makes imperative the study of these hy-
brid genomes in order to understand their origin
and genomic aftermath.

Candida parapsilosis complex

The Candida parapsilosis complex comprises
three recently recognized species (Figure 3b) with

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

a worldwide distribution: Candida parapsilosis,
C. orthopsilosis and C. metapsilosis (Tavanti
et al., 2005). All of these species are facultative
commensals of human skin or mucosae, and all
have the ability to form biofilms in catheters and
other medical devices, being associated with op-
portunistic nosocomial infections (Lattif et al.,
2010; Melo et al., 2011; Trofa et al., 2008). Hence,
these species represent a special concern for AIDS,
surgery and cancer patients, and other patients with
long-term use of venous treatment. These opportu-
nistic pathogens can be associated with episodes of
fungemia, endocarditis, peritonitis, endophtalmitis,
otomycosis and less frequently meningitis and
vulvovaginal or urinary infections (Trofa et al.,
2008). The treatment of these infections has to take
into account their lower susceptibility to
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Table |. Recognized hybrid human pathogenic yeasts, and respective parent information, as well as evidence of the
occurrence of hybridization events. Columns indicate, in this order: hybrid Phylum; hybrid name; first parent species;
second parent species; genomic sequence divergence at the nucleotide level between the parent species; type of analysis
used for hybrid detection; and literature where this information was retrieved from

Phylum Hybrid Parental A Parental B Div  Evidence Reference
Asco Candida orthopsilosis Candida orthopsilosis Unknown 5% Genome (Pryszcz et al., 2014;
Schroder et al., 2016)
Asco Candida metapsilosis Unknown Unknown 4.5% Genome (Pryszcz et al., 2015)
Asco Coccidioides immitis x Coccidioides immitis Coccidioides na. Genome (Neafsey et al., 2010)
Coccidioides posadasii posadasii
Asco Fusarium keratoplasticum Fusarium keratoplasticum ~ FSSC 9 na. Markers (Short et al., 2014;
Short et al., 2013)
Basidio  Cryptococcus neoformans x Cryptococcus neoformans Cryptococcus 7%  Genotype (Boekhout et al., 2001;
Cryptococcus deneoformans deneoformans Janbon et al,, 2014;
(AD hybrids) Rhodes et al., 2017)
Basidio  Cryptococcus deneoformans x Cryptococcus deneoformans ~ Cryptococcus gattii  13%  Genotype (Bovers et al., 2008;
Cryptococcus gattii (BD hybrid) D’Souza et al., 2011)
Basidio  Cryptococcus neoformans x Cryptococcus neoformans Cryptococcus gattii  n.a. Genotype (Bovers et al., 2008)
Cryptococcus gattii (AB hybrid)
Basidio  Cryptococcus neoformans x Cryptococcus neoformans  Cryptococcus na. Genotype (Aminnejad et al., 2012)
Cryptococcus deuterogattii deuterogattii
Basidio  Malassezia furfur Malassezia furfur Malassezia furfur ~ n.a. Markersand  (Theelen et al., 2001;

genome Wu et al,, 2015)

Asco, Ascomycota; Basidio, Basidiomycota; Div, genomic divergence at nucleotide level; n.a, information not available; Genome, genomic analysis;

Markers, genetic markers.

echinocandins as well as the possible presence of
resistance to fluconazol (Garcia-Effron et al.,
2008; Lockhart et al., 2008), which constitute the
usual drugs used in candidemia treatment.

The human pathogenicity observed in this clade
evolved independently from that in other Candida
spp. (Pryszcz et al., 2015). Even so, C.
parapsilosis ranks as the third most common cause
of candidiasis worldwide, after C. albicans and C.
glabrata, being the Candida species with the
highest increase in incidence in recent years
(Diekema et al., 2012; Trofa et al., 2008). C.
parapsilosis is the most prevalent of the three spe-
cies of the complex, and its infections particularly
affect neonates, which account for one-third of C.
parapsilosis infections and have a relatively high
mortality rate of around 10% (Chow et al., 2012;
Pammi et al., 2013). Like C. parapsilosis, C.
orthopsilosis can cause damage in human tissues,
the less virulent member of this complex being
C. metapsilosis (Gacser et al., 2007). These latter
two species are less prevalent than C. parapsilosis,
but their incidence varies greatly depending on the
location. It is important to note that not all of the
microbiology laboratories make the distinction be-
tween the three species of this complex (Trofa
et al., 2008). A recent study performed between
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January 2009 and February 2010 in Spain reported
that 29.1% of fungemia cases were caused by C.
parapsilosis s.l.. From these, 8.2% were C.
orthopsilosis and 1.1% C. metapsilosis (Canton
et al., 2011). However, in a survey performed in
hospitals in China, this scenario was inverted with
C. metapsilosis accounting for 11.3% of all C.
parapsilosis s.l. infections, and C. orthopsilosis
only 3.7% (Xiao et al., 2015). In fact, geographical
location could be an important factor in the distri-
bution and incidence of opportunistic organisms
indirectly, because medical procedures and the
clinical environment differ across the world.

The elucidation of the evolutionary history of
the C. parapsilosis complex has uncovered the ex-
istence of several hybrids related to C.
orthopsilosis and C. metapsilosis (Table 1). Can-
dida parapsilosis s.]. are diploid organisms and
mating or meiosis has never been observed in this
complex (Butler et al., 2009; Logue et al., 2005;
Sai et al., 2011). Candida parapsilosis is described
as a highly homozygous species, as recent whole
genome analysis of various strains has confirmed
(Butler et al., 2009; Pryszcz et al., 2013). In con-
trast, genomic analyses of C. orthopsilosis and C.
metapsilosis provided a very different picture. Al-
though the first genome sequence of a C.
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orthopsilosis strain depicted a highly homozygous
sequence (Riccombeni et al., 2012), further geno-
mic sequences revealed the existence of hybrids
that had spread over distant geographical regions
(Pryszcz et al., 2014; Schroder, 2016). The analy-
sis of these hybrid genomes indicated a hybridiza-
tion between the previously sequenced
homozygous lineage and an unknown parent that
showed 5% divergence at the nucleotide level
(Pryszcz et al., 2014). Furthermore, it has been
suggested that such hybrids have been formed at
least four times independently, following indepen-
dent hybridization events between the same parent
lineages, and that the majority of C. orthopsilosis
strains are hybrids (Schroder, 2016).

Candida metapsilosis genome is highly hetero-
zygous and, contrary to what is described for C.
orthopsilosis, all of the sequenced strains of this
species are hybrids originated after a single hybrid-
ization event, and nothing is known about the par-
ent species, except that they are 4.5% divergent
(Pryszcz et al., 2015). The same authors hypothe-
size that, probably, the absence of the parent spe-
cies in clinical samples is indicative of their
inability to colonize or infect humans, and that
the hybridization between these two non-
pathogenic lineages originated an opportunistic
pathogen with worldwide distribution.

Although not as high as in Cryptococcus, the
presence of a high number of hybrids in this clade
is notable. This leads to the question of whether,
for some reason, this clade has a greater propensity
to generate hybrids than other Candida species.
More studies are needed to confirm this idea, but
in contrast to the case of Cryptococcus hybrids,
the genomic aftermath of hybridization has been
extensively studied in hybrids of C. metapsilosis
and C. orthopsilosis (Pryszcz et al., 2014; Pryszcz
et al., 2015; Schroder, 2016). An important obser-
vation regards the absence of differential loss of
genomic material of the two parent species. In
other studied hybrid species the stabilization of
the genome generally drives to a disequilibrium
between the proportion of genetic material of the
parent lineages in the hybrid. This phenomenon
has been observed, for example, in S. pastorianus
genome, where sometimes one of the parent ge-
nomes is kept while the other one is almost entirely
lost (reviewed in Morales and Dujon (Morales &
Dujon, 2012)). In the more recent hybrid
Meyerozyma sorbitophila, where 40.3% of the
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genome has undergone LOH, a parent inbalance
is already apparent with 88.8% of the LOH se-
quence corresponding to the preferred parent sub-
genome (Louis et al., 2012). However, in the C.
parapsilosis clade the proportion of the genetic
material from each of the parent species in the
LOH regions in the hybrids is close to 50%
(Pryszcz et al., 2014; Pryszcz et al., 2015), show-
ing that possibly these genomes do not present
strong deleterious incompatibilities as in other
clades. As mentioned before, LOH is an important
indicator of genome shaping and stabilization. The
number of LOH events in C. metapsilosis was
shown to differ between strains, with some events
being shared between all of them (Pryszcz et al.,
2015). Even so, C. metapsilosis presents highly
heterozygous regions in >50% of the genome,
which is in contrast to the 17% of heterozygosity
described for the MCO456 strain of C.
orthopsilosis (Pryszcz et al., 2014, Pryszcz et al.,
2015). Owing to these differences, Pryszcz and
colleagues proposed the existence of two possible
scenarios: C. metapsilosis hybridization occurred
more recently, or for some reason C. orthopsilosis
genome is evolving faster (Pryszcz et al., 2015).
The later work from Schroder and colleagues,
showed that this MCOA456 strain is associated with
the oldest hybridization event of C. orthopsilosis,
presenting one of the lowest heterozygosity values
among the hybrid strains (Schroder, 2016). Indeed,
within C. orthopsilosis it is possible to find strains
with almost quadruple the heterozygous variants
found in MCO456 (Schroder, 2016). Although
these studies have been performed, several ques-
tions are still pending. For instance, it is as yet un-
known whether the LOH events occur preferably
at genomic regions encoding certain genes or func-
tions, which could imply that these genes or func-
tions are essential for the hybrid’s survival.
Answering this question would open the door to
a better understanding not only of the genome sta-
bilization phenomenon, but also of the special abil-
ity for the species of this complex to hybridize and
the emergence of their ability to infect humans.

Hybrids in other human fungal pathogens

The relevance of hybridization to human health is
not exclusive to Candida or Cryptococcus clades.
Gene exchange through hybridization was already
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reported in other species. Coccidioidomycosis is a
pulmonary infection caused by the inhalation of
Coccidioides immitis or Coccidioides posadasii
spores, which are present in the soil and air.
Although not being a dangerous disease in immu-
nocompetent patients, it is estimated that 150000
new cases of coccidioidomycosis occur annually
in the USA, of which one-third are fatal, being a
special concern for immunocompromised persons
(Odio et al., 2017). Genomic analyses of some pop-
ulations from both species revealed the presence of
a recent hybridization event (Neafsey et al., 2010),
and more recently, the analysis of some genetic
markers uncovered again the presence of hybrid or-
ganisms in these populations (Johnson et al., 2015).
For instance, the genomic patterns of introgression
between these two species revealed that at least 8%
of the genes in C. immitis population may have
been recently introgressed from C. posadasii, pre-
senting an enrichment in genes associated with im-
mune evasion and cell walls (Neafsey et al., 2010).
Based on these results, the authors have proposed
that these antigenic genes may present a selective
advantage when introduced in the genome of the
other species, which raises concern about the con-
sequences of this hybridization for the virulence
of these pathogenic fungi.

The same concern is appearing in relation to the
filamentous fungi Fusarium keratoplasticum, the
main causative agent of nosocomial infections as-
sociated with plumbing systems. Fusarium is re-
sponsible for skin lesions, pneumonia and
disseminated infections in immunocompromised
patients (Nucci & Anaissie, 2007), and strains of
these fungi have been reported to present resis-
tance to some anti-fungal drugs (Azor et al.,
2007; O’Donnell et al., 2008). Recent studies
based on several genetic markers uncovered the
presence of hybrid strains within this species, sug-
gesting that this natural hybridization resulted in
adaptation to the anthropogenic environments
(Short et al., 2014; Short et al., 2013). Similar re-
ports have been done for Malassezia furfur, a com-
mensal fungus of the human skin, sometimes
responsible for skin disorders, such as eczema or
atopic dermatitis (Theelen et al., 2001). Recent ad-
vances in genomics and bioinformatics enabled the
confirmation of a hybrid origin in some of its
strains, where genes, usually present in one copy
in this species, are present in two copies (Wu
et al., 2015). A further phylogenetic analysis
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allowed confirmation that the hybrid strains were
originated by hybridization events between two
highly distant lineages of M. furfur (Wu et al.,
2015). Therefore, the authors suggest that they
should be regarded as intra-species hybrids. Alter-
natively given the high distance between M. furfur
lineages, if we consider M. furfur as a species com-
plex, they could be considered as inter-species hy-
brids (Wu et al., 2015).

Altogether, these findings show that hybridiza-
tion is a transversal phenomenon in fungal patho-
gens, occurring in different clades (Figure 2).
Moreover, the advent of genomics is allowing the
discovery of such organisms, as well as study of
their evolution and possible characteristics. Hence,
it is possibly fair to assume that the number of
known hybrid pathogens is far from the real total,
and fungal hybridization is more frequent than pre-
viously thought. However, it is also important to
note that the discovery of hybrids is just the first
step towards understanding the evolution of hy-
brids in a clade and its possible role in the emer-
gence of virulence. The examples described in
this review are possibly only the tip of the iceberg.
Of the five reported clades with hybrids, only two
have been investigated to a certain degree, and
constitute the most thoroughly studied cases. Yet
studies on Candida and Cryptococcus hybrids
have only superficially approached the mecha-
nisms underlying hybrid genome evolution, and
how they relate to phenotypic change, in particular
with respect to their pathogenic behaviour.

Concluding remarks and future prospects

Hybridization is a biological process responsible
for the origin of new lineages or species with adap-
tation to new environments. The increasing identi-
fication of hybrid species with medical or
economical importance shows that this evolution-
ary process has to be regarded as an important
driver of evolution, especially in the fungal clade.
Advances in medical procedures allowing the sur-
vival of immunocompromised patients, globaliza-
tion and climate change are all factors probably
underlying the increase in the number of hybrid
opportunistic fungal pathogens. The trend is also
likely to increase even further. Considering this,
there is a need for investment in the development
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of new diagnostic tests in order to apply the opti-
mal therapeutics. For this reason, it is important
to understand the mechanisms underlying the hy-
bridization events in fungi, especially those lead-
ing to the harmonious coexistence of two
different genomes in one unique organism.

In this regard, the fields of genomics and bioin-
formatics are set to play a crucial role in future
studies. In order to achieve this, the future will
need to witness further developments of new
programmes and tools especially directed to the as-
sembly and analysis of fungal genomes, with a par-
ticular focus on highly heterozygous genomes.
This should be regarded as an urgent task since
good genomic sequences are the essential basis of
achieving better knowledge on these pathogens.
Short-read paired-end technologies are widely
used for genome sequencing. However, difficulties
in solving complex genome assemblies are leading
to an integrated use of multiple technologies
(Goodwin et al., 2016). Long-read sequencing pro-
duces reads with several kilobases, which can be
useful to solve regions where ambiguities are pres-
ent (Goodwin et al., 2016), thus representing an
important advance for hybrid genome assemblies.
Even so, the higher error rates associated with
long-read sequencing are still a big concern. Al-
though some works indicate that these are random
errors, and therefore high coverage could over-
come the problem, the fact is that these technolo-
gies can present an error rate up to 14%
(Carneiro et al., 2012; Koren et al., 2012). Never-
theless, it is expected that new technological devel-
opments will progressively reduce error rates.
Facing the problem of highly heterozygous assem-
blies, new pipelines such as ‘Redundans’ have re-
cently been developed, contributing to an
improvement in the quality of heterozygous ge-
nome assemblies (Pryszcz & Gabaldén, 2016).
Nevertheless, there is still much room for improve-
ment. For instance, ‘Redundans’ and other assem-
bly programmes reconstruct chimeric reference
genomes, comprising inter-sparsed regions of the
two sub-genomes. Although subsequent mapping
of genomic reads against this reference can distin-
guish homozygous from heterozygous blocks, in
the absence of known parent species with a se-
quenced genome, it is not possible to reconstruct
the origin of each of the sub-genomes. There exist
solutions for genome phasing, but these were spe-
cially developed for bacteria or mammals, and not
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for yeasts. This gap may be compromising the
study of hybrid pathogens, and consequently, for
example, the evaluation of the possibility that hy-
bridization events are responsible for the emer-
gence of new pathogens. Phasing hybrid genomes
would help understand this problem, since in some
cases, as mentioned before for C. metapsilosis,
both parent lineages are unknown (Pryszcz et al.,
2015), making it difficult to assess the conse-
quences of such hybridization. Therefore, for a bet-
ter understanding of these hybrid pathogens, new
bioinformatics strategies have to be developed,
which certainly will contribute to an improvement
of our knowledge on hybridization in fungi, and
consequently to the clarification of the conse-
quences of this phenomenon for human health.

Genomic analyses can certainly increase our un-
derstanding of the evolution of hybrid pathogens,
yet they need to be complemented with experimen-
tal functional analyses. Only a few studies have
compared pathogenesis-relevant phenotypes such
as drug resistance, adherence or virulence among
different hybrid strains and their homozygous
parents. Only the comprehensive and carefully
planned phenotyping of a large number of
hybrid and non-hybrid strains from which the
genomes have been sequenced will help us to
understand the genetic mechanisms underlying
virulent traits in hybrids. Finally, transcriptome
analysis performed with technologies such as
RNAseq has the potential to reveal how trans-
gressive phenotypes may be achieved in yeast
hybrids and how hybridization can rewire tran-
scriptional networks.

In conclusion, hybridization is a process sug-
gested to be at the origin of new emerging patho-
gens (Hagen et al., 2015; Li et al., 2012; Pryszcz
et al., 2015). There is still much to learn about
these organisms, as current studies are only help-
ing us to realize the potential role of hybridization
in the emergence of pathogenesis, but we are as yet
far from understanding this process. Although the
real dimensions of this phenomenon are currently
unknown, the currently described cases are likely
to be only the tip of the iceberg. In addition, the
emergence of hybrids with virulence potential
may be increasing thanks to global trade and cli-
mate change. Finally, infections from hybrids
may be more difficult to treat as they may be able
to adapt faster owing to their intrinsically high ge-
nomic plasticity. Thus, pathogenic hybrids can
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represent a special concern for human health, and
their study should be a matter of interest to us.

Acknowledgments

This work was supported in part by grants from the Spanish
Ministry of Economy and Competitiveness, ‘Centro de
Excelencia Severo Ochoa 2013-2017° SEV-2012-0208,
and BFU2015-67107 cofounded by European Regional De-
velopment Fund; from the CERCA programme / Generalitat
de Catalunya; from the European Union and ERC Seventh
Framework Programme (FP7/2007-2013) under grant agree-
ments FP7-PEOPLE-2013-ITN-606786 ‘ImResFun’ and
ERC-2012-StG-310325; and a grant from the European
Union’s Horizon 2020 research and innovation programme
under the Marie Sklodowska—Curie grant agreement no.
H2020-MSCA-ITN-2014-642095.

Conflict of interest

The authors declare that there is no conflict of
interest.

References

Albalat R, Caiiestro C. 2016. Evolution by gene loss. Nat Rev
Genet 17(7): 379-391. https://doi.org/10.1038/nrg.2016.39.

Aminnejad M, Diaz M, Arabatzis M, et al. 2012. Identification of
novel hybrids between Cryptococcus neoformans var. grubii
VNI and Cryptococcus gattii VGIL. Mycopathologia 175(5-6):
337-346. https://doi.org/10.1007/s11046-011-9491-x.

Azor M, Gené J, Cano J, Guarro J. 2007. Universal in vitro antifun-
gal resistance of genetic clades of the Fusarium solani species
complex. Antimicrob Agents Chemother 51(4): 1500-1503.
https://doi.org/10.1128/AAC.01618-06.

Bateson W. 1909. Heredity and variation in modern lights. In
Darwin and Modern Science, Seward AC (ed). Cambridge Uni-
versity Press: Cambridge; 85-101.

Belloch C, Pérez-Torrado R, Gonzélez SS, et al. 2009. Chimeric ge-
nomes of natural hybrids of Saccharomyces cerevisiae and Sac-
charomyces  kudriavzevii. Appl Environ Microbiol T5(8):
2534-2544. https://doi.org/10.1128/AEM.02282-08.

Bevan MW, Uauy C, Wulff BBH, Zhou J, Krasileva K, Clark MD.
2017. Genomic innovation for crop improvement. Nature 543:
346-354. https://doi.org/10.1038/nature22011.

Bitar D, Lortholary O, Strat YL, ef al. 2014. Population-based anal-
ysis of invasive fungal infections, France, 2001-2010. Emerg In-
fect Dis 20(7): 1149-1155. https://doi.org/10.3201/eid2007.
140087.

Boekhout T, Theelen B, Diaz M, et al. 2001. Hybrid genotypes in
the pathogenic yeast Cryptococcus neoformans. Microbiology
147(4): 891-907. https://doi.org/10.1099/00221287-147-4-891.

Bovers M, Hagen F, Kuramae EE, et al. 2008. AIDS patient death
caused by novel Cryptococcus neoformans x Cryptococcus gattii

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

hybrid. Emerg Infect Dis 14(7): 1105-1108. https://doi.org/
10.3201/eid1407.080122.

Bratton EW, El Husseini N, Chastain CA, et al. 2012. Comparison
and temporal trends of three groups with cryptococcosis: HIV-
infected, solid organ transplant, and hiv-negative/non-transplant.
PLoS One 7(8) e43582; https://doi.org/10.1371/journal.
pone.0043582.

Brown GD, Denning DW, Gow NAR, ef al. 2012. Hidden hillers:
human fungal infections. Sci Transl Med 4(165) 165rv13;
https://doi.org/10.1126/scitranslmed.3004404.

Butler G, Rasmussen MD, Lin MF, et al. 2009. Evolution of
pathogenicity and sexual reproduction in eight Candida ge-
nomes. Nature 459(7247): 657-662. https://doi.org/10.1038/na-
ture08064.

Byrnes EJ, Heitman J. 2009. Cryptococcus gattii outbreak expands
into the Northwestern United States with fatal consequences.
F1000 Biol Rep 1: 62. https://doi.org/10.3410/B1-62.

Byrnes EJ, Marr KA. 2011. The outbreak of Cryptococcus gattii in
Western North America: epidemiology and clinical issues. Curr
Infect Dis Rep 13(3): 256-261. https://doi.org/10.1007/s11908-
011-0181-0.

Cant6n E, Peman J, Quindds G, ef al. 2011. Prospective multicenter
study of the epidemiology, molecular identification, and antifun-
gal susceptibility of Candida parapsilosis, Candida orthopsilosis,
and Candida metapsilosis isolated from patients with candidemia.
Antimicrob Agents Chemother 55(12): 5590-5596. https://doi.org/
10.1128/AAC.00466-11.

Capella-Gutierrez S, Kauff F, Gabaldon T. 2014. A
phylogenomics approach for selecting robust sets of phyloge-
netic markers. Nucleic Acids Res 42(7) e54; https://doi.org/
10.1093/nar/gku071.

Carneiro MO, Russ C, Ross MG, Gabriel SB, Nusbaum C, DePristo
MA. 2012. Pacific biosciences sequencing technology for
genotyping and variation discovery in human data. BMC Geno-
mics 13: 375. https://doi.org/10.1186/1471-2164-13-375.

Casadevall A. 2012. Amoeba provide insight into the origin of vir-
ulence in pathogenic fungi. Adv Exp Med Biol 710: 1-10. https://
doi.org/10.1007/978-1-4419-5638-5_1.

Chen ZJ. 2013. Genomic and epigenetic insights into the molecular
bases of heterosis. Nat Rev Genet 14(7): 471-482. https://doi.org/
10.1038/nrg3503.

Chow BDW, Linden JR, Bliss JM. 2012. Candida parapsilosis and
the neonate: epidemiology, virulence and host defense in a
unique patient setting. Expert Rev Anti Infect Ther 10(8):
935-946. https://doi.org/10.1586/eri.12.74.

Cogliati M, D’ Amicis R, Zani A, et al. 2016. Environmental distri-
bution of Cryptococcus neoformans and C. Gattii around the
Mediterranean basin. FEMS Yeast Res 16(4) fow045; https://
doi.org/10.1093/femsyr/fow045.

D’Souza CA, Kronstad JW, Taylor G, et al. 2011. Genome varia-
tion in Cryptococcus gattii, an emerging pathogen of immuno-
competent hosts. MBio 2(1) e00342-10; https://doi.org/10.1128/
mBi0.00342-10.

Depotter JRL, Seidl MF, Wood TA, Thomma BPHJ. 2016. Inter-
specific hybridization impacts host range and pathogenicity of fil-
amentous microbes. Curr Opin Microbiol 32: 7-13. https://doi.
org/10.1016/j.mib.2016.04.005.

Diekema D, Arbefeville S, Boyken L, Kroeger J, Pfaller M. 2012.
The changing epidemiology of healthcare-associated candidemia
over three decades. Diagn Microbiol Infect Dis 73(1): 45-48.
https://doi.org/10.1016/j.diagmicrobio.2012.02.001.

Yeast 2018; 35: 5-20.
DOI: 10.1002/yea


https://doi.org/10.1038/nrg.2016.39
https://doi.org/10.1007/s11046-011-9491-x
https://doi.org/10.1128/AAC.01618-06
https://doi.org/10.1128/AEM.02282-08
https://doi.org/10.1038/nature22011
https://doi.org/10.3201/eid2007.140087
https://doi.org/10.3201/eid2007.140087
https://doi.org/10.1099/00221287-147-4-891
https://doi.org/10.3201/eid1407.080122
https://doi.org/10.3201/eid1407.080122
https://doi.org/10.1371/journal.pone.0043582
https://doi.org/10.1371/journal.pone.0043582
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1038/nature08064
https://doi.org/10.1038/nature08064
https://doi.org/10.1007/s11908-011-0181-0
https://doi.org/10.1007/s11908-011-0181-0
https://doi.org/10.1128/AAC.00466-11
https://doi.org/10.1128/AAC.00466-11
https://doi.org/10.1093/nar/gku071
https://doi.org/10.1093/nar/gku071
https://doi.org/10.1186/1471-2164-13-375
https://doi.org/10.1007/978-1-4419-5638-5_1
https://doi.org/10.1007/978-1-4419-5638-5_1
https://doi.org/10.1038/nrg3503
https://doi.org/10.1038/nrg3503
https://doi.org/10.1586/eri.12.74
https://doi.org/10.1093/femsyr/fow045
https://doi.org/10.1093/femsyr/fow045
https://doi.org/10.1128/mBio.00342-10
https://doi.org/10.1128/mBio.00342-10
https://doi.org/10.1016/j.mib.2016.04.005
https://doi.org/10.1016/j.mib.2016.04.005
https://doi.org/10.1016/j.diagmicrobio.2012.02.001

18

Dobzhansky T. 1934. Studies on hybrid sterility. I Spermatogenesis
in pure and hybrid Drosophila pseudoobscura. Z Zellforsch
Mikrosk Anat 21: 169-221.

Fonseca NA, Rung J, Brazma A, Marioni JC. 2004. Emerging
vectors in the Culex pipiens complex. Science 303(5663):
1535-1538. https://doi.org/10.1126/science.1094247.

Frisch M, Thiemann A, Fu J, Schrag TA, Scholten S, Melchinger
AE. 2010. Transcriptome-based distance measures for grouping
of germplasm and prediction of hybrid performance in maize.
Theor Appl Genet 120(2): 441-450. https://doi.org/10.1007/
s00122-009-1204-1.

Gabaldon T, Carreté L. 2016. The birth of a deadly yeast: tracing
the evolutionary emergence of virulence traits in Candida
glabrata. FEMS Yeast Res 16(2) fov110; https://doi.org/
10.1093/femsyr/fov110.

Gabaldon T, Naranjo-Ortiz MA, Marcet-Houben M. 2016. Evolu-
tionary genomics of yeast pathogens in the Saccharomycotina.
FEMS Yeast Res 16(6) fow064; https://doi.org/10.1093/femsyr/
fow064.

Gacser A, Schifer W, Nosanchuk JS, Salomon S, Nosanchuk JD.
2007. Virulence of Candida parapsilosis, Candida orthopsilosis,
and Candida metapsilosis in reconstituted human tissue models.
Fungal Genet Biol 44(12): 1336-1341. https://doi.org/10.1016/
j.fgb.2007.02.002.

Galanis E, MacDougall L, Kidd S, Morshed M, British Columbia
Cryptococcus gattii Working Group. 2010. Epidemiology of
Cryptococcus gattii, British Columbia, Canada, 1999-2007.
Emerg Infect Dis 16(2): 251-257. https://doi.org/10.3201/
¢id1602.090900.

Garcia-Effron G, Katiyar SK, Park S, Edlind TD, Perlin DS. 2008.
A naturally occurring proline-to-alanine amino acid change in
Fkslp in Candida parapsilosis, Candida orthopsilosis, and Can-
dida metapsilosis accounts for reduced echinocandin susceptibil-
ity. Antimicrob Agents Chemother 52(7): 2305-2312. https://doi.
org/10.1128/AAC.00262-08.

Gibson B, Liti G. 2015. Saccharomyces pastorianus: genomic in-
sights inspiring innovation for industry. Yeast 32(1): 17-27.
https://doi.org/10.1002/yea.3033.

Gladieux P, Ropars J, Badouin H, ef al. 2014. Fungal evolutionary
genomics provides insight into the mechanisms of adaptive diver-
gence in eukaryotes. Mol Ecol 23(4): 753—773. https://doi.org/
10.1111/mec.12631.

Goodwin S, McPherson JD, McCombie WR. 2016. Coming of
age: ten years of next-generation sequencing technologies.
Nat Rev Genet 17(6): 333-351. https://doi.org/10.1038/nrg.
2016.49.

Guo M, Rupe MA, Yang X, et al. 2006. Genome-wide transcript
analysis of maize hybrids: Allelic additive gene expression and
yield heterosis. Theor Appl Genet 113(5): 831-845. https://doi.
org/10.1007/s00122-006-0335-x.

Hagen F, Khayhan K, Theelen B, et al. 2015. Recognition of seven
species in the Cryptococcus gattii/Cryptococcus neoformans spe-
cies complex. Fungal Genet Biol 78: 16-48. https://doi.org/
10.1016/j.£gb.2015.02.009.

He G, Zhu X, Elling AA, et al. 2010. Global epigenetic and tran-
scriptional trends among two rice subspecies and their recipro-
cal hybrids. Plant Cell 22(1): 17-33. https://doi.org/10.1105/
tpc.109.072041.

Henao-Martinez AF, Beckham JD. 2015. Cryptococcosis in solid or-
gan transplant recipients. Curr Opin Infect Dis 28(4): 300-307.
https://doi.org/10.1097/QC0O.0000000000000171.

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

V. Mixao and T. Gabaldon

Hu G, Cheng PY, Sham A, Perfect JR, Kronstad JW. 2008. Meta-
bolic adaptation in Cryptococcus neoformans during early murine
pulmonary infection. Mol Microbiol 69(6): 1456—1475. https:/
doi.org/10.1111/j.1365-2958.2008.06374.x.

Huerta-Cepas J, Capella-Gutiérrez S, Pryszcz LP, Marcet-Houben
M, Gabaldén T. 2014. PhylomeDB v4: Zooming into the plural-
ity of evolutionary histories of a genome. Nucleic Acids Res
42(D1): D897-D902. https://doi.org/10.1093/nar/gkt1177.

Janbon G, Ormerod KL, Paulet D, et al. 2014. Analysis of the ge-
nome and transcriptome of Cryptococcus neoformans var. grubii
reveals complex RNA expression and microevolution leading to
virulence attenuation. PLoS Genet 10(4) e1004261; https://doi.
org/10.1371/journal.pgen.1004261.

Johnson SM, Carlson EL, Pappagianis D. 2015. Coccidioides spe-
cies determination: does sequence analysis agree with restriction
fragment length polymorphism? Mycopathologia 179(5-6):
373-379. https://doi.org/10.1007/s11046-014-9857-y.

Koren S, Schatz MC, Walenz BP, et al. 2012. Hybrid error correc-
tion and de novo assembly of single-molecule sequencing reads.
Nat Biotechnol 30(7): 693-700. https://doi.org/10.1038/nbt.2280.

Krogerus K, Magalhaes F, Vidgren V, Gibson B. 2017. Novel
brewing yeast hybrids: creation and application. App! Microbiol
Biotechnol 101(1): 65-78. https://doi.org/10.1007/s00253-016-
8007-5.

Lattif AA, Mukherjee PK, Chandra J, ef al. 2010. Characterization
of biofilms formed by Candida parapsilosis, C. metapsilosis,
and C. orthopsilosis. Int J Med Microbiol 300(4): 265-270.
https://doi.org/10.1016/j.ijmm.2009.09.001.

Leducq JB, Nielly-Thibault L, Charron G, et al. 2016. Speciation
driven by hybridization and chromosomal plasticity in a wild
yeast. Nat Microbiol 1: 15003. https://doi.org/10.1038/nmicro
biol.2015.3.

Lee Y, Marsden CD, Norris LC, ef al. 2013. Spatiotemporal dynam-
ics of gene flow and hybrid fitness between the M and S forms of
the malaria mosquito, Anopheles gambiae. Proc Natl Acad Sci
USA 110(49): 19854-19859. https://doi.org/10.1073/pnas.1316
851110.

Li W, Averette AF, Desnos-Ollivier M, Ni M, Dromer F, Heitman J.
2012. Genetic diversity and genomic plasticity of Cryptococcus
neoformans AD hybrid strains. G3 (Bethesda) 2(1): 83-97.
https://doi.org/10.1534/g3.111.001255.

Lippman ZB, Zamir D. 2007. Heterosis: revisiting the magic.
Trends Genet 23(2): 60—66. https://doi.org/10.1016/j.tig.2006.
12.006.

Lockhart SR, Messer SA, Pfaller MA, Diekema DJ. 2008. Geo-
graphic distribution and antifungal susceptibility of the newly de-
scribed species Candida orthopsilosis and Candida metapsilosis
in comparison to the closely related species Candida
parapsilosis. J Clin Microbiol 46(8): 2659-2664. https://doi.
org/10.1128/JCM.00803-08.

Logue ME, Wong S, Wolfe KH, Butler G. 2005. A genome se-
quence survey shows that the pathogenic yeast Candida
parapsilosis has defective MTLal allele at its mating type locus.
Eukaryot Cell 4(6): 1009-1017. https://doi.org/10.1128/EC.4.6.
1009-1017.2005.

Louis VL, Despons L, Friedrich A, et al. 2012. Pichia sorbitophila,
an interspecies yeast hybrid, reveals early steps of genome resolu-
tion after polyploidization. G3 (Bethesda) 2(2): 299-311. https://
doi.org/10.1534/g3.111.000745.

Lunt DH, Kumar S, Koutsovoulos G, Blaxter ML. 2014. The com-
plex hybrid origins of the root knot nematodes revealed through

Yeast 2018; 35: 5-20.
DOI: 10.1002/yea


https://doi.org/10.1126/science.1094247
https://doi.org/10.1007/s00122-009-1204-1
https://doi.org/10.1007/s00122-009-1204-1
https://doi.org/10.1093/femsyr/fov110
https://doi.org/10.1093/femsyr/fov110
https://doi.org/10.1093/femsyr/fow064
https://doi.org/10.1093/femsyr/fow064
https://doi.org/10.1016/j.fgb.2007.02.002
https://doi.org/10.1016/j.fgb.2007.02.002
https://doi.org/10.3201/eid1602.090900
https://doi.org/10.3201/eid1602.090900
https://doi.org/10.1128/AAC.00262-08
https://doi.org/10.1128/AAC.00262-08
https://doi.org/10.1002/yea.3033
https://doi.org/10.1111/mec.12631
https://doi.org/10.1111/mec.12631
https://doi.org/10.1038/nrg.2016.49
https://doi.org/10.1038/nrg.2016.49
https://doi.org/10.1007/s00122-006-0335-x
https://doi.org/10.1007/s00122-006-0335-x
https://doi.org/10.1016/j.fgb.2015.02.009
https://doi.org/10.1016/j.fgb.2015.02.009
https://doi.org/10.1105/tpc.109.072041
https://doi.org/10.1105/tpc.109.072041
https://doi.org/10.1097/QCO.0000000000000171
https://doi.org/10.1111/j.1365-2958.2008.06374.x
https://doi.org/10.1111/j.1365-2958.2008.06374.x
https://doi.org/10.1093/nar/gkt1177
https://doi.org/10.1371/journal.pgen.1004261
https://doi.org/10.1371/journal.pgen.1004261
https://doi.org/10.1007/s11046-014-9857-y
https://doi.org/10.1038/nbt.2280
https://doi.org/10.1007/s00253-016-8007-5
https://doi.org/10.1007/s00253-016-8007-5
https://doi.org/10.1016/j.ijmm.2009.09.001
https://doi.org/10.1038/nmicrobiol.2015.3
https://doi.org/10.1038/nmicrobiol.2015.3
https://doi.org/10.1073/pnas.1316851110
https://doi.org/10.1073/pnas.1316851110
https://doi.org/10.1534/g3.111.001255
https://doi.org/10.1016/j.tig.2006.12.006
https://doi.org/10.1016/j.tig.2006.12.006
https://doi.org/10.1128/JCM.00803-08
https://doi.org/10.1128/JCM.00803-08
https://doi.org/10.1534/g3.111.000745
https://doi.org/10.1534/g3.111.000745

Hybridization in yeast pathogens

comparative genomics. PeerJ 2 e356; https://doi.org/10.7717/
peerj.356.

Man in ‘t Veld WA, de Cock AWAM, Summerbell RC. 2007. Nat-
ural hybrids of resident and introduced Phytophthora species pro-
liferating on multiple new hosts. Eur J Plant Pathol 117(1):
25-33. https://doi.org/10.1007/s10658-006-9065-9.

Marcet-Houben M, Gabaldon T. 2015. Beyond the whole-genome
duplication: Phylogenetic evidence for an ancient interspecies hy-
bridization in the baker’s yeast lineage. PLoS Biol 13(8)
€1002220; https://doi.org/10.1371/journal.pbio.1002220.

Marsit S, Dequin S. 2015. Diversity and adaptive evolution of Sac-
charomyces wine yeast: a review. FEMS Yeast Res 15(7) fov067;
https://doi.org/10.1093/femsyr/fov067.

Masuelli RW, Camadro EL, Erazzi LE, Bedogni MC, Marfil CF.
2009. Homoploid hybridization in the origin and evolution of
wild diploid potato species. Plant Syst Evol 277(3-4): 143-151.
https://doi.org/10.1007/s00606-008-0116-x.

McClintock B. 1984. The significance of responses of the genome to
challenge. Science 226(4676): 792-801. https://doi.org/10.1126/
science.15739260.

McGrath CL, Gout JF, Johri P, Doak TG, Lynch M. 2014. Differen-
tial retention and divergent resolution of duplicate genes following
whole-genome duplication. Genome Res 24(10): 1665-1675.
https://doi.org/10.1101/gr.173740.114.

Melo AS, Bizerra FC, Freymuller E, Arthington-Skaggs BA,
Colombo AL. 2011. Biofilm production and evaluation of anti-
fungal susceptibility amongst clinical Candida spp. isolates, in-
cluding strains of the Candida parapsilosis complex. Med
Mycol 49(3): 253-262. https://doi.org/10.3109/13693786.2010.
530032.

Morales L, Dujon B. 2012. Evolutionary role of interspecies hy-
bridization and genetic exchanges in yeasts. Microbiol Mol Biol
Rev 76(4): 721-739. https://doi.org/10.1128/MMBR.00022-12.

Muller H. 1942. Isolating mechanisms, evolution, and temperature.
Biol Symp 6: 71-125.

Neafsey DE, Barker BM, Sharpton TJ, et al. 2010. Population geno-
mic sequencing of Coccidioides fungi reveals recent hybridiza-
tion and transposon control. Genome Res 20: 938-946. https://
doi.org/10.1101/gr.103911.109.

Nucci M, Anaissie E. 2007. Fusarium infections in immunocom-
promised patients. Clin Microbiol Rev 20(4): 695-704. https://
doi.org/10.1128/CMR.00014-07.

O’Donnell K, Sutton DA, Fothergill A, ef al. 2008. Molecular phy-
logenetic diversity, multilocus haplotype nomenclature, and
in vitro antifungal resistance within the Fusarium solani Species
complex. J Clin Microbiol 46(8): 2477-2490. https://doi.org/
10.1128/JICM.02371-07.

Odio CD, Marciano BE, Galgiani JN, Holland SM. 2017. Risk fac-
tors for disseminated Coccidioidomycosis, United States. Emerg
Infect Dis 23(2): 308-311. https://doi.org/10.3201/eid2302.
160505.

Pammi M, Holland L, Butler G, Gacser A, Bliss JM. 2013. Candida
parapsilosis is a significant neonatal pathogen: a systematic re-
view and meta-analysis. Pediatr Infect Dis J 32(5): e206—e216.
https://doi.org/10.1097/INF.0b013e3182863alc.

Papon N, Courdavault V, Clastre M, Bennett RJ. 2013. Emerging
and emerged pathogenic Candida species: beyond the Candida
albicans paradigm. PLoS Pathog 9(9) e1003550; https://doi.org/
10.1371/journal.ppat.1003550.

Pappas PG. 2013. Cryptococcal infections in non-HIV-infected pa-
tients. Trans Am Clin Climatol Assoc 124: 61-79.

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

Park BJ, Wannemuehler KA, Marston BJ, Govender N, Pappas
PG, Chiller TM. 2009. Estimation of the current global burden
of cryptococcal meningitis among persons living with
HIV/AIDS. AIDS 23(4): 525-530. https://doi.org/10.1097/
QAD.0b013e328322ffac.

Payseur BA, Rieseberg LH. 2016. A genomic perspective on hy-
bridization and speciation. Mol Ecol 25(11): 2337-2360. https://
doi.org/10.1111/mec.13557.

Pfaller M, Diekema DJ. 2004. Rare and emerging opportunistic
fungal pathogens: concern for resistance beyond Candida
albicans and Aspergillus fumigatus. J Clin Microbiol 42(10):
4419-4431. https://doi.org/10.1128/JCM.42.10.4419-4431.2004.

Pfaller MA, Diekema DJ. 2007. Epidemiology of invasive candidi-
asis: a persistent public health problem. Clin Microbiol Rev 20(1):
133-163. https://doi.org/10.1128/CMR.00029-06.

Pretorius IS, Bauer FF. 2002. Meeting the consumer challenge
through genetically customized wine-yeast strains. Trends
Biotechnol 20(10): 426-432. https://doi.org/10.1016/S0167-
7799(02)02049-8.

Pryszcz LP, Gabaldén T. 2016. Redundans: an assembly pipeline
for highly heterozygous genomes. Nucleic Acids Res 44(12)
el13; https://doi.org/10.1093/nar/gkw294.

Pryszcz LP, Németh T, Gacser A, Gabaldén T. 2013. Unexpected
genomic variability in clinical and environmental strains of the
pathogenic yeast Candida parapsilosis. Genome Biol Evol
5(12): 2382-2392. https://doi.org/10.1093/gbe/evt185.

Pryszcz LP, Németh T, Géacser A, Gabaldén T. 2014. Genome com-
parison of Candida orthopsilosis clinical strains reveals the exis-
tence of hybrids between two distinct subspecies. Genome Biol
Evol 6(5): 1069—1078. https://doi.org/10.1093/gbe/evu082.

Pryszcz LP, Németh T, Saus E, ef al. 2015. The genomic aftermath
of hybridization in the opportunistic pathogen Candida
metapsilosis. PLoS Genet 11(10) e1005626; https://doi.org/
10.1371/journal.pgen.1005626.

Rhodes J, Desjardins CA, Sykes SM, et al. 2017. Population geno-
mics of Cryptococcus neoformans var. grubii reveals new bio-
geographic relationships and finely maps hybridization. bioRxiv.
dx.doi.org/10.1101/132894.

Riccombeni A, Vidanes G, Proux-Wéra E, Wolfe KH, Butler G.
2012. Sequence and analysis of the genome of the pathogenic
yeast Candida orthopsilosis. PLoS One 7(4) e35750; https://
doi.org/10.1371/journal.pone.0035750.

Sai S, Holland LM, McGee CF, Lynch DB, Butler G. 2011.
Evolution of mating within the Candida parapsilosis species
group. Eukaryot Cell 10(4): 578-587. https://doi.org/10.1128/
EC.00276-10.

Schroder MS, Martinez de San Vicente K, Prandini TH, et al. 2016.
Multiple origins of the pathogenic yeast Candida orthopsilosis by
separate hybridizations between two parental species. PLoS
Genet 12(11) el006404; doi: https://doi.org/10.1371/journal.
pgen.1006404.

Session AM, Uno Y, Kwon T, et al. 2016. Genome evolution in the
allotetraploid frog Xenopus laevis. Nature 538(7625): 336-343.
https://doi.org/10.1038/nature19840.

Short DP, O’Donnell K, Thrane U, et al. 2013. Phylogenetic rela-
tionships among members of the Fusarium solani species com-
plex in human infections and the descriptions of F
keratoplasticum sp. nov. and F. petroliphilum stat. Nov. Fungal
Genet Biol 53: 59-70. https://doi.org/10.1016/j.fgb.2013.01.004.

Short DP, O’Donnell K, Geiser DM. 2014. Clonality, recombina-
tion, and hybridization in the plumbing-inhabiting human

Yeast 2018; 35: 5-20.
DOI: 10.1002/yea


https://doi.org/10.7717/peerj.356
https://doi.org/10.7717/peerj.356
https://doi.org/10.1007/s10658-006-9065-9
https://doi.org/10.1371/journal.pbio.1002220
https://doi.org/10.1093/femsyr/fov067
https://doi.org/10.1007/s00606-008-0116-x
https://doi.org/10.1126/science.15739260
https://doi.org/10.1126/science.15739260
https://doi.org/10.1101/gr.173740.114
https://doi.org/10.3109/13693786.2010.530032
https://doi.org/10.3109/13693786.2010.530032
https://doi.org/10.1128/MMBR.00022-12
https://doi.org/10.1101/gr.103911.109
https://doi.org/10.1101/gr.103911.109
https://doi.org/10.1128/CMR.00014-07
https://doi.org/10.1128/CMR.00014-07
https://doi.org/10.1128/JCM.02371-07
https://doi.org/10.1128/JCM.02371-07
https://doi.org/10.3201/eid2302.160505
https://doi.org/10.3201/eid2302.160505
https://doi.org/10.1097/INF.0b013e3182863a1c
https://doi.org/10.1371/journal.ppat.1003550
https://doi.org/10.1371/journal.ppat.1003550
https://doi.org/10.1097/QAD.0b013e328322ffac
https://doi.org/10.1097/QAD.0b013e328322ffac
https://doi.org/10.1111/mec.13557
https://doi.org/10.1111/mec.13557
https://doi.org/10.1128/JCM.42.10.4419-4431.2004
https://doi.org/10.1128/CMR.00029-06
https://doi.org/10.1016/S0167-7799(02)02049-8
https://doi.org/10.1016/S0167-7799(02)02049-8
https://doi.org/10.1093/nar/gkw294
https://doi.org/10.1093/gbe/evt185
https://doi.org/10.1093/gbe/evu082
https://doi.org/10.1371/journal.pgen.1005626
https://doi.org/10.1371/journal.pgen.1005626
https://doi.org/10.1371/journal.pone.0035750
https://doi.org/10.1371/journal.pone.0035750
https://doi.org/10.1128/EC.00276-10
https://doi.org/10.1128/EC.00276-10
https://doi.org/10.1371/journal.pgen.1006404
https://doi.org/10.1371/journal.pgen.1006404
https://doi.org/10.1038/nature19840
https://doi.org/10.1016/j.fgb.2013.01.004

20

pathogen Fusarium keratoplasticum inferred from multilocus se-
quence typing. BMC Evol Biol 14(1): 91. https://doi.org/10.1186/
1471-2148-14-91.

Shull GH. 1908. The composition of a field of maize. Rep Am
Breeders Assoc 4: 296-301.

Shull GH. 1914. Duplicate genes for capsule-form in Bursa
pastoris. Z Abst Verebsgl 12: 97-149.

Sionov E, Lee H, Chang YC, Kwon-Chung KJ. 2010. Cryptococcus
neoformans overcomes stress of azole drugs by formation of
disomy in specific multiple chromosomes. PLoS Pathog 6(4)
e1000848; https://doi.org/10.1371/journal.ppat.1000848.

Smith IM, Stephan C, Hogardt M, Klawe C, Tintelnot K, Rickerts V.
2015. Cryptococcosis due to Cryptococcus gattii in Germany from
2004-2013. Int J Med Microbiol 305(7): 719-723. https://doi.org/
10.1016/5.ijmm.2015.08.023.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic anal-
ysis and post-analysis of large phylogenies. Bioinformatics 30(9):
1312—-1313. https://doi.org/10.1093/bioinformatics/btu033.

Stukenbrock EH, Christiansen FB, Hansen TT, Dutheil JY,
Schierup MH. 2012. Fusion of two divergent fungal individuals
led to the recent emergence of a unique widespread pathogen spe-
cies. Proc Natl Acad Sci USA 109(27): 10954-10959. https://doi.
org/10.1073/pnas.1201403109.

Stupar RM, Springer NM. 2006. Cis-transcriptional variation in
maize inbred lines B73 and Mol7 leads to additive expression
patterns in the F1 hybrid. Genetics 173(4): 2199-2210. https:/
doi.org/10.1534/genetics.106.060699.

Swanson-Wagner R, Jia Y, DeCook R, Borsuk LA, Nettleton D,
Schnable PS. 2006. All possible modes of gene action are ob-
served in a global comparison of gene expression in a maize F1
hybrid and its inbred parents. Proc Natl Acad Sci USA 103(18):
6805-6810. https://doi.org/10.1073/pnas.0510430103.

Tavanti A, Davidson AD, Gow NA, Maiden MC, Odds FC. 2005.
Candida orthopsilosis and Candida metapsilosis spp. nov. to re-
place Candida parapsilosis Groups 1l and III. J Clin Microbiol
43(1): 284-292. https://doi.org/10.1128/JCM.43.1.284-292.2005.

Theelen B, Silvestri M, Guého E, van Belkum A, Boekhout T.
2001. Identification and typing of Malassezia yeasts using ampli-
fied fragment length polymorphism (AFLP), random amplified
polymorphic DNA (RAPD) and denaturing gradient gel electro-
phoresis (DGGE). FEMS Yeast Res 1(2): 79-86. https://doi.org/
10.1111/5.1567-1364.2001.tb00018.x.

Thiemann A, Fu J, Schrag TA, Melchinger AE, Frisch M, Scholten
S. 2010. Correlation between parental transcriptome and field
data for the characterization of heterosis in Zea mays L. Theor
Appl Genet 120(2): 401-413. https://doi.org/10.1007/s00122-
009-1189-9.

Tirosh I, Reikhav S, Levy AA, Barkai N. 2009. A yeast hybrid pro-
vides insight into the evolution of gene expression regulation.

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

V. Mixao and T. Gabaldon

Science 324(5927): 659-662. https://doi.org/10.1126/science.
1169766.

Trofa D, Gacser A, Nosanchuk JD. 2008. Candida parapsilosis, an
emerging fungal pathogen. Clin Microbiol Rev 21(4): 606—625.
https://doi.org/10.1128/CMR.00013-08.

Viviani MA, Cogliati M, Esposto MC, et al. 2006. Molecular
analysis of 311 Cryptococcus neoformans isolates from a 30-
month ECMM survey of cryptococcosis in Europe. FEMS
Yeast Res 6(4): 614-619. https://doi.org/10.1111/].1567-1364.
2006.00081.x.

Wang Z, Ni Z, Wu H, Nie X, Sun Q. 2006. Heterosis in root devel-
opment and differential gene expression between hybrids and
their parental inbreds in wheat (7riticum aestivum L.). Theor Appl
Genet 113(7): 1283-1294. https://doi.org/10.1007/s00122-006-
0382-3.

Warschefsky E, Penmetsa RV, Cook DR, von Wettberg EJ. 2014.
Back to the wilds: tapping evolutionary adaptations for resilient
crops through systematic hybridization with crop wild relatives.
Am J Bot 101(10): 1791-1800. https://doi.org/10.3732/ajb.
1400116.

Welch ME, Rieseberg LH. 2002a. Habitat divergence between a
homoploid hybrid sunflower species, Helianthus paradoxus
(Asteraceae), and its progenitors. Am J Bot 89(3): 472-478.
https://doi.org/10.3732/ajb.89.3.472.

Welch ME, Rieseberg LH. 2002b. Patterns of genetic variation sug-
gest a single, ancient origin for the diploid hybrid species
Helianthus paradoxus. Evolution 56(11): 2126-2137.

Wertheimer NB, Stone N, Berman J. 2016. Ploidy dynamics
and evolvability in fungi. Philos Trans R Soc Lond B Biol
Sci 371(1709) 20150461; https://doi.org/10.1098/rstb.2015.
0461.

Wolfe KH. 2015. Origin of the yeast whole-genome duplication.
PLoS Biol 13(8) ¢1002221; https://doi.org/10.1371/journal.
pbio.1002221.

Wu G, Zhao H, Li C, Rajapakse MP, et al. 2015. Genus-wide
comparative genomics of Malassezia delineates its phylogeny,
physiology, and niche adaptation on human skin. PLoS Genet
11(11) e1005614; https://doi.org/10.1371/journal.pgen.
1005614.

Xiao M, Fan X, Chen SC, ef al. 2015. Antifungal susceptibilities of
Candida glabrata species complex, Candida krusei, Candida
parapsilosis species complex and Candida tropicalis causing in-
vasive candidiasis in China: 3 year national surveillance. J
Antimicrob Chemother 70(3): 802-810. https://doi.org/10.1093/
jac/dku460.

Xu J, Luo G, Vilgalys RJ, Brandt ME, Mitchell TG. 2002. Multiple
origins of hybrid strains of Cryptococcus neoformans with sero-
type AD. Microbiology 148(1): 203-212. https://doi.org/
10.1099/00221287-148-1-203.

Yeast 2018; 35: 5-20.
DOI: 10.1002/yea


https://doi.org/10.1186/1471-2148-14-91
https://doi.org/10.1186/1471-2148-14-91
https://doi.org/10.1371/journal.ppat.1000848
https://doi.org/10.1016/j.ijmm.2015.08.023
https://doi.org/10.1016/j.ijmm.2015.08.023
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1073/pnas.1201403109
https://doi.org/10.1073/pnas.1201403109
https://doi.org/10.1534/genetics.106.060699
https://doi.org/10.1534/genetics.106.060699
https://doi.org/10.1073/pnas.0510430103
https://doi.org/10.1128/JCM.43.1.284-292.2005
https://doi.org/10.1111/j.1567-1364.2001.tb00018.x
https://doi.org/10.1111/j.1567-1364.2001.tb00018.x
https://doi.org/10.1007/s00122-009-1189-9
https://doi.org/10.1007/s00122-009-1189-9
https://doi.org/10.1126/science.1169766
https://doi.org/10.1126/science.1169766
https://doi.org/10.1128/CMR.00013-08
https://doi.org/10.1111/j.1567-1364.2006.00081.x
https://doi.org/10.1111/j.1567-1364.2006.00081.x
https://doi.org/10.1007/s00122-006-0382-3
https://doi.org/10.1007/s00122-006-0382-3
https://doi.org/10.3732/ajb.1400116
https://doi.org/10.3732/ajb.1400116
https://doi.org/10.3732/ajb.89.3.472
https://doi.org/10.1098/rstb.2015.0461
https://doi.org/10.1098/rstb.2015.0461
https://doi.org/10.1371/journal.pbio.1002221
https://doi.org/10.1371/journal.pbio.1002221
https://doi.org/10.1371/journal.pgen.1005614
https://doi.org/10.1371/journal.pgen.1005614
https://doi.org/10.1093/jac/dku460
https://doi.org/10.1093/jac/dku460
https://doi.org/10.1099/00221287-148-1-203
https://doi.org/10.1099/00221287-148-1-203

