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INTRODUCTION

Funding for scientific research in the USA has become harder to
obtain, especially for discovery-based science, requiring the analy-
sis of large datasets to find patterns and correlations. It is through
such analysis that new hypotheses are formulated and dogma
refuted, particularly as it pertains to science in the ‘-omics" era.
The battle for funding has led to a change in the types of experi-
ment that are being proposed by scientists. Grant panels are most
commonly interested in proposals that are focused on solving
problems, such as novel targets to prevent pathogen infection, or
are guaranteed to be successful in the short term. Although it is
understandable that grant panels would want to ensure that the
money spent on projects will yield immediate results, targeting of
virulence factors and drug targets has led to a narrowed view of
pathogens and pathogenesis.

How does funding influence scientific ideas and hypotheses?
It is common to design studies to examine genes already asso-
ciated with virulence. Previous studies are the backbone of
grant writing and help to solidify the logic of scientific studies.
However, focusing on previously studied virulence traits and
genes narrows our view of the biological processes that occur
between host and pathogen. Experiments to find novel genes
associated with virulence are often discouraged in grant writing,
and such ‘fishing expeditions typically account for a very small
proportion of proposed experiments. With the advent of novel
algorithms for large-scale in silico analysis of genes and
genomes, it is possible to derive a great deal of information
from RNAseq, genome sequencing and proteomics. Such large-
scale analyses go beyond ‘fishing expeditions" and have shed
light on biological functions that may or may not be involved in
pathogenesis. Recent developments in bioinformatics have
allowed scientists to test whether or not hypotheses derived
from traditional experiments can be extrapolated to the whole
genome. In addition, '-omics’ studies can provide data that can
be mined by an entire field for many years. Thus, large-scale
bioinformatics and ‘-omics’ projects should be viewed as a
‘good investment’ during grant funding.
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TWO-SPEED GENOME EVOLUTION

Hypothesis-driven research has been key to grant writing and suc-
cessful funding acquisition. However, a lack of large-scale analysis
has skewed the research to a point at which it is influencing
global hypotheses. For example, the two-speed genome evolution
hypothesis in fungal plant pathogens, in which virulence genes
are considered to be undergoing faster evolution than other
genes, has grown from a hypothesis of how one small set of
genes is evolving, to a global hypothesis, and almost dogma in
the field.

In fungal plant pathogens, effector proteins have been impli-
cated in early host—pathogen interactions that result in the eva-
sion of the host immune response. Effector proteins are secreted
proteins less than 250 amino acids in length and are typically
expressed during host infection. Often, effectors are recognized by
the host plant's innate immune system to activate host defences
(reviewed in Jones and Dangl, 2006). Well-studied examples of
effector proteins include AVR-Pita and AVR-Pitz-t in Magnaporthe
orzyae, which are expressed during the early invasion of host cells
(reviewed in Liu et al, 2013; Petre and Kamoun, 2014; Stergio-
poulos and de Wit, 2009; Yasuda et al., 2008). Magnaporthe ory-
zae is a hemibiotrophic pathogen, requiring live plant tissue
during the early stages of infection. Thus, M. oryzae has devel-
oped mechanisms to inhibit host cell death caused by activation
of the immune system. For example, AVR-Piz-t targets the host
ubiquitination system by suppressing the E3 ligase APIP6, which
inhibits the ability of the host to induce an immune response and
subsequent host cell death (Li et al, 2009; Park et al, 2012).
However, the host plant is not left completely defenceless. The
ever-adapting immune system will eventually recognize the fungal
effector proteins, resulting in pathogen recognition and eventual
resistance (Jones and Dangl, 2006). The pathogen must adapt to
the host's new defences by altering the effector proteins that are
recognized by the host. The idea of an ‘arms race’ between the
host and pathogen is seen in many species of microbial pathogens
and their hosts. In the malaria parasite Plasmodium falciparum,
the outer membrane protein, MSP, undergoes rapid changes in
order to evade recognition by antibodies, macrophages and neu-
trophils (Pearce et al., 2004).

The ‘Zig-Zag model' of pathogen and host evolution encom-
passes the idea that, as the host evolves to recognize the
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pathogen, the pathogen must, in turn, evolve to evade the host
immune response (Jones and Dangl, 2006). The selection pressure
placed on the pathogen by the host immune response results in
some genes undergoing more rapid evolution than others. The
idea that virulence genes are undergoing more rapid evolution
than other genes has become popular in phytopathogenic fungal
and oomycete research, and has developed into the concept of a
two-speed genome.

Hypothesized mechanisms for the two-speed genome include
the proximity to repetitive elements, such as retrotransposons and
DNA transposons, that are commonly found littering fungal
genomes (Dhillon et al, 2014; Rehmeyer et al, 2006; Santana
et al, 2014; Starnes et al, 2012; Wostemeyer and Kreibich,
2002). Evolution of the sexual cycle in other fungi, including Cryp-
tococcus species, has been attributed to high concentrations of
repetitive sequence and inverted repeats found at the sex locus
(Idnurm et al,, 2005). With M. oryzae, hundreds of copies of the
retrotransposon, Maggy, can be found throughout the genome
(Starnes et al, 2012). In addition, Maggy has been shown to
induce repeat induced point mutations (RIP), in which G-C pair-
ings are mutated to A-T pairings, resulting in A-T-enriched
regions (lkeda et al, 2002). Thus, RIP may contribute to increased
mutation rate and evolutionary speed in genes that are nearby
(Ikeda et al., 2002).

HOW FUNDING INFLUENCES THE TWO-SPEED
GENOME EVOLUTION HYPOTHESIS

There are critical shortcomings to the two-speed genome evolu-
tion hypothesis that could have been addressed with genome-
wide "-omics’ analyses as algorithms were developed, when
coupled with large-scale screens for novel virulence factors. First,
the determination of two speeds of evolution requires the compar-
ison of two groups: virulence genes and genes not associated
with virulence. How do we determine what is and what is not a
virulence gene? In most fungal genomes, annotated genes are
often homologues for conserved genes found in model organisms,
such as Saccharomyces cerevisiae, or other fungal pathogens.
Studies that focus on known homologues typically leave out unan-
notated genes or genes that are unique to a specific species,
which are numerous in fungal genomes. Molecular techniques can
be used to identify novel and unique virulence genes through
mutant screens, but such large-scale screening is often limited by
technical problems and cost. Most are far from exhaustive (such
as Cai et al,, 2013; Huser et al, 2009; Yu et al., 2015) with a few
exceptions (Betts et al, 2007; Chen et al, 2011; Jeon et al,
2007). Many mutant screens are funded by alternative sources,
such as start-up funds or small internal grants, rather than
through external public funding agencies, because hypothesis-
driven experiments are funded before ‘fishing expeditions’. These

small grants are often inadequate to cover the personnel and
materials costs for large screens.

Second, there is a grey area in defining whether a gene func-
tion is or is not involved in virulence. An inability to determine the
contribution of a gene to pathogenesis eliminates a large portion
of unstudied genes from the two-speed genome evolution hypoth-
esis. For example, what attribution should be given to genes that
are needed for proper nutrient acquisition and metabolism during
infection? Are these grey area genes also undergoing selection
pressure by the host environment? Are they considered as viru-
lence genes? When examining non-synonymous/synonymous
mutation rates (dN/dS) with algorithms, such as phylogenetic
analysis by maximum likelihood (PAML) (Yang, 2007), researchers
can identify rates of evolution and identify genes that may be
under diversifying or purifying selection. However, there is no
clear delineation between genes undergoing diversifying selection
and those that are not; rather, there is a wide range, or gradient,
of dN/dS rates. Pairing large-scale bioinformatics work with tradi-
tional bench work could result in better annotation and functional
analysis of the unstudied genes.

New computational methods for the examination of evolution-
ary rates as well as the identification of repetitive elements in fun-
gal genomes can be used to examine the two-speed genome
hypothesis from the top down. Whole-genome analysis and com-
parisons between closely related species can identify genes that
are under diversifying selection and their proximity to repetitive
elements. Using bioinformatics methods, researchers can remove
the bias seen in traditional and targeted studies. Such global anal-
yses should reveal whether or not there are certain classes of pro-
teins (such as small secreted proteins) that are undergoing
diversifying selection, and whether, indeed, they are associated
with repetitive elements, across a variety of fungal species.
Although bioinformatics will not definitively identify genes that are
involved in virulence, computational approaches can be used to
form the basis upon which to build studies at the benchtop. Scien-
tists must be aware of the weaknesses in both bioinformatics and
in bench work when developing hypotheses; however, both meth-
ods can be used to strengthen the science when used together.

TWO-PRONGED APPROACH TO RESEARCH

To prevent bias when developing hypotheses, a two-pronged
approach to research needs to be implemented in laboratories
that focus solely on bench work. Blending bioinformatics with
bench research can be achieved by multiple methods. First, staff-
ing bioinformaticists and computation biologists in traditionally
bench work-based laboratories and departments is mutually bene-
ficial. A full-time bioinformaticist can target a project in a top-
down manner, allowing laboratories to see overall trends in
genome, transcriptome and proteome, whereas the bench scien-
tist can focus on the application of key finds from large datasets
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and the biological relevance of trends found in in silico analyses.
In addition, bioinformaticists working closely with laboratories
focused on bench work could benefit from understanding the
experimental techniques and limitations in order to develop new
algorithms to predict and analyse biological datasets.

Second, biologists should receive additional training in basic
bioinformatics techniques. Not only would this benefit the biolo-
gists, in that they would be able to run analyses themselves, but
they would also have a better understanding of how algorithms
analyse large datasets. Thus, biologists trained in bioinformatics
could make informed decisions when choosing analyses to use for
their work.

CONCLUSIONS

Funding of science requires projects to be relevant or important to
society. For researchers who study fungal pathogens, simple
examination of interesting biology is no longer sufficient to ensure
funding. Instead, researchers rely on projects examining pathoge-
nesis that can result in the treatment of fungal infections. Thus,
targeted gene studies that are guaranteed to yield results are fav-
oured over large-scale studies that may find function for both
genes involved in virulence and genes not involved in virulence.
The development of bioinformatics and in silico methods, coupled
with functional studies for large-scale genome analysis, now allow
for a melding of top-down and traditional targeted approaches to
pathogenesis research. Integration of bioinformatics with bench
work can be mutually beneficial and should be encouraged in
grant writing and funding. Together, wet and dry laboratory work
can come together to provide the greatest benefit to the develop-
ment of scientific hypotheses. A balanced approach can prevent
hypotheses that focus on single gene groups, such as the two-
speed genome hypothesis, from becoming dogma, when large-
scale studies may suggest that the hypothesis cannot be applied
globally.
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