Chapter 2
Fungal Genomics for Energy
and Environment

Igor V. Grigoriev

2.1 Introduction

The finite resource of fossil fuels and the adverse ecological impacts of their
exploration and use pose significant challenges for mankind. Development of
alternative energy sources goes hand in hand with restoring ecological balance.
This requires knowledge of how natural biological systems work. One such system
includes fungi that interact with plants as symbionts, pathogens, or decomposers.
These interactions, first, determine growth of biomass and, second, provide clues
toward efficient conversion of plant-produced lignocellulose into energy, offering
real alternatives to fossil fuels. Understanding these processes at the molecular level
is therefore a critical challenge.

The tools of molecular biology and genomics can help us meet this challenge.
Over the past decades, genomics, and genome sequencing in particular, have
emerged as powerful tools for biological research. In the last few years, due to
the introduction of the next-generation sequencing (NGS) technologies, these tools
went through dramatic transformations. The first genome projects like sequencing
the genome of Saccharomyces cerevisiae were colossal multi-institutional, multi-
national sequencing efforts (Goffeau et al. 1996), which reached their culmination
with the Human Genome Project (Lander et al. 2001). Though deemed an
extremely large quantity of data several years ago, the 3 x 10° base pairs of the
human genome represent only a fraction of the data produced from just a single lane
of an Illumina sequencer these days. Genomics technologies are thus poised to help
us study not just individual organisms but entire ecological systems.

With technology breakthroughs, the scope of the projects has evolved accord-
ingly. Genomics projects have reached an unprecedented scale like the 1000 human
genomes (2010) or ENCODE (2004) and enable scientists to ask new types of
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questions. How can genomics help to obtain a sustainable growth of biomass? What
is the role of microbial association with plants? Do genome features determine if a
fungus is a friend (symbiont) or a foe (pathogen)? How do microbes efficiently
convert biomass into energy? What biological mechanisms govern ecological
balance? Here, in the context of fungal genomics for energy and the environment,
we discuss tools, applications, and the most recent developments available to
explore the biology of soil fungi at the molecular level.

2.2 The Tools of Genome Sequencing

The first sequencing experiments were very laborious. Not long ago, a scientist
would have to make a significant effort to sequence a single gene. At the end of the
twentieth century, Sanger sequencing (Sanger et al. 1977) became the dominant
way to sequence genomes, including the human genome. At the beginning of the
twenty-first century, suddenly several new NGS platforms were introduced
(Metzker 2010). First, 454 (now Roche) offered a new technique called
pyrosequencing as a way to read DNA fragments in a high-throughput fashion
and for just a fraction of the cost of Sanger sequencing. Shortly after, Solexa (later
acquired by Illumina) developed a new way to produce very large numbers of very
short (initially 25 bp) reads at a much less cost. More recently, Pacific Biosciences
presented a single molecule sequencing approach to produce long reads but with a
relatively high error rate (up to 15 %). These are just a few among the larger
collection of sequencing platforms that are available today. Each of them dramati-
cally improved characteristics of the produced sequence reads—Ilength, error rate,
throughput, and GC bias—during just the last few years. Innovation continues as
new players like Oxford Nanopore promise groundbreaking solutions in the near
future (Pennisi 2012).

Many sequence analysis tasks have been solved in the era of Sanger sequencing.
Genome assemblers like Arachne (Batzoglou et al. 2002) are capable of putting
together Sanger reads into assemblies for both small bacteria-size and large plant-
size genomes. However, some sequencing and analysis problems remain quite
challenging. Sequencing shows some platform-dependent bias. Repetitive
sequences make it difficult to place reads uniquely into an assembly. Polymorphism
and polyploidy interfere with clean separation of haplotypes.

A few dozen fungal genomes were sequenced using the Sanger platform and
have draft assemblies available in public databases like GenBank (http://www.ncbi.
nlm.nih.gov/genbank). Using multiple iterations of targeted Sanger sequencing,
many gaps in several draft genomes were closed in a process called genome
finishing. This resulted in at least a dozen small yeast-size finished genomes
(Dujon et al. 2004) starting with S. cerevisiae and only a couple of finished genomes
of filamentous fungi (Berka et al. 2011; Goodwin et al. 2011). Many others
including the model fungus Neurospora crassa went through multiple rounds of
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genome improvements but continue to keep “secret messages” in some as-yet
unresolved parts of their genomes (Galagan et al. 2003).

Genes encoded in the sequenced and assembled genomes can be predicted and
functionally annotated using different computational approaches (Grigoriev
et al. 2006; Haas et al. 2011). The complex intron-exon structure of a eukaryotic
genome makes annotation a challenge in comparison to the simpler problem of
calling ORFs in compact, gene-dense prokaryotic genomes (in which genes typi-
cally lack introns). Eukaryotic gene prediction usually combines several methods
including transcriptome-based (deriving genes from ESTs mapped to a genome
assembly), homology-based (based on proteins from other genomes mapped to a
translation of the assembly), and ab initio gene predictors. For the latter, which
sometimes is the last resort (since preference is usually given to genes predicted
from experimental data or similarity to known proteins), gene structure features are
derived from a collection of known genes and then are searched for in the entire
genome to predict new genes using these features. Gene structures or models
predicted using these methods also require annotation methods to predict possible
gene functions. For a given protein encoded in a genome, function can be inferred
from known proteins or protein domains if their protein sequences are sufficiently
similar as determined by various alignment programs like BLAST or HMMER
(Altschul et al. 1990; Bateman et al. 1999). The problem is that despite the quickly
growing number of sequenced genes, the number of biochemically characterized
proteins grows very slowly. In addition, computational methods for gene prediction
and annotation as well as reference databases themselves are error prone. There-
fore, both structural and functional annotations are often followed by manual
inspection in which trained analysts look at genomes, predicted genes and available
lines of evidence in genome browsers. The largest scale efforts in manual curation
have been achieved for the human genome, although several model fungi including
S. cerevisiae, S. pombe, and N. crassa also have curators devoted to iterative
improvement of these datasets (Howe et al. 2008).

The new sequencing technologies have brought new types of data, for example,
very short reads in large numbers from Illumina or longer and error-prone reads
from 454 and Pacific Biosciences sequencers. Variation in read sizes and numbers
demands completely different analytical approaches. Various implementations of
de Bruijn graph have been used in new assemblers such as Newbler, Velvet, and
AllPathsL.G that were tuned for different platforms (Earl et al. 2011). Hybrid
sequencing and assembly has become the norm, with assemblies often being
constructed from Illumina, 454, and Sanger reads all pooled together, often with
different assembly algorithms used for the different kinds of reads. However, even
though NGS was much cheaper than Sanger sequencing, the resulting genomes are
generally of lower quality. To compensate for this, the questions posed and the
applications of these platforms were adjusted accordingly. For example, NGS has
given rise to massive re-sequencing and transcriptomics applications. Annotation
methods have changed as well using RNA-seq data as a primary source of data.
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Fig. 2.1 JGI fungal genome portal MycoCosm (http://jgi.doe.gov/fungi) with 200+ fungal
genomes and tools for their comparative analysis and nomination of new fungal species for
sequencing

Data integration and visualization problems formulated during the human
genome era from the need to put genome sequences, gene predictions, ESTs, and
protein homologs on one screen became even more complex when confronting
massive amounts of sequence data and large numbers of sequenced genomes. While
GenBank offers a large collection of sequenced genomes and many bioinformatics
tools are open access, the lack of their integration makes them difficult and time-
consuming to use. One solution has been developed specifically for fungal genomes
by the US Department of Energy (DOE) Joint Genome Institute (JGI): the
web-based fungal genome portal MycoCosm, which offers 200+ fungal genomes
and tools for their comparative analysis and manual curation (Grigoriev et al. 2012;
Fig. 2.1).
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2.3 Plant-Microbe Interactions and Evolution of Fungal
Lifestyles

The Human Genome Project started a revolution in health care. Similarly, plant
genomics became a game changer in plant breeding. The poplar genome (Tuskan
et al. 2006), for example, led to research investigating the role of various transcrip-
tion factors on plant growth. However, the genome only reflects the organism’s
potential to develop, while the actual growth and development depends on interac-
tion with the environment including microbial interactions. Fungal symbionts and
pathogens are important players in these interactions. The majority of plant species
are dependent on mycorrhizal associations. Pathogens can destroy a significant share
of agricultural and bioenergy crops like the Southern corn leaf blight, which in the
1970s destroyed the entire corn crop in several US states. Decomposers recycle dead
materials to provide nutrients for the new generations of primary producers and
microbes associated with them. These lifestyles—symbiosis, pathogenicity, and
saprotrophism—are encoded in genomes. Thus, genome analysis and comparison
of different genomics features are essential for understanding fungal lifestyles, their
evolution, and interactions to possibly lead to better management practices.

Genomes of several organisms involved in interactions with each other in natural
ecosystems have been sequenced. One such system includes a poplar tree and
associated ectomycorrhizal symbiont Laccaria bicolor and pathogenic rust
Melampsora laricis-populina. Interestingly, genomes of these symbiotic and path-
ogenic fungi share several things in common: large genomes inflated with repeats
and expanded gene families, the most interesting of which is a large number of
small secreted proteins (Martin et al. 2008; Duplessis et al. 2011). Despite being
very abundant, small secreted proteins are frequently lineage specific. They may
share some functional domains between symbionts and pathogens but hardly show
any sequence similarity even between closely related poplar rust and wheat rust.
Interestingly, in all these fungi, genes encoding the small secreted proteins are
among the most expressed in planta, during infection of the plant host.

Another important part of both plant symbiont and pathogen gene sets is
CAZymes, the carbohydrate-active enzymes (Cantarel et al. 2009) involved in
lignocellulose degradation, fungal cell wall reconstruction, and other important
processes. In contrast to pathogens, whose expanded CAZy families aim to modify
and destroy the host plant, the genome of symbiotic L. bicolor contains a relatively
limited arsenal of CAZymes and a lack of those involved in plant cell wall
degradation, which results in a protection mechanism to minimize the impact on
the plant host. The symbionts thus evade the plant’s defense responses (Martin
et al. 2008). Interestingly, this reduction is similar to the reduced CAZy profiles of
one group of saprobic, wood-decaying fungi called brown rot fungi. In contrast to
the white rot fungi (the second and dominant type of wood decay), brown rot fungi
have evolved to employ a less “expensive” mechanism for lignocellulose degrada-
tion (Eastwood 2011; Martinez et al. 2004, 2009). Instead of enzymatic attack
typical for white rot fungi, brown rot relatives are thought to use Fenton chemistry
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to generate highly reactive hydroxyl radicals to break cellulose chains. They also do
not degrade lignin and thus lack the corresponding genes in their genomes.

For some wood decayers, it is not always obvious if white or brown rot is their
natural mode of decay (R. Blanchette, pers. comm.) and their genomes may provide
some hints. On the other hand, the genome of Agaricus bisporus apparently encodes
enzymes involved in lignin degradation, though the fungus has not been observed to
do so in nature (Morin et al. 2012). Fungi efficiently combine different lifestyles.
L. bicolor as a saprobe extracts nutrients from decaying organic matter to provide
them to the host plant, with which it also forms mycorrhizal association. The white
rot fungus Heterobasidion irregulare, also a pathogen of conifers and other trees,
encodes both of these lifestyles into its genome and balances between these
lifestyles even when growing on the same host (Olson et al. 2012). Thus,
interactions between plants and fungi are complex, and lifestyles of members of
these interactors—symbionts, parasites, and saprobes—are hard to define with clear
boundaries. A better understanding of the genomics basis of different lifestyles will
require more complex analyses and large-scale comparative genomics studies.

2.4 Large-Scale Comparative Genomics

Discoveries based on the analysis of individual genomes become stronger in the
context of comparative analysis. Instead of sequencing genomes one after another,
analysis of groups of phylogenetically divergent fungi that share common traits or
lifestyles may enable mapping of these traits to a specific set of genes and genomics
features. JGI is one of the institutes partnering with numerous scientific groups
around the world to explore the diversity of fungi, which are important for solving
energy and environmental problems. Starting with the first sequenced basidiomy-
cete, the white rot fungus Phanerochaete chrysosporium in 2004, by 2012 JGI has
contributed to over a half of all fungal genome projects worldwide. After delivering
several “first of its kind” fungal genomes—wood decayers, ectomycorrhizae, and
thermophiles—JGI launched a project called the Genomic Encyclopedia of Fungi
(Grigoriev et al. 2011) devoted to several areas of plant health and biotechnological
applications for energy and the environment, the DOE mission areas. By 2012, the
first two chapters of the encyclopedia, the large-scale comparative genomics stud-
ies, were published (Floudas et al. 2012; Ohm et al. 2012), while sequencing for
several others was nearly complete.

Understanding the mechanisms of lignocellulose degradation by wood-decay
fungi is important to finding new ways for processing biomass into biofuels. The
first sequenced white and brown rot fungi, as mentioned earlier, revealed
completely different mechanisms of wood decay encoded in their genomes and
justified more extensive sequencing of this group of fungi. About 30 species of
wood-decay fungi were selected for sequencing at JGI, and recently 12 of them
were analyzed and reported in the context of 31 other sequenced fungal genomes
(Floudas et al. 2012). This work has catalogued the largest collection of genes
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encoding CAZymes while focusing on the analysis of the class II peroxidases
involved in lignin decay. The ancestor of both white and brown rot fungi (as well
as mycorrhizal L. bicolor) was capable of processing lignin, which was produced by
plants and converted into coal in prehistoric times. Molecular clock analysis
suggested that the white rot ancestor evolved approximately at the end of Carbon-
iferous, i.e., potentially in time to contribute to the significant decline of coal
accumulation observed at that time. In other words, what could have contributed
to the decline in fossil fuel accumulation ~300 Mya can help us today to make
progress in developing biofuels.

In order to convert biomass into biofuels, the former needs to be produced in a
sustainable fashion. Pathogenic fungi are notorious for destroying a significant
fraction of agricultural crops and can destroy bioenergy crops to the same or greater
extent. In order to protect plants, we should better understand the molecular basis of
different strategies of pathogenicity. The Dothideomycetes are an example of a
diverse class of fungi that contains a large number of plant pathogens. Several
independent research groups at various genome centers have been sequencing
fungal genomes from this class and converged in 2008 at JGI to consolidate the
genomics data for comparative analysis and propose a much larger set of sequenc-
ing targets. As a result of this effort, 14 newly sequenced Dothideomycete genomes
were compared with each other and fungi sequenced earlier to explore different
modes of pathogenicity and patterns of their evolution (Ohm et al. 2012). This
revealed common features of genome organization across the entire class: an
inversion-based mechanism for mesosynteny or gene reshuffling within the
boundaries of chromosomes; a variable number of dispensable chromosomes with
unclear role in pathogenesis; and blocks of genes conserved in most of these species
and expressed during plant infection in some of them. Gene family expansions and
contractions were traced along the evolution of major groups of Dothideomycetes,
Capnodiales, and Pleosporales and revealed larger sets of genes involved in sec-
ondary metabolism and plant cell wall degradation in necrotrophs vs. biotrophs
with stealth pathogenesis like Mycosphaerella graminicola (Goodwin et al. 2011).
This global genome comparison was followed by several functional studies focused
on specific gene families (Condon et al. 2013), plant-pathogen systems (Manning
et al. 2013), and functional platforms (Cho et al. 2012). One of them suggested that
differences in gene regulation may be the key in determining host specificity even
in very closely related species such as Dothistroma and Cladosporium fulvum
(de Wit et al. 2012) and that functional genomics would be the next critical step
in understanding fungal biology.

Besides the Agaricomycetes and Dothideomycetes, large-scale comparative
analysis of other groups of fungi has been progressing quickly: these include 30+
mycorrhizal fungi (Chap. 8), 20+ yeasts of biotechnology and taxonomic impor-
tance, and 10+ species of Aspergillus and Penicillium for various biotech
applications (Chap. 5). Finally, the desire to ask bigger questions through larger
scale sequencing transformed one of the chapters, fungal diversity, into a project of
unprecedented scale: the 1000 fungal genome project.
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2.5 The 1000 Fungal Genome Project

Advances in genome sequencing have allowed scientists to launch very large-scale
genomics projects like 1000 human genomes (2010), 1001 Arabidopsis genomes
(Weigel and Mott 2009), and GEBA (Wu et al. 2009). The 1000 fungal genome
project is one of the latest JGI large-scale genomics initiatives aimed at highly
divergent fungal species to obtain a comprehensive list of reference genomes, to
better assess fungal diversity, to explore evolutionary processes driving this diver-
sity, and to provide a comprehensive vocabulary for studying complex
metagenomes.

The Kingdom Fungi is estimated to contain over a million species. These
organisms developed a tremendous natural arsenal of enzymes, chemicals, decon-
struction, and synthesis mechanisms over millions of years of evolutionary history,
which are poorly understood. Despite the growing number of fungal genome
sequencing projects, the phylogenetic diversity of fungi covered by these projects
is still very limited. Ascomycetes of medical importance remain dominant among
the sequenced fungal genomes. In contrast, lower fungi are hardly represented
among the currently available reference genomes.

The goal of the 1000 fungal genome project is to sequence genomes for on
average two species for each of the about 500 known fungal families within 5 years.
The project started in close collaborations with several culture collections and
research groups providing DNA and RNA samples. JGI accepts nominations for
new species for sequencing and DNA/RNA samples from the scientific community
worldwide at http://jgi.doe.gov/fungi (Fig. 2.1). These will serve as references in
ecological genomics.

2.6 Ecological Genomics

Having a large collection of reference genomes may set a stage for eukaryotic
metagenomics. Metagenomes of bacterial and archaeal communities have been
successfully analyzed previously (Tringe and Rubin 2005; Kalyuzhnaya et al. 2008).
Even when metagenomes are poorly assembled but dominated by prokaryotes, the
assembled pieces provide sufficient information to predict genes. Unlike gene-dense
bacterial genomes, eukaryotic genomes, with their complex gene structure and genome
organization, present a significant bottleneck for metagenomics. Assembled DNA
pieces lack sufficient information to train ab initio gene predictors. Homology-based
methods may work but require a representative collection of reference genomes. While
this collection is being built over time, approaches to assess complexity of fungal
communities, for example, in soil, are being explored (Buée et al. 2009).

A standard method to identify fungal species is by their Internal Transcribed
Sequences (ITS). Targeted ITS sequencing can be applied to fungal communities
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composed of multiple species to assess their composition. Here transition to the
NGS imposes some challenges. In the days of Sanger sequencing, long sequence
reads would cover the entire region which is ~1 kb long. The first NGS products
were too short to cover the entire ITS, although several studies used
454 pyrosequencing to obtain ITS fragments, ITS1 or ITS2 regions (Buée
et al. 2009). The latest generation of Illumina machines, the benchtop MiSeq, offers
sequencing in the format of 2 x 250 bp reads, which with sufficiently short inserts
may overlap and produce contigs long enough to cover one of these regions. The
cycle time of these machines (1 day instead of 18 for HiSeq) allows sequencing a
multitude of samples.

Another strategy to overcome the complexity of fungal gene structure is
metatranscriptomics, which gives a functional portrait of the community as a
biological system and captures its dynamics. The challenge is the poly
(A) enrichment in complex communities like soil where fungi make up just a few
percent of the entire microbial transcriptome. Furthermore, total eukaryotic RNA
consists of only a few percent of mRNA.

2.7 Functional Genomics

The increased throughput in genome sequencing has created a situation where the
number of sequenced genes and genomes grows dramatically each year but does not
necessarily help us to better understand their functions. A thorough biochemical
characterization is required to determine gene functions, but its throughput is not on
par with sequencing.

Analysis of gene and protein expression under different conditions may suggest
roles of these genes in an organism’s growth, while genes’ co-regulation can be
inferred from patterns of their co-expression. Large-scale transcriptomics has been
broadly successful for a number of fungi and quickly progressed from in-depth
characterization of genes in single species to multispecies comparative functional
genomics, as with fission yeasts (Wilhelm et al. 2008; Rhind et al. 2011). Proteo-
mics of different flavors offer approaches complementary to gene expression
analysis and allows the characterization of proteins, protein complexes, and post-
translational modifications. Among fungi, this was applied to the greatest extent to
S. cerevisiae (e.g., Ho et al. 2002; Ptacek et al. 2005; Krogan et al. 2006). The
combination of transcriptome and proteome analyses is becoming more and more
often a part of genomics studies of many fungi (e.g., Berka et al. 2011; Martinez
et al. 2009).

The roles of genes can be also determined by turning genes on and off using
various techniques at reasonably high throughput. Transcriptomics and proteomics
studies of gene deletion mutants, especially transcription factors, can point to their
roles in an organism’s regulatory cascades. Several studies along these lines have
been done for fungi. For example, novel virulence factors have been identified in
the plant pathogen Alternaria brassicicola (Cho et al. 2009, 2012), factors
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influencing cellulose production have been studied in the industrial workhorse
Trichoderma reesei (Schuster et al. 2012), the role of transcription factors has
been explored for mushroom development in the basidiomycete Schizophyllum
commune (Ohm et al. 2010, 2011), and a much broader approach is taken in the
model ascomycete Neurospora crassa (Colot et al. 2006). For the models N. crassa
and S. cerevisiae, extensive collections of deletion mutants along with microarrays
and other functional genomics resources have been developed (Winzeler
et al. 1999; Giaever et al. 2002; Dunlap et al. 2007), which created a solid basis
for future experiments.

A different context for gene function studies comes from the analysis of
interactions of fungi with other organisms. Analysis of the transcriptome at differ-
ent stages of plant infection (O’Connell et al. 2012) or of interactions with a fungal
prey (Atanasova et al. 2013) has been revealing for the dynamics of such
interactions. However, looking at both partners at once can give more complete
and, therefore, more accurate picture. Indeed, transcriptomes of the fungus
L. bicolor and poplar tree upon their interaction provided clues for a metabolic
model of nutrient exchange between them (Larsen et al. 2011). For pathogens,
Skibbe et al. (2010) have shown that infection of maize by corn smut (Ustilago
maydis) depends on organ-specific gene expression by both host and pathogen.
Proteomics of such interactions was also studied in several different systems
(reviewed by El Hadrami et al. 2012). Much larger-scale transcriptomics studies
of several host-pathogen and mycorrhizal systems are also currently in progress at
JGI. Finally, along the lines of the human ENCODE, which recently generated a
very large amount of functional data (Skipper et al. 2012), N. crassa is a target of
fungal ENCODE at JGI to further understand this model organism and project this
knowledge to other fungi (Chap. 14).

2.8 Conclusion

Fungal diversity is enormous and so far poorly explored. Soil is the most abundant
ecosystem on Earth, enriched in microbial life including a large number of fungal
species. Very few microbial species inhabiting soil have been characterized.
Genomics and transcriptomics offer new ways to identify these poorly
characterized species and understand their function and interactions with environ-
ment, hosts, and other fungi. Metagenomics approaches can help to better under-
stand the complexity of microbial communities in soil, how they are formed, and
how they change in response to various environmental factors. Communities of
pathogens and symbionts are components of the rhizosphere and determine the
success of plant growth. Genomics analysis of these interactions will help us to
better understand natural biological systems and can lead to applications for
environmental protection and bioenergy production.
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