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a b s t r a c t

Like other domains of life, research into the biology of filamentous microbes has greatly benefited from
the advent of whole-genome sequencing. Next-generation sequencing (NGS) technologies have revolu-
tionized sequencing, making genomic sciences accessible to many academic laboratories including those
that study non-model organisms. Thus, hundreds of fungal genomes have been sequenced and are pub-
lically available today, although these initiatives have typically yielded considerably fragmented genome
assemblies that often lack large contiguous genomic regions. Many important genomic features are con-
tained in intergenic DNA that is often missing in current genome assemblies, and recent studies under-
score the significance of non-coding regions and repetitive elements for the life style, adaptability and
evolution of many organisms. The study of particular types of genetic elements, such as telomeres,
centromeres, repetitive elements, effectors, and clusters of co-regulated genes, but also of phenomena
such as structural rearrangements, genome compartmentalization and epigenetics, greatly benefits from
having a contiguous and high-quality, preferably even complete and gapless, genome assembly. Here we
discuss a number of important reasons to produce gapless, finished, genome assemblies to help answer
important biological questions.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Research into the biology of filamentous microbes has greatly
benefited from the advent of whole-genome sequencing. Initially,
genomes were sequenced with Sanger sequencing, requiring
considerable investments of time, labor and costs. However, since
the completion of the 12 Mb whole-genome sequence of the yeast
Saccharomyces cerevisiae in 1996 (Goffeau et al., 1996), the 40 Mb
whole-genome sequence of the first filamentous fungus Neu-
rospora crassa in 2003 (Galagan et al., 2003), and the 65–95 Mb
whole-genome sequences of the first two oomycetes that belong
to the genus Phytophthora (Tyler et al., 2006), next-generation
sequencing (NGS) technologies have increased the speed and scal-
ability of genomic sequencing at a significantly reduced cost. These
technological improvements have revolutionized biological
research, making genomic sciences accessible to many academic
laboratories including those that study non-model organisms.
Thus, today hundreds of fungal genomes have been sequenced
and are publically available.

NGS technologies routinely produce gigabases of sequence out-
put in limited time. They are typically divided into short-read tech-
nologies that produce DNA sequence reads of up to 500 bp and
long-read technologies that produce reads of >1 kb, the first typi-
cally being rather accurate (one sequence error per 1 kb on aver-
age) while the latter technologies are presently still quite error-
prone (10–20 sequence errors per 100 bases on average)
(Metzker, 2009). Long-read technologies, such as single-molecule
real-time (SMRT) sequencing and Nanopore sequencing (Ashton
et al., 2015; Huddleston et al., 2014; Laszlo et al., 2014; Powers
et al., 2013), greatly facilitate the assembly of reads into contigu-
ous sequences that ideally comprise complete chromosomes.
Long-read sequencing is particularly beneficial because longer
reads promote the identification of unique reads that map to
unique sites. However, long-read sequencing technologies are still
relatively expensive and therefore not yet routinely used for de
novo genome sequencing. Consequently, eukaryotic genome
sequencing initiatives are presently still largely based on
short-read sequencing strategies and typically yield considerably
fragmented genome assemblies (Koboldt et al., 2013).

Many genome sequencing projects aim to identify the
genic coding regions of a particular genome, as this information
greatly facilitates biological research aimed at characterizing the
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physiology or molecular biology of particular cellular processes.
Therefore, many researchers are satisfied with a discontinuous
whole-genome sequence, as long as the genic space has been suf-
ficiently covered. However, DNA sequences that do not encode pro-
teins, that were initially regarded as junk DNA, are increasingly
linked to important traits controlling the life-style, adaptability
and evolution of many organisms (Bickhart and Liu, 2014;
Raffaele and Kamoun, 2012; Seidl and Thomma, 2014). Thus, there
is increasing interest to assemble whole genomes beyond just the
protein-coding regions. Here, we discuss seven types of genetic
elements or phenomena, the study of which greatly benefits from
having contiguous and high-quality, preferably even complete and
gapless, genome assemblies.

2. Reason 1: Identification of life-style determining ‘‘effector’’
genes

Species are continuously evolving in dynamic environments in
order to maintain or increase their fitness, relying on a plethora
of mechanisms to generate genetic variation (Seidl and Thomma,
2014). For microbial plant pathogens it is well established that
secreted effector molecules play crucial roles to support host colo-
nization (Chisholm et al., 2006; de Jonge et al., 2011; Jones and
Dangl, 2006; Thomma et al., 2011). However, other types of
symbionts such as endophytes and mutualists employ effectors
to establish host interactions in addition to pathogens (Rovenich
et al., 2014). Conceivably, as symbionts establish their interactions
in environments that are inhabited by other microbes, effectors
may not only act to modulate putative hosts but also microbiome
co-inhabitants. Moreover, effectors are likely to be employed by
species that do not establish host interactions in order to manipu-
late their environment and establish themselves (Kombrink and
Thomma, 2013). Indeed, the saprophyte Verticillium tricorpus has
an effector repertoire resembling that of its pathogenic sister
species Verticillium dahliae, both in size and type of effectors
(Seidl et al., 2015). Thus, it is becoming increasingly apparent that
secreted effectors play decisive roles in niche establishment of
fungi with diverse life styles (Rovenich et al., 2014), and reliable
calling of putative effector genes in genomics projects is important
to study fungal biology.

Most effectors characterized to date are small cysteine-rich
secreted proteins that lack significant sequence homology to char-
acterized proteins and protein domains that can be used to reliably
identify them. Whereas gene prediction programs often poorly
predict effector genes due to their relatively small size and lack
of homology or domains, reliable prediction of effector gene com-
plements is even more obscured by the general observation that
they often reside in plastic, fast-evolving genomic areas, such as
subtelomeric regions. The finding that effectors reside in such com-
partments is no coincidence, as pathogen effectors are typically
subject to strong selective forces such as those imposed by host
immune systems. This incites selection for accelerated evolution
through loss or modification, but also gain in case the selection
pressure is relieved. This accelerated evolution can be established
particularly in dynamic genomic compartments (Dong et al.,
2015; Raffaele and Kamoun, 2012; Seidl and Thomma, 2014), fos-
tering highly diversified effector complements between microbial
lineages. This genomic plasticity is often established through
repetitive elements, such as transposable elements (TEs), which
can influence local plasticity through several mechanisms. TEs
can change position, which may induce gene knockout, modulate
gene regulation, or cause double-strand DNA breaks by TE excision.
More generally, repetitive elements can play a passive role by act-
ing as a substrate for recombination. Thus, optimal prediction of
full effector catalogs requires accurate assembly of notoriously

plastic genomic regions that are currently often poorly assembled
(Fig. 1).

3. Reason 2: Identification of clusters of co-regulated genes

Gene clusters can be broadly defined as the close linkage of at
least two genes that participate in the same metabolic or develop-
mental pathway. Particularly in fungi, gene clusters have been
shown to be involved in diverse roles such as nutrient use, mating
type, pathogenicity, and the production of secondary metabolites
(SMs) (Bolton et al., 2014; Bolton and Thomma, 2008; Keller and
Hohn, 1997). Fungal SMs are generally not essential for normal
growth, but are important in specific niches or developmental
stages. However, due to their commercial importance and defined
roles in pathogenicity of human, animal, and plant hosts, fungal
SMs have received considerable attention (Keller et al., 2005). So
far, only approximately 25% of all easily predictable SM clusters
have SM final compounds assigned to them (Galazka and Freitag,
2014).

Fungal SM classes are generally defined by a multi-domain key-
stone enzyme in their respective biosynthetic pathways. Prominent
examples include polyketide synthases (PKSs), non-ribosomal pep-
tide synthetases (NRPSs), hybrid NRPS–PKS enzymes, prenyltrans-
ferases, and terpene cyclases associated with the production of
polyketides, non-ribosomal peptides, NRPS–PKS hybrids, indole
alkaloids, and terpenes, respectively (Keller et al., 2005). In addi-
tion, genes involved with the modification of intermediates formed
from such enzymes are typically found in contiguous gene clusters
that may also include transport-related genes involved with SM
efflux (Martín et al., 2005) and/or pathway-specific transcription
factors that control expression of the cluster (Fernandes et al.,
1998; Hohn et al., 1999). Several hypotheses exist for the mainte-
nance of SM genes as clusters. For one, unlinked SM pathway genes
are at a greater risk for dissociation during meiotic recombination
(Galazka and Freitag, 2014) or chromosomal rearrangements (de
Jonge et al., 2013). Furthermore, clusteringmay promote horizontal
transfer of an entire cluster. For example, a functional 23 gene
sterigmatocystin biosynthesis cluster spanning 57 kb was likely
horizontally transferred from Aspergillus to Podospora anserina,
expanding the metabolic diversity of the latter species (Slot and
Rokas, 2011). Additionally, gene clustering may facilitate strict
coordination of gene expression, which may be particularly impor-
tant during the biosynthesis of SMs that have potentially toxic
intermediates (McGary et al., 2013).

SM gene clusters typically exhibit co-regulation. Although
many SM clusters contain a pathway-specific transcription factor,
its expression is often not sufficient for cluster expression since
SM clusters can be enveloped within transcriptionally-silent hete-
rochromatin that must be restructured before expression is possi-
ble. This is likely directly related to the tendency of SM clusters to
be located in subtelomeric chromosomal regions where such chro-
matin modifiers impact transcription of clustered genes (Palmer
and Keller, 2010). Moreover, subtelomeric regions housing SM
clusters tend to be enriched in repetitive elements. Interestingly,
repetitive elements play a role in the expression of the Aspergillus
nidulans penicillin gene cluster since removal of repetitive DNA
on either side of the cluster resulted in a reduction in penicillin
production (Shaaban et al., 2010).

Thus, like effectors SM clusters also tend to reside in plastic,
fast-evolving genomic areas, such as subtelomeric regions that
are enriched in repetitive elements. For full appreciation of the
potential of a particular microbe to produce SMs, accurate assem-
bly and annotation of SM clusters is required (Fig. 1A), which
requires accurate assembly of typically poorly assembled repeat-
rich regions.
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