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Species in the filamentous fungal genus Aspergillus dis-
play a wide diversity of lifestyles and are of great impor-
tance to humans. The decoding of genome sequences
from a dozen species that vary widely in their degree of
evolutionary affinity has galvanized studies of the func-
tion and evolution of the Aspergillus genome in clinical,
industrial, and agricultural environments. Here, we syn-
thesize recent key findings that shed light on the archi-
tecture of the Aspergillus genome, on the molecular
foundations of the genus’ astounding dexterity and diver-
sity in secondary metabolism, and on the genetic under-
pinnings of virulence in Aspergillus fumigatus, one of the
most lethal fungal pathogens. Many of these insights
dramatically expand our knowledge of fungal and micro-
bial eukaryote genome evolution and function and argue
that Aspergillus constitutes a superb model clade for the
study of functional and comparative genomics.

Aspergillus: the ‘Dr Jekyll and Mr Hyde’ genus of fungi
There is probably no genus better suited than Aspergillus,
an important and efficient saprophytic genus found in
diverse environments, to illustrate how inextricably inter-
twined fungi are with human affairs. Its Mr Hyde personal-
ity is exemplified by species such as Aspergillus fumigatus,
responsible for the highest number of deaths from fungi and
the second highest number of human infections from fungi
[1];Aspergillusflavus, theopportunisticbutverydestructive
agricultural pest that contaminates several crops with the
potent carcinogen aflatoxin, causing major crop yield losses
and a few deaths per year [2]; or Aspergillus sydowii, the
opportunistic pathogen of Caribbean gorgonian coral com-
munities, whose recent outbreak of infection threatens the
collapse of this fragile ecosystem [3]. By contrast, no species
better illustrate its Dr Jekyll side than Aspergillus niger, a
biotechnological ‘cell factory’ widely used in the food indus-
try [4,5]; Aspergillus nidulans, an important model for
eukaryotic genetics and cell biology [6]; or the several As-
pergillus species that drive production of beverages and
sauces in the Far East: among others, Aspergillus oryzae
is used in the making of sake [7], Aspergillus sojae in the
production of soy sauce [8], and Aspergillus kawachii in the
brewing of the spirit shochu [9].

First described nearly 300 years ago by the priest and
botanist AntonioMicheli,Aspergillus got its name from the
resemblance of its asexual spore-forming structure to the
Corresponding author: Rokas, A. (antonis.rokas@vanderbilt.edu)
Keywords: sexual reproduction; pathogenesis; A. fumigatus; development; genome
structure; horizontal gene transfer; genetic structure.

14 0966-842X/$ – see front matter � 2012 Elsevier Ltd. All rights reserved. doi:http://d
aspergillum, an instrument used to disperse holy water in
some Christian liturgical services. Aspergillus is thus
the name that describes the asexual cycle of the fungus.
Because the phenotypic diversity of the sexual fruiting
bodies is greater, ten different genera describe the sexual
cycles of Aspergillus species [10] (Figure 1). For example,
A. nidulans and A. fumigatus describe the asexual cycles
of these species, whereas Emericella nidulans and
Neosartorya fumigata are their sexual counterparts. Most
commonly, species in the genus are referred to as
Aspergillus species, which is practical given that only a
third of Aspergillus species are known to have a sexual
cycle [10]. In their classic 1965 treatise on the genus, Raper
and Fennell recognized 132 species [11], but the systematic
application of a polyphasic approach that uses morpholog-
ical, physiological, and molecular data to identify and
classify new species, including several cryptic ones, has
resulted in the present circumscription of more than 250
species [12]. The pace of discovery of new species continues
unabated with approximately 50 new species having been
described this century [12]. This genomics-enabled system-
atic revision of the Aspergillus taxonomy has dramatically
influenced the design and application of molecular techni-
ques to identify medically important Aspergillus [13], but
also aided the identification of new clinically relevant
species [14].

The early decoding of the genomes from some of the
species currently available [4,15–18], their widely varying
degree of evolutionary affinity [6,18,19], as well as the
advent of novel molecular (e.g., [20–22]) and computational
(e.g., [23,24–26]) tools, have dramatically accelerated As-
pergillus ‘-omics’ research and the pace of discovery in
genome-wide functional and evolutionary studies (e.g.,
[7,27–33]). Here, we describe the current status of geno-
mics research on Aspergillus and synthesize recent key
findings in three key areas, namely genome architecture,
secondary metabolism, and virulence, that not only dra-
matically expand our understanding of the function and
evolution of the Aspergillus genome, but also argue that
Aspergillus represents a model clade for the study of
eukaryote comparative functional genomics.
A cornucopia of genomes and lifestyles
With the genomes from 14 species already publicly avail-
able (Figure 1), Aspergillus is the most genome sequenced-
rich fungal genus, surpassing even the genome sequenced-
richSaccharomyces andCandida yeasts [34].Aspergillus is
likely to continue holding on to this distinction because the
x.doi.org/10.1016/j.tim.2012.09.005 Trends in Microbiology, January 2013, Vol. 21, No. 1

mailto:antonis.rokas@vanderbilt.edu
http://dx.doi.org/10.1016/j.tim.2012.09.005


[(Figure_1)TD$FIG]

A. fumigatus Af293 (          )

A. fischerianus (          )

A. aculeatus (          )

A. versicolor (          )

A. kawachii (          )

Penicillium marneffei

A. fumigatus A1163 (          )

A. sydowii (          )

A. tubingensis (          )

A. brasilensis (          )

A. oryzae (          )

A. terreus (            )

A. niger ATCC 1015 (            )

A.clavatus (          )

A. nidulans (             )

A. wen�i (             )

A. zonatus (          )

A. carbonarius (          )

A. glaucus (             )

A. acidus (            )

A. flavus (            )
A. sojae (          )

A. niger CBS 513.88 (            ) 

37.2 12,063

28.9 10,600

30.1 10,701

36.8 12,424

39.5 13,033

29.3 10,406

37.5 13,530

33.9 14,165

34.9 11,200

36.6 11,488

35.8 13,000

36.3 11,624

35.4 10,828

28.8 9,631

29.2 9,906

32.6 10,407

27.9 9,125

Medicine (e.g., human/animal pathogen)Key:

Agriculture (e.g., plant pathogen/post-harvest colonizer)
Industry/technology (e.g., food prepara�on, enzyme factory, gene�cs model)

Penicillium chrysogenum 32.2 12,943

Gene
number

Genome
size (Mb)Species (relevance)

TRENDS in Microbiology 

Figure 1. Evolutionary relationship, relevance, and content of available and in progress Aspergillus genomes. The phylogeny of Aspergillus genomes was synthesized from

the phylogenies described by Houbraken and Samson [37], Geiser and coworkers [35], Peterson [36], and Rokas and Galagan [6]. Broken line branches indicate uncertainty

about their placement on the phylogeny. Genome size and gene number data are from the published genome analyses [4,8,9,15–18,42,94]; for unpublished genomes, these

values were obtained from the Joint Genome Institute (JGI) genome portal [41] (A. acidus, A. aculeatus, A. brasiliensis, A. carbonarius, and A. tubingensis) or the Broad

Institute’s Aspergillus Comparative Database (A. flavus and A. terreus).
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USDepartment of Energy Joint Genome Institute (JGI), as
part of its 2011 community sequencing proposal mecha-
nism, approved a multi-investigator proposal and is cur-
rently sequencing the genomes of eight additional species
(Figure 1), including the coral pathogen A. sydowii and the
xerophileAspergillus glaucus. The panel of currently avail-
able genomes includes a good sample of the diversity of the
fungi comprising Aspergillus: the model organism A. nidu-
lans, the ‘cell factory’ A. niger, the human pathogens A.
fumigatus and Aspergillus terreus, the human pathogen
and agricultural pestA. flavus, as well as the fermentersA.
oryzae, A. sojae, and A. kawachii. Importantly, there
appears to be no association between lifestyle and evolu-
tionary affinity. For example, A. oryzae is a domesticated
ecotype of A. flavus and their genomes share 99.5% identi-
ty, yet the first is used in the making of several traditional
Far Eastern sauces and beverages and has a Generally
Regarded as Safe label by the US Department of Agricul-
ture, whereas the second is a destructive agricultural pest
and potent mycotoxin producer [7,19]. Similarly, the top
three most common human pathogens, A. fumigatus, A.
flavus, and A. terreus, do not group together in the Asper-
gillus family tree and all possess relatives that rarely, if
ever, infect humans (Figure 1) [35–37]. This lack of associ-
ation between lifestyle and evolutionary affinity is proba-
bly because many of the traits render fungi into potent
pathogens, agricultural pests, or cell factories, are gener-
ally associated with the saprophytic lifestyle and selected
for survival in conditions independent of their current roles
in pathogenesis, pestilence, or biotechnology.

Although no database contains all 14 available Asper-
gillus genomes, most are available from several, including
the Aspergillus Genome Database (AspGD) [25], FungiDB
[38], Central Aspergillus Data REpository (CADRE) [39],
15
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and the Aspergillus Comparative Database (http://www.
broadinstitute.org/annotation/genome/aspergillus_group/),
with the rest available from GenBank [40] or the JGI
genome portal [41]. Unfortunately, the annotations of
some species, such as A. sojae [8], have not yet been made
publicly available effectively stymieing easy access to
some of the data for inclusion in ‘-omics’ studies. Further-
more, the gene models for the 14 currently available
genomes have been constructed using several different
algorithms and different standards of analysis, which is
problematic because the process of whole genome annota-
tion is highly sensitive to the algorithms and assumptions
used in constructing these gene models. Take, for exam-
ple, the genomes of two A. niger isolates: isolate CBS
513.88 is reported to contain 14 165 genes and isolate
ATCC 1015 to contain 11 200 genes, but further analysis
suggests that less than one third of the �3000 gene
differential between the two annotations is real [42]. This
lack of consistency and uniformity in the annotation of
Aspergillus genomes significantly reduces the utility and
value of the data. For gene-centered studies, elucidation of
whether the annotation differences observed at a particu-
lar locus across genomes are real is non-trivial, whereas
for genome-wide studies, gene number overestimation or
underestimation makes studies that fundamentally rely
on accurate gene counts, such as examination of gene
family evolution or of genome size differences, vulnerable
to annotation bias.

Although the availability and quality of Aspergillus
genome data is a long-standing problem that is unlikely
to disappear soon, the advent of next-generation sequenc-
ing technologies (NGSTs) have ameliorated another prob-
lem [21], namely the ability to generate genomic or other
high-throughput sequencing data from any Aspergillus
species. Besides the use of NGSTs to sequence the genomes
of some of the species shown in Figure 1, such as A.
kawachii [9] and A. sojae [8], NGSTs have been used to
sequence the genomes of additional isolates from already
sequenced species [7], whereas NGST applications such as
RNA-Seq [43], have been employed to characterize the
structure and variation of the Aspergillus transcriptome
[7,27,30,44,45]. For example, in the most thorough appli-
cation of these technologies in the genus Aspergillus to
date, Gibbons and coworkers sequenced the genomes of
sevenA. oryzae and sevenA. flavus isolates as well as three
of the transcriptomes of each species [7].

The content and genetic structure of the Aspergillus

genome
The genus Aspergillus is characterized by remarkable
genome sequence diversity; using proteome divergence
as a yardstick,Aspergillus is as diverse as our own phylum,
the Vertebrates, whereas the ‘very close’ relatives A. fumi-
gatus and Aspergillus fischerianus are as divergent as
humans and mice [6,18,19]. In contrast to several other
fungal lineages where genome structure within and be-
tween species is plastic [46,47], and contrary to what would
be expected based on the degree of sequence diversity in
the genus, the structure of the Aspergillus genomes
appears rather stable (Figure 1). All Aspergillus genomes
sequenced so far have eight chromosomes, ranging in size
16
from 28 to 40 Mb, and appear to have similar character-
istics, although karyotype analyses suggest that natural
populations of several of these species harbor chromosomal
variants (see [48] and references therein).

The apparent lack of genome plasticity does not mean
that the Aspergillus genome is devoid of conundrums. One
question that has attracted considerable interest is why
the genomes of species like A. oryzae and A. flavus are
�20% bigger and substantially more gene rich than those
of A. nidulans and A. fumigatus. Several potential expla-
nations could account for the difference, including genome
duplication, segmental duplication, as well as massive
horizontal gene transfer (HGT). However, an in-depth
comparison of the A. oryzae, A. nidulans, and A. flavus
genomes by Khaldi and coworkers did not find support for
any of these explanations [49], suggesting that several
different mechanisms, each acting in a piecemeal fashion,
are likely to account for the difference. Nevertheless, both
this study as well as a few others have provided several
examples indicating that the Aspergillus genome has been
sculpted by HGT (Figure 2), serving both as the donor
lineage [42,50] as well as the recipient [42,49,51–54].

Early analysis of the Aspergillus genome focused con-
siderably on whether all species have a sexual cycle [55],
greatly contributing to what has been termed the ‘fungal
sexual revolution’ [56]. This revolution encompasses not
only the demonstration of sex in a few, previously thought
to be asexual, species [57–59], but also the realization that
experiments, such as the ability of the mating genes to
regulate expression of downstream genes in a mating type-
specific manner [60], suggest that most, if not all, asexual
fungal species have cryptic sexual cycles yet to be discov-
ered. In A. fumigatus, perhaps the most celebrated case of
fungal sex cycle discovery [59], mixing and matching of
pairs has revealed considerable variation in fertility [61],
opening the door to understanding why the sexual cycle
has been so elusive.

Another major, and perhaps more complex, question
whose investigation has been dramatically enhanced by
the availability of genomes is whether Aspergillus popula-
tions are genetically differentiated, and the implication of
population structure for their lifestyles. Global surveys
from a variety of species show lack of genetic differentia-
tion [3,62,63]; however, the presence of distinct lineages in
phylogenetic analyses of such cosmopolitan species, which
are usually interpreted to represent cryptic species [64],
could also be interpreted as evidence for the existence of
genetically distinct populations within species. Neverthe-
less, local examinations often identify considerable levels
of differentiation and the existence of genetically distinct
populations. For example, despite the lack of differentia-
tion of A. fumigatus isolates across the globe [62,64], a
recent analysis of 255 Dutch isolates using data from 20
molecular markers identified five distinct populations [65].
Interestingly, all multidrug-resistant isolates nest within
a single, predominantly asexual, population, suggesting
that both genetic differentiation and reproductive mode
influence the dynamics of drug resistance patterns in
natural A. fumigatus populations [65]. Similarly, the ap-
parent lack of structure in A. flavus isolates from around
the globe [63], contrasts with the existence and long-term
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Figure 2. The genomic and functional footprint of horizontal gene transfer (HGT) to and from Aspergillus. The fungal species phylogeny was synthesized from the literature

[6,35,36,95,96]. Arrows illustrate key examples of HGT of single genes as well as gene clusters and the direction of transfer, when known, between fungi [42,49–51,53]; arrow

colors correspond to different HGT events, whereas arrow thickness corresponds to the number of genes transferred. The numbers of Aspergillus genes inferred to have

been acquired via HGT from prokaryotes [52], when known, are shown in blue color font next to each species name. Concept in figure adapted from [97].
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(�10 000 years) maintenance of three genetically distinct
sympatric populations [66]. Intriguingly, Olarte and co-
workers recently showed that crosses of isolates from
distinct A. flavus populations not only interbreed in the
laboratory, but also recombine and convert nonaflatoxi-
genic isolates into aflatoxin-producing ones [67]. Whether
and how these laboratory-based findings impact the effica-
cy of nonaflatoxigenic biocontrol strains aiming to compet-
itively exclude their aflatoxin-producing relatives in the
field is a major, yet unanswered, riddle [68].

Secondary metabolites: the drugs behind the lifestyles
The cholesterol-reducing drug lovastatin, the antibiotic
penicillin, as well as the potent mycotoxins aflatoxin and
gliotoxin are just a tiny sample of the pharmacopoeia
encoded in and manufactured by the Aspergillus genome.
One is tempted to think that this bewildering diversity of
small organic molecules, also known as secondary meta-
bolites (SMs), is a direct byproduct of the enormous geno-
mic diversity of Aspergillus. Remarkably, the levels of
variation in both the number and the identity of SM path-
ways, which most often are physically linked or clustered
on the chromosome, far exceed those observed in the rest of
the genome. For example, although A. fumigatus, A.
fischerianus, and Aspergillus clavatus share �80% of their
genes [18,69], only 30% of their SM genes are conserved
across all three species [18].

The presence of SM gene clusters is highly variable even
within species. Genome-wide comparison of two A. fumi-
gatus isolates identified a putative SM gene cluster that
17
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was uniquely present in only one of the isolates [18],
whereas a similar analysis between two A. niger isolates
revealed unique putative SM gene clusters in both of their
genomes [42]. Furthermore, a recent population genomic
survey of A. flavus and A. oryzae lead to the discovery of an
SM locus occupied by two different gene clusters. The two
gene clusters differ in gene number, gene content, and
evolutionary history, with A. flavus isolates being polymor-
phic for the two gene cluster ‘alleles’ [7]. Although much
less in known about SM production, the available data
suggests that the dramatic variation observed within and
between Aspergillus species extends beyond differences in
genome sequence; for example, a comparison of small
molecule chemistry between A. oryzae and A. flavus, two
species that are �99.5% identical at the nucleotide level,
suggests that they have dissimilar metabolite profiles [70].

Commonalities in the genome architecture of SM gene
clusters, such as the presence of an essential biosynthetic
‘backbone’ gene as well as ‘decorating’ ones that encode for
proteins involved in modification, transport, and regula-
tion of SM, have led to the recent development of powerful
computational algorithms that predict SM gene clusters in
genomes [23,71]. Application of these algorithms on Asper-
gillus genomes has identified surprisingly large numbers
of putative SM gene clusters; for example, although only
the gene clusters responsible for the synthesis of aflatoxin,
cyclopiazonic acid, and aflatrem were previously known to
be produced by A. flavus, computational analysis of its
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genome predicts the presence of 55 putative SM gene
clusters [23,72].

Another characteristic of SM gene clusters that is useful
in predicting novel clusters is that the expression of their
genes is regulated in a coordinated fashion. For instance,
comparison of the expression patterns of A. nidulans
strains whose laeA gene copy, a global regulator of SM
as well as of numerous non-SM genes [73], was either
knocked out or overexpressed identified a novel five-gene
SM cluster that is responsible for the synthesis of terre-
quinone, a class of compounds for which no gene cluster
had been previously described [74]. Extending this strate-
gy, a recent examination of the transcriptome profile of A.
fumigatus grown in two different growth conditions
showed that changes in gene expressionwere not randomly
distributed across the genome; rather, they tended to
reside within genomic neighborhoods largely composed
of gene sets containing many of the hallmarks character-
istic of SM gene clusters [27]. Given the importance of SMs
to humans, the emerging consensus that there are many
more putative SM gene clusters than previously indicated
is perhaps one of the most significant, and potentially far-
reaching, discoveries of the decade-long exploration of the
Aspergillus genome.

The advent of Aspergillus genomes has also augmented
studies on understanding the regulation of SM gene clus-
ters. One of the most interesting recent developments is
the discovery that the velvet family of proteins, together
gnal
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dary metabolism and development in Aspergillus. Upon receiving the appropriate

internal side of the cell membrane where it is attached partly through the action of

and enters the nucleus where it interacts with Ste12, forming a complex that is

also transferred to the nucleus as part of the VeA–VelB dimer through the aid of the

tes sexual development and interacts with the global regulator LaeA to activate

tein family together with VeA and VelB, to repress asexual development [76,77].
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with the global regulator laeA [73], form a complex that
links and coordinates SM production with morphological
differentiation [75,76], which is in turn activated when a
highly conserved signal transduction module receives the
appropriate external environmental signals (Figure 3)
[77]. This coupling of SM with development presumably
evolved because the protection offered by the deposition of
SMs into the spores is vital to propagation [76]. In line with
this hypothesis, A. nidulans mutants deficient in the pro-
duction of SMs are less toxic to their insect predators than
the wild type [78]. However, SMs are not only important in
predator avoidance; evidence that certain Aspergillus SM
gene clusters are activated only when physically interact-
ing with other microbes [79], that SMs provide a competi-
tive advantage [80], as well as the discovery of self-
protection genes nested within others [81], suggest that
SMs are also likely to be critical in interactions between
Aspergillus and other microbes.

Additional support for the hypothesis that SMs are
critical components of fungal–microbial interactions comes
from a recent study aimed at identifying the molecular
signature of domestication in A. oryzae [7], one of the two
fungi used in themaking of sake in the last fewmillennia in
the Far East. During sake making, A. oryzae is responsible
for breaking down rice starch into simpler sugars, a process
that occurs, to a large degree, in parallel with the conver-
sion of sugars to alcohol by the brewer’s yeast Saccharo-
myces cerevisiae. In contrast to its wild relative A. flavus,
the entire SM profile of A. oryzae is dramatically down-
regulated when grown on rice, including the gene clusters
responsible for the synthesis of the mycotoxins aflatoxin
and cyclopiazonic acid [7]. Because aflatoxin, and presum-
ably other SMs as well, is genotoxic to S. cerevisiae [82] and
its presence during fermentation would affect yeast sur-
vival and, consequently, sake making, the domestication
processmay have convertedA. oryzae into amicrobe that is
‘friendly’ to its other microbial co-inhabitants.

The inner workings of a pathogen
More than two dozen Aspergillus species are capable of
causing opportunistic infections in humans with compro-
mised immune systems, which are collectively known as
aspergillosis [14,83]. Aspergillosis is typically acquired
following inhalation of the very small, aerially dispersed,
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asexual spores produced by Aspergillus fungi [84]. Asper-
gillosis covers a remarkably wide spectrum of diseases that
encompasses chronic diseases, such as chronic fibrosing
aspergillosis, which occurs in individuals with normal
immune systems but who have preexisting structure lung
diseases (e.g., tuberculosis), rapidly progressing and acute
infections of immunocompromised individuals, such as
acute invasive aspergillosis, as well as allergies, such as
sinusitis (Figure 4) [84]. This diversity of host–pathogen
interactions provides a potentially extremely fertile
ground for high-throughput comparative studies that si-
multaneously examine the in vivo transcriptome or prote-
ome profiles of pathogen and host.

By far the leading cause of aspergillosis is A. fumigatus,
the fungal opportunistic pathogen with the biggest impact
on human pathogenesis; it is responsible for the highest
number of deaths and for the second highest number of
infections, behind only Candida albicans [83]. This domi-
nance of A. fumigatus is likely to be due to ecological traits,
such as the high prevalence and buoyancy of its spores in
the environment [85], as well as genetic ones, such as the
ability to grow well at 378C and the coating of its spores
with a hydrophobin that renders them immunologically
inert [86]. In the aftermath of the decoding of the A.
fumigatus genome and its close relatives [17,18], a number
of studies have greatly increased our understanding of its
genetic makeup and how it interacts with the human host
to produce a wide range of aspergillosis diseases.

A broad comparison of A. fumigatus with the rarely
pathogenic A. fischerianus and A. clavatus reveals exten-
sive conservation [18]. For example, all of the 45 known
and predicted A. fumigatus allergens appear to be con-
served across all Aspergillus genomes, suggesting that
differences in gene content between species are unlikely
to explain why A. fumigatus is a major contributor to
diseases such as allergic bronchopulmonary aspergillosis.
Nevertheless, patterns of allergen gene expression in re-
sponse to oxidative stress may differ between species [87].
Despite the broad conservation of gene content, approxi-
mately 8.5% of genes appear to be present only in A.
fumigatus, and lacking or absent from A. fischerianus
and A. clavatus [18].

One of the most striking findings of the analysis of A.
fumigatus lineage-specific genes is that they are much
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between Aspergillus and the human host. In compromised immune systems, the

ntrast, the risk of allergic aspergillosis increases in individuals with hyperactive

by David Denning, with his permission.
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smaller than genes that are conserved across Aspergillus
[18]. Although small proteins have received a great deal of
attention in the study of fungal plant pathogens [88],
understanding their involvement in A. fumigatus patho-
genesis, remains an important yet virtually unexplored
topic. Part of the reason for this neglect may be because
genome annotation pipelines often exclude small gene
models due to lack of independent evidence supporting
their validity. For example, the original annotation of the
A. fumigatus Af293 genome did not include transcripts
smaller than 150 base pairs [17], whereas the current
annotation excluded only species-specific transcripts that
fall below the same length threshold [18]. However, recent
work suggests that small transcripts and proteins may
play important roles in the infection process. For example,
during conidial dormancy, the first stage of infection at
which spores are inhaled and adhere to host tissue [89], the
A. fumigatus proteome profile is dominated by small line-
age-specific proteins whose function is mostly unknown
[90]. Transcriptome studies in the same species also reveal
an abundance of small transcripts; although some of these
transcripts have significant similarity to sequences from
other species, most of them appear to be uniquely present
in A. fumigatus [43]. Similarly, sequencing of noncoding
transcripts shorter than 500 base pairs in A. fumigatus
identified a few dozen noncoding RNAs, several of which
appear to also be developmentally regulated [91]. In the
next few years, aided by RNA-Seq [43] and high-through-
put proteomics approaches [22], we predict that the iden-
tification and functional characterization of these small
transcripts and proteins will become an indispensable part
of the study of Aspergillus development and pathogenicity.

Notwithstanding our knowledge gap on small tran-
scripts and proteins, a considerable amount of effort has
been devoted on obtaining the transcriptome and proteome
profile of in vitro and in vivo aspergillosis models
[27,28,32]. For example, two recent studies describe the
transcriptome and proteome profile of an in vitro model of
the A. fumigatus biofilm [27,28], the dense network of
hyphae embedded in an extracellular matrix made up of
proteins, monosaccharides, polysaccharides, and SMs that
A. fumigatus grows in aerial colony conditions [92,93]. In
agreement with the morphology and presumed function of
the biofilm, these studies revealed extensive upregulation
of gene sets encoding for structural and adhesive compo-
nents of the extracellular matrix, for drug resistance, as
well as for SM [27,28]. Remarkably, transcriptome analy-
sis of an in vivo murine model of invasive aspergillosis
infection [32] shared several commonalities with the bio-
film studies, including upregulation of SM gene clusters.
For example, pseurotin, an SM produced by the fumitre-
morgin gene cluster, was upregulated both in vivo [32] and
in vitro [27,28]. Finally, examination of the physical loca-
tion of differentially regulated genes along the A. fumiga-
tus chromosomes suggests that they are not randomly
distributed. In vitro [27] and in vivo [32] studies suggest
that genes located near chromosome ends are much more
likely to be upregulated during biofilm growth and infec-
tion, arguing that the increased diversity in genome struc-
ture near A. fumigatus telomeres may be key to its
pathobiology.
20
Concluding remarks
Less than a decade after the release of the first publicly
available Aspergillus genomes, the study of the function
and evolution of the genome of this broadly important
genus has already begun yielding remarkable novel
insights into genome architecture [18,42,50], sexual repro-
duction [56,59,61], population biology [7,65–67], secondary
metabolism and development [76], and virulence mecha-
nisms [32,86]. The emerging synergy between the substan-
tial and ever-expanding bodies of knowledge onAspergillus
genomics, natural history, systematics, molecular genetics
and development, natural products chemistry, human,
animal and plant disease, and biotechnology, coupled with
the remarkable phenotypic versatility present in the ge-
nus, make it ideal for addressing fundamental questions
across several levels of biological organization. However,
several novel challenges and big questions remain unad-
dressed. Understanding why the sexual cycle is cryptic in
so many species, what are the molecular mechanisms that
drive the production of such diverse chemistry, or what is
the Achilles’ heel(s) of A. fumigatus during human infec-
tions, are just a small sample of major questions that await
answers. Antonio Micheli would have been happy to know
that the study of the organism he discovered nearly three
centuries ago continues to sprinkle us with new insights.
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