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Abstract

Filamentous fungi are harnessed as cell factories for the production of a diverse range of organic acids, proteins, and
secondary metabolites. Growth and morphology have critical implications for product titres in both submerged and
solid-state fermentations. Recent advances in systems-level understanding of the filamentous lifestyle and develop-
ment of sophisticated synthetic biological tools for controlled manipulation of fungal genomes now allow rational
strain development programs based on data-driven decision making. In this review, we focus on Aspergillus spp. and
other industrially utilised fungi to summarise recent insights into the multifaceted and dynamic relationship between
filamentous growth and product titres from genetic, metabolic, modelling, subcellular, macromorphological and
process engineering perspectives. Current progress and knowledge gaps with regard to mechanistic understanding
of product secretion and export from the fungal cell are discussed. We highlight possible strategies for unlocking lead
genes for rational strain optimizations based on omics data, and discuss how targeted genetic manipulation of these
candidates can be used to optimise fungal morphology for improved performance. Additionally, fungal signalling cas-
cades are introduced as critical processes that can be genetically targeted to control growth and morphology during
biotechnological applications. Finally, we review progress in the field of synthetic biology towards chassis cells and
minimal genomes, which will eventually enable highly programmable filamentous growth and diversified production
capabilities. Ultimately, these advances will not only expand the fungal biotechnology portfolio but will also signifi-

cantly contribute to a sustainable bio-economy.
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The extensive product portfolio of flamentous
fungi

Filamentous fungal cell factories are used by indus-
trial biotechnologists to produce megatonnes of use-
ful molecules worth several billion dollars per year [1].
The product portfolio of fungi is diverse and includes
proteins, enzymes, secondary metabolites and organic
acids. Fungal biomass is also a valuable product for food
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and textile industries, and most recently as a potential
material in building construction (Table 1). Important
enzymes derived from fungi include glucoamylases,
phytases, pectinases, catalases, proteases, and glucosi-
dases, with applications in food, textile, recycling, and
other industries [2]. As just one example, fungal cellulase,
hemicellulase, and ligninase cocktails are used to con-
vert waste lignocellulosic biomass to fermentable sugars
used as substrates for the biotechnological production
of biofuels, with an estimated value of over €4 billion
in 2016 [1]. Alternatively, fungal secondary metabo-
lism is of significant pharmaceutical relevance, whereby
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Table 1 Diversity of the fungal product portfolio
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Fungus

Exemplar industrially relevant product(s)

Exemplar companies

Aspergillus niger
lases, phytases, pectinases)
Organic acids (e.g. citric acid, succinate)
Secondary metabolites

Aspergillus oryzae Enzymes (amylases)

Aspergillus terreus Enzymes (xylanases)
Organic acids (itaconic acid)

Secondary metabolites (lovastatin)

Acremonium chrysogenum {-lactam antibiotics (cephalosporins)

Blakeslea trispora Vitamins (3-carotene)

Fusarium venenatum Mycoprotein
Ganoderma lucidum
Imitation leather

Thermotelomyces thermophila  Enzymes (cellulases, phytases, laccases)

Penicillium chrysogenum B-lactam antibiotics (penicillins)

Enzymes (glucoamylases, proteases, glucosidases, cata-

Composite materials (construction material)

DSM (The Netherlands), Zymergen (USA), Novozymes A/S
(Denmark)
COFCO, Ensign, RZBC Group, (People’s Republic of China)

Novozymes A/S (Denmark), Amano Enzyme Inc. (Japan),
Gekkeikan Sake Company Ltd. (Japan)

Merck (USA), Pizer (USA)

DSM (The Netherlands), Sandoz (Austria), Astellas Pharma
(Japan)

Universal Foods Corporation (Japan), DSM (The Nether-
lands), Pharmacia & Upjohn (USA)

Quorn Foods (United Kingdom)
Mycoworks (USA)

Novozymes A/S (Denmark), BASF SE (Germany)
DSM (The Netherlands), Pharmacia & Upjohn (USA), Merck

Enzymes (glucose oxidase) (USA)
Pleurotus ostreatus Composite materials (packaging material, construction Ecovative (USA)
material)
Schizophyllum commune Textiles MycoTEX (The Netherlands)

Trichoderma reesei Enzymes (cellulases and hemi-cellulases)

Ustilago maydis Itaconic acid

DuPont (USA), logen Energy Corporation (Canada)
AB Enzymes (Germany)
Roal Oy (Finland)

Toray Industries (USA), BASF SE (Germany)

Listed are fungal cell factories, key product(s), and companies that use each organism. Exemplar companies are meant only as a guide and were identified from
published literature or patent databases. Note that this list is not exhaustive—for more examples, see [2]

low-molecular weight, structurally diverse nonriboso-
mal peptides, polyketides, or terpenes are isolated for
their potent bioactivities, including immunosuppressive
compounds (e.g. cyclosporine A), cholesterol-reducing
agents (e.g. lovastatin) and antibiotics (e.g. penicillin) [3].
In addition to these globally used drugs, the potential
for discovery of new mode-of-action therapeutics from
fungal secondary metabolism is promising, as over 60%
of existing medicines are derived from natural products
[4], and new techniques for activating the biosynthesis
of these molecules in laboratory and pilot fermentation
studies have recently been developed [5, 6]. Furthermore,
various acids are produced by fungi, including gluconic,
malic, itaconic, lactic, and fumaric acids (Table 1 and [7]).
The most important acid is, arguably, citric acid, predom-
inantly produced by Aspergillus niger, for use in food,
pharmaceutical, and other industries, with an estimated
global market value of over $2 billion [8, 9].

With regard to use of filamentous fungi as a human
food source, the global mushroom market value for
champignons, shiitake, oyster, and others is expected to
exceed $50 billion by 2022 [10]. In addition, mycoprotein
produced by the ascomycete Fusarium venenatum, first

marketed in 1984 as Quorn™", was recently valued at over
$800 million worldwide [11]. In other applications, recent
proof-of-principle experiments have demonstrated
fungal biomass as a promising replacement for petro-
leum-based plastics or raw material in the textile and
construction industry [12, 13]. Thus, the filamentous fun-
gal product portfolio is undoubtedly extensive (Table 1)
and is likely to expand to meet the needs of an emerging
global bio-economy, a circular economy, and advances in
healthcare [1, 14].

Filamentous growth: the dynamic hypha

Technological advances in DNA sequencing and dedi-
cated projects from the academic and industrial members
of the fungal community have delivered a drastic increase
in the number of annotated, curated, publicly available
genomes for industrially important filamentous fungi,
including the Ascomycetes Aspergillus spp., Trichoderma
spp., Penicillium spp., and Myceliophthora thermophila,
Basidiomycetes Ustilago maydis and Ganoderma luci-
dum, and Zygomycetes Rhizopus spp., amongst many
others [15—-17]. Despite these new resources, filamentous
growth is a critical aspect of fungal biology that is not
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yet comprehensively understood [1]. Indeed, filamentous
fungi have highly complex morphogenetic and develop-
mental programs, which have been extensively studied
in various model and industrially relevant Ascomycetes
(e.g. Aspergillus nidulans and A. niger). In brief, under
favourable nutritional conditions, spores break metabolic
dormancy and undergo a period of isotropic swelling as
water enters the cell (Fig. 1a). Next, myosins and formins
recruit the actin cytoskeleton at a specific site to establish
polarity, which is continually maintained to generate a
highly polar germ tube [18, 19]. Growth of this cell occurs
via extension at the apex, with membrane, extracellular
hydrolytic enzymes, and cell wall synthesising proteins
packaged into vesicles at the Golgi, and delivered along
microtubule and actin cytoskeleton to the tip [20-23]
(Fig. 1b). Vesicles aggregate at the tip at a site called the
Spitzenkorper, after which they are tethered to the cell
membrane via a multiprotein complex called the exo-
cyst [20], with hyphal polarity mediated by various cell
end marker proteins at the plasma membrane [21]. Exo-
cytosis at the apex results in the insertion of new mem-
brane, which is balanced by endocytic uptake of both
membrane-bound or soluble material into the cell which
occurs at a subapical actin ring (Fig. 1b) [23]. Moreo-
ver, polar cell extension occurs in an oscillatory manner
[22], with pulses of influx of Ca?* co-ordinating sequen-
tial rounds of actin polymerisation, exocytosis, and tip
extension (for a recent review, see [19]). Internal turgor
pressure is essential for continued growth and, as such,
hyphal extension causes physical pressure on the estab-
lished and newly synthesised cell wall. Consequently,
control of cell wall integrity is a fundamental aspect of
hyphal growth and viability [24]. Moreover, delivery of
cell wall synthesising enzymes to the tip via vesicles must
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be balanced with the necessity to secrete extracellular
enzymes for nutrient acquisition. Thus, secretion and cell
wall growth are tightly linked, and genetic or abiotic per-
turbation to either process likely has significant impacts
on the other.

As growth continues, hyphae divide by forming cross-
walls known as septa, which contain pores for transfer
of cellular content between cells, and a ‘plug; termed a
Woronin body, that can be used to block this pore [25].
Hyphae either branch at the tip (apical) or intercalary
regions (subapical branching), and individual hyphae
are able to fuse by a process termed anastomosis [26] to
eventually generate a network of cells termed a mycelium
(Fig. 1a). As the mycelium matures, secondary cell wall
thickening occurs, and asexual development generates
structures termed conidiophores, which bear spores that
are essential for dispersal in the natural niche [27], but
are generally considered to play a minor role in producing
useful molecules. These dynamic morphological changes
have critical implications for growth during solid-state
fermentation, rheological aspects of submerged cultiva-
tion, and ultimately product titres.

Why growth and morphology matter: a focus

on submerged culture

A significant body of work over the last 30 years has
interrogated the relationship between pellet morphol-
ogy and product formation during liquid culture [28,
29]. In submerged fermentation, mycelia form various
macromorphologies, resulting in dispersed hyphae,
compact pellets, or intermediates of these growth
types named loose clumps. These result from various
interaction phenomena on spore and mycelial level in
moist substrates. Pellet formation is conventionally
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Fig. 1 Schematic representation of filamentous fungal growth at cellular and subcellular levels. a Generic development of filamentous growth
based on Aspergillus spp. Spores break dormancy and swell during a period of hydration and isotrophic growth, after which polarity is generated
and maintained to form a germ tube. Hyphal extension results in branching at apical (tip) and subapical (intercalary) regions. Continued branching
forms a network of hyphae termed a mycelium, and conidiophores are generated which bear asexual spores. Note that precise morphology

and development will be different between industrially used fungal strains/species, and this is intended as a guide. b Depiction of subcellular
organelles, cytoskeleton, and processes that couple growth and protein secretion at the hyphal tip. For explanation, see main text. Proteins are
secreted predominantly at the tip; however, septal secretion has also been proposed
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Fig. 2 Schematic depiction of the formation of pelleted or dispersed
macromorphological units during submerged cultivation. An
inoculum of spores (black circles) either disperse or coagulate, which
is dependent on fungal species and cultivation conditions (see main
text). If dispersed, germinated hyphae can either agglomerate to form

pellets or remain dispersed throughout cultivation. Sheering at pellet
peripheries generates dispersed hyphal fragments in a phenomenon

known as reseeding

distinguished by either coagulative or non-coagulative
processes [29] (Fig. 2). Coagulative formation is repre-
sentative for A. niger spores, which agglomerate after
inoculation of growth media due to electrostatic and
salt bridging between surface polysaccharides [29].
Additionally, hydrophobicity of spore surface proteins
aids agglomeration, leading to germination of multi-
ple physically grouped spores that form a single pellet
[30, 31]. During non-coagulative pellet formation, e.g.
as described for Rhizopus oryzae, spores remain dis-
persed during germination and agglomeration occurs
at latter growth phases between branched hypha and
consequently a single spore can potentially form a sin-
gle pellet [28]. Some fungi, including P. chrysogenum,
display characteristics of both the coagulative and
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non-coagulative types [29]. In this case, the agglom-
eration of different hyphal elements leads to hyphal
clumps which can agglomerate to pellets [29]. Notably,
fungal spores of the coagulative type can also form pel-
lets in a non-coagulative way under specific media con-
ditions, e.g. elevated pH [29]. The formation of loose
clumps is less comprehensively understood, but pre-
sumably occurs in culture conditions which disrupt or
inhibit agglomeration (see below).

Several advantages and disadvantages of either pelleted
or dispersed macromorphologies are apparent. Firstly,
pellets display enhanced resistance to sheer stress and
minimum viscosity of bioreactor media [32-36]. How-
ever, internal areas of large pellets have low growth and
metabolism due to poor oxygen diffusion, which may
limit product formation [37]. In contrast, dispersed mor-
phologies rapidly grow and do not have limitations in
transport of nutrients [29, 36, 38]. The drawback to the
dispersed growth state is a higher medium viscosity, limi-
tations in gas—liquid mass transfer, and elevated suscep-
tibility to sheer stress when compared to pellets [29, 36].

Significant efforts to optimise culture conditions to
control fungal growth and morphology during industrial
applications have thus been invested [29]. Fundamental
factors affecting macromorphology and growth include
carbon source/concentration [39], ion content (notably
manganese) [40, 41], pH [29], density of spore inoculum
[38], addition of surfactants [42], oxygen enrichment
[43], agitation [44], osmolarity [45], addition of insoluble
microparticles [46], or change from stirred tank to wave-
mixed bioreactor equipment [36], amongst others. It is
now possible to quantitatively measure effects of culture
conditions on pellet morphology, specifically using par-
ticle parameters (e.g. projected area, circularity, aspect
ratio, surface roughness) to generate a dimensionless
morphology number for individual or groups of pellets
[45] (Fig. 3a). Interestingly, the mechanistic basis for the
formation of pellets or dispersed mycelia is increasingly
described and explainable from hyphal extension rate,
pellet fragmentation rate, and other bioreactor param-
eters using modelling approaches [34]. As these mod-
els are continually refined, they can be integrated with
existing experimental evidence to refine and predict the
underlying abiotic approaches that will enable a desired
growth phenotype [47].

Modelling fungal morphologies: from growth kinetics
towards the subcellular

Modelling of fungal growth and morphology has pre-
dominantly focused on submerged culture and has
advanced from preliminary models of growth kinetics
to recent organelle and cytoskeletal-level frameworks of
the filamentous lifestyle. Initial models developed in the
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Fig. 3 Product formation is dependent on fungal macromorphology and growth stage. a A schematic representation of pellet macromorphology
which can be assessed by a dimensionless morphology number (MN) [45]. MNs varies between 0 (a one dimensional line) and 1 (a perfect circle).
Fructofuranosidase and glucoamylase production by A. niger has been negatively correlated with an increasing MN (blue line) [45]; hence, these
proteins are efficiently produced by dispersed mycelia. A hypothetical correlation between MN number and productivity is proposed for citric
acid and secondary metabolites (red line). b Production of various classes of useful fungal molecules is also dependent on culture growth phase.
The blue line depicts biomass accumulation in a hypothetical batch fermentation experiment. Protein and acid synthesis occurs during periods of
exponential growth (black box). Formation of some acids occurs following a diauxic shift (orange box), for example citric acid fermentation in A.
niger (see main text). Production of most secondary metabolites occurs during periods of low or zero growth (red box)

1960s were interested in pellet formation and growth,
and assumed pellets consisted of hyphae growing radi-
ally outwards from a common centre, with all pellets of
equal size in a bioreactor [48]. This enabled early mod-
els of various aspects of submerged culture. For exam-
ple, Pirt tested the hypothesis that growth occurs at the
outer pellet surface, with an inner mass of non-growing
mycelium where nutrients are unable to diffuse [48]. Dif-
fusion rate calculations revealed that the most important
limiting factor that determines the thickness of the outer
growing pellet layer is oxygen, which had critical impli-
cations for growth kinetics [48]. Indeed, the maximum
critical transport distance for oxygen penetrating A. niger
pellets has been experimentally confirmed as 200 pm,
and internal areas beyond this limit are likely hypoxic
[37]. Subsequent refinement of Pirt’s model introduced
the reseeding phenomenon, whereby fragmentation
at the pellet exterior results in the formation of smaller
pellets and dispersed growth [49]. Consequently, these
updated models assumed that pellet formation and size
are dependent both on average hyphal growth rate and
degree of fragmentation. The reseeding phenomenon
required additional modelling of medium viscosity, fluid
velocity, and sheer stress, amongst other parameters to
better understand and predict growth in submerged cul-
ture [49].

More recent modelling of hyphal growth has gone
beyond colony macromorphology to generate modelling

frameworks based on distribution of intracellular compo-
nents and organelles [34]. In this approach, intrahyphal
passive transport from turgor pressure and active trans-
port processes result in spatial distribution of organelles
and other cellular components within individual hyphae,
for example at the growing tip. The subcellular model
developed by King [34] thus places critical emphasis on
branch rate, whereby addition of new septa and apices
occurs as a function of time and space within a growing
hypha. Therefore, quantitative assessment of individual
hyphal growth and prediction of macromorphological
development from single spores will, therefore, only be
possible when both space- and time-dependent processes
are considered. Additionally, future modelling of hyphal
morphology must move from original assumptions of a
steady-state system towards non-steady state assump-
tions of growth [34].

Merging models with in vivo data

Mathematical descriptions of morphology and growth
at the subcellular level are thus continuously refined. Do
these models indeed form the conceptual basis for wet-
lab data interpretation? In one recent example, condi-
tional expression of the small GTPase encoding gene
arfA in A. niger resulted in smaller pellet diameter in
shake flask culture which occurred concomitantly with
increased protein production [50]. These macromorpho-
logical effects were likely caused by decreased hyphal
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growth rate, reduced ability to maintain hyphal tip polar-
ity, and a defective actin ring position at the hyphal tip
due to altered arfA expression [50]. The actin ring has
been shown to be the site of endocytosis in A. nidulans,
which is maintained 1-2 pm behind the hyphal apex in
this fungus and 2-3 pm behind the hyphal apex in A.
niger [50, 51] (Fig. 1b). Geometric models of the spa-
tial distribution of the actin ring in A. nidulans predict
that this precisely maintained location ensures endo-
cytic recycling of cell wall synthesising enzymes, cell
end markers, and plasma membrane to maintain polar-
ised growth and protein secretion at the tip [52]. In an
arfA conditional expression strain of A. niger, fluorescent
labelling of an actin binding protein revealed that the
actin ring shifted approximately 1.2 pm towards the apex
[50], which likely contributed to a loss of hyphal polar-
ity, reduced hyphal tip growth and thus reduced pellet
size. Modification of the actin ring location might thus
represent a generic strategy for titrating morphology
and enhancing protein secretion in industrial fungi [50].
Taken together, these studies demonstrate how increas-
ingly sophisticated modelling of growth and morphology
at macro and subcellular levels can lead to mechanistic
explanations of fungal strain engineering in industrial
settings.

Tailoring growth and morphology to protein, acid,
and secondary metabolite products: progress

and knowledge gaps

Despite these advances in the fermentation control of
fungal morphology and cognate modelling approaches, it
is not currently possible to precisely predict the optimal
morphology for a desired product and, consequently, it is
necessary to invest significant efforts in process design.
However, as the fundamental understanding and asso-
ciated models of the filamentous lifecycle advances, it
may be possible to use the underlying molecular, cellular,
and developmental biology of fungi to predict improved
growth and macromorphology for certain classes of
product (i.e. acid, protein, or secondary metabolite).

Protein secretion: tips, septa, and unconventional

secretion pathways

Growth and protein secretion are coupled at the hyphal
tip, whereby vesicles packed with cell wall synthesising
enzymes and secretory proteins arise from the Golgi by
budding [53], and subsequently travel along microtubules
and actin filaments to the extending hyphal apex [20-22],
aggregate in the Spitzenkorper, and become tethered to
the plasma membrane by the exocyst [54], thus releas-
ing vesicle cargo (Fig. 1b). Consequently, protein secre-
tion is generally highest during rapid hyphal extension
and periods of active growth (Fig. 3b). A growing body
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of evidence suggests that modifying fungal macromor-
phology for a maximum tip: biomass ratio is a useful
approach for improving protein secretion in many fungal
systems [55—57].

Interestingly, however, in some cases elevated hyphal
tip number is not correlated with increased protein titre,
which may suggest routes other than the tip are impor-
tant in some instances. One recent explanation for the
discrepancies between elevated hyphal tip numbers and
titres of extracellular proteins is that unconventional pro-
tein secretion (UPS) pathways may also play important
roles during industrial fermentation [58]. Generally, in
UPS, proteins do not pass through the classical Golgi-
vesicle-apex-dependent route, but are transported to the
cell membrane via as yet undefined alternative mecha-
nisms. Indeed, numerous extracellular proteins do not
contain N-terminal signal peptides necessary for process-
ing through the Golgi and packaging into extracellular
vesicles, and consequently are predicted to be secreted
via UPS [58].

A second possible complication in the relationship
between hyphal tip number and extracellular protein
titres is recent work suggesting that protein secretion
may also occur at the hyphal septum. For example, in A.
oryzae exocytosis and secretion also occur at intercalary
hyphal regions (Fig. 1b), specifically at septal junctions
[59, 60]. Secretion at hyphal septa plays a fundamental
role in branch initiation and thickening of the cell wall
at sub-apical locations and, in A. oryzae, the industrially
relevant alpha-amylase was demonstrated to be secreted
into the septal periplasmic space by fluorescent tagging
[59]. In A. niger, growth on solid media with sugar beet
pulp as a carbon source resulted in protein secretion both
at the colony periphery and internal regions [61]. Fluo-
rescent monitoring of the major secreted and industrially
fermented glucoamylase protein in A. niger also demon-
strates that this protein localises to intercalary hyphal
regions, including septa [50, 62]. These data support the
hypothesis that septal secretion could be of industrial rel-
evance, and it is interesting to speculate that optimising
morphology to maximise septal junctions through strain
engineering efforts may be a future avenue to enhance
product titres. Taken together, while several studies sup-
port the hypothesis that optimising fungal morphology
by increasing hyphal tip numbers is a promising strategy
to enhance protein production, both UPS and intercalary
secretion pathways represent promising, yet underex-
plored, avenues for strain engineering efforts.

Acids and secondary metabolites: a complex puzzle

For production of secondary metabolites and acids, pre-
dicting an optimal macromorphology based on mecha-
nistic explanations of production and secretion/export is
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also problematic. For acid production, specifically citric
acid in A. niger, several studies suggest that elevated titres
occur with shorter hyphae or hyperbranched phenotypes
[63, 64]. An exciting and important piece of the puzzle
that has recently been revealed is the identification of
the CexA major facilitator superfamily transporter that
is required for export of citrate from A. niger [65]. How-
ever, this protein has yet to be localised to precise posi-
tions in the hyphal plasma membrane (e.g. tip, septa, or
elsewhere), and consequently defining an optimal mor-
phology to maximise CexA transporters for each myce-
lial compartment is currently challenging. Despite these
limitations to our fundamental knowledge, however, it is
clear that production of citrate occurs at specific stages of
active hyphal growth. For example, recent dynamic mod-
elling approaches have demonstrated that both oxalic and
citric acid syntheses in A. niger occur following a diauxic
switch to phosphate-limited growth [66] (Fig. 3b).

With regard to biosynthesis of secondary metabolites,
a small pelleted morphology has been demonstrated to
increase product titres in some instances, for example
lovastatin fermentation by A. terreus [67]. Nevertheless,
the underlying metabolic, molecular, and/or cellular basis
for this improvement is currently unclear. What is cer-
tain, however, is that the formation of fungal secondary
metabolites mostly occurs during periods of extremely
low, or zero growth (Fig. 3b), which is due to the com-
plex functions of these diverse bioactive molecules in the
natural niche [68, 69]. Thus, an optimal morphology for
secondary metabolite biosynthesis, in contrast to protein
production, must somehow be integrated with nutrient
limitation, thus causing ultralow fungal growth. A possi-
ble avenue for this is to generate pelleted morphologies
with densely compact core, which may limit nutrient and
oxygen diffusion and thus growth at the colony centre,
in turn activating secondary metabolism [29]. Export of
fungal secondary metabolites is also an extremely com-
plex puzzle. Fungal natural products are biosynthesised
by physically linked contiguous gene clusters, many of
which contain genes encoding putative transporters that
are predicted to be involved in extracellular secretion
of the respective natural product [3]. Intriguingly, func-
tional analyses of transporter genes in mycotoxin encod-
ing clusters demonstrate that some of these transporters
are functionally redundant, as deletion causes no reduc-
tion in secondary metabolite secretion [70]. Interestingly,
in the model organism A. nidulans, deletion of a gene
encoding a multidrug-resistant ATP binding cassette
(ABC) transporter (which was physically located out-
side any predicted biosynthetic gene cluster) drastically
reduced penicillin secretion [71], supporting the hypoth-
esis that generic transporters could be used to maximise
secretion of useful metabolites. Critically, determining
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the exact distribution of these transporters throughout
the fungal cell or colony could enable rational design of
morphology for maximum secretion of these molecules.

In summary, a complex relationship between fungal
growth, morphology and protein, acid, and secondary
metabolite titres emerges. Clearly, an optimal morphol-
ogy will differ depending on the desired product, and
despite significant knowledge gaps in the underlying
mechanistic basis of product formation and secretion/
export, it is now possible to postulate several generic
morphological attributes or growth stages that may
enhance fermentation efficiency in each case. Strain engi-
neering efforts, increasingly informed by omics data-
sets, promise to deliver both the lead genes and platform
strains for optimisation of filamentous morphology dur-
ing diverse industrial applications.

Rational strain engineering: Unlocking lead genes
for optimised morphology and productivity

from omics data

Mutagenesis, comparative genomics, and functional
genomics

Initial strain engineering efforts for optimal morpholo-
gies began in the 1950s, whereby industrial fungal iso-
lates were mutagenized for improved biotechnological
applications [72]. For a diverse range of fungi, strains
displaying modified morphology following mutagen-
esis screens have generated elevated product titres and
improved hydrodynamic performance in bioreactors.
For example, UV and nitrous acid mutagenesis resulted
in several hyperbranched A. oryzae strains causing less
viscous culture broth during bioreactor cultivations but
elevated glucoamylase production [73]. Elsewhere, die-
thyl sulfite mutagenesis of T. reesei generated a strain
with short, highly branched hyphae that secreted over
60% more cellulase than the progenitor isolate [57]. The
genomes of these production strain lineages are currently
being sequenced in community-wide efforts to identify
candidate genes for strain improvement from compara-
tive genomic approaches to identify desirable properties
with respect to morphology and hyperproductivity [15].
At present, however, studies which attempt to identify
single nucleotide polymorphisms (SNPs) responsible for
advantageous growth or production phenotypes in pro-
duction strain lineages are limited. One such example
used comparative genomics between the high protein
producing industrial A. niger strain SH2, and progenitor
isolate CBS 513.88 [74]. The hypersecretion phenotype of
isolate SH2 is thought to be at least partially attributed to
the highly branched hyphal fragments produced by this
strain in submerged culture [74]. Comparative genomics
between this strain and CBS 513.88 suggested that the
mutant morphology may be explained by SNPs in genes
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encoding proteins that regulate or are necessary for cell
wall synthesis, including components of the wall integ-
rity pathway, chitin synthesis, and -1,3-glucan synthesis
[74]. Confirmation of these hypotheses, however, would
require gene functional characterisation, and given that
SNPs in several genes may synergistically contribute to
the SH2 morphology, such wet-lab verification would
require highly labour-intensive generation of combina-
tions of A. miger mutants. Thus, while the genes identi-
fied from this comparative genomic study remain high
priority candidates for engineering filamentous fungi for
optimal industrial growth [74], their exact application in
biotechnology remains to be determined.

Elsewhere, interrogation of UV mutagenized penicil-
lin platform isolates of P chrysogenum by comparative
genomics has revealed repeated SNPs in a gene encoding
a putative methyltransferase LaeA, which may concomi-
tantly explain both elevated titres of beta-lactam biosyn-
thesis and optimal morphology for improved rheology
during submerged culture in these strains [75]. LaeA is a
component of the heterotrimeric velvet complex in fila-
mentous fungi [76] that was originally discovered in A.
nidulans [77, 78]. The velvet complex consists of VeA,
which is predominantly expressed in the dark and physi-
cally interacts with the protein VelB, which is expressed
during hyphal growth and development [76]. VeA bridges
VelB to LaeA, which in turn is hypothesised to reverse
the formation of transcriptionally silent heterochro-
matin by DNA or H3K9 methylation activity [79], thus
activating secondary metabolite gene loci during hyphal
growth. The velvet complex is, therefore, a molecular
nexus connecting light responses, hyphal growth, and
secondary metabolism. LaeA mutants have been gener-
ated in numerous fungal cell factories, which have been
used to concomitantly activate natural product forma-
tion and modify morphology in many [75, 80, 81] but not
all species [82]. Thus, the LaeA encoding gene is a use-
ful example to highlight how generic strain improvement
strategies, originally identified from mutagenesis and/or
comparative genomic approaches, can be used to con-
trol differentiation and production of useful metabolites
in various fungal species. It is likely that other such key
regulators of development (e.g. StuA, FIbA, BrlA) might
soon be common components of the biotechnologist’s
toolkit to activate or improve natural product formation
in industrial fungi [3, 83].

Clearly, comparative genomics is a powerful approach
to unlock lead genes from mutagenized isolates for
strain improvement programs. A recent experimental
technique developed in A. niger, termed bulk segregant
analysis, enables the precise mapping of an SNP with
the corresponding phenotype and, thus, may compli-
ment in silico analysis of mutagenized genomes [81].
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This approach requires a sexual or parasexual cycle in
the fungus of interest, as the mutagenized isolate is firstly
crossed with a wild-type strain. Next, haploid segregants
displaying the phenotype of interest are DNA sequenced
in order to identify SNPs [81]. Importantly, the SNP
absent in the progenitor strain, and concomitantly pre-
sent in all segregants, is responsible for the mutant
phenotype. In a proof of principle experiment, the devel-
opers of this technique analysed a non-acidifying phe-
notype of a UV-mutated A. niger isolate [81]. Following
bulk segregant profiling, it was confirmed that an SNP in
a gene-encoding LaeA was responsible for A. niger non-
acidification, thus further linking chromatin remodel-
ling, and development with product titres. Thus, bulk
segregant analysis is a powerful approach which could
in future be applied to conclusively reverse engineer the
SNPs, and encoding genes, that result in biotechnologi-
cally advantageous growth and morphology from librar-
ies of mutagenized fungal isolates.

Transcriptomics

In addition to genomics approaches, RNA seq and
microarray gene expression profiling during experi-
mental models of enzyme, acid, and natural product
fermentation have revealed potential gene candidates
for optimising fungal morphology across diverse indus-
trial processes. Various experimental designs have been
utilised, for example, time-series analysis throughout A.
niger citric acid fermentation [63], comparisons between
low and high penicillin producing isolates of P. chrysoge-
num [84], during over-expression of the glucoamylase
encoding gene in A. niger [85] and during bioreactor cul-
tivation of wild-type and hyperbranching A. niger strains
[24, 86, 87]. It is clear that genes belonging to common
morphology and growth-associated processes are tran-
scriptionally deployed, including classical and non-
classical secretory pathways, cytoskeleton components,
endocytosis, exocytosis, cell wall and cell membrane bio-
synthesis (Fig. 4a). Including the various signalling path-
ways driving and controlling these subcellular processes,
it has been estimated that as many as 2000 genes encode
proteins that at a certain level may participate in filamen-
tous fungal growth and development [63, 84, 85, 88].

As just one example, the A. niger chitin synthase encod-
ing gene An12g10380 (chsE) is transcriptionally upregu-
lated during citrate fermentation [63] and following
over-expression of a glucoamylase encoding gene [85],
strongly suggesting that (i) chitin synthesis at the cell wall
is a critical component of morphological development
during industrial applications, and (ii) genetic target-
ing of this process could be used to modify and possibly
optimise morphology. This hypothesis has been validated
by RNAi knockdown of chitin synthase encoding genes
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in A. niger (chsC) and P. chrysogenum (chs4), which result
in compact pellets and highly branched morphology, and
eventually in elevated citric acid (40%) and penicillin
product titres (27—41%), respectively [89, 90].

More generally, numerous transcriptional studies sup-
port the hypothesis that diverse cell signalling networks
orchestrate growth, morphology, and development in
multiple filamentous cell factories [24, 63, 84—88]. Sig-
nalling cascades are interconnected networks that trans-
duce extracellular environmental signals into cellular
responses, including, for example, nutrient availability,
cell wall integrity in response to sheer stress, and osmotic
perturbation (see next section for detail) [91]. Based on
transcriptomics signatures, a signalling network control-
ling morphogenesis was reconstructed for A. niger in
2009 and refined in 2013 [24, 86, 87]. It has been hypoth-
esized that phospholipid signalling, sphingolipid signal-
ling, target of rapamycin kinase (TORC2) signalling,
calcium signalling and cell wall integrity (CWI) signal-
ling pathways concertedly act to control polar growth
in A. niger (Fig. 4b). The reconstructed transcriptomic
network model obtained implies that these pathways
become integrated to control sterol, ion transport, amino
acid metabolism and protein trafficking to ensure cell
membrane and cell wall expansion during hyphal growth.
Most importantly, this transcriptomic network predicted
that the transcription factors RImA, CrzA and at least
a third, so far unknown, transcription factor are output
genes of the CWI signalling pathway. This was subse-
quently experimentally confirmed by identification of the
transcription factor MsnA which—at least in A. niger—
not only controls osmotic stress but is also responsible to

ensure cell wall integrity under cell wall stress conditions
[92].

A final example for the successful deduction of lead
genes from transcriptomic data for improved morphol-
ogy and productivity is the Rho GTPase RacA, which was
hypothesized to control filamentous growth via actin pol-
ymerisation and depolymerisation at the hyphal apex in
A. niger [93]. Transcriptional profiling of a racA deletion
and dominant activation allele suggested that this protein
plays a critical role in morphology and protein secre-
tion [87] and that deletion of racA in A. niger results in
a hyperbranched phenotype. Subsequent gene functional
studies revealed that concomitant overexpression of the
glucoamylase encoding glaA gene in this background
using the metabolism-independent gene switch Tet-on
[94] enables a 400% increase in glucoamylase secretion
[55]. Given that racA is highly conserved in filamentous
fungi [17], it is possible that racA mutant isolates could
be widely applied to enhance protein secretion in other
systems, including Trichoderma spp., Penicillium spp.,
and others.

Genome wide metabolic models

Genome wide metabolic models (GWMM) of various
fungal cell factories have recently been developed and
offer novel avenues to accurately predict gene knockout
phenotypes or maximum product yields under differ-
ent nutritional sources. The ultimate aim of GWMM is
to predict most of the metabolite content of an organ-
ism and link these with cognate reactions and catalytic
enzymes. Arguably, the best such model in the fun-
gal kingdom is for the budding yeast Saccharomyces
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cerevisiae, which contains over 1400 metabolites, 1800
biochemical reactions, and 900 genes encoding the
catalysing enzymes [95]. These models have enabled
sophisticated predictions of protein function related to
fungal growth, for example regulation of acetyl-COA
biosynthesis by the Oafl transcription factor encoding
gene in yeast [96]. GWMMs for numerous filamentous
cell factories have been developed over the last dec-
ade [97-99] and have been used to model conditions
for maximum production of fermentation products, for
example secreted proteins in A. oryzae [100] and A. niger
[101]. More recently, strain-specific models have been
updated, for example in A. niger, with information from
several hundred publications curated to add 770 metabo-
lites, 940 reactions, and 454 genes [102]. Integration of
these GWMM into publicly available data repositories
including FungiDB [17], MycoCosm [15] and Ensembl
[103] promises to facilitate numerous avenues towards
improved growth, nutrient utilisation, activation of sec-
ondary metabolism, and other diverse applications in
subsequent strain engineering experimentation [1].
While currently linking metabolism and filamentous
morphology is challenging, these public models will likely
be critical for future hypothesis generation. Specifically,
finding bottlenecks that sustain/fuel anabolic processes,
which themselves are prerequisites for the maintenance
of hyphal growth, could eventually become important
candidate genes for engineering morphology.

In summary, comparative genomics, transcriptomics,
and metabolic models have identified hundreds, or even
thousands of genes that are promising candidates for
engineering morphology in industrial fungi. This work,
combined with numerous gene functional characterisa-
tion experiments in industrial and model fungi, has iden-
tified what is arguably one of the most promising strain
engineering strategies for controlling growth and mor-
phology: genetic targeting of fungal signalling cascades.
The next section introduces some key aspects of fungal
signal transduction and highlights how these are cur-
rently being rationally manipulated for optimised indus-
trial applications.

Targeting signalling cascades for modifying polar

growth and morphology in industrial applications

Given the crucial role that cell signalling plays in regu-
lating morphology, numerous strain engineering efforts
have targeted components of these cascades to optimise
growth for improved biotechnological applications. In
filamentous fungi, the major signalling pathways include
mitogen activated protein kinase (MAPK) cascades, pro-
tein kinase A (PKA)/cyclic adenosine monophosphate
(cAMP) signalling, and calcium ion responses (Fig. 5),
all of which are, arguably, promising targets for strain
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engineering approaches to optimise morphology and
growth of different industrial fungi. Selected examples
will be discussed in the following section.

MAPK signalling pathways

MAPK cascades are initiated at the plasma membrane
by G-protein coupled receptor (GPCR), a transmem-
brane histidine kinase or so-called WSC receptors
([104], Fig. 5). A phosphorelay system between an MAPK
kinase kinase, MAPK kinase, and MAPK results in the
phosphorylation and regulation of chromatin remodel-
ling proteins, transcription factors, and co-regulatory
proteins which activate and/or repress gene expression
in the nucleus. Three MAPK signalling cascades have
been described in filamentous fungi, which regulate
filamentous growth and spore formation in response to
pheromone and nutrient availability (MpkB cascade),
environmental adaptation to oxidative and osmotic stress
responses (MpkC/SakA/HogA cascade), and cell wall
integrity pathway in response to cell wall perturbation
(MpKA cascade, Fig. 5) [91].

In several instances, MAPK phosphorylation of down-
stream transcription factors that control filamentous
growth and development have been identified, mainly
in the model organism A. midulans. For instance, the
MpkB controls the regulator SteA, which concomitantly
induces sexual development and inhibits the activation
of transcription factor MedA, which is also involved
in conidiophore and sexual development (reviewed in
[105]). Also in A. nidulans, MpkB interacts with the con-
served nuclear transcription factor SteB and regulatory
velvet protein VeA, which are necessary for initiation of
(a)sexual development and coordination of secondary
metabolite production, respectively [106]. Consequently,
deletion, overexpression or RNAi-based knock down of
various levels of MAPK signalling cascades can cause
diverse changes in morphology in filamentous fungi
that may be biotechnologically advantageous, includ-
ing hyperbranching (e.g. following deletion of the MAP-
KKK steC in A. nidulans) [107], loss of conidiation (e.g.
following deletion of a MAPKK encoding gene mkkB in
A. niger) [108], and enhanced growth rate (e.g. follow-
ing deletion of the MpkB orthologue in T. reesei) [109].
Despite the pleiotropic consequences of genetic targeting
of MAPK signalling cascades, recent work has demon-
strated that they can be used in rational strain engineer-
ing efforts. In a proof of principle experiment, deletion of
the gene predicted to encode an MkpB orthologue in T.
reesei resulted in elevated growth rates and consequently
increased production of cellulases during submerged
growth [109]. It remains to be determined how strain
engineering of other components of MAPK signalling
can be applied in other species.
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mechanosensors such as WSC receptors [104] at the cell surface are activated by cell wall perturbation, which activate MAPK cascades via GTPases
(e.g. Rho1) and protein kinase C (PkcA). Once active, a phosphorelay system between MAPKKK, MAPKK and MAPK results in phosphorylation of
downstream transcription factors. In the PKA/cAMP pathway, a G-protein coupled receptor (GPCR) is activated at the plasma membrane and
ultimately the G protein’s a subunit (a-sub) dissociates from the GPCR complex and activates an adenylyl cyclase (AC). This, in turn, catalyses the
conversion of ATP into cAMP. Increases in concentration of the second messenger cAMP activates protein kinase A (PKA), which phosphorylates
various target proteins, including transcription factors. These enter the nucleus and regulate diverse responses. In calcium signalling, low- and
high-affinity Ca”t influx systems are activated at the plasma membrane. Ca”* ions bind and activate calmodulin (CaM), which in turn binds to subunit
A of the protein calcineurin (CnaA). Once activated, calcineurin dephosphorylates the transcription factor CrzA, which causes elevated expression of
genes necessary for growth and diverse stress responses. Depicted are exemplar transcription factors that regulate filamentous growth (BrlA, StuA,
FIbA, CrzA), cell wall integrity (CrzA, MsnA, RImA), adaption to carbon limitation (CreA) and nitrogen limitation (AreA). All pathways have critical control
of filamentous growth, fungal morphology, and development. Gene names are taken from A. niger or the model organism A. nidulans. Note that
extensive cross talk occurs between pathways, and that in this schematic not all possible membrane receptors, signalling proteins, or transcription
factors are depicted. Interested readers are guided to excellent reviews which cover fungal signalling cascades in greater depth ([91, 118])
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The cAMP/PKA signalling pathway

cAMP/PKA signalling regulates vegetative growth, car-
bon sensing, and other environmental conditions such as
light [105]. In this pathway, activation of a GPCR causes
an adenylate cyclase to catalyse the conversion of ATP
into cAMP, which subsequently activates cAMP-depend-
ent protein kinase A (PKA). The activated PKA phospho-
rylates various target proteins, including transcription
factors, resulting in their entry to the nucleus and modi-
fication of gene expression (Fig. 5). In concordance with
the vital role of the cAMP/PKA pathway on filamentous
growth, deletion of various components can be used to
modify morphology, including the adenylate cyclase and
PKA encoding genes [110, 111]. In T. reesei, ACY1 and
PKACI1 genes co-ordinate light, filamentous growth, and
cellulase gene expression, offering an avenue to concomi-
tantly titrate morphology and cellulase expression [111].
In addition to deletion, overexpression of PKA signalling
can be used as a strategy to modify fungal macromor-
phology. For instance, in A. niger, overexpression of the
PKA subunit PkaC resulted in a more compact colony
morphology [112]. Interestingly, in addition to regulating
growth and morphology, the cAMP/PKA pathway also
controls fungal secondary metabolism. For example, in
the model organism A. nidulans, a dominant activating
allele of a gene encoding the alpha-subunit of a heterotri-
meric G-protein, fadA, resulted in elevated transcription
of genes from the penicillin gene cluster, higher titres of
penicillin production, and reduced conidiation [113].
Thus, the cAMP/PKA signalling pathway is of interest
with regard to controlling fungal morphology while con-
comitantly modifying the expression of natural product
biosynthetic genes.

The calcium/calcineurin signalling pathway

The calcium/calcineurin pathway has been extensively
studied as a potential drug target in fungal pathogens of
humans, where it regulates growth, morphology, stress
responses and virulence [114]. Specifically, cell stress
activates low and high-affinity Ca*" influx systems at the
plasma membrane after which Ca*" ions bind and acti-
vate the cytosolic protein calmodulin, which in turn binds
to subunit A of the protein calcineurin (Fig. 5). Once acti-
vated, calcineurin dephosphorylates the transcription
factor CrzA, which causes elevated expression of genes
necessary for growth and diverse stress responses [115].
The calcineurin signalling pathway is an important regu-
lator of asexual growth, for example in Aspergillus spp.,
where CrzA mediates developmental induction via the
transcription factor BrlA [116]. In T. reesei deletion of the
CrzA encoding gene caused a hyperbranched phenotype
which was paralleled with elevated secretion of hemi-cel-
lulases [117]. Moreover, CrzA is necessary for responses
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to withstand cell wall stress encountered during high
bioreactor stir speeds, and this pathway is required for
elevated chitin, glucan and cell wall protein levels in A.
niger and T. reesei as the cell wall is reinforced [92, 117].
Thus, the calcium/calcineurin pathway and transcription
factor CrzA are promising targets for biotechnological
manipulation of fungal growth, development, and stress
resistance.

Further signalling pathways

In addition to these main signalling mechanisms, there
are numerous other signal transduction pathways in fil-
amentous fungi that regulate morphology, growth and
development, including responses to pH (via membrane
receptor PalH and transcription factor PacC), light (via
the velvet complex, see above), additional nutrient sens-
ing pathways (via the target of rapamycin protein kinase
TORC?2), response to reactive oxygen species (via trans-
membrane NADPH oxidases), and RAS signalling [91,
118]. Given that all of these pathways transduce extra-
cellular signals to regulate interconnected and diverse
aspects of morphology and development, they are also
promising targets for strain engineering. It remains to be
seen if the pleiotropic consequences of genetic manipula-
tion of these pathways are advantageous, or a limitation
for strain engineering of industrial fungi. One example
of the limitations to this strategy involves the heterotri-
meric velvet complex (Fig. 5). In T. reesei, deletion of a
gene encoding the velvet protein Vell (the orthologue
of A. nidulans VeA) resulted in a hyperbranched pheno-
type, but a complete inhibition of cellulase and xylanase
expression [119, 120]. These studies highlight potential
pitfalls of manipulating signalling cascades and proteins
that are components of the complex and dynamic archi-
tecture for fungal environmental sensing and adapta-
tion. A long-term goal for maximum control of fungal
morphology during industrial applications may thus be
to develop strains with reduced genome complexity. We
thus discuss several recent technological developments
in the field of fungal synthetic biology below.

Synthetic biology, genome engineering

and beyond

As stated above, thousands of genes may contribute to
the complex phenotype of fungal morphology. This com-
plexity results in emergent properties that cannot cur-
rently be predicted or explained based on understanding
of the constituent components [121]. In this regard, the
revolutions in the field of synthetic biology promise to
deliver the next generation of filamentous cell factories by
delivering chassis cells that contain either designer chro-
mosomes, or minimal genomes, with drastically reduced
complexity and thus improved engineering capabilities.
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Progress towards a minimalized fungal genome has
moved at a rapid pace in the unicellular yeast S. cer-
evisiae. In 2011, Dymond and colleagues synthesised a
reduced version of the budding yeast chromosome 3,
lacking ~14% of wild-type base pairs, with tRNA and
transposons removed [122]. Remarkably, the 16 S. cerevi-
siae chromosomes have been reduced by genome edit-
ing and fusion experiments, and viable strains with two
or even a single chromosome have been generated [123,
124]. Although much less advanced than in S. cerevi-
siae, a technology for filamentous fungal genome mini-
malization has recently been demonstrated in A. niger
[125]. In this study, low targeting of exogenous cassettes
in recipient genomes was obviated by inactivation of the
non-homologous end joining pathway, after which indi-
vidual genes or large (~48 kb) sections of chromosomes
were deleted using CRISPR—Cas9 [125]. In a proof of
principle experiment, a cluster necessary for the biosyn-
thesis of the mycotoxin fumonisin was removed. Similar
CRISPR-Cas9 gene editing systems are now available
for P chrysogenum [126], T. reesei [127], A. oryzae [128],
M. thermophila [129] and other filamentous fungal spe-
cies harnessed in industrial applications. While the gene
content of filamentous fungi is considerably higher than
that of yeast (e.g. A. niger ~14,000; yeast ~6000), and the
number of experimentally verified essential genes con-
siderably less [130, 131], the fundamental tools and proof
of principle for genome minimalization have now been
developed [123-125]. Thus, it is conceivable that mini-
mal genomes exclusively containing the necessary genes
required for a user-defined growth phenotype or mor-
phology could be developed in the future.

Other than CRISPR-Cas, what other synthetic tools
and techniques promise to revolutionise fungal cell fac-
tories, both from morphological perspectives and for
increasing the associated product portfolio? Several fila-
mentous fungi have been engineered to heterologously
express key natural product biosynthetic genes, such as
those encoding nonribosomal peptide synthetases, or
polyketide synthases, including A. nidulans [132, 133],
A. oryzae [134], A. niger [6], and P. chrysogenum [135],
amongst others. Excitingly, new-to-nature compounds
can also be generated, either by swapping of enzyme
domains, subunits, or modules [136, 137], or by feeding
various amino acid precursors in growth media, which
are incorporated into nonribosomal peptide molecules
[6]. Thus, in future, fungal cell factories can not only be
optimised for improved morphology, but also to heter-
ologously express high-value products including new-to-
nature compounds.

Further synthetic biological advances are compli-
mentary to the above natural product discovery pipe-
lines. This includes, for example, the development of
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polycistronic gene expression approaches in filamentous
fungi [138-140]. Given that transcriptomic analyses
reveal highly coordinated and stage-specific transcrip-
tional deployment of gene cohorts throughout growth in
industrial applications [63, 85, 141], the capability of con-
comitantly controlling the expression of multiple mor-
phological regulatory genes using a single promoter may
offer an attractive solution for improved morphological
engineering studies.

A further important conceptual point with regard to
engineering morphology, revealed from the use of the
synthetic Tet-on gene switch in A. niger [50], is that null
or constitutive overexpression approaches may not be
sufficiently precise genetic manipulations to reveal or
control industrially relevant morphology phenotypes
in platform strain development pipelines. For exam-
ple, transcriptional profiling during carbon-dependent
enhancement of protein secretion in A. niger revealed
that the putative arfA GTPase encoding gene was upreg-
ulated by only a moderate amount under these conditions
(i.e. 30%) [141]. Subsequent functional analysis of this
gene by replacement of the native promoter with the tun-
able Tet-on gene switch revealed that it is essential, and,
moreover, that distinct morphologies and protein pro-
duction phenotypes were revealed from titratable control
of arfA expression [50]. Consequently, conditional and
tuneable synthetic gene switches which are functional in
filamentous fungi and have gone through multiple rounds
of engineering and optimisation [94, 142, 143] represent
an attractive tool that offers more precise interrogation of
the relationship between gene function and strain mor-
phology when compared to classical deletion or constitu-
tive over-expression approaches.

These molecular advances have occurred concomi-
tantly with developments in fungal imaging. For example,
three-dimensional morphology of A. niger and P. chrys-
ogenum pellets has most recently been quantified by X-
ray microtomography [144]. Excitingly, this technology
opens up new avenues for accurately quantifying hyphal
distributions in the pellet core, including hyphal density,
hyphal branch rates, and tip numbers. Thus, future stud-
ies on pellet morphology can now begin to access how
different pellet phenotypes impact product titres.

In summary, these technological advances highlight
how many synthetic biological tools are already opti-
mised for filamentous fungi. We predict that these
will enable the development of new cell factories with
optimised morphologies, minimalised genomes, and
improved product formation based on precise gene tran-
scriptional control.
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Conclusions

Advances in fundamental science and modelling
approaches are beginning to reveal the molecular
and cellular basis of product formation and secretion
in filamentous fungi under industrial, i.e. bioreactor,
conditions, and consequently rational design based
on predictions of optimised morphology may increas-
ingly be possible. A wealth of omics data is currently
available and comparative analyses have already shown
on how to unlock these data. Hence, targeted genetic
manipulation of candidate genes controlling or indi-
rectly impacting morphology can increasingly be used
to generate and test novel strains for optimal growth.
In parallel with these trends, fundamental progress in
synthetic biology promises to reduce genome complex-
ity of filamentous fungi, which ultimately may deliver
chassis cells that have highly controlled and predict-
able growth and development for maximum product
titres and enhanced performance in bioreactor cultiva-
tions. Hence, the technological tools are thus in place
for data-driven strain improvement programs. Still, the
insights generated so far also touch on some funda-
mental questions, which need to be addressed to fully
exploit the potential of filamentous fungi for a sustain-
able bio-economy: from an evolutionary point of view,
are multicellularity and polar growth a prerequisite
for high protein secretion? Can the molecular basis of
filamentous and multicellular growth be significantly
reduced, or are too many of the components essential
for high productivities? From a bioprocess engineering
perspective, is it possible to develop a universal model
of fungal growth, from dynamic changes in subcellu-
lar structures in young (un)branched hyphae to mac-
roscopic units? Are generic solutions to engineering
morphology and growth in the diverse repertoire of
industrial filamentous fungi possible, or do deviations
in gene and protein function make this goal unrealis-
tic? As with the last decades, fundamental and applied
sciences on filamentous fungi have to go hand in hand
to mutually benefit from each other and to synergisti-
cally contribute to answering these questions.

Abbreviations

ABC: ATP binding cassette; cAMP: cyclic adenosine monophosphate; CRISPR:
clustered regularly interspaced short palindromic repeats; Cas: CRISPR-
associated; CWI: cell wall integrity; GPCR: G-protein coupled receptor; GWMM:
genome wide metabolic model; MAPK: mitogen activated protein kinase;
MAPKK: mitogen activated protein kinase kinase; MAPKKK: mitogen activated
protein kinase kinase kinase; PKA: protein kinase A; SNPs: single nucleotide
polymorphisms; TORC2: target of rapamycin complex 2; UPS: unconventional
protein secretion.

Authors’ contributions
TC and VM wrote the main text. XZ generated Figures. All authors contributed
text to the manuscript. All authors read and approved the final manuscript.

Page 14 of 18

Author details

! Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences,
Tianjin 300308, China. ? Key Laboratory of Systems Microbial Biotechnology,
Chinese Academy of Sciences, Tianjin 300308, People’s Republic of China.

* Department of Applied and Molecular Microbiology, Institute of Biotechnol-
ogy, Technische Universitét Berlin, 13355 Berlin, Germany.

Acknowledgements
We acknowledge support by the German Research Foundation and the Open
Access Publication Funds of TU Berlin.

Competing interests
The authors declare they have no competing interests.

Availability of data and materials
The data sets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

The work was supported by the National Natural Science Foundation of
China (31700085 and 31370113) and the Chinese Academy of Sciences
President’s International Fellowship Initiative CAS PIFI 2018VBA0013 (VM) and
2018PB0036 (TC).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 8 January 2019 Accepted: 9 March 2019
Published online: 02 April 2019

References

1. MeyerV, Andersen MR, Brakhage AA, Braus GH, Caddick MX, Cairns CT,
et al. Current challenges of research on filamentous fungi in relation to
human welfare and a sustainable bio-economy: a white paper. Fungal
Biol Biotechnol. 2016;3:1-17.

2. CaimnsTC, Nai C, Meyer V. How a fungus shapes biotechnology:

100 years of Aspergillus niger research. Fungal Biol Biotechnol. 2018;5:13.

3. Keller NP, Turner G, Bennett JW. Fungal secondary metabolism: from
biochemistry to genomics. Nat Rev Micro. 2005;3:937-47.

4. Newman DJ, Cragg GM. Natural products as sources of new drugs over
the 30 years from 1981 to 2010. J Nat Prod. 2012;75:311-35.

5. BoeckerS, Gratz S, Kerwat D, Adam L, Schirmer D, Richter L, et al. Asper-
gillus niger is a superior expression host for the production of bioactive
fungal cyclodepsipeptides. Fungal Biol Biotechnol. 2018;5:4.

6. Richter L, Wanka F, Boecker S, Storm D, Kurt T, Vural O, et al. Engineering
of Aspergillus niger for the production of secondary metabolites. Fungal
Biol Biotechnol. 2014;1:4.

7. Karaffa L, Kubicek CP. Citric acid and itaconic acid accumulation: varia-
tions of the same story? Appl Microbiol Biotechnol. 2019;13:1-4.

8. Show PL, Oladele KO, Siew QY, Aziz Zakry FA, Lan JCW, Ling TC.
Overview of citric acid production from Aspergillus niger. Front Life Sci.
2015;8:271-83.

9. Tong Z, Zheng X, Tong Y, Shi Y-C, Sun J. Systems metabolic engineering
for citric acid production by Aspergillus niger in the post-genomic era.
Microb Cell Fact. 2019;18:28.

10. Grand View Research. Mushroom market analysis, market size, applica-
tion analysis, regional outlook, competitive strategies, and forecasts,
2015 to 2022. https://www.grandviewresearch.com/industry-analysis/
mushroom-market. Accessed 23 Oct 2018.


https://www.grandviewresearch.com/industry-analysis/mushroom-market
https://www.grandviewresearch.com/industry-analysis/mushroom-market

Cairns et al. Biotechnol Biofuels

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

(2019) 12:77

Renneberg R, Berkling V, Loroch V. Green biotechnology. Biotechnology
for beginners. New York: Academic Press; 2017. p. 233-79.

Appels FVW, Dijksterhuis J, Lukasiewicz CE, Jansen KMB, Wosten HAB,
Krijgsheld P. Hydrophobin gene deletion and environmental growth
conditions impact mechanical properties of mycelium by affecting the
density of the material. Sci Rep. 2018;8:4703.

Haneef M, Ceseracciu L, Canale C, Bayer IS, Heredia-Guerrero JA, Atha-
nassiou A. Advanced materials from fungal mycelium: fabrication and
tuning of physical properties. Sci Rep. 2017;7:41292.

Grimm D, Wosten HAB. Mushroom cultivation in the circular economy.
Appl Microbiol Biotechnol. 2018;102(18):7795-803.

Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, et al. Myco-
Cosm portal: gearing up for 1000 fungal genomes. Nucleic Acids Res.
2014,42:D0699-704.

Cerqueira GC, Arnaud MB, Inglis DO, Skrzypek MS, Binkley G, Simison
M, et al. The Aspergillus Genome Database: Multispecies curation and
incorporation of RNA-Seq data to improve structural gene annotations.
Nucleic Acids Research. 2014;42:D705-10.

Stajich JE, Harris T, Brunk BP, Brestelli J, Fischer S, Harb OS, et al. FungiDB:
an integrated functional genomics database for fungi. Nucleic Acids
Res. 2012;40:D675-81.

Virag A, Lee MP, Si H, Harris SD. Regulation of hyphal morphogenesis
by cdc42 and racl homologues in Aspergillus nidulans. Mol Microbiol.
2007;66:1579-96.

Riquelme M, Aguirre J, Bartnicki-Garcia S, Braus GH, Feldbriigge M, Fleig
U, et al. Fungal morphogenesis, from the polarized growth of hyphae to
complex reproduction and infection structures. Microbiol Mol Biol Rev.
2018;82:e00068-117.

Takeshita N, Fischer R. On the role of microtubules, cell end markers,
and septal microtubule organizing centres on site selection for polar
growth in Aspergillus nidulans. Fungal Biol. 2011;115:506-17.

Takeshita N, Mania D, Herrero S, Ishitsuka Y, Nienhaus GU, Podolski M,
et al. The cell-end marker TeaA and the microtubule polymerase AlpA
contribute to microtubule guidance at the hyphal tip cortex of Aspergil-
lus nidulans to provide polarity maintenance. J Cell Sci. 2013;126(Pt
23):5400-11.

Ishitsuka Y, Savage N, Li'Y, Bergs A, Griin N, Kohler D, et al. Superresolu-
tion microscopy reveals a dynamic picture of cell polarity maintenance
during directional growth. Sci Adv. 2015;1:21500947.

Steinberg G, Pefalva MA, Riquelme M, Wosten HA, Harris SD. Cell biol-
ogy of hyphal growth. Microbiol Spectr. 2017;5:1-34.

Meyer V, Arentshorst M, Flitter SJ, Nitsche BM, Kwon MJ, Reynaga-Pena
CG, et al. Reconstruction of signaling networks regulating fungal mor-
phogenesis by transcriptomics. Eukaryot Cell. 2009;8:1677-91.
Bleichrodt RJ, Vinck A, Read ND, Wosten HAB. Selective transport
between heterogeneous hyphal compartments via the plasma
membrane lining septal walls of Aspergillus niger. Fungal Genet Biol.
2015;82:193-200.

Glass NL, Jacobson DJ, Shiu PKT. The genetics of hyphal fusion and
vegetative incompatibility in filamentous Ascomycete fungi. Annu Rev
Genet. 2000;34:165-86.

Oiartzabal-Arano E, Perez-de-Nanclares-Arregi E, Espeso EA, Etxebeste
O. Apical control of conidiation in Aspergillus nidulans. Curr Genet.
2016;62:371-7.

Zhang J, Zhang J. The filamentous fungal pellet and forces driving its
formation. Crit Rev Biotechnol. 2016;36:1066-77.

Veiter L, Rajamanickam V, Herwig C. The filamentous fungal pellet—
relationship between morphology and productivity. Appl Microbiol
Biotechnol. 2018;102:2997-3006.

Pascual S, De Cal A, Magan N, Melgarejo P. Surface hydrophobicity,
viability and efficacy in biological control of Penicillium oxalicum
spores produced in aerial and submerged culture. J Appl Microbiol.
2000;89:847-53.

Dynesen J, Nielsen J. Surface hydrophobicity of Aspergillus nidulans
conidiospores and its role in pellet formation. Biotechnol Prog.
2003;19:1049-52.

Gibbs PA, Seviour RJ, Schmid F. Growth of filamentous fungi in
submerged culture: problems and possible solutions. Crit Rev Bio-
technol. 2000;20:17-48.

Kaup BA, Ehrich K, Pescheck M, Schrader J. Microparticle-

enhanced cultivation of filamentous microorganisms: increased

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 150f 18

chloroperoxidase formation by Caldariomyces fumago as an example.
Biotechnol Bioeng. 2008;99:491-8.

King R. A framework for an organelle-based mathematical modeling
of hyphae. Fungal Biol Biotechnol. 2015;5:1-14.

Driouch H, Hansch R, Wucherpfennig T, Krull R, Wittmann C.
Improved enzyme production by bio-pellets of Aspergillus niger:
targeted morphology engineering using titanate microparticles.
Biotechnol Bioeng. 2012;109:462-71.

Kurt T, Marba-Ardébol A-M, Turan Z, Neubauer P, Junne S, Meyer V.
Rocking Aspergillus: morphology-controlled cultivation of Aspergillus
niger in a wave-mixed bioreactor for the production of secondary
metabolites. Microb Cell Fact. 2018;17:128.

Driouch H, Sommer B, Wittmann C. Morphology engineering of
Aspergillus niger for improved enzyme production. Biotechnol Bio-
eng. 2010;105:1058-68.

Papagianni M, Mattey M. Morphological development of Aspergillus
niger in submerged citric acid fermentation as a function of the spore
inoculum level. Application of neural network and cluster analysis for
characterization of mycelial morphology. Microb Cell Fact. 2006;5:3.
Papagianni M, Mattey M, Kristiansen B. The influence of glucose
concentration on citric acid production and morphology of
Aspergillus niger in batch and culture. Enzyme Microb Technol.
1999,25(8-9):710-7.

Kisser M, Kubicek CP, Rohr M. Influence of manganese on morphol-
ogy and cell wall composition of Aspergillus niger during citric acid
fermentation. Arch Microbiol. 1980;128(1):26-33.

Berovic M, Vodopivec M, Milicic S. The Influence of manganese ions
on Aspergillus niger biomass and citric acid biosynthesis in repeated
fed batch fermentation. Chem Biochem Eng Q. 2006;20(3):281-4.

Liu YS, Wu JY. Effects of Tween 80 and pH on mycelial pellets and
exopolysaccharide production in liquid culture of a medicinal fun-
gus. J Ind Microbiol Biotechnol. 2012;39:623-8.

Wongwicharn A, McNeil B, Harvey LM. Effect of oxygen enrichment
on morphology, growth, and heterologous protein production in
chemostat cultures of Aspergillus niger B1-D. Biotechnol Bioeng.
1999,65:416-24.

Papagianni M. Advances in citric acid fermentation by Aspergillus
niger: biochemical aspects, membrane transport and modeling.
Biotechnol Adv. 2007;25:244-63.

Wucherpfennig T, Hestler T, Krull R. Morphology engineering—osmo-
lality and its effect on Aspergillus niger morphology and productivity.
Microb Cell Fact. 2011;10:58.

Wucherpfennig T, Lakowitz A, Driouch H, Krull R, Wittmann C. Cus-
tomization of Aspergillus niger morphology through addition of talc
micro particles. J Vis Exp. 2012. https://doi.org/10.3791/4023.
Papagianni M. Quantification of the fractal nature of mycelial
aggregation in Aspergillus niger submerged cultures. Microb Cell Fact.
2006;5:5.

Pirt SJ. ATheory of the mode of growth of fungi in the form of pellets in
submerged culture. Proc R Soc Lond B. 1966;166:369-73.

Edelstein L, Hadar Y. A model for pellet size distributions in submerged
mycelial cultures. J Theor Biol. 1983;105:427-52.

Fiedler MRM, Cairns TC, Koch O, Kubisch C, Meyer V. Conditional expres-
sion of the small GTPase ArfA impacts secretion, morphology, growth,
and actin ring position in Aspergillus niger. Front Microbiol. 2018;9:878.
Taheri-Talesh N, Horio T, Araujo-Baza L, Dou X, Espeso EA, Pen MA,

et al. The tip growth apparatus of Aspergillus nidulans. Mol Biol Cell.
2008;19:1439-49.

Caballero-Lima D, Kaneva IN, Watton SP, Sudbery PE, Craven CJ. The
spatial distribution of the exocyst and actin cortical patches is suffi-
cient to organize hyphal tip growth. Eukaryot Cell. 2013;12:998-1008.
Luini A, Ragnini-Wilson A, Polishchuck RS, De Matteis MA. Large
pleiomorphic traffic intermediates in the secretory pathway. Curr
Opin Cell Biol. 2005;17:353-61.

Riquelme M, Bredeweg EL, Callejas-Negrete O, Roberson RW, Ludwig
S, Beltran-Aguilar A, et al. The Neurospora crassa exocyst complex
tethers Spitzenkorper vesicles to the apical plasma membrane dur-
ing polarized growth. Mol Biol Cell. 2014;25:1312-26.

Fiedler MRM, Barthel L, Kubisch C, Nai C, Meyer V. Construction of

an improved Aspergillus niger platform for enhanced glucoamylase
secretion. Microb Cell Fact. 2018;17:95.


https://doi.org/10.3791/4023

Cairns et al. Biotechnol Biofuels

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

(2019) 12:77

Te Biesebeke R, Record E, Van Biezen N, Heerikhuisen M, Franken A,
Punt PJ, et al. Branching mutants of Aspergillus oryzae with improved
amylase and protease production on solid substrates. Appl Microbiol
Biotechnol. 2005;69:44-50.

He R, Li C, Ma L, Zhang D, Chen S. Effect of highly branched hyphal
morphology on the enhanced production of cellulase in Trichoderma
reesei DES-15. Biotech. 2016;6:214.

Burggraaf AM, Punt PJ, Ram AFJ. The unconventional secretion of
PepN is independent of a functional autophagy machinery in the fila-
mentous fungus Aspergillus niger. FEMS Microbiol Lett. 2016;363:15.
Hayakawa Y, Ishikawa E, Shoji J, Nakano H, Kitamoto K. Septum-
directed secretion in the filamentous fungus Aspergillus oryzae. Mol
Microbiol. 2011;81:40-55.

Read ND. Exocytosis and growth do not occur only at hyphal tips.
Mol Microbiol. 2011;81:4-7.

Benoit I, Zhou M, Vivas Duarte A, Downes DJ, Todd RB, Kloezen W,

et al. Spatial differentiation of gene expression in Aspergillus niger
colony grown for sugar beet pulp utilization. Sci Rep. 2015;5:13592.
Gordon CL, Khalaj V, Ram AFJ, Archer DB, Brookman JL, Trinci APJ,

et al. Glucoamylase:green fluorescent protein fusions to monitor
protein secretion in Aspergillus niger. Microbiology. 2000;146:415-26.
Yin X, Shin HD, Li J, Du G, Liu L, Chen J. Comparative genomics and
transcriptome analysis of Aspergillus niger and metabolic engineering
for citrate production. Sci Rep. 2017;7:41040.

Papagianni M, Mattey M, Kristiansen B. Morphology and citric acid
production of Aspergillus niger PM1. Biotechnol Lett. 1994;16:929-34.
Steiger MG, Rassinger A, Mattanovich D, Sauer M. Engineering of
the citrate exporter protein enables high citric acid production in
Aspergillus niger. Metab Eng. 2019;52:224-31.

Upton DJ, McQueen-Mason SJ, Wood AJ. An accurate description of
Aspergillus niger organic acid batch fermentation through dynamic
metabolic modelling. Biotechnol Biofuels. 2017;10:258.

Gonciarz J, Bizukojc M. Adding talc microparticles to Aspergillus
terreus ATCC 20542 preculture decreases fungal pellet size and
improves lovastatin production. Eng Life Sci. 2014;14:190-200.
Brakhage AA. Regulation of fungal secondary metabolism. Nat Rev
Micro. 2013;11:21-32.

J@rgensen TR, Nitsche BM, Lamers GE, Arentshorst M, van den
Hondel C, Ram F. Transcriptomic insights into the physiology of
Aspergillus niger approaching zero specific growth rate. Appl Environ
Microbiol. 2010;76:5344-55.

Chang PK, Yu J, Yu JH. aflT, a MFS transporter-encoding gene located
in the aflatoxin gene cluster, does not have a significant role in afla-
toxin secretion. Fungal Genet Biol. 2004;41:911-20.

Andrade AC, Van Nistelrooy JGM, Peery RB, Skatrud PL, De Waard MA.
The role of ABC transporters from Aspergillus nidulans in protec-

tion against cytotoxic agents and in antibiotic production. Mol Gen
Genet. 2000;263:966-77.

Gardner JF, James LV, Rubbo SD. Production of citric acid by mutants
of Aspergillus niger. Microbiology. 1956;14:228-37.

Booking SP, Wiebe MG, Robson GD, Hansen K, Christiansen LH, Trinci
APJ. Effect of branch frequency in Aspergillus oryzae on protein secre-
tion and culture viscosity. Biotechnol Bioeng. 1999;65:638-48.

Yin C, Wang B, He P, Lin Y, Pan L. Genomic analysis of the aconidial and
high-performance protein producer, industrially relevant Aspergillus
niger SH2 strain. Gene. 2014;541:107-14.

Salo OV, Ries M, Medema MH, Lankhorst PP, Vreeken RJ, Bovenberg RAL,
et al. Genomic mutational analysis of the impact of the classical strain
improvement program on -lactam producing Penicillium chrysoge-
num. BMC Genomics. 2015;16:937.

Bayram O, Krappmann S, Ni M, Jin WB, Helmstaedt K, Valerius O, et al.
VelB/VeA/LaeA complex coordinates light signal with fungal develop-
ment and secondary metabolism. Science. 2008;320:1504-6.

Butchko RAE, Adams TH, Keller NP. Aspergillus nidulans mutants defec-
tive in stc gene cluster regulation. Genetics. 1999;153:715-20.

Bok JW, Keller NP. LaeA, a regulator of secondary metabolism in Asper-
gillus spp. Eukaryot Cell. 2004;3:527-35.

Reyes-Dominguez Y, Bok JW, Berger H, Shwab EK, Basheer A, Gallmetzer
A, et al. Heterochromatic marks are associated with the repression of
secondary metabolism clusters in Aspergillus nidulans. Mol Microbiol.
2010;76:1376-86.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 16 of 18

Terfehr D, Dahlmann TA, Kuck U. Transcriptome analysis of the two
unrelated fungal 3-lactam producers Acremonium chrysogenum and
Penicillium chrysogenum: velvet-regulated genes are major targets
during conventional strain improvement programs. BMC Genomics.
2017;18:272.

Niu J, Arentshorst M, Nair PDS, Dai Z, Baker SE, Frisvad JC, et al. Identifi-
cation of a classical mutant in the industrial host Aspergillus niger by sys-
tems genetics: laeA is required for citric acid production and regulates
the formation of some secondary metabolites. G3. 2016;6:193-204.
Karimi R, Bok JW, Phatale PA, Smith KM, Baker SE, Lichius A, et al.
Functional analyses of Trichoderma reesei LAE1 reveal conserved and
contrasting roles of this regulator. G3. 2013;3:369-78.

Hu P, Wang Y, Zhou J, Pan Y, Liu G. AcstuA, which encodes an APSES
transcription regulator, is involved in conidiation, cephalosporin biosyn-
thesis and cell wall integrity of Acremonium chrysogenum. Fungal Genet
Biol. 2015;83:26-40.

Berg MA, Albang R, Albermann K, Badger JH, Daran JM, Driessen AJ,

et al. Genome sequencing and analysis of the filamentous fungus
Penicillium chrysogenum. Nat Biotechnol. 2008,26:1161.

Kwon MJ, Jargensen TR, Nitsche BM, Arentshorst M, Park J, Ram AFJ,

et al. The transcriptomic fingerprint of glucoamylase over-expression in
Aspergillus niger. BMC Genomics. 2012;13:701.

Meyer V, Damveld RA, Arentshorst M, Stahl U, Van Den Hondel CA, Ram
AFJ. Survival in the presence of antifungals: genome-wide expression
profiling of Aspergillus niger in response to sublethal concentrations of
caspofungin and fenpropimorph. J Biol Chem. 2007;282:32935-48.
Kwon MJ, Nitsche BM, Arentshorst M, Jorgensen TR, Ram AF, Meyer V.
The transcriptomic signature of RacA activation and inactivation pro-
vides new insights into the morphogenetic network of Aspergillus niger.
PLoS ONE. 2013;8:e68946.

Harris SD, Turner G, Meyer V, Espeso EA, Specht T, Takeshita N, et al. Mor-
phology and development in Aspergillus nidulans: a complex puzzle.
Fungal Genet Biol. 2009;46:582-92.

Liu H, Zheng Z, Wang P, Gong G, Wang L, Zhao G. Morphological
changes induced by class Il chitin synthase gene silencing could
enhance penicillin production of Penicillium chrysogenum. Appl Micro-
biol Biotechnol. 2013;97:3363-72.

Sun X, Wu H, Zhao G, Li Z, Wu X, Liu H, et al. Morphological regulation
of Aspergillus niger to improve citric acid production by chsC gene
silencing. Bioprocess Biosyst Eng. 2018;41(7):1029-38.

Lengeler KB, Davidson RC, Dsouza C, Harashima T, Shen W-C, Wang P,

et al. Signal transduction cascades regulating fungal development and
virulence. Microbiol Mol Biol Rev. 2000,64:746-85.

Fiedler M, Lorenz A, Nitsche B, van den Hondel C, Ram A, Meyer V. The
capacity of Aspergillus niger to sense and respond to cell wall stress
requires at least three transcription factors: RImA, MsnA and CrzA.
Fungal Biol Biotechnol. 2014;1:1-16.

Kwon MJ, Arentshorst M, Roos ED, Van Den Hondel C, Meyer V, Ram AFJ.
Functional characterization of Rho GTPases in Aspergillus niger uncovers
conserved and diverged roles of Rho proteins within filamentous fungi.
Mol Microbiol. 2011;79:1151-67.

Meyer V, Wanka F, Gent J, Arentshorst M, Hondel CA, Ram AFJ. Fungal
gene expression on demand: an inducible, tunable, and metabolism-
independent expression system for Aspergillus niger. Appl Environ
Microbiol. 2011;77:2975-83.

Heavner BD, Smallbone K, Price ND, Walker LP. Version 6 of the con-
sensus yeast metabolic network refines biochemical coverage and
improves model performance. Database. 2013;2013:bat059

Wang Z, Danziger SA, Heavner BD, Ma S, Smith JJ, Li S, et al. Combining
inferred regulatory and reconstructed metabolic networks enhances
phenotype prediction in yeast. PLoS Comput Biol. 2017;13:21005489.
Agren R, Liu L, Shoaie S, Vongsangnak W, Nookaew |, Nielsen J. The
RAVEN toolbox and its use for generating a genome-scale metabolic
model for Penicillium chrysogenum. PLoS Comput Biol. 2013;9:21002980.
Castillo S, Barth D, Arvas M, Pakula TM, Pitkdnen E, Blomberg P, et al.
Whole-genome metabolic model of Trichoderma reesei built by com-
parative reconstruction. Biotechnol Biofuels. 2016;9:252.

Andersen MR, Nielsen ML, Nielsen J. Metabolic model integration of the
bibliome, genome, metabolome and reactome of Aspergillus niger. Mol
Syst Biol. 2008;4:178.



Cairns et al. Biotechnol Biofuels

100.

102.

103.

104.

105.

106.

107.

108.

109.

111,

112.

113.

115.

119.

120.

(2019) 12:77

Liu L, Feizi A, Osterlund T, Hjort C, Nielsen J. Genome-scale analysis of
the high-efficient protein secretion system of Aspergillus oryzae. BMC
Syst Biol. 2014;8:73.

Andersen MR, Salazar MP, Schaap PJ, Vondervoort PJI, Culley D, Thykaer
J, et al. Comparative genomics of citric-acid-producing Aspergillus
niger ATCC 1015 versus enzyme-producing CBS 513.88. Genome Res.
2011,21:885-97.

Brandl J, Aguilar-Pontes MV, Schape P, Noerregaard A, Arvas M, Ram
AFJ, et al. A community-driven reconstruction of the Aspergillus niger
metabolic network. Fungal Biol Biotechnol. 2018;5:16.

Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, et al.
Ensembl 2018. Nucleic Acids Res. 2018,46:D754-61.

Futagami T, Nakao S, Kido Y, Oka T, Kajiwara Y, Takashita H, et al. Puta-
tive stress sensors WscA and WscB are involved in hypo-osmotic

and acidic pH stress tolerance in Aspergillus nidulans. Eukaryot Cell.
2011;10(11):1504-15.

Krijgsheld P, Bleichrodt R, van Veluw GJ, Wang F, Miller WH, Dijksterhuis
J, et al. Development in aspergillus. Stud Mycol. 2013;74:1-29.

Bayram O, Bayram OS, Ahmed YL, Maruyama J, Valerius O, Rizzoli SO,

et al. The Aspergillus nidulans MAPK module AnSte11-Ste50-Ste7-

Fus3 controls development and secondary metabolism. PLoS Genet.
2012;8:21002816.

Wei H, Requena N, Fischer R. The MAPKK kinase SteC regulates conidi-
ophore morphology and is essential for heterokaryon formation and
sexual development in the homothallic fungus Aspergillus nidulans. Mol
Microbiol. 2003;47:1577-88.

Priegnitz BE, Brandt U, Pahirulzaman KAK, Dickschat JS, Fleiner A. The
AngFus3 mitogen-activated protein kinase controls hyphal differen-
tiation and secondary metabolism in Aspergillus niger. Eukaryot Cell.
2015;14:602-15.

Wang M, Zhang M, Li L, Dong Y, Jiang ¥, Liu K, et al. Role of Trichoderma
reesei mitogen-activated protein kinases (MAPKSs) in cellulase formation.
Biotechnol Biofuels. 2017;10:99.

Yang K, Qin Q, LiuY, Zhang L, Liang L, Lan H, et al. Adenylate cyclase
AcyA regulates development, aflatoxin biosynthesis and fungal viru-
lence in Aspergillus flavus. Front Cell Infect Microbiol. 2016;6:190.
Schuster A, Tisch D, Seidl-Seiboth V, Kubicek CP, Schmoll M. Roles of
protein kinase A and adenylate cyclase in light-modulated cel-

lulase regulation in Trichoderma reesei. Appl Environ Microbiol.
2012;78:2168-78.

Bencina M, Panneman H, Ruijter GJG, Legisa M, Visser J. Characteriza-
tion and overexpression of the Aspergillus niger gene encoding the
cAMP-dependent protein kinase catalytic subunit. Microbiology.
1997;143:1211-20.

Tag A, Hicks J, Garifullina G, Ake C, Phillips TD, Beremand M, et al.
G-protein signalling mediates differential production of toxic secondary
metabolites. Mol Microbiol. 2000;38:658-65.

Steinbach WJ, Cramer RA, Perfect BZ, Asfaw YG, Sauer TC, Najvar LK,

et al. Calcineurin controls growth, morphology, and pathogenicity in
Aspergillus fumigatus. Eukaryot Cell. 2006;5:1091-103.

Liu S, Hou Y, Liu W, Lu C, Wang W, Sun S. Components of the calcium-
calcineurin signaling pathway in fungal cells and their potential as
antifungal targets. Eukaryot Cell. 2015;14:324-34.

Soriani FM, Malavazi |, Da Silva Ferreira ME, Savoldi M, Von Zeska

Kress MR, De Souza Goldman MH, et al. Functional characterization

of the Aspergillus fumigatus CRZ1 homologue, CrzA. Mol Microbiol.
2008;,67:1274-91.

Chen L, Zou G, Wang J, Wang J, Liu R, Jiang Y, et al. Characterization of
the Ca?*-responsive signaling pathway in regulating the expression
and secretion of cellulases in Trichoderma reesei Rut-C30. Mol Microbiol.
2016;100:21.

Valiante V, Macheleidt J, Foge M, Brakhage AA. The Aspergillus fumigatus
cell wall integrity signaling pathway: drug target, compensatory path-
ways, and virulence. Front Microbiol. 2015;6:325.

Aghcheh RK, Németh Z, Atanasova L, Fekete E, Paholcsek M, Sdndor

E, et al. The VELVET a orthologue VEL1 of Trichoderma reesei regulates
fungal development and is essential for cellulase gene expression. PLoS
ONE. 2014;9:2112799.

Liu K, Dong Y, Wang F, Jiang B, Wang M, Fang X. Regulation of cellulase
expression, sporulation, and morphogenesis by velvet family proteins
in Trichoderma reesei. Appl Microbiol Biotechnol. 2016;100:769-79.

121.

122.

125.

126.

127.

128.

129.

130.

133.

134.

135.

136.

137.

138.

139.

140.

Page 17 of 18

Van Regenmortel MHV. Reductionism and complexity in molecular
biology. EMBO Rep. 2004;5:1016-20.

Dymond JS, Richardson SM, Coombes CE, Babatz T, Muller H, Annaluru
N, et al. Synthetic chromosome arms function in yeast and generate
phenotypic diversity by design. Nature. 2011;477:471-6.

ShaoY, Lu N, Wu Z, Cai C, Wang S, Zhang L-L, et al. Creating a functional
single-chromosome yeast. Nature. 2018;560:331-5.

Luo J, Sun X, Cormack BP, Boeke JD. Karyotype engineering by
chromosome fusion leads to reproductive isolation in yeast. Nature.
2018;560:392-6.

Zheng X, Zheng P, Zhang K, Cairns TC, Meyer V, Sun J, et al. 5S rRNA
promoter for guide RNA expression enabled highly efficient CRISPR/
Cas9 genome editing in Aspergillus niger. ACS Synth Biol. 2018. https://
doi.org/10.1021/acssynbio.7b00456.

Pohl C, Kiel JAKW, Driessen AJM, Bovenberg RAL, Nygard Y. CRISPR/
Cas9 based genome editing of Penicillium chrysogenum. ACS Synth Biol.
2016;5:754-64.

Liu R, Chen L, Jiang Y, Zhou Z, Zou G. Efficient genome editing in fila-
mentous fungus Trichoderma reesei using the CRISPR/Cas9 system. Cell
Discov. 2015;1:15007.

Katayama T, Tanaka Y, Okabe T, Nakamura H, Fujii W, Kitamoto K, et al.
Development of a genome editing technique using the CRISPR/Cas9
system in the industrial filamentous fungus Aspergillus oryzae. Biotech-
nol Lett. 2016;38:637-42.

LiuQ, GaoR, LiJ, Lin L, Zhao J, Sun W, et al. Development of a genome-
editing CRISPR/Cas9 system in thermophilic fungal Myceliophthora spe-
cies and its application to hyper-cellulase production strain engineer-
ing. Biotechnol Biofuels. 2017;10:1.

Luo H, Lin'Y, Gao F, Zhang C-T, Zhang R. DEG 10, an update of the data-
base of essential genes that includes both protein-coding genes and
noncoding genomic elements. Nucleic Acids Res. 2013;42(1):D574-80.
Schape P, Kwon MJ, Baumann B, Gutschmann B, Jung S, Lenz S, et al.
Updating genome annotation for the microbial cell factory Asper-
gillus niger using gene co-expression networks. Nucleic Acids Res.
2018;47(2):559-69.

Dijk JWA, Wang CCC. Heterologous expression of fungal secondary
metabolite pathways in the Aspergillus nidulans host system. Methods
in Enzymology. New York: Academic Press; 2016. p. 127-42.

Frandsen RN, Khorsand-Jamal P, Kongstad KT, Nafisi M, Kannangara
RM, Staerk D, et al. Heterologous production of the widely used

natural food colorant carminic acid in Aspergillus nidulans. Sci Rep.
2018;8:12853.

Fuji R, Minami A, Tsukagoshi T, Sato N, Sahara T, Ohgiya S, et al. Total
Biosynthesis of diterpene aphidicolin, a specific inhibitor of DNA
Polymerase a: heterologous expression of four biosynthetic genes in
Aspergillus oryzae. Biosci Biotechnol Biochem. 2011;75:1813-7.

McLean KJ, Hans M, Meijrink B, van Scheppingen WB, Vollebregt A, Tee
KL, et al. Single-step fermentative production of the cholesterol-low-
ering drug pravastatin via reprogramming of Penicillium chrysogenum.
Proc Natl Acad Sci. 2015;112:2847-52.

Fisch KM, Bakeer W, Yakasai AA, Song Z, Pedrick J, Wasil Z, et al. Rational
domain swaps decipher programming in fungal highly reducing pol-
yketide synthases and resurrect an extinct metabolite. J Am Chem Soc.
2011;133:16635-41.

Steiniger C, Hoffmann S, Mainz A, Kaiser M, Voigt K, Meyer V, et al. Har-
nessing fungal nonribosomal cyclodepsipeptide synthetases for mech-
anistic insights and tailored engineering. Chem Sci. 2017;8(11):7834-43.
Geib E, Brock M. ATNT: an enhanced system for expression of polycis-
tronic secondary metabolite gene clusters in Aspergillus niger. Fungal
Biol Biotechnol. 2017;4:13.

Schuetze T, Meyer V. Polycistronic gene expression in Aspergillus niger.
Microb Cell Fact. 2017;16:162.

Mattern DJ, Valiante V, Horn F, Petzke L, Brakhage AA. Rewiring of the
austinoid biosynthetic pathway in filamentous fungi. ACS Chem Biol.
2017;12:2927-33.

Jorgensen TR, Goosen T, Hondel C, Ram AFJ, lversen JJL. Transcriptomic
comparison of Aspergillus niger growing on two different sugars reveals
coordinated regulation of the secretory pathway. BMC Genomics.
2009;10:44.

Helmschrott C, Sasse A, Samantaray S, Krappmann S, Wagener J.
Upgrading fungal gene expression on demand: improved systems for


https://doi.org/10.1021/acssynbio.7b00456
https://doi.org/10.1021/acssynbio.7b00456

Cairns et al. Biotechnol Biofuels (2019) 12:77 Page 18 of 18

doxycycline-dependent silencing in Aspergillus fumigatus. Appl Env 144. Schmideder S, Barthel L, Friedrich T, Thalhammer M, Kovacevi¢ T, Nies-

Microbiol. 2013;79:1751-4. sen L, et al. An X-ray microtomography-based method for detailed
143. Wanka F, Cairns T, Boecker S, Berens C, Happel A, Zheng X, et al. Tet-On, analysis of the three-dimensional morphology of fungal pellets.

or Tet-Off, that is the question: advanced conditional gene expression Biotechnol Bioeng. 2019. https://doi.org/10.1002/bit.26956.

in Aspergillus. Fungal Genet Biol. 2016,89:72-83.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1002/bit.26956

	Moulding the mould: understanding and reprogramming filamentous fungal growth and morphogenesis for next generation cell factories
	Abstract 
	The extensive product portfolio of filamentous fungi
	Filamentous growth: the dynamic hypha
	Why growth and morphology matter: a focus on submerged culture
	Modelling fungal morphologies: from growth kinetics towards the subcellular
	Merging models with in vivo data

	Tailoring growth and morphology to protein, acid, and secondary metabolite products: progress and knowledge gaps
	Protein secretion: tips, septa, and unconventional secretion pathways
	Acids and secondary metabolites: a complex puzzle

	Rational strain engineering: Unlocking lead genes for optimised morphology and productivity from omics data
	Mutagenesis, comparative genomics, and functional genomics
	Transcriptomics
	Genome wide metabolic models

	Targeting signalling cascades for modifying polar growth and morphology in industrial applications
	MAPK signalling pathways
	The cAMPPKA signalling pathway
	The calciumcalcineurin signalling pathway
	Further signalling pathways

	Synthetic biology, genome engineering and beyond
	Conclusions
	Authors’ contributions
	References




