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Submerged fermentation using filamentous fungal cell factories is used to produce a diverse
portfolio of useful molecules, including food, medicines, enzymes, and platform chemicals.
Depending on strain background and abiotic culture conditions, different macromorphologies
are formed during fermentation, ranging from dispersed hyphal fragments to approximately
spherical pellets severalmillimetres in diameter. Thesemacromorphologies are known to have a
critical impact on product titres and rheological performance of the bioreactor. Pilot productivity
screens in different macromorphological contexts is technically challenging, time consuming,
and thus a significant limitation to achieving maximum product titres. To address this
bottleneck, we developed a library of conditional expression mutants in the organic,
protein, and secondary metabolite cell factory Aspergillus niger. Thirteen morphology-
associated genes transcribed during fermentation were placed via CRISPR-Cas9 under
control of a synthetic Tet-on gene switch. Quantitative analysis of submerged growth
reveals that these strains have distinct and titratable macromorphologies for use as chassis
during strain engineering programs. We also used this library as a tool to quantify how pellet
formation is connected with strain fitness and filamentous growth. Using multiple linear
regression modelling, we predict that pellet formation is dependent largely on strain fitness,
whereas pellet Euclidian parameters depend on fitness and hyphal branching. Finally, we have
shown that conditional expression of the putative kinase encoding gene pkh2 can decouple
fitness, dry weight, pellet macromorphology, and culture heterogeneity. We hypothesize that
further analysis of this gene product and the cell wall integrity pathway in which it is embedded
will enable more precise engineering of A. niger macromorphology in future.
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BACKGROUND

Filamentous fungi are used to produce a diverse portfolio of
molecules worth several billion dollars per year, including
platform chemicals, proteins, enzymes, secondary metabolites,
and organic acids (Meyer et al., 2016, 2020). The majority of
industrially produced fungal metabolites are generated in stirred
tank bioreactors which are often several hundred litres in volume
(Meyer et al., 2021). Maximizing product titres from minimum
substrate and energy inputs promises to both reduce
environmental impacts of fermentation and limit costs, which
may ultimately enable fungal biotechnology to strengthen
bioeconomy supposed to replace the fossil fuel economy in the
near future (Cairns et al., 2018; Meyer et al., 2020).

During submerged growth, filamentous fungi produce a range
of different macromorphologies, including dispersed mycelial
networks, loose clumps, spherical pellets several millimetres in
diameter, or heterogenous mixtures of these structures (Cairns
et al., 2019a; Meyer et al., 2021). The formation of respective
macromorphologies is a complex process that is not
comprehensively understood. In general, clumped and pelleted
growth is thought to involve coagulation of spores or hyphal
fragments, whereas dispersed mycelial growth occurs following
low levels of cell coagulation, in addition to fragmentation of large
aggregates during bioreactor stirring (Cairns et al., 2019a, 2021;
Meyer et al., 2021). It is clear that the precise macromorphologies
formed in submerged culture has critical implications for titres of
proteins, enzymes, secondary metabolites, and acids (Zhang and
Zhang, 2016; Veiter et al., 2018; Cairns et al., 2019a).
Additionally, each growth morphology has advantages and
limitations from a process engineering perspective. For
example, the rheological consequences of dispersed mycelial
growth are elevated medium viscosity, and consequently
temperature/substrate concentration gradients (Žnidaršič and
Pavko, 2001; Papagianni, 2004; Meyer et al., 2021). In
contrast, clumped/pelleted macromorphologies improve
transfer of oxygen and increase efficiency for removing
biomass from growth media during downstream processing.
However, clumped or pelleted fungal macromorphologies may
result in hypoxia at internal pellet areas, thus limiting growth,
metabolism, and possibly production of a desired molecule
(Driouch et al., 2010).

Given the crucial role of macromorphological development in
productivity and rheological performance, biotechnologists have
modified numerous abiotic culture parameters in order to control
their respective development, including stir speed (Papagianni, 2007),
oxygen concentration (Wongwicharn et al., 1999), pH of growth
media (Veiter et al., 2018), addition of Tween surfactants (Liu and
Wu, 2012), carbon/nitrogen sources (Papagianni et al., 1999),
manganese ions (Kisser et al., 1980; Berovic et al., 2006), addition
of hydrous magnesium silicate particles (Wucherpfennig et al., 2012),
spore inoculum concentrations (Papagianni and Mattey, 2006), and
other methods (Kurt et al., 2018). These approaches may constitute
additional challenges or energy input considerations for industrial-
level fermentation, and consequently fungal strains with defined and
reproducible macromorphological development in liquid culture are
preferable.

In order to develop such strains, recent genetic and molecular
engineering has generated isolates with modified
macromorphological growth in a range of fungi, including
targeted genetic manipulation of genes encoding putative
GTPases, chitin synthases, and many others (Andersen et al.,
2011; Fiedler et al., 2018a, 2018b; Sun et al., 2018). In some
instances, morphology engineering has drastically elevated
product titres. As one example, production of a glucoamylase
enzyme was elevated by 400% by over-expressing the encoding
glaA gene in a hyper-branching, dispersed mycelial Aspergillus
niger chassis strain (Fiedler et al., 2018a).

Despite these advances, however, several challenges limit the
design and interpretation of genetic-based morphological
engineering studies. Firstly, it is unclear which genes should be
prioritized for functional analyses indeed, filamentous fungal
genomes typically consist of >10,000 predicted genes, with
approximately a fifth of these putatively involved in hyphal
morphology, growth, or development (Stajich et al., 2012).
Even in model filamentous fungi (e.g., Neurospora crassa or
Aspergillis nidulans), most genes lack wet-lab functional
analysis, thus making selection of genes for analysis extremely
challenging (Schäpe et al., 2019).

Secondly, genetic modifications will usually result in
pleotropic phenotypic consequences, whereby any
macromorphological change(s) occur concomitantly with
defects in a given biological process or pathway (e.g., chitin
synthesis, Golgi vesicle trafficking, actin polymerisation
(Andersen et al., 2011; Fiedler et al., 2018a, 2018b; Sun et al.,
2018; Cairns et al., 2019a)). It is therefore challenging to
determine if elevated titres of a desired molecule are due to
macromorphological optimization, alterations in regulatory
pathways, metabolic processes, or a combination of these factors.

More generally, it is unclear to what extent fitness, i.e. the
reproductive success of a population (Elena and Lenski, 2003),
contributes to macromorphological development in liquid
culture. It is therefore difficult to distinguish genes and
cognate proteins/pathways which disrupt submerged
growth due to their role in fitness (e.g., by simply
producing a “sick” strain), and those that mechanistically
control some aspect of macromorphological formation or
maintenance (e.g., spore coagulation, hyphal fragmentation
rates, etc). Quantitative estimations of the interconnectedness
between fungal fitness, growth, and macromorphological
development may therefore aid the identification of bona
fide targets that mechanistically control
macromorphological development, which could conceivably
enable more precise control of submerged growth.

The filamentous fungus A. niger represents an outstanding
host for macromorphological engineering due to its wide
industrial applications for organic acid, protein, and
secondary metabolite fermentation and the availability of an
advanced genetic toolkit (Cairns et al., 2021). In this study, we
aimed to overcome limitations and challenges for A. niger
strain engineering by developing a suite of isolates with
distinct, predefined, and user controllable
macromorphologies. This strain library can be used as
chassis expression hosts for rapidly screening optimal
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submerged growth-types for a desired product. Additionally,
we quantified fitness and filamentous growth amongst the
strain library. By integrating these data with submerged
growth phenotypes, multiple linear regression models were
used to give quantitative estimates for the interconnectedness
of fitness, filamentous growth, and macromorphological
development in A. niger. This study therefore provides
numerous genetic leads for strain engineering, multiple
chassis for facile identification of optimal growth
morphologies, and quantitative estimates for how fitness
and filamentous growth effect submerged macromorphologies.

MATERIALS AND METHODS

Microbial Strains
Fungal strains used in this study are given in Table 1. MA70.15
was used as progenitor isolate (Meyer et al., 2007). All bacterial
plasmids were propagated in Escherichia coliDH5α using 100 μg/
ml ampicillin as selection.

Media and Culture Conditions
Strains of A. niger were grown on at 30°C on solid minimal
medium (MM) (Fiedler et al., 2018b). For submerged growth

TABLE 1 | Strains and corresponding morphogenes characterized in this study. Morphogenes were divided into six categories based on their predicted function. citA
coefficients give correlation values relative between this gene and the respective morphogene.

Gene
namea

Gene Paralog(s)
in A. nigerb

Strain
name (this

study)

Predicted
functional
category

citA
coeff

Function as described
in yeast and

filamentous fungic

Evidence of
morphogene

function

CRN1 An02g01210 None TC3.2 Cytoskeletal 0.80 Coronin; cortical actin cytoskeletal component that
associates with the Arp2p/Arp3p complex to
regulate its activity; plays a role in regulation of actin
patch assembly

Mikati et al. (2015)

SPT8 An07g04000 None TC2.1 SAGA complex 0.70 Subunit of the chromatin-modifying SAGA
transcriptional regulatory complex

Gao et al. (2014)

CTI6 An01g10200 None CAF25.4 SAGA complex 0.75 Component of the Rpd3L histone deacetylase
complex that recruits the SAGA complex to
repressed promoters

Han and Emr,
(2013)

MTS1 An13g00740 An03g02040,
An02g04530

TC14.2 Sphingolipid 0.70 Sphingolipid C9-methyltransferase important for
cell membrane biosynthesis and signalling

Oura and Kajiwara,
(2010)

SEC27 An02g05870 An16g02460 TC8.5 Golgi/vesicle 0.85 Component of the COPI coatomer; involved in ER-
to-Golgi and Golgi-to-ER transport

Gabriely et al.
(2007)

SEC26 An08g03270 None TC10.1 Golgi/vesicle 0.75 Component of the COPI coatomer; involved in ER-
to-Golgi protein trafficking and maintenance of
normal ER morphology

DeRegis et al.
(2008)

COG4 An02g14400 None TC11.1 Golgi/vesicle 0.70 Component of the conserved oligomeric Golgi
complex; a cytosolic tethering complex (Cog1p
through Cog8p) that functions in protein trafficking
to mediate fusion of transport vesicles to Golgi
compartments

Gremillion et al.
(2014)

TRS130 An08g05190 None TC13.1 Golgi/vesicle 0.75 Component of transport protein particle (TRAPP)
complex II; TRAPPII is a multimeric guanine
nucleotide-exchange factor for the GTPase Ypt1p,
regulating intra-Golgi and endosome-Golgi traffic

Pinar et al. (2015)

BRE5 An09g06580 None TC16.1 Golgi/vesicle 0.75 Ubiquitin protease cofactor; forms deubiquitination
complex with Ubp3p that coregulates anterograde
and retrograde transport between the ER and Golgi
compartments

Kang et al. (2016)

APL4 An01g02600 An14g00540 TC18.1 Endocytosis 0.75 Gamma-adaptin; large subunit of the clathrin-
associated protein (AP-1) complex; binds clathrin;
involved in vesicle-mediated transport

O’Donnell et al.
(2010)

SWE1 An05g00280 None CAF22.1 Kinase 0.75 Protein kinase that regulates the G2/M transition;
morphogenesis checkpoint kinase; positive
regulator of sphingolipid biosynthesis via Orm2p

Stefanini et al.
(2018)

SIP2 An15g00910 None TC24.1 Kinase 0.75 Subunit of the Snf1 kinase complex; involved in the
response to glucose starvation

Sanz et al. (2016)

PKH2 An02g08630 An15g04520 TC17.1 Kinase 0.7 Protein kinase; involved in sphingolipid-mediated
signalling pathway that controls endocytosis;
activates Ypk1p and Ykr2p, components of
signalling cascade required for maintenance of cell
wall integrity

Friant et al. (2001)

aNomenclature follows the nomenclature in Saccharomyces cerevisiae.
bParalogues were identified from the Ensemble database.
cNote that most of these functions have been verified so far in A. niger.
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assays, CitACM liquid media consisted of 3 g/L (NH4)2SO4, 3 g/L
NaNO3, 0.5 g/L yeast extract, and 100 g/L sucrose, with the pH
adjusted to 2.5 using 100% HCl. Fermentation was conducted at
220 RPM, 34°C, for 96 h. All agar plates and liquid cultures had a
concentration of 4 mM uridine.

Coexpression Analysis
The A. niger coexpression networks were analysed using FungiDB
(Stajich et al., 2012) for query gene citA (An09g06680). GO-enriched
biological processes or cellular components in this list were identified
relative to theA. niger genome using default parameters in FungiDB,
with Benjamini-Hochberg FDR corrected p-values above 0.05
reported (Stajich et al., 2012; Schäpe et al., 2019).

Molecular Techniques
All molecular techniques were performed according to standard
procedures described previously (Fiedler et al., 2018b). A. niger
transformation and genomic DNA extraction were performed as
described elsewhere (Meyer et al., 2010), with 5–10 μg/ml doxycycline
(Dox) added to primary transformation plates and sub-culturemedia.

CRISPR-mediated genome editing was conducted as described
previously (Cairns et al., 2019b). All plasmid sequences will be made
available on reasonable request. 2 µg of the Cas9 encoding plasmid
Cas9-Hyg [Zheng et al., in preparation] was co-transformed with 2 µg
purified sgRNA and donor constructs into A. niger MA70.15
protoplasts as previously described (Zheng et al., 2018). Following
selection (200 μg/ml hygromycin and 5–10 μg/ml Dox) and duplicate
purification (200 μg/ml hygromycin and 5–10 μg/ml Dox) on MM
supplemented, genomic DNA was extracted from transformants.
Insertion of the donor cassette at the respective promoter region
was confirmed by diagnostic PCRs using verification primers
(Supplementary File S1). Isolates generated in this study were
confirmed for single integration of the Tet-on cassette at the target
locus using Southern blot probe and the fraA promoter of the Tet-on
cassette (Supplementary File S1, (Wanka et al., 2016),).

Growth Quantification on Solid Media
Hyphal growth was measured on MM agar slices that were
sufficiently thin (approx. 1 mm) for light microscopic analysis
as described previously (Cairns et al., 2019b). Briefly, 10 µl of 1 ×
104 spores/ml of mutant or control isolates were spotted in
duplicate onto the agar slice, air dried, and incubated at 30°C
for 18 h after which images of fungal growth were captured using
a Zeiss Axio Cam Mrc5 light microscope. All fungal
morphologies were quantified for length, branch rate
(length µm/number of branches) and tip numbers using
ImageJ. Growth assays were repeated three times, with a
minimum of 30 hyphae quantified per Dox concentration/strain.

Radial growth rates were quantified on MM agar (pH 5.6) or
MM with pH adjusted to 3.5 using HCl. Inoculation of 10 µl
volume of 1 × 106 spores/ml was used, and growth rates between
days 5 and 10 calculated with the indicated Dox concentration
supplemented to the agar. Low pH growth coefficients for each
strain/Dox concentration were calculated thus:

Radial growthmutantpH3.5
Radial growthprogenitorpH3.5

/ Radial growthmutantpH5.6
Radial growth progenitorpH5.6

Quantitative Assessment of Submerged
Morphology
Cultures were analysed using an Olympus szx7 stereomicroscope
connected to a Canon DS126251 camera as previously described
(Cairns et al., 2019b). For image capture, approximately 5 ml of
culture volume was poured into a 25 ml petri dish, after which
morphologies were gently agitated with a pipette tip to ensure
pellets were physically separated. For each sample, triplicate
images were captured from randomly selected regions of the
petri dish. Images were captured on a black background with
lighting from above to illuminate fungal pellets. Triplicate
replicates were conducted for each Dox/strain condition.

Fungal morphologies were quantified in ImageJ/Fiji using the
morphology of dispersed and pelleted growth (MPD) plugin using
default parameters (Cairns et al., 2019c). Dispersed morphologies were
defined as any fungal structure with an area<500 μm2 and≥95 μm2.
Pellets were defined as any structure with an area≥500 µm2. The
following parameters were calculated for each fungal pellet: 1) area
(µm2), 2) Feret’s diameter (maximum diameter of each structure, µm),
3) aspect ratio (maximum diameter/minimum diameter), 4) solidity.
Morphology numbers (MNs) were calculated as described earlier
(Wucherpfennig et al., 2011, 2012):

MorphologyNumber� 2 × �����

Area
√ ×Solidity

��

π
√ ×Feret’sDiameter × Aspect ratio

We also manually calculated the extent of hyphal length at the
pellet periphery, whereby the pellet core was identified by eye, and
the length of hyphae extending from the core quantified using
ImageJ. This length was normalized by dividing by the pellet area.

Determination of Fungal Biomass
To determine fungal biomass after imaging, cultures were filtered
through triple layered muslin gauze, washed in sterile water, pat
dried between paper towels, and added to pre-weighed falcon
tubes. Biomass was incubated at 50–65°C until dry (minimum of
24 h) after which dry weight was determined.

Regression Analysis
Multiple linear regression modelling was conducted in Microsoft
Excel. Indicated test variables were considered to impact the
dependent variable when p < 0.05. Where passing this threshold,
test variable coefficients and calculated intercept were used to predict
dependent variable values for the respective strain/Dox condition. In
order to determine the utility of the model, predicted values were
plotted as a function of those observed in the study.

RESULTS

Using Coexpression Networks to Identify
High-Priority Targets for Morphology
Engineering
We have previously mined A. niger coexpression networks to
identify genes which control secondary metabolite and citric acid
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titres during submerged growth (Cairns et al., 2019b; Schäpe
et al., 2019). This unbiased approach for generating leads for
functional analysis enables the delineation of robustly
coexpressed genes over hundreds of different cultivation
conditions (Stajich et al., 2012; Schäpe et al., 2019). Given that
the citric acid cycle of A. niger generates precursor molecules for
the production of organic acids, amino acids, proteins and
secondary metabolites as well as ATP for biosynthetic
processes, we reasoned that genes which are 1) coexpressed
with the citric acid synthase encoding gene citA and 2)
predicted to play a role in filamentous growth or morphology
are high priority candidates for controlling and understanding
industrially relevant macromorphological development.

We therefore interrogated the A. niger citA network, retrieving
249 candidate ORFs that were positively coexpressed with this
gene from 283 microarray experiments (Spearman correlation

coefficient ≥0.7, Supplementary Table S1). Consistent with the
role of CitA in the Krebs cycle, the network was enriched with
genes associated with tricarboxylic acid metabolism (GO:
0072350, p < 0.0001) and citrate metabolism (GO:0006101,
p < 0.0001, Figure 1 and Supplementary Table S2).

In order to identify morphology-associated genes embedded
in this network, we interrogate enriched GO terms and manually
predicted gene function(s) based on wet-lab experimentation for
unicellular and multicellular fungi described in previous studies.
Specifically, this suggested a total of 57 genes from the full 249
gene network are predicted to encode proteins that impact A.
niger morphology, which we termed “morphogenes”
(Supplementary Table S3). Note that the term is distinct
from “morphogen”, which refers to chemical signals important
for biological pattern formation, a term that was coined by Alan
Turing in the 1950s (Green, 2021). We propose to use the term

FIGURE 1 | Schematic representation of the citA coexpression network. The citA gene is represented by a black diamond, and other genes are represented by
coloured circles which are grouped into functional categories. Coexpression coefficients greater than 0.7 are depicted with grey lines. Gene names are given where
available-genes lacking a name are blank, and full ORF codes are given in Supplementary Tables S1, S2.
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“morphogene” for genes and their protein products that play a
central role in polarity establishment and polarity maintenance of
fungal hyphae.

Notably, many morphogenes in the citA network are predicted
to play a role in Golgi vesicle trafficking, a biological process vital
for filamentous morphology whereby cell wall synthesizing
proteins and membrane components are trafficked to the
growing hyphal tip (Cairns et al., 2019c). This is supported by
enrichment of the citA network with terms including intra-Golgi
vesicle-mediated transport (GO:0006891, p < 0.01), COPI vesicle
coat (GO:0030126, p < 0.01) and the TRAPPII protein complex
(GO:1990071, p < 0.01, Supplementary Table S2). Other putative
morphogenes included those encoding predicted signalling
cascade components (e.g. putative kinases Swe1 and Pkh2
important for cell wall biosynthesis), cytoskeletal apparatus
(e.g. predicted coronin Crn1) or chromatin remodelling
complexes (e.g. Spt8 and Cti6), among others (Supplementary
Table S3).

Construction of a Morphogene Conditional
Expression Library Using Genome Editing
and a Tet-On Gene Switch
We selected 13 out of the 57 putative morphogenes to be
studied in detail by loss-of function and gain-of-function
analyses (Table 1). The selected candidate genes reflect the
enrichment of Golgi associated processes and genes predicted
to function in cell wall and cell membrane biosynthesis,
chromatin remodelling and endocytosis, altogether
processes which are central to hyphal growth in fungi
(Steinberg et al., 2017). The MA70.15 strain was selected as
a background for several reasons related to our intention for
the library to be used as chassis strains in future strain
engineering studies. Firstly, disruption of the kusA gene in
MA70.15 enables high rates of homologous recombination
with exogenous cassettes and the recipient genome (Meyer
et al., 2007). This will enable facile strain engineering in the
derivative strains. Secondly, MA70.15 is an orotidine-5′-
phosphate decarboxylase deficient mutant (pyrG−), and
consequently the widely applied pyrG selection marker
(Meyer et al., 2007) and, additionally, pyrG high expression
locus (Schäpe et al., 2019) remains available in future
engineering programs using these isolates. (Meyer et al.,
2007; Schäpe et al., 2019).

Conditional expression mutants were generated as previously
described, whereby a 20 bp locus in the 5’ UTR of the gene of
interest was targeted using a sgRNA, and cut using a Cas9
nuclease (Supplementary File S1, (Zheng et al., 2018; Cairns
et al., 2019b, 2019c)). 40-base pair regions targeted around the
Cas9 cut site were used to replace the native promoter with the
Tet-on conditional expression system (Wanka et al., 2016), thus
placing the gene of interest under conditional control of this
cassette (Supplementary File S1). Note that transformation
plates were supplemented with Dox to ensure recovery of
clones in which the gene of interest was essential (see
Materials and Methods section). Transformants were screened
using verification primers which spanned the insertion site of the

Tet-on sequence, and single integration of the cassette was
confirmed using Southern blot (Supplementary File S1 and
Supplementary Table S4). A total of 13 strains corresponding
to various morphogenes that passed PCR and Southern blot
verification were further analysed (Table 1).

Morphogene Titration During Submerged
Growth Generates Multiple Chassis Strains
for Interrogating Morphology and
Productivity in A. niger
In a preliminary growth assay, colony development of the
conditional expression mutants were analysed on solid agar
supplemented with 0, 0.2, 2 and 20 μg/ml Dox, equating to
null, low, intermediate, or overexpression respectively.
Various colony defects were observed for 9 out of 13
mutants at when Dox was omitted from media (TC2.1,
TC8.5, TC10.1, TC11.1, TC13.1, TC17.1, TC18.1 CAF22.1,
TC24.1, and Figure 2). Observed growth defects were
titratable by increasing Dox concentration for all strains
except isolate CAF22.1, although this mutant demonstrated
some titration of conidiation when grown on MM
supplemented with 0.2 M NaCl (Figure 2, and data not
shown). Respective inability of strains TC8.5 and TC11.1 to
grow on media lacking Dox demonstrate that genes sec27 and
cog4 are essential in A. niger. This observation highlights the
utility of the Tet-on conditional cassette, as analysis of sec27
and cog4 by conventional deletion approaches would not be
possible. Growth of the sec26 conditional expression mutant
(TC10.1) without Dox resulted in severe growth retardation,
whereby development was only visible by close inspection of
the plate. Based on this assay, we assumed that most mutants in
the library would display titratable growth defects during
submerged culture.

In order to test this hypothesis, we modelled fermentation of
the conditional expression mutants in commonly used
submerged conditions using a standard complete medium that
allows high citric acid production (CitACM, see Materials and
Methods). Morphogene expression was titrated in shake flasks
using the above four Dox concentrations, with representative
images of culture macromorphologies shown (Figure 2).
Macromorphological growth forms were quantified using the
automated MPD image analysis plugin and are reported
alongside culture dry weights and macromorphological
heterogeneity at the end of fermentation (Figure 3). This
analysis demonstrates a range of titratable culture parameters
at both an individual strain level, and additionally throughout the
library, including biomass, culture heterogeneity, and pellet
Euclidian parameters, including the dimensionless morphology
number (MN) (Figure 3), which varies between 0 (a one
dimensional line, referring to a unbranched hyphae) and 1 (a
perfect circle, referring to a perfect circular pellet;
(Wucherpfennig et al., 2011)).

Two key macromorphologies that have received much
research interest for morphological engineering are the degree
of dispersed filamentous growth and pellet diameter
(Wucherpfennig et al., 2011; Gonciarz and Bizukojc, 2014;
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Cairns et al., 2019a 2021). The library developed in this study
delivers at least four options for strains with low levels of pellet
production (e.g. 0–37% of the culture) with either elevated or

reduced biomass (Table 2). Similarly, two exemplar instances
where pellet diameter can be reduced (e.g. to ∼70% of the
progenitor control) are given in Table 2, although many more

FIGURE 2 | Solid and liquid growth of the morphogene library following titration using Dox. Colony development after 5 days growth at 30°C on solid MM (left
panels). Scale bar � 1 cm. Representative images of submerged growth in CitACM media for 96 h at 220 RPM, 34°C (right panels). Scale bar � 1 mm.
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possibilities are available throughout the library (Figures 2, 3). In
all instances, titration of gene expression can be used to modify
culture parameters to near-progenitor levels, thus enabling facile
negative control cultures in macromorphological/productivity
screens. For example, users wishing to test if dispersed growth

elevates product titres could express a gene of interest in isolates
TC17.1 and TC11.1. Growth at 2 μg/ml Dox will generate cultures
with ∼70 and 60% dispersed growth, whereas control conditions
with 20 μg/ml Dox will result in 4 and 30% dispersed growth,
respectively. This library also allows determine and to adjust the

FIGURE 3 | Quantification of culture heterogeneity, biomass, and pellet MNs following titration of respective morphogene expression during liquid fermentation.
Left axis: MN, which vary between 0–1 and are represented by boxplots. AverageMN values are depicted by a cross, with the middle horizontal line depicting the median
MN. Right axis: Heterogeneity is given as a percentage of pellets for the total culture (see Materials and Methods section). Biomass is given as a percent of MA70.15
control at the respective Dox concentration.

TABLE 2 | Exemplar macromorphological chassis options available from the morphogene library. Various options for dispersed morphologies, biomass, MN, and diameter
are given.

Macromorphology chassis
strain summary

Test condition Parameter

Strain Dox (µg/ml) Biomass (%
MA70.15 control)

% Pellet MN Pellet diameter
(relative to

MA70.15 control)

Dispersed macromorphology TC17.1 2 108% 28% 0.26 85%
TC8.5 20 85% 36% 0.35 80%
TC11.1 2 64% 37% 0.42 70%
TC18.1 0.2 46% 0% — —

Reduced pellet diameter TC2.1 0 106% 69% 0.61 70%
CAF22.1 0.2 79% 70% 0.47 71%
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degree of heterogeneity, i.e. the ratio between dispersed and
pelleted macromorphologies, to study the impact of
heterogeneity phenomena on the production of organic acids,
proteins or secondary metabolites by A. niger.

Probing Interconnections Between Strain
Fitness, Hyphal Growth, and Submerged
Macromorphological Development
We noted a clear correlation between colony development on
solid agar and pelleted growth in submerged culture (Figure 2),
suggesting that strain fitness and defects in pellet formation are
connected. In order quantify which (if any) aspects of strain
fitness, i.e. hyphal growth are robustly correlated with submerged
macromorphology, we further quantified the morphogene strain
library following titration of gene expression. Firstly, as a broad
measurement of strain fitness, we quantified colony radial growth
rates which were reported as mm growth/24 h between days 5
and 10.

As a simple measurement of hyphal growth, recently
germinated hyphae were analysed following 18 h incubation
on solid agar, with length, branch rate, and number of hyphal
tips quantified (Figure 4 and data not shown). The MA70.15
progenitor grew approximately 340 µm on all Dox
concentrations, with an average of one branch generating a
total of three tips (Figure 4). Among the library were

numerous strains with significantly reduced hyphal length
relative to control when growth media had Dox omitted
(TC2.1, TC8.5, TC10.1, TC11.1, TC13.1, TC14.2, TC16.1,
TC17.1, TC18.1, CAF22.1, and TC24.1). We could restore
normal hyphal length by supplementing increased Dox
concentrations into growth media in these strains
(Figure 4). A single conditional expression strain with gene
cti6 (predicted to encode a component of SAGA histone
deacetylase complex, Table 1) under control of Tet-on
demonstrated increased hyphal growth rate relative control
at 0.2, 2, and 20 μg/ml Dox, which is consistent with elevated
dry weight in this strain in liquid culture at comparable Dox
concentrations (Figure 2). Similarly, we found increased
branching frequency and tip number in numerous strains
throughout the library.

Finally, we reasoned that hyphal growth rates at low pH may
be a crucial aspect of submerged macromorphological
development of A. niger (Figure 2), especially for citric acid
fermentation that occurs at low pH. We therefore quantified
colony radial growth for each strain/Dox concentration when
grown on MM agar with pH 3.5. From these data, we generated
low pH growth coefficients by two normalization steps. Firstly,
radial growth was normalized to the progenitor control at pH 3.5,
and secondly to the growth between the mutant and control on
standard MM agar (pH 5.6, Supplementary File S3). Several
strains demonstrated that sensitivity to low pH at 0/0.2 μg/ml

FIGURE 4 | Quantification of hyphal length following growth on MM agar at 30°C for 18 h. Dox concentrations are indicated. Strains with values that significantly
deviate from progenitor control at the respective Dox concentration are indicated with an asterisk (t-test). Approximately 25 hyphae per strain/Dox condition were
analysed. Y-axis: Hyphal length [µm].
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Dox, including mutants expressing sec27 (strain TC8.5), cog4
(strain TC11.1) and pkh2 (strain TC17.1). Overexpression of
sec27 at 20 μg/ml Dox resulted in improved tolerance to lower
pH. Additionally, expression of trs130 in isolate TC13.1 at 0, 0.2,
and 2 μg/ml Dox resulted in elevated resistance to low pH
(Supplementary File S3). Taken together, we developed
profiles of general strain fitness, hyphal morphology, and pH
tolerance in each conditional expression mutant across four Dox
concentrations.

Next, we plotted the above measurements profiles against
submerged culture parameters for each strain/Dox
concentration (Figure 5). Amongst the comparisons, the
strongest observed correlation was between strain radial
growth rate and heterogeneity during liquid culture, whereby
isolates with reduced radial growth tended to produce less pellets
(R2 � 0.67). Discernible positive correlations were also observed
between radial growth and dry weight and MN (R2 � 0.50 and
0.49, respectively). Moderate positive correlations were also

FIGURE 5 | Pairwise correlations between strain radial growth rates, pH growth coefficients, hyphal length and tip number with submerged growth parameters.
Each blue dot represents correlations between the indicated parameters at a specific strain/Dox concentration (n � 56). Line of best fit and R2 values are given.
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observed between hyphal length and heterogeneity, dry weight, or
MN (Figure 5). In general, pH growth coefficients and hyphal tip
number were not well correlated with submerged growth
(Figure 5), suggesting any cause/effect relationship between
these growth parameters and submerged macromorphology is
not detectable by simple pairwise comparisons.

Multiple Linear Regression Modelling
Connects Strain Fitness and Hyphal Growth
With Submerged Macromorphological
Development
In order to further probe the interconnections between strain
fitness, filamentous growth, and submerged culture, we
conducted regression analyses whereby submerged growth
parameters from the conditional expression library were used
as dependent variables (% pellet, dry weight, MN, pellet solidity,

pellet aspect ratio, pellet diameter, and pellet hyphal/core ratios)
and measurements of fitness/hyphal growth were used as test
variables (radial growth rate, hyphal length, hyphal tip number,
and pH growth coefficient). Test variables were considered to
significantly impact dependent variables when p < 0.05, and
regression coefficients were used to predict the magnitude of
the effect (Table 3). For each strain/Dox concentration, observed
dependent variables were plotted as a function of those predicted
by the regression model (Figure 6).

Pellet aspect ratio, solidity, and hyphal/core ratios
demonstrated poor correlations between observed values and
those predicted by the respective regression model (Figure 6),
indicating that these aspects of pellet macromorphology cannot
be predicted based on any of the test variables. Pellet diameter and
MN showed reasonable correlations between observed/predicted
values (Figure 6), with radial growth, pH growth coefficient, and
average tip number all predicted to impact these variables (p <

TABLE 3 |Regression models used to predict how changes in strain fitness/hyphal growth impacted submergedmacromorphologies. Test variables were only incorporated
into the regression model where p < 0.05. Note that tip number was not predicted to significantly impact heterogeneity or dry weight.

Solid culture
parameter

Change relative
to wild type

Predicted change in submerged culture (% relative to wild type)

Pellet macromorphology General growth aspects

Diameter MN Heterogeneity Dry weight

Radial growth rate (mm/day) 25% 11 12 19 14
50% 22 23 37 29
75% 33 35 56 44

pH Adaptation Coefficient 25% 7 8 9 10
50% 14 15 17 21
75% 21 23 26 32

Average Tip No 25% 5 7 0 0
50% 6 8 0 0
75% 7 10 0 0

FIGURE 6 | Multiple linear regression analysis of the conditional expression library. Correlations between values predicted for each strain/Dox concentration and
those observed are given.
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0.05, Table 3). Culture dry weight and heterogeneity also
demonstrated comparable concordance between observed/
predicted values (R2 � 0.76 and 0.80 respectively), yet were
dependent on radial growth and pH growth coefficients alone,
indicating that filamentous morphologies play a minor role in
determining these aspects of liquid culture.

DISCUSSION

Filamentous fungal growth in submerged culture produces a range
of macromorphologies, each of which have advantages and
disadvantages from the perspective of product titres and process
engineering (Cairns et al., 2019c). It is not currently possible to
predict an optimalmacromorphology for a specific product a priori
(Meyer et al., 2021). Consequently, testing product titres in strains
with distinct macromorphologies constitutes a major limitation to
developing the next generation of ultra-efficient fungal cell
factories (Cairns et al., 2021).

To address this issue, we developed a chassis strain library in
A. niger using a titratable Tet-on cassette. Morphogenes were
selected based on robust coexpression with the citric acid
synthase encoding gene citA, therefore confirming their active
expression during growth and primary metabolism of A. niger
and thus during organic acid production. Given that many of the
morphogenes are also putatively involved in vesicle trafficking at
the Golgi, we are confident that they are also transcribed during
protein secretion in A. niger and therefore useful as chassis for
protein production studies. In general, the coupling of Golgi and
TCA cycle at the transcriptional level provide further evidence
that protein and organic acid production are more highly
interconnected than previously thought (Cairns et al., 2019b).

The morphogene conditional expression library is a flexible
tool for strain engineering, with multiple options for assaying
product titres in chassis strains with various culture
heterogeneities, dry weights, and pellet Euclidian parameters
(Table 2). Different macromorphologies can be used as chassis
expression hosts across numerous genetic backgrounds, several
predicted biological processes, and at user defined gene
expression levels. Given the well-established role of A. niger as
a homologous and heterologous expression system (van der
Straat et al., 2014; Steiniger et al., 2017; Boecker et al., 2018),
the library can be used to test organic acid, secondary metabolite,
and protein/enzymes in different morphological chassis.

Despite the need for modelling bioreactor fermentation
conditions, the most common (and arguably still the highest-
throughput) preliminary method for assaying A. niger strain
productivity/macromorphological development remains shake
flask culture in small volumes (reviewed in (Cairns et al.,
2021)). We therefore conducted quantification of submerged
growth in shake flasks using standard cultivation conditions,
which can be easily extended in future studies to the multitude
of conditions used by the A. niger community. Testing the chassis
strains and regression models in other growth media will be simple
for end users, with the MPD image analysis freely available as an
ImageJ plugin (Cairns et al., 2019b).

This study also used the conditional expression library to
interrogate and quantify the relationship between strain fitness,
i.e. hyphal growth, and submerged macromorphology. We
observed clear correlations between a simple measurement of
fitness (colony radial growth, growth at low pH) and submerged
macromorphology, in which strains with poor general fitness
were also poor pellet formers (p < 0.001, R2 � 0.80, Figure 6).
Indeed, based on regression models a reduction in radial growth
of 25% relative to the control strain is predicted to cause a 19%
decrease in pellet formation (and conversely elevated amounts of
dispersed mycelial growth, Table 3). Our data therefore suggest
that among the 13 strains analysed in this study, most poor pellet
formers were likely explainable by defective growth. We suggest
that in future genetic screens for morphology engineering,
mutants with defective submerged macromorphologies yet
comparable radial growth rates to progenitor controls should
be prioritized as they will be more likely to identify genes which
mechanistically control pellet formation as opposed to general
strain fitness. We predict that such control experiments during
mutant analysis will more easily identify bona fide regulators of
pellet formation in submerged culture.

One such example in this study followed intermediate
expression of the putative kinase encoding gene pkh2 (2 μg/ml
Dox, strain TC17.1). Here, we observed decoupling of strain
fitness, dry weight, culture heterogeneity, and MN numbers,
which was rare among the conditional expression library. At
2 μg/ml Dox, TC17.1 demonstrated deviations between predicted
(dry weight 3.7 g, pellet 58%, MN 0.48) and observed values (dry
weight 4.9 g, pellet 29%, MN 0.26), respectively. Thus, submerged
macromorphologies/growth rates following intermediate
expression of pkh2 are likely not explainable by defects in
strain fitness or filamentous branch rates, leading us to
hypothesize that this putative kinase may regulate a specific
aspect of pellet formation or maintenance during liquid
culture. In Saccharomyces cerevisiae, Pkh2 is required for
maintenance of cell wall integrity (CWI, (Roelants et al.,
2002)), a regulatory pathway known to be the ultimate
determinant of the shape of fungal hyphae (Riquelme et al.,
2018). In agreement, deletion of pkh2 in A. nidulans results in
strong defects in colony growth (De Souza et al., 2013), which we
also observed in this study forA. niger. Our data is consistent with
comparative genomic analyses between a mutagenized A. niger
isolate that grew as dispersed mycelium (SH2) and pelleted
control (CBS513.88, (Yin et al., 2014)), which found multiple
non-synonymous SNPs in genes associated with CWI in strain
SH2. Thus, this study supports growing evidence that genes of the
fungal CWI pathway, including pkh2, are vital for controlling
pellet formation.

Our analysis was also able to predict how fitness and hyphal
growth impacted Euclidian parameters of pellets. As noted above,
strain fitness was crucial for pellet macromorphology, but
regression modelling also predicted that hyphal tip number
had a minor but detectable impact on pellet diameter and MN
(e.g., a 25% decrease in tip number relative to the control was
predicted to reduce pellet diameter by 5%). Thus, our data suggest
that formation of pellets is largely dependent on strain fitness,
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whereas pellet Euclidian parameters are affected mainly by strain
fitness and to a limited extent on branch rates.

One possible confounding factor in our approach is that we
measured filamentous branching on solid agar, which could
conceivably be modified in submerged growth. In general,
however, branching defects in A. niger mutants are highly
reproducible between solid and liquid culture (Fiedler et al.,
2018a). The use of solid and liquid culture demonstrates that
it is possible to predict behaviour of submerged
macromorphology from simple agar plates that are higher
throughput when compared to shake flasks.

A further refinement of the regression model will be possible in
the future, given that more data will become included that e.g. cover
more conditions that likely impact submergedmacromorphological
development such as osmotic and shear stress during bioreactor
conditions. With the strain library described in this study and the
availability of further conditional expression mutants of the
predicted 57 morphogenes present in the citA coexpression
network this will be easily possible.

CONCLUSION

We have developed a library of A. niger conditional expression
mutants with distinct and titratable submerged
macromorphologies for use a chassis during strain engineering
programs. This library may be a useful resource that enables the
identification of optimal macromorphological growth for
elevated titres of useful molecules (organic acids, proteins,
secondary metabolites) produced by A. niger. Quantitative
analysis of this library suggests that pellet formation is highly
connected with strain fitness, with most poor pellet formers being
defective in hyphal growth. Using multiple linear regression
modelling, we predict that pellet formation is dependent
largely on fitness, whereas pellet Euclidian parameters depend
on fitness and hyphal branching. Finally, we have shown that
conditional expression of the putative kinase encoding gene pkh2
can decouple fitness, dry weight, pellet macromorphology, and

culture heterogeneity. We hypothesize that further analysis of this
gene and encoded protein will enable more precise engineering of
A. niger macromorphology in the future.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

VM, JS, PZ, TC, and XZ conceived of the study. TC, XZ, and CF,
conducted experiments and analysis. TC and VM wrote the main
manuscript text, and all authors modified the final version.

FUNDING

The authors thank the financial support for this work from
Deutsche Forschungsgemeinschaft (DFG) for (Grant ME
2041/13-1), National Key R&D Program of China
(2018YFA0900500), National Natural Sciences Foundation
of China (31961133021 and 32070082), Tianjin Synthetic
Biotechnology Innovation Capacity Improvement Project
(TSBICIP-PTJS-003 and TSBI-CIP-IJCP-003), Chinese
Academy of Sciences President’s International Fellowship
Initiative CAS PIFI (2018VBA0013 and 2018PB0036), and
the TU Berlin for open access funding.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.820088/
full#supplementary-material

REFERENCES

Andersen, M. R., Salazar, M. P., Schaap, P. J., Van De Vondervoort, P. J. I., Culley,
D., Thykaer, J., et al. (2011). Comparative Genomics of Citric-Acid-Producing
Aspergillus niger ATCC 1015 versus Enzyme-Producing CBS 513.88. Genome
Res. 21, 885–897. doi:10.1101/gr.112169.110

Berovic, M., Vodopivec, M., and Milicic, S. (2006). The Influence of Manganese
Ions on Aspergillus niger Biomass and Citric Acid Biosynthesis in Repeated Fed
Batch Fermentation. Chem. Biochem. Eng. Q. 20, 281.

Boecker, S., Grätz, S., Kerwat, D., Adam, L., Schirmer, D., Richter, L., et al. (2018).
Aspergillus niger Is a superior Expression Host for the Production of Bioactive Fungal
Cyclodepsipeptides. Fungal Biol. Biotechnol. 5, 4. doi:10.1186/s40694-018-0048-3

Cairns, T. C., Nai, C., and Meyer, V. (2018). How a Fungus Shapes Biotechnology:
100 Years of Aspergillus niger Research. Fungal Biol. Biotechnol. 5, 1–14.
doi:10.1186/s40694-018-0054-5

Cairns, T. C., Zheng, X., Zheng, P., Sun, J., and Meyer, V. (2019a). Moulding the
Mould: Understanding and Reprogramming Filamentous Fungal Growth and
Morphogenesis for Next Generation Cell Factories. Biotechnol. Biofuels 12, 77.
doi:10.1186/s13068-019-1400-4

Cairns, T. C., Feurstein, C., Zheng, X., Zhang, L. H., Zheng, P., Sun, J., et al.
(2019b). Functional Exploration of Co-expression Networks Identifies a
Nexus for Modulating Protein and Citric Acid Titres in Aspergillus niger
Submerged Culture. Fungal Biol. Biotechnol. 6, 18. doi:10.1186/s40694-
019-0081-x

Cairns, T. C., Feurstein, C., Zheng, X., Zheng, P., Sun, J., and Meyer, V. (2019c). A
Quantitative Image Analysis Pipeline for the Characterization of Filamentous
Fungal Morphologies as a Tool to Uncover Targets for Morphology
Engineering: a Case Study Using aplD in Aspergillus niger. Biotechnol.
Biofuels 12, 149. doi:10.1186/s13068-019-1473-0

Cairns, T. C., Barthel, L., and Meyer, V. (2021). Something Old, Something New:
Challenges and Developments in Aspergillus niger Biotechnology. Essays
Biochem. 65, 213–224. doi:10.1042/EBC20200139

De Souza, C. P., Hashmi, S. B., Osmani, A. H., Andrews, P., Ringelberg, C. S.,
Dunlap, J. C., et al. (2013). Functional Analysis of the Aspergillus
nidulans Kinome. PLoS One 8, e58008. doi:10.1371/
journal.pone.0058008

DeRegis, C. J., Rahl, P. B., Hoffman, G. R., Cerione, R. A., and Collins, R. N. (2008).
Mutational Analysis of βCOP (Sec26p) Identifies an Appendage Domain
Critical for Function. BMC Cel Biol 9, 1. doi:10.1186/1471-2121-9-3

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 82008813

Cairns et al. Macromorphology Engineering in Aspergillus niger

https://www.frontiersin.org/articles/10.3389/fbioe.2021.820088/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.820088/full#supplementary-material
https://doi.org/10.1101/gr.112169.110
https://doi.org/10.1186/s40694-018-0048-3
https://doi.org/10.1186/s40694-018-0054-5
https://doi.org/10.1186/s13068-019-1400-4
https://doi.org/10.1186/s40694-019-0081-x
https://doi.org/10.1186/s40694-019-0081-x
https://doi.org/10.1186/s13068-019-1473-0
https://doi.org/10.1042/EBC20200139
https://doi.org/10.1371/journal.pone.0058008
https://doi.org/10.1371/journal.pone.0058008
https://doi.org/10.1186/1471-2121-9-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Driouch, H., Sommer, B., and Wittmann, C. (2010). Morphology Engineering of
Aspergillus niger for Improved Enzyme Production. Biotechnol. Bioeng. 105,
a–n. doi:10.1002/bit.22614

Elena, S. F., and Lenski, R. E. (2003). Evolution Experiments with Microorganisms:
The Dynamics and Genetic Bases of Adaptation. Nat. Rev. Genet. 4, 457–469.
doi:10.1038/nrg1088

Fiedler, M. R. M., Barthel, L., Kubisch, C., Nai, C., and Meyer, V. (2018a).
Construction of an Improved Aspergillus niger Platform for Enhanced
Glucoamylase Secretion. Microb. Cel Fact. 17, 95. doi:10.1186/s12934-018-
0941-8

Fiedler, M. R. M., Cairns, T. C., Koch, O., Kubisch, C., and Meyer, V. (2018b).
Conditional Expression of the Small GTPase ArfA Impacts Secretion,
Morphology, Growth, and Actin Ring Position in Aspergillus niger. Front.
Microbiol. 9, 878. doi:10.3389/fmicb.2018.00878

Friant, S., Lombardi, R., Schmelzle, T., Hall, M. N., and Riezman, H. (2001).
Sphingoid Base Signaling via Pkh Kinases Is Required for Endocytosis in Yeast.
EMBO J. 20, 6783–6792. doi:10.1093/emboj/20.23.6783

Gabriely, G., Kama, R., and Gerst, J. E. (2007). Involvement of Specific COPI
Subunits in Protein Sorting from the Late Endosome to the Vacuole in Yeast.
Mol. Cel. Biol. 27, 526–540. doi:10.1128/mcb.00577-06

Gao, T., Zheng, Z., Hou, Y., and Zhou, M. (2014). Transcription Factors Spt3 and
Spt8 Are Associated with Conidiation, Mycelium Growth, and Pathogenicity
inFusarium Graminearum. FEMS Microbiol. Lett. 351, 42–50. doi:10.1111/
1574-6968.12350

Gonciarz, J., and Bizukojc, M. (2014). Adding Talc Microparticles to Aspergillus
terreus ATCC 20542 Preculture Decreases Fungal Pellet Size and Improves
Lovastatin Production. Eng. Life Sci. 14, 190–200. doi:10.1002/elsc.201300055

Green, J. B. A. (2021). Computational Biology: Turing’s Lessons in Simplicity.
Biophysical J. 120, 4139–4141. doi:10.1016/j.bpj.2021.08.041

Gremillion, S. K., Harris, S. D., Jackson-Hayes, L., Kaminskyj, S. G. W., Loprete, D.
M., Gauthier, A. C., et al. (2014). Mutations in Proteins of the Conserved
Oligomeric Golgi Complex Affect Polarity, Cell wall Structure, and
Glycosylation in the Filamentous Fungus Aspergillus nidulans. Fungal Genet.
Biol. 73, 69–82. doi:10.1016/j.fgb.2014.10.005

Han, B.-K., and Emr, S. D. (2013). The Phosphatidylinositol 3,5-bisphosphate
(PI(3,5)P2)-dependent Tup1 Conversion (PIPTC) Regulates Metabolic
Reprogramming from Glycolysis to Gluconeogenesis. J. Biol. Chem. 288,
20633–20645. doi:10.1074/jbc.M113.452813

Kang, C.-M., Chang, M., Park, Y.-S., and Yun, C.-W. (2016). Rck1 Promotes
Pseudohyphal Growth via the Activation of Ubp3 Phosphorylation in
Saccharomyces cerevisiae. Biochem. Biophysical Res. Commun. 469, 333–339.
doi:10.1016/j.bbrc.2015.11.124

Kisser, M., Kubicek, C. P., and Rohr, M. (1980). Influence of Manganese on
Morphology and Cell wall Composition of Aspergillus niger during
Citric Acid Fermentation. Arch. Microbiol. 128, 26–33. doi:10.1007/
BF00422301

Kurt, T., Marbà-Ardébol, A.-M., Turan, Z., Neubauer, P., Junne, S., and Meyer, V.
(2018). Rocking Aspergillus: Morphology-Controlled Cultivation of Aspergillus
niger in aWave-Mixed Bioreactor for the Production of Secondary Metabolites.
Microb. Cel Fact. 17, 128. doi:10.1186/s12934-018-0975-y

Liu, Y.-S., andWu, J.-Y. (2012). Effects of Tween 80 and pH onMycelial Pellets and
Exopolysaccharide Production in Liquid Culture of a Medicinal Fungus. J. Ind.
Microbiol. Biotechnol. 39, 623–628. doi:10.1007/s10295-011-1066-9

Meyer, V., Andersen, M. R., Brakhage, A. A., Braus, G. H., Caddick, M. X., Cairns,
T. C., et al. (2016). Current Challenges of Research on Filamentous Fungi in
Relation to Human Welfare and a Sustainable Bio-Economy: a white Paper.
Fungal Biol. Biotechnol. 3, 1–17. doi:10.1186/s40694-016-0024-8

Meyer, V., Arentshorst, M., El-Ghezal, A., Drews, A.-C., Kooistra, R., van den
Hondel, C. A., et al. (2007). Highly Efficient Gene Targeting in the Aspergillus
niger kusA Mutant. J. Biotechnol. 128, 770–775. doi:10.1016/
j.jbiotec.2006.12.021

Meyer, V., Basenko, E. Y., Benz, J. P., Braus, G. H., Caddick, M. X., Csukai, M., et al.
(2020). Growing a Circular Economy with Fungal Biotechnology: a white Paper.
Fungal Biol. Biotechnol. 7, 5. doi:10.1186/s40694-020-00095-z

Meyer, V., Cairns, T., Barthel, L., King, R., Kunz, P., Schmideder, S., et al. (2021).
Understanding and Controlling Filamentous Growth of Fungal Cell Factories:
Novel Tools and Opportunities for Targeted Morphology Engineering. Fungal
Biol. Biotechnol. 8, 8. doi:10.1186/s40694-021-00115-6

Meyer, V., Ram, A. F. J., and Punt, P. J. (2010).Manual Of Industrial Microbiology
And Biotechnology. (NY: Wiley), 318–329.Genetics, Genetic Manipulation, and
Approaches to Strain Improvement of Filamentous Fungi

Mikati, M. A., Breitsprecher, D., Jansen, S., Reisler, E., and Goode, B. L. (2015).
Coronin Enhances Actin Filament Severing by Recruiting Cofilin to Filament
Sides and Altering F-Actin Conformation. J. Mol. Biol. 427, 3137–3147.
doi:10.1016/j.jmb.2015.08.011

O’Donnell, A. F., Apffel, A., Gardner, R. G., and Cyert, M. S. (2010). α-Arrestins
Aly1 and Aly2 Regulate Intracellular Trafficking in Response to Nutrient
Signaling. MBoC 21, 3552–3566. doi:10.1091/mbc.E10-07-0636

Oura, T., and Kajiwara, S. (2010). Candida Albicans Sphingolipid C9-
Methyltransferase Is Involved in Hyphal Elongation. Microbiology 156,
1234–1243. doi:10.1099/mic.0.033985-0

Papagianni, M. (2007). Advances in Citric Acid Fermentation by Aspergillus niger:
Biochemical Aspects, Membrane Transport and Modeling. Biotechnol. Adv. 25,
244–263. doi:10.1016/j.biotechadv.2007.01.002

Papagianni, M. (2004). Fungal Morphology and Metabolite Production in
Submerged Mycelial Processes. Biotechnol. Adv. 22, 189–259. doi:10.1016/
j.biotechadv.2003.09.005

Papagianni, M., Mattey, M., and Kristiansen, B. (1999). The Influence of Glucose
Concentration on Citric Acid Production and Morphology of Aspergillus niger
in Batch and Culture. Enzyme Microb. Technol. 25, 710. doi:10.1016/S0141-
0229(99)00102-7

Papagianni, M., and Mattey, M. (2006). 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. Cel Fact. 5, 1.
doi:10.1186/1475-2859-5-3

Pinar, M., Arst, H. N., Pantazopoulou, A., Tagua, V. G., de los Ríos, V., Rodríguez-
Salarichs, J., et al. (2015). TRAPPII Regulates Exocytic Golgi Exit by Mediating
Nucleotide Exchange on the Ypt31 Ortholog RabERAB11. Proc. Natl. Acad. Sci.
USA 112, 4346–4351. doi:10.1073/pnas.1419168112

Riquelme, M., Aguirre, J., Bartnicki-García, S., Braus, G. H., Feldbrügge, M., Fleig,
U., et al. (2018). Fungal Morphogenesis, from the Polarized Growth of Hyphae
to Complex Reproduction and Infection Structures. Microbiol. Mol. Biol. Rev.
82, e00068–17. doi:10.1128/MMBR.00068-17

Roelants, F. M., Torrance, P. D., Bezman, N., and Thorner, J. (2002). Pkh1 and
Pkh2 Differentially Phosphorylate and Activate Ypk1 and Ykr2 and Define
Protein Kinase Modules Required for Maintenance of Cell wall Integrity.MBoC
13, 3005–3028. doi:10.1091/mbc.E02-04-0201

Sanz, P., Viana, R., and Garcia-Gimeno, M. A. (2016). AMPK in Yeast: The SNF1
(Sucrose Non-fermenting 1) Protein Kinase Complex. EXS 1, 353–374.
doi:10.1007/978-3-319-43589-3_14

Schäpe, P., Kwon, M., Baumann, B., Gutschmann, B., Jung, S., Lenz, S., et al. (2019).
Updating Genome Annotation for the Microbial Cell factory Aspergillus niger
using Gene Co-expression Networks. Nucleic Acids Res. 47, 559–569.
doi:10.1093/nar/gky1183

Stajich, J. E., Harris, T., Brunk, B. P., Brestelli, J., Fischer, S., Harb, O. S., et al.
(2012). FungiDB: an Integrated Functional Genomics Database for Fungi.
Nucleic Acids Res. 40, D675–D681. doi:10.1093/nar/gkr918

Stefanini, I., Rizzetto, L., Rivero, D., Carbonell, S., Gut, M., Heath, S., et al. (2018).
Deciphering the Mechanism of Action of 089, a Compound Impairing the
Fungal Cell Cycle. Sci. Rep. 8, 1. doi:10.1038/s41598-018-24341-y

Steinberg, G., Peñalva, M. A., Riquelme, M., Wösten, H. A., and Harris, S. D.
(2017). Cell Biology of Hyphal Growth. Microbiol. Spectr. 5, 1. doi:10.1128/
microbiolspec.funk-0034-2016

Steiniger, C., Hoffmann, S., Mainz, A., Kaiser, M., Voigt, K., Meyer, V., et al. (2017).
Harnessing Fungal Nonribosomal Cyclodepsipeptide Synthetases for
Mechanistic Insights and Tailored Engineering. Chem. Sci. 8, 7834–7843.
doi:10.1039/C7SC03093B

Sun, X., Wu, H., Zhao, G., Li, Z., Wu, X., Liu, H., et al. (2018). Morphological
Regulation of Aspergillus niger to Improve Citric Acid Production by chsC
Gene Silencing. Bioproc. Biosyst. Eng. 41, 1029–1038. doi:10.1007/s00449-
018-1932-1

van der Straat, L., Vernooij, M., Lammers, M., van den Berg, W., Schonewille, T.,
Cordewener, J., et al. (2014). Expression of the Aspergillus terreus Itaconic Acid
Biosynthesis Cluster in Aspergillus niger. Microb. Cel Fact 13, 1. doi:10.1186/
1475-2859-13-11

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 82008814

Cairns et al. Macromorphology Engineering in Aspergillus niger

https://doi.org/10.1002/bit.22614
https://doi.org/10.1038/nrg1088
https://doi.org/10.1186/s12934-018-0941-8
https://doi.org/10.1186/s12934-018-0941-8
https://doi.org/10.3389/fmicb.2018.00878
https://doi.org/10.1093/emboj/20.23.6783
https://doi.org/10.1128/mcb.00577-06
https://doi.org/10.1111/1574-6968.12350
https://doi.org/10.1111/1574-6968.12350
https://doi.org/10.1002/elsc.201300055
https://doi.org/10.1016/j.bpj.2021.08.041
https://doi.org/10.1016/j.fgb.2014.10.005
https://doi.org/10.1074/jbc.M113.452813
https://doi.org/10.1016/j.bbrc.2015.11.124
https://doi.org/10.1007/BF00422301
https://doi.org/10.1007/BF00422301
https://doi.org/10.1186/s12934-018-0975-y
https://doi.org/10.1007/s10295-011-1066-9
https://doi.org/10.1186/s40694-016-0024-8
https://doi.org/10.1016/j.jbiotec.2006.12.021
https://doi.org/10.1016/j.jbiotec.2006.12.021
https://doi.org/10.1186/s40694-020-00095-z
https://doi.org/10.1186/s40694-021-00115-6
https://doi.org/10.1016/j.jmb.2015.08.011
https://doi.org/10.1091/mbc.E10-07-0636
https://doi.org/10.1099/mic.0.033985-0
https://doi.org/10.1016/j.biotechadv.2007.01.002
https://doi.org/10.1016/j.biotechadv.2003.09.005
https://doi.org/10.1016/j.biotechadv.2003.09.005
https://doi.org/10.1016/S0141-0229(99)00102-7
https://doi.org/10.1016/S0141-0229(99)00102-7
https://doi.org/10.1186/1475-2859-5-3
https://doi.org/10.1073/pnas.1419168112
https://doi.org/10.1128/MMBR.00068-17
https://doi.org/10.1091/mbc.E02-04-0201
https://doi.org/10.1007/978-3-319-43589-3_14
https://doi.org/10.1093/nar/gky1183
https://doi.org/10.1093/nar/gkr918
https://doi.org/10.1038/s41598-018-24341-y
https://doi.org/10.1128/microbiolspec.funk-0034-2016
https://doi.org/10.1128/microbiolspec.funk-0034-2016
https://doi.org/10.1039/C7SC03093B
https://doi.org/10.1007/s00449-018-1932-1
https://doi.org/10.1007/s00449-018-1932-1
https://doi.org/10.1186/1475-2859-13-11
https://doi.org/10.1186/1475-2859-13-11
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Veiter, L., Rajamanickam, V., and Herwig, C. (2018). The Filamentous Fungal
Pellet-Relationship between Morphology and Productivity. Appl. Microbiol.
Biotechnol. 102, 2997–3006. doi:10.1007/s00253-018-8818-7

Wanka, F., Cairns, T., Boecker, S., Berens, C., Happel, A., Zheng, X., et al. (2016).
Tet-On, or Tet-Off, that Is the Question: Advanced Conditional Gene
Expression in Aspergillus. Fungal Genet. Biol. 89, 72. doi:10.1016/
j.fgb.2015.11.003

Wongwicharn, A., McNeil, B., and Harvey, L. M. (1999). Effect of Oxygen
Enrichment on Morphology, Growth, and Heterologous Protein
Production in Chemostat Cultures of Aspergillus niger B1-D. Biotechnol.
Bioeng. 65, 416–424. doi:10.1002/(sici)1097-0290(19991120)65:4<416:aid-
bit6>3.0.co;2-z

Wucherpfennig, T., Hestler, T., and Krull, R. (2011). Morphology Engineering -
Osmolality and its Effect on Aspergillus niger Morphology and Productivity.
Microb. Cel Fact. 10, 1. doi:10.1186/1475-2859-10-58

Wucherpfennig, T., Lakowitz, A., Driouch, H., Krull, R., and Wittmann, C. (2012).
Customization of Aspergillus niger Morphology through Addition of Talc
Micro Particles. JoVE 1, 4023. doi:10.3791/4023

Yin, C., Wang, B., He, P., Lin, Y., and Pan, L. (2014). Genomic Analysis of the Aconidial
and High-Performance Protein Producer, Industrially Relevant Aspergillus niger SH2
Strain. Gene 541, 107–114. doi:10.1016/j.gene.2014.03.011

Zhang, J., and Zhang, J. (2016). The Filamentous Fungal Pellet and Forces Driving
its Formation. Crit. Rev. Biotechnol. 36, 1066–1077. doi:10.3109/
07388551.2015.1084262

Zheng, X., Zheng, P., Zhang, K., Cairns, T. C., Meyer, V., Sun, J., et al. (2018). 5S
rRNA Promoter for Guide RNA Expression Enabled Highly Efficient CRISPR/

Cas9 Genome Editing in Aspergillus niger. ACS Synth. Biol. 8, 1568–1574.
doi:10.1021/acssynbio.7b00456

Žnidaršič, P., and Pavko, A. (2001). The Morphology of Filamentous Fungi in
Submerged Cultivations as a Bioprocess Parameter. Food Technol.
Biotechnol. 1, 1.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer HL declared a shared affiliation, with no collaboration, with several of
the authors XZ, PZ, and JS to the handling editor at the time of the review.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Cairns, Zheng, Feurstein, Zheng, Sun and Meyer. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 82008815

Cairns et al. Macromorphology Engineering in Aspergillus niger

https://doi.org/10.1007/s00253-018-8818-7
https://doi.org/10.1016/j.fgb.2015.11.003
https://doi.org/10.1016/j.fgb.2015.11.003
https://doi.org/10.1002/(sici)1097-0290(19991120)65:4<416:aid-bit6>3.0.co;2-z
https://doi.org/10.1002/(sici)1097-0290(19991120)65:4<416:aid-bit6>3.0.co;2-z
https://doi.org/10.1186/1475-2859-10-58
https://doi.org/10.3791/4023
https://doi.org/10.1016/j.gene.2014.03.011
https://doi.org/10.3109/07388551.2015.1084262
https://doi.org/10.3109/07388551.2015.1084262
https://doi.org/10.1021/acssynbio.7b00456
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	A Library of Aspergillus niger Chassis Strains for Morphology Engineering Connects Strain Fitness and Filamentous Growth Wi ...
	Background
	Materials and Methods
	Microbial Strains
	Media and Culture Conditions
	Coexpression Analysis
	Molecular Techniques
	Growth Quantification on Solid Media
	Quantitative Assessment of Submerged Morphology
	Determination of Fungal Biomass
	Regression Analysis

	Results
	Using Coexpression Networks to Identify High-Priority Targets for Morphology Engineering
	Construction of a Morphogene Conditional Expression Library Using Genome Editing and a Tet-On Gene Switch
	Morphogene Titration During Submerged Growth Generates Multiple Chassis Strains for Interrogating Morphology and Productivi ...
	Probing Interconnections Between Strain Fitness, Hyphal Growth, and Submerged Macromorphological Development
	Multiple Linear Regression Modelling Connects Strain Fitness and Hyphal Growth With Submerged Macromorphological Development

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


