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ABSTRACT The pyruvate dehydrogenase complex (PDH), that converts pyruvate to acetyl-coA, is
regulated by pyruvate dehydrogenase kinases (PDHK) and phosphatases (PDHP) that have been shown
to be important for morphology, pathogenicity and carbon source utilization in different fungal species. The
aim of this study was to investigate the role played by the three PDHKs PkpA, PkpB and PkpC in carbon
source utilization in the reference filamentous fungus Aspergillus nidulans, in order to unravel regulatory
mechanisms which could prove useful for fungal biotechnological and biomedical applications. PkpA and
PkpB were shown to be mitochondrial whereas PkpC localized to the mitochondria in a carbon source-
dependent manner. Only PkpA was shown to regulate PDH activity. In the presence of glucose, deletion of
pkpA and pkpC resulted in reduced glucose utilization, which affected carbon catabolite repression (CCR)
and hydrolytic enzyme secretion, due to de-regulated glycolysis and TCA cycle enzyme activities. Further-
more, PkpC was shown to be required for the correct metabolic utilization of cellulose and acetate. PkpC
negatively regulated the activity of the glyoxylate cycle enzyme isocitrate lyase (ICL), required for acetate
metabolism. In summary, this study identified PDHKs important for the regulation of central carbon me-
tabolism in the presence of different carbon sources, with effects on the secretion of biotechnologically
important enzymes and carbon source-related growth. This work demonstrates how central carbon metab-
olism can affect a variety of fungal traits and lays a basis for further investigation into these characteristics
with potential interest for different applications.
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The metabolism of a given organism controls growth and development
andmediates the regulation of intrinsic cellular pathways which impact
other traits, such as, in the case of filamentous fungi, secondary
metabolite (SM) production and enzyme secretion (Andersen 2014).
Metabolism can further be distinguished into primary and specialized
metabolism, where the former sustains the living state of the cell as it is
responsible for maintaining growth, development and reproduction,
while the latter is involved in the production of othermetabolites which
can have ecologically relevant functions but are not required for the
immediate survival of the cell (Brakhage 2013). In Aspergillus spp., the
regulation of SM production is of particular interest due to their

potential pharmaceutical properties (Klejnstrup et al. 2012) and the
impacts they can have on agriculture, economy and medicine
(Amare and Keller 2014; Inglis et al. 2013). While SM production
has been extensively studied, the regulation of primary metabolism in
biotechnologically and medically important Aspergillus spp. has been
largely neglected (Andersen 2014).

The use of externally available carbon sources constitutes a main
branch in primary metabolism. In A. nidulans, primary carbon metab-
olism encompasses, among others, glycolysis, glycerol metabolism, fer-
mentation, the tricarboxylic acid (TCA) cycle and gluconeogenesis (de
Assis et al. 2015a). These processes further branch out into several other
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metabolic pathways which generate sugars required for fungal cell wall
biosynthesis, produce the intracellular storage compounds trehalose,
glycogen, and glycerol, generate precursors for nucleotide sugar syn-
thesis via the pentose phosphate pathway (PPP) (de Assis et al. 2015a)
as well as precursors for amino acid biosynthesis and lipid storage
(Hynes et al. 2006; Shimizu et al. 2010; Costenoble et al. 2011). The
aforementioned biosynthetic pathways are essential for fungal survival
as theymediate the adaptation to the extracellular environment, protect
against external stresses and are important for growth and development
(Abad et al. 2010; Al-Bader et al. 2010; Hondmann et al. 1991). Most
filamentous fungi are able to metabolize a wide range of different
carbon sources, but the preferred sugar is glucose which provides quick
energy for growth and niche colonization (Ruijter and Visser 1997).
The selection of the energetically most favorable carbon source is
known as carbon catabolite repression (CCR), a mechanism which
prevents the expression of genes required for the utilization of alterna-
tive carbon sources. Although the mechanism of CCR has been in-
vestigated in detail in several filamentous fungi (Ries et al. 2016; Niu
et al. 2015; Antoniêto et al. 2016; Sun and Glass 2016), carbon source
sensing and the accompanying signal transduction pathways remain
largely uncharacterized.

The pyruvate dehydrogenase complex (PDH) is a multi-enzyme
complex which is crucial for carbon metabolism as it links glycolysis to
the TCA cycle by catalyzing the decarboxylation of pyruvate to acetyl-
coA (Kolobova et al. 2001). The PDH acts as a metabolic switch,
regulating the use of alternative carbon sources through controlling
the flux of pyruvate to respiration or preserving it for gluconeogenesis
(de Assis et al. 2015a; Wu et al. 2001). The PDH is composed of three
catalytic enzymes: pyruvate dehydrogenase (E1), dihydrolipoamide
acetyltransferase (E2) and dihydrolipamide dehydrogenase (E3) (Gao
et al. 2016; Patel and Korotchkina 2006). Themammalian PDH further
contains bound pyruvate dehydrogenase kinases (PDHK) and phos-
phatases (PDHP) which regulate the activity of the catalytic subunits by
phosphorylation (de-activation) and de-phosphorylation (activation).
In mammalian cells, 50% of the daily calorie uptake passes through the
PDH and this rate-limiting, flux-generating metabolic reaction there-
fore needs to be tightly regulated (Patel and Korotchkina 2006). Mam-
malian PDH is targeted by phosphorylation on three different sites in
the a-subunit of E1 by four isoforms of PDHK (Kolobova et al. 2001;
Patel andKorotchkina 2006). The four PDHKs differ in their specificity
for each of the three phosphorylation sites and are expressed in a tissue-
dependent manner (Patel and Korotchkina 2006). Similarly, the two
mammalian PDHP isoforms can de-phosphorylate all three PDH sites
with different affinities and are localized in a tissue-specific manner
(Patel and Korotchkina 2006). The activity of the PDH is dependent on
cellular pyruvate (substrate) concentration-dependent signals as well
as the energetic state of the cell (Bao et al. 2004a; Bao et al. 2004b).

Pyruvate allosterically regulates PDHKs, with high levels resulting in
PDHK inhibition and subsequently in PDH activation. Furthermore,
high levels of ADP, NAD+, CoA and Pi signal energy depletion and
require a de-activation of the PDH (Bao et al. 2004a; Bao et al. 2004b)
with the PDHPs requiring Ca2+ and Mg2+ as cofactors for catalysis
(Patel and Korotchkina 2006).

In S. cerevisiae, the PDH is regulated by the combined action of two
non-bound PDHKs and PDHPs which target only one phosphoryla-
tion site in the E1 a-subunit of the PDH (Gey et al. 2008; Krause-
Buchholz et al. 2006; Steensma et al. 2008). Similarly, the PDH of
Neurospora crassa was shown to be subjected to phosphorylation and
de-phosphorylation, which is thought to also occur on one site in the E1
a-subunit (Patel and Korotchkina 2006; Wieland et al. 1972). Deletion
of the two S. cerevisiae PDHKs, Pkp1p and Pkp2p, resulted in reduced
growth on acetate and ethanol which was suggested to be due to a
predicted futile carbon utilization cycle (Steensma et al. 2008). Deletion
of the Fusarium graminearum PDHK, FgPDK1, caused reduced
growth on minimal medium supplemented with sucrose and had an
impact on fungal morphology, conidiation and pathogenicity (Gao
et al. 2016). In A. nidulans, genes encoding PDH subunits were iden-
tified early on (Payton et al. 1977; Bos et al. 1981). The two PDHPs
PtcD and PtcE were shown to be important for glucose-related growth,
consumption and respiration as well as for maintaining intracellular
pyruvate concentrations, a-ketoglutarate dehydrogenase (a TCA cycle
enzyme) activity and the ADP/ATP ratio (de Assis et al. 2015a),
whereas the PDHK PkpC (AN6207) was shown to be important for
growth on cellulose and cellulase secretion (Brown et al. 2013) with
PkpA and PkpB remaining uncharacterized.

The aim of this study was therefore to investigate the role played by
the three A. nidulans PDHKs in carbon source-dependent growth and
development, in order to uncover and understand regulatory mecha-
nisms in carbon metabolism which could prove useful for biotechno-
logical and biomedical applications. The functional roles of all three
mitochondrial-localized PDHKs diverged in a carbon source-depen-
dent manner, with PkpC being crucial for the utilization of preferred
(glucose) and alternative (cellulose, acetate) carbon sources by regulat-
ing carbon source-specific metabolic progression and, in the case of
glucose and cellulose, enzyme secretion. PkpA was shown to also be
important for glucose utilization and to positively regulate PDH activ-
ity. In summary, this study reveals novel traits in fungal central metab-
olism and shows how a de-regulation in this process can affect various
fungal traits which are considered important for biotechnological and
biomedical applications.

MATERIALS AND METHODS

Strains and media
All strains used in this study are listed in Table S1. Strainswere grown in
biological triplicates at 37� in liquid or solid minimal medium (MM)
and completemedium (YUU) as previously described (Ries et al. 2016).
Strain auxotrophies were complemented with the respective supple-
ment [uridine (1.2 g/l), uracil (1.2 g/l), pyridoxine (0.005 mg/ml), urea
(0.3 mg/ml; the pkp single deletion and gfp-tagged strains), sodium
thiosulfate (0.63 mg/ml)], which were added to all strains at all times.
Mycelia were harvested or transferred to different carbon sources as
previously described (Ries et al. 2016).

PCR and DNA manipulations
All primers used in this study are listed in Table S2. PCR reactions were
carried out according to manufacturer’s instructions. All DNA frag-
ments for yeast transformations were amplified with Phusion High
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Fidelity DNA polymerase (New England Biolabs). DNA cassettes for
A. nidulans transformations were generated using Takara Taq DNA
polymerase (TaKaRa). Strains resulting from sexually crossing the pa-
rental types were confirmed by PCR using Taq DNA polymerase
(ThermoFisher).

The delta pkpA and delta pkpB strains were previously constructed
(De Souza et al., 2013). To generate theDpkpB strain, the pkpB gene was
replaced with the pyrG marker gene in strain TN02a3. The 59 and 39
UTR regions of pkpBwith pyrG overhangs were amplified with primers
1, 2, 3 and 4. The DpkpA, DpkpB and DpkpC strains were comple-
mented with the respective gfp-tagged gene and the pyridoxine marker
gene. The 59 and 39UTR regions with the respective overhangs of pkpA
were amplified with primers 5, 6, 7 and 8; of pkpB with primers 1, 10,
9 and 4; of pkpCwith primers 11, 12, 13 and 14. Deletion of pkpA, pkpB
and pkpC was confirmed with primers 15 and 16, 1 and 4 and 17 and
18 respectively. The pyridoxine marker gene was amplified from plas-
mid pTN1 (Nayak et al. 2006) with primers 19 and 20. The gfp and
pyrG genes, were amplified as previously described (Ries et al. 2016),
except that primer 21 was used to amplify gfp. The creA::gfp construct
was confirmed by PCR as described previously (Ries et al. 2016). Ho-
mologous integration of DNA cassettes was confirmed by PCR and one
positive candidate was chosen for subsequent analysis.

Transformation of S. cerevisiae and gDNA extraction
To generate DNA cassettes for A. nidulans strain complementation or
deletion, S. cerevisiae strain Sc9721 was transformed with plasmid
pRS426 (linearized with the restriction enzymes BamHI and EcoRI)
and the respective gene fragments as previously described (Gietz and
Schiestl 1991). DNA was extracted (Goldman et al. 2003) from positive
yeast transformation colonies which were first grown in 5 ml Sc URA-
liquid medium for 2 days at 30�. Yeast gDNA was checked by PCR to
confirm the correct construction.

Transformation of A. nidulans and gDNA extraction
A. nidulans transformations were carried out as previously described
(Sambrook and Russell 2001). Selected colonies were purified over
three rounds (Ries et al. 2016), gDNA was extracted (Sambrook and
Russell 2001) and the construction confirmed by PCR (data not
shown).

Strain construction by crossing
The CreA::GFP DpkpA, CreA::GFP DpkpB, CreA::GFP DpkpC and the
pyruvate dehydrogenase kinase double deletion strains were generated
by sexually crossing the parental types as previously described (Ries
et al. 2016). To get the protein kinase double deletion strains, the
DpkpA, DpkpB and DpkpC strains (pyridoxine auxotrophs) were first
crossed with strain R21 (Table S1) in order to generate the respective
protein kinase deletion strains which were auxotrophic for PABA (para
aminobenzoic acid) but not for pyridoxine. Gene deletions in the PABA
auxotrophic candidates were confirmed by PCR (as described above).
Then, the respective single protein kinase deletion strains were crossed
with each other (PABA auxotroph with pyridoxine auxotroph) in order
to generate the double deletion strains. All strains were confirmed by
PCR (as described above) for homologous gene deletion and two pos-
itive candidates were selected for further analysis.

RNA extraction, cDNA synthesis and RT-qPCR
Mycelial RNA extraction and purification of biological triplicates
were carried out as described previously (Ries et al. 2016). cDNA
was synthesized from 1 mg RNA using the Superscript III Reverse

Transcriptase kit (Invitrogen) according to manufacturer’s instruc-
tions. RT-qPCR reactions of the biological triplicates were carried out
in technical duplicates as previously described (Ries et al. 2016). Briefly,
20ml reactions containing 1ml cDNA or 1ml of known standard curve
DNA, 10 ml SYBR Green PCR Master Mix (AB Applied Biosystems)
and 15 pmol/ml forward and reverse primers were carried out in tech-
nical triplicates in the 7500 Fast Real-Time PCR thermocycler and gene
expression by absolute quantification was analyzed using the 7500 Fast
system v.1.4.0 (AB Applied Biosystems).

Primer pairs 22 and 23, 24 and 25 and 26 and 27were used for pkpA,
pkpB and pkpC amplification (S2 Table). The glucose transporter-
encoding genes hxtB, was amplified with primer pairs 28 and 29 (S2
Table).

Microscopy
Biological triplicates of strains to be analyzed by microscopy were
inoculated in 5mlMM supplementedwith the respective carbon source
at 25� as described previously (Ries et al. 2016). Nuclei were stained
with 1 mg/ml Hoechst 33342 (Life Technologies) at RT for 5 min.

To assess spore swelling and germ tube emergence, 30 ml MM
supplementedwith glucosewas inoculatedwith 106 spores/ml at 37� for
8 h, 160 rpm in biological triplicates. Every 2 h, spores were spun down
at 4000 rpm for 5 min at RT and viewed under the microscope. For the
control condition (0 h), spore size was assessed without inoculation in
glucose-containing MM.

Conidia andmyceliawereviewedunderaCarlZeiss (Jena,Germany)
AxioObserver.Z1 fluorescent microscope as described previously (Ries
et al. 2016). Hoechst-stained hyphae were viewed with the same light
spectrum that is used for DAPI staining (Ries et al. 2016). Nuclei were
counted and the percentage of CreA::GFP-containing nuclei was
calculated. Spore sizes were measured using the AxioVision software
(version 3.1).

Phylogenetic tree construction
Protein sequences of PkpA, PkpB and PkpC from A. nidulans, A.
fumigatus, A. niger, A. terreus, A. flavus were retrieved from www.
aspgd.org. The protein sequences of the homologs in other fungi were
obtained by carrying out a BLAST search in the respective database
[S. cerevisiae (www.yeastgenome.org), Schizosaccharomyces pombe (www.
pombase.org), Candida albicans (www.candidagenome.org), C. glabatra
(www.candidagenome.org)]. For Penicillium chrysogenum, Neurospora
crassa, Trichoderma reesei, T. atroviride, T. harzianum, T. virens and
Fusariumoxysporum the respective database from the JGI (JointGenome
institute) Genome portal (http://genome.jgi.doe.gov/) was used. All pro-
tein sequences were uploaded into the Phylogeny.fr “One click” mode
(www.phylogeny.fr) which constructed the phylogenetic tree (Dereeper
et al. 2010; Dereeper et al. 2008). This program is run with the aLRT
(approximate Likelihood Ratio Test) statistical test of branch support
(Anisimova and Gascuel 2006).

The alignment of PkpA, PkpB and PkpC was done using ClustalW
multiple sequence alignment (http://www.genome.jp/tools/clustalw/)
and domain analysis was carried out using SMART (http://smart.
embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1) (Schultz et al.
1998; Letunic et al. 2015).

Determination of extracellular glucose concentrations
Extracellular glucose concentrations in the culture supernatants of
biological triplicates were measured using the Glucose GOD-PAP
Liquid StableMono-reagent kit (LaborLabLaboratories Ltd.Guarulhos,
São Paulo, Brazil) according to the manufacturer’s instructions.
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Determination of extracellular protein secretion and
cellulase and xylanase activities
To assess total extracellular protein secretion, mycelia grown from an
equal amount of spores of biological triplicates were separated from the
culture supernatants by miracloth filtering. Supernatants (20 ml per
sample) were first frozen at -80� before they were freeze-dried and
subsequently re-suspended in 2 ml buffer (50 mM Tris-HCl pH 7.0,
50 mM NaF, 1 mM DTT, 1 mM Na3VO4, 1 mg/ml aprotinin, 1 mg/ml
pepstatin, 1 mg/ml leupeptin, 1 mM PMSF). Next, 20 ml of the freeze-
dried, re-suspended samples were prepared for gel analysis according to
manufacturer’s instructions (Bolt Mini Gels, Life Technologies). Sam-
ples were centrifuged for 1min at room temperature (RT) at maximum
speed. Denatured samples (20 ml) were then run on a pre-made gel
(BoltMini Gels, Life Technologies) at 150 V for 1 h. Gels were sub-
sequently silver-stained according to (Blum et al. 1987).

Endo-xylanase and cellulase activities were measured exactly as
described in (Ries et al. 2016).

Pyruvate and metabolic enzyme measurements
Pyruvate concentrations and all enzyme activities were measured in
technical duplicates from biological triplicates. Pyruvate concentrations
andalpha-ketoglutaratedehydrogenase (KGDH)activity inmyceliawas
measured as previously described (de Assis et al. 2015a). Briefly, total
cell lysates were prepared and the corresponding protein concentration
measured using a Bradford assay (BioRad, according to manufacturer’s
instructions). Pyruvate levels were measured by converting pyruvate to
lactate using lactate dehydrogenase which oxidizes NADH; the corre-
sponding decline in absorbance was measured at 340 nm (Chretien
et al. 1995). Similarly, KGDH activity was measured in 30 mg of total
cellular protein (Tretter and Adam-Vizi 2004; Habelhah et al. 2004),
and the absorbance of the reduced form of NADH was measured at
340 nm.

Alcohol dehydrogenase (ADH), pyruvate dehydrogenase (PDH)
and hexokinase (HXK) activities were determined according to
(Creaser et al. 1985; Chretien et al. 1995; Fleck and Brock 2010) with
modifications. Proteins were extracted from ground mycelial powder
by re-suspension in buffer [50 mMTris-HCl, 50 mMNaF, 1 mMDTT
(dithiothreitol), 1 mM Na3VO4, 1mM PMSF (phenylmethylsulfonyl
fluoride), 1.5 mM benzamidine, 1 mg/ml aprotinin, pepstatin and leu-
peptin] on ice. Samples were centrifuged for 5 min at 4� before the
protein concentration was measured in the supernatants by Bradford
assay as described above. For ICL activity, 195 ml of buffer (250 mM
potassiumphosphate buffer pH7.0, 100mMMgCl2, 100mMCysteine,
100 mM Phenylhydrazine, 100 mM Isocitric acid) per sample were
incubated at 37� for 10 min before 5 mg of total cell protein extract
was added and enzyme activity was read at 324 nm over a time period
of 15min at 37�. For PDH activity, a total of 60mg of protein wasmixed
with 180 ml of buffer (10 mM KH2PO4 pH 7.8, 10 mM KCl, 5 mM
MgCl2, 0.5 mM NAD+, 200 mM coenzyme A, 200 mM TPP, 0.1%
Triton X-100) and incubated at 37� for 10 min. Reaction was started
by adding 1 mM pyruvate and the absorbance was measured at 340 nm
over a time period of 15 min at 37�. For HXK activity, 5 mg of protein
was mixed with 180 ml reaction buffer (50 mMHEPES pH 7.5, 50 mM
KCl, 5 mMMgCl2, 2 mM ATP, 1 mM phosphoenolpyruvate, 0.4 mM
NADH, 5 U/reaction pyruvate kinase, 15 U/reaction lactate dehydro-
genase) and the activity was read at 340 nmduring 25min at 37� (initial
slope). The reaction was started by adding 100 mM glucose and the
activity was measured at 340 nm during 15 min at 37� (final slope).
Activities were calculated using the determined slopes of the reaction
and extinction coefficient for NADH (6.22). For HXK, the slope was
determined by subtracting the final slope from the initial slope.

Protein extraction buffer served as a negative control for all enzyme
activities.

Metabolite analysis
Metabolites were extracted from 5mgof dry-frozen,mycelial powder of
four biological replicates with 1 ml of MTBE (methyl tert-butyl ether):
methanol:water in a 3:1:1 (v/v/v) ratio, as described previously
(Giavalisco et al. 2011). 100 ml of the polar phase was dried and deri-
vatised according to (Giavalisco et al. 2011). Subsequently, 1 ml of the
derivatised sample was analyzed on a Combi-PAL autosampler
(Agilent Technologies GmbH, Waldbronn, Germany) coupled to an
Agilent 7890 gas chromatograph which in turn is coupled to a Leco
Pegasus 2 time-of-flight mass spectrometer (LECO, St. Joseph, MI,
USA) as described previously (Roessner et al. 2001). Chromatograms
were exported from the Leco ChromaTOF software v. 3.25 to the R
software (www.r-project.org). Peak detection, retention time align-
ment, and library matching were performed using Target Search
R-package (Weckwerth et al. 2004).

Metabolites were quantified by the peak intensity of a selectivemass.
Metabolite peak intensities were normalized by dividing them by the
respective sample dry-weight, the sum of the total ion count and the
global outlier replacement as described previously (Giavalisco et al.
2011; Cuadros-Inostroza et al. 2009). Principal component analysis
was performed using the pcaMethods bioconductor package (Huege
et al. 2011; Stacklies et al. 2007). Statistical analysis was carried out by
performing Tukey-tests when comparing all genotypes or when com-
pared to the wild-type strain in a given condition.

Cell fractionation and Western blotting
Mitochondria were isolated from mycelia as previously described (de
Castro Pimentel Figueiredo et al. 2011). Strains were grown from 1 ·
108 conidia for 24 h at 37� in 100ml of minimal medium supplemented
with 1% (w/v) glucose before being transferred to minimal medium
supplemented with 1% (w/v) acetate for 1 h. Cells were harvested and
immediately frozen in liquid nitrogen and subjected to cell fraction-
ation procedures. 50mg of protein from each sample were run on a 12%
SDS-PAGE gel and electroblotted to a PVDF membrane. To detect
PkpA::GFP, PkpB::GFP and PkpC::GFP, anti-GFP antibody (G1544;
Sigma) was used at a 1:1000 dilution in TBS-T containing 3% skimmed
milk. To detect cytoplasm, anti S. cerevisiae 3-Phosphoglyceric phos-
phokinase (Pgk1) (NE130/7S; Nordic-Immunology) was used at a
1:3000 dilution in TBS-T containing 5% skimmed milk and anti
S. cerevisiae cytochrome C was used at a 1:1000 dilution in TBS-T
containing 3% skimmed milk to confirm mitochondrial fractions.
Anti-Pgk1 recognizes a single band (about 44.9 kD) corresponding to
A. nidulans PgkA (AN1246) in the cytosolic crude extract while cyto-
chrome C recognizes a single band (14.0 kD) corresponding to
A. nidulans CyA gene (AN6246) in the mitochondrial extract (de Castro
Pimentel Figueiredo et al. 2011)) Vödisch et al. 2009). Anti S. cerevisiae
cytochrome C was kindly provided Dr. Mario Henrique de Barros
(ICB-USP, Brazil).

All primary antibody incubations were performed at 4� for 16 h
before the HRP-conjugated secondary antibody raised in rabbits
(A0545; Sigma) was added at a 1:3000 dilution in TBS-T for 2 h at
room temperature. Images were generated by exposing the PVDF
membranes to the ChemiDoc XRS gel imaging system (BioRad).

Protein-protein interactions

Protein extraction: Crude protein extracts frommycelia were obtained
by extraction at 4� from ground mycelia of biological duplicates with
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B250 buffer (250 mM NaCl, 100 mM Tris-HCl pH 7.5, 10% glycerol,
1MmEDTA and 0.1%NP-40) supplementedwith 1.5ml/l of 1MDTT,
2 pills/100 m Complete-mini Protease Inhibitor Cocktail EDTA-
free (Roche), 3 ml/l of 0.5 M Benzamidine, 10 ml/l phosphatase
inhibitors 100x (10 M NaF, 5 M Na3VO4, 8 M b-glycerol phos-
phate) and 10 ml/l 100 mM PMSF. Samples were centrifuged for
10 min at 14,000 x g before supernatants were collected and used
for immunoprecipitation.

Immunoprecipitation (IP): The total protein lysate from 4 g of
ground mycelia (re-suspended in 4 ml buffer B250) was incubated
with 40 mL GFP Trap magnetic beads (Chromotek) for 4 h at 4�.
Beads were collected on magnetic racks and washed two times with
B250 buffer without DTT and one time with B250 buffer with DTT.
Immunoprecipitated samples were then digested with the “Se-
quencing Grade Modified Trypsin” (Promega #V5117), according
to manufacturer’s instructions, before samples were de-salinized
using Zip-Tip (Millipore #ZTC18S096) according to the manufac-
turer’s instructions.

Protein identification by LC (liquid chromatography)-MS/MS
(tandem mass spectrometry): Trypsin-digested peptides were sepa-
rated using reverse-phase liquid chromatography with an RSLCnano
Ultimate 3000 system (Thermo Scientific) followed by mass identifica-
tionwith anOrbitrapVelos Promass spectrometer (ThermoScientific).
Chromatographically separated peptides were on-line ionized by nano-
electrospray (nESI) using the Nanospray Flex Ion Source (Thermo
Scientific) at 2.4 kV and continuously transferred into the mass
spectrometer. Full scans within m/z of 300-1850 were recorded by
the Orbitrap-FT analyzer at a resolution of 30.000 (using m/z
445.120025 as lock mass) with parallel data-dependent top 10 MS2-
fragmentation in the LTQ Velos Pro linear ion trap. LCMS method
programming and data acquisition was performed with the software
XCalibur 2.2 (ThermoScientific) andmethod/rawdata validationwith
the program RawMeat 2.1 (Vast Scientific).

MS/MS2 data processing for protein analysis and identification was
done with either MaxQuant quantitative proteomic software in con-
junction with Perseus software for statistical analysis or the Proteome
Discoverer 1.3 (PD, Thermo Scientific) and the Discoverer Daemon 1.3
(Thermo Scientific) software using the Sequest (and/orMascot) peptide
analysis algorithm(s) and organism-specific taxon-defined protein da-
tabasesextendedbythemostcommoncontaminants.Proteins identified
forboththewild-type(control,non-GFP-tagged)andGFP-taggedstains
were subtracted from the GFP-tagged strain dataset for each condition.
Experimentswere carriedout in biological duplicates for the control and
PkpC::GFP strains for each time point and at least 2 unique peptides
identified per protein were applied during the analysis. PkpC was
identified in all the pull down assays confirming that the IP was
successful.

Statistical analysis
A paired, equal variance student t-test was carried out to calculate the
P-value when comparing the deletion strains with the wild-type strain
(� denotes P, 0.05, ��denotes P, 0.005 and ���denotesP, 0.0005). A
two-way ANOVA test and Bonferroni post-tests were applied when
comparing multiple values, e.g., when comparing glucose consumption
at different time points between strains.

Data availability
Strains are available on request. Supplemental material available at
Figshare: https://doi.org/10.25387/g3.6241922.

RESULTS

PkpC phylogenetically clusters apart From PkpA
and PkpB
To start the characterization of the three A. nidulans PDHKs PkpA,
PkpB and PkpC, a phylogenetic relationship was first investigated. A
phylogenetic tree was constructed in order to assess the relationship
between the homologs of the three PDHKs in different Aspergillus spp.,
other filamentous fungi and yeast (Figure S1A). PkpC and its homologs
clustered phylogenetically apart from PkpA and PkpB, as supported by
PkpA, PkpB and PkpC protein alignment (Figure S1B), and their ho-
mologs, suggesting a different evolutionary origin and/or function. All
three genes were expressed transcriptionally in the wild-type strain
when grown for 24 h in casamino acids (CA) and then transferred to
glucose (preferred carbon source)- or cellulose (alternative carbon
source) -rich medium for different amounts of time (Figure S2A).
The expression of pkpA increased significantly during the first 24 h
in cellulose- but not glucose-rich conditions when compared to the CA
control condition; pkpB was transcriptionally induced in all here tested
conditions when compared to the CA condition; whereas the expres-
sion of pkpC significantly increased after prolonged incubation (8 h and
16 h) in glucose and (48 h) cellulose when compared to the CA control
condition (Figure S2A). These results indicate that all three PDHK-
encoding genes are induced during growth on these carbon sources
(Figure S2A).

PkpC is important for growth on a wide range of
carbon sources
Carbon sources included glucose and cellulose, as they are of interest for
biotechnological applications (e.g., biofuel production from plant bio-
mass) (Dashtban et al. 2009; Mathew et al. 2008), as well as the utili-
zation of acetate, which is considered an important carbon source
available to opportunistic pathogenic fungi during infection
(Jiménez-López et al. 2013; Borregaard and Herlin 1982; Schug et al.
2016). In addition, growth was tested on easily assimilated carbon
sources such as complete, peptone-, milk powder- and casamino-rich
medium; the biotechnological-relevant polysaccharides cellulose and
xylan; and other alternative carbon sources such as ethanol, citrate
and fatty acids that are predicted to be important for Aspergillus path-
ogenicity (Grahl et al. 2011; Hynes et al. 2006). The wild-type and the
three PDHK null mutants were grown on the aforementioned carbon
sources (Figure 1A). There was no difference between the wild-type and
the DpkpB strains on all tested carbon sources (Figure 1A). Deletion of
pkpC caused a severe growth defect on a wide variety of carbon sources
including cellulose (carboxymethylcellulose and Avicel), ethanol, ace-
tate, citrate and different fatty acids (Figure 1A). Deletion of pkpA also
caused reduced growth on ethanol, acetate and citrate although the
growth defect was less pronounced than the one for the DpkpC strain
(Figure 1A). Furthermore, the DpkpA and DpkpC strains also had re-
duced growth in the presence of glucose (Figure 1A). To determine
whether the observed inhibition of growth of the DpkpC strain in the
presence of acetate was due to a pH-associated transport defect (acetate
is the conjugate base of acetic acid and diffuses through the membrane
into the cell), the wild-type and PDHK deletion strains were grown
on minimal medium supplemented with acetate at pH 4.0 and 6.5. In
contrast to the other strains, the DpkpC strain did not grow at a lower
pH in the presence of acetate, indicating that the observed growth
defect is not pH-dependent (Figure S2B).

The wild-type and the PDHK null mutants were then grown in the
presence of glucose and different concentrations of allyl alcohol (AA) in
order to assess any involvement in glucose-mediated carbon catabolite
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Figure 1 PkpC is important for
growth on various carbon sour-
ces. A. The wild-type (TN02a3),
DpkpA , DpkpB and DpkpC
strains were grown on complete
medium (YUU) or minimal me-
dium supplemented with 1%
(w/v or v/v) of all carbon sources
except for laureate (2.5 mM) and
oleic acid (2.5 mM). Plates were
inoculated with 105 spores of
each strain. B-C. Complementa-
tion of the DpkpA and DpkpC
strains rescues the observed
growth defect in the presence
of allyl alcohol (AA). The wild-
type (WT), protein kinase dele-
tion and complemented strains
as well as the double deletion
strains were grown on minimal
medium supplemented with glu-
cose and increasing concentra-
tions of AA for 5 days at 30�C
before (B.) representative pic-
tures were taken and (C.) radial
diameter was measured. Error
bars indicate standard devia-
tions of biological triplicates
(�P-value , 0.05; ��P-value ,
0.005; ���P-value , 0.0005 as
determined by a one-tailed,
paired student t-test).
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repression (CCR) (Fernandez et al. 2012). AA is converted to the toxic
compound acrolein by alcohol dehydrogenase, which is repressed in
the presence of glucose and increased sensitivity and/or resistance to
this compound indicates defects in CCR. There was no difference in
sensitivity or resistance to AA between the wild-type andDpkpB strains
(Figure 1B). The DpkpA and DpkpC strains were more sensitive to AA
when compared to the wild-type strain, with DpkpA also having in-
creased sensitivity to this compound when compared to DpkpC
(Figures 1B). These results suggest that PkpA and PkpC may be in-
volved in glucose-mediated carbon catabolite repression (CCR).

To confirm that the above described growth defects were associated
to the respective gene deletion, the DpkpA-C strains were comple-
mented with the gfp-tagged genes (Table S1), placed under the control
of the native promoters. Radial diameter of the complemented strains
was then assessed when grown for 5 days in the presence of glucose and
increasing concentrations of AA at 30� (Figure 1B, C). Complementa-
tion of the DpkpA and DpkpC strains abolished increased sensitivity to
AA and restored wild-type growth (Figure 1B, C). These results suggest
that the observed growth phenotypes are due to the respective gene
deletion. To exclude the possibility that the observed growth defects
were due to morphological changes in the mitochondrial network, the
size and shape of the mitochondria was assessed by microscopy in the
presence of glucose in the wild-type and DpkpA-C strains. No differ-
ence in mitochondrial shape was observed in the PDHK deletion
strains when compared to the wild-type strain (data not shown).

PkpC cellular localization is carbon source-dependent
The PDH is a mitochondrial complex and cellular localization of the
three A. nidulans Pkps was subsequently assessed. In silico sequence
analysis by the two different programs TargetP1.1 (Emanuelsson et al.
2000) and MITOPROT (Claros and Vincens 1996) predicted PkpA
(TargetP1.1 = 0.923, MITOPROT = 0.9912) to be targeted to the mi-
tochondria whereas PkpC is predicted to not be mitochondrial
(TargetP1.1 = 0.450; MITOPROT = 0.4327). PkpB, on the other hand,
was predicted to be targeted to the mitochondria by TargetP1.1
(0.795) but not when using MITOPROT (0.4327).

To confirm the cellular localization of PkpA, PkpB and PkpC,
Western blots of all three GFP-tagged proteins were carried out after
cellular fractionations, on mitochondrial, cytoplasmic and total extract
fractions when strains were grown for 24 h in glucose-richmedium and
then transferred tominimalmedium supplementedwith acetate for 1 h.
A non-GFP-tagged wild-type strain was used as a negative control
whereas mitochondrial and cytoplasmic fractions were marked with S.
cervisiae anti-phosphoglyceric phosphokinase (Pgk1) and anti-cyto-
chrome C antibodies, respectively. PkpA::GFP and PkpB::GFP pre-
dominantly localized to the mitochondria in the presence of glucose
and acetate (Figure 2A). PkpC::GFP on the other hand, was seen in the
cytoplasm and the mitochondria in the presence of acetate, whereas in
the presence of glucose, it remained cytoplasmic (Figure 2A). These
results suggest that PkpA and PkpB are constantly localizing with the
mitochondria in all tested carbon sources, whereas PkpC is subject to
mitochondrial translocation in a carbon source-dependent manner.

PkpA positively regulates the activity of the pyruvate
dehydrogenase complex (PDH)
Next, the effect of the deletion of pkpA-C on the activity of the PDHwas
determined. All strains were grown for 24 h in casamino acid-rich
media and then transferred to minimal medium containing glucose
for 6 h to ensure active transport and metabolism of this carbon source
(Figure 2B). PDH activity was not significantly different between the
wild-type (WT), DpkpB and DpkpC strains. The deletion of pkpA

however, caused a reduction in PDH activity in the presence of glucose.
These results suggest that PkpA, or a protein that is targeted by PkpA, is
required for the activation of the PDH in the presence of glucose
whereas deletion of the other two PDHKs had no effect on PDH
activity.

PkpA and PkpC are involved in hydrolytic
enzyme secretion
Oneof the aimsof thisworkwas toassess the involvementof thePDHKs
in enzyme secretion, such as cellulases and xylanases, required for
lignocellulosic biomass deconstruction in the presence of biotechno-
logically-relevant carbon sources. Total protein secretion as well as
cellulase and xylanase activities were therefore assessed in culture
supernatants when the wild-type and the PDHK deletion strains were
grown for 24 h in casamino acid-rich medium and then transferred
to minimal medium supplemented with cellulose or cellulose and
glucose for 5 days (glucose was supplied every 48 h to a final concen-
tration of 1% v/v in order to assure continuous CCR). Deletion of pkpA
and pkpC resulted in a total protein secretion profile that differed sub-
stantially from the wild-type strain in the presence of casamino acids,
cellulose and cellulose and glucose (Figure 3A-C), suggesting that both
PDHKs are involved in protein secretion. In agreement, extracellular
cellulase (24.4 6 3.1 and 34.3 6 1.34 U/g intracellular protein) and
xylanase (107.3 6 2.6 and 87.1 6 2.1 U/g intracellular protein) activ-
ities were significantly [P-values: (cellulase activity 0.0008 and 0.0001);
(xylanase activity 4.02 · 1026 and 0.0007)] increased in the DpkpA and
DpkpC strains when compared to the wild-type strain (5.046 0.89 and
5.66 1.0 U/g intracellular protein) when grown for 5 days in cellulose-
rich medium (Figure 3D, E). The continuous supply of glucose to the
cellulose-grown cultures resulted in cellulase and xylanase activities
repression in all strains (Figure 3D, E), indicating that CCR is func-
tional. However, several significant differences in cellulase and xylanase
activities were observed between the strains. In the simultaneous pres-
ence of cellulose and glucose, the DpkpC strain presented significant
increased cellulase (2.5 6 0.6 U/g intracellular protein) and xylanase
(12.5 6 1.6 U/g intracellular protein) activity when compared to the
wild-type strain (0.33 6 0.15 and 0.93 6 0.13; P-values 0.008 and
0.00011 respectively) and which was statistically insignificant to the
activities observed for the wild-type strain (5.04 6 0.89 and 5.6 6
1.0 U/g intracellular protein) when grown solely in cellulose-rich me-
dium (Figure 3D, E). The DpkpB strain presented no significant statis-
tical difference in extracellular cellulase (P-value: 0.27) and xylanase
(P-value: 0.27) activities in the presence of cellulose; whereas in the
simultaneous presence of glucose and cellulose this strain also had
significantly (P-values of 0.04 and 0.03) increased hydrolytic enzyme
activities (1.1 6 0.37 and 5.4 6 2.8) when compared to the wild-type
strain (0.336 0.15 and 0.936 0.13). These results indicate a defect in
glucose metabolism and/or CCR in the DpkpB and DpkpC strains,
resulting in an increase in hydrolytic enzyme secretion in these strains
in the presence of glucose. Furthermore, the total extracellular secreted
protein (TESP), as measured by Bradford assay, was significantly lower
in the presence of glucose and cellulose, and slightly lower in the presence
of cellulose in the DpkpC strain when compared to the wild-type
strain, indicating that PkpC was involved in cellulase and xylanase
secretion and not in total protein secretion (Figure 3). The same was
also observed for the DpkpA strain in the presence of cellulose
and cellulose and glucose (Figure 3). TESP was also lower in the
DpkpB strain in the presence of casamino acids and cellulose but
not in the simultaneous presence of glucose and cellulose, where an
increase in cellulase and xylanase activity was observed, suggesting
that PkpB is not specifically involved in the secretion of these
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enzymes but may be involved in the secretion of additional (non)-
hydrolytic enzymes (Figure 3). In summary, these results show that
PkpA and PkpC, are important for cellulase and xylanase secretion
in the presence of the biotechnologically-relevant carbon sources.

pkpA and pkpC genetically interact in the presence of
glucose and xylose
To study a potential genetic interaction between the three PDHKs,
double mutants were generated by crossing the single gene deletion
strains with each other and the presence of both deletion mutations
was confirmed by PCR. Two independent segregants for each ho-
mologous integrated double deletion strain were chosen for further
analysis. The wild-type, single and double deletion strains were then
once more grown in the presence of different carbon sources and
compared to the respective parental strains (Figure 4A): i) the DpkpA
DpkpB strain had the same growth phenotype as the DpkpA strain in
all tested carbon sources; ii) the DpkpA DpkpC presented growth
similar to the DpkpC strain in the presence of the alternative carbon
sources acetate, ethanol and CMC, but had a wild-type growth phe-
notype in the presence of glucose and xylose; iii) the DpkpB DpkpC

strain grew like the DpkpB strain in the presence of glucose and
xylose and similar to the DpkpC strain in the presence of the alter-
native carbon sources. These results indicate that pkpA and pkpC
genetically interact in the presence of glucose and xylose as growth
did not resemble any of the parental strains in these carbon sources;
whereas interaction between pkpB and pkpC appears to be carbon
source-dependent. On the other hand, pkpA and pkpB do not appear
to genetically interact.

To further characterize the double deletion mutants, they were
grown in the presence of increasing concentrations of allyl alcohol
(AA) in glucose-rich medium. The DpkpA DpkpB and DpkpB DpkpC
strains presented the same resistance to 20 mM AA than the wild-type
or DpkpB strains, whereas growth was reduced in the presence of
40mMAA, although not to the same levels than theDpkpA andDpkpC
single deletion strains (Figure 1B-C). The DpkpA DpkpC strain pre-
sented increased sensitivity to AA, although AA sensitivity was not as
severe as for the parental single deletion strains (Figure 1B-C). These
results further support a genetic interaction between pkpA and pkpC
and also suggest a genetic interaction between pkpB and pkpA or pkpC
in the presence of increased concentrations of AA.

Figure 2 PkpC localises to the mitochondria in a carbon source-dependent manner and is not important for PDH activity. A. Western blot of the
cytosolic and mitochondrial fractions of the wild-type, PkpA::GFP, PkpB::GFP and PkpC::GFP strains when grown for 24 hr in minimal medium
supplemented with glucose and after transfer to acetate-rich minimal medium for 1 h. Mycelia were harvested and subjected to cell fractionation.
50 mg of protein from each cellular extract was run on a 12% SDS-PAGE gel and subsequently electroblotted to a membrane. Pkp proteins were
detected by using anti-GFP antibody, whereas anti- S. cerevisiae Pgk1 and anti-cytochrome C antibodies were used as a fractionation controls for
the cytosolic and mitochondrial enrichment, respectively (CE: crude extract, C: cytosolic extract, M: mitochondrial extract). B. Activity of the
pyruvate dehydrogenase complex (PDH) in the wild-type and DpkpA, DpkpB and DpkpC strains when transferred from minimal medium
supplemented with casamino acids to glucose-rich medium for 6 h. Standard deviations present the average of 3 biological replicates (���P-
value , 0.0005 as determined by a one-tailed, paired student t-test).
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Next, glucose uptake was measured in the double deletion strains
when grown directly in minimal medium supplemented with glucose
for 72 h and compared to the wild-type and respective parental strains
(Figure 4C). All double deletion strains, with the exception of the
DpkpA DpkpB strain, consumed all extracellular glucose within
48 h (Figure 4C). The DpkpA DpkpC and DpkpB DpkpC strains there-
fore presented a glucose consumption profile similar to the wild-type
strain and distinct from their parental strains (e.g., the DpkpA and
DpkpC parental strains have a severely reduced glucose consumption
profile). The DpkpA DpkpB strain on the other hand, had the same
reduced glucose consumption profile as the DpkpA single deletion
strain (Figure 4C).

In summary, these results suggest that pkpA and pkpC genetically
interact in the presence of glucose and xylose with the deletion of both
genes resulting in growth phenotypes and a glucose consumption
profile similar to the wild-type strain. The DpkpB DpkpC strain pre-
sented growth phenotypes that were similar to the DpkpC single de-
letion strain in the presence of alternative carbon sources whereas
growth on glucose, glucose consumption and sensitivity to AA was
similar to the DpkpB single deletion strain or presented an interme-
diate phenotype, suggesting condition-dependent genetic interaction.
Glucose consumption and growth profiles suggest that no interaction
appears to occur between pkpA and pkpB, whereas a slight increase in
AA sensitivity was observed, also suggesting a condition-dependent
genetic interaction.

PkpA and PkpC are important for glucose-related
growth and consumption that affected carbon
catabolite repression (CCR)
The above described results indicate defects in the utilization of glucose.
To further investigate the rolesplayedbyPkpAandPkpCduringgrowth
on glucose, microscopy was carried out when the wild-type, DpkpA-C
strains were grown for 7 h at 37� or 16 h at 30� in minimal medium
supplemented with 1% w/v glucose. In agreement with the observed
reduction of growth on solid, glucose-rich media after 48 h, deletion of
pkpA and pkpC also caused a statistically significant reduction in germ
tube emergence (�50%) and subsequent delay in hyphal growth when
compared to the wild-type andDpkpB strains in the presence of glucose
after 7 h or 16 h (Figure S2C). The observed glucose-related growth
defect was abolished after prolonged incubation, as radial diameters of
the DpkpA and DpkpC when grown for 5 days on minimal medium
supplemented with glucose was equal to the wild-type strain (Figure 1B).

Initial glucose-relatedgrowthdifficultiesmaybedue toeitheradefect
in glucose sensing, consumption and/or metabolism. Fungal germination
can be distinguished into twomain separate events: i) conidia swelling
which is triggered when the fungus senses a suitable extracellular
carbon source such as D-glucose and ii) germ tube emergence and
hyphal outgrowth where the respective sugar is actively taken up and
metabolized to sustain hyphal growth (Hayer et al. 2013). To inves-
tigate the first hypothesis, conidia swelling of the wild-type and the
three protein kinase deletion strains were assessed over a time period

Figure 3 PkpA and PkpC are involved in hydrolytic enzyme secretion. A., B., C. Silver-stained protein gels showing biological triplicates of
20 ml total protein from 10 · concentrated culture supernatants of the wild-type and the pyruvate dehydrogenase protein kinase (PDHK)
deletion strains when grown for 24 h in minimal medium supplemented with casamino acids and after transfer to cellulose-rich or cellulose-
and glucose-rich medium for 5 days. Total extracellular secreted protein (TESP) concentrations, as determined by Bradford assay, for each
biological triplicate are also shown. D., E. Cellulase and xylanase activities in the supernatants of the wild-type and PDHK deletion strains when
grown in the same above specified conditions. Enzyme activities were normalized by intracellular protein concentration. Standard deviations
present the average of 3 biological replicates (�P-value , 0.05; ��P-value , 0.005; ���P-value , 0.0005 as determined by a one-tailed, paired
student t-test).
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of 6 h in the presence of glucose (Figure 5A). All four strains pre-
sented conidia swelling over the first 4 h, but whereas a germ tube had
emerged in the wild-type and DpkpB strains after 6 h in most conidia,
mainly large swollen conidia without a germ tube were observed for
the DpkpA and DpkpC strains (Figure 5A and Figure S3). These
results suggest that the DpkpA and DpkpC strains are able to sense
glucose properly, but that germ tube emergence and subsequent hy-
phal elongation is delayed.

Next, glucose consumption was assessed in the wild-type and the
protein kinase deletion strains when grown directly from the same
amount of conidia inminimalmediumsupplementedwith glucose for a
period of 72 h. The wild-type and DpkpB strains consumed all extra-
cellular glucose within 48 h whereas the DpkpA and DpkpC strains still
had not taken up all available glucose after 72 h (Figure 4C). In agree-
ment, a significant reduction in fungal biomass was observed after 72 h
for the DpkpA and DpkpC strains when compared to the wild-type
strain (Figure 5B). These results confirm a delay/reduction in glucose
consumption in the DpkpA and DpkpC strains, which was not due to a
particular lack of glucose transporter gene expression (despite substan-
tial fluctuations in gene expression in all tested strains), as shown by
RT-qPCR of the hexose transporter-encoding genes hxtB-E when
strains were incubated in minimal medium supplemented with glucose
for different time periods (Figure S4).

Glucose uptake and subsequent phosphorylation during the first
step of glycolysis by hexokinase (HXK) has previously been shown to
act as a signal for the carbon catabolite repressor CreA::GFP to
translocate to the nucleus where it represses genes required for the
use of alternative carbon sources (Brown et al. 2013). Consistent with
the above described defect in glucose consumption, CreA::GFP did

not translocate to the nuclei in the DpkpA (0%) and DpkpC (0%)
strains (Figure S5A) whereas it did so in the wild-type (77.4%) and
DpkpB (77.5%) strains when grown for 16 h in glucose-rich medium.
Furthermore, protease secretion, induced during growth on dry-
skimmed milk and repressed in the presence of glucose, was not
inhibited in the DpkpA and DpkpC strains (Figure S5B). These obser-
vations suggest that the reduced glucose consumption profile resulted
in delayed germination and growth, as well as in the absence of the
signal that is required for CCR.

PkpA and PkpC are important for glucose metabolism
The above described defects in glucose utilization may also result from
defects in glucose metabolism. To determine whether the deletion of
pkpC resulted in defects in glycolytic enzyme activities, interactions of
PkpC::GFP with other proteins, when grown for 24 h in casamino acids
and then transferred to glucose-rich medium for 10, 30 and 60 min,
were determined (File S1). After 10 min incubation in glucose-rich
medium, a putative interaction of PkpC with the ATP citrate synthase
AclB was observed (File S1). AclB is a TCA (tricarboxylic acid) cycle
enzyme, converting Acetyl-CoA and oxaloacetate to citrate, therefore
catalyzing the first step in the Krebs cycle and allowing the TCA cycle to
occur in the mitochondria (Hynes andMurray 2010). It is possible that
PkpC regulates the activity of AclB upon exposure to high concentra-
tions of glucose whereas deletion of pkpC may result in aberrant
TCA cycle progression. Indeed, the activity of the TCA cycle enzyme
a-ketoglutarate dehydrogenase was close to zero in the DpkpA and
DpkpC strains after 1 h incubation in the presence of glucose (Figure
5C), suggesting that both protein kinases are required for TCA cycle
progression. Furthermore, intracellular pyruvate levels were also

Figure 4 Genetic interaction between the pyruvate
dehydrogenase protein kinase-encoding genes. A.
Growth of the wild-type (TN02a3), DpkpA, DpkpB,
DpkpC and the double deletion strains in the pres-
ence of 1% w/v of different carbon sources. B. Glu-
cose consumption, measured indirectly by assessing
the concentration of extracellular glucose, of the WT
single and double deletion strains when grown di-
rectly in minimal medium supplemented with glu-
cose for 72 h. Standard deviations represent the
average of 3 biological replicates (��P-value ,
0.01; ���P-value , 0.001 as determined by a two-
way ANOVA test and Bonferroni post-tests).
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significantly decreased in these two deletion strains in the same condi-
tions (Figure 5D). A decrease in intracellular pyruvate concentration
may result from either reduced glucose metabolism or increased pyru-
vatemetabolism, namely through the action of the PDH. The activity of
HXK, was subsequently assessed when strains were grown for 24 h
inminimalmedium supplementedwith casamino acids and after trans-
fer to glucose-rich medium for 1 h. HXK activity was similar between
the wild-type, DpkpB and DpkpC strains, whereas it was significantly
reduced in the DpkpA strain when compared to the wild-type strain
(Figure 5E). These results indicate that PkpA is important for the
metabolic utilization of glucose. An overview of the observed pheno-
types and regulation of metabolic enzymes in the presence of glucose is
given in Figure 8A.

Metabolome analysis of the wild-type, DpkpA, DpkpB
and DpkpC strains in the presence of glucose
and cellulose
To further assess the effect of the deletion of pkpA-C on cellular me-
tabolism, metabolome analysis of the wild-type and the respective de-
letion strains was performed in the presence of glucose and cellulose.
All strains were grown for 24 h in casamino acid-rich medium (to get
enough biomass) before being transferred to minimal medium supple-
mented with either glucose or carboxymethylcellulose (CMC) for 16 h
and 48 h respectively. The 16 h time point for glucose was chosen as the
fungus is still metabolising glucose and has not entered starvation yet.
The 48 h time point for CMC allowed induction of cellulase- and
hemicellulase-encoding genes and the start of secretion of enzymes

Figure 5 PkpA and PkpC are important for glucose uptake, carbon catabolite repression and metabolism. A. Glucose sensing is intact in the pkp
deletion mutants. Spore diameter of the wild-type and protein kinase deletion strains after 0 h (control), 2 h, 4 h and 6 h incubation in minimal
medium supplemented with 1% w/v glucose at 37�C, 160 rpm. Standard deviations present the average size of 100 spores of three biological
replicates. B. Dryweight of the strains grown in the above specified conditions is also shown. C. alpha-ketoglutarate dehydrogenase activity and
D. intracellular pyruvate levels. All strains were grown for 24 h in casamino acid-rich medium and then transferred to minimal medium supple-
mented with glucose for 1 h. E. Hexokinase (HXK) and F. isocitrate lyase (ICL) activities in the wild-type and pkp deletion mutants when grown in
the same conditions as specified under C. and D. with the exception that strains were incubated for 6 h in these conditions. Standard deviations
represent the average of 3 biological replicates (�P-value , 0.05; ��P-value , 0.005; ���P-value , 0.0005 as determined by a one-tailed, paired
student t-test).
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required for cellulose breakdown (data not shown). The levels of the
respective identified metabolites were compared between four biolog-
ical replicates of the PDHK deletion and wild-type strains in both
conditions and raw data were normalized by fungal dry weight (Files
S2-S3).

In the presence of glucose, the DpkpA, DpkpB and DpkpC strains
clustered [as determined by hierarchical clustering analysis (HCA) and
principal component analysis (PCA)], apart from the wild-type strain
(Figure 6A). Whereas the wild-type and DpkpB strains clustered closer
together, the DpkpA and DpkpC strains clustered wider apart from
these two strains (Figure 6A). These results support the above described
observations (Figure 5B-C) that glucose consumption and metabolism
is disturbed in these strains. Levels of the intracellular storage com-
pounds trehalose (Log2 of -2.5 and -2.6) and glycerol (Log2 of -0.93 and
-0.9) were significantly reduced in the DpkpA and DpkpC strains and
increased in the DpkpB strain (Log2 of 1.4 and 1.1) when compared to
the wild-type strain (Figure 6B). Trehalose is a reserve carbohydrate
which provides energy for the cell during conidia germination and
hyphal development (Thevelein 1984). In addition, trehalose also pro-
tects the fungal cell from environmental stresses and nutrient depriva-
tion (Al-Bader et al. 2010). Similarly, glycerol also serves as an
intracellular carbohydrate reserve and protects against osmotic stress
(Hondmann et al. 1991). In agreement with the above described defects
in glucose uptake and metabolism, this data suggests that the DpkpA

and DpkpC strains are undergoing carbon starvation in glucose-rich
conditions.

Furthermore, analysis of the levels of the metabolic intermediates of
the pentose phosphate pathway and the TCA cycle, showed a significant
decrease in the DpkpA and DpkpC strains when compared to the wild-
type strain, suggesting a down-regulation of these pathways (Figure
6B). This is in agreement with the above described reduction in
a-ketoglutarate dehydrogenase (KGDH) activity in the presence of
glucose. Moreover, levels of several amino acids were also decreased
in both protein kinase deletion strains when compared to the wild-type
strain, suggesting the use of amino acids, such as alanine and glutamate,
as carbon sources, that can by readily converted to pyruvate and
a-ketoglutarate respectively (Figure 6B). An overview of the levels of
the identified metabolites and the specific pathway in which they are
produced are shown in Figure 7A.

In the presence of cellulose, the DpkpC strain, as determined by
HCA and PCA, clearly clustered apart from the other three strains
(Figure 6C), supporting the above described cellulose-related growth
defects of the DpkpC strain. Furthermore, several TCA cycle interme-
diates were either increased or decreased in theDpkpC strain but not in
the other three strains, suggesting a defect in the TCA cycle in this
strain (File S3). Indeed, theDpkpC strain grew significantly less on TCA
cycle intermediate precursors, especially those feeding into the first half
of the cycle, when compared to the wild-type and the other two PDHK

Figure 6 Primary metabolism is significantly altered in the pkpA and pkpC deletion mutants in the presence of glucose and cellulose. A., C.
Hierarchical clustering and principal component analysis of the levels of metabolites identified in the wild-type (WT) and pyruvate dehydrogenase
kinase (pkp) deletion strains when incubated for 16 h and 48 h in minimal medium supplemented with glucose or cellulose respectively. B. Heat
map showing the Log2-fold change of metabolite levels that were significantly different between the WT and DpkpA and DpkpC strains after 16 h
incubation in glucose-rich conditions. Arrows indicate the intracellular storage compounds glycerol and trehalose whereas pentose phosphate
pathway (PPP) and TCA (tricarboxylic acid) cycle intermediates are also indicated. D. Growth of the wild-type and pkp deletion mutants in the
presence of TCA cycle precursors. Medium was supplemented with 50 mM of each amino acids and plates were inoculated with 105 spores.
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deletion strains (Figure 6D), suggesting a de-regulation in central car-
bon metabolism. An overview of the levels of the identified metabolites
and the pathways in which they are produced is given in Figure 7B.

PkpC is predicted to regulate enzymes required for
acetate metabolic utilization
The DpkpA and DpkpC strains presented strong growth defects when
grown solely in the presence of acetate with the deletion of pkpC com-
pletely inhibiting growth in this condition (Figure 1A). To determine
the role played by PkpC in acetate metabolism, protein-protein inter-
actions of the GFP tagged PkpC protein in the presence of acetate were
determined. PkpC::GFP was grown for 24 h in casamino acid-rich
medium before being transferred to minimal medium supplemented
with acetate for 10, 30 and 60 min. Identified proteins from both
conditions (casamino acids and acetate) were classified according to
MIPS (Munich Information Centre for Protein Sequences) (File S4).
After 60 min incubation in acetate, putative interactions between PkpC
and nine other protein kinases (of which four are essential), including
the 6-phosphofructokinase PfkA and the TOR (Target of Rapamycin)
kinase TorA, were observed (File S4). PfkA plays a role in gluconeo-
genesis and glycolysis through catalyzing the phosphorylation of fruc-
tose-6-phosphate to fructose-1,6-biphosphate, in the third step of
glycolysis. TorA is the homolog of the two S. cerevisiae TOR protein
kinases Tor1p/Tor2p, which form two distinct complexes and govern a
myriad of different cellular processes such as nutrient sensing, trans-
lation and ribosome biogenesis (Rohde et al. 2008). In addition, PkpC
was shown to potentially interact with two other TOR-associated pro-
teins in the presence of acetate, including the ortholog of S. cerevisiae

Kog1p (TOR1 complex subunit) and Lst8p (associateswith the TOR1/2
complex during nitrogen uptake) (File S4). In S. cerevisiae, ribosome
biogenesis, including the transcription of genes encoding 35S and 5S
rRNAs and tRNAs, are targeted by Tor signaling (Rohde et al. 2008).
Potential interactions between PkpC and various proteins of RNA
metabolic processes, such as spliceosome components or ribosomal
unit assembly were observed (File S4), reinforcing a link with TOR-
mediated signaling.

Moreover, putative interactions of PkpC with enzymes of different
metabolic pathways, such as gluconic, amino and fatty acid, were
observed (File S4). After 60 min incubation in acetate-rich media,
potential interactions with a TCA cycle succinate CoA-ligase, the
pyruvate decarboxylase PdcA and several enzymes involved in two-
carbon compound metabolism were also observed (Table 1). The latter
included the acetate permease AcpA, the malate synthase AcuE, the
alcohol dehydrogenase (ADH) AlcA and the isocitrate lyase (ICL)
AcuD (Table 1). To confirm these data, ICL activity was measured in
the wild-type and PDHK deletion strains when grown in acetate-rich
medium and found to be increased around threefold in the DpkpC
strain (Figure 5F), suggesting that PkpC negatively regulates ICL activ-
ity. These results indicate a central role for PkpC in the regulation of
enzymes required for acetate transport and metabolism. It is therefore
probable that the absence of pkpC is responsible for a mis-regulation of
these enzymes, causing an inability to use acetate as the sole carbon and
energy source. Furthermore, the lack of potential interactions with
other protein kinases, including the nutrient sensor TorA, and regula-
tion of RNA metabolic processes may also have detrimental effects for
the cell in the DpkpC strain.

Figure 7 Levels of identified metabolites and the pathways in which they are produced in the wild-type and pyruvate dehydrogenase kinase
deletion strains. A., B. Maps of primary metabolism (glycolysis, TCA cycle and pentose phosphate pathway) showing the average levels of
identified pathway-specific metabolites of 4 biological replicates in the wild-type (WT), DpkpA, DpkpB and DpkpC strains when grown for A. 16 h
in glucose-rich or for B. 48 h in cellulose-rich medium.
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DISCUSSION
The conversionofpyruvate toacetyl-coAby themitochondrial pyruvate
dehydrogenase complex (PDH) presents a core enzymatic reaction in
carbonmetabolism, linkingglycolysis to theTCAcycle,whichultimately
leads toATPproduction (Kolobova et al. 2001). The activity of the PDH
is controlled by a combination of PDHKs and PDHPs which have been
shown to be important for development, pathogenicity and enzyme
secretion in different fungal species (de Assis et al. 2015a; Gao et al.
2016; Steensma et al. 2008; Brown et al. 2013). Aspergillus consists of
several fungal species that have various biotechnological applications or
are of medical importance. This work therefore set out to characterize
the role of three PDHKs in the utilization of the biotechnologically
important carbon sources glucose and cellulose and the physiologically
relevant carbon source acetate in the Aspergillus reference organism A.
nidulans, in order to uncover additional carbon utilization routes which
may be of importance for these applications.

Evolutionary and functional divergence of PkpA, PkpB
and PkpC
Phylogenetic analysis of the three predictedA. nidulansPDHKs and the
respective homologs in other filamentous and yeast-like fungi, showed
that PkpC and homologs clustered apart from the other two PDHKs.
Of the three A. nidulans PDHKs, only PkpC was identified as the true
ortholog of the four human PDHK isozymes (OrthoMCL database)
(Chen et al. 2006), indicating an evolutionary functional divergence or
origin of this enzyme. This corroborates the here presented results,
where deletion of pkpC, but not pkpA or pkpB resulted in a severe
growth defect in the presence of a wide range of carbon sources. A
detailed phylogenetic analysis of PDHK-encoding genes in other fungi,
including S. cerevisiae has not been carried out to date, but deletion of
the respective genes also resulted in growth defects (Gao et al. 2016;
Steensma et al. 2008) and in S. cerevisiae, distinct functions for both
PDHKs were also observed (Steensma et al. 2008), indicating a func-
tional divergence in fungal PDHKs.

PkpA, but not PkpC, regulates PDH activity
Despite PkpCbeingpredicted to be the true ortholog of humanPDHKs,
cellular localization of the GFP-tagged strain and activity of PDH in the
pkpC deletion strain, do not support this prediction. PkpA and PkpB
were localized to the mitochondria in both preferred and alternative
carbon sources, whereas mitochondrial localization of PkpC occurred
only in the presence of acetate and not in glucose-rich conditions. PkpC

is not responsible for regulating PDH activity (indeed PkpC is cyto-
plasmic in glucose-rich conditions) and protein interaction studies
showed no interaction of PkpC with any of the PDH subunits in
glucose-rich conditions. In S. cerevisiae, the two PDHKS Pkp1p and
Pkp2p were shown to be predominantly mitochondrial and to regulate
PDH activity (Gey et al. 2008; Krause-Buchholz et al. 2006).

PkpA was shown to positively regulate PDH activity in the presence
of glucose, as observed by a reduction in PDH activity in the DpkpA
strain. PkpA may regulate PDH activity directly or indirectly, through
interaction with an additional protein that is important for PDH ac-
tivity. In contrast to A. nidulans, deletion of the S. cerevisiae PKP2, but
not PKP1, resulted in increased PDH activity (Gey et al. 2008). Positive
regulation of the PDH is thought to occur by de-phosphorylation,
catalyzed by protein phosphatases (Patel and Korotchkina 2006; Gey
et al. 2008; Krause-Buchholz et al. 2006; Wieland et al. 1972). In other
fungi (Gao et al. 2016; Steensma et al. 2008), including S. cerevisiae,
where Pkp1p and Pkp2p phosphorylate the a-subunit of PDH (Gey
et al. 2008; Krause-Buchholz et al. 2006), phosphorylation of PDH was
shown to negatively regulate the activity of the PDH, which is in agree-
ment with the predicted function for these type of enzymes (Patel and
Korotchkina 2006; Gey et al. 2008). These results therefore suggest a
novel function for a protein kinase governing the activity of PDH in A.
nidulans. The exact roles (if any) of PkpA and PkpB in regulating PDH
activity, as well as assessing the phosphorylation state of each of the
PDH subunits in the pkpA and pkpB deletion mutants, is subject to
further investigation.

PkpA and PkpC are involved in regulating
glucose utilization
The DpkpA and DpkpC strains presented several defects in glucose
utilization, that were found to be non-sensing-related. Glucose con-
sumption was delayed and shown to be independent of glucose trans-
porter gene expression-dependent and of putative interactions between
PkpC and any glucose transporters. It is possible that the interaction
between PkpC and a putative glucose transporter may be weak and/or
transient and could have been missed during mass spectrometry in the
here defined conditions.

In addition, the reduction in glucose consumption may also be a
direct result of a mis-regulation in primary glucose metabolism. PkpC
was shown topotentially interactwithAclB, a subunit of theATP citrate
synthase, an enzyme that ensures TCA cycle progression. The specific

n Table 1 Proteins identified by mass-spectrometry which putatively interact with PkpC after 60 min incubation in acetate-rich media

Gene ID Description Type of metabolism

AN1895 MaiA; maleyl-acetoacetate isomerase (phenylalanine catabolism) Amino acid
AN1883 Putative argininosuccinate synthase (arginine metabolism) Amino acid
AN5701 AroF; putative 3-deoxy-D-arabino-heptulosonate 7-phosphate

synthase (aromatic amino acid biosynthesis)
Amino acid

AN5604 AcuG; putative fructose-bisphosphatase Central (gluconeogenesis/glycolysis)
AN3649 Uncharacterized ORF; orthologs have mitochondrial ribosome localization Fatty acid
AN1409 Putative acetyl-CoA C-acetyltransferase Fatty acid
AN10834 AcdB; protein with an acyl-CoA dehydrogenase domain Fatty acid
AN4888 PdcA; putative pyruvate decarboxylase Pyruvate
AN8979 AlcA; alcohol dehydrogenase Two-carbon compound
AN5226 AcpA; acetate permease (acetate uptake) Two-carbon compound
AN6653 AcuE; malate synthase, required for utilization of acetate as carbon source Two-carbon compound
AN5669 Putative succinyl-CoA:3-ketoacid-coenzyme A transferase Two-carbon compound
AN7632 Putative dehydrogenase Two-carbon compound
AN5634 AcuD; isocitrate lyase, required for utilization of acetate and fatty

acids as carbon sources
Two-carbon compound/Fatty acid
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role of PkpC in AclB regulation remains to be determined, but a hyper-
or in-activation of this enzyme would be detrimental for TCA cycle
progression. Indeed, a complete inhibition of a-ketoglutarate dehydro-
genase activity and reduction in TCA cycle intermediates in the pres-
ence of glucose was observed, supporting a block in glucose
metabolism, which would impair glucose uptake and subsequent car-
bon catabolite repression (CCR), as shown by the absence of CreA in
the nucleus in these strains (Figure 8A). Deletion of aclB inA. nidulans,
resulted in severely reduced growth in the presence of glucose which
was predicted to be due to defects in acetyl-coA metabolism (Hynes
andMurray 2010). A similar situation has previously been described in
A. nidulans, where the deletion of several phosphatase-encoding genes
resulted in, in addition to an inability to transport glucose due to re-
duced glucose transporter gene expression, reduced a-ketoglutarate
dehydrogenase (KGDH) activity, thereby blocking TCA cycle progres-
sion and abolishing growth in the presence of glucose (de Assis et al.
2015a). The same study also identified the PDHPs PtcD and PtcE as
being required for growth on glucose, including consumption, respira-
tion and metabolism (de Assis et al. 2015a).

A similar situation can be envisaged for the pkpA deletion strain
although the mechanism is likely to be different from the DpkpC strain
(Figure 8A). A decrease in PDH activity in the DpkpA strain results in
reduced glucose metabolic flow, as supported by a reduction in the
activity of hexokinase (HXK) and in severely reduced intracellular
pyruvate levels (Figure 8A). This disturbance in glycolysis subsequently
de-regulates the TCA cycle, as shown by reduced levels of TCA cycle
intermediates and inhibition ofa-ketoglutarate dehydrogenase activity,
further impacting glucose consumption and CCR (Figure 8A). In
S. cerevisiae, disruption of either PKP1 or PKP2 had no significant effect

on growth on glucose (Steensma et al. 2008), suggesting a fungal-spe-
cific divergence in function of these type of enzymes.

The aforementioned metabolic disturbances force the DpkpA and
DpkpC strains to consume the intracellular storage compounds treha-
lose and glycerol (8A). Although glucose metabolism was disturbed in
these strains, these impairments seem to be especially strong during the
first 24 h – 48 h incubation in glucose-rich conditions. Prolonged in-
cubation times, resulted in increased glucose consumption and restored
growth of both strains on solid glucose-rich medium.

Although deletion of pkpB had a less severe impact on glucose me-
tabolism than the deletion of the other two PDHK-encoding genes, this
strain nevertheless metabolically clustered apart from the wild-type
strain. The role of PkpB in glucose and alternative carbon source me-
tabolism remains to be determined (Figure 8). Growth and glucose
consumption profiles of the double DpkpA DpkpB and DpkpB DpkpC
strains, also did not shed further light on the role of PkpB in carbon
metabolism, as they resembled the parental strains in a condition-de-
pendent manner, suggesting no genetic interaction between pkpB and
the other two PDHK-encoding genes. In contrast, pkpA and pkpC
genetically interact in the presence of glucose, restoring growth and
glucose consumption profiles similar to the wild-type strain, suggesting
functional dependencies between these genes. It is possible that the
metabolic disturbances caused by the individual deletion of pkpA and
pkpC cancel each other out in the double deletion mutant, thereby
restoring glucose utilization profiles. In S. cerevisiae, Pkp1p and Pkp2p
were shown to physically interact and form heteromers (Krause-Buch-
holz et al. 2006), although they did not phenotypically complement
each other, and generation of the corresponding double deletion mu-
tant suggests that they are either part of a kinase cascade or target

Figure 8 Schematic overview of enzymes and cellular processes regulated by PkpA, PkpB and PkpC when growing on different carbon sources.
A. In the presence of glucose, PkpA positively regulates the activity of the PDH (pyruvate dehydrogenase complex) either directly or indirectly,
allowing glucose consumption, glycolysis (HXK – hexokinase), the TCA (tricarboxylic acid) cycle (a-KGDH – a-ketoglutarate dehydrogenase) and
carbon catabolite repression (CCR) to occur. In the absence of this protein kinase, the aforementioned metabolic pathways are reduced, resulting
in faulty CCR and increased protease secretion. The targets of PkpB are currently unknown, but deletion of the corresponding gene resulted in
increased hydrolytic enzyme secretion in the simultaneous presence of glucose and cellulose (G + C). PkpC is predicted to regulate the activity of
the ATP citrate synthase AclB, therefore indirectly ensuring glucose consumption, glycolysis and TCA cycle progression, and CCR. In the absence
of pkpC, the aforementioned metabolic pathways are reduced, resulting in faulty CCR and increased protease and hydrolytic enzyme secretion in
the presence of G + C. Additional protein targets are likely to exist that were not detected in the here defined conditions. B. In the presence of
cellulose, the specific targets of PkpA, PkpB and PkpC remain undefined. Deletion of pkpA and pkpC resulted in increased hydrolytic enzyme
secretion in this carbon source, with the latter strain presenting different concentrations of TCA cycle intermediates. C. In the presence of acetate,
PkpA and PkpB protein targets remain unkown, whereas PkpC negatively regulates the activity of the glyoxylate cycle enzyme, isocitrate lyase
(ICL) AcuD. Furthermore, putative interactions of PkpC with additional glyoxylate cycle enzymes and an acetate permease are predicted; this
protein kinase therefore being crucial for acetate metabolism.
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different proteins in the same pathway (Steensma et al. 2008). It will be
of interest for future investigations to further unravel the mechanistic
nature underlying PkpA and PkpC glucose-mediated metabolic regu-
lation, including determination of PkpA protein interactions as well as
further characterizing the aforementioned genetic interactions, espe-
cially with regards to strain engineering for biotechnological purposes.

PkpC is important for hydrolytic enzyme secretion
The aforementioned defects in glucose metabolic utilization in the
DpkpC strain had consequences for protein and protease secretion
when grown in CCR conditions (Figure 8A). Cellulase and xylanase
activities in the simultaneous presence of glucose and cellulose were
much higher than those observed for the wild-type strain in the same
conditions. In fact, they were similar to those observed for the wild-type
strain when grown solely on cellulose-rich media. PkpC is therefore
likely to be involved in hydrolytic enzyme secretion in CCR conditions
(Figure 8A), as total amounts of secreted proteins were significantly
lower in this strain when compared to the wild-type strain. A major
drawback in the conversion of lignocellulosic plant material to biofuels
is the CCR-mediated inhibition of enzyme secretion in the presence of
glucose in filamentous fungi (Dashtban et al. 2009; Mathew et al. 2008).
The DpkpC strain is of potential interest for this process, presenting
increased secretion of biotechnologically important enzymes and re-
duced accumulation of biomass, when compared to the wild-type strain
in the presence of glucose, although further, additional genetic engi-
neering may be required to generate more effective cellulase and xyla-
nase-secreting strains. Indeed, fold-induction between cellulose and
cellulose and glucose condition was similar between the wild-type
(�15-fold) and DpkpC (�14-fold) strains and the observed defect in
CCR did not increase extracellular enzyme activity in the DpkpC strain
in the presence of glucose and cellulose to the same levels than observed
in cellulose-rich conditions only, indicating that CCR is still functional.
CCR in A. nidulans is a complex process, encompassing different steps
and a myriad of proteins such as the scaffold protein CreC of the CreB/
CreC de-ubiquitination complex that has been shown to be important
for CreA stability (Ries et al. 2016); the protein kinases SnfA and PkaA
that were shown to be important for CCR through regulating CreA
cellular localization by an, as of to date, undefined mechanism (Brown
et al. 2013; de Assis et al. 2015b). In Neurospora crassa, VIB1 and
COL26 are required for CCR, with the latter involved in repressing
cre-1 expression (Xiong et al. 2014). Alternatively, as aforementioned,
defects in CCR may only take place during early time points and that
after 5 days incubation in cellulose- and glucose-rich media, CCR may
be (at least partially) functional again. A similar situation can be envis-
aged for the DpkpB strain, which also presented increased extracellular
hydrolytic enzyme activity (eightfold and sixfold increase in cellulase
and xylanase activity respectively) in the simultaneous presence of
glucose and cellulose, although thismay likely occur through a different
mechanism as total secreted extracellular protein was similar between
the DpkpB and wild-type strains. The impact of the deletion of both
PDHK-encoding genes on hydrolytic enzyme secretion and activity is
subject to future investigations.

Of further biotechnological interest is the observation that cellulase
and xylanase activities were significantly increased in the DpkpA and
DpkpC strains when compared to the wild-type strain in the presence of
cellulose, with both strains presenting a different total protein secretion
profile. In addition, PkpA and PkpC appear to be involved specifically
in hydrolytic enzyme secretion (Figure 8B), as total secreted protein
concentration was lower in the respective deletion strains in the pres-
ence of cellulose when compared to the wild-type strain. This is in

contrast to (Brown et al. 2013), who reported significantly reduced
cellulase secretion of the DpkpC [wrongly annotated as DpkpA in
(Brown et al. 2013)] strain. This discrepancy is likely due to the differ-
ence in enzyme activity normalization used in both studies (cellulase
activity normalization by total intracellular protein used here vs. nor-
malization by millilitres). It remains to be determined in what aspects
secretion differs in these two strains from the wild-type strain and
investigate how these strains are able to increase enzyme secretion,
which could occur either at the transcriptional (regulation of cellulase
and xylanase-encoding genes) or post-translational (regulation of pro-
teins important for enzyme secretion) level. A link between PDHKs and
hydrolytic enzyme secretion has not previously been established in any
fungal species, although in F. graminearum, a PDHK was shown to be
involved in the transcriptional expression of genes encoding the se-
creted mycotoxin deoxynivalenol (Gao et al. 2016), suggesting that
PDHKs may be involved in the secretion of different proteomic
compounds.

PkpC regulates the activity of isocitrate lyase (ICL)
During growth on acetate
The DpkpC strain also presented severe growth defects in the presence
of the alternative carbon sources cellulose and acetate (Figure 8B, C).
This strain was metabolically very different from the wild-type and the
other two PDHK deletion strains in the presence of cellulose, with
quantitative differences in TCA cycle intermediates and reduced
growth phenotypes when grown on precursors feeding into the TCA
cycle (Figure 8B). The DpkpC strain is likely to have impaired use of
glucose as well as polysaccharides resulting from cellulose degradation.
This would result in starvation, in a de-regulation of central carbon
metabolism, as shown by reduced and increased levels of TCA cycle
intermediates (Figure 8B) and in a situation that is detrimental to the
cell. The exact role of PkpC in cellulose metabolism is subject to future
investigations.

Acetate is produced by bacteria of the human gut and lung micro-
biome or in a tissue-dependent manner, therefore presenting a good
carbon source during human host infection by pathogenic fungi
(Jiménez-López et al. 2013; Borregaard and Herlin 1982; Schug et al.
2016; Dickson and Huffnagle 2015; Mirković et al. 2015). PkpC was
found to potentially interact with and regulate metabolic enzymes re-
quired for acetate transport and metabolism, such as the ICL AcuD
(Figure 8C). Hyper-activation of AcuD in the the DpkpC strain may
result in a futile glyoxylate cycle therefore blocking acetate utilization,
although a defect in acetate uptake cannot be excluded (Figure 8C).
These results suggest that PkpC regulates alternative carbon usage
through modulating the activity of metabolic enzymes when glucose
is absent. In agreement, the cytoplasmic andmitochondrial localization
of PkpC in this carbon source allow it to target a wide range of proteins.
In S. cerevisiae, deletion of the two PDHK-encoding genes PKP1 and
PKP2, also resulted in severely reduced growth in the presence of
acetate, which was predicted to be based on a futile carbon cycle due
to the simultaneous mis-regulation of several metabolic enzymes
(Steensma et al. 2008). A similar situation may therefore also occur
inA. nidulans. Furthermore, potential interaction of PkpC with protein
kinases involved in different metabolic processes, including the major
nutrient sensor and translation-associated protein kinase TorA, may
also contribute to the observed growth defects in the presence of glu-
cose, cellulose and acetate. It will be of further interest to study the role
of PkpC in acetate usage.

In conclusion, this study identified two PDHKs in A. nidulans that
integrate carbon source utilization, via metabolic enzyme modulation
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(Figure 8). Deletion of the corresponding PDHK-encoding genes
resulted in a mis-regulation in central carbon metabolism, affecting
the secretion of biotechnologically important enzymes and growth on
carbon sources that are of importance for the infection process by
human pathogenic fungi. This work therefore demonstrates how cen-
tral carbon metabolism can affect a variety of fungal traits and lays a
preliminary basis for further investigation into these processes and
traits with the ultimate aim to improve biotechnological applications
of fungi or develop novel and improved methods to combat pathogenic
fungi.
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