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Filamentous fungi are important cell factories. In contrast, we do not understand well

even basic physiological behavior in these organisms. This includes the widespread

phenomenon of organic acid excretion. One strong hurdle to fully exploit the metabolic

capacity of these organisms is the enormous, highly environment sensitive phenotypic

plasticity. In this work we explored organic acid excretion in Penicillium ochrochloron

from a new point of view by simultaneously investigating three essential metabolic levels:

the plasma membrane H+-ATPase (PM); energy metabolism, in particular adenine and

pyridine nucleotides (M); and respiration, in particular the alternative oxidase (R). This was

done in strictly standardized chemostat culture with different nutrient limitations (glucose,

ammonium, nitrate, and phosphate). These different nutrient limitations led to various

quantitative phenotypes (as represented by organic acid excretion, oxygen consumption,

glucose consumption, and biomass formation). Glucose-limited grown mycelia were

used as the reference point (very low organic acid excretion). Both ammonium

and phosphate grown mycelia showed increased organic acid excretion, although

the patterns of excreted acids were different. In ammonium-limited grown mycelia

amount and activity of the plasma membrane H+-ATPase was increased, nucleotide

concentrations were decreased, energy charge (EC) and catabolic reduction charge

(CRC) were unchanged and alternative respiration was present but not quantifiable. In

phosphate-limited grown mycelia (no data on the H+-ATPase) nucleotide concentrations

were still lower, EC was slightly decreased, CRC was distinctly decreased and alternative

respiration was present and quantifiable. Main conclusions are: (i) the phenotypic

plasticity of filamentous fungi demands adaptation of sample preparation and analytical
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methods at the phenotype level; (ii) each nutrient condition is unique and its metabolic

situation must be considered separately; (iii) organic acid excretion is inversely related to

nucleotide concentration (but not EC); (iv) excretion of organic acids is the outcome of a

simultaneous adjustment of several metabolic levels to nutrient conditions.

Keywords: Penicillium ochrochloron, organic acid excretion, energy charge, catabolic reduction charge, anabolic

reduction charge, plasma membrane H+-ATPase, alternative oxidase

INTRODUCTION

The global demand for organic acids and their derivatives as
source for chemical building blocks (Sauer et al., 2008; Steiger
et al., 2013) and as additives in food and cosmetics industry are on
a continuous rise. Albeit filamentous fungi are biotechnologically
widely used to meet this market, their ability to produce these
metabolites is far from being exploited. One reason is a lack
of understanding of even basic physiological aspects of these
organisms (e. g., growth development, metabolism, and gene
expression), which have been studied comparably less than in
bacteria or yeasts (Meyer et al., 2016).

For example, the reason why filamentous fungi excrete organic
acids at all is still debated controversially (Neijssel et al.,
1993; Ruijter et al., 2002; Plassard and Fransson, 2009; Garcia
and Torres, 2011; Vrabl et al., 2012; Knuf et al., 2013) and
includes hypotheses like overflow metabolism (Tempest and
Neijssel, 1992), charge balance (Slayman et al., 1990), aggressive
acidification (Andersen et al., 2009) and some others like energy
spilling (Russell, 2007). For most organic acids—if not all—it is
still unclear what exactly triggers or impedes their production
and excretion (Krull et al., 2010).

However, concepts of systems biology brought the increasing
awareness that understanding organisms and their physiology
needs to go a few steps further than to search for a single
decisive factor in the cause and effect relationship, which is—due
to the high complexity of cellular metabolism—rather unlikely
(Chubukov et al., 2014). Indeed, systems biology highlighted the
need for a quantitative analysis of dynamic interactions between
the components of a physiological network. Unfortunately, this
is specially difficult with filamentous fungi, because of their
enormous, highly environment-sensitive phenotypic plasticity
(Foster, 1949; McGetrick and Bull, 1979; Bridge et al., 1987;
Rayner, 1996; Avery, 2005; Vrabl et al., 2008; Slepecky and
Starmer, 2009; Braaksma et al., 2011; Wösten et al., 2013;
Hewitt et al., 2016). This strong phenotypic plasticity of
filamentous fungi poses high demands on the standardization of
cultivation conditions and the characterization of physiological
states and growth phases in submerged culture. Thus, to
be successful, an unusual high degree of standardization is
necessary.

In this work we aimed at exploring organic acid excretion
in a filamentous fungus—Penicillium ochrochloron—from a
new point of view by investigating three essential metabolic
levels simultaneously. The targeted levels were: (i) the level

Abbreviations: AOX, Alternative Oxidase; ARC, Anabolic Reduction Charge;
CCCP, carbonyl cyanide m- chlorophenylhydrazone; CRC, Catabolic Reduction
Charge; DNP, 2,4-dinitrophenol; EC, Energy Charge; ETS, Electron Transport
System; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone.

of the plasma membrane (PM); (ii) the level of (energy)
metabolism (M); and (iii) the level of respiration (R). As all
three levels are intertwined and connected via intermediary
metabolites and energetics (Figure 1), a change in one level
will cause consequences on the other levels. This means, that
a change in plasma membrane composition and/or the activity
of important proteins (e. g., plasma membrane H+-ATPase or
nutrient transporters) has significant impact on the subsequent
catabolic and anabolic fluxes as well as on the energetic state
of the hyphae. The respiratory chain is physically connected
with the tricarboxylic cycle via the succinate dehydrogenase
and indirectly via the NADH turnover. A main consumer
of the ATP produced by oxidative phosphorylation is the
plasma membrane ATPase, which in turn provides the cell
with a proton motive force for nutrient uptake. Last but
not least, all excreted metabolites have to pass the plasma
membrane.

Of course, in the past all three target levels (PM-M-R) have
been connected in one way or another with organic acid excretion
in filamentous fungi: (i) plasma membrane, PM (Burgstaller
et al., 1997; Jernejc and Legisa, 2001; Roberts et al., 2011), (ii)
energy metabolism, M (Kubicek et al., 1980; Nasution et al.,
2006a,b; Vrabl et al., 2009) and (iii) (alternative) respiration,
R (Kubicek et al., 1980; Kirimura et al., 2000; Gallmetzer and
Burgstaller, 2002). So far, these levels have not been explored
simultaneously, quantitatively, related to each other and in
chemostat culture. Additionally, it is unknown, if and how
organic acid excretion and its relation to the PM-M-R dynamics
shifts in dependence of the nutrient limitation. Unfortunately,
systemic approaches as these are highly challenging. They require
not only an extensive standardization of cultivation methods
to ensure comparability between different physiological states,
but also the application of different sophisticated experimental
methods adjusted for each targeted level. Therefore, in this study
the PM-M-R dynamics were explored in rigorously standardized
chemostat cultivations (Bull, 2010) under energetically
different conditions (i. e., glucose, ammonium or nitrate, and
phosphate limitation) which vary in the degree of organic acid
excretion.

This elaborate task was only possible because we could rely
on three decades of experimental experience with our model
organism P. ochrochloron for which we had the necessary broad
range of established methods at our disposal. The resulting data
not only provides a unique new point of view for organic acid
excretion in filamentous fungi but also highlight the need for
the scientific community to focus more on the phenomenon
of phenotypic plasticity in these organisms. Especially, as it
is connected inevitably with many aspects of experimental
methodology and thus the quality of the gained data sets.
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FIGURE 1 | Outline of the relations between organic acid excretion (A−) and three levels of cellular energy metabolism: Metabolism (Energy Charge, (ATP + ½
ADP)/(AMP + ADP + ATP); Catabolic Reduction Charge, NADH/(NAD+ + NADH); concentration of adenine and pyridine nucleotides), alternative respiration via AOX

and the plasma membrane H+-ATPase.

MATERIALS AND METHODS

Organism and Cultivation Conditions
Penicillium ochrochloron CBS 123824 has developed from a wild
type isolate (CBS 123823) after 20 years of passaging on rye.
The wild type strain originated from a soil which was strongly
contaminated with heavy metals and was initially identified as
the closely related species Penicillium simplicissimum (Franz
et al., 1991). For both strains a re-identification revealed P.
ochrochloron as the correct species (Vrabl et al., 2008).

The media as well as detailed procedures for pre-culture and
chemostat cultivations are described in Schinagl et al. (2016) and
Vrabl et al. (2016). In addition, an overview for growth media is
given in the supplementary information, section growth media
and chemicals. In chemostat cultivations the limiting nutrients
were (mM in reservoir): glucose 20, ammonium 2 or 4, phosphate
0.11, and nitrate 2. For chemostat cultivations the following
bioreactors were used (Schinagl et al., 2016; Vrabl et al., 2016):
Biostat A (Sartorius, Göttingen, Germany), Biostat M (Braun,
Melsungen, Germany), KLF 2000 (Bioengineering, Switzerland),
all with a working volume of 1.8 L (including 100mL of pre-
culture).

During continuous operation the volume of the culture broth
was held constant either by overflow via a short lateral inclined
glass pipe at the liquid/air boundary (Biostat M), or via an outlet
in the bottom plate of the bioreactor connected to a pump
controlled by a balance (KLF 2000), or via a short glass pipe at

the side of the bioreactor connected to a pump controlled by a
level sensor (Biostat A).

The medium components (in total 1.7 L) were sterilized
separately (Schinagl et al., 2016; Vrabl et al., 2016). After blending
the medium components and transfer into the bioreactor under
sterile conditions, the medium was inoculated with 100mL of
pre-culture (72 h, ammonium exhausted at c. 48 h and glucose
excess). Two hours after the inoculation the feed pump was
started. Cultures reached a steady state after four hydraulic
residence times. Growth proceeded at pH 7 and µ = 0.1
h−1. Analytics of main nutrients (glucose, ammonium, and
phosphate) as well as determination of biomass and extracellular
organic acids were done as specified in Vrabl et al. (2012). Nitrate
was determined according to Doblander and Lackner (1996).

Energy Metabolism (M)
Sample Processing for Intracellular Nucleoside and

Nucleotide Analysis
Quenching in cold aqueous methanol (−40◦C, 60% v/v), the
subsequent cold filtration and resuspension in the hot extraction
solvent using the FiltRes-device were performed as described
in Vrabl et al. (2016). To improve the stability of acid labile
nucleotides such as NADH, we modified our formerly used
extraction solvent (50% ethanol, Ganzera et al., 2006) and
tested the effect of different buffers. We aimed at keeping the
pH at above 7.5 throughout the whole sample processing as
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recommended by Bergmeyer (1974), which is also beneficial
for the stability of adenine nucleotides. Ethanolic solutions
buffered with HEPES at pH 7.5 are often used in this context
(Gonzalez et al., 1997; Lange et al., 2001). However, the shift
in pH caused by the elevated extraction temperatures was so
far neglected. For HEPES buffers the shift of 1 pH/1 T (Units
per◦C) is −0.015 (Dawson et al., 1986), which means that the
pH of a extraction solution with pH 7.5 adjusted at 20◦C will
drop considerably below pH 7 when the extraction solvent is
preheated to the extraction temperature of 90◦C. In consequence
we pursued the following strategy in choosing the appropriate
buffer additive: First, the buffer range should guarantee that
the pH at extraction conditions is 7.5 or above, which is more
easily achieved with buffers with a low temperature dependent
shift in pH. Second, the buffer should not negatively interfere
with the analytical assay or the HPLC column in any way.
Although borate, TAPS and CAPS buffers would meet at least
the first criteria, preliminary experiments demonstrated that
they did not meet the second criteria (unpublished results). The
finally chosen buffer additives were CHES and EPPS (both with
a 1 pH/1 T of −0.011; (Dawson et al., 1986); 10mM final
concentration in the ethanolic extraction solvent). To ensure
that the pH stayed above 7.5 during the entire extraction,
the initial pH at 20◦C was set to 8.6. Method validation was
performed for both buffered ethanolic extraction solvents and
the unbuffered ethanolic extraction solvent as described in the
section “Nucleoside and nucleotide analytics” below. Further
sample processing, e. g. sample extraction in a water bath
preheated to 90◦C, sample evaporation, storage until further
analysis and preparation directly before the analysis, followed the
protocol described in Vrabl et al. (2016).

Nucleoside and Nucleotide Analysis
As part of an extensive rework of our whole sample processing,
also the former analytical method (Ganzera et al., 2006) was
adapted to the current needs. To determine the intracellular
nucleoside and nucleotide content, a new analytical method was
established. All samples were measured with two independent
analytical procedures, which were HPLC and CE.

HPLC experiments were performed on a Merck Hitachi
EliteChrom HPLC system. The optimum separation could be
achieved on a Phenomenex Luna 5µ C8 (2), 100 Å column
(150 × 4.60mm, 5µm; Torrance, CA, USA), using a mobile
phase comprising 5mM Dibutylamin (DBA) buffer at pH 6.8
(A) and acetonitrile (B). For elution the gradient started with
99.5% A/0.5% B for 8min followed by decreasing A in 7min to
95%, in another 5min to 90%, to finally reach 65% A in further
10min. After each run the column was rinsed for 5min with 70%
B and 30% of 0.5% phosphoric acid followed by a 10min re-
equilibration phase (99.5% A, 0.5% B) before the next injection.
The wavelength for diode array detection (DAD) was set to
254 nm, the excitation and emission wavelengths for fluorescent
detection (FLD) were set to 340 nm and 465 nm, respectively. The
separation was performed at 16◦C, the flow rate adjusted to 0.8
mL/min. and the injected sample volume was 10 µl.

Capillary electrophoresis (CE) experiments were done using
a 3D-CE system from Agilent (Waldbronn, Germany). The

capillary used was a fused silica capillary with an inner
diameter of 50µm and an effective length of 62m (total length
70 cm), which was purchased from Polymicro Technologies
(Phoenix, AZ, USA). For the separation of the analytes within
15min the optimum buffer was 60mM citric acid and 0.8mM
Cetyltrimethylammoniumbromide (CTAB) in water set to a
pH of 4.2 with γ-aminobutyric acid (GABA). Voltage was
set to −25 kV, at a temperature of 15◦C and Diode-array-
detection (DAD) wavelength was 254 nm. The injection was
done hydro dynamically at 35 mbar for 6 s. Before each run
the capillary was re-conditioned with 0.1N NaOH, water and
running buffer for 3min each. All required solutions were
membrane filtered and replaced periodically. Details on method
validation (e. g., linearity, accuracy, precision, repeatability,
limit of detection (LOD), and limit of quantitation (LOQ)
and chromatograms/electropherograms can be found in the
Supplementary Information, section metabolism.

Respiration (R)
Sample preparation for high resolution respirometry was done
as described in Schinagl et al. (2016). Modifications of this
respirometric assay concerning (i) the time regime, and (ii)
the applied inhibitors and uncouplers were mandatory, because
mycelium of P. ochrochloron grown with different nutrient
limitations displayed not only different physiological properties
but also slightly varying morphologies and thus rheological
behavior during cultivation. Phosphate-limited mycelium started
to clog the overflow pipe between 24 and 48 h of steady state
cultivation, which limited the time for sampling and therefore
the time regime for the respirometric assay was shortened
accordingly, i. e., all three measurements were performed within
the first 12 h after reaching steady state conditions.

The inhibitors for studying differently limited steady state
mycelia (µ = 0.1 h−1) were tested in advance because the
phenotypic plasticity of this organism hindered an overall
application of one particular inhibitor for all growth limitations.
For example, cyanide was clearly the better choice for inhibiting
complex IV of glucose-limited grown mycelia (Schinagl et al.,
2016) but was not suitable for phosphate-limited grown or
for nitrogen-limited grown mycelia at all. Immediately after
injection of cyanide to the hyphae in the respirometer chamber
a strong oxidative burst was observable, which was also noticed if
cyanide was added to the respiration medium without biomass.
On the other hand, azide exerted a complete inhibition of
complex iV in these mycelia, which was not the case for glucose-
limited mycelium as mentioned before. Also the uncoupling
agents for the mitochondrial proton gradient were tested for
applicability, e. g., FCCP, CCCP, and DNP failed to deliver
reproducible results with ammonium-limited grown mycelia.

Vanadate Sensitive Plasma Membrane
H+-ATPase Activity in Membrane Fractions
(PM)
The principal method was adapted to P. ochrochloron by Müller
et al. (2001). Here an outline of the method is given. For further
details concerning optimizations, assay set up and conditions,
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as well as the composition of reagents see supplementary
information, section plasma membrane. Because this part is less
well-documented than the sections Energy Metabolism (Vrabl
et al., 2016) and Respiration (Schinagl et al., 2016) the method
is described in more detail.

Harvest of the Biomass
The culture broth from the bioreactor was poured into a
2 L graduated beaker and the volume noted. The broth was
transferred into a 5 L metal vessel immersed into ice and within
15min the temperature of the culture broth was brought to
4◦C with an immersion cooler (FT 200, Julabo). The cold
fermentation broth was filtered through a cotton cloth and the
filtrate checked for bacterial infection. The biomass was washed
with 5 L of 4◦C deionized water, wrung out, wrapped into tinfoil,
and stored at−20◦C. An aliquot was dried overnight at 105◦C to
determine the dry weight.

Disintegration of Hyphae
In a previous study (Walder, 2011) it was confirmed that freezing
at −20◦C had no adverse effect on the vanadate sensitive
ATPase activity (see Supplementary Information, section Plasma
Membrane). Frozen mycelium was defrosted by storage at 4◦C
overnight, then 25 g of wet weight (= approximately 2 g of dry
weight) were suspended in 150mL of 4◦C cold homogenization
medium (HM; supplementary information, section plasma
membrane). A precooled 350mL chamber of the glass bead mill
Bead Beater (Biospec Products, Bartlesville, USA), containing
200 g of precooled 0.5mm glass beads, was filled with themycelial
suspension. Air bubbles were removed by gentle stirring with
a glass rod and the chamber was filled with homogenization
medium to the brim. The chamber was closed and inserted into
an ice water jacket filled with 96% (v/v) ethanol precooled to
at least −50◦C with dry ice. The hyphae were disintegrated for
2min at 20,000 rpm. After disintegration the temperature of the
homogenate was between 0◦C and 5◦C. The homogenate was
then filtered through a nylon net (mesh 100µm), the volume of
the crude extract was determined, and two aliquots were stored
at−20◦C.

Differential Centrifugation of the Crude Extract
Three centrifugation steps were carried out as specified in
Müller et al. (2001). The pellet from the third centrifugation
was designated as “microsomal fraction” (MF). The main part
of the MF was re-suspended by means of an all glass Potter-
Elvehjem homogenizer in resuspension medium 1 (RM 1) for
further treatment with the aqueous polymer two phase system, an
aliquot was re-suspended in resuspension medium 2 (RM 2) for
determination of protein and vanadate sensitive ATPase activity.
Subcellular fractions were stored at−80◦C.

Plasma Membrane Purification from a Microsomal

Fraction
Plasma membranes were purified from a microsomal fraction
by aqueous polymer two phase partitioning as optimized by
Müller et al. (2001) for mycelia of P. ochrochloron from a
bioreactor batch culture in a sucrose tartrate mediumwithout pH

regulation. For the tests, changes and improvements made in the
meantime to this method see supplementary information, section
plasma membrane. Here only the final procedure is reported. A
general description of the method can be found in Larsson and
Widell (2000).

A two phase system (27 g) necessary for a 36 g partitioning
system (Larsson and Widell, 2000) was prepared to give final
concentrations of 6.1% (w/w) dextran T 500 (lower phase)
and 6.1% (w/w) polyethylene glycol 3350 (upper phase). The
concentration of the dextran stock solution was checked twice
with two different polarimeters. In addition, a washing two
phase system of 150 g was also prepared and both phases stored
separately at 4◦C. The 27 g two phase system (in a 50mL
polycarbonate centrifugation tube; tube 1) was loaded with
microsomal fraction (approximately 20mg of protein; 72mg of
protein at maximum) and completed with RM 1 to a total weight
of 6 g. The separation system (tube 1) was incubated on ice for
5min and then mixed by 40 inversions of the tube by hand.
The phases were separated by centrifugation (5min, 1,500 g,
4◦C; HB 6 swinging bucket rotor; Sorvall RC-5B superspeed
centrifuge).

To increase yield and purity of the plasma membranes two
further phase partitioning steps were applied (for an illustration
of the procedure see Figure 1 of Larsson and Widell, 2000).

The lower phase from tube 1 was diluted 1:10, the two
pooled upper phases 1:5 with RM 1. Membranes were spun
down at 10,000 g for 1 h. Both pellets were re-suspended in RM
2 (composition designed to match the H+-ATPase assay) by
means of an all glass Potter-Elvehjem homogenizer and stored
at−80◦C.

Analytical Methods
Compared to Müller et al. (2001) the analytical methods for
protein determination and vanadate sensitive ATPase activity
were tested further, improved and partly changed. Here only the
final methods are given.

Protein was determined with Serva Blue G based on the dye
Coomassie Blue according to Read and Northcote (1981). The
assay was carried out either in polystyrene semi-micro cuvettes
or in polystyrene flat bottom microplates. Absorption at 595 nm
was measured either with a U 2001 spectrophotometer (Hitachi,
Tokyo Japan) or a Sunrise microplate reader (Tecan, Männedorf,
Switzerland).

Whereas the conditions for the enzyme assay were basically
the same as in Müller et al. (2001; see Supplementary
Information, section plasma membrane), the method for the
quantification of phosphate liberated from ATP was changed.
For phosphate determination we now used a modified method
of Lanzetta et al. (1979) which was adapted to microplates. The
main reason for this change was that the method of Lanzetta et al.
(1979) minimized the release of non-enzymatic phosphate.

On one microplate six different assays could be performed,
each in triplicate, together with five phosphate standards
(pipetting regime see supplementary information, section
plasma membrane). The different assays were: with and
without Triton X 100 (distinguishing between inside out
and right side out membrane vesicles), with and without
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magnesium (distinguishing between enzymatic and non-
enzymatic phosphate release, and with and without sodium
ortho-vanadate (inhibiting specifically the P type plasma
membrane ATPase). In addition, each of these assays was
carried out without ATP/without membranes, without ATP/with
membranes, with ATP/without membranes and with ATP/with
membranes (Supplementary Information).

Membranes were also analyzed by mass spectrometry with
special emphasis on the plasma membrane H+-ATPase. For each
sample c. 50 µg of proteins were suspended in Laemmli sample
buffer (12mM Tris–HCl pH 6.8, 0.4% (w/v) SDS, 0.02% (w/v)
bromophenol blue, 0.1M DTT, 5% (v/v) glycerol), incubated
at 60◦C for 30min on a shaker and loaded onto 10% (v/v)
polyacrylamide gels containing 0.1% SDS. The gels were run at
RT, thereupon proteins were visualized with a coomassie brilliant
blue stain (Dyballa and Metzger, 2009). Gel lanes containing
the samples were cut into 12 slices and proteins in gel cubes
digested overnight at 37◦C with c. 60 µL of a 12.5 ng/µL trypsin
solution in 25mM ammonium-bicarbonate, pH 8.6, essentially as
described (Schluesener et al., 2005). For Liquid Chromatography
Electrospray Ionization-tandem Mass Spectrometry (LC-ESI-
MS/MS) analysis a nanoAcquity UHPLC (Waters) coupled to an
LTQ-XL Orbitrap (Thermo) system was used as described (Vera
et al., 2013), yet a 75min gradient was employed: 0–5min 99%
solvent A (0.1% formic acid) and 1% solvent B (0.1% formic acid
in 80% acetonitrile), 5–10min 99–90% A, 10–59min 90%−70%
A, 59–60min 60–1% A, 60–62min 1% A, 62–75min 99% A. The
linear ion trap and the orbitrap were operated in sequence, i.
e. after a full MS scan on the orbitrap at a resolution of 60,000
MS/MS spectra of the ten most intense precursors were detected
in the ion trap.

All database searches were performed using SEQUEST
algorithm (Eng et al., 1994) and MS Amanda (Dorfer et al.,
2014), both embedded in Proteome DiscovererTM (Rev. 1.4)
with a database (UniprotKB December 16, 2008—v1) for the
evolutionally closely related Penicillium chrysogenum containing
12,773 protein entries. Only tryptic peptides with up to two
missed cleavages were accepted. No fixed modifications were
considered. Oxidation of methionine and Gln -> pyro-Glu at
peptide N-termini were permitted as variable modifications. The
mass tolerance for precursor ions was set to 10 ppm; the mass
tolerance for fragment ions was set to 0.5 atomic mass units. For
search result filtering, a peptide False Discovery Rate threshold
of 0.01 (q-value) according to Percolator was set in Proteome
Discoverer, and at least two unique peptides with search result
rank 1 were required. For Top 3 Protein Quantification (T3PQ;
Silva et al., 2006), the average area of the three unique peptides of
a protein with the largest peak area was calculated by Proteome
Discoverer and for normalization respective protein areas were
divided by the sum of all proteins area in each sample.

Chemicals
Chemicals used for growth media see Schinagl et al. (2016)
and Vrabl et al. (2016) or supplementary information, section
growthmedia and chemicals. Chemicals (including the respective
supplier) used for high resolution respirometry are given in

Schinagl et al. (2016). All other chemicals can be found in the
according sections.

RESULTS

In this work organic acid excretion and three metabolic
levels (energy metabolism, M; respiration, especially alternative
respiration, R; plasma membrane H+-ATPase, P) were studied
in a filamentous fungus (Penicillium ochrochloron; Figure 1)
simultaneously for the first time. In addition, the PM-M-R
dynamics were explored in rigorously standardized chemostat
cultures under energetically different conditions, i. e., carbon,
nitrogen and phosphate limitation, which vary in the degree of
organic acid excretion.

The general workflow of the experiments is depicted in
Figure 2. During the steady state of a chemostat run samples
were taken: (i) to determine biomass and the concentration
of main nutrients; (ii) to stop metabolism rapidly with cold
methanol for extracting nucleotides; and (iii) to challenge the
electron transport system with inhibitors using high resolution
respirometry. At the end of cultivation the biomass was harvested
and plasma membranes isolated by aqueous polymer two
phase partitioning. The plasma membrane H+-ATPase was then
quantified using an enzymatic assay (total amount as well as
specific activity) and mass spectrometry.

Characterization of Growth
The growth of a microorganism, which is to be used for
a physiological study, should be characterized thoroughly
(Egli, 2015). This concerns media composition and culturing
conditions, as well as overall growth parameters such as specific
growth rate (µ), oxygen consumption rate (qO2), glucose
consumption rate (qGlu) and biomass concentration. Although
these factors are commonly studied in batch culture with the
microorganism exhibiting different growth phases and facing
ever changing conditions, it is also advisable to investigate them
in the steady state of chemostat cultivation.

Following Egli (2015) it was assured that the media used led
to a distinct growth limitation by one single nutrient. In Table 1

growth parameters of P. ochrochloron during the steady state
of chemostat cultivation with four different nutrient limitations
are given. A few aspects shall be pointed out. First, ammonium-
limited growth was done in the beginning with 4mM NH4

+

and later with 2mM NH4
+. The reason for this was that the

morphology of ammonium-limited grown mycelia led to the
formation of aggregates, especially at the higher concentration of
with 4mM ammonium. This formation of aggregates gave rise to
problems with the overflow pipe (biomass enrichment) and the
sampling tube (clogging) of the Biostat M bioreactor. Halving the
ammonium concentration reduced these problems. In addition,
halving the ammonium concentration also halved the biomass
as expected according to continuous culture theory (Table 1).
Strikingly, the qO2 of ammonium-limited grown mycelia was
higher with the lower biomass concentration, whereas the qGlu
behaved just oppositely. So far we cannot offer any reliable
explanation for this opposite behavior.
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FIGURE 2 | General workflow and timeline for the experiments performed for the three targeted levels (PM-M-R).

TABLE 1 | Characterization of growth of Penicillium ochrochloron in chemostat

culture with different limiting nutrients (glucose, ammonium, phosphate, and

nitrate).

Glucose feed

[20mM]

n = 3

NH+

4 feed

[4mM or 2mM]

n = 4 (4mM)

n = 2 (2mM)

PO3−

4 feed

[0.1mM]

n = 2

NO−

3 feed

[2mM]

n = 3

µ [h−1] 0.1 0.1 0.1 0.1

pH 7.0 7.0 7.0 7.0

Duration steady

state [h]

48 48 48 48

Steady state

concentration of

limiting nutrient

[µM]

31 ± 9 51 ± 37 (4)

600 ± 474 (2)

0.7 ± 0.3 1.7 ± 1.2

Biomass [(g TG)

L−1]

3.7 ± 0.4* 3.1 ± 0.4 (4)

1.4 ± 0.07 (2)

3.1 ± 0.2 1.0 ± 0.2

qO2 [mmol g−1

h−1]

1.6 ± 0.2 1.1 ± 0.3 (4)

3.1 ± 0.4 (2)

1.4 ± 0.2 1.7 ± 0.3

Technical

quotient (TQ)

(CO2/O2)

1.1 ± 0.01 1.4 ± 0.08 (4)

0.95 ± 0.07 (2)

1.2 ± 0.07 0.80 ±

0.02

qGlu [mmol g−1

h−1]

0.56 ± 0.05 1.3 ± 0.3 (4)

0.97 ± 0.5 (2)

0.80 ± 0.3 1.2 ± 0.8

Bioreactors (Biostat M, Biostat A, Biostat B, KLF 2000) were operated with 1.8 L of

medium, and at 30◦C, 0.56 vvm, and an impeller tip speed of 2.26m s-1. A steady state

(oxygen consumption, carbon dioxide production, biomass concentration) was achieved

about 40 h after inoculation.

*This value is unexpectedly high and results in an unrealistic biomass yield on glucose.

The biomass determination was, however, correct. The reason for the high value was

probably an accumulation of the biomass due to the construction of the overflow device

in the vessel (Gallmetzer and Burgstaller, 2001). We decided to retain this value in the

table, because this was the actual biomass respiring and consuming glucose, and it was

proofed that the culture was in steady state.

During the experiments it became more and more
obvious that different nutrient limitations led to different
morphological/physiological phenotypes. This had consequences
for sample preparation methods and analytical methods. Distinct
phenotypic differences were observed concerning the filtration
of the biomass, the response to metabolite extraction solutions
buffered with different buffers, the constancy of the respiration
rate in the high resolution respirometer, the aggregation
behavior of the biomass during stirring in the chamber of

the high resolution respirometer, and the response to various
inhibitors of the electron transport system. Because of these
effects some experiments could not be carried out to their full
extent. For instance, some effects of inhibitors on ammonium-
limited grown mycelia could not be quantified in high resolution
respirometry because the respiration without inhibitors did not
stabilize sufficiently.

Metabolism (M)
Concerning organic acid excretion with different nutrient
limitations the following picture emerged (Figure 3). Glucose-
limited grown mycelia excreted only the C2 compound oxalate
in a significant amount. All other nutrient limitations exhibited a
decreased excretion of oxalate and a strongly increased excretion
of citrate and malate as well as a slightly increased excretion
of pyruvate, succinate and fumarate. In general, organic acid
excretion was distinctly increased compared to glucose-limited
grown mycelia. These results are in accordance with previous
findings concerning this strain of P. ochrochloron (Vrabl et al.,
2012).

Figure 4 depicts the intracellular concentration of single
adenine and pyridine nucleotides, the sum of these nucleotides,
the ratio parameters, and the relation between nucleotide
concentrations and organic acid excretion (Krüger, 2013). Three
inferences are obvious. First, single nucleotides, as well as the
sum of nucleotides, responded strongly to the type of nutrient
limitation with glucose limitation showing the highest value
(Figures 4A,B). Second, the EC and the CRC were much less
dependent on the kind of nutrient limitation (Figure 4C).
And third, organic acid excretion was inversely correlated to
nucleotide concentration (Figure 4D).

Respiration (R)
In Figure 5 the normalized oxygen uptake rates of mycelia grown
with different nutrient limitations in response to inhibitors of
the ETS shown (the data for glucose-limited grown mycelia
were already published in Schinagl et al., 2016). Oxygen uptake
was determined by high-resolution respirometry with as little as
possible manipulations of the sample taken from the chemostat
(Schinagl et al., 2016). Three main conclusions can be drawn:
(i) the electron transport system (ETS) of glucose-limited grown
mycelia can be uncoupled to a higher degree by the protonophor
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FIGURE 3 | Excretion of organic acids by Penicillium ochrochloron CBS

123.824 during growth in chemostat with different limiting nutrients (glucose,

ammonium, nitrate, and phosphate). Data for each nutrient limitation were

derived from the steady state and represent averages ± standard deviation of

n = 5 samples from three independent chemostats (glucose and ammonium

limitation), n = 4 samples from two independent chemostats (nitrate limitation)

and n = 2 samples from two independent chemostats (phosphate limitation).

CCCP than mycelia grown with other nutrient limitations. (ii)
Secondly, all mycelia showed an inhibition of oxygen uptake by
SHAM, if SHAM was applied as the first inhibitor in a sequence
of inhibitors and (iii) only the ETS of phosphate-limited grown
mycelia showed a distinct inhibition by SHAM, if SHAM was
applied after azide.

Steady state and alternative respiration of these differently
limited mycelia showed—due to the phenotypic plasticity—
varying accessibility, e. g., for inhibitors of complex IV. Most
strikingly, there was no way for both nitrogen-limited mycelia
to gain stable respiring hyphae—not even by supplementation of
nitrogen—in the high-resolution respirometer although oxygen
uptake rates during cultivation in the chemostat were stable. The
respiration of both nitrogen-limited grown mycelia was also not
stabilizing 15min after the application of SHAM (inhibitor for
AOX), but nevertheless SHAM showed a clear diminishing effect
on oxygen uptake. Apart from this qualitative observation on
the effect of SHAM, no meaningful quantitative estimation was
feasible. Furthermore, an increasing effect of all three uncoupling
agents used in this study was not reproducible with ammonium-
limited grown mycelia. Interestingly, inhibition of complex I
differed substantially between nitrate- and ammonia-limited
hyphae. According to the measurements, 50 ± 4% of the oxygen
uptake in ammonium-limited hyphae was caused by electrons
entering the ETS via complex I. This was in strong contrast
to the measured 93 ± 3% of oxygen uptake via complex I in
nitrate-limited steady state hyphae. To summarize the findings
for nitrogen-limited hyphae, (i) the quantitative estimation of
electrons being diverted to AOX and (ii) the uncoupling of ETS
was not realizable. The (iii) amount of electrons entering ETS
via complex I differed substantially between both sources of
nitrogen.

Quantitative conclusions concerning AOX activity are only
possible for glucose-limited grown and phosphate-limited grown
mycelia, as this parameter could not be quantitated for both
nitrogen-limited grown mycelia. Inhibiting AOX with SHAM as
the inhibitor added first decreased in both mycelia the initial
uptake rate within the same magnitude. This indicated that AOX
was constitutively present and active. If complex IV was inhibited
first, phosphate-limited grown mycelia showed an activation of
AOX with respect to the classical experimental approach (i. e.
inhibition of AOX after a complete inhibition of complex IV).
No such AOX activity was found in glucose-limited steady state
mycelia.

Uncoupling the ETS with CCCP allows insights into the
theoretical maximum respiratory capacity of the mycelium.
Comparing the maximum respiratory capacity of glucose-limited
mycelium and phosphate-limited mycelium to their respective
steady state respiration (expressed as 100% value) revealed
the following (Figures 5, 7): In glucose-limited mycelium the
maximum respiratory capacity was approximately 29% higher
than the steady state respiration, indicating that there is still
surplus respiratory capacity to meet metabolic demands. This
is in line with a previous study with P. ochrochloron, where
we found oxygen consumption of glucose-limited mycelium
increased after a glucose pulse (Vrabl et al., 2008). In contrast, in
phosphate-limited mycelium the maximum respiratory capacity
was merely 7% higher than the corresponding steady state
respiration. This means that under these conditions phosphate-
limited grown mycelia approached the maximum respiratory
capacity far more to meet metabolic demands.

The residual oxygen uptake of all four tested nutrient
limitations—with inhibitors for AOX and complex IV present—
was approximately 5%.

Plasma Membrane
In Figure 6 three parameters concerning the vanadate sensitive
ATPase activity in membrane fractions of P. ochrochloron are
given: the specific vanadate sensitive activity per mg of protein,
the total vanadate sensitive activity per gram of dry weight, and
the normalized peak area from a mass spectrometric analysis of
the membranes (Dengg, 2014; Gasser, 2014). Only two types of
mycelia were analyzed: glucose-limited grown and ammonium-
limited grown. Three membrane fractions were analyzed: a
microsomal fraction (MF; a mixture of plasma membranes and
intercellular membranes), and the membranes collected from the
upper (PM; should mostly be plasma membranes) and lower
phase (ICM; should mostly be intracellular membranes) of the
aqueous polymer two phase system. Interpreting specific activity
and mass spectrometry data both led to the same conclusion:
in ammonium-limited grown mycelia the vanadate sensitive
plasma membrane H+-ATPase was more abound and more
active compared to glucose-limited grown mycelia. Concerning
the total activity this picture was confirmed in the microsomal
fraction but not for total activity in PM and ICM. The reason for
this is unclear.

An additional result of these experiments was that plasma
membranes were not predominantly found in the upper phase
of the two phase system—as it would be expected—but were
distributed between upper and lower phase. This indicated that
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FIGURE 4 | Nucleotide concentrations and their relative relations to each other in Penicillium ochrochloron CBS 123.824 during growth in chemostat cultures with

different nutrient limitations at µ = 0.1 h−1, 30◦C and pH 7. Limiting nutrients were glucose (20mM), ammonium (2mM), and phosphate (0.1mM). (A) Nucleotide

levels in dependence of the nutrient limitation. (B) Sum parameters of all targeted nucleotides: adenine nucleotides (AXP), NADH, and NADH, NADP and NADPH, and

GDP and GTP (GXP). (C) Relative ratios of nucleotides to each other expressed as Energy Charge (EC), Catabolic Reduction Charge (CRC), Anabolic Reduction

Charge (ARC), NADH/NAD-ratio and NADPH/NADP-ratio. (D) Correlation between organic acid excretion and intracellular nucleotide concentration. Samples for

intracellular nucleotide analysis were subjected to an immediate cold methanol stop and further processed using the newly developed FiltRes device (Vrabl et al.,

2016). Nucleotides were extracted with hot ethanol and quantified by gradient reversed phase HPLC and CE. For method optimization see supplementary

information, section metabolism. Nucleotide data for each nutrient limitation were derived from three subsequent days of steady state cultures and represent averages

± standard deviation of n = 14 (glucose limitation), n = 13 (ammonium limitation) and n = 12 (phosphate limitation) samples.

the two phase system—optimized for a mycelium grown in
batch culture with a different medium (Müller et al., 2001)—
was not optimal for chemostat mycelia and should be optimized
accordingly.

DISCUSSION

To explore the PM-M-R dynamics of different nutrient
limitations means also to deal with various fungal phenotypes.
While it is established that methods have to be scrutinized and—
if necessary—adapted to each organism anew, the influence of
varying phenotypes of one single organism on methodological
issues has received little attention so far. As we will show
in the first part of this discussion (Phenotypic Plasticity and
Physiological Investigations) phenotypic plasticity can have
indeed a substantial impact on the applied methods and should
be considered when applying comparative systematic approaches

to different phenotypes. In the second part (Organic Acid
Excretion and the PM-M-R Dynamics) we present scenarios
which relate the PM-M-R dynamics and the excretion of organic
acid with different nutrient limitations of steady state cultures.

Phenotypic Plasticity and Physiological
Investigations
It is common knowledge that methods cannot be transferred
from one species to another without a preceding critical test of
their suitability. It is less clear however, if a set of methods—
once established for one species—can be applied unexamined
to all of its phenotypes. Data from the literature indicated that
this might not be the case (da Luz et al., 2014; Zakhartsev et al.,
2014; Vrabl et al., 2016) and the findings of this work support
this hypothesis too. Using the multilevel approach of this study,
we found that merely varying the concentration of one main
nutrient with otherwise identical cultivation conditions (i. e.,
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FIGURE 5 | Normalized oxygen consumption rate of Penicillium ochrochloron CBS 123.824 mycelia grown in chemostat culture (µ = 0.1−h). Oxygen consumption

was measured with high resolution respirometry following minimal sample preparation. Limiting nutrients were glucose (20mM), ammonium (2mM), nitrate (2mM) and

phosphate (0.1mM). Intact hyphae were treated with CCCP, Rotenone, Antimycin A, SHAM, Cyanide and Azide. Oxygen consumption rates were normalized to the

oxygen consumption rate of untreated mycelia (i.e. 100% value). The oxygen uptake above 100% of CCCP-treated mycelium was regarded as uncoupling capacity.

Bars represent averages ± standard deviation of independent chemostat cultures, n = 3 (glucose and ammonium limitation) and n = 2 (nitrate and phosphate

limitation). The data for glucose-limited grown mycelia were already published in (Schinagl et al., 2016).

FIGURE 6 | Vanadate sensitive plasma membrane H+-ATPase in membrane fractions of Penicillium ochrochloron CBS 123.824 grown in chemostat culture with two

limiting nutrients (glucose, G; ammonium, A). Plasma membranes (PM) were enriched from a homogenate (glass bead mill) using differential centrifugation yielding a

microsomal fraction (MF) which was further subjected to partitioning in an aqueous polymer two phase system. Membranes from both phases of the two phase

system (lower phase, intracellular membranes; ICM; upper phase, plasma membranes, PM) were collected and the total, as well as specific vanadate sensitive

ATPase activity were determined. Membranes from the upper phase (PM) were also subjected to mass spectrometry and proteins quantified by the T3PQ method

(normalized peak area). The values are the average of three (glucose limitation) or four (ammonium limitation) bioreactor runs.

chemostat!), affected all targeted levels in one or another way like
the filtration behavior, sample extraction, aggregation behavior or
respiration rates. In consequence, some experimental protocols
could not be applied for all explored phenotypes without

adaptation, or even failed completely. Especially our findings
with high resolution respirometry highlight the need to critically
examine experimental techniques when being transferred to
other phenotypes. For instance, while the established protocol for
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FIGURE 7 | Overview of parameters simultaneously analyzed from plasma membrane, energy metabolism, and respiration in dependence of energetic and nutritional

limitations in steady state mycelia (µ = 0.1−h) of Penicillium ochrochloron CBS 123.824. Abbreviations: EC, Energy Charge; CRC, Catabolic Reduction Charge; ARC,

Anabolic Reduction Charge; n. d., not determinable.

high resolution respirometry with glucose-limited grownmycelia
(Schinagl et al., 2016) could be used with minor modification for
a phosphate-limited grown phenotype, this was not possible at all
for any nitrogen-limited (ammonium and nitrate) phenotype.

The transfer of ammonium-limited grown mycelia from
chemostat conditions to that in the high resolution respirometer
changed the physiological state from “energy excess and growing”
to “energy excess and non-growing.” This adaptation resulted
in a non-constant respiration rate in the high resolution
respirometer at least during the recording time of 30min. For
filamentous fungi it is documented that these organisms adapt
their physiology rapidly to a decrease in nitrogen availability by
lowering the rate of catabolism, amongst others also the rate
of respiration (Slayman, 1973; Mason and Righelato, 1976; Kim
et al., 1995; Vrabl et al., 2009). Thus, a decreasing respiration rate
in the high resolution respirometer would have been unavoidable,
because of physiological reasons. We therefore conclude that
sample preparation and analytical methods must be carefully
tested and adapted not only to each organism, but also for each
physiological phenotype.

Organic Acid Excretion and the PM-M-R
Dynamics
Experimental Premise
To study the interrelation of organic acid excretion and PM-M-
R dynamics, several experimental premises had to be made: (i)

what kind of nutrient limitations will be used, (ii) what type of
cultivation will be applied (e. g., batch vs. chemostat) and (iii)
how to tackle the interpretation of the gained results.

First, we chose to explore three different nutritional states
(limiting nutrients: glucose, ammonium and nitrate, phosphate),
which vastly differ in the availability of energy and carbon
(Figure 7). Thus, three distinct physiological states were
expected: (i) energy and carbon limitation (C), (ii) energy
and carbon excess (N), and (iii) energy limitation and carbon
excess (P). It is obvious that N- and P-limitation result in very
different physiological conditions for a cell. Nevertheless, both
mycelia exhibited an enhanced degree of organic acid excretion
(Figure 3). This offered a further opportunity to investigate the
phenomenon of organic acid excretion from another perspective,
namely high organic acid excretion in a different bioenergetic
state.

Second, we exclusively applied chemostat cultivation (Bull,
2010). In this context two remarks are appropriate: (i) one
must carefully consider whether the medium and the dilution
rate chosen enable growth with a distinct limitation by a single
nutrient avoiding an unintendedly established dual limitation
(Egli, 1991, 2015). In all conducted chemostat cultivations,
distinct single limitations were assured; (ii) furthermore, all
chemostat cultivations were performed with the same dilution
rate (D = 0.1 h−1), meaning that mycelia always grew with the
same specific growth rate of µ = 0.1 h−1. Therefore, the anabolic
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energy load (i. e., the energy consumption for growth) must have
been rather similar for all mycelia independent of the imposed
nutrient limitation. Organic acid excretion could therefore be
studied at an equal demand of anabolic energy.

And third, because of the complexity of organisms, simple
causal chains may be difficult or even impossible to prove.
In addition, a simple and monocausal relation of cause and
effect seems improbable because regulation processes in cells
are pleiotropic or like a network (Mensonides et al., 2013). We
therefore confined ourselves to a phenomenological level, aiming
at two directions: (i) to produce well confirmed sets of data;
and (ii) to interpret the resulting data from the viewpoint of a
potential pleotropic regulation of metabolism.

The Three Single Targeted Levels in Response to

Different Nutrient Limitations

Energy metabolism
In a previous work with another strain of P. ochrochloron
(Vrabl et al., 2009) we had to reject the hypothesis of a
positive correlation between the concentration of ATP (or
EC) and the excretion of organic acids. In the present
study, a very clear result was that the increased organic acid
excretion by ammonium- and phosphate-limited grown mycelia
correlated with a lower intracellular ATP concentration, or
with a lower sum of nucleotides, respectively (Figure 4). This
was further combined with an increased glucose consumption
rate and an either increased (ammonium-limited grown
mycelia) or decreased (phosphate-limited grownmycelia) oxygen
consumption rate (Table 1). This indicated that increased organic
acid excretion occurred at distinctly different physiological
states—thus pointing to the fact that drawing a conclusion from
considering one factor only (e. g., glucose consumption rate or
oxygen uptake rate) might be quite misleading. A well supported
conclusion, however, is that a lower ATP concentration allows a
higher glycolytic flux (Mensonides et al., 2013).

While there was a strong change in the levels of single
nucleotides in dependence of the nutrient limitation, we did not
find any significant changes in anabolic reduction charge (ARC),
Catabolic Reduction Charge (CRC) or Energy Charge (EC)
(Figure 4, Table 2) when comparing glucose and ammonium
limitation. Due to the extremely low nucleotide contents of
phosphate-limited mycelium, which were often below detection
limits, most ratios could not be assessed appropriately for this
phenotype. In literature the CRC is often reported to be about
0.03–0.07, whereas the ARC values are typically approximately
ten times higher (Stephanopoulos et al., 1998). Thus, CRC values
in P. ochrochloron were rather high. This seems, however, not to
be uncommon for filamentous fungi (Führer et al., 1980;Table 2).

Respiration
The uncoupling capacity of the respiratory chain differed
substantially between glucose- and phosphate-limited cultures
(Figure 5). While glucose-limited grown mycelia exhibited a
considerable excess capacity of oxygen uptake (Schinagl et al.,
2016), the oxygen uptake rates in phosphate-limited grown
mycelia were almost at their maximum capacity. One reason
for this might be the difference in glycolytic fluxes (Table 1).

The high external glucose concentrations (200mM) forced
a high catabolic flux upon the phosphate-limited phenotype
which inevitably had consequences on the fluxes through the
tricarboxylic cycle and the ETS.

As observed by Schinagl et al. (2016) and others (Lambowitz
and Slayman, 1971; Kirimura et al., 1987), the sequence
of inhibitors applied determined the extent of obtained
AOX activity (Figure 5). Following the classical definition
of AOX respiration (i. e., cyanide insensitive and mostly
salicylhydroxamic acid sensitive respiration), AOX activity is
commonly determined by applying cyanide first, followed by
SHAM. With this sequence, only phosphate-limited grown
mycelia showed a distinct AOX activity. Reversing the sequence,
however, showed a constitutively present AOX activity in all
phenotypes (albeit AOX activity could not be determined
quantitatively in nitrogen-limited cultures) which points at two
important issues. First, alternative respiration in phosphate-
limited grown mycelia might play a more central role in this
phenotype, because of the very low rate of ATP synthesis.
Thus, alternative respiration might have been more relevant to
maintain the catabolic flux. Second, this sequence dependency
confirms our previous hypothesis (Schinagl et al., 2016) that—
like in plants (Sluse and Jarmuszkiewicz, 1998; Siedow and
Umbach, 2000)—the electron fluxes to both terminal oxidases,
which are connected via the quinone pool, are dynamically
adjusted to metabolic demands. Or, in other words, AOX
activity most likely does not serve as a safety valve as had
been suggested before (Kubicek et al., 1980), but is rather in a
constant interdependent dynamic competition for electrons with
the cytochrome pathway.

In fungi the residual respiration, which is the remaining
oxygen uptake with inhibitors for both terminal oxidases present,
is hypothesized to be caused by either leak respiration or non-
mitochondrial anabolic oxygen consumption (Rosenfeld and
Beauvoit, 2003). In P. ochrochloron the residual respiration lies
within the same range for all explored phenotypes (Figure 5).
The fact that this residual oxygen uptake is unaffected by changes
in the phenotype indicates that the involved processes are most
likely mirroring a very basic demand for oxygen in the metabolic
network.

Plasma membrane
Compared to glucose-limited grown mycelia, ammonium-
limited grown mycelia contained a higher amount of plasma
membrane H+-ATPase, which also exhibited a higher specific
vanadate sensitive ATPase activity (Figure 6). Unfortunately,
limited funds did not allow determination of the plasma
membrane H+-ATPase in phosphate-limited grown mycelia and
we currently can only make assumptions on this issue (see
below).

There is little knowledge about the dynamics of changes
in the plasma membrane in filamentous fungi due to changes
in environmental conditions, and to our knowledge no
information is available about the plasma membrane dynamics
in relation to energy metabolism and the respiratory chain.
However, since the plasma membrane H+-ATPase is one of
the main ATP consumers within the fungal cell (Sanders,
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1988), it is intimately linked with the ATP pool. Thus,
its elevated activity in ammonium-limited grown mycelia
might be one reason for the lower ATP concentration in
this phenotype (Figure 4A), although this does not explain
the reduced NAD/NADH concentrations. Nevertheless,
one has to be cautious when transferring this correlation
between H+-ATPase activity and ATP pool to phosphate-
limited cultures. Although this phenotype exhibits an even
more decreased ATP level (Figure 4), this might also be
a consequence of the limited availability of phosphate
(Figure 7) and not due to an elevated ATP demand of the
H+-ATPase.

As mentioned above evidence for changes in the plasma
membrane of filamentous fungi in response to nutrient limitation
is scarce (Meixner et al., 1985). Unpublished own results of
a bioreactor batch culture of P. ochrochloron indicate that the
plasma membrane responds strongly to medium composition.
This is in line with studies from yeasts and bacteria, where there
is a growing body of evidence that changes in environmental
conditions have consequences for the composition and function
of the plasma membrane (Markham et al., 1993; Monk et al.,
1993; Krampe et al., 1998; Gaskova et al., 2002; Krampe and
Boles, 2002; Turk et al., 2004, 2007; Rossell et al., 2005;
Grossmann et al., 2006, 2007; Ferenci, 2007; Niittylae et al.,
2007; Buziol et al., 2008; Kresnowati et al., 2008). Given the
crucial function of the plasma membrane, these observations
highlight the need to investigate this important organelle on
the borderline between a living cell and its outside in more
depth.

Interrelation of Organic Acid Excretion and PM-M-R

Dynamics in Response to Different Nutrient

Limitations

Glucose limitation
As a reference for the other phenotypes investigated, the PM-
M-R dynamics of the glucose-limited phenotype showed some
interesting aspects. Facing simultaneously a carbon and an
energy limitation (Figure 7), glucose-limited grown mycelia of
P. ochrochloron barely excreted any organic acids (Figure 3) due
to the low glycolytic flux (Table 1; Gallmetzer and Burgstaller,
2001). A respiratory activity far from the maximum (Figure 5;
Schinagl et al., 2016) also pointed at a restricted catabolic flux.
This was combined with high nucleotide levels and a high
EC (Figure 4), which seems to be rather typical for glucose-
limited grown mycelia (e. g., Nasution et al., 2006b; Vrabl et al.,
2009). One of the main ATP consumers in the cell, the plasma
membrane H+-ATPase, was present but active at lower levels
only (Figure 6), which might also partly explain the high level
of ATP (Figure 4).

Ammonium limitation
Altogether, for ammonium-limited grown mycelia the following
scenario emerged for the relationship between an increased
organic acid excretion by this phenotype and the PM-M-R
dynamics. Compared to glucose-limited mycelia these mycelia
were in a physiological state of energy excess (Figure 7). These
mycelia showed a higher consumption of oxygen and glucose,

a lower concentration of ATP and a higher activity of plasma
membrane H+-ATPase.

These findings are not unusual for fungi grown with nitrogen
limitation. A lower concentration of ATP combined with an
increased glycolytic flux during ammonium-limited growth has
also been found after a relief from glucose limitation in the
filamentous fungus P. chrysogenum (Nasution et al., 2006a) and
in the yeast Saccharomyces cerevisiae (Koebmann et al., 2002;
Koefoed et al., 2002; Özalp et al., 2010; Ytting et al., 2012) as well
as during ammonium-limited steady state growth in Klebsiella
aerogenes (Harrison and Maitra, 1969) and S. cerevisiae (Larsson
et al., 1997). Özalp et al. (2010) and Ytting et al. (2012) both
assumed that the reason for the lower ATP concentration was an
increased ATP hydrolysis by plasma membrane ATPases.

This would coincide with our observation of an increased
amount/activity of the plasma membrane H+-ATPase under
these conditions. An increased organic acid excretion found with
ammonium-limited growing mycelia could then be explained
to satisfy the increased need of charge compensation for
the increased proton excretion [or vice versa] by the plasma
membrane H+-ATPase (Burgstaller, 2006).

In addition, the difference between glucose-limited grown
mycelia and ammonium-limited grown mycelia concerning the
plasma membrane ATPase seems rather to be a long term
adaptation to nutrient supply, because in batch culture there
was no change in plasma membrane H+-ATPase up to 5 h
after glucose or ammonium were exhausted (Zimmer and
Speckbacher, 2015). The same was reported for S. cerevisiae
(Müller et al., 2015).

Phosphate limitation
From a wider perspective phosphate-limited grown mycelia
are a special case since the phosphate deficiency limits ATP
synthesis, which is reflected in the low levels of adenine
nucleotides (Figure 4). Nevertheless, this phenotype exhibited
high levels of organic acid excretion (Figure 3). Like for the
other two phenotypes, the EC remained high, although it was
a little bit lower, which supports our previous hypothesis that
organic acid excretion is not triggered by the EC (Vrabl et al.,
2009). Compared to glucose-limited grown mycelia phosphate-
limited grown mycelia were furthermore characterized by: (i)
a slightly lower rate of specific respiration (Table 1); (ii) an
increased rate of glucose consumption (Table 1); and (iii) a
distinct inhibition of AOX activity by SHAM after inhibition of
the cytochrome pathway by azide (Figure 5). Also in A. niger
there is evidence that under conditions of citric acid excretion
a switch to alternative respiration takes place (Kubicek et al.,
1980; Kirimura et al., 1987, 1996, 2000; Wallrath et al., 1991,
1992; Hattori et al., 2008). The elevated amount of excreted
organic acids and the elevated activity of AOX in phosphate-
limited grown mycelia might serve as a carbon and electron
sink to keep a more or less unrestricted catabolic flux. The
scenario found in P. ochrochloron resembles the one that was
postulated for E. coli under increasingly phosphate-limited fed-
batch conditions (Schuhmacher et al., 2014): first a decoupling of
the ATP synthetase resulting in increased glucose uptake, then a

Frontiers in Microbiology | www.frontiersin.org 14 December 2017 | Volume 8 | Article 2475

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Vrabl et al. Energy Metabolism in Penicillium

shift to oxidases with less contribution to the protonmotive force,
and last excretion of acetate.

CONCLUSIONS

This study emphasizes that many aspects in the physiology of
filamentous fungi, especially primary metabolism, are currently
only poorly understood (Andersen, 2014; Meyer et al., 2016).
To explore organic acid excretion from a new point of view,
we used a multi-level approach: For the first time organic acid
excretion and its interrelation with the three important metabolic
levels of plasma-membrane (PM), (nucleotide) metabolism (M)
and respirometry (R) was studied simultaneously, quantitatively,
and related to one another under various nutrient limitations
(C-, N-, P-limitation). All target levels were affected in various
degrees by each tested nutrient limitation. The effects ranged
from distinct changes in physiological parameters like respiration
rates or nucleotide content to differences in filtration behavior,
sample extraction or aggregation behavior. In consequence, some
experimental protocols could not be applied for all explored
phenotypes without adaptation, or even failed completely. This
means that analytical methods must be adapted at the strain level
and sometimes even at the phenotype level.

As expected, organic acid excretion was considerably
increased during ammonium- and phosphate-limited conditions.
Compared to glucose-limited mycelium, the plasma membrane
H+-ATPase activity was increased under ammonium limitation.
While the studied energetic ratios such as EC or CRC appeared
to be very stable over all nutrient limitations, we observed an
inverse correlation of nucleotide contents and organic acid
excretion. In P. ochrochloron the alternative oxidase was present
in all tested experiments but appeared to be more important
under phosphate-limited conditions. In a way, the results also
highlighted the strong interdependency of the targeted cellular
levels. Therefore, reducing the observed dynamics to only a few
trigger factors or even a single factor is, to our opinion, hardly
meaningful. Instead, through the strong linkage of the single
target levels or metabolite pools with each other it is rather
questionable to view them independently at all (Igamberdiev and
Kleczkowski, 2009). In contrary, our data support the recent shift
in perspective toward a more pleiotropic metabolic regulation

(Igamberdiev and Kleczkowski, 2009; Mensonides et al., 2013;
Chubukov et al., 2014). Obtaining reliable quantitative data to
test this hypothesis is certainly a future challenge as the necessary
methodological tools have yet to be developed.
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