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Abstract
Fungal electron transport systems (ETS) are branched, involving alternative NADH dehy-

drogenases and an alternative terminal oxidase. These alternative respiratory enzymes

were reported to play a role in pathogenesis, production of antibiotics and excretion of

organic acids. The activity of these alternative respiratory enzymes strongly depends on

environmental conditions. Functional analysis of fungal ETS under highly standardised con-

ditions for cultivation, sample processing and respirometric assay are still lacking. We

developed a highly standardised protocol to explore in vivo the ETS—and in particular the

alternative oxidase—in Penicillium ochrochloron. This included cultivation in glucose-lim-

ited chemostat (to achieve a defined and reproducible physiological state), direct transfer

without any manipulation of a broth sample to the respirometer (to maintain the physiologi-

cal state in the respirometer as close as possible to that in the chemostat), and high-resolu-

tion respirometry (small sample volume and high measuring accuracy). This protocol was

aimed at avoiding any changes in the physiological phenotype due to the high phenotypic

plasticity of filamentous fungi. A stable oxygen consumption (< 5% change in 20 minutes)

was only possible with glucose limited chemostat mycelium and a direct transfer of a broth

sample into the respirometer. Steady state respiration was 29% below its maximum respira-

tory capacity. Additionally to a rotenone-sensitive complex I and most probably a function-

ing complex III, the ETS of P. ochrochloron also contained a cyanide-sensitive terminal

oxidase (complex IV). Activity of alternative oxidase was present constitutively. The degree

of inhibition strongly depended on the sequence of inhibitor addition. This suggested, as

postulated for plants, that the alternative terminal oxidase was in dynamic equilibrium with

complex IV—independent of the rate of electron flux. This means that the onset of activity

does not depend on a complete saturation or inhibition of the cytochrome pathway.
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Introduction
The inner membrane of fungal mitochondria may contain—beside the standard components
(complexes I, II, III, IV) of the electron transport system (ETS)–several alternative redox
enzymes (Fig 1): (i) up to three alternative external NAD(P)H dehydrogenases [1] or (ii) an
alternative internal NAD(P)H dehydrogenase [2], both of which feed electrons additionally to
complex I into the quinone pool. An (iii) alternative oxidase (AOX), works in parallel to the
cytochrome c oxidase (COX) by reducing oxygen to water. These alternative redox enzymes
have been suggested to be involved in many metabolic activities. For instance, the AOX is
reported to be induced by a functionally compromised COX in Neurospora crassa [3, 4], or
being involved in the pathogenesis of Aspergillus fumigatus [5] or active during the production
of cephalosporin C by Acremonium chrysogenum [6]. In A. niger the AOX is considered to
serve as an electron overflow valve during excretion of citrate [7, 8]. As the P/O ratio is signifi-
cantly decreased with this alternative respiration, it enables the fungus to cope with conditions
of energy excess by maintaining the essential NADH reoxidation [9, 10]. In addition, the fungal
complex III and the AOX have been targets for fungal pest management in agriculture [11].
Even more, the AOX has also come into focus as a potential drug target of pathogenic fungi in
humans [4, 5, 12].

Per definition, the AOX activity is reflected in the respiration which (i) remains after inhib-
iting COX and (ii) is sensible to inhibitors of AOX, mostly hydroxamic acids. This definition
determines the sequence of inhibitor application. The classical tool to functionally study the
ETS is a respirometric assay, i. e. a titration protocol for specific substrates, inhibitors and
uncouplers [13].

Especially for filamentous fungi, this approach bears some challenges. One problem is that
filamentous fungi are multi-septate organisms with an inhomogeneous distribution of mito-
chondria which leads to a high variability in oxygen consumption rates [14]. A second problem
is that the combined barriers of cell wall and plasma membrane [15] may hinder substrates
and inhibitors to permeate into the hyphae. Thirdly, multidrug efflux pumps may remove cyto-
toxic substances from the cytoplasm [16]. And fourth and foremost, fungi exhibit an enormous
phenotypic plasticity and adjust to slightest changes in environmental conditions with alter-
ations in physiology (e. g. activity of respiratory complexes) and morphology [17, 18]. This
phenotypic plasticity forces the experimenter to highly standardise margin conditions for culti-
vation, sample processing and the respirometric assay. In addition, recent research in several
fields of microbial physiology such as metabolomics indicates that the development of physio-
logical methods applicable to many organisms is not possible or meaningful [19, 20].

There is increasing awareness that it is necessary to critically revise and adapt methods for
each organism anew [19, 21, 22] and to work with physiologically well-defined cultures [23].
Nevertheless, because of a lacking standard protocol and a great variety of applied cultivation
and sample processing methods (Table 1), the comparison of literature data is still critical
within this field of research. It was, therefore, one of our aims to exemplify how extensive and
difficult the standardisation of such a method may be and that overall generality for such a
method is not possible.

The main aim of this work was to establish a titration protocol for inhibitors of both stan-
dard and alternative terminal oxidase as well as for uncoupling agents of the mitochondrial
proton gradient in Penicillium ochrochloron. To achieve this, we strived for a high degree of
experimental standardisation. This included the use of chemostat cultivated mycelium to
ensure a well-defined and reproducible physiological state of hyphae. To disturb the steady
state of the culture as little as possible by sampling, we opted for high-resolution respirometry
because of its high accuracy with a minimum amount of sample.
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Fig 1. Multiple convergent pathways for electrons into the quinone pool of fungal mitochondria. Electrons flowing downstream the quinone pool are
drained into the cytochrome pathway (complex III and IV) or via an alternative route to AOX. Arrows indicate the direction of electron fluxes downstream the
thermodynamic cascade of the ETS.

doi:10.1371/journal.pone.0146878.g001
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Materials and Methods

2.1 Chemicals
All chemicals for the respirometric assays were of analytical grade. Salicylhydroxamic acid
(SHAM), benzhydroxamic acid (BHAM), carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), 2,4-dinitrophenol
(DNP), antimycin A and rotenone were purchased from Sigma-Aldrich and n-propyl gallate
(n-PG) from Fluka. Potassium cyanide and sodium azide were supplied fromMerck (VWR)
and N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid (HEPES) from Roth. Stock solu-
tions were prepared with glass distilled deionized water or absolute ethanol, respectively. Aque-
ous solutions of potassium azide and sodium cyanide were buffered with 10 mMHEPES-
NaOH to pH 7.0. Solutions of SHAM, BHAM and azide were prepared freshly on the day
needed and stock solutions with absolute ethanol were handled in glass vials. All stock solu-
tions were kept on ice during measurements and were extra protected from light for storage at
-20°C. The anti-foam agent Clerol FBA 5075 (Cognis, Meaux, France) was used for the chemo-
stat medium.

Table 1. Compilation of studies dealing with the ETS of filamentous fungi by applying inhibitors. Cultivation conditions, sampling time, sample prepa-
ration and respirometric assay conditions are given.n.a., not available;

Organism Cultivation Sample preparation Assay conditions Ref.

Cultivation in T (°C) pH Sampling time Sample preparation Assay medium T (°C) pH

Phycomyces
blakesleeanus wt
(Burgeff) (NRRL
1555(-))

Petri dish 20 4.5 28 d Aeration for 10 min. of
broth diluted with fresh

nutrient medium

Broth with
supplemented fresh
minimal medium

25 4.5 [24]

Acremonium
chrysogenum ACC
46117

Shake flask 28 n.m. time course
over 70 h

1 mL culture broth 1 mL culture broth 28 n.a. [6]

Aspergillus niger B60 Bioreactor 30 Start
3.0

60 h 2 mL culture broth
withdrawn and

immediately processed

Culture broth n.a. n.a. [7]

Aspergillus niger WU-
2223L

Sakaguchi
shake flask

30 Start
3.0

Late
exponential
phase, 5 d

n.a. 0.5 mM glucose, 10
mM K phosphate

buffer,

30 7.2 [25]

Aspergillus niger WU-
2223L

Sakaguchi
shake flask

30 Start
3.0

1 d Broth filtered 1.6 μm 8% (w/v) glucose, 10
mM K phosphate

buffer

30 7.0 [26]

Magnaporthe grisea wt Erlenmeyer
shake flask

28 n.a. 1 d Centrifuged, washed 3 x
with 20 mM Hepes-Tris

buffer (pH 7)

20 mM Hepes-Tris
buffer

25 7.0 [27]

Metarhizium anisopliae
ARSEF 2038

n.a. 27 n.a. 10 d Broth filtered 0.45 μm,
washed with 2 volumes of

distilled sterile water

Salt solution with 1%
(m/v) glucose

25 n.a. [28]

Neurospora crassa NCN
235

n.a. 27 n.a. 6 d Broth filtered 0.45 μm,
washed with 2 volumes of

distilled sterile water

Salt solution with1%
(m/v) glucose

25 n.a. [28]

Neurospora crassa wt
RL21a

Florence flask 25 5.8 Mid exponential
phase

Broth filtered 1.2 μm Vogels minimal
medium + 2% glucose

25 5.8 [29]

Acremonium
chrysogenum
W53.2.53

Chemostat 28 6.6 n.a. n.m. n.m. 28 n.a. [30]

Aspergillus niger B1-D Glucose-limited
chemostat

25 4.0 n.a. 1–2 mL culture broth
filtered 1.6 μm

Sterilized culture
medium

27 4.0 [31]

doi:10.1371/journal.pone.0146878.t001
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2.2 Organism
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 initially was identified as the closely related spe-
cies Penicillium simplicissimum [32]. For both strains a re-identification revealed Penicillium
ochrochloron as the correct species [33].

2.3 Media
The preculture medium consisted of (mM): (NH4)2SO4 6.25, NH4Cl 12.5, KH2PO4 5.8,
MgSO4 7H2O 1.6 and glucose�1H2O 400. The solution of 1 M HEPES-NaOH was adjusted to
pH 7.3 at 30°C. Solutions of salts, glucose and buffer were autoclaved separately and mixed.
For each liter of medium 10 mL of double filtered (0.2 μm cellulose acetate) trace element solu-
tion were added. The trace element solution consisted of (mM): Fe (II) SO4 7H2O 3.59, Mn (II)
SO4 1H2O 2.72, ZnCl2 2.935, Cu (II) SO4 5H2O 0.40 and CaCl2 2H2O 4.08.

The chemostat medium for glucose limitation [33] was basically a preculture medium with-
out HEPES buffer and with the following modifications. The glucose concentration was
reduced to 20 mM and (NH4)2SO4 (final concentration 12.5 mM) served as sole source for
ammonia. Anti-foam agent was added to a final concentration of 0.1 g�L-1.

Respiration medium. Normally 10 minutes before starting the respirometric assay culture
broth was sampled from the chemostat and immediately twice syringe-filtered (cellulose ace-
tate, pore size 0.45 μm) to eliminate fat and oil droplets from the anti-foam agent and all
biomass.

2.4 Cultivation
Preculture and inoculation of the bioreactors. To ensure a filamentous inoculum, P.

ochrochloron was cultivated in the preculture medium which provided a high osmolality. A 500
mL Erlenmeyer flask containing 100 mL of medium was inoculated with spores to a final con-
centration of 106−107 mL-1 and shaken for 72 ±1 hours on an orbital shaker (25 mm ampli-
tude) at 350 rpm, 30°C and a relative air humidity of 60%. The incubation chamber was kept
dark for 95% of the cultivation time. Cultures left exponential growth phase when ammonium
was depleted about 50 hours after inoculation.

Chemostat cultivation. In brief, chemostat cultivation was performed in a Biostat M bio-
reactor (Braun, Melsungen, Germany) with a working volume of 1.8 L as previously described
[33]. Constant culture volume was maintained via a lateral glass pipe at the border between
fluid and gas phase. Conditions were 30°C, 0.56 vvm dried air and 900 rpm, i.e. 2.12 m s-1 tip
speed (three 4-bladed Rushton turbines mounted equidistant on the stirrer shaft). The pH was
regulated to 7.0 with sterile 0.2 M NaOH. Two hours after inoculation the feed pump was
started (3 mL min-1, D = 0.1 h-1). For reaching steady state conditions the cultures were
allowed to pass through four hydraulic residence times (= 40 h). Steady state conditions were
assumed if oxygen consumption, evolution of carbon dioxide and the formation of biomass sta-
bilized. The morphology of steady state samples was monitored with light microscopy (phase
contrast, magnification 500 to 1200 times with oil immersion). Immediately before every sam-
pling of the steady state cultures 6 mL of broth was withdrawn and discarded.

Taken together, the changes to our previous procedures [33, 34] were (i) standardising the
incubation time of the preculture, (ii) shortening the batch phase of the chemostat cultures and
(iii) reducing the concentration of antifoam agent. The latter was necessary since higher con-
centrations of anti-foam negatively interfered with high-resolution respirometry (see section
3.1.2, Respiration medium). The previously used antifoam concentration of 1.0 g L-1 medium
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for glucose-limited conditions was reduced to 0.25 and finally to 0.1 g L-1. Despite the reduc-
tion of 90%, this concentration prevented formation of foam, if the feed medium in the reser-
voir was stirred constantly.

2.5 Method development sample preparation
During method development, several sample preparation methods were tested, of which the
first three involved different types of filtration. The final method used a direct transfer of native
culture broth into the respirometer. For details to each preparation method see S1 Appendix
Sample preparation.

2.6 High-resolution respirometry
All respirometric assays were conducted with a high-resolution respirometer (Oxygraph-2k,
Oroboros Instruments, Innsbruck, Austria). The corresponding software (DatLab 4.0, Oro-
boros Instruments, Innsbruck, Austria) was also used for analysis of data. The required stability
of oxygen consumption rate was defined as a maximal decrease of 5% over a period of 20
minutes.

Optimization of the assay conditions. Assay conditions were fine tuned to the sample
preparation method. This included the amount of biomass in the assay, the kind of respiration
medium, the optimum agitation speed (varied from 300 to 700 rpm) and as well as the type
and the concentration of inhibitors and uncouplers. As inhibitors for the AOX both hydroxa-
mic acids SHAM (2.5 mM final concentration) and BHAM (2.5 mM final concentration) and
also n-propyl gallate (n-PG; 2–3.5 mM final concentration) were tested. Cyanide (1.0 mM final
concentration) and azide (0.7 mM final concentration) were used for inhibition of COX. For
uncoupling of the ETS the protonophors CCCP (2 μM final concentration), FCCP (1 μM final
concentration) and DNP (2 μM final concentration) were tested. Determination of the opti-
mum concentrations for inhibitors and uncouplers were performed by a stepwise titration to
maximal effect on oxygen consumption rates.

Optimized method and standardised sequence of assays. Prior to the respirometric
assay, each chamber of the respirometer was filled with 2 mL respiration medium. With both
stoppers partly inserted, the respiration medium was stirred at 300 rpm for 4–5 minutes to
equilibrate with the atmospheric oxygen and to stabilize the temperature at 30°C (Fig 2a–2f,
phase I). Afterwards to each chamber three droplets of chemostat broth were directly trans-
ferred (see Fig A d in S1 Appendix Sample preparation). As soon as the flux signal settled (Fig
2a–2f; Phase II) chambers were immediately closed.

In total, a sequence of three standardised assays (Fig 2) was performed. In the first assay, the
stability of the oxygen consumption was checked (Fig 2a and 2b; phase III) before in one of the
chambers the maximal uncoupling capacity of the ETS was determined. This was done with a
gastight syringe and by a stepwise (1 μL) titration of 1 mM CCCP stock solution (Fig 2a,
CCCP) to maximal effect. To test for interferences of the solvents with the oxygen consump-
tion rate an equal volume of solvent was applied within the same time course to the second
chamber (Fig 2b; interference solvents). The amount of organic solvents never exceeded 1% of
the assay volume, i.e. 20 μL.

In the subsequent second assay (Fig 2c and 2d) both terminal oxidases were treated after the
oxygen consumption rate had become stable (Fig 2c and 2d; phase III) with a vice versa
sequence of inhibitors: adding 20 μL 250 mM SHAM followed by 20 μL of 100 mM cyanide
(Fig 2c; SHAM, CN-), reversed sequence in the second chamber of respirometer (Fig 2d, CN-,
SHAM).
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In the third assay, which was performed approximately 24 hours later, both terminal oxi-
dases were again inhibited exactly as in the second assay (Fig 2e and 2f).

Before and after each assay chambers and stoppers were rinsed several times with double
distilled water. The subsequent cleaning with 70% ethanol and ethanol absolute was performed
for each step at least 10 to 15 minutes or overnight when possible.

Normalization of oxygen consumption rates. As a consequence of the small amount of
biomass in the respirometric assay a gravimetric estimation of dry weight was not possible in a
meaningful way (see Biomass concentration in section 3.1.2 and S2 Appendix Biomass). There-
fore oxygen consumption rates resulting from the respirometric assay were normalized as fol-
lows: corresponding steady state oxygen consumption rates were defined as 100% and rates
were expressed relative to this value.

Fig 2. Representative original respirometer traces illustrating the standardised respirometric assay with glucose-limited steady state mycelium of
Penicillium ochrochloron. For the assays steady state mycelium was used and resuspended in the respiration medium. The assay consisted in total of six
single measurements in three runs with two chambers, respectively (blue line, y1 axis: oxygen concentration; red line, y2 axis: oxygen consumption rate).
Marked sections (red boxes) indicate data range for the calculation of averaged fluxes. (a and b) Assay 1: effect of uncoupler and solvent. (c and d) Assay 2:
effect of SHAM and cyanide, with either SHAM prior to or after cyanide. (e and f) Assay 3: identical to assay 2, but 24 hours later for validating reproducibility
and monitoring the stability of chemostat culture.

doi:10.1371/journal.pone.0146878.g002
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To crosscheck the results from the few reliable gravimetric estimations (i.e. c. 0.2 (mg DW)
per chamber) we back calculated the biomass in the respirometric assay from the concentration
of biomass in the chemostat cultivations. The goal was to check, if the order of magnitude
equals for both approaches. Details are given in S2 Appendix Biomass.

Results

3.1 Method development
The foremost goal was to preserve the physiological state of samples during handling and the
respirometric assay. Unfortunately, P. ochrochloron [33] and filamentous fungi in general [18]
exhibit a high sensitivity of physiological processes to very small changes in margin conditions
(i. e. physiological phenotypic plasticity). Therefore, to achieve our goal, a rigorous standardi-
sation was necessary on three levels: cultivation (preculture, growth in chemostat), sample
preparation (method to transfer mycelium into the respirometer), and respirometric assay
(assay medium, agitation speed, biomass concentration, kind of inhibitors or uncouplers and
the sequence of addition).

3.1.1 Standardisation of cultivation and sample preparation. Concerning cultivation,
neither mycelium from shake flask cultures, nor from bioreactor batch cultures (early, mid or
late exponential phase) exhibited the necessary stability of respiration rate as defined in Mate-
rials and Methods (maximal decrease of 5% over a period of 20 minutes). In contrast, myce-
lium from glucose limited chemostat cultivation (with slight modifications to our previous
standard procedure, see 2.4) showed a sufficiently stable oxygen consumption rate. We there-
fore used solely mycelium from glucose-limited chemostat for all further steps of method
development.

Optimization of sample preparation was started (Fig A a in S1 Appendix Sample prepara-
tion) with a mild filtration of the culture broth (gravitation, mesh size 0.5 mm; duration
approximately two minutes). The mesh size was chosen to collect only dispersed hyphae in the
filtrate and to withhold the small portion of hyphal aggregates, which formed inevitably during
cultivation. The amount of biomass collected in the filtrate was, however, too low to generate a
measurable signal for oxygen consumption. Neither increasing the filtrated broth volume, nor
a subsequent mild vacuum filtration (maximal 250 mbar below atmospheric pressure; Fig A b�

in S1 Appendix Sample preparation), nor a fastened filtration by using pressure (60 seconds;
Fig A c in S1 Appendix Sample preparation) provided reproducible oxygen consumption rates.

To avoid any potential negative effects of washing steps and filtration we thus transferred a
broth aliquot directly from a sample from the bioreactor into the respirometer using cut pipette
tips to widen the tip opening (Fig A d in S1 Appendix Sample preparation). This sample han-
dling had the disadvantage of transferring antifoam agent, but this problem could be kept at a
minimum due to the small transferred volume and the reduced antifoam concentration in the
chemostat medium (section 2.4). Another drawback was that the sample contained also a small
proportion of mycelial aggregates, which made it difficult to control the amount of biomass in
the assay. These uneven amounts were reflected in different levels of oxygen consumption
rates. Despite of these drawbacks, this procedure resulted in a reproducible and stable steady
state respiration rate (Fig 2a–2f, phase III) and shortened the time for sample preparation to 30
seconds.

3.1.2 Standardisation of the respirometric assay. The conditions of the respirometric
assay had to be adjusted on the level of biomass concentration, agitation speed and respiration
medium as well as kind and concentration of inhibitors and uncouplers.

Biomass concentration. For adjusting the optimal biomass concentration we had to meet
partly opposing demands. (i) The necessary minimum time required for the titration protocol,
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given by the time needed for an inhibitor to permeate the hyphal cell wall and plasma mem-
brane. (ii) The amount of available oxygen in the closed chamber of the respirometer: The bio-
mass concentration had to be low enough to allow the performance of the whole titration
protocol before the oxygen concentration dropped to a critical level. (iii) The oxygen consump-
tion signal had to be sufficiently high to enable a reliable discrimination of an inhibitor effect.
(iv) The oxygen consumption rate had to be adequately low to allow the measurement of ele-
vated fluxes from the treatment with uncouplers.

Taken together the above mentioned issues demanded to use of 2–3 drops of culture broth
per chamber. To estimate how much dry weight this volume corresponded to, a calculation
was done which resulted in an amount of 0.27 (mg DW) 2 mL-1 (2.6, Normalization of oxygen
consumption rates and S2 Appendix Biomass). This value is only for orientation how much
biomass a chamber approximately contained during a respirometric assay.

Normalization of oxygen consumption rates. The slightly inhomogeneous distribution of
biomass in the sample caused an uneven concentration between both measuring chambers.
This suggested harvesting the biomass quantitatively after finishing the respirometric assay. It
was, however, not possible to win the complete biomass from the chamber and to determine
this amount of biomass by weighing.

The use of other markers for the normalization of the oxygen consumption rate would have
had the prerequisite of winning all biomass from the chamber of the respirometer. This was
not possible or would—with high probability—have introduced additional errors (e g. because
of the necessary cell permeabilisation or cell disruption).

We therefore defined the steady state oxygen consumption rates (biomass without inhibi-
tors) in the respirometer as 100% and other rates were expressed relative to this value. Because
this normalization was a straightforward, non-invasive procedure without introducing addi-
tional errors, we decided to do it that way.

Agitation speed. A higher stirrer speed is accompanied by a lower noise of the oxygen con-
sumption signal. On the other hand it is well-known that filamentous fungi are sensitive
towards shear forces [35]. Despite significantly decreased tip speeds in the high-resolution res-
pirometer (0.235 m�s-1 at 300 rpm to 0.548 m�s-1 at 700 rpm) compared to that in the bioreac-
tor (2.12 m�s-1), the different geometries of the vessels and type of stirring (Rushton turbines
versus magnetic stirrer bar) made it necessary to monitor the impact of the agitation on signal
stability and mechanical integrity of the mycelium over a period of 20 minutes. Therefore
mycelium was sampled before and after agitation in the respirometer and checked by light
microscopy for any changes in morphology (i.e. signs of disintegration like broken off branches
or hyphae depleted of cytoplasm). The demand of hyphal integrity and minimal signal noise
could only be met at a comparably low stirrer speed of 300 rpm.

Respiration medium. Previous studies with P. ochrochloron indicated that the choice of
assay medium has a strong impact on the results of physiological experiments [33]. In this
work, the respiration medium was gained by double filtration of a broth aliquot from a glu-
cose-limited steady state culture. Due to the buffer effect of the phosphate in the chemostat
medium, it was not necessary to add a buffer to keep the pH constant during the assay. This
provided a respiration medium which was similar to the actual chemostat conditions but with-
out oil or fat from the anti-foam agent. The oil and fat fraction of the anti-foam agent generated
a thin smear on the surface of the measuring chambers after several assay. This diminished the
diffusion properties of the polarographic sensor membranes or served as a reservoir for lipo-
philic substances.

To check if it was necessary to supplement the respiration medium (i.e. the double filtered
glucose-limited broth which contained almost no residual glucose) with the limiting nutrient
glucose or not, we compared the oxygen consumption rates under both conditions.
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Interestingly, when glucose was supplemented, the oxygen consumption rates became unstable,
while oxygen consumptions rates in non-supplemented samples remained stable (for original
traces see S1 Fig. Glucose supplement).

Inhibitors and uncouplers. To test whether or not complex I or III were functional in P.
ochrochloron during glucose limited growth we checked the effect of rotenone (final concentra-
tion 3 μM) and antimycin A (final concentration 20 μM). With rotenone we observed an
immediate drop of oxygen consumption rate in the range of one third to one half of the steady
state oxygen consumption rate. Antimycin A, an inhibitor for complex III, had no effect on the
oxygen consumption rate at all (see S5 Fig. Rotenone Antimycin A).

Cyanide and azide were tested for inhibition of COX. As cyanide showed a significantly
stronger inhibition than azide (see S3 Fig. Propylgallate Azide and S4 Fig. Propylgallate Cya-
nide) it was used for the following assays.

For the inhibition of the AOX we compared the effect of three different inhibitors reported
in literature [29, 36, 37]: SHAM, BHAM and n-propyl gallate (n-PG). A stable inhibition
with SHAM was reached after approximately 15 minutes of exposure (Fig 2c and 2e). The
hydroxamic acid BHAM showed a similar time dependency but the inhibition was 45% less
compared to SHAM (see S2 Fig. BHAM vs. SHAM). In contrast, the chemically different
and more potent inhibitor n-PG [38] caused an immediate and sharp decline in oxygen con-
sumption rates. However, also with this inhibitor, the level of inhibition was lower compared
to SHAM (see S2 Fig. BHAM vs. SHAM and S4 Fig. Propylgallate Cyanide). Considering
the lower inhibition of AOX activity by BHAM and n-PG we used SHAM for further
experiments.

The protonophores CCCP, FCCP and DNP were compared for uncoupling ETS and thus
stimulating oxygen consumption. FCCP and CCCP caused a similar increase in oxygen con-
sumption rates, but with different patterns. FCCP stimulated the oxygen consumption rate but
always inhibited oxygen consumption rate above a certain concentration. This was sometimes
also observed with CCCP. In contrast, DNP neither stimulated nor inhibited the oxygen con-
sumption rate. Finally, CCCP was chosen and used throughout our study because it showed
less interference at levels above optimum concentration.

Sequence of respirometric assays. Considering the above mentioned time dependency (i) of
the inhibitory effect of SHAM as a result of permeation limitations and the (ii) restricted avail-
ability of oxygen in a closed chamber system, we established a standardised sequence of six
single measurements in three respirometric assays (Fig 2). Keeping the single measurements
short was also necessary because a re-oxygenation (i.e. aeration of the chamber after the oxy-
gen concentration has already reached a critical level) was not possible with P. ochrochloron:
After re-oxygenation, the initial level of oxygen consumption rate was not fully established,
and moreover, the oxygen consumption signal started to get unstable. Both observations indi-
cated a physiological adaptation and therefore a continuation of measurements was not
advisable.

The standardised sequence consisted of three independent assays (Fig 2). In the first assay
(Fig 2a and 2b) the stability of the oxygen consumption rate and the influence of the solvent
used for inhibitor solubilisation were checked. For estimation of the maximal uncoupling
capacity the proton gradient across the inner mitochondrial membrane was collapsed with the
protonophore CCCP. In the second assay (Fig 2c and 2d) the inhibition of both terminal oxi-
dases was performed. This was done also with a vice versa sequence of inhibitors. Thirdly, after
further 24 hours of chemostat cultivation, the second assay (Fig 2e and 2f) was repeated. This
inter-day validation served for validating the reproducibility and for monitoring the stability of
steady state cultures.
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3.2 Applying the optimized methods for cultivation, sample preparation
and respirometry
Combining the optimized procedures for cultivation, sample preparation and the respirometric
assay, resulted in the data set (S1 Table Off-line respirometry) depicted in Fig 3. Uncoupling
the ETS with CCCP revealed that glucose-limited steady state mycelium used only about two
thirds of its maximal respiratory capacity (Fig 3). Inhibiting the activity of AOX with SHAM
decreased the oxygen consumption rate about one third within 15 minutes (Fig 3). A subse-
quent inhibition of the COX with cyanide further diminished the remaining oxygen consump-
tion to approximately 5% (Fig 3).

Fig 3. Oxygen consumption of glucose-limited steady state mycelium of Penicillium ochrochloron.Oxygen consumption in the presence of SHAM
(AOX inhibitior), cyanide (COX inhibitior) and CCCP (uncoupler of mitochondrial proton gradient). The oxygen consumption rates were normalized to the
steady state oxygen consumption rate without inhibitors. The bars represent mean and standard deviation of three separate steady state cultivations (see S1
Table Off-line respirometry). AOX was inhibited with 2.5 mM SHAM, COX with 1 mM cyanide, and uncoupling was done with 3 μMCCCP. The mean residual
oxygen consumption was calculated with both inhibitors present.

doi:10.1371/journal.pone.0146878.g003
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In contrast, if the sequence of inhibitors was reversed and the sequence started with cyanide,
the oxygen consumption collapsed almost completely (Fig 3). A subsequent application of
SHAM caused only a very slight decrease of the oxygen consumption rate (Fig 3). However, the
total rate of inhibition with both inhibitors present was independent of the applied sequence
and the residual oxygen consumption in glucose-limited steady state mycelium was about 5%
(Fig 3).

Discussion
Many questions concerning fungal respiratory systems are still unanswered. One question was
pointed out by Joseph-Horne et al. [13] in their comprehensive review as follows: ‘One of the
key questions for fungal AOX is whether it is constitutively expressed, and if so, is it an active
component of the electron transport chain’. Unfortunately, the answer is not straightforward.
Constitutive expression of AOX was reported in A. niger [39] and in N. crassa [3], though the
latter authors could not find any corresponding enzymatic activity. Another study with N.
crassa suggested that the AOX is inducible by several factors [40].

There is another fundamental open question: In fungi it is yet unclear, if the AOX serves
merely as an ‘electron sink’ to mediate an electron overflow in case the cytochrome pathway is
saturated or blocked, or, if this alternative pathway might ‘compete with an unsaturated cyto-
chrome pathway’ as it was suggested for plants [41].

4.1 Phenotypic plasticity, standardisation and reference mycelium
Currently there is no standard protocol to study fungal ETS in vivo–neither for growth condi-
tions nor for sample preparation nor for the respirometric assay. A wide range of conditions
and methods were reported for functionally exploring fungal ETS (Table 1).

In “-omics” studies it is state of the art that cultivation, sampling, and physiological assay
conditions of microorganisms must be adapted to each species, each strain, and even to each
physiological phenotype anew. This is also true for studying the ETS and is especially impor-
tant with filamentous fungi with their high phenotypic plasticity. The physiological phenotype
of filamentous fungi is highly susceptible to the kind of nutrient limitation and small changes
in all kinds of experimental margin conditions [33]. Because of this, it is neither reasonable nor
possible to develop one single standard protocol to study the ETS in different fungal organisms.
Exactly because of this situation it is all the more important to standardise cultivation methods,
sampling procedures and assay conditions as extensive as necessary.

Thus the first prerequisite was to choose a cultivation method which leads to a reproducible
and defined physiological state. Obviously, only chemostat cultivation could be the method of
choice. We used glucose as the limiting nutrient for three reasons: (i) Glucose-limited chemo-
stat mycelium of P. ochrochloron was already characterized on several physiological levels, e. g.
glucose uptake [33]. (ii) With glucose-limited chemostat mycelium a stable steady state respira-
tion over a period of 20 minutes was achieved. And (iii) glucose limitation resulted in only a
negligible degree of organic acid excretion [42]. If the AOX plays a role during organic acid
excretion, then AOX activity should be lowered during non-excreting growth conditions. Res-
pirometric data from glucose-limited chemostat mycelium thus provide an important reference
point to compare chemostat mycelia from different nutrient limitations.

Second, a further aim was to expose the mycelium to as little manipulations as possible dur-
ing transfer from chemostat to the respirometer, i. e. during sample preparation. This was
achieved by transferring a few drops of culture broth directly from the chemostat to the respi-
rometer. This guaranteed that the physiological state of the hyphae in the respirometer was as
close as possible to that during steady state growth in the chemostat.
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And the third level of standardisation was to establish a standardised assay protocol to test
the effect of inhibitors and uncouplers on oxygen consumption rate in the high-resolution
respirometer.

4.2 Applying high-resolution respirometry to glucose-limited steady state
mycelium of P. ochrochloron
The tested inhibitors and uncouplers varied considerably in their effectivity. While some, like
DNP, did not show any effect on oxygen consumption rate, the effect of others, like SHAM,
was clearly time dependent (Fig 2c and 2e). This indicated a limitation in the permeation of the
combined barrier of cell wall and plasma membrane. It should also be kept in mind that anti-
drug pumps may remove inhibitors from the cytoplasm [16].

The oxygen consumption of glucose-limited steady state mycelium of P. ochrochloron, i.e.
hyphae which excrete no significant amounts of organic acids, showed several distinct
characteristics:

1. The uncoupling of ETS indicated that the oxygen consumption rate of P. ochrochloron was
distinctly below the maximum respiratory capacity (Fig 3). This observation is consistent
with previous findings with P. ochrochloron, where the oxygen consumption increased
immediately after a glucose pulse to glucose-limited chemostat mycelium [33].

2. Like in the industrial strain A. niger B60, in P. ochrochloron a rotenone-sensitive complex I
was active under conditions with no or negligible organic acid excretion. In A. niger B60 the
activity of complex I got selectively lost with the onset of organic acid production [10],
while activity of alternative NADH-dehydrogenases was enhanced [2, 10]. Whether this is
also the case in P. ochrochloron yet needs to be answered.

3. Although it is likely that P. ochrochloron possesses a complex III like other fungi [13], we
were unable to demonstrate its inhibition, since 20 μM antimycin A did not show any effect
on the oxygen consumption rate. However, in the light of the difficulties with a series of
inhibitors and uncouplers (see section Results), the most probable explanation is that anti-
mycin A could not pass the barrier of cell wall and plasma membrane under the tested
conditions.

4. Similar to other fungi [13], we found a cyanide sensitive COX (complex IV) in P. ochro-
chloron under glucose-limited conditions.

5. Whether or not AOX was active depends on the point of view. Commonly, the respiration
attributed to AOX is defined as respiratory activity which is insensitive to cyanide and sensi-
tive to SHAM, whereby the sequence of added inhibitors is of relevance (i.e. cyanide prior to
SHAM). Following this sequence of inhibitor addition, the AOX seemed not to be present
in P ochrochloron under glucose-limited conditions (Fig 3). In contrast, if the sequence of
inhibitors was reversed, i.e. SHAM prior to cyanide, AOX attributed with approximately
30% to the total respiration. As listed in Table 2, in other studies it was also reported that
the value of AOX inhibition depended on the sequence of inhibitor addition. Section 4.3
will address this issue in more detail.

6. If both terminal oxidases were fully inhibited, the residual oxygen consumption was—irre-
spective of the sequence of inhibitor addition—about 5% of the steady state oxygen con-
sumption rate (Fig 3). This value is within the range reported for residual respiratory
activity in filamentous fungi (Table 2). The nature of this respiration remains speculative,
but it might be due to oxygen requiring processes like leak respiration or generation of
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reactive oxygen species. Another demand for molecular oxygen might stem from non-respi-
ratory anabolic pathways as stated for unicellular fungi [43].

4.3 Activity of AOX in dependence of the inhibitor sequence
As mentioned before, AOX activity is generally considered as the respiration which is insensi-
tive to cyanide and sensitive to SHAM. This viewpoint is reflected in the usual sequence of
added inhibitors: First a specific inhibitor for the COX, like cyanide, is applied, followed by a
specific inhibitor of the AOX. The decrease in respiration after this second step is usually
attributed to the activity of the AOX. However, as indicated above, a reversal of this sequence
of inhibitors can result in significant different values of AOX inhibition (examples for other fil-
amentous fungi see Table 2)–an aspect which has been noted by others before [25, 29]. If we
assume that this is not an experimental artifact from non-specific side-effects of the inhibitor,
then these observations shade light on the fundamental question whether or not the AOX
serves as a safety overflow valve for a fully saturated or blocked cytochrome pathway (Fig 4a
and 4b). The fact that the sequence of inhibitor addition strongly determined the degree of
inhibition by SHAM in P. ochrochloron and other filamentous fungi (Table 2) suggests that
AOX serves—similar to plants—not as a safety valve. Activity of AOX should rather be viewed
as being in a dynamic interdependence with the cytochrome pathway (Fig 4c) [41, 44]. As the
electron fluxes to both oxidases might be interconnected dynamically via the quinone pool, the
results from inhibitor experiments do not necessary reflect the activity of COX and AOX in
vivo. The methods required to determine the in vivo contribution of each pathway to the respi-
ratory activity have yet to be developed for filamentous fungi. Due to their tremendous pheno-
typic plasticity, it is probable that these methods have to be adapted not only to each organism
but also to each physiological condition anew.

Table 2. Compilation of studies dealing with the ETS of filamentous fungi applying SHAM or BHAM b for AOX and cyanide for COX or Antimycin A
for complex III. The kind of used cells, the degree of inhibition, residual respiration and sequence of inhibitor addition are given. n.d., not determined; perm.,
permeabilised with digitonin;

Organism Sample COX or complex III
inhibited prior to AOX
Relative contribution to

steady state respiration in
%

AOX inhibited prior to COX
or complex III Relative

contribution to steady state
respiration in %

Reference

COX AOX Residual COX AOX Residual

Aspergillus fumigatus wt perm. spheroplasts 78 17 b 5 81 15 b 4 [36]

Aspergillus niger B 60 whole mycelium n.d. n.d. n.d. 75 12 13 [7]

Aspergillus niger B 60 whole mycelium 22 a 67 11 75 a 13 12 [7]

Aspergillus niger WU-2223L whole mycelium 88 12 0 34 66 0 [25]

Aspergillus niger WU-2223L AOXEGFP-1 single cell conidia 73 27 0 94 6 0 [39]

Metarhizium anisopliae ARSEF 2083 whole mycelium 20 53 27 68 7 25 [28]

Neurospora crassa NCN 235 whole mycelium 80 13 7 90 0 10 [28]

Phycomyces blakesleeanus NRRL 1555 whole mycelium 73 27 0 73 27 0 [24]

Penicillium ochrochloron CBS 123.824 whole mycelium 95 1 4 66 30 4 Present work

a Antimycin A for inhibiting complex III;
b BHAM for inhibiting AOX;

doi:10.1371/journal.pone.0146878.t002

Adapting of High-Resolution Respirometry to Penicillium ochrochloron

PLOSONE | DOI:10.1371/journal.pone.0146878 January 15, 2016 14 / 18



Supporting Information
S1 Appendix. Sample preparation.
(DOCX)

S2 Appendix. Biomass.
(DOCX)

S1 Table. Off-line respirometry.
(XLSX)

Fig 4. Hypothesized electron partitioning between COX and AOX. The safety valve hypothesis suggests two distinct states: (a) Electrons are not drained
to AOX if the cytochrome pathway is not operating to full extent. (b) Electrons flow to AOX in situations of a fully saturated or blocked cytochrome pathway. (c)
The dynamic inter-dependence hypothesis in contrast excludes a regulation of AOX activity solely by the degree of saturation or a blockage of the
cytochrome pathway. Electron partitioning is regulated dynamically by different metabolic demands.

doi:10.1371/journal.pone.0146878.g004
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