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Abstract In view of the high citric acid production
capacity of Aspergillus niger, it should be well suited as a
cell factory for the production of other relevant acids as
succinic, fumaric, itaconic and malic. Quantitative meta-
bolomics is an important omics tool in a synthetic biology
approach to develop 4. niger for the production of these
acids. Such studies require well defined and tightly con-
trolled cultivation conditions and proper rapid sampling,
sample processing and analysis methods. In this study we
present the development of a chemostat for homogeneous
steady state cultivation of 4. niger, equipped with a new
dedicated rapid sampling device. A quenching method for
quantitative metabolomics in 4. niger based on cold
methanol was evaluated using balances and optimized with
the aim of avoiding metabolite leakage during sample
processing. The optimization was based on measurements
of the intermediates of the glycolysis, TCA and PPP
pathways and amino acids, using a balance approach.
Leakage was found to be absent at —20 °C for a 40 % (v/v)
methanol concentration in water. Under these conditions
the average metabolite recovery was close to 100 %. When
comparing A4. niger and Penicillium chrysogenum meta-
bolomes, under the same cultivation conditions, similar
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metabolite fingerprints were found in both fungi, except for
the intracellular citrate level which is higher for 4. niger.
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Abbreviations

Vs Degree of reduction of compound x
Growth rate (h™")

aa Amino acid

Cy Biomass concentration inside the reactor

Cx out Biomass concentration in the outflow of the
reactor

gpw Grams of dry cell weight
Gly Glycolytic metabolites

MeOH Methanol

PPP Pentose phosphate pathway

R, Net conversion rate of compound x (Cmol/h)
TCA Tricarboxylic acid cycle

TOC Total organic carbon

1 Introduction

Filamentous fungi like Aspergillus niger, form a key step in
the global carbon cycle by their capacity to degrade plant
cell wall wastes efficiently, as they have one essential
advantage: the massive secretion of enzymes that are
capable of degrading plant cell wall constituents into
available sugars which can subsequently be taken up by the
cells. This fungal characteristic is already exploited
industrially in the production of enzymes such as glu-
coamylases and hemicellulases. Moreover, 4. niger is
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applied in large scale industrial fermentations for the pro-
duction of citric acid.

Considering the high citric acid production capacity of
A. niger at low pH, it should be well suited for the pro-
duction of other relevant organic acids, such as itaconic,
succinic, fumaric and malic acid. Bio-based fermentative
production of these acids from plant waste streams using A.
niger, is an attractive alternative to their petroleum-based
production. Moreover, the mentioned dicarboxylic acids
have a good potential as chemical building blocks in
polymer synthesis (Werpy et al. 2004). Overproduction of
dicarboxylic acids in A. niger requires metabolic engi-
neering of the fungus, not only with respect to the product
pathway but also with respect to the import of lignocellu-
losic sugars (glucose, xylose, arabinose, etc.) and the
export of the produced acids.

A. niger as a cell factory exhibits a flexible metabolism
which enables growth on a wide range of substrates. Fur-
thermore, its genome has been fully sequenced (Pel et al.
2007) which facilitates metabolic engineering efforts for
the development of strains for the production of new
compounds and subsequent strain and process improve-
ment. Hence, a systems biology approach can be applied
for identifying and removing bottlenecks by combining
different—omics levels.

Steady state as well as dynamic quantitative metabolo-
mics with and without stable isotope labelling can be
applied to identify kinetic and capacity bottlenecks in the
product pathway, substrate import and product export.
Such metabolomics studies require well defined and tightly
controlled cultivation conditions and proper rapid sam-
pling, sample processing and analysis methods (van Gulik
et al. 2000).

Unfortunately, the filamentous growth-form of 4. niger
poses problems, especially in bench-scale fermentors, due
to the tendency of the organism to grow as pellets and to
accumulate on the walls and probes of the fermentor, as
well as in the outflow system in case of chemostat culti-
vation (Schrickx et al. 1993; Larsen et al. 2004). This
should be avoided as a homogeneous culture is a pre-
requisite for proper metabolomics/fluxomic studies. Due to
these practical difficulties, little work has been done in the
direction of chemostat cultivation of 4. niger.

In one of the few chemostat studies on A. niger, changes
in mycelium morphology and conidia formation were
studied as a function of the growth rate (Schrickx et al.
1993). In the same work a Teflon covered ring bar magnet
was used, which could be moved over the wall with an
external horseshoe magnet, to remove wall growth. With a
similar purpose, Swift et al. 1998 tried to reduce biomass
accumulation on internal surfaces by periodically increas-
ing the stirrer speed for 5-10 min.
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Larsen et al. (2004) suggested the use of a custom made
variomixing bioreactor, in which intermittently rotating
baffles reduce the surface area susceptible to wall growth
and probes were inserted below the surface level of the
culture to prevent mycelium accumulation between the
probes. With this technically complex bioreactor, wall
growth was significantly reduced in batch cultivations of
Aspergillus oryzae. Later on this reactor was successfully
used for steady state chemostat cultivation of 4. niger
(Jgrgensen et al. 2007). With the purpose of minimization
of wall growth, Jgrgensen et al. 2011 cooled the glass
surface of the headspace of the bioreactor. Another prob-
lem when growing A. niger is its aggregation as pellets. It
has been reported that when inoculating a culture with
spores at pH values of 3.5 or higher, pellets were formed
whereas free mycelium was formed when inoculation was
done at pH 2.5 (Pedersen et al. 2000).

In addition to a homogeneous cultivation, accurate
sampling is required for quantitative metabolome analysis.
Over the years, different rapid sampling devices have been
developed (Schidel and Franco-Lara 2009), to allow fast
sampling of biomass from bioreactors for intracellular
metabolomics studies. When constructing a sampling
device, the residence time for the cells to pass from the
reactor to a quenching fluid has to be considered and
compared to the consumption rate of the available substrate
and oxygen. This residence time should be short enough to
prevent any change in limitation to occur and thus to pre-
vent changes in metabolite levels during sampling.
Additionally, dead zones within the equipment must be
avoided and the construction must permit aseptic use
(Larsson and Tornkvist 1996). In most of the described
sampling devices the dead volume has been reduced by
using channels with a small internal volume such as HPLC
capillaries.

Currently, there is a sampling device built in house
(Lange et al. 2001), designed for Saccharomyces cerevisi-
ae. This sampling device has been used for other
metabolomics studies in different organisms, as Esche-
richia coli, Pichia pastoris and even the filamentous
Penicillium chrysogenum (Carnicer et al. 2012; Taymaz-
Nikerel et al. 2009; de Jonge et al. 2012). However, A.
niger, being a filamentous fungi, was not suited for the
usage of such a device comprehending a sampling tube of
0,8 mm, and thus blocking the system due to long hyphae
(100 pm) of the organism (Swift et al. 1998).

Fast changes in the environment of the cells directly
influences their metabolism and thus also the outcome of a
metabolome analysis. It is known that the turnover times of
intracellular metabolites are generally small, in the order of
seconds, considering their conversion rates and intracellu-
lar concentrations. Hence, quenching of cellular
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metabolism within a fraction of a second upon sampling is
required, in order to avoid further (inter)conversion of
metabolites and obtain a proper snapshot of the metabolic
state.

The most critical assumption in quenching methods
which allow separation of cells and extracellular medium
and washing of the biomass, such as the cold methanol/
water method (de Koning and van Dam 1992) is that
intracellular metabolites will remain inside the cells during
quenching, separation and washing. However it is known
that some metabolites can leak from the cells into the
quenching solution, which is later discarded, thus under-
estimating intracellular levels (Canelas et al. 2008). For
eukaryotic microorganisms, leakage can be avoided by
adaptation of the composition of the quenching fluid
(Carnicer et al. 2012; de Jonge et al. 2012; Canelas et al.
2008). Apart from quenching, also a proper extraction
procedure is crucial, as it is not desired that the metabolites
of interest are (inter)converted and/or degraded during this
procedure. Only very few studies have been performed on
the optimization of quenching and extraction procedures
for metabolomics of A. niger.

Ruijter and Visser (1996) performed rapid sampling of
A. niger in a quenching solution of 60 % aqueous methanol
at —45 °C and metabolite extraction was performed using a
cold chloroform/methanol method. In this study it was
stated that metabolites do not leak from the cells, as no
significant concentrations were detected in the quenched
filtrate. However the detection limits of the analysis were
not specified, and leakage cannot be quantified from
intracellular concentrations only, as one needs to compare
external and intracellular metabolite amounts. Jernejc
(2004) evaluated different quenching methods and differ-
ent extraction methods for metabolite recovery in A. niger.
Quenching in liquid nitrogen or in a 60 % methanol water
solution at —40 °C, gave similar results. For metabolite
extraction, acid and alkali extractions were considered
better methods than ethanol extraction, though recoveries
of the different methods were not checked. In these pre-
vious protocols validation of absence of leakage was not
performed.

Here we describe the successful development of a che-
mostat protocol for homogeneous steady state cultivation
of A. niger, based on a conventional turbine stirred biore-
actor. We equipped the reactor with a dedicated rapid
sampling device for fast and reproducible withdrawal of
mycelium samples, allowing quantitative metabolome
analysis. To obtain reliable snapshots of the metabolome, a
cold methanol/water based quenching procedure was
optimized and validated for absence of leakage for 4. niger
using the metabolite balance approach described by Can-
elas et al. (2008). To this end we quantified an extensive set
of metabolites with different physicochemical properties in

different sample fractions, using isotope dilution mass
spectrometry (Mashego et al. 2004; Wu et al. 2005).

2 Materials and methods
2.1 Strain and inoculum

The strain used was 4. niger NW185. The conidial inocula
for chemostat cultivation were obtained from cultures on
complete medium agar plates at pH 6 containing 9 g/L
glucose monohydrate as carbon source, 6 g/ NaNOj as
N-source, 1.5 g/LL KH,PO,4, 0.5 g/L KCI, 0.5 g/L MgSOy,-
7H20, 2 g/l meat peptone, 1 g/L yeast extract, 1 g/L
tryptone and 15 g/L agar.

The agar medium was supplemented with 1 mL/L of
trace elements solution, containing 10 g/LL EDTA, 4.4 g/L
ZnSO,4-7TH,0, 1.0 g/L MnCl,-4H,0, 0.32 g/L. CoCl,-6H,0,
0.32 g/L CUSO45H20, 0.22 g/L (NH4)6MO70244H20,
1.47 g/LL CaCl,-2H,0 and 1.0 g/L. FeSO,4-7H,0O (Vishniac
and Santer 1957) and 1 mL/L of vitamins solution (con-
taining 0.05 g/L D-biotin, 1 g/l CaD(+)panthotenate, 1 g/L
nicotinic acid, 25 g/L myo-inositol, 1 g/L thiamine chloride
hydrochloride, 1 g/L pyridoxol hydrochloride, 0.2 g/L
p-aminobenzoic acid).

Media were sterilized at 121 °C for 20 min and the
glucose solution was sterilized separately at 110 °C. The
trace elements and vitamin solutions were added sterile to
the culture media by filtration through a 0.2 um cartridge
filter (Whatman FP 30/0.2 CA-S).

One week before the inoculation of the fermentor cul-
tures, the medium plates were inoculated with conidia from
a stock culture kept at 4 °C. Plates were incubated at 30 °C
for 4 days and then stored at 4 °C. Spores were harvested
and washed with saline solution containing 0.9 % NaCl and
0.05 % Tween 80 to enhance the release of the spores from
the plates.

2.2 Fermentor set up

A 7 L turbine-stirred bioreactor was used (Applikon, Delft,
The Netherlands). The bioreactor was set up and operated
as described in Nasution et al. (2006) with the following
differences:

The broth level was chosen such that the baffles were
completely covered (working volume of 4.5 = 0.01 L). A
cooling tubing (4 °C) was wrapped around the headspace
of the fermentor to minimize growth of the fungus on the
glass surface above the liquid. The exhaust gas of the
fermentor was passed through a condenser (4 °C) and a
Nafion dryer (Permapure, Toms River, USA) before
entering a NGA 2000 offgas analyser (Rosemount
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Analytical, Anaheim, USA) for measurement of the oxygen
and carbon dioxide contents. Data acquisition was per-
formed with MFCS/win 3.0 software.

The bioreactor was equipped with pH, temperature and
dissolved oxygen probes, inserted in the metal bottom part
of the fermentor, below the broth level.

The cultivation temperature was kept constant at 30.0 °C
(£0.1), and the pH (Mettler Toledo InPro® 3030/120) was
controlled at 3.0 (£0.1) by addition of 4 M H,SO,.

Sterile air was supplied via a mass flow controller
(Brooks 58505 calibration at O °C and 1 bar) at 1 L/min
through a bottom sparger. Dissolved oxygen was moni-
tored with an AppliSens Z010011020 probe.

To avoid biofilm formation on the wall, continuous
media inflow was supplied at the bottom of the fermentor,
along with the air supply. An overpressure of 0.3 bar was
applied.

2.3 Batch cultivation

The fermentor, containing 4.5 kg of minimal medium, was
inoculated with a conidial suspension to give a final con-
centration of 1 x 10° spores/mL, along with 0.003 % (wt/
wt) of yeast extract to induce conidia germination
(Jgrgensen et al. 2011).

The glucose limited minimal medium contained 0.5 g/L.
(NH4),S0,, 0.3 g/ KH,PO,, 3 g/ NH4H,PO,, 0.5 g/L
MgS0O,4-7H,0 and 1 mL/L trace elements solution (com-
position as described above), with a final pH of 4.6.
Sterilization of the medium was performed by passing it
through a 0.2 pm filter (Sartorius stedim Sartopore2). The
substrate concentration was 7.5 g/L. glucose monohydrate
and the fermentor pH was controlled at 2.5 to prevent pellet
formation.

Oxygen-sufficient growth was ensured by preventing
the dissolved oxygen tension (DO) to decrease below
50 %, of air saturation by automatic DO control through
progressively increasing the stirrer speed from initial
100 rpm to a maximum of 450 rpm at the end of batch
fermentation.

2.4 Chemostat cultivation

Continuous cultivation was started in the late exponential
phase of the batch culture, approximately 30 h after
inoculation, by starting the medium feed. The composi-
tion of the chemostat medium was the same as the batch
medium. Effluent was removed discontinuously via a
pneumatic valve in the bottom of the reactor and a
peristaltic effluent pump controlled by the broth weight.
During chemostat cultivation the stirrer speed was kept
constant at 450 rpm.
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2.5 Sampling and analytical procedures

When a steady state was reached (after five residence
times), at least six samples were taken for quantification of
cell dry weight, concentrations of extracellular compounds
and TOC (total organic carbon) content.

Broth samples for determination of the biomass dry
weight concentration were taken from three different sec-
tions of the fermentation setup: the regular sampling port
aside the fermentor vessel, the sampling port of the rapid
sampling device and the outflow tube upstream the effluent
vessel. In all cases, biomass dry weight was determined by
filtration over glass fibre filters (47 mm, type A/E, Pall,
USA), subsequent washing with water and drying at 70 °C
until constant weight. All samples were analysed in
triplicate.

Filtrate samples were obtained by quickly (within 3 s)
withdrawing 5 mL of broth, via the over-pressure on the
fermentor, into a syringe containing cooled steel beads
(=20 °C) to bring the sample temperature down to 0 °C
(Mashego et al. 2003). The broth was then immediately
pressed through a 0.45 pm cartridge filter (Millex-HV
durapore PVDF membrane) into a sampling tube, which
was directly frozen in liquid nitrogen.

The total organic carbon content of the filtrate samples
was quantified with a total organic carbon analyser (type
TOC-L, Shimadzu, Kyoto, Japan). With this method, both
total carbon (TC) and inorganic carbon (TIC) were mea-
sured. The latter representing the content of dissolved
carbon dioxide and carbonic acid salts. Subtracting the
inorganic carbon from the total carbon, yields the TOC.

The morphology of the hyphae was inspected by
microscopy (Axiostarplus, Carl Zeiss, Jena, Germany)
using a 100x objective, and biomass elemental composi-
tion was determined by combustion and subsequent gas
analysis (carbon dioxide, water vapour and nitrogen mass
fractions), gas chromatography (oxygen) and ICP-MS
(phosphorus and sulphur) (Energy Research Centre of the
Netherlands).

2.6 Rapid sampling and quenching

A new customized rapid sampling device (Fig. la, b)
designed such that pellet formation would not result in
blockage of the device was built in house. The working
principle is shown in Fig. Ic.

Via a loop with an internal diameter of 8 mm and a
peristaltic pump (Masterflex L/S, Cole-Parmer), the broth
was pumped from the fermentor through the sampling
device and back into the fermentor at a flow rate of 40 mL/
s. The broth residence time in the part of the loop between
the fermentor broth outflow and the sampling port was
0.25 s. The broth residence time in the entire loop was
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Fig. 1 Custom-made rapid
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1.3 s. If metabolite dynamics has to be performed, the
highest frequency of this device is 3 s, at which samples
can be sequentially taken.

When sampling, the piston of the sampling device is pushed
down and up again by a two-way pneumatic cylinder, removing
a constant volume of broth from the loop. This constant volume
is then pushed into a sampling vial containing the cold
quenching fluid, by a constant flow of sterile air.

2.6.1 Rapid sampling and quenching for intracellular
metabolome quantification

The procedure is described for the standard 60 % aqueous/
methanol quenching solution, however, the same procedure
was applied for 50 % (at —20 °C) and 40 % (at —20 °C)
aqueous/methanol mixtures (Fig. 2).

Two times 0.76 (£0.04) g of broth was rapidly with-
drawn from the broth loop with the sampling device and
injected (<1 s) into the same vial containing 10 mL of
60 % aqueous methanol (v/v) solution pre-cooled to.

a2V

Quenching
Solution
+ Sample

—40 °C. The exact sample weight was determined by
weighing each tube before and after sampling. The con-
tent of each tube was quickly mixed by vortexing (1 s)
and the tube was placed back in a cryostat (Lauda, Ger-
many) at —40 °C. A set of three replicates were taken
within 1 min.

The quenched cold mycelia samples were harvested
and washed by cold filtration, according to a previously
described method (Douma et al. 2010) which was slightly
modified. Filtration was performed using glass fibre filter
disks (PALL glass fibre type E). To cool down the filter
and filter unit 20 mL of 60 % aqueous methanol (v/v)
solution pre-cooled to -40 °C was poured onto the filter.
Immediately thereafter the quenched mycelium sample
was poured into the cold aqueous methanol on the filter.
Then the vacuum pump was turned on and after the filter
fell dry, 20 mL of cold (40 C) 60 % methanol was
poured on the filter for a first washing followed by 40 mL
of cold 60 % methanol for a second washing of the
mycelium sample.
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Fig. 2 Rapid sampling and quenching procedure of A. niger

2.6.2 Rapid sampling and quenching for extracellular
metabolite quantification

Two times 0.76 (£0.04) g of broth, withdrawn with the rapid
sampling device, was quickly filtered through a syringe
containing cooled steel beads (—20 °C) and a 0.45 pm car-
tridge filter (Millex-HV durapore PVDF membrane) directly
into the same tube containing 10 ml 40 % methanol (v/v) at
—20 °C. The exact sample weights were determined by
weighing all tubes before and after sampling.

2.6.3 Rapid sampling and quenching for metabolite
quantification in whole broth

Sampling was done as for intracellular metabolites, by
quenching two times 0.76 (£0.04) g of broth in 10 mL of
40 % aqueous methanol (v/v) solution pre-cooled to —20 °
C, but the quenched cell suspension was not filtered. The
exact sample weights were determined by weighing all
tubes before and after sampling and transfer.

2.6.4 Extraction method

Boiling ethanol extraction was performed to ensure com-
plete cell disruption and inactivation of enzyme activity,
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Filtration + washing )

GC-MS
metabolite
analysis

according to a method modified from Lange et al. 2001.
The three sample fractions (described in 2.6.1-2.6.3) were
extracted immediately after sampling and quenching. For
intracellular samples, the cooled filter paper with quenched
mycelium was placed in a falcon tube containing 25 mL of
75 % ethanol (pre-heated at 75 °C), along with 100 pL of
U-"3C-labeled cell extract of S. cerevisize as internal
standard. Each tube was immediately vortexed and placed
in a water bath at 95 °C. After 3 min each tube was placed
on ice, and later stored at —80 °C. Extracellular and total
broth fractions were also submitted to the same process, by
adding the whole volume of quenched solution into 25 mL
of 75 % ethanol, with 100 pL of U-'>C-labeled yeast
extract, and boiled for 3 min at 95 °C, as described for
intracellular fractions.

2.6.5 Ethanol evaporation

All extracts, were evaporated to dryness in a Rapid-Vap
(Labconco, Kansas City, MO) under vacuum for 240 min,
based on the protocol from Mashego et al. 2004. After
evaporation, the residues were resuspended in 500 pL of
water, and centrifuged at 1,000 g to remove cell debris.
The supernatants were stored at —80 °C until further
analysis.
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2.6.6 Metabolite quantification

The concentrations of the metabolic intermediates from
glycolytic, TCA and PPP pathways and aminoacids were
measured by isotope dilution mass spectrometry (LC-
IDMS/MS and GC-IDMS) according to the protocols of
van Dam et al. 2002, de Jonge et al. 2011and Cipollina
et al. 2009 (Table S1).

2.7 Balances, biomass specific rates and data
reconciliation

From compound balances, the rates of substrate (Rg),
biomass (Rx), O Ro, and by-products (Rroc) were cal-
culated. From these rates, carbon and degree of reduction
recoveries (Egs. 1 and 2) were calculated wherein possible
excretion of by-products was quantified by measurements
of the total organic carbon content of the culture filtrate.

Rbiomass + RC02 + Rtoc

Carbon recovery (%) = x 100
Riubstrate
(1)
Degree of reduction(%)
_ Vbiomasstiomass + VLochoc + Yo, ROz % 100 (2)

VsubstrateRsubstrate

The biomass specific net conversion rates, i.e. growth rate,
glucose and oxygen consumption rates and carbon dioxide
and TOC production rates, were calculated from the primary
measurements of concentrations in gas and liquid phases, as
well as gas and liquid flow rates, using the corresponding
steady state mole balances. Data reconciliation was applied to
obtain the best estimates of the measurements, within their
error margins, using the elemental and charge conservation
relations as constraints (Verheijen 2010).

2.8 Metabolite consistency check

The extent of metabolite leakage was evaluated by a
metabolite balance approach according to Canelas et al.
2008. Each metabolite was quantified in different sample
fractions, that is, in the mycelium fraction (intracellular;
1C), the culture filtrate (extracellular; EC) and in the whole
broth (WB). As the 'C internal standard mix was added
upstream the extraction step, possible metabolite losses due
to partial degradation were corrected for.

For each metabolite i, the following metabolite balances
should be satisfied, if leakage of i from the cells into the
quenching solution is absent:

M;(TB) = M;(IC) + M;(EC) 3)

Here, Mi is the total amount of metabolite present per
gram biomass dry weight.

If leakage occurs, the amount released from cells into
the quenching solution can be calculated from:

M;(leakage) = M;(TB) — M;(IC) — M;(EC) 4)
Finally, the metabolite recovery can be calculated as:
M;(IC)
M;(TB) — M,(EC)

Recovery (%) = x 100 (5)

3 Results and discussion
3.1 Chemostat cultivation of 4. niger
3.1.1 Development of the chemostat protocol

Aspergillus niger was grown in a 7 L turbine stirred bio-
reactor, specifically constructed for chemostat cultivation
of filamentous fungi. The reactor vessel consisted of a glass
upper part and a stainless steel bottom part in which all
probes were inserted. The stirrer was driven from the
bottom, by means of a magnetic coupling. Feed medium
was supplied continuously from the top of the reactor while
effluent removal was discontinuous, accomplished with a
pneumatic outflow device and a peristaltic pump which
were controlled by broth weight.

Despite these features, a homogeneous steady state che-
mostat culture could not be achieved in this reactor, due to
massive wall growth and accumulation of biomass in the
headspace of the reactor (Fig. S1), as also experienced in
other studies (Schrickx et al. 1993; Larsen et al. 2004).

In order to obtain a homogeneous cultivation, avoiding
accumulation of mycelium above the liquid surface and on
the glass wall, as well as avoiding pellet formation, both
the chemostat system and the way of operation had to be
adapted.

As massive mycelium growth occurred in the headspace
of the reactor below the medium inlet, which was posi-
tioned in the lid of the vessel, the medium inflow was
moved to the sterile air supply, at the bottom of the fer-
mentor. The broth level was chosen such that it covered the
baffles to prevent biomass adhesion (4.5 L working vol-
ume) and a cooling coil (4 °C) was wrapped around the
headspace of the fermentor with the same purpose. More-
over, a low cultivation pH (2.5) was used to prevent pellet
formation.

During the preceding batch phase, the stirrer speed was
progressively increased from 100 rpm to a maximum of
450 rpm through DO control (setpoint 50 %), which min-
imized splashing and consequently biofilm formation on
the fermentor wall. With these adaptations, homogeneous
steady state chemostat cultivations could be achieved
without significant wall growth. An illustrative figure can
be found in the supplementary material Fig. S2.
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Table 1 Applied chemostat effluent flow rates and resulting dilution rates and obtained steady state biomass concentrations and respective

biomass morphology at different dilution rates

Dilution rate (h™") 0.043 £ 0.001 0.089 £ 0.001 0.134 £ 0.001 0.205 £ 0.003
Effluent flow rate (mL/h) 193 402 599 922
Residence time (h) 23.30 11.18 7.49 4.87

Biomass concentration (gpw/Kgprom) 3.02 £ 0.03 3.25 £ 0.04 3.38 £ 0.03 3.45 £ 0.05

Morphology (100x amplification)

Effluent broth was discontinuously removed via an
8 mm diameter tubing to assure homogeneous withdrawal
of broth, where the biomass concentration in the broth
outflow and in the fermentor are the same. To verify this, in
a previous chemostat study at dilution rates of 0.045 and
0.087 h! (results not shown), the biomass concentration
was measured in the outflow (Cy o) and compared with the
biomass concentration (C,) inside the fermentor (Table
S2), showing no significant difference. Consequently, the
important condition for a proper chemostat cultivation, that
is, Cx = Cy ou Was satisfied.

3.1.2 Batch and chemostat cultivations

Using the optimized fermentor set up, 4. niger was grown in
aerobic glucose limited chemostat culture. During the preced-
ing batch phase, the pH was controlled at 2.5, which avoided the
formation of pellets and assured exponential growth. The batch
maximum growth rate on glucose was 0.26 (+0.01) h™". This
value is somewhat lower than the value of 0.29 h™" reported in
Jgrgensen et al. 2007, for a different strain of 4. niger.

During the late exponential phase, chemostat cultivation
was initiated. Four different dilution rates were applied.
Cultivations were assumed to be in steady state after five
residence times under glucose limitation, which was veri-
fied by the measured carbon dioxide (Fig. S3) and oxygen
concentrations in the offgas being constant in time.

For all dilution rates, the biomass concentration was
determined by dry weight, and the mycelium was examined
microscopically, revealing no differences in morphology
(Table 1), showing polarized growth of each hyphal tip and
an increasing number of branches, resulting in freely dis-
persed mycelia in all cases.

3.1.3 Steady state and data reconciliation
For all dilution rates, measurements of residual glucose,

biomass concentration, oxygen and carbon dioxide con-
centrations in the offgas were performed. In addition the
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total organic carbon (TOC) concentration of the culture
filtrate was determined in order to verify whether signifi-
cant amounts of by-products were formed. From these
measurements, it appeared that recoveries of the carbon
and degree of reduction were >90 % and thus the biomass
specific rates were calculated and reconciled (Table 2).
Moreover, the biomass elemental composition was deter-
mined from several chemostat samples and shown to be
27.3 £ 0.2 g/mol (C1H; gNy.120¢6) (Table S3).

In further analysis, the Herbert-Pirt equation was obtained
for this typical example of aerobic growth, whereby the yield
and the maintenance coefficients were estimated (Fig. S4)
with respective values of 0.270 £ 0.002 mols/Cmoly and
2.6 x 10 £ 0.3 x 10~ molg/h.Cmoly (=0.1 mmolg/h.gpw).
These values are of the same order of magnitude with another
glucose limited chemostat study, where Yx/;s and mg were
reported as 2.14 pmol/gpw (=0.2 molsg/Cmoly) and
0.16 pmol/h.gpw (=0.5 mmolg/h.gpw) respectively (Jgrgen-
sen et al. 2007). In another study (Roels 1983), the
maintenance coefficient for several microorganisms was also
shown to be in the same order of magnitude as presented here.

Growth conditions were glucose limited (residual glucose
concentration around 0.6 pCmol/L at 0.043 h') and aerobic,
however TOC measurements revealed that the culture fil-
trates contained a significant amount of organic carbon,
corresponding to 2—7 % of the carbon supplied as glucose
(15.8 mCmol/L at 0.043 h™"). Higher TOC percentages were
found for lower dilution rates (Fig. S5). As the concentra-
tions of residual glucose were considerably lower, the
measured residual carbon was credited to cell lysis and
excreted enzymes, since no significant amounts of organic
acids were detected extracellularly (results not shown).

3.2 Rapid sampling and quenching
3.2.1 Performance of the rapid sampling device

A proper sampling procedure is essential for unbiased
quantification of the intracellular metabolome. Therefore, a
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Table 2 Biomass specific net conversion rates and carbon and redox recoveries of steady state chemostat cultivations carried out at different

dilution rates

Dilution rate (h™") 0.043 0.089 0.134 0.205

Unreconciled Reconciled Unreconciled Reconciled Unreconciled Reconciled Unreconciled Reconciled
Carbon recovery (%) 101 £ 11 - 97 + 13 - 98 + 12 - 95 + 12 -
Redox recovery (%) 9 + 6 - 97 + 4 - 95 +3 - 92 +3 -
gx (mCmol/h)/Cmol) 429 + 124 4294+ 35 8945+ 283 895452 1335+394 1335+£5.0 2053 +59.3 2053 +6.7
gs (mmol/h)/Cmol 14.0 &+ 2.9 142+ 0.8 27.1+£6.1 255+ 1.1 388 £81 3723 +£10 585+£119 5296+ 1.2
q,, (mmol/h)/Cmol 33.1 £20.0 353+22 5444209 528 +25 7804220 787 +2.8 106.5+26.7 964+ 3.2
Qco, (mmol/h)/Cmol 351+ 11.6 36.6+£23 647 +250 555+£26 9194339 826+29 134.6+503 1024 £33
qroc (mCmol/h)/ 59 +2.7 59+24 84 +42 8.1 £3.5 75 £35 73+£29 109 +£5.0 10.1 = 4.0

Cmol)

sampling device that enables fast withdrawal of homoge-
neous broth samples which can in principle be operated at
high sampling rates on a sub second scale was constructed
(see materials and methods). High sampling rates are
desired for future experiments, for capturing the short term
dynamics of metabolite intermediates in response to pulse
experiments. To avoid the risk of blocking of the system if
clump or pellet formation would occur, the sampling
device was connected to a fast broth loop with an internal
diameter of 8 mm. With this sampling device a constant
volume of broth (1 mL) could be removed from the loop.

The circulation speed of the broth in the loop was
chosen such that the travel time of the broth to the sam-
pling device was approximately 0.25 s. It was calculated
that the change in the concentration of glucose was negli-
gible within this time interval (Fig. S6).

To test the functioning of the rapid sampling system the
biomass concentrations in samples taken with the sampling
device (C4sp) were compared with the biomass concen-
trations (Cy) in samples directly withdrawn from the
fermentor (Table S4). It was observed that even though the
chamber size is 1 mL, the amount of liquid sampled with
the device is smaller because air is taken along. The
average amount of liquid withdrawn was 0.76 (£0.04) g.
Remarkably, the biomass concentration was slightly lower
(6-8 %) in the samples withdrawn with the rapid sampling
device. Therefore the biomass concentrations determined
in these samples were used to express metabolite levels per
gram dry cell weight.

3.2.2 Optimisation of cold methanol quenching fluid to
avoid leakage in A. niger

The main purpose of this study was to develop a reliable,
leakage free, quenching method for quantification of
intracellular metabolites in A. niger, applicable to steady
state chemostat cultivations as well as future dynamic pulse
response experiments.

We choose the cold methanol based quenching proce-
dure as this enables to remove extracellular metabolites,
through cold centrifugation or filtration and subsequent
washing with cold quenching solution. The centrifugation-
based procedure for mycelia separation and washing
appeared impracticable for 4. niger, because no proper cell
pellet was formed (results not shown). Therefore a
quenching protocol based on cold filtration was developed,
based on a previously developed procedure for P. chrys-
ogenum (Douma et al. 2010).

Most importantly, the cold filtration based quenching
and washing procedure, described in detail in the materials
and methods section, enabled a significantly reduced con-
tact time of the cells to the cold methanol compared to cold
centrifugation, which should minimize possible leakage of
metabolites. Furthermore filtration, compared to centrifu-
gation, allows a much more efficient removal of the
extracellular metabolites from the mycelium (Douma et al.
2010).

Different variations (methanol concentration and tem-
perature) of the filtration-based cold methanol quenching
fluid were applied to samples withdrawn from glucose
limited chemostats carried out at dilution rates of 0.043 and
0.089 h™".

Metabolite amounts were quantified in the mentioned
sample fractions (intracellular, extracellular and total
broth). For accurate quantification of leakage, the fraction
of the washing solution should also be taken into account,
however this measurement was shown to be impractical
as the concentrations were too low to be quantified. Since
the '°C labelled internal standard was added to the
fractions before the extraction step in 75 % ethanol at
95 °C, possible partial degradation of metabolites was
corrected for.

Quantification was carried out using LC-MS/MS and
GC-MS based on isotope dilution mass spectrometry
(IDMS) (Canelas et al. 2009). To enable comparison of
metabolite amounts in different sample fractions, all
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amounts are expressed in pmol per gram biomass dry
weight.

In a preliminary testing phase, 100 % aqueous methanol
(v/v) solution, as used by Canelas et al. 2008 for S. cere-
visiae, was also tested, giving low recoveries, significant
leakage and low intracellular metabolite amounts (results
not shown). Therefore this option was abandoned and for
further optimization we zoomed in on methanol concen-
trations between 40 and 60 %.

In Fig. 3, intracellular metabolite amounts are compared
for quenching in different methanol concentrations (40, 50
and 60 %), at both dilution rates tested. Additional results
can be found in the Tables S5 and S6. Clearly the intra-
cellular metabolite level slightly dropped at 60 %
methanol, compared to 40 and 50 %.

The extent of metabolite leakage brought about by the
cold methanol quenching and washing of the mycelium
was examined by carrying out metabolite measurements in
different sample fractions (whole broth, extracellular and
intracellular space). All the fractions were analysed in
triplicate for this evaluation and the metabolite recoveries
were calculated according to Eq. (5). The results for the
two dilution rates are shown in Tables S5 and S6.

Comparing different methanol concentrations, the
average metabolite recovery and respective standard error
was 79 % (£10 %) for 40 % aqueous methanol (v/v), 77 %
(£9 %) for 50 % aqueous methanol (v/v), and 67 %
(£9 %) for 60 % aqueous methanol (v/v) for 0.043 ht!
dilution rate. For the higher dilution rate (0.089 hfl), the

Fig. 3 Measured intracellular 304 8 -
metabolite amounts for different
methanol concentrations of the 254
quenching solution for 4. niger 6
grown at dilution rates of = 20
0.043 h™" (upper panel) and 5
0.089 h™! (lower panel) = 151 4
g
10
2
5 .|
0 0 -
Cit Ala Asp
304 8 -
25
6
20
=
= an
=154 4
=10
2 4
54
0 - 0 -
Cit Ala Asp
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recoveries were: 95 % (£4 %) for 40 % aqueous methanol
(v/v), 93 % (£5 %) for 50 % aqueous methanol (v/v), and
89 % (£4 %) for 60 % aqueous methanol (v/v). Thus, for
both dilution rates the recoveries were highest for the 40 %
aqueous methanol solution.

These results show that quenching at —20 °C in 40 %
aqueous methanol (v/v) appears to be the best quenching
procedure for A. miger intracellular metabolomics. From
previous studies it can be inferred that the optimal cold
methanol quenching conditions are quite different for dif-
ferent eukaryotic microorganisms, as it has been found that
for S. cerevisiae, P. pastoris and P. chrysogenum leakage
was minimal for methanol concentrations of 100 % (—40 °
C), 60 % (27 °C) and 40 % (—20 °C) respectively (Can-
elas et al. 2008; Carnicer et al. 2012; de Jonge et al. 2012).
Remarkably, the optimal quenching condition found for A.
niger in this study is the same as has been reported for P.
chrysogenum.

Comparing the metabolite levels of the different dilution
rates it is clear that the higher dilution rate leads to higher
metabolite amounts, which is to be expected due to higher
fluxes. Similar results were found in S. cerevisiae (Canelas
et al. 2009).

The levels of intra- and extracellular metabolites deter-
mined for A. niger grown in an aerobic glucose limited
chemostat at a dilution rate of 0.043 h™', were compared
with the levels reported for P. chrysogenum grown under
similar chemostat conditions (D = 0.05 hfl), but at a sig-
nificantly higher pH 6.5 (de Jonge et al. 2012) (Fig. 4). For

m40% MeOH
m 50% MeOH
60% MeOH

G6P Mal Ser Thr His Gly Lys aKG Fum Succ 6PG FBP G3P Tyr PEP

G6P Mal Ser Thr His Gly Lys aKG Fum Succ 6PG FBP G3P Tyr PEP
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Fig. 4 Intracellular and @P. clrysogenwn @ A. niger
extracellular metabolite
comparison of 4. niger and P. é
chrysogenum at a comparable = C C O @ ¥ v ° ° o . .
dilution rate (0.043 and <
0.05 h™"). The bubble areas are E 274 82 46 39 30 12 09 06 04 03 03 01 01
proportional to the pool sizes of f
the metabolites in mol/gpw g { ’ u u ‘ } o P Y Py . . X .
o
o
g 7 16 32 35 159 06 08 02 09 01 005 01 02
= Asp Thr Mal G6P Cit Succ Fum FBP aKG G3P PEP Tyr 6PG
w
=
? @ o o ¢ @] @ v v u °
E 131 65 09 08 08 08 05 05 03 02 01 01 0.02
é:, v v ) 0 . V] v -
i)
f 03 03 - 2 01 0.05 - 0.5 03 01 003 002 0.01
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A. niger the measured metabolite levels were between 0.02
(GAP) and 67 umol/g DW (Tre) a difference of 4 orders of
magnitude (Table S6). Similarly, the published values for
P chrysogenum also vary 4 orders of magnitude between
0.09 (Met) and 12 pumol/g DW (Cit).

Nevertheless, intracellular metabolite pools of both A.
niger and P. chrysogenum are comparable. This is to be
expected because, as both organisms were cultured at
similar growth rates in glucose limited chemostats, the
fluxes in central metabolism in both systems should be very
similar. Remarkable differences between both fungi are the
intracellular levels of citrate, of which the level is five
times higher in 4. niger and threonine and aspartic acid,
which are five and six times higher in P. chrysogenum.
Citric acid is a known product in 4. niger species as
mentioned before, and threonine was found in other Peni-
cillium studies, in the same range of intracellular amount
here compared (Nasution et al. 2006).

For both organisms the extracellular metabolite amounts
are considerably lower than the intracellular ones, with
exception of citric acid and succinic acid which were both
present in considerable amounts in the extracellular space
of P. chrysogenum.

4 Concluding remarks

The purpose of this work was to develop a chemostat
protocol for homogeneous steady state cultivation of 4.
niger in a conventional turbine stirred bioreactor, to

develop and validate a robust rapid sampling device for
filamentous fungi, and to perform a systematic investiga-
tion of cold methanol quenching combined with cold
filtration to enable quantitative metabolomics studies of
this organism.

We demonstrated that using the developed chemostat
protocol, A. niger is able to grow as homogeneous, finely
dispersed mycelium in steady state glucose limited che-
mostat cultures without significant wall growth.
Furthermore we developed a rapid sampling device and an
efficient cold methanol quenching method combined with
rapid cold filtration for rapid sampling, harvesting and
washing of the mycelium enabling accurate quantitative
metabolomics studies. A 40 % (v/v) aqueous methanol
mixture at —20 °C resulted in minimal metabolite leakage.
The application of our validated techniques provided con-
sistent data. A comparison with published metabolome data
of P. chrysogenum, grown in similar chemostats revealed
similar metabolome profiles and some interesting differ-
ences. Overall, with this work we now have validated
techniques for metabolomics studies of A. niger, as a
starting point for further metabolomics and metabolite
transport studies.
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