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Research Article

Detection of growth rate-dependent product
formation in miniaturized parallel fed-batch
cultivations

Saccharomyces cerevisiae is a popular expression system for recombinant proteins.
In most cases, production processes are performed as carbon-limited fed-batch
cultures to avoid aerobic ethanol formation. Especially for constitutive expression
systems, the specific product formation rate depends on the specific growth rate.
The development of optimal feeding strategies strongly depends on laboratory-scale
cultivations, which are time and resource consuming, especially when continu-
ous experiments are carried out. It is therefore beneficial for accelerated process
development to look at alternatives. In this study, S. cerevisiae AH22 secreting a
heterologous endo-polygalacturonase (EPG) was characterized in microwell plates
with an enzyme-based fed-batch medium. Through variation of the glucose release
rate, different growth profiles were established and the impact on EPG secretion
was analyzed. Product formation rates of 200400 U (g h)~! were determined.
As a reference, bioreactor experiments using the change-stat cultivation technique
were performed. The growth-dependent product formation was analyzed over di-
lution rates of D = 0.01-0.35 with smooth change of D at a rate of 0.003 h™2.
EPG production was found to be comparable with a g, of 400 U (g, h)~! at
D = 0.27 h™!. The presented results indicate that parallel miniaturized fed-batch
cultures can be applied to determine product formation profiles of putative pro-
duction strains. With further automation and parallelization of the concept, strain
characterization can be performed in shorter time.
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of production processes [2]. Ideally, the cultivation conditions
should remain as similar as possible during scale-up [3].
Strain variants obtained from mutant libraries or strain col-

Yeasts are utilized for large-scale production of proteins and
small molecules. One popular host organism is Saccharomyces
cerevisiae due to its well-characterized genome, robust growth
characteristics and the GRAS (generally regarded as safe) status.
Since it is a Crabtree-positive yeast, industrial production pro-
cesses exclusively apply the fed-batch technique [1]. Selection
and evaluation of production strains, however, is mostly done in
batch cultures. This may cause problems during industrialization
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lections are commonly screened in parallel batch cultures and
evaluated from end-point measured data. Under these condi-
tions, oxygen limitation, aerobic ethanol formation and medium
pH instability often occur, which can severely affect the outcome
of strain screening experiments [4].

In the last decade, a number of key enabling technologies for
consistent bioprocess development have been commercialized,
such as microwell plates equipped with sensors [5, 6] and lids
for improved aeration [7], minibioreactor systems [8] and fed-
batch media for small-scale cultures [9, 10]. These technologies
are expected to significantly improve bioprocess development
and scale-up [11].

One major factor for yeast fed-batch development is the deter-
mination of feeding profiles, which avoid excessive ethanol for-
mation, while maintaining high product formation rates within
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the mass-transfer boundaries of the bioreactor. The classical ap-
proach for investigations of the productivity at different dilution
rates is to perform a series of chemostat experiments, which
is very tedious and has been recently scaled down to mini-
bioreactors [12]. Another option for accelerated data collection
from continuous cultures is the change-stat technique. With a
smooth change of the dilution rate the culture is kept in a quasi-
steady-state and a wide range of growth rates can be investigated.
The technique has been successfully applied to bacteria [13, 14]
and yeasts [15, 16], but so far there has been no attempt to
investigate recombinant protein production in yeast [17]. The
change-stat technique has been successfully applied for the inves-
tigation of protein secretion at different growth rates. The tech-
nology could be combined with miniaturized continuous culti-
vation systems [12] in order to characterize production strains,
e.g. for improved productivity with processes at higher growth
rates [18].

The aim of this study was to determine the specific product
formation rate (qp) in relation to the corresponding specific
growth rate (1) of a putative production strain significantly faster
than using chemostat cultures. Microwell plate cultures with
parallel enzyme-based fed-batch experiments were performed
at different glucose release rates to characterize the production
strain. The results were compared to change-stat continuous
cultivations.

2 Materials and methods
2.1 Yeast strain and culture storage

Cultivations were carried out using Saccharomyces cerevisiae
AH22 (leu2-1, leu2-112, his4-519, canl, cir", mating type a)
harboring the plasmid pPG6, which was constructed for het-
erologous expression of polygalacturonase from Aspergillus niger
[19,20].

Ethyl methanesulfonate mutagenesis was applied with subse-
quent mutant selection on pectin agar plates. One colony, which
showed improved pectin hydrolysis was isolated from the muta-
genesis experiment (strain pPG6 M27). The cell bank was stored
at —80°C in minimal medium containing 20% glycerol.

2.2 Maedia

The cultivations were performed in a minimal medium based
on WMVIII [19] containing glucose or 20 g/L EnPump glu-
cose polymer (BioSilta Ltd., Cambridge, UK). Glucose is re-
leased from the EnPump polymer, when Reagent A is added.
The composition of the modified WMVIII (mWMS8) was as
follows: NH,H,PO, 0.25 g/L, NH,Cl 5.48 g/L, MgCl,-6 H,O
025 g/L, CaCl,2 H,0 0.1 g/L, KH,PO, 2.0 g/L, MgSO,-
7 H,O 0.55 g/L, myo-inositol 75 mg/L, sodium glutamate
1.5 g/L ZnSO,-7H,0 1.75 mg/L, FeSO,-7H,0 0.5 mg/L, CuSO,-
5 H,O 0.1 mg/L, MnCL-4 H,O 0.1 mg/L, Na2MoO4-
2H,00.1 mg/L, nicotinic acid 10 mg/L, pyridoxin-HCl 25 mg/L,
thiamine HCI 10 mg/L, biotin 2.5 mg/L, calcium panthotenate
50 mg/L, histidine 100 mg/L.
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2.3 A-stat cultivation

The preculture was inoculated from a cryo vial into 100 mL
mWDMS containing 50 g/L glucose in a 500 mL UltraYield flask™
covered with AirOtop Enhance Seal™ (Thompson Instrument
Company, Oceanside, USA), which was incubated at 30°C and
180 rpm overnight in a shaken incubator (Kithner LT-X, Kithner
AG, Basel, Switzerland). The continuous culture was carried
out in a 3.7 L bioreactor (KLF 2000, Bioengineering AG, Wald,
Switzerland) with a working volume of 1.5 L at 30°C. The precul-
ture was transferred into the bioreactor containing 1.5 L mWM8
with 15 g/L of glucose. The pH was controlled at 6.0 by addi-
tion of 10% H;3;PO, and 25% ammonia. After an initial batch
phase, the continuous culture was initialized by feeding medium
into the reactor via a voltage-controlled pump and harvesting
culture broth through an overflow. The culture was stabilized
at a dilution rate of 0.07 h™! for at least five retention times to
ensure steady-state conditions. Samples were taken for the anal-
ysis of optical density (ODgq), biomass, medium composition
and EPG activity. The dilution rate was then increased, and in
a subsequent experiment decreased, by an acceleration factor of
0.003 h™2 according to the following formula:

D (1) = Dy + a.t. (1)

This acceleration factor has been previously used in a study
by Adamberg et al. [13], which served as the main reference for
this study.

2.4 Strain characterization in 24 well plates

Precultures were grown in 125 mL UltraYield flasks with 20 mL
of mWMS containing 40 g/L glucose. Cultures were incubated
for 48 h at 30°C and 250 rpm (25 mm amplitude) on an or-
bital shaker. For the main culture, mWMS8 with 20 g/L of En-
Pump polysaccharide (BioSilta Ltd.) was inoculated with the
volume of the preculture corresponding to an initial ODgg of
0.1 and glucose release was initiated by the addition of 1 U/L of
reagent A (BioSilta Ltd.). The main cultivation was performed in
24 well sensor plates (OxoDish, HydroDish, PreSens) with a filing
volume of 1.1 mL covered with ‘System Duetz’ lids (Enzyscreen
B.V,, Heemstede, The Netherlands) and shaken at 300 rpm
(50 mm amplitude). After an initial overnight phase, variations
of the glucose-release were introduced by supplementing dupli-
cate wells in each sensor plate with 1-30 U/L of reagent A. After
an adaptation phase of 3 h, samples for ODgy, and EPG mea-
surement were taken using a liquid handling robot (Hamilton
Microlab Star, Hamilton Bonaduz AG, Bonaduz, Switzerland).
The ODgg values were converted to biomass with a predeter-
mined factor of 0.38 and the growth rate and product formation
rates were calculated using (2) and (3):

_ In(X3) —In(X))
o h—1

(2)

_ EA, —EA, 2
T = H—t X, — X,
X = Biomass, EA = volumetric enzyme activity, = sampling
time.

(3)
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2.5 Analysis methods

2.5.1 Biomass determination

Samples taken from microwell plate cultures were measured in
0.9% NaCl or EPG assay buffer using flat-bottom 96-well plates
(Greiner Bio-One, Frickenhausen, Germany) for ODg deter-
mination in the microplate reader. One OD unit of the plate
reader corresponds to a cell dry weight of 380 mg/L. Shake flask
and bioreactor samples were diluted in 0.9% NaCl solution and
measured in a cuvette spectrophotometer (Ultrospec 2100 pro,
Amersham Biosciences, Glattburg, Switzerland). Dry biomass
was determined from bioreactor samples as follows: 2 mL of
culture broth were centrifuged in pre-dried Eppendorf tubes at
21 500 g, the supernatant was discarded and the cell pellet was
dried at 75°C until a constant weight was recorded.

2.5.2  Analysis of medium composition

The culture supernatant was analyzed for glucose, ethanol, am-
monia, and glutamate levels with enzymatic test kits. Calibration
curves for the respective concentration ranges were prepared for
all assays.

Glucose was determined using the Hexokinase FS test (Di-
aSys, Holzheim, Germany) in 96-well plates or cuvettes. In mi-
crowell plates, 10 uL of sample were added to 190 uL of test
solution and incubated for 15 min until read-out at 340 nm. In
cuvettes, 1 mL of test solution was applied to 10 uL of sample.
Ethanol, ammonia and glutamate were measured using test kits
for 1 mL cuvettes according to the manufacturer’s instructions
(R-Biopharm, Darmstadt, Germany).

2.5.3 EPG activity assay
The determination of EPG activity was performed in 96-well
plate format using theliquid handling robot. A colorimetric assay

Eng. Life Sci. 2017, 17, 1215-1220

using 3-methyl-2benzothiazolinonehydrazone (MBTH), which
was developed for test tubes [21,22] was adapted to the 96-well
format. Polygalacturonicacid (20 g/L) in 100 mM sodium acetate
buffer (pH 4.5) served as a substrate. After an incubation time
of 15 min, the reducing ends of the released galacturonic acid
were quantified using 7 mM MBTH in a two-step reaction. The
first step was carried out at 65°C for 15 min in a thermal cycler,
while the second step required the addition of acidic Fe** solu-
tion (10 mM NH,Fe(SO,),-12 H,0, 51.5 mM sulfamic acid in
250 mM HCI) and took place for 15 min at room temperature.
The color complex was detected at 620 nm and galacturonic acid
served as a standard. One unit of enzyme releases 1 pmole of
reducing sugar from the substrate per minute.

3 Results

State-of-the-art characterization of a production strain with re-
gards to its product formation profile is typically carried out
in continuous fermentation systems (Fig. 1), which results in
the acquisition of data from a limited number of steady states.
A significant reduction of experimental efforts can be achieved
using the change-stat method. Here, the whole growth space can
be analyzed, which leads to a more detailed description of the
strain in shorter time. Finally, individual fed-batch experiments
can be carried out at different feed-rates. The most time-efficient
option is to run the cultures in parallel and sample during the
transition phase of exponential to glucose-limited growth.

3.1 A-stat Fermentation

For an efficient quantification of EPG-secretion at a wide range
of dilution rates, the change-stat technique is known to be very
beneficial. We performed cultivations with a working volume of

Chemostat -
A - Stat Fed-Batch
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Figure 1. Schematic overview of methods to determine growth-rate dependent product formation. In a chemostat experiment, product
formation can be measured at a limited number of steady. The adapta-stat is a chemostat with a smooth change of the dilution rate, which
allows measurements in a quasi-steady-state. In fed-batch cultures with constant feeding, the growth rate decreases abruptly once substrate
limitation is reached. When monitoring cell density and product accumulation over time, a relation between i and gp can be drawn.
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1.5 L that started as a batch culture with a subsequent chemostat
for five residence times. Then, the dilution rate was smoothly
increased (accellerostat, A-stat) or decreased (deceleration-stat,
De-stat) with a linear profile until D = 0.01 h™! for De-stat and
wash-out for A-stat.

The De-stat experiment was performed under glucose-
limitation at an initial D of 0.12 h™!, which was below the
D, at which aerobic ethanol formation was expected. From the
EPG activity data obtained, it could be concluded that from
the initial dilution rate until D = 0.07 h™', the product for-
mation rate remained constant in the interval between a dilu-
tion rate D of 0.12 h™! and 0.07 h™!. A further decrease of D
caused a drastic decrease of qp and the experiment was ended at
gr < 70 U (g« h)™'. To compare the different cultivation
protocols, a second change-stat experiment was carried out
starting from a chemostat at D = 0.07 h™!. The dilution
rate was increased with the same acceleration factor. From
at-line enzymatic ethanol and glucose measurements, an on-
set of ethanol formation at D = 0.2 h™! was detected, while
glucose accumulation was visible at D =~ 0.28 h™' (Fig. 2).
The biomass concentration remained constant at 6.5 g/L
untii D = 0.2 h™! and then gradually decreased until
D = 0.35 h™!, where at a biomass concentration of 1.2
g/L the cultivation was stopped. EPG was detected at all di-
lution rates, while at D< 0.05, productivity decreased signifi-
cantly. Dilution rates of 0.08-0.11 resulted in an EPG produc-
tion rate of 250-400 U (g, h)™! in the De-stat experiment. In
the A-stat experiment, a maximum product formation rate of
400 U (g, h)™' at D = 0.27 h™! was found.

The change-stat experiments confirmed that growth-rates be-
low the onset of the Crabtree effect are necessary for the efficient
production of EPG, as there is no considerable benefit from cul-
tivations at growth rates above the threshold level of ethanol
production. Depending on the selected cultivation mode, the
product formation profile differs, which indicates an influence
of the cell’s history on the obtained results. In-depth analysis of
the cell’s metabolic state would be necessary to investigate this
matter more closely.

3.2 Strain characterization in parallel fed-batch
cultures at the mL scale

We propose to determine the specific product formation rate
(gp) at a wide range of specific growth rates () with paral-
lel miniaturized fed-batch cultures to obtain the same results
in shorter time. This is now possible due to the advances in
automation and miniaturization. A 24-well-plate system with
online DO and pH measurement and improved aeration was
applied. Glucose feeding was performed with the enzyme-based
glucose delivery system (EnBase) combined with the mWMS8
medium. After an overnight phase with 1 U/L of reagent A for
constant glucose release, the cultures were supplemented with
1-30 U/L to introduce variations in the growth pattern (Fig. 3).
Samples were analyzed for biomass and EPG activity at-line, i.e.
during the experiment, with the robotic platform.

The parallel fed-batch cultures showed different optima for
biomass and EPG production. At glucose release rates from 1.5
to 4 U/L, volumetric yield of active EPG was highest, while peak
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Figure 2. Growth space characterization of S. cerevisiae AH22
pPG6 M27 in change-stat cultivations. A-stat (open symbols)
and De-stat (closed symbols) cultivations were performed. (A)
Biomass and glucose concentrations. (B) Ethanol concentration
and volumetric EPG activity. (C) Specific EPG formation rate (gp).

biomass formation was detected with 6 U/L. From the first three
data points, ; and gp were calculated and it was found that the
range was comparable to the A-stat results (Fig. 3D)

As an example, a maximal production rate of 218.8 U (g, h)™!
at a growth rate of 0.095 h™! was identified for cultures grown
with 1.5 U/L. However, due to the rapid decrease of the growth
rate at constant glucose release rates, the range of growth rates
was narrower than in the continuous cultures. Moreover, the
optimum for EPG secretion was found to be at © = 0.05-0.1,
which is considerably lower than in the A-stat experiments.

4 Discussion
Choosing the right feeding strategy for the best space time yield

is key for the development of a biotechnological production pro-
cess. Traditionally, the determination of the relation of u and gp

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is done in chemostat cultures exclusively [23—-26]. Due to thelong
experimental time to reach steady state, even the characteriza-
tion of a single strain is very labor intensive, which usually rules
out the chance to evaluate several putative production strains.
In an effort to reduce experimental times, change-stat methods
have been proposed.

In this study, the use of parallel fed-batch cultures is com-
pared to the change-stat method to further reduce experimen-
tal time and costs. First, the change-stat technique was applied
to characterize the entire growth space. The concept of deter-
mining product formation at different growth profiles was then
applied to parallel fed-batch cultures in 24-well plates with at-
line ODg( and EPG determination allowed an estimation of the
pu-dependent specific EPG-production rate.

Growth-dependent product formation was detected with a
stable secretion level of 200-400 U (g, h)~! over a wide range of
dilution rates. However, the product formation profiles indicate
that the operation mode of the change-stat culture has an in-
fluence on the strain behavior. This observation was confirmed
by the subsequent microwell plate experiments, in which the
product formation profile indicated a lower optimum than in
the continuous cultures.

The fed-batch approach offers significant experimental time
reduction and a simplified experimental set-up. While it is
very demanding to perform chemostat cultures in micro- and
milliliter reactors, reproducible fed-batch fermentations are easy
to perform and only require minimal expenses for material and
chemicals, compared to bioreactor experiments. Moreover, the
determination of -dependency of gp in fed-batch cultures pro-
vides good information about the dynamic changes, which are
not obtained from chemostat experiments. Further develop-
ment of this approach through a combination with mechanistic
models will provide a real breakthrough for process develop-
ment [27].

For future studies, automation can be further advanced using
on-line biomass sensing or automated cell separation, as they are

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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used by others [28,29]. The p1-dependent protein secretion could
be performed in pH-controlled minibioreactor systems, which
could improve the predictive power of the obtained results [30].
In conclusion, fed-batch process development can be accelerated
with small-scale fed-batch cultures which may replace the need
for chemostat and change-stat experiments.

Practical application

When designing fed-batch processes, the optimal specific
growth rate for efficient production is a key target parame-
ter, which needs to be experimentally determined. Instead
of the traditional method, using serial chemostat experi-
ments, we have applied change-stat cultures to determine
the optimal growth rate for efficient product secretion of
a S. cerevisiae AH22 strain expressing fungal polygalactur-
onase. For even faster evaluation of the strain, parallel
fed-batch cultivations with enzyme-based glucose delivery
were performed. From these small-scale experiments, we
could investigate influence of the specific growth rate (u)
on the specific production rate (gp), which leads to results
comparable to the bioreactor scale obtained in two weeks
instead of several months.
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