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Abstract: At specific growth rates above a particular critical value, Crabtree-positive microorganisms
exceed their respiratory capacity and enter diauxic growth metabolism. Excess substrate is converted
reductively to an overflow metabolite, resulting in decreased biomass yield and productivity.
To prevent this scenario, the cells can be cultivated in a fed-batch mode at a growth rate maintained
below the critical value, y.,. This approach entails two major challenges: accurately estimating
the current specific growth rate and controlling it successfully over the course of the fermentation.
In this work, the specific growth rate of S. cerevisiae and E. coli was estimated from enhanced
on-line biomass concentration measurements obtained with dielectric spectroscopy and turbidity.
A feedforward-feedback control scheme was implemented to maintain the specific growth rate at a
setpoint below j.,;, while on-line FTIR measurements provided the early detection of the overflow
metabolites. The proposed approach is in line with the principles of Bioprocess Analytical Technology
(BioPAT), and provides a means to increase the productivity of Crabtree-positive microorganisms.

Keywords: bioprocess monitoring and control; Crabtree effect; overflow metabolism; specific growth
rate control; BioPAT

1. Introduction

The shift from a purely respiratory to a fermentative metabolism in Crabtree-positive facultative
anaerobic microorganisms occurs in oxygen-limited conditions or in response to the presence of excess
carbon substrates saturating the respiratory bottleneck. Many strains of the primary hosts used in the
industrial production of recombinant protein, bioproducts or biofuels, including Escherichia coli and
Saccharomyces cerevisiae, undergo the Crabtree effect and produce various overflow metabolites. The
restricted respiratory capacity of Crabtree-positive strains and the resulting overflow metabolism can
have significant implications in terms of inhibited growth, decreased productivity, and suboptimal
product quality [1-6].

Overcoming the drawbacks related to the Crabtree effect usually involves the implementation
of fed-batch cultures, where either the carbon substrate concentration [6,7], the undesired overflow
metabolite itself [8,9], or the specific growth rate [3-5,10] are maintained below a certain critical value.
For this reason, among others, fed-batch cultures have become an important and widely applied
production strategy in bioprocessing [1,11]. The major challenge of controlled fed-batch cultivations
lies in selecting a suitable on-line monitoring technique for the appropriate control variable and in
developing an effective control strategy with sufficient simplicity and robustness to render industrial
implementation feasible [11].
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Controlling the specific growth rate (i) is particularly interesting because product formation is
often strongly related to the growth profile of the biomass [2,5,12,13]. Thus, apart from managing
overflow metabolism, this approach can also contribute to an overall process optimization. Since u
cannot be measured directly, its value must be derived in real-time from other on-line measurements
such as the oxygen uptake rate (OUR) [3,5], heat produced by the cells (calorimetry) [4,14,15],
or biomass concentration estimations [2,10,16]. The resulting on-line specific growth rate signal
is often oscillatory and very noisy, which leads to controller performance issues. In addition, the
inherent nonlinear nature of bioprocesses makes it difficult to apply traditional control algorithms
such as the proportional-integral-derivative (PID) controller without an appropriate adaptation
mechanism [5,10,12].

In a previous study, Dabros et al. [10] implemented a simple and robust feedforward-feedback
control scheme designed to run fed-batch microbial cultures at different values of the specific growth
rate. The methodology was developed with Kluyveromyces marxianus and then tested on several
other yeast strains to confirm robustness and general applicability. In this work, this methodology
was applied to fed-batch cultures of Crabtree-positive microbial strains with the aim to maximize
the growth rate while preventing overflow metabolism from occurring. Specific growth rate was
estimated in real-time from the on-line biomass concentration measurements obtained with dielectric
(capacitance) spectroscopy and with a turbidity probe. In parallel, a Fourier-transfer mid-infrared
(FTIR) spectrometer was used to detect the formation of the overflow metabolite and to establish
the critical growth rate threshold, y.,;;, below which the cells must to be cultivated to minimize the
Crabtree effect. Two organisms, Saccharomyces cerevisiae and Escherichia coli, were studied to assess the
effectiveness of the proposed control strategy.

2. Materials and Methods

2.1. Cell Strains and Culture Conditions

The wild-type organisms used in this study were the CBS 8066 strain of S. cerevisiaze and the B
and K12 strains of E. coli. The culture inoculum was obtained by suspending source cells in a one-liter
Erlemneyer flask containing 100 mL of a sterile, complex pre-culture medium (20 g/L glucose, 10 g/L
yeast extract and 10 g/L peptone) and incubating the flask for 24 h at 200 rpm and 30 °C for S. cerevisiae
and 37 °C for E. coli. The pre-culture was then centrifuged, the supernatant medium was removed,
and the cells were re-suspended in a sterile solution of 9 g/L NaCl for inoculation.

The cultures were grown in controlled temperature and pH conditions (30 °C and pH 5 for
S. cerevisiae; 37 °C and pH 7 for E. coli) in a 3.7-liter, fully automated benchtop bioreactor (KLF,
Bioengineering AG, Wald, Switzerland). Aeration was set between 1.0 and 1.6 vvm and dissolved
oxygen was monitored to ensure sufficient oxygenation throughout the process. A 2 M KOH solution
was used for pH control; no acid control was necessary. A sterile 1.5% solution of silicone was used for
antifoam control. The cells were first grown in the batch mode until depletion of the carbon source,
at which point the fed-batch mode was initiated. The peristaltic pump used to add the feed medium
was controlled by LabVIEW (National Instruments, Austin, TX, USA). Table 1 outlines the composition
of the batch and feed media, which were sterilized by filtration and adjusted to the desired pH prior
to inoculation.
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Table 1. Batch and feed medium composition. The media for the S. cerevisiae cultures were additionally
supplemented with trace elements and vitamins as prescribed by Cannizzaro et al. [8].

S. cerevisiae E. coli (B strain) E. coli (K12 strain)

Batch (g/L)  Feed (g/L)  Batch(g/L)  Feed (g/L)  Batch(g/L)  Feed (g/L)
Glucose 4 300 1 506 1 50
(NHy4),S04 5 50 1.1 50 1 5
KH,POy4 3 25 1 25 1 25
MgSO4 x 7H,0 0.5 3 1 5 1 0.5
Yeast Extract - - 1 13.5 1 1.2
Peptone - - 1 12.6 1 1.2

Samples were taken at regular intervals for off-line reference analysis. Biomass concentration was
measured using optical density (at 600 nm) and confirmed with dry cell weight measurements. In the
S. cerevisiae experiments, glucose and ethanol were quantified by HPLC (Agilent 1100 Series) with
a refractive index (RI) detector, maintained at 60 °C, and an ion exchange chromatography column
(Supelco H9 um, 300 mm x 4.6 mm). The mobile phase was composed of a 0.02 M H,SOy solution
made with MilliQ water with a flow rate of 0.6 mL/min. In the E. coli experiments, glucose was
quantified by HPLC (Thermo Ultimate 3000) with an evaporative light scattering detector (ELSD),
maintained at 50 °C, and a Prevail Carbohydrates ES 5 pm, 150 mm x 4.6 mm column. The mobile
phase was composed of acetonitrile-MilliQ) water (75:25) with a flow rate of 1 mL/min. Acetate was
determined with an automated enzymatic analyzer (Cedex Bio Analyzer, Roche, Basel, Switzerland).

2.2. On-Line Process Monitoring

Biomass concentration was measured on-line using dielectric (capacitance) spectroscopy
(FUTURA, ABER Instruments, Aberystwyth, UK) and turbidity (DENCITEE, Hamilton, Bonaduz,
Switzerland). The dielectric instrument was equipped with a 12 mm in situ probe. A linear calibration
was established based on prior experiments between the biomass dry cell weight and dual-frequency
capacitance values obtained at 10 MHz and 500 kHz for S. cerevisiae and 15 MHz and 100 kHz for E. coli,
respectively. The turbidity instrument, also equipped with a 12 mm in situ probe, measured optical
density at 880 nm. This signal was also correlated linearly to off-line dry biomass weight measurements.

Medium components (glucose, ethanol, acetate, ammonium, phosphates, yeast extract, and
peptone) were monitored on-line using a Fourier-transform mid-infrared (FTIR) spectrometer
(MATRIX-MF, Bruker Optics, Féllanden, Switzerland). The instrument was calibrated using 49
synthetic standards prepared according to a 7-level multivariate design proposed by Mufioz and
Brereton [17]. A PLS model was built using MATLAB (The MathWorks Inc., Natick, MA, USA)
and optimized with respect to the spectral range and the number of principal components used for
each analyte.

2.3. Specific Growth Rate Estimator

The instantaneous specific growth rate, u(t), was estimated from the on-line biomass concentration
measurements, X(t), which were obtained with either the dielectric or the turbidity probe. Assuming
ideal exponential growth dynamics, the following equation was used to estimate y(t):

u(t) = zn(X(t)/Axt(t — At)) "

The time interval, At, was adjusted by striking a compromise between maximizing noise reduction
while minimizing signal delay. Typically, a 20-min interval was used for the capacitance measurements
and a 6-min interval was used for the turbidity signal.
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2.4. Control Strategy

The control strategy was based on the feedforward-feedback controller design proposed by
Dabros et al. [10]. The feedforward part of the controller provides the baseline feed profile, Frr(t),
by reflecting the exponential cell growth:

Frp(t) = Foexp(pspt) )
The initial flow rate is given by:
Hsp 1
Fy = XoV, — 3
0 0 OYX/s 5 3)

where X and V| are the biomass concentration and reactor volume at the start of the fed-batch mode,
respectively; Yx/s is the biomass-to-substrate mass yield; and Sr is the substrate concentration in the
feed solution.

The feedback component is a variation on the classical proportional-integral (PI) controller,
where the proportional and integral terms are included in the exponential term to account for the
exponentially evolving system dynamics. The function of the feedback module is to correct for any
deviation of the instantaneous specific growth rate ((t)) from the current setpoint, yi5,(t). The complete
feedforward-feedback control law is expressed by the following equation:

F(t) = Foexp<<ysp(t) + Kpe(t) + K; /Ot s(t)dt> t) 4)

Here, £(t) is the tracking error equal to psy(t)-1i(t), and K;, and K; are the proportional and integral
controller gains, respectively. The values of the gains were chosen experimentally following manual
tuning methods.

2.5. Implementation and Methodology

As outlined above, in each culture, the cells were first grown in the batch mode until depletion
of the carbon source, at which point the fed-batch mode was initiated. During the fed-batch stage,
the cells were grown at different setpoint values of the specific growth rate, with the feedforward or the
feedforward-feedback controller regulating the feed flow rate. The principal aims of the experiments
were to determine the critical growth rate at which the overflow metabolite made its appearance
and to show that by running the process below ji,;;, overflow metabolism could be avoided. Finally,
the biomass-to-substrate mass yield was calculated at each specific growth rate setpoint.

3. Results and Discussion

3.1. Saccharomyces cerevisiae

The methodology was initially tested on two fed-batch cultures of S. cerevisize using the
feedforward-feedback controller. Figure 1 shows the results of the first experiment, where the setpoint
values for u were increased incrementally from 0.26 to 0.28 and 0.30 h~! and ethanol (the overflow
metabolite) was monitored on-line using FTIR and off-line by HPLC. The specific growth rate was
estimated on-line from the biomass measurements obtained with dielectric spectroscopy.
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Figure 1. Specific growth rate of S. cerevisiae during the fed-batch culture phase. Three setpoint values
of the specific growth rate were tested: 0.26, 0.28, and 0.30 h~1. Glucose and ethanol concentration was
monitored on-line by FTIR (continuous lines) and off-line by HPLC (dots).

It can be observed that the onset of ethanol formation occurred towards the later stages of the
second setpoint, at gy = 0.28 h~1. Once the setpoint was changed to 0.30 h ™!, the estimated cell growth
rate briefly increased, but as the ethanol production advanced further, it began to inhibit the growth of
the cells and a significant drop in the specific growth rate was observed soon after. Interestingly, the
drop in y halted the overflow metabolism and, between culture time 20 and 22 h, the cells were able to
consume the residual ethanol. The on-line FTIR analysis showed a slight accumulation of residual
glucose (about 1 g/L), though this was not detected by off-line HPLC measurements.

In the second experiment, the cells were grown over a period of six hours in fed-batch mode
below the threshold of overflow metabolism, at the setpoint value of jis, = 0.26 h™!. The measured
specific growth rate and the ethanol concentration during the fed-batch stage are shown in Figure 2.
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Figure 2. Specific growth rate of S. cerevisiae during the fed-batch culture phase run at a constant
setpoint value of the specific growth rate of 0.26 h~!. Glucose and ethanol concentration was monitored
on-line by FTIR (continuous lines) and off-line by HPLC (dots).

By maintaining the specific growth rate at a setpoint below the critical value, the overflow
metabolism was effectively avoided. Noise in the estimated values of i and the measurement lag
caused by the moving-average filtering remained problematic from the control point of view. As can
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be seen in Figure 2, the specific growth rate briefly exceeded 0.30 h—! at the culture time of 15 h and
shortly after 17 h, provoking a slight increase in ethanol concentration, which, in turn, resulted in a
subsequent drop in the measured y and a minor accumulation of residual glucose.

3.2. Escherichia coli

The approach was then applied to two fed-batch cultures of E. coli and revealed a set of additional
challenges with respect to process monitoring and control. In principle, the faster growth kinetics of
the bacteria call for a narrower signal-filtering window in the estimation of the specific growth rate.
This, however, leads to significantly more noise in the on-line values of y, which, in turn, has a negative
impact on controller performance. In addition, the relatively small size of the cells has an impact on the
effective limit of detection. Capacitance and turbidity were attempted as tools for biomass monitoring
and both methods showed high sensitivity to noise.

Figure 3 shows the results of the first experiment with the B strain of E. coli. Three setpoint values
for u were tested sequentially: 0.40 to 0.20, and 0.30 h—!. The specific growth rate was estimated
on-line from biomass measurements obtained with turbidity. The main aim of this experiment was to
assess the performance of the feedforward-feedback controller, thus, the production of the overflow
metabolite (acetate) was not monitored.
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Figure 3. Specific growth rate of E. coli (B strain) during the fed-batch culture phase. Three y setpoint
values were tested: 0.40, 0.20, and 0.30 h—1.

Despite the significant noise in the specific growth rate estimates, the process showed good
overall setpoint tracking. The integral term of the controller, responsible for correcting any potential
steady-state offsets, increased the amplitude of signal oscillations, particularly between the culture
time of 6 and 7 h. Towards the end of the experiment, a limitation in the feed pump capacity prevented
the signal from reaching the final setpoint of 0.3 h~!.

Figure 4 shows the results of the second experiment, performed with the K-12 strain of E. coli,
in which acetate production was monitored. In an attempt to minimize the effect of signal noise and its
amplification by the feedback mechanism (especially the integral term, as above-mentioned), only the
feedforward controller was applied. Three setpoint values for u were tested: 0.20, 0.30, and 0.40 h~!
and the specific growth rate was estimated on-line from the biomass measurements obtained with the
capacitance probe. Acetate was monitored on-line using FTIR, while reference measurements were
done off-line using enzymatic analysis.
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Figure 4. Specific growth rate of E. coli (K-12 strain) controlled with the feedforward controller during
the fed-batch culture phase. Three setpoint values of the specific growth rate were applied: 0.20,
0.30, and 0.40 h—1. The concentration of glucose and acetate, measured by HPLC enzymatic analysis,
respectively, is shown with dots.

Significant noise and oscillations were still present in the specific growth rate signal but, due
to the lack of feedback control, the oscillations manifested themselves at a lower frequency than in
the previous experiment. Regarding the specific growth rate control, a steady-state error persisted
at all three setpoint values, indicating that the feed flow rate profile calculated with the feedforward
controller was systematically underestimated (most likely due to inaccuracies in the values of Xy and
Yx/s in Equation (3)). The onset of acetate production, accompanied by an accumulation of residual
glucose, appeared at ysp = 0.40 h~!. The on-line FTIR measurements of glucose and of acetate were
inconclusive as the concentrations were below the instrument’s limit of detection.

3.3. Effect on Biomass Yield

A slight but noticeable effect of the specific growth rate on the biomass-to-substrate mass yield
was noted for all three strains investigated. Table 2 outlines the results from which it can be seen that
the yield dropped off once the specific growth rate setpoint exceeded the critical threshold, y,;;.

Table 2. Biomass-to-substrate mass yields as a function of the specific growth rate setpoint during the
fed-batch phases of the cultivations. The dashed line indicates the position of ..

S. cerevisiae E. coli (B strain) E. coli (K12 strain)

psp (h™1) Yxis (881 psp (h™1) Yxis (g™ psp (A1) Yxis (gg™Y

0.26 0.43 0.20 0.21 0.20 0.30
o028 042 030 022 030 04
0.30 0.41 0.40 0.17 0.40 0.29

4. Conclusions and Perspectives

The application of a simple feedforward-feedback control scheme aimed at preventing overflow
metabolism in fed-batch cultivations of two Crabtree-positive strains was successfully demonstrated.
By monitoring the concentration of the overflow metabolite in parallel, it was possible to establish,
for each strain, the critical specific growth rate at which the process should be run to maximize the
growth kinetics while preventing the Crabtree effect from occurring. The inherent simplicity of the
methodology makes it generally applicable and robust, thereby satisfying the criteria laid out by the
FDA for the industrial application of (bio) Process Analytical Technology [2].
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Several aspects of the methodology remain challenging, the most important of which is the
accurate and precise on-line estimation of the specific growth rate. In situ turbidity measurements of
biomass were in general less noisy and allowed the application of a narrower moving-average window,
thereby reducing control lag. On the other hand, capacitance measurements were found to be less
sensitive to air bubbles and to changes in medium conductivity (which were caused by the addition of
base, antifoam, and feed). Combining turbidity and/or capacitance data with other measurements
such as OUR, dissolved oxygen variations, or base consumption rates could improve the reliability of
the specific growth rate estimations.

The effect of the specific growth rate on the biomass-to-substrate yield was assessed in this
work, but the results should be confirmed with more exhaustive studies. More importantly still,
the impact of growth rate controlled fed-batch cultures on the productivity of the strains and on
the quality of the product deserves a thorough investigation. This may be of particular interest in
controlling multiple-phase fed-batch processes such as the recombinant protein production strategy
with Pichia pastoris reported by Mattanovich et al. [1]. On-line monitoring of medium metabolites
with, for example, FTIR could further enhance the control strategy, provided that the measurements
are done above the limit of detection.
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