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Abstract: Metabolic engineering and genome editing strategies often lead to large strain libraries of a
bacterial host. Nevertheless, the generation of competent cells is the basis for transformation and
subsequent screening of these strains. While preparation of competent cells is a standard procedure
in flask cultivations, parallelization becomes a challenging task when working with larger libraries
and liquid handling stations as transformation efficiency depends on a distinct physiological state of
the cells. We present a robust method for the preparation of competent cells and their transformation.
The strength of the method is that all cells on the plate can be maintained at a high growth rate until
all cultures have reached a defined cell density regardless of growth rate and lag phase variabilities.
This allows sufficient transformation in automated high throughput facilities and solves important
scheduling issues in wet-lab library screenings. We address the problem of different growth rates,
lag phases, and initial cell densities inspired by the characteristics of continuous cultures. The method
functions on a fully automated liquid handling platform including all steps from the inoculation of the
liquid cultures to plating and incubation on agar plates. The key advantage of the developed method
is that it enables cell harvest in 96 well plates at a predefined time by keeping fast growing cells in the
exponential phase as in turbidostat cultivations. This is done by a periodic monitoring of cell growth
and a controlled dilution specific for each well. With the described methodology, we were able to
transform different strains in parallel. The transformants produced can be picked and used in further
automated screening experiments. This method offers the possibility to transform any combination
of strain- and plasmid library in an automated high-throughput system, overcoming an important
bottleneck in the high-throughput screening and the overall chain of bioprocess development.

Keywords: competent cells; Escherichia coli; turbidostat; automation; high throughput; chemostat;
transformation

1. Introduction

The vast number of factors that influence the expression of recombinant protein production in
bioprocesses makes screening a challenging task in bioprocess development [1]. The choice of the strain
is typically made at early stages in product development and is therefore excluded in the following
steps [2,3].

With the increasing number of tools to manipulate DNA, new options are available in the field of
metabolic engineering, and genome editing [4,5]. On that node, the expression host gets more in focus
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of the optimization processes [6]. Metabolic engineering to increase the production of small molecules
is a common task for various hosts [7-10]. The availability of a variety of expression plasmids with
low (e.g., pSC101 [11]), medium (pBR322 [12]) or high (e.g., pUC18/19 [13]) copy numbers as well
as different constitutive and inducible promoter systems (e.g., Pty [14], Piac, [15], PpaD [16], Pm /Xyls
System [17]), controlling target gene expression, enlarge the search region for the optimal bioprocess
even further.

Beyond the field of bioprocess development, studying knockout mutants helps to get a deeper
understanding of gene functions and regulatory processes. With the use of fluorescent reporter
systems, genetic networks can be studied. The largest available set of Escherichia coli (E. coli) strains
with unknown behavior is the Keio Collection [18,19]. The Keio Collection is a library of 3864
E. coli K-12 single knockout strains. Similar collections are also described for Bacillus subtilis [20],
Pseudomonas aeruginosa [21], Acinetobacter baylyi [22] and Saccharomyces cerevisiae [23]. With the use of
fluorescent reporter systems, genetic networks can be studied in these strain libraries in vitro online
and without extensive analytics [24]. Nevertheless, a systematic study of these collections with a
reporter system is very difficult without automated treatment. Hence, there is a need for automated
and high throughput treatment for cell competence and transformation.

The easy handling and the well-established molecular and microbiological methods made E. coli
into one of the most commonly used organisms for heterologous protein production. Until the end
of 2011, over 200 biopharmaceuticals have gained regulatory approval, nearly one third of them are
produced in E. coli [2], demonstrating its importance for biotechnology. The first step in the process
of manipulating cells is their treatment for competence. In E. coli there are mainly two different
methods for competent cell preparation available: chemical treatment with CaCl, [25-28] or the use of
electricity [29,30]. As the competence depends on the physiological state of the cell, for both methods,
the cultures must be harvested at a certain turbidity (optical density, OD) during the exponential
growth phase. What is a basic task in laboratory with a well-known strain, could be a challenging
task in a high throughput screening with a vast number of strains of unknown growth behavior.
Whereas the problem of automated competence treatment has been solved when using a single
strain [31,32], completely different problems arise when using entire strain libraries. Normally, a batch
culture is chosen to start the treatment of cells for competence. The cells are more or less monitored
until a certain OD is reached. Even though automated frameworks exist to harvest the culture at a
desired biomass concentration [33], different growth rates, starting ODs and lag-phases make it difficult
to reach the same OD at the same time when transforming different clones (Figure 1a). From the
perspective of bioprocess engineering, the method of choice to maintain the cells at a given condition
would be a continuous cultivation [34]. The most used system (due to its simplicity and robustness) is
the chemostat, where the growth rate is determined by the dilution rate. An extension of the chemostat
is the turbidostat method. Here, the OD is continuously monitored and the dilution is controlled by
the OD signal. Such a system enables cultivation close to the maximum growth rate at a specified OD
(Figure 1b). However, the experimental setup for such a system is complex, consumes relatively high
amounts of media, is prompt to faults in pumps or sensors, and its miniaturization and parallelization
is challenging [35]. Even though miniaturized turbidostats have been realized [36,37] the experimental
setup is still laborious and the parallelization does not reach the throughput of a 96-microwell plate.

To ensure a constant quality of DNA transformation, we developed a new strategy for optimal
preparation of competent E. coli cells based on a CaCl, treatment. Here, optimal means that all cells
are in the exponential growth phase, the OD is equal, and the desired conditions are maintained up to
the selected harvesting time. This new method is an automated, high throughput quasi-turbidostat,
developed for 96 well plates (Figure 1c). Furthermore, as proof of concept, we compare the results
obtained from manual and automated transformation of different E. coli strains.
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Figure 1. Illustrated overview of possible cultivation modes for the preparation of competent cells.
Values for initial biomass and p were chosen randomly; red line: threshold for harvesting (Optical
Density (OD) = 0.8). The used models could be seen in the appendix. (a) Batch cultivation; (b) chemostat
cultivation; (c) quasi-turbidostat cultivation.

2. Materials and Methods

2.1. Experimental Platform

As experimental platform a Hamilton Mircolab Star (Hamilton Bonaduz AG, Bonaduz,
Switzerland) is used as described in [38]. Figure 2 gives an overview of the deck layout; the method
is archived in the Supplementary Materials (Source Code S1/ Source Code 52). A freedom EVO
200 liquid handling platform from Tecan (Tecan, Médnnedorf, Switzerland, see Figure S3) is placed
back-to-back with the Hamilton platform. Both liquid handlers are connected by a linear transfer unit,
controlled by the Hamilton Venus ONE software.

Cryo-stocks Plasmid

Transfer position Shaker \4°c: Rack I 42°C Rack C G N
Tecan

| s 10 15 I 20

Reservoir Ice cold Storage of Medium /
for F-plates CacCl 6 — Well plates NaCl

Incubator Filtration

Figure 2. Deck layout of the used Hamilton Microlab Star liquid handling station. In this platform
a FAME incubator (Hamilton), a Shaker (inheco Industrial Heating and Cooling GmbH, Planegg,
Germany), a vacuum station, two terminable racks (each for five SBS labware) and a Synergy MX II
plate reader (BioTek, Bad Friedrichshall, Germany) are mounted. Red: used Labware/Hardware; Blue:
provided liquid solutions.

All cultivations are carried out in U-shaped microtiter plates (Greiner Bio-One, Frickenhausen,
Germany), incubated at 37 °C and aerated by shaking at 1000 rpm at an amplitude of 2 mm in a FAME
incubator (Hamilton). TY medium (16 g/L tryptone; 10 g/L yeast extract; 5 g/L NaCl) is used for all
cultivations. The cellular growth is monitored by measuring the OD at 600 nm, in 96 well plates as
described earlier [38].
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The platform is connected to the iLab-Bio database (infoteam Software AG, Bubenreuth, Germany).
All generated data and needed set points are stored in and read from this database [39].

2.2. Strains, Cell Competence and Transformation

For the manual preparation of competent cells, E. coli TG1 (see Table 1 for all strains) was cultivated
in 10 ml of TY medium at 37 °C until an ODg of approximately 0.8. Cells were harvested from 200 uL
culture by centrifugation, resuspended in 200 pL ice-cold CaCl, solution (100 mM CaCl,, 50 mM
Tris-HCI pH 7.5), and incubated on ice for 30 min. Finally, the cell pellet was obtained by centrifugation
and resuspended in 100 pL ice-cold CaCl, solution and left on ice for at least 2 h.

Table 1. List of used strains.

Strain Genotype Source
E.cliTG1 K-12 supE hsd A5thi Allac-proAB] F' [traD36 proAB laclq lacZ AM15] [40]
_ H _ !
E. coli TG 90 K-12 supE hsd A5thi Allac-proAB] F' [traD36 proAB laclg lacZ AM15] [41]
penB80 zad::TnlO
E. coli BW25113 K-12 lacI* YTHBT14 AltZCZWHG hsdR514 AIZI’[ZBADAH33 AI’h(ZBADLD78 I’ph-l [42]

A(araB-D)567 A(rhaD-B)568 AlacZ4787(::rrnB-3) hsdR514 rph-1

As no ice is available at the liquid handling platform, the competence protocol was adjusted as
follows: 4 °C cold solutions were used and all incubation steps were carried out at 4 °C. Automated
cell treatment is described in the results section (Sections 3.2-3.4).

Manual transformation was carried out as follows: 20 uL. competent cells were incubated with
1 ng pUC19 [13] for 30 min, on ice or at 4 °C, respectively. Afterwards, cells were heat shocked for 2 min
at42 °C, 180 uL TY added, shaken at 37 °C for one hour, spread on an agar plate with 125 pg mL ™!
ampicillin and incubated at 37 °C overnight. For the automated transformation protocol see the results
in Section 3.5.

For the determination of the optimal harvesting point for the preparation of competent cells,
the E. coli strain BW25113 was cultivated in 10 mL TY medium at 37 °C. After 0.5;1; 1.5; 2; 2.5; 3; 4;
5; 6; and 16 h ODggp was measured and equal numbers of cells were harvested (200 pL x 0.8 ODgqp).
Competent cells were prepared as above. 50 pL of competent cells were used for transformation with
1ng pUC19 as described above.

2.3. Computational Methods

All computation steps were performed in MATLAB 2016a (Natick, MA, USA). Based on the
equation given by Enfors and Haggstrom 2010 [43] the growth rate is calculated by Equation (1)

ln(X):fl) W

b — t1

u:

where 1 is representing the specific growth rate [h~1], X the biomass as OD600 and ¢ the time [h].
Based on Equation (1), the biomass for the next hour is estimated with

Xep1 = X # el =t 2)
The biomass (Xj) at t; to reach the desired biomass at t; 1 (XThreshold) is calculated with Equation (3).

Xthreshold
X = —threshold
T enltn—t) ®)

The dilution factor is calculated with Xy from Equation (3) divided by the actual measured biomass.
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3. Results

The aim of this study is the development of a protocol on the liquid handling platform, to generate
competent cells, and transform them directly with one or more plasmids. One of the main problems
when transforming different strains with unknown growth characteristics in parallel is the correct
harvesting point for all clones. Additionally, this point must be reached at the same time by all cultures
to allow running subsequent procedures in parallel.

We compare the quasi-turbidostat method against the traditional batch cultivation to reach the
optimal harvesting point. Due to the complexity and fault promptness of integrated high throughput
robots, the focus is set on robustness (maximizing the production of competent cells for sufficient
transformation). For the development of our method, we used E. coli as a case study.

3.1. Determination of the Optimal Harvest Conditions

The use of highly competent cells facilitates transformation. Due to their high transformation
efficiency, low plasmid DNA concentrations or ligation mixtures result in a high number of CFUs.
The optimal harvest point for preparation of competent E. coli cells is assumed to be from the early
to mid-exponential growth phase [44]; probably the best competence is obtained with cells growing
at their maximum specific growth rate. This can also be seen by the number of colonies obtained
after transformation of E. coli BW25113 harvested at different growth phases in a typical batch shake
flask experiment (Figure 3a). As expected, mid log phase cultures with an ODggy between 0.7 and
1.4 proved to be optimal. In contrast, cells from the early or late exponential phase (ODggg 0.3 and 2.7)
resulted in slightly less colonies and cells from either the lag phase or the stationary phase resulted
in significantly less colonies. Interestingly, at the same time the number of satellite colonies resulting
from not transformed cells growing in the vicinity of real transformants increased over the growth
curve (Figure 3b).
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Figure 3. E. coli BW25113 was grown in TY medium, equal numbers of cells were harvested at
different time points, competent cells were prepared and transformed with 1 ng pUC19 as described in
materials and methods. (a) Black line: growth curve; dotted line: growth rate [h1]; grey bars:
number of transformants. Resulting colonies were counted after overnight incubation at 37 °C.
A correlation between transformation efficiency and growth rate can be detected (b) grey bars: number
of transformants; black bars: number of satellite colonies. Comparison of transformants and satellite
colonies obtained after transformation of competent cells as in (a). A lower number of satellite colonies
indicates higher quality of the competent cells.

In other words, by creating a system where cells are maintained at maximum growth rate until
the harvesting point has been reached, we obtain a highly effective transformation system that is also
flexible to cope with the needs of other units, personnel, or sudden faults in the system. As shown
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in materials and methods, the setpoint for biomass concentration was set to 0.8 to assure no oxygen
limitation minimized the cultivation time but also to assure that the cell density was high enough to
compensate for low transformation efficiencies. Nevertheless, high transformation efficiencies are not
necessary for most applications as for all further steps a few positive transformants are sufficient.

3.2. Competent Cells with Batch Cultivation

First, batch cultivations with an adapted sampling were performed. To solve the problem of
different lag-phases and stating ODs, precultures were performed for 8 h. Afterwards, the ODgpp was
measured and a new cultivation with fresh medium was prepared. From the precultures, 10 uL were
taken by the robot as inoculum for the new main cultivation plate. In this second plate ODgyy was
monitored every hour. If the mean of all cultivations reaches a threshold of 0.4, the monitoring interval
was shortened to 30 min. After the mean of all performed cultivations reached a threshold of 0.7,
the cells were harvested.

Examples for measured ODgq values are shown in Figure 4. The ODg after the precultures
were 2.50, 2.48, and 3.36 for the E. coli strains TG1, TG90, and BW25113, respectively. For the main
cultivation, 10 uL of each culture were taken. This corresponds to a 1:20 dilution. After the second
measurement, during the main cultivation, the mean OD of all cultures was 0.37 and therefore below
the threshold for adapting the sampling mode. Hence, the next sample was taken one hour later.
However, the E. coli TG1 and TG 90 were already over the threshold of 0.4. For these two strains the
sampling point one hour later was already suboptimal. At the third measurement, the E. coli strains
TG 1 and TG 90 were—with 1.11 and 1.02—out of the optimal range for harvesting, only the E. coli
BW25113 strain was at the intended point with a mean of 0.82. Since only one of the strains reached
an optimal threshold of 0.8 with the batch cultivation method, the adaptation of the experiment to
the strains’ growth conditions must have been insufficient. Obviously, the chosen thresholds were
not optimal, leading to a suboptimal harvest time. Additionally, this method requires continuous
re-tuning, making it time intensive and not proper for a high-throughput system.

3.5 ‘ ‘
" —u—OD600 E. coli BW25113

O OD600 E. coliTG 1
-E|-OD600 E. coliTG 90

Biomass (ODsoo)
[

—
T

O 1 1 1
7 7.5 8 8.5 9 9.5 10
Time [h]

Figure 4. Batch cultivation approach for harvesting of competent cells with Preculture (0-8 h) and a
main cultivation (8-10 h). Lower dotted red line: threshold of sampling interval adaptation; upper red
line threshold for harvesting. The square of E. coli TG 90 is mostly hidden under the circle of E. coli TG 1.

3.3. Competent Cells in the Quasi-Turbidostat

As mentioned before, the ideal solution to this issue would be a parallel turbidostat system.
Therefore, we developed a quasi-turbidostat on a 96-well plate using the liquid handling platform.
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For the quasi-turbidostat, no preculture is needed. The cultivation is operated in a loop with one-hour
cycles containing the following steps (I) sampling, (II) ODgpp measurement, and (III) dilution (Figure 5).

Sample (0])) Calculation of
. Data transfer
preparation measurement growth rate

Computation

iLab-Bio Database —
: <=

Sample Calculation of

Figure 5. Robotic platform and workflow used for the quasi-turbidostat cultivation for the preparation
of competent cells. The incubator is mounted on the left site of the liquid handling station, the plate
reader is mounted on the right site. During the quasi-turbidostat cycle, the cells are transferred from the
incubator to the liquid handler, a sample is taken, diluted, and measured in the plate reader. Afterwards,
the ODg(g values are transferred into the database and the execution of the script is triggered. The script
calculates the current dilution of the quasi-turbidostat cultivations and sends the set points back to
the database. Subsequently, the liquid handler reads the set points for the database and executes the
dilution step. The cells are incubated for one hour until the next cycle is started.

The first 20 pL sample is taken directly after inoculation, 1:5 diluted, ODggg is measured,
and the measured values are transferred into the database. Afterwards, the execution of a MATLAB
(Mathworks) script is triggered (Source Code S4). During the execution of the script, the program
reads the ODggg values from the database and the required biomass to reach the targeted ODggg
in one hour is calculated based on Equation (3). Depending on the calculated ODggg values (Xp),
volumes for removing cell suspension and adding fresh medium are sent as setpoints to the database.
These setpoints are read out and used by the pipetting robot to perform the dilution step. If no dilution
is necessary, only the sampling volume is added to assure a constant cultivation volume of 170 uL over
the whole cultivation.

In Figure 6, exemplary the ODgp measurements of E. coli TG1, TG 90, and BW25113 cultures
are shown. After the second measurement, the first dilution was calculated. The growth rates at this
time were 1.37, 1.28, and 1.32 h~! with ODgq values of 0.30, 0.28 and 0.44, respectively. Assuming a
constant growth rate, one hour later the ODg(y was estimated to be 1.17, 0.99, and 1.65 h1, respectively,
by applying Equation (2). Therefore, from the beginning, a dilution for all strains was needed. At the
third measurement, the ODgqg of E. coli BW15113 was 0.76 and thus very close to the threshold. On the
contrary, the growth rates of E. coli TG 1 and TG 90 were lower than assumed, as the ODgq values of
these strains were only 0.68 and 0.56, respectively, and thus clearly below the targeted ODgg value.
The same behavior is observed at the fourth sampling point after three hours. However, the distances
to the target value were lower. The observed ODgq values were 0.74 and 0.73 for E. coli TG 1 and TG
90, respectively. The E. coli BW25513 strain was, with an ODgq of 0.82, again the best matching strain.
During samplings four and five (hours three to four) all growth rates stayed constant compared to
the former interval. The OD values at the last sampling point were 0.80, 0.79, and 0.78 for E. coli TG 1,
E. coli TG 90, and E. coli BW25113, respectively. This was a very low deviation from the threshold for
all strains and the signal to continue with the cell treatment was given.
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Figure 6. Quasi-turbidostat approach for harvesting of competent cells in a defined physiological state.
Biomass is measured every hour. Depending on p and biomass a dilution of the culture is performed.

3.4. Cell Treatment for Competence

For automated cell harvest the cultivation plate was transferred to a position of the 4 °C rack
on the liquid handler (Figure 2) to cool down the cells. The whole available culture volume was
taken and transferred to a 0.2 um 96 well filter plate. This filter plate was placed on a vacuum station,
integrated on the liquid handler (Figure 2). Over a time of 60 sec, a vacuum of 300 mbar was created
to remove the medium from the cells. Afterwards, the cells were resuspended with cold CaCls.
This step was repeated three times before transferring the cells into a 96 well PCR plate to enhance the
temperature transfer.

3.5. Transformation

After the incubation time of two hours at 4 °C, plasmid DNA was dispensed into the incubated
cell suspension. The cells were further incubated for 30 min at 4 °C, and subsequently a heat shock
at 42 °C for 2 min was performed by moving the PCR plate from the 4 °C rack to the 42 °C rack.
And afterwards back to the position on the 4 °C rack. While keeping the cells cooled, a new U-shaped
plate with fresh medium was prepared and the whole batches from the PCR plate were transferred
into this medium. The U-shaped plate was then cultivated for one hour. Finally, 200 uL of each culture
were dispensed on TY agar, which was prepared in 6 well plates. These agar plates were shaken to
spread the liquids even over the whole area of the wells. Afterwards, the agar plates were transferred
into an incubator and cultivated for at least 12 h at 37 °C.

On all plated wells, the number of observed colonies was high enough for colony picking.
In Figure 7, the wells of (a) a manual transformation on ice and (b) with 4° C treatment, (c) the
automated treatment with the batch cultivation, and (d) the treatment with the quasi-turbidostat
method is shown to be exemplary for the E. coli BW25113 strain.
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Figure 7. Spread cells after treatment for competence and transformation in 6-well plates (a) manually
on ice; (b) manually at 4 °C instead keeping cell on ice; (c) automated treatment with a batch for cell
harvesting; (d) automated treatment with quasi-turbidostat for cell harvesting.

No significant differences were observed by comparing the manual cell treatment on ice with
the storage at 4 °C. Both methods lead to 30-50 transformed cells per well and thus we conclude that
the use of 4 °C instead of keeping the cells on ice has no negative influence on the transformation
efficiency. Moreover, the results show that with the applied shaking protocol the cells are equally
spread over the area of the well without the use of a spatula, indicating that shaking the plates only in
a one-dimensional movement is sufficient for spreading.

Differences between the automated and manual treatments (comparison of Figure 7b with
Figure 7c or Figure 7d) are mainly caused by the different volumes used for plating. Both methods on
the liquid handling platform are suitable for the treatment of competent cells and the transformation.
Accordingly, as the results of both automated approaches show, there are enough colonies for colony
picking. Apart from this, there were no significant differences observed for the E. coli BW15113 between
the batch treatment and the quasi-turbidostat method. However, the quasi-turbidostat provides a
way to guarantee that clones with different specific growth rates are harvested in the growing state at
similar cell densities.
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4. Discussion

The development of an automated method to obtain competent cells when whole strain libraries
need to be transformed is a decisive step towards fully automated screening processes. This closes
the gap between existing strain and vector libraries and high-throughput screening processes. To our
knowledge, this is the first description of a turbidostat implementation in a 96 well plate and therefore,
also an important step for the development of advanced screenings and phenotyping applications.
The system was tested in an automated robotic facility, so it can be directly included in a broader
process development framework reaching up to scale-down experiments at mL scale [45,46]. In order to
increase a liquid handling facility towards an automated bioprocess development platform by [47,48],
this method can be further connected to automated image analysis, colony counting, and clone picking.

For the development of this method we compared two different strategies for cell harvesting,
a classical batch approach and a novel quasi-turbidostat approach. With the latter one we were able to
harvest strains with different growth characteristics at the best harvesting point (i.e., cell density and
growth stage), independent from the source of the strains; e.g., an agar plate, cryo-stock or another
liquid culture.

The batch approach is simple to implement, but due to the different growth characteristics of the
hosts, changing harvesting points, sensitivity to faults in the system as well as initial concentrations,
and low time flexibility it is not suitable for use in a high throughput.

The use of the quasi-turbidostat provides some important advantages compared to the batch
method. The sampling point for all strains was reached perfectly after four hours. The only adjustable
parameter is the cycle time, which can automatically be adjusted to each well for a wide coverage of
fast and slow growing cells. In the case study, the cycle time was one hour, therefore a minimal growth
rate of 0.1 h™! is needed, but an automated adjustment of the cycle time, to cover also slower and
faster growing cells is straight forward.

However, the samples had to be diluted already after the first analytical cycle. Therefore,
we expected to reach the threshold for all strains directly after the first cycle. As shown above
(Figure 2b), this was not the case. Our method requires a constant growth rate to get optimal results.
During the first two cycles, until hour three, we saw a decrease in the growth rate of the E. coli strains
TG1 and TG90 mainly caused by inaccuracies of the OD measurement at low values. Our method
calculated the dilutions with an unprecise u and therefore reached suboptimal results. Whether the
decrease in the growth rate is caused by measurement errors or by a physiological background could be
in the focus of further investigations. It is known that acetic acid has a negative influence on the glucose
uptake rate at high levels and therefore is known to reduce the maximum specific growth rate [45,49].
Hence, the acetic acid concentration is also diluted in every cycle and should not reach a critical
concentration. It has been reported that the maximum glucose uptake rate decreases significantly over
the time in glucose limited fed-batch cultivation with a constant feed profile: i.e., at lower specific
growth rates [50,51].

To ensure a sufficient transformation efficiency especially when using low plasmid concentrations
or ligation mixtures, it is important to harvest all cells during the optimal growth phase. The benefit of
the quasi-turbidostat compared to the batch method is that the former ensures this because it keeps
strains with different growth rates in the logarithmic growth phase until all cells reach the optimal
harvesting point for the preparation of competent cells and their subsequent transformation.

To maximize our throughput and keeping the system as simple as possible, we used 96 well
plates for cultivation and cell treatment. The use of enhanced high throughput cultivation systems
like minibioreactor systems (MBRs) [52] could be alternatively considered if higher titers are required,
and applications based on the online biomass signal have already been reported [33]. Nevertheless,
this would increase the complexity of the system. Apart from that, our developed quasi-turbidostat
method could be adapted to MBR with online biomass monitoring. Other systems that are very well
suited for the quasi-turbidostat method are: BioLector [53], m2p, HEL minireactors, etc.
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In addition, the development of a high-throughput method protocol for competent cell treatment
and transformation, also describes a method that does neither need ice nor centrifugation. In contrast
to the manual preparation of competent cells where centrifugation is used for harvesting and washing
steps, no centrifuge is needed for the automated protocol. Also, filtration has several advantages
compared to centrifugation; (1) washing steps are more accurate as the media can be removed
thoroughly without touching the cell pellet; (2) a vacuum station can be easier integrated in a liquid
handling station as it needs less space and no hardware modifications and thus (3) investment costs
are significantly lower.

The protocol is also very useful for laboratories with limited equipment or for a parallel treatment
of cells manually.

5. Conclusions

The developed method is able to treat E. coli cells for competence and transform them with a
certain vector and could be adapted to other strains with a similar protocol.

As show in Figure 4, the results are good enough to transfer the cells for further colony picking.
Our automated method ended with the incubation of the spread agar plates. The created strain library
is the basis of further automated screening and strain engineering methods [46,54]. Furthermore,
the method could be adapted to other organisms.
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Source Code S1: Hamilton Script Overview, Source Code S2: Hamilton Script detail, Figure S3: Tecan LHS, Source
Code S4: MATLAB Source Code.

Author Contributions: Conceptualization, M.N.C.-B., S.H. and M.G.; Methodology, S.H.; Validation, M.G., EG.
and M.N.C.-B.; Formal Analysis, S.H.; Investigation, S.H., M.G. and M.N.C.-B.; Resources, S.H.; Data Curation,
S.H.; Writing-Original Draft Preparation, S.H.; Writing-Review & Editing, M.G., EG., M\N.C.-B. and PN.;
Visualization, S.H.; Supervision, M.G., EG., M.N.C.-B. and PN.; Project Administration, M.N.C.-B. and P.N.

Funding: This research was funded by German Federal Ministry of Education and Research (BMBF) grant
number 031L0018A.

Acknowledgments: The authors acknowledge financial support by the German Federal Ministry of Education
and Research (BMBF) within the European program EraSysApp (project no. 031L0018A, LEANPROT project)
managed by the Projekttrager Jiilich (Pt]). We would like to thank Robert Giessmann for fruitful discussions
during the development of the quasi-turbidostat method.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Neubauer, P,; Cruz, N.; Glauche, F; Junne, S.; Knepper, A.; Raven, M. Consistent development of bioprocesses
from microliter cultures to the industrial scale. Eng. Life Sci. 2013, 13, 224-238. [CrossRef]

2. Berlec, A, étrukelj, B. Current state and recent advances in biopharmaceutical production in Escherichia coli,
yeasts and mammalian cells. J. Ind. Microbiol. Biotechnol. 2013, 40, 257-274. [CrossRef] [PubMed]

3. Schmidt, ER. Optimization and scale up of industrial fermentation processes. Appl. Microbiol. Biotechnol.
2005, 68, 425-435. [CrossRef] [PubMed]

4. Sun, J.; Wang, Q.; Jiang, Y.; Wen, Z.; Yang, L.; Wu, ].; Yang, S. Genome editing and transcriptional repression
in Pseudomonas putida KT2440 via the type II CRISPR system. Microb. Cell Fact. 2018, 17, 41. [CrossRef]
[PubMed]

5. Maeda, T.; Sanchez-Torres, V.; Wood, T.K. Metabolic engineering to enhance bacterial hydrogen production.
Microb. Biotechnol. 2008, 1, 30-39. [CrossRef] [PubMed]

6. Sagt, C.M.]. Systems metabolic engineering in an industrial setting. Appl. Microbiol. Biotechnol. 2013, 97,
2319-2326. [CrossRef] [PubMed]

7. Kim, S.-]; Kim, J.-W,; Lee, Y.-G.; Park, Y.-C.; Seo, ].-H. Metabolic engineering of Saccharomyces cerevisiae for
2,3-butanediol production. Appl. Microbiol. Biotechnol. 2017, 101, 2241-2250. [CrossRef] [PubMed]

8.  Erb, TJ.; Jones, PR.; Bar-Even, A. Synthetic metabolism: Metabolic engineering meets enzyme design.
Curr. Opin. Chem. Biol. 2017, 37, 56-62. [CrossRef] [PubMed]


http://www.mdpi.com/2076-2607/6/3/60/s1
http://dx.doi.org/10.1002/elsc.201200021
http://dx.doi.org/10.1007/s10295-013-1235-0
http://www.ncbi.nlm.nih.gov/pubmed/23385853
http://dx.doi.org/10.1007/s00253-005-0003-0
http://www.ncbi.nlm.nih.gov/pubmed/16001256
http://dx.doi.org/10.1186/s12934-018-0887-x
http://www.ncbi.nlm.nih.gov/pubmed/29534717
http://dx.doi.org/10.1111/j.1751-7915.2007.00003.x
http://www.ncbi.nlm.nih.gov/pubmed/21261819
http://dx.doi.org/10.1007/s00253-013-4738-8
http://www.ncbi.nlm.nih.gov/pubmed/23397485
http://dx.doi.org/10.1007/s00253-017-8172-1
http://www.ncbi.nlm.nih.gov/pubmed/28204883
http://dx.doi.org/10.1016/j.cbpa.2016.12.023
http://www.ncbi.nlm.nih.gov/pubmed/28152442

Microorganisms 2018, 6, 60 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Stefanovic, E.; Fitzgerald, G.; McAuliffe, O. Advances in the genomics and metabolomics of dairy lactobacilli:
A review. Food Microbiol. 2017, 61, 33—49. [CrossRef] [PubMed]

Kruyer, N.S.; Peralta-Yahya, P. Metabolic engineering strategies to bio-adipic acid production.
Curr. Opin. Biotechnol. 2017, 45, 136-143. [CrossRef] [PubMed]

Wang, R.F.,; Kushner, S.R. Construction of versatile low-copy-number vectors for cloning, sequencing and
gene expression in Escherichia coli. Gene 1991, 100, 195-199. [CrossRef]

Bolivar, F.; Rodriguez, R.L.; Greene, PJ.; Betlach, M.C.; Heyneker, H.L.; Boyer, H.W.; Crosa, ].H.; Falkow, S.
Construction and characterization of new cloning vehicle. II. A multipurpose cloning system. Gene 1977, 2,
95-113. [CrossRef]

Yanisch-Perron, C.; Vieira, J.; Messing, J. Improved MI3 phage cloning vectors and host strains: Nucleotide
sequences of the M13mp18 and pUC19 vectors. Gene 1985, 33, 103-119. [CrossRef]

Studier, EW.; Moffatt, B.A. Use of bacteriophage T7 RNA polymerase to direct selective high-level expression
of cloned genes. J. Mol. Biol. 1986, 189, 113-130. [CrossRef]

Gronenborn, B. Overproduction of phage lambda repressor under control of the lac promotor of Escherichia
coli. Mol. Gen. Genet. 1976, 148, 243-250. [CrossRef] [PubMed]

Guzman, L-M.; Belin, D.; Carson, M.].; Beckwith, J. Tight Regulation, Modulation, and High-Level
Expression by Vectors Containing the Arabinose P BAD Promoter. ]. Bacteriol. 1995, 177, 4121-4130.
[CrossRef] [PubMed]

Gawin, A,; Valla, S.; Brautaset, T. The XylS/Pm regulator/promoter system and its use in fundamental studies
of bacterial gene expression, recombinant protein production and metabolic engineering. Microb. Biotechnol.
2017, 10, 702-718. [CrossRef] [PubMed]

Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K.A.; Tomita, M.; Wanner, B.L.;
Mori, H. Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: The Keio collection.
Mol. Syst. Biol. 2006, 2, 2006.0008. [CrossRef] [PubMed]

Yamamoto, N.; Nakahigashi, K.; Nakamichi, T.; Yoshino, M.; Takai, Y.; Touda, Y.; Furubayashi, A.; Kinjyo, S.;
Dose, H.; Hasegawa, M.; et al. Update on the Keio collection of Escherichia coli single-gene deletion mutants.
Mol. Syst. Biol. 2009, 5, 335. [CrossRef] [PubMed]

Kobayashi, K.; Ehrlich, S.D.; Albertini, A.; Amati, G.; Andersen, K.K.; Arnaud, M.; Asai, K.; Ashikaga, S.;
Aymerich, S.; Bessieres, P; et al. Essential Bacillus subtilis genes. Proc. Natl. Acad. Sci. USA 2003, 100,
4678-4683. [CrossRef] [PubMed]

Jacobs, M.A.; Alwood, A.; Thaipisuttikul, I; Spencer, D.; Haugen, E.; Ernst, S.; Will, O.; Kaul, R.; Raymond, C.;
Levy, R.; et al. Comprehensive transposon mutant library of Pseudomonas aeruginosa. Proc. Natl. Acad. Sci.
USA 2003, 100, 14339-14344. [CrossRef] [PubMed]

De Berardinis, V.; Vallenet, D.; Castelli, V.; Besnard, M.; Pinet, A.; Cruaud, C.; Samair, S.; Lechaplais, C.;
Gyapay, G.; Richez, C.; et al. A complete collection of single-gene deletion mutants of Acinetobacter baylyi
ADP1. Mol. Syst. Biol. 2008, 4, 174. [CrossRef] [PubMed]

Giaever, G.; Nislow, C. The yeast deletion collection: A decade of functional genomics. Genetics 2014, 197,
451-465. [CrossRef] [PubMed]

Cox, R.S.; Dunlop, M.].; Elowitz, M.B. A synthetic three-color scaffold for monitoring genetic regulation and
noise. J. Biol. Eng. 2010, 4, 10. [CrossRef] [PubMed]

Singh, M.; Yadav, A.; Ma, X.; Amoah, E. Plasmid DNA Transformation in Escherichia Coli: Effect of Heat
Shock Temperature, Duration, and Cold Incubation of CaCl 2 Treated Cells. Shock 2010, 6, 561-568.
Mandel, M.; Higa, A. Calcium-dependent bacteriophage DNA infection. J. Mol. Biol. 1970, 53, 159-162.
[CrossRef]

Hanahan, D.; Jessee, J.; Bloom, ER. bacteria. In Bacterial Genetic Systems; Methods in Enzymology; Academic
Press: Cambridge, MA, USA, 1991; Volume 204, pp. 63-113.

Cohen, SN.; Chang, A.C.Y.; Hsu, L. Nonchromosomal Antibiotic Resistance in Bacteria: Genetic
Transformation of Escherichia coli by R-Factor DNA. Proc. Natl. Acad. Sci. USA 1972, 69, 2110-2114.
[CrossRef] [PubMed]

Forster, R.L.S.; Bevan, M.W.; Harbison, S.; Gardnerl, R.C. High efficiency transformation of E.coli by high
voltage electroporation. Nucleic Acids Res. 1988, 16, 291-303. [CrossRef] [PubMed]

Taketo, A. DNA transfection of Escherichia coil by electroporation. Biochim. Biophys. Acta (BBA)-Gene
Struct. Expr. 1988, 949, 318-324. [CrossRef]


http://dx.doi.org/10.1016/j.fm.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27697167
http://dx.doi.org/10.1016/j.copbio.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28365404
http://dx.doi.org/10.1016/0378-1119(91)90366-J
http://dx.doi.org/10.1016/0378-1119(77)90000-2
http://dx.doi.org/10.1016/0378-1119(85)90120-9
http://dx.doi.org/10.1016/0022-2836(86)90385-2
http://dx.doi.org/10.1007/BF00332898
http://www.ncbi.nlm.nih.gov/pubmed/796661
http://dx.doi.org/10.1128/jb.177.14.4121-4130.1995
http://www.ncbi.nlm.nih.gov/pubmed/7608087
http://dx.doi.org/10.1111/1751-7915.12701
http://www.ncbi.nlm.nih.gov/pubmed/28276630
http://dx.doi.org/10.1038/msb4100050
http://www.ncbi.nlm.nih.gov/pubmed/16738554
http://dx.doi.org/10.1038/msb.2009.92
http://www.ncbi.nlm.nih.gov/pubmed/20029369
http://dx.doi.org/10.1073/pnas.0730515100
http://www.ncbi.nlm.nih.gov/pubmed/12682299
http://dx.doi.org/10.1073/pnas.2036282100
http://www.ncbi.nlm.nih.gov/pubmed/14617778
http://dx.doi.org/10.1038/msb.2008.10
http://www.ncbi.nlm.nih.gov/pubmed/18319726
http://dx.doi.org/10.1534/genetics.114.161620
http://www.ncbi.nlm.nih.gov/pubmed/24939991
http://dx.doi.org/10.1186/1754-1611-4-10
http://www.ncbi.nlm.nih.gov/pubmed/20646328
http://dx.doi.org/10.1016/0022-2836(70)90051-3
http://dx.doi.org/10.1073/pnas.69.8.2110
http://www.ncbi.nlm.nih.gov/pubmed/4559594
http://dx.doi.org/10.1093/nar/16.1.291
http://www.ncbi.nlm.nih.gov/pubmed/3340527
http://dx.doi.org/10.1016/0167-4781(88)90158-3

Microorganisms 2018, 6, 60 13 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hughes, S.R.; Dowd, PF,; Hector, R.E.; Riedmuller, S.B.; Bartolett, S.; Mertens, J.A.; Qureshi, N.; Liu, S.;
Bischoff, K.M.; Li, X.-L.; et al. Cost-Effective High-Throughput Fully Automated Construction of a Multiplex
Library of Mutagenized Open Reading Frames for an Insecticidal Peptide Using a Plasmid-Based Functional
Proteomic Robotic Workcell with Improved Vacuum System. JALA |. Assoc. Lab. Autom. 2007, 12, 202-212.
[CrossRef]

Finley, ].B.; Qiu, S.H.; Luan, C.H.; Luo, M. Structural genomics for Caenorhabditis elegans: High throughput
protein expression analysis. Protein Expr. Purif. 2004, 34, 49-55. [CrossRef] [PubMed]

Rohe, P,; Venkanna, D.; Kleine, B.; Freud], R.; Oldiges, M. An automated workflow for enhancing microbial
bioprocess optimization on a novel microbioreactor platform. Microb. Cell Fact. 2012, 11, 144. [CrossRef]
[PubMed]

Neubauer, P.; Cruz-Bournazou, M.N. Continuous Bioprocess Development: Methods for Control and
Characterization of the Biological System. In Continuous Biomanufacturing: Innovative Technologies and
Methods; John Wiley & Sons: Hoboken, NJ, USA, 2017.

Schmideder, A.; Severin, T.S.; Cremer, ].H.; Weuster-Botz, D. A novel milliliter-scale chemostat system for
parallel cultivation of microorganisms in stirred-tank bioreactors. J. Biotechnol. 2015, 210, 19-24. [CrossRef]
[PubMed]

Hoffmann, S.A.; Wohltat, C.; Mu, KM.; Arndt, KM. A user-friendly, low-cost turbidostat with versatile
growth rate estimation based on an extended Kalman filter. PLoS ONE 2017, 12, e0181923. [CrossRef]
[PubMed]

Takahashi, C.N.; Miller, A.W.; Ekness, E.,; Dunham, M.].; Klavins, E. A low cost, customizable turbidostat for
use in synthetic circuit characterization. ACS Synth. Biol. 2015, 4, 32-38. [CrossRef] [PubMed]

Knepper, A.; Heiser, M.; Glauche, F; Neubauer, P. Robotic Platform for Parallelized Cultivation and
Monitoring of Microbial Growth Parameters in Microwell Plates. J. Lab. Autom. 2014, 19, 593—-601. [CrossRef]
[PubMed]

Schmid, I.; Aschoff, J. A scalable software framework for data integration in bioprocess development.
Eng. Life Sci. 2017, 17, 1159-1165. [CrossRef]

Baer, R.; Bankier, A.T.; Biggin, M.D.; Deininger, P.L.; Farrell, PJ.; Gibson, T.J.; Hatfull, G.; Hudson, G.S.;
Satchwell, S.C.; Seguin, C.; et al. DNA sequence and expression of the B98-8 Epstein-Barr virus genome.
Nature 1984, 310, 207-211. [CrossRef] [PubMed]

Gonzy-Tréboul, G.; Karmazyn-Campelli, C.; Stragier, P. Developmental regulation of transcription of the
Bacillus subtilis ftsAZ operon. J. Mol. Biol. 1992, 224, 967-979. [CrossRef]

Datsenko, K.A.; Wanner, B.L. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR
products. Proc. Natl. Acad. Sci. USA 2000, 97, 6640-6645. [CrossRef] [PubMed]

Enfors, S.-O.; Haggstrom, L. Bioprocess Technology: Fundamentals and Applications; Royal Institute of
Technology: Stockholm, Sweden, 2000; ISBN 91-7170-511-2.

Szostkova, M.; Hordkova, D.; Némec, M. The influence of the growth phase of enteric bacteria on
electrotransformation with plasmid DNA. Folia Microbiol. 1999, 44, 177-180. [CrossRef]

Anane, E.; Lopez Cardenas, D.C.; Neubauer, P.; Cruz Bournazou, M.N. Modelling overflow metabolism in
Escherichia coli by acetate cycling. Biochem. Eng. ]. 2017, 125, 23-30. [CrossRef]

Cruz Bournazou, M.N,; Barz, T.; Nickel, D.B.; Lopez Cardenas, D.C.; Glauche, F; Knepper, A.; Neubauer, P.
Online optimal experimental re-design in robotic parallel fed-batch cultivation facilities. Biotechnol. Bioeng.
2017, 114, 610-619. [CrossRef] [PubMed]

Neubauer, P. Editorial: Towards faster bioprocess development. Biotechnol. J. 2011, 6, 902-903. [CrossRef]
[PubMed]

Neubauer, P; Glauche, F; Cruz-Bournazou, M.N. Editorial: Bioprocess Development in the era of
digitalization. Eng. Life Sci. 2017, 17, 1140-1141. [CrossRef]

Kleman, G.L.; Strohl, W.R. Acetate metabolism by Escherichia coli in high-cell-density fermentation.
Appl. Environ. Microbiol. 1994, 60, 3952-3958. [PubMed]

Lin, H.Y,; Mathiszik, B.; Xu, B.; Enfors, 5.0.; Neubauer, P. Determination of the maximum specific
uptake capacities for glucose and oxygen in glucose-limited fed-batch cultivations of Escherichia coli.
Biotechnol. Bioeng. 2001, 73, 347-357. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jala.2007.04.007
http://dx.doi.org/10.1016/j.pep.2003.11.026
http://www.ncbi.nlm.nih.gov/pubmed/14766299
http://dx.doi.org/10.1186/1475-2859-11-144
http://www.ncbi.nlm.nih.gov/pubmed/23113930
http://dx.doi.org/10.1016/j.jbiotec.2015.06.402
http://www.ncbi.nlm.nih.gov/pubmed/26116137
http://dx.doi.org/10.1371/journal.pone.0181923
http://www.ncbi.nlm.nih.gov/pubmed/28746418
http://dx.doi.org/10.1021/sb500165g
http://www.ncbi.nlm.nih.gov/pubmed/25036317
http://dx.doi.org/10.1177/2211068214547231
http://www.ncbi.nlm.nih.gov/pubmed/25208534
http://dx.doi.org/10.1002/elsc.201600008
http://dx.doi.org/10.1038/310207a0
http://www.ncbi.nlm.nih.gov/pubmed/6087149
http://dx.doi.org/10.1016/0022-2836(92)90463-T
http://dx.doi.org/10.1073/pnas.120163297
http://www.ncbi.nlm.nih.gov/pubmed/10829079
http://dx.doi.org/10.1007/BF02816238
http://dx.doi.org/10.1016/j.bej.2017.05.013
http://dx.doi.org/10.1002/bit.26192
http://www.ncbi.nlm.nih.gov/pubmed/27696353
http://dx.doi.org/10.1002/biot.201000413
http://www.ncbi.nlm.nih.gov/pubmed/21823239
http://dx.doi.org/10.1002/elsc.201770113
http://www.ncbi.nlm.nih.gov/pubmed/7993084
http://dx.doi.org/10.1002/bit.1068
http://www.ncbi.nlm.nih.gov/pubmed/11320505

Microorganisms 2018, 6, 60 14 of 14

51.

52.

53.

54.

Brand, E; Junne, S.; Anane, E.; Nicolas, M.; Bournazou, C.; Neubauer, P. Importance of the cultivation history
for the response of Escherichia coli to oscillations in scale-down experiments. Bioprocess Biosyst. Eng. 2018, 1-9.
[CrossRef] [PubMed]

Hemmerich, J.; Noack, S.; Wiechert, W.; Oldiges, M. Microbioreactor Systems for Accelerated Bioprocess
Development. Biotechnol. J. 2018, 13, 1-25. [CrossRef] [PubMed]

Kensy, F; Zang, E.; Faulhammer, C.; Tan, R.; Biichs, J. Validation of a high-throughput fermentation
system based on online monitoring of biomass and fluorescence in continuously shaken microtiter plates.
Microb. Cell Fact. 2009, 8, 31. [CrossRef] [PubMed]

Glauche, F; Pilarek, M.; Bournazou, M.N.C.; Grunzel, P.; Neubauer, P. Design of experiments-based
high-throughput strategy for development and optimization of efficient cell disruption protocols.
Eng. Life Sci. 2017, 17, 1166-1172. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00449-018-1958-4
http://www.ncbi.nlm.nih.gov/pubmed/29808419
http://dx.doi.org/10.1002/biot.201700141
http://www.ncbi.nlm.nih.gov/pubmed/29283217
http://dx.doi.org/10.1186/1475-2859-8-31
http://www.ncbi.nlm.nih.gov/pubmed/19497126
http://dx.doi.org/10.1002/elsc.201600030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Platform 
	Strains, Cell Competence and Transformation 
	Computational Methods 

	Results 
	Determination of the Optimal Harvest Conditions 
	Competent Cells with Batch Cultivation 
	Competent Cells in the Quasi-Turbidostat 
	Cell Treatment for Competence 
	Transformation 

	Discussion 
	Conclusions 
	References

