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Abstract

The development of monitoring methods for physiological state assessment during recombinant
fermentation processes has been encouraged by the need to evaluate the influence of processing
conditions in recombinant protein production.

In this work, microscopy and image analysis techniques were used for the quantification of viability
and protein production in two recombinant E. coli batch fermentations. Images obtained from light
microscopy with phase contrast were used to assess the total number of cells in a given sample and,
from epifluorescence microscopy, both producing and dead cells were counted using two different
filters.

This methodology allowed the extraction of information related to cell viability and recombinant
protein production. This information, combined with standard fermentation data, allowed the
derivation of interesting hypothesis that can be used afterwards for experimental design and further
validation.

Additionally, the ratios calculated in this work can be complemented with other parameters that can be
extracted from image analysis.

1 Introduction

The ability to cultivate microbial strains expressing heterologous recombinant proteins is an
increasingly important technique throughout the field of biotechnology. Among the many systems
available for heterologous protein production, the Gram-negative bacterium Escherichia coli remains
one of the most attractive because of its ability to grow rapidly and at high densities on inexpensive
substrates, its well-characterized genetics and the availability of a large number of cloning vectors and
mutant host strains (Jana and Deb, 2005).

However, the production of recombinant proteins can significantly influence cell metabolism by
channelling bacterial resources towards the production of the target protein, thereby imposing a
metabolic burden and stress to the host cell. In particular, the strong synthesis of a recombinant protein
can induce a number of different stress signals connected to cellular regulons such as a heat-shock-like
or unfolded protein response and the stringent response (Lin et al., 2004).
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Additionally, during fermentation processes, recombinant cells can be submitted to other stress
conditions, including nutrient starvation, oxidative stress, and excessive carbon dioxide levels which
can decrease growth rates and stimulate acetate formation (Enfors et al., 2001).

These phenomena can lead to a significant loss of protein production during the fermentation process,
due to alternative metabolic pathway to cell maintenance rather than cell reproduction and protein
production.

It is therefore essential to include in fermentation monitoring strategies the evaluation of the different
physiological responses at the occurring culture conditions. These results can then be used for
mathematical model construction and validation and for designing process control and optimization
strategies.

Among the different physiological conditions, cellular viability assessment is one of the most relevant
approaches because it is directly connected to process productivity and is relatively easy to evaluate.

However, traditional methods based on plate counting are unsuitable for assaying viability, because
only culturable cells grow on plates, and depending on the situation, these may represent only a minor
fraction of living cells (Sachidanandham et al., 2005).

Epifluorescent microscopy (EFM) has been described as a suitable method for a rapid and direct
assessment of cell viability. The main advantage of direct methods based on fluorescent probes is the
lack of incubation time. Fluorescent indicators of viability may be based on different approaches
(Auty et al., 2001), from which membrane integrity is one of the most common. Membrane integrity
analysis is based on the capacity of the cells to exclude fluorescent dye compounds, which when used
at low concentrations do not normally cross intact membranes. Most of the membrane integrity assays
use nucleic acid stains, due to the high concentrations of nucleic acids within the cells and the large
fluorescence enhancement exhibited by nucleic acid stains upon binding, leading to a clear separation
between intact and dead cells (Joux and Lebaron, 2000). A wide diversity of impermeant nucleic acid
stains can be used, among which propidium iodide (P1). PI binds to DNA by intercalating between the
bases with little or no sequence preference and with a stoichiometry of one dye per 4-5 base pairs of
DNA.

Additionally to viability measurement, during recombinant protein production, it is important to
measure not only the total amount of product obtained, but also to evaluate the fraction of producing
and non-producing strains, mainly to evaluate parameters related to strain performance, like promoter
strength and stability. For this purpose, fluorescent microscopy can also be used if the target protein
exhibits fluorescent properties, like the model protein GFP (Green Fluorescent Protein) of the jellyfish
Aequorea victoria. GFP needs no substrates or cofactors to fluoresce (Tsien, 1998, Lehtinen et al.,
2003) and is an excellent choice for diverse cell research, having its applications increased widely in
recent years (Banning et al., 2002; Lehtinen et al., 2004).

However, although fluorescence-based methods have remained very useful for a wide diversity of
applications ranging from industrial to environmental microbiology, for many years, the counting of
cells from microscopic images has been done manually. Recently, image analysis has become a
valuable accessory for such quantification because it reduces subjectivity and allows automation.
During the last years, the application of image analysis to cell technology has increased rapidly. In
some fields, such as the fermentation of microorganisms, image analysis is now essential for
characterizing the state of the culture, decreasing analysis costs are making microscopy a more
practical technique.

The purpose of this study was to establish a rapid, simple, and accurate direct method to evaluate
bacterial viability, physiological state and protein production during fermentation processes. A dual
marker system based on the expression of GFP and PI staining has been used for the quantification of
cell number, viability and protein production of E. coli.



2 Materials and methods
2.1. Cultivation conditions

A modified E. coli M15 (Qiagen - Germany) with the insertion of the EYFP (Enhannced Yellow
Fluorescent Protein) gene (Clontech - USA) in a pREP4 plasmid (also from Qiagen) was cultivated in
a minimal medium with composition described elsewhere (Rocha and Ferreira, 2002) with addition of
0.025 g-Kg™ of kanamicin and 0.1 g-Kg™ ampicilin. Fermentations were conducted in batch mode in a
5 L Biostat MD fermenter from B. Braun Biotech (Germany) equipped with pH, dissolved oxygen
(DO) and temperature sensors connected to a digital control unit. The pH of the culture was
maintained at 7.0 by automatic addition of 20 M HsPO, or 3.5 M NH; with a pH controller.
Temperature was kept at 33.5°C, while the dissolved oxygen concentration was maintained above
27.5% air saturation. Induction was performed with 1.5 mM of IPTG (isopropyl-beta-D-
thiogalactopyranoside).

Cell biomass was measured turbidimetrically by optical density at 600 nm in a Jasco (USA) V-560
spectrofotometer, calibrated against dry cell weight (DCW g-Kg™) at 105 °C to constant weight. The
concentrations of glucose and acetate were measured by HPLC with a refractive index detector (Jasco)
and a Chrompack organic acids column (Varian, USA) at 60°C. Analysis of fluorescent protein was
performed in a Jasco FP-6200 spectrofluorometer with excitation and emission wavelengths of 513
and 527 nm, respectively.

2.2. Bacterial staining

100 uL of undiluted biomass suspension was mixed with 20 uL of a 0.5 M PI solution and incubated
in the dark for 10 min. A drop of the stained suspension was placed on a glass slide, covered with a
cover slip, and sealed with a clear varnish to prevent drying of the sample during visualization with the
microscope.

2.3. Acquisitions and analysis of epifluorescence images

The images were acquired in a Zeiss Axioscop microscope (Zeiss, Germany) coupled to a AxioCam
(Zeiss) colour video camera with a size of 1300x1030 pixels in 24 bit (8 bits per channel). The public
domain open source ImageJ 1.33u (NIH, USA) platform was used to develop the image processing
and analysis programmes.

Both dead and protein producing cells ratios was obtained by means of an image processing and
analysis methodology. For that purpose, three sets of images were taken for each sample after staining
with PI. The first set constitutes bright field E. coli images intended to determine the total number of
cells in a given image. The second set of images was obtained with a blue filter (wavelength of 450-
490 nm) in order to determine the number of EYFP producing cells (yellow-green cells). Finally the
third set of images was obtained with a green filter (wavelength of 546/12 nm) to establish the number
of PI stained dead cells (red cells). The percentage of dead cells and protein producing cells was thus
determined by the ratio between the dead cells or protein producing cells, respectively, and the total
number of cells. The acquisition methodology relied on taking consecutively the images using the blue
filter, green filter and bright field images at each given field of the sample.

In order to determine the total number of cells the developed programme consisted on four stages: a
pre-processing initial step for enhancing structures with a width bellow 10 pixels by the use of a
bandpass filter of size 10, followed by a background correction algorithm; an image segmentation step
by the automatic Otsu thresholding algorithm; a debris removal step based on morphological
parameters in order to eliminate small debris and ultimately the image registration. Regarding the
determination of the dead cells the developed programme consisted on three stages: pre-processing by
choosing the red channel of the 24 bit colour image and masking with the binary total E. coli image;
determination of the dead cells by the red channel mean cell value and finally the results and image
registration. With respect to the protein producing cells the programme consisted on three stages: the
pre-processing step in order to obtain the enhanced images of the protein producing cells (green



channel) and the dead cells (red channel) subsequently masked with the binary total E. coli image; a
second step regarding the determination of the protein producing cells by the enhanced green channel
mean cell value on one hand and the determination of the dead cells by the enhanced red channel mean
cell value on the other; a third final step for the results and images registration.

3. Results and Discussion

Bacterial viability analysis by EFM, performed by single staining of EYFP producing E. coli cells
with PI, revealed the existence of three different cell populations, particularly, dead (Pl stained), EYFP
producing and live EYFP non-producing cells.. All the cells non-stained by PI were considered to be
in active state, either EYFP producing or non-producing cells.

The described methodology was applied to two batch fermentation runs, where all conditions were the
same, except for the time of induction: while in fermentation 1 the induction was performed at the
beginning of exponential phase, in fermentation 2 cells were already in the middle of exponential
phase when 1.5 mM of IPTG was added. During the course of the fermentations, cell physiology was
evaluated by statistical analysis of the different populations defined previously. Figs. 1 and 2 show the
progress of these fermentations. Biomass, carbon source (glucose) and main by-product (acetate)
concentrations are shown in the left charts, together with arbitrary fluorescent units (AFU) measured
with the spectrofluorometer, considered to be proportional to recombinant protein concentration. On
the right figures, the fractions of both dead and recombinant protein producing cells are represented.

Fermentation data Physiological Assessment
100

6 80000

5 | . 1 70000 % |
P o o
5 o m] -+ 60000
S 41 H 1 50000 — 60|
= o &
S 34 o 1 40000 L o
g o e g
=] %o 0o 9%000 o . 1 30000 © 40
c 2 . # .
g O,e O 1 20000
S 14 P 20
S Rd= 1 10000

LY LYV
oaan 848828800000 2 2 a2 o
0 5 10 15 20 25 30 0
0 0 20 2!
Tempo (h) * Time () *° °
‘ ¢ Biomassa o Glucose A Acetato 1 Fluoresc ‘ ‘%EYFP Non-producing Cells —a— EYFP Producing Cells ---e--- Dead Cells

Figure 1 — Batch fermentation process of E. coli induced with IPTG at 2.5 hours of fermentation as indicated by the arrow
(fermentation 1).
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Figure 2 — Batch fermentation process of E. coli induced with IPTG at 6 hours of fermentation as indicated by the arrow
(fermentation 2).



It can be seen from figures 1 and 2 that the time of induction had a clear effect on fermentation
progression. Regarding recombinant protein production, it is perceptible a higher maximum value for
AFU at the earlier induced batch fermentation. It is however clear that AFU values per se do not give
a broad picture of the production patterns of the culture, as those differences can be due to either an
increase in the productivity of individual cells or to an increase in the number of producing cells, or
even a combination of both. In this case, image analysis results indicate that the fraction of producing
cells is also higher.

Those facts could be explained by differences in the physiological state of the two cultures at the
moment of induction, indicating that in a younger culture the number of cells able to produce
recombinant proteins is higher. However, that phenomenon is observed together with lower acetate
levels for the earlier induced culture, explained by the deviation of the carbon supply to protein
production, altering the levels of the flux entering the TCA cycle. As it has been described (for
example by (Farmer and Liao, 1997), acetate presence can decrease recombinant protein production
levels, a fact that could also be a reasonable explanation for the differences observed in terms of
protein production. On the other hand, the mechanisms by which acetate inhibits recombinant protein
production are not yet clear and, if the hypothesis raised here is proved to be true, then acetate would
act by totally inhibiting protein production of a fraction of cell population.

Regarding viability, the ratio of dead cells begins to increase earlier and to higher levels for the earlier
induced culture, although the relationship with ITPG addition is not clear. There is, however, an
obvious increase in the number of dead cells when both glucose and acetate are exhausted, as a
consequence of nutrient starvation. The final ratio of dead cells is between 20 and 40%, a value that
should not be neglected for process modelling purposes.

Additionally, for the latter induced culture, there is a pronounced decrease in AFU values after 15-20
hours of fermentation, that is again coherent with results obtained from image analysis, a fact that is
probably related with increased cell death.

In addition to these observations, physiological evaluation using microscopy can be very useful to
illustrate some events that cannot be detected for example, with flow cytometry, like the occurrence of
cell lysis and cell aggregation. Cell lysis was observed in both cultures with some significance when a
constant EYFP production was achieved, together with other interesting features, like the DNA
packaging involving other cell components (EYFP protein) forming huge aggregates.

4, Conclusions

In this work a simple application of image analysis was developed that allow the extraction of
information related to cell viability and recombinant protein production. This information, combined
with standard fermentation data allowed the derivation of interesting hypothesis that can be used
afterwards for experimental design and further validation.

Additionally, the ratios calculated in this work can be complemented with other parameters that can be
extracted from image analysis.
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