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Abstract: Continuous fermentations were carried out
with a recombinant flocculent Saccharomyces cerevisiae
strain in an airlift bioreactor. Once operating under
steady state at a dilution rate of 0.45 h−1, the bioreactor
was contaminated with Escherichia coli cells. The faster
growing E. coli strain was washed out of the bioreactor
and the recombinant, slower growing flocculating S. cer-
evisiae strain remained as the only species detected in
the bioreactor. Flocculation, besides allowing for the re-
alization of high-cell-density systems with corresponding
unusual high productivity, may be used as a selective
property for controlling some contamination problems
associated with prolonged continuous operation. © 2000
John Wiley & Sons, Inc. Biotechnol Bioeng 68: 584–587, 2000.
Keywords: airlift bioreactor; continuous operation; floc-
culent S. cerevisiae; bacterial contamination

INTRODUCTION

Yeast flocculation can be described as the native and re-
versible aggregation of single cells into flocs of many thou-
sands of cells. Microbial flocculation and aggregate forma-
tion are of particular importance in many industrial pro-
cesses, such as brewing, biomass production, wastewater
treatment, and bioconversion. For fermentors containing or-
ganisms in suspension, the association of single cells into
flocs is a key factor in the overall process. The overall
productivity is enhanced, because not only is a higher mi-
crobial hold-up in the fermentor obtained but also the sepa-
ration of biomass from the fermented broth is facilitated.
Moreover, it allows for continuous operation beyond the
normal washout flow rate. A disadvantage of the high-cell-
density continuous system is that overall rates of growth and
metabolism are likely to be reduced as a result of diffusional
limitations on the transfer of substrate, product, oxygen, and
protons through the floc (Mozes and Rouxhet, 1990). One
of the main disadvantages attributed to the continuous pro-
cess, in general, is the risk of contamination with faster

growing microorganisms and consequent takeover of the
culture. This is a very important aspect of continuous re-
combinant cultures, as the cells that lose plasmid generally
grow faster than the plasmid-containing ones (Davis and
Parnham, 1989; Davison et al., 1985; Henry and Davis,
1990; Stephanopoulos et al., 1985; Walls and Gainer, 1989).
In a competitive situation, the species with the fastest
growth rate should do better, because, by virtue of its rapid
growth, it will be able to utilize more of the limiting factor
than the slower growing organism (Bailey and Ollis, 1986).
However, in the context of microbial competition in open
environments, a slower growing organism, if present in an
ecologically advantageous niche, such as a film, has been
observed experimentally to persist in competition with
faster growing species (Bailey and Ollis, 1986). The con-
cept of selective cell recycle for maintaining continuous
fermentation with recombinant cultures stems from this
principle and has been proposed by several investigators
(Henry and Davis, 1990; Davis and Parnham, 1989; Davi-
son et al., 1985; Stephanopoulos et al., 1985; Sheintuch,
1987). In this work, an airlift bioreactor operating at high
cell density with flocculating recombinant yeast cells is
shown to be resistant to contamination with a faster grow-
ing, undesired bacterial strain, thus supporting the argument
of increased resistance to nonflocculent contaminants in the
bioreactor operating at sufficiently high flow rates.

MATERIALS AND METHODS

Strains and Media

A flocculent recombinantSaccharomyces cerevisiaestrain
NCYC869-A3/T1 (Domingues et al., 1999a) was used for
the continuous culture. The bacteria strain used as contami-
nant wasEscherichia coli.Contamination experiments were
also done with theE. coli HB101 purchased from Bio-Rad
transformed with the pGLO plasmid (Bio-Rad), which en-
codes a gene for the green fluorescent protein (GFP) and a
gene for resistance to ampicillin. The pGLO plasmid also
incorporates motifs of the arabinose operon to regulate the
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expression of the protein. Therefore, in the presence of
arabinose, recombinant cells fluoresce a brilliant green
color as they produce more and more protein. In the absence
of arabinose, the GFP protein is not expressed and the bac-
teria colonies exhibit a wild-type phenotype.

The continuous bioreactor was fed with SSLactose me-
dium of the following composition: KH2PO4, 5 g L−1;
(NH4)2SO4, 2 g L−1; MgSO4 ? 7H2O, 0.4 g L−1; and yeast
extract, 1 g L−1. The carbon source was 50 g L−1 lactose.
For the contamination assays with theE. coli transformed
with pGLO plasmid, the SSLactose medium was supple-
mented with 1 g L−1 casein and 100mg mL−1 ampicillin.

Batch Experiments

Batch assays were performed in 500-mL Erlenmeyer flasks
containing 200 mL of culture medium under 150-rpm agi-
tation at 30°C. Bacterial growth was followed by reading
the optical density (OD) at 600 nm.

Continuous Experiments

An airlift bioreactor with a Perspex concentric draft tube
was used, which is shown schematically in Figure 1. Fil-
tered air was injected immediately below the annulus of the
riser, thus promoting an ejection effect responsible for cir-
culation inside the reactor. At the top, the inverted conic
enlargement provided a degassing area and floc deceleration
zone. Part of the fermented liquid sheared off naturally and
the remainder was recirculated along with biomass into the
downcomer and again into the riser. A vertical barrier sur-
rounded the outlet pool thus preventing the biomass par-
ticles from being driven off by the effluent. The working

volume was 5.5 L and the riser–downcomer diameter ratio
was 0.46. Fresh medium was fed at the bottom of the reac-
tor. The regulation system allowed: temperature control at
30 ± 1°C; foam level control by addition of antifoam (Sigma
A-5551); and pH control by automatic addition of ammonia,
with the setpoint fixed at pH 4.0 ± 0.1. The system was
aerated with filtered air at a rate of 1 vvm. The operating
dilution rate was 0.45 h−1.

Bacteria Cell Counting

Colony plate counting was used to quantify bacterial con-
centration. Samples were taken from the bioreactor at de-
fined timepoints and diluted and spread in Actidione Oxoid
plates of the following composition: 4 g L−1 yeast extract, 5
g L−1 tryptone, 50 g L−1 glucose, 0.55 g L−1 KH2PO4, 0.425
g L−1 KCl, 0.125 g L−1 CaCl2, 0.125 g L−1 MgSO4, 0.0025
g L−1 FeCl3, 0.0025 g L−1 MnSO4, 0.01 g L−1 cyclohexi-
mide, 15 g L−1 agar, and pH adjusted to 5.5; or in LB plates
of the following composition: 10 g L−1 casein, 5 g L−1 yeast
extract, 5 g L−1 NaCl, 15 g L−1 agar supplemented with 100
mg mL−1 ampicillin, and 1 g L−1 arabinose.

Yeast Cell Counting

TheS. cerevisiaecell concentration was estimated by count-
ing cells in the Neubauer chamber after deflocculation with
15 g L−1 NaCl (pH 3.0) solution.

RESULTS AND DISCUSSION

The contaminant utilized was the bacteriaEscherichia coli.
In batch experiments in SSLactose medium at 30°C, the
maximum growth rate (mmax) for the strain indicated was
found to be 0.59 h−1. This shows that, even under nonopti-
mal conditions, theE. colistrain was faster growing than the
recombinantSaccharomyces cerevisiaestrain, and thus,
theoretically, theE. coli culture should overtake the yeast
bioreactor culture at operating dilution rates <0.59 h−1.
Thus, contamination experiments were done in the continu-
ous bioreactor operating at the dilution rate of 0.45 h−1

because, in a previous study (Domingues et al., 1999b), this
was determined to be the maximum dilution rate allowing
for stable operation of the bioreactor with the recombinant
S. cerevisiaestrain. In the first contamination assay, an
initial concentration ofE. coli in the bioreactor of 1 × 104

cells mL−1 was used. After 11 h, only 2% of the initial
contaminating inoculum was detected, whereas, after 24 h,
no contaminating bacteria were detected in the bioreactor.
Moreover, theS. cerevisiaecell concentration inside the
bioreactor remained unchanged. So far, Actidione Oxoid
plates were used for determiningE. coli concentration in
this assay, because cycloheximide, at a concentration of
0.001% w/v, permits growth of bacteria but inhibits the
growth ofS. cerevisiae.In this way, only bacterial colonies
are formed. However, due to the high cell densityFigure 1. Schematic representation of the airlift bioreactor.
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inside the bioreactor (50 g L−1), a background was visible
that made difficult to count theE. coli colonies. To over-
come this difficulty, the following assays were made withE.
coli strain HB101 transformed with pGLO plasmid. Using
this system, LB plates supplemented with ampicillin and
arabinose can be used for growth and counting ofE. coli
colonies. BecauseE. coli colonies fluoresce under ultravio-
let light, the problem of background is overcome as the
colonies are easily identified.

Prior to the contamination experiments with this geneti-
cally modifiedE. coli strain batch assays were made to test
the conditions for growth. TheE. coli HB101/pGLO recom-
binant strain was grown in SSLactose supplemented with
ampicillin at different casein concentrations. With this ex-
periment, it was observed that casein concentration was a
growth-limiting nutrient. Although similar specific growth
rates (mmax 4 0.60 ± 0.08 h−1) were obtained at different
initial casein concentrations (no casein, 0.1 g L−1, 0.5 g L−1,
1 g L−1, 5 g L−1), growth was strongly limited for concen-
trations <1 g L−1. In addition, batch experiments were made
with simultaneous growth of bacteria and yeast in SSLac-
tose medium supplemented with 1 g L−1 casein, and clearly
showed that bacterial growth was not affected by the pres-
ence of yeast.

Using this strain, another contamination assay was made
with a stronger inoculum of contaminant as the initial bac-
terial concentration in the bioreactor (1 × 107 cells mL−1).
Figure 2 shows the variation in bacterial concentration in-
side the bioreactor over time. The bacterial concentration in
the outlet stream was also estimated, overlapping with the
results shown in Figure 2.

At the dilution rate of 0.45 h−1, after 4 h of operation, an
accentuated decrease in contaminant concentration was ob-
served in the bioreactor and in the effluent (Fig. 2). This
extremely low value of contaminant concentration remained
constant for the next 20 h, clearly indicating that, at high
dilution rates, bacterial contamination is not a problem for
these bioreactors. However, as expected, if the dilution rate
was lowered to significantly lower values, contamination
would reappear.

Once the liquid phase volume hold-up of the airlift bio-
reactor, with a biomass concentration of 50 g L−1 (dry
weight), was no more than 75% of the reactor volume, a
higher operating dilution rate was obtained. As such, the
operation was held at a dilution rate near the washout dilu-
tion rate of the bacteria, and higher than that of the recom-
binantS. cerevisiaestrain. In spite of this, the yeast strain
remained inside the bioreactor due to its ability of floccu-
late. In this way, other factors, besides strain interaction
should be considered when analyzing systems operating
with cells that have the ability to form aggregates. Among
these, sedimentation characteristics are undoubtedly of par-
ticular importance and can be considered as an ecological
advantage for the slower growing strain. The settling veloc-
ity of a particle is given by the Stokes law as:

ns =
gD2~rp − rF!

18mF
(1)

whererP is the density of the particle,rF and mF are the
density and viscosity of the fluid, respectively,D is the
diameter of the particle, andg the acceleration of gravity.
The velocity,vs, usually, referred to as the Stokes velocity,
is valid for a low particle concentration and a low Reynolds
number. According to Eq. (1) one can estimate the Stokes
velocity for different-sized particles, as shown in Table I.

The density difference between floc and liquid was found
to be 0.1 by Lima et al. (1992). The diameter of the floc was
estimated by image analysis (Vicente et al., 1996). As can
be seen in Table I, the bacteria and yeast cells that do not
flocculate show a very low Stokes velocity and are easily
dragged off the bioreactor in the outlet. On the contrary, due
to its high settling velocity, floc removal is prevented. Even
so, it might be argued that the nonflocculent cells could be
entrapped inside the flocs (Soares et al., 1992), thus being
retained inside the bioreactor. However, once the contami-
nation occurs with the bioreactor at steady state—that is,
with the flocs well formed—the entrapment of nonfloccu-
lent cells will not be significant. In support of this, during
one of the contamination assays, 1 g L−1 arabinose was
added to the fermentation medium during the first hours of
operation and epifluorescent microscopic observations of
the flocs were done. No fluorescent bacteria were found
inside the flocs, and only some cells adhering to the floc
periphery were visible in the first hours after contamination.

The results described in this work demonstrate that an
airlift bioreactor operating at high cell density with floccu-
lent cells may be used to maintain a slower growing, but

Figure 2. Time dependence of bacteria concentration inside the reactor;
N, bacterial concentration at time value t; N0, initial bacteria concentration.

Table I. Estimated Stokes velocity (vs) for E. coli, S. cerevisiae,and floc
of S. cerevisiae.

Particle D (cm) vs (cm s−1)

E. coli cell 0.1–5E-4 5.4E-8–1.4E-4
S. cerevisiaecell 10–50E-4 5.4E-4–1.36E-2
S. cerevisiaefloc 0.1–0.2 5.4–2.2E1

586 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 68, NO. 5, JUNE 5, 2000



flocculent, strain in a continuous operation when it would
otherwise be washed out by a faster growing, nonflocculent
contaminant. It is expected that these results may be useful
in helping to maintain continuous fermentations with cul-
tures (e.g., recombinant cultures) over prolonged time pe-
riods, especially in unclean environments, such as industrial
settings. Moreover, this type of airlift bioreactor presents
some advantages over the reactor–settler system, such as
design simplicity and consequent easy scale-up. This work
provides evidence of the advantages of high-cell-density
continuous fermentation systems in overcoming contamina-
tions.
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