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Abstract

The use of air pressure as a way of improving oxygen transfer in aerobic bioreactors was investigated. To compare the air pressure effects
with traditional air bubbled cultures, experiments using a pressure reactor and a stirred flask, with the same oxygen transfer rate, were made.
Kluyveromyces marxianusis an important industrial yeast and some of it show a “Kluyver effect” for lactose: even under oxygen limited
growth conditions, certain disaccharides that support aerobic, respiratory growth, are not fermented. This study deals with the effect of
increased pressure on the physiological behavior of twoKluyveromycesstrains:K. marxianusATCC10022 is a lactose-fermenting strain,
whereasK. marxianusCBS 7894 has a Kluyver-effect for lactose. ForK. marxianusATCC10022 an air pressure increase of 2 bar led to
a 3-fold increase in biomass yield. When air pressure increased an enhancement of ethanol oxidation of cell yeasts was also observed. Batch
cultures ofK. marxianusCBS 7894 exhibited different growth behaviour. Its metabolism was always oxidative and ethanol was never
produced. With the increase in air pressure, it was possible to increase the productivity in biomass ofK. marxianusCBS 7894. As a response
to high oxygen concentrations, due to the increase in oxygen partial pressure, oxidative stress in the cells was also studied. Antioxidant
defences, such as superoxide dismutase, catalase, and glutathione reductase, were at high activity levels, suggesting that these yeast strains
could tolerate the increased pressures applied. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

In the past decade, yeasts other thanSaccharomyces
cerevisiaehave gained industrial interest as hosts for heter-
ologous protein production. Examples are methanol-utilis-
ing yeasts such asHansenula polymorphaandPichia pas-
toris and the lactose-utilizing speciesKluyveromyces lactis
and marxianus(e.g. b-galactosidase and biomass produc-
tion) [1–3]. It is accepted that the application of these yeasts
in large scale fermentations for the production of heterolo-
gous proteins will be probably a common industrial practice
by the end of this century [1]. SeveralKluyveromyces
strains have been reported to exhibit a “Kluyver effect” for
lactose: even under oxygen-limited growth conditions, cer-
tain disaccharides that support aerobic, respiratory growth,
are not fermented [4]. There are also otherKluyveromyces
strains, which are lactose fermentative, “Kluyver-negative”

yeasts. It is important to establish the differences between
these two yeasts from the point of view of both their bio-
technological applications and the basic research in metab-
olism and gene regulation [3].

In typicalKluyveromycescultivation, quite high cell den-
sities are reached and oxygen is usually the major growth
limiting factor [5]. The use of pressure into bioreactors can
be a way of eliminating this limitation. The traditional way
of improving oxygen transfer rate, that is, increasing stirring
rate, has several limitations, such as power consumption and
cell damage, due to mechanical effects [6].

Oxygen, however, may have toxic effects on aerobic
microorganisms, a phenomenon known as oxidative stress.
During the reduction of molecular oxygen to water through
acceptance of four electrons, active oxygen species such as
superoxide anion radical (O2z), hydrogen peroxide (H2O2),
and hydroxyl radical (HOz) are generated. These active
oxygen species may give rise to damage of enzymes, nu-
cleic acids, or lipids [7]. As a safeguard against these rad-
icals, aerobic organisms have developed enzymes, antioxi-
dant enzymes, which are able to transform these reactive
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oxygen species into nonreactive ones. The more important
antioxidant enzymes are the cytosolic and mitochondrial
superoxide dismutase, glutathione reductase, and catalase
[8–11].

The increase in air pressure leads to the consequent
increase in oxygen partial pressure, and toxic effects may
occur if oxygen concentration is high [8]. Biomass yield on
carbohydrate feedstock is a key optimization criterion for
production of yeast biomass or (heterologous) proteins. Al-
coholic fermentation has to be avoided in such processes
because biomass yields during fermentative growth are
much lower than those during oxidative metabolism [2].
The aim of this work is to investigate whether increasing air
pressures (increasing oxygen transfer rate) may lead to
increasing biomass yields, and productivities in both
Kluyveromycesspecies, without giving rise to oxidative
stress.

2. Materials and methods

2.1. Strains

Two Kluyveromyces marxianusstrains, ATCC10022
(“Kluyver-negative”) and CBS 7894 (“Kluyver-positive”)
were used.

2.2. Media

The mineral medium consisted of 5 g KH2PO4/l, 1.2 g
(NH4)SO4/l, 0.4 g MgSO4 z 7H2O/l, and 1 g yeast extract/l
in a potassium phosphate buffer 0.2 M, pH 5.5. Lactose was
used as the main carbon source at three different concen-
trations, 20, 40, and 100 g/l, except that inK. marxianus
CBS 7894, only two concentrations, 10 and 40 g/l, were
used. In all the experiments, the temperature was main-
tained at 30°C.

2.3. Operating conditions

Yeast cells were pregrown in 250-ml Erlenmeyer flasks
on 10% of the experiment total volume of the mineral
medium described above, containing 2 g lactose/l. Batch
cultivations took place with three different operating con-
ditions: under pressure, micro aerated, and air bubble ex-
periments.

2.3.1. Pressure experiments
Batch cultivations were carried out using a cylindrical

stainless steel pressure reactor with a total volume of 300
ml. The working volume was 150 ml and the agitation speed
150 rpm. The air was fed continuously into the bioreactor
headspace at 1 vvm of aeration rate. Three different air
pressures, 2, 4, and 6 bar, were investigated.

2.3.2. Micro aerated experiments
Batch cultivations were made in an orbital shaker under

atmospheric pressure (1 bar), without air introduction at an
agitation of 150 rpm. These experiments were run in parallel
with the others to be used as a control.

2.3.3. Air-bubble experiments
Batch cultivations were made in stirred flask (blade-

stirrer) under atmospheric pressure (1 bar) with air bubbling
into the culture at an air flow rate of 1 vvm, using a stirring
speed of 330 rpm. These experiments were done with a
higher stirring rate than the pressurized experiments in order
to have a similar OTR (4296 179 mg/Lh) as with the 2-bar
air pressure experiment. These operating conditions made
possible compare which condition would give better results.

2.4. Determination of oxygen transfer rate (OTR)

The oxygen transfer rate (OTR) in the pressurized reac-
tor and in the stirred flask was measured using the sulphite
oxidation method in blank assays. This method is based on
the oxidation of sodium sulphite (0.2 M) to sulphate in the
presence of a catalyst, which was in this case, Cu21(0.001
M). Samples of the solution are collected at regular intervals
and the concentration of unreacted sulphite is determined by
reacting the sulphite in each sample with excess iodine (0.05
M). The rate of oxygen transfer is proportional to the de-
crease of sulphite (Table 1).

2.5. Analytical methods

At appropriate intervals, culture samples were collected
for analysis of cell dry weight, ATP, lactose and ethanol
concentrations, and for enzymatic assays. Growth was mea-
sured by optical density at 620 nm, and converted to g cell
dry weight/l (g CDW/l or biomass). Glucose was deter-
mined using the 3,5-dinitrosalycilic acid (DNS) method
[12]. Ethanol was detected by HPLC analysis. The column
was eluted at 60°C with 0.01 N H2SO4 at a flow rate of 0.75
ml/min. Detection was made with a refractive index (RI).
The quantity of ATP present in a biomass sample was
determined using the bioluminescence method according to
Siro et al. [13]. The ATP was initially extracted from the
cells with an appropriate extracting reagent, and then re-
acted with luciferin in a reaction catalyzed by the enzyme
luciferase. One of the reaction products is luminescence,

Table 1
Oxygen transfer rate (OTR) for each experiment made with pressure
(pressure reactor) and with air-bubble (stirred flask). These values were
determined using the sulphite oxidation method.

Air pressure (bar) 2 4 6 330 rpm1 1
vvm air

OTR (mg O2/lh) 3656 41 8066 89 10996 62 4296 179
(value6 standard error)

757R. Pinheiro et al. / Enzyme and Microbial Technology 26 (2000) 756–762



which is measured using a bioluminometer. The light trans-
mission is proportional to the concentration of cellular ATP.
The specific ATP concentration (g CDW/mgATP) was de-
termined by the ratio of cell concentration (gCDW/l) and
ATP concentration (mgATP/ml) for each sample taken.
Protein in cell extracts was measured using the coomassie
blue method [14]. Bovine serum albumin was used as a
standard.

2.6. Preparations of cell extracts

Cells were harvested from the cultures by centrifugation
(50003 g, 10 min.), washed once with 50 mM potassium
phosphate buffer (pH 7.8) containing 1 mM EDTA and
resuspended in the same buffer, frozen, and stored at
220°C. Cells were disrupted by mechanical disruption with
0.5-mm glass beads during 6 min (1 min bursts with 1 min
cooling intervals). Whole cells and debris were removed by
centrifugation at5000 3 g for 15 min at 4°C. The clear
supernatant was dialysed overnight.

2.7. Enzymatic assays

Enzyme assays were performed after dialysis of the ex-
tracts. Superoxide dismutase (SOD) was assayed by the
method of McCord and Fridovich [15], mitochondrial su-
peroxide dismutase (Mn-SOD) by the same method but in
the presence of 0.6 M KCN, and cytosolic superoxide dis-
mutase (CuZn-SOD) by difference between the two rates.
Catalase was assayed using the method described by Beers
and Sizer [16] and glutathione reductase was assayed ac-
cording to Smith et al. [17].

3. Results and discussion

3.1. Pressure effect on “Kluyver-negative” yeast growth

The effect of increased air pressure as a means of im-
proving oxygen transfer rate in the culture was investigated
with different lactose concentrations. In Fig. 1 it is possible
to observe that a small increase in air pressure, 2 bar, led to
a 3-fold increase in biomass yield, for all lactose concen-
trations. Further increase in air pressure did not give a
significant increase in biomass yield. ThisKluyveromyces
strain seems to suffer from an inhibitory effect for high
lactose concentrations. At 100 g lactose/l, cells consumed
only 30% of the initial lactose concentration and no further
consumption was detected. However, with low lactose con-
centrations, this strain metabolized the substrate completely,
producing biomass and ethanol. In all the experiments oxi-
doreductive metabolism was observed, but with the increase
in partial oxygen pressure a decrease in ethanol yield was
obtained.

The use of air pressure did not cause an inhibitory effect

on yeast growth. In turn, Onken [5] reported that in batch
cultures of Pseudomonas fluorescens, growth was com-
pletely inhibited with 8 bar air pressure. This shows that
microorganisms react differently to increased air pressure.
Nevertheless, the use of pressure might be exploited to
improve the productivities of some microorganisms in in-
dustries, especially those that may present a metabolic adap-
tation of the cells to high oxygen partial pressures [5].

Typical batch growth curves for lactose concentrations
of 20 g/l and 40 g/l were found for this yeast (Fig. 2). In a
first phase, cells consumed lactose, which was metabolized
oxidoreductively and, in a second phase, ethanol was me-
tabolized oxidatively. On the contrary, in non-pressurized
experiments the ethanol produced was not oxidized by cells.
Fig. 2 shows the ethanol variation with the pressure: as
pressure increased, the ethanol production decreased. Sim-
ilar results were reported by Pinheiro et al. [18], where pure
oxygen and air pressures enhanced ethanol oxidative me-
tabolism on cultures of baker’s yeast. The pressure effect on
ethanol production was more significant with an initial lac-
tose concentration of 100 g/l. For a 6-bar air pressure,
practically no ethanol was produced, whereas with a low air
pressure, 2-bar, a high ethanol concentration was obtained
and less biomass produced.

Fig. 1. Effect of air pressure on biomass overall yield (g CDW/g lactose)
and ethanol overall yield (g ethanol/g lactose) for different lactose con-
centrations. Percentage of biomass yield was determined by the ratio of the
difference between final (maximum) and inicial biomass produced, and the
difference between final and inicial lactose consumed.
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3.2. Pressure effect on “Kluyver-positive” yeast growth

This yeast,Kluyveromyces marxianusCBS 7894, exhib-
its a Kluyver effect for lactose and was chosen as a model
organism to investigate the application of pressure as a way
of enhancing the oxygen transfer rate in the culture. Like the
previous yeast, pressure effects on the growth of this yeast
were studied. In all experiments, including those without air
introduction, a purely oxidative metabolism occurred, and
ethanol was never produced, confirming the expected
Kluyver-effect.

Preliminary experiments with micro aeration at atmo-
spheric pressure showed that above 20 g lactose/l, lactose
was never consumed completely. To see whether there was
enhancement of lactose consumption at higher pressures,
two lactose concentrations were used, 10 and 40 g/l. From
Fig. 3 it is possible to infer that pressure increase had a clear

positive effect on this yeast metabolism, the biomass pro-
duction increased and reached its maximal value for an air
pressure of 6 bar. A similar behavior was found for the
experiments with air bubbling into the culture and 2-bar air
pressure. The total fermentation time was reduced from 100
hours, without air introduction, to 30 hours, with pressur-
ized experiments, corresponding to a 3-fold increase in the
overall growth rate. Furthermore, a biomass yield of 60%
could be obtained with 6-bar pressure.

For the experiments with 40 g/l of lactose (Fig. 4),
similar results were obtained. With pressurization, the max-
imum biomass concentration increased from 4 gCDW/l (mi-
cro aerated) to 14 gCDW/l (4-bar). Contrarily to the results
reported by Castrillo et al. [4], lactose was not totally
consumed, probably due to some nutrient limitation. How-
ever, the yields were comparable or even better.

Fig. 2. Effects of air pressure 2 bar (F), 4 bar (}), and 6 bar (Œ), on biomass and ethanol concentrations for different lactose concentrations 20 g/l, 40 g/l,
and 100 g/l.

Fig. 3. Growth and lactose consumption profiles ofK. marxianusCBS 7894 under different air pressures and with an initial lactose concentration of 10 g/l.
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As is shown in Fig. 5, the ATP formed per gram of
biomass is significantly higher (2-fold or more) in the case
of micro aeration experiment than in the case of pressurized
or stirred experiments. This means a high ATP availability
in the former case, for the exponential growth phase (Fig.
3). The large difference in specific ATP concentration be-
tween pressure (4 and 6 bar) and atmospheric experiments,
for stationary phase, could be due to the presence of a higher
concentration of nonviable cells in the former case. This
leads to low ATP concentrations, or to lower maintenance
energy needed in the pressurised experiments.

Fig. 6 shows the air pressure effect on biomass yield and
productivity. Unlike the previousKluyveromycesstrain, the
increase in air pressure had no significant increase in the
biomass yield once that main fermentation product is bio-
mass. However, an increase of 4-bar led to a high increase
in specific growth rate for both lactose concentrations. Due
to the high oxygen transfer rate, the cells have more oxygen
in the medium giving higher growth rates, and less time is
necessary to obtain maximum cell concentration. It is clear
from these results that pressure had no inhibitory effects on
the growth of this yeast. At this point it should be remem-
bered that the essential parameter for possible effects of
pressure is not the total pressure, but oxygen partial pressure
and consequently its concentration in the medium.

Biomass productivity increased with the increase in ox-
ygen transfer rate. Comparing the experiments with the
same OTR (2-bar air pressure and air bubble) it may be seen
that pressure gave higher biomass productivity values than
for air bubbling. From these results it is possible to infer that
the use of pressure had positive effects on the growth rate
and productivity of this “Kluyver-positive” yeast. This re-
sult is important because the use of pressure to increase
oxygen transfer is less expensive than the use of increasing
stirring rates.

3.3. Pressure effect on antioxidant enzyme activities

To examine the effects of oxygen toxicity on yeast cells,
with the increase in oxygen partial pressure, the changes of
cellular antioxidant enzyme activities under different air
pressures were determined.

For an air pressure of 4-bar, the activities of CuZn-SOD
and catalase were at high levels. The same behavior was
found for the cellular activity of glutathione reductase, one
of the alternative radical scavenging systems [7,17]. On the
other hand, for further pressure increase, and consequently
oxygen radicals generation, high activity levels for the ex-
periment with 6 bar should be expected, which was not the
case. The results obtained (Figs. 7 and 8) showed that when
Mn-SOD was at a low activity level, catalase and glutathi-
one reductase were at high activity levels. On the contrary,
when CuZn-SOD was induced at a high level, the other
enzymatic activities decreased. Also, Lee et al. [19] reported
that Mn-SOD low activity was compensated by an increase
in the amount of catalase and glutathione reductase, when
exposed to high concentrations of copper ion in aerobic
cultures ofSaccharomyces cerevisiae.

These results suggest that there are otherstressesthan
oxygen partial pressure that may be involved in the regula-
tion of these antioxidant enzymes in yeasts. Among these
factors are the catabolic repression [9], nutrient limitation
[19], heat shock [10], even respiratory adaptation, that can
be considered as a stress response [20,21]. Cells have other

Fig. 4. Growth and lactose consumption profiles ofK. marxianusCBS 7894 under different air pressures and with an initial lactose concentration of 40 g/l.

Fig. 5. Effect of air pressure onmg of ATP produced per g of cell dry weigh
produced (biomass) for an initial lactose concentration of 10 g/l:E, 4 bar;
F, 6 bar;h, air-bubbled; and■, micro aerated experiments.
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defensive mechanisms than those studied in this work that
protect the cells from oxygen radicals, such as several per-
oxidases and nonenzymatic species [6].

4. Conclusions

In conclusion, it has been demonstrated that the use of air
pressure has positive effects on the growth behavior of both
Kluyveromycesyeasts and that air pressure may be a way of
eliminating oxygen limitation, leading to high biomass pro-
ductivities.

For K. marxianusATCC 10022, the air pressure in-

creased the biomass yield and decreased the ethanol yield. It
was possible to obtain, with a lactose concentration of 20 g/l
and an air pressure of 6 bar, a biomass yield of 47% and an
ethanol yield of 13%. Ethanol oxidation increased with air
pressure. With cultures ofK. marxianusCBS 7894, it was
possible to obtain a biomass yield of 60% at 6 bar and 10 g/l
of lactose. Furthermore, a 3-fold reduction in growth time
was achieved. With 40 g/l, lactose induced a strong inhib-
itory effect.

The attainment of a 60% biomass yield for 6 bar and 10
g/l of lactose led us to the conclusion that fed-batch culti-
vation in these conditions will be probably give rise to a
very high biomass production.

Fig. 6. Effect of air pressure on biomass overall yield (bars), specific growth rate (bars), and productivity (E andF) for an initial lactose concentration of
(h) 10 g/l and (■) 40 g/l. On the first figure, the numbers on bars indicate OTR values expressed in mg O2/lh. Productivity was determined by the ratio
between gCDW/l and the time (h), for the biomass produced after 50 h of the experiment (maximum biomass).

Fig. 7. Cellular activities of mitochondrial (Mn-SOD) and cytosolic (CuZn-SOD) superoxide dismutase, catalase, and glutathione reductase inKluyveromyces
marxianusATCC 10022, on later exponential growth phase, exposed to different air pressure.

Fig. 8. Cellular activities of mitochondrial (Mn-SOD) and cytosolic (CuZn-SOD) superoxide dismutase, catalase, and glutathione reductase inKluyveromyces
marxianusCBS 7894, on later exponential growth phase, exposed to different air pressure.
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From the results obtained for antioxidant enzymes, it is
still unclear whether this difference may be attributable to
the increase in the air pressure or to another mechanism.
However, because pressure had no inhibitory effects either
on growth or on cell metabolism, it can be concluded that
the cells could cope with the pressures studied. Further
information about the mechanisms involved in oxidative
stress response are necessary for a better understanding of
the enzymes role.
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