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Abstract

Increase in air or oxygen pressure in microbial cell cultures can cause oxidative stress and consequently affect cell physiology
and morphology. The behaviour 8accharomyces cerevisigeown under hyperbaric atmospheres of air and pure oxygen was
studied. A limit of 1.0 MPa for the air pressure increase (i.e. 0.21 MPa of oxygen partial pressure) in a fed-batch c8lture of
cerevisiaewas established. Values of 1.5 MPa air pressure and 0.32 MPa pure oxygen pressure strongly inhibited the metabolic
activity and the viability of the cells. Also, morphological changes were observed, especially cell-size distribution and the
genealogical age profile. Pressure caused cell compression and an increase in number of aged cells. These effects were attribute
to oxygen toxicity since similar results were obtained using air or oxygen, if oxygen partial pressure was equal to or higher
than 0.32 MPa. The activity of the antioxidant enzymes, catalase and superoxide dismutase (SOD) (cytosolic and mitochondrial
isoformes) indicated that the enzymes have different roles in oxidative stress cell protection, depending on other factors that
affect the cell physiological state.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ture media. In order to overcome this problem, air pres-
sure increases have been proposed by many authors
Many enzymes, antibiotics, biochemicals, diagnos- (Yang and Wang, 1992; Wendlandt et al., 1993; Belo
tics and therapeutics are produced using aerated biore-and Mota, 1998; Pinheiro et al., 2000
actors. Supplying oxygen to aerobic cells has always  Total air pressure is an important operating fac-
represented a significant challenge to fermentation tor because it affects local dissolved oxygen ten-
technologists due to the low oxygen solubility in cul- sion, and may influence cell morphology and phy-

siology.
* Corresponding author. Tel.: +351 253 604400; f Desp;)t_e the fa(.:t that.oxygenl IS egn essentlal numﬁm
fax: +351 253 678986. or aerobic organisms, it can also be a toxu_: agent that
E-mail addressibelo@deb.uminho.pt (1. Belo). can damage cells by the action of reactive oxygen
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species (ROS). ROS are by-products of the normal 2 g (NHs)2SOy, 0.4g MgSQ-7H,0, 1 g yeast extract

cellular metabolism but generation is stimulated by
many different stress conditions, including oxygen
pressure increaseMpradas-Ferreira et al., 1996

(DIFCO), 59 glucose and 1L of distilled water. The
pH was adjusted to 4.0 prior to autoclaving. Colonies
from an agar plate were grown in 200 mL of culture

However, aerobic cells have evolved several defence medium, at 150 rpm and 3@, for 16 h. Cells from
mechanisms. Antioxidant enzymes, such as catalasethis pre-culture were harvested by centrifugation, re-

and superoxide dismutase (SOD), constitute the pri-

suspended in 130 mL of fresh medium and fed into the

mary defences of the cells because they are responsiblebioreactor.

for the degradation of some ROS. Oxidative stress is

a well-known phenomenon that results whenever the 2 2. Fed-batch cultivation

ROS concentrations exceed the antioxidant capacity

of the cells Gantoro and Thiele, 199.7The cellular

Fed-batch experiments were carried outin a 600 mL

damage caused by oxidative stress is due to the chainstainless steel bioreactor (Parr 4563) at a temperature
reactions that are established between the ROS and thexf 30°C, stirring rate of 400 rpm and a gas flow rate

biomolecules of the cells, such as DNA, proteins and of 1 L min—! (measured at @C and 0.1 MPa). The op-

lipids. Thus, oxidative stress affects cellular physiol-

erating pressure was set by compressed gas pressure

ogy and morphology. The present report investigates (inlet gas) and the regulatory valve position in the exit
the effects of increased air and oxygen pressure on thegas line.

oxidative stress response®fccharomyces cerevisiae

The medium was similar to that used in inoculum

in a fed-batch bioreactor. This is the most used mode preparation, with the exception that 2 gt glucose

of cultivation for the production of yeast biomass used

and 1 mL of antifoam (Merck 7743) were used. The

in many important industrial processes, such as baker'sfeed medium contained per litre: 7.5g KPO, L1,

yeast {an Hoek et al., 2000and recombinant proteins
production Koo et al., 1998 Cellular behaviour under
different air and oxygen pressures was followed by

109 (NHy)2SOs L1, 1 g MgSQ-7H,O L1, 5 g yeast
extract =1 and 60 g glucoset?.
An exponentially feeding profile was used accord-

the analysis of several aspects: metabolic activity of ing with Eq.(1) (Yee and Blanch, 1992

the cells, cellular viability, intracellular antioxidant
enzymes activity, genealogical profile of the cells
and cell-size distribution. Cell size was evaluated

by computer-aided image analysis techniques. This

1 XoVoexp(ut)

O ®

methodology has been proven to be very accurate andwhere X, is the initial cell concentration in the fed-
rapid, and it has been applied for decades in the mea-batch phase (3gt!) andV, is the culture volume

surement of cell viability by epi-fluorescendegynal
et al., 1994, in the assessment of the physiological

when the medium feed started (130 mL). The other
variables assumed the following valu&=60g L1,

state of cells by the measurement of vacuoles size Yxs=0.5gg ™ (grams of cell dry weight per gram

(zalewski and Buchholz, 1996nd of cell volume
(Gervais et al., 1992

2. Materials and methods
2.1. Yeast strain and medium

S. cerevisia®TCC 32167 was used in this study and
was preserved at80°C in 20% (v/v) glycerol. Agar
plates (20 g £ agar) were inoculated from stock cul-
tures and cells were grown by incubation overnight at
30°C. The culture medium consisted of 5g KIPOy,

of glucose) angk = 0.1 b 1. The medium was pumped
into the reactor using a high-pressure pump (Jasco 880-
PU) with flow rates between 1 mL- and 25 mL bt
according with Eq(1). The pump automatically per-
formed the flow rate increment. In the pump pro-
gramme, the exponential function was approximated
by a sequence of several linear functions of increasing
slopes.

A constant specific glucose uptake rate of
0.2gg1h~! was expected for the feeding flow pro-
file used, assuming the cells followed a oxidative
metabolism. The same feed flow rates were used for
all the experiments.
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2.3. Analytical procedures classes: cells without bud scars, cells having one, two,
three, four and more than four bud scars.
Cell concentration (gt dry weight) was ob- Cell-size distribution of the samples were automat-

tained by measuring the absorbance of the suspen-ically evaluated by an image processing system com-
sion at 620 nm using a previously determined correla- posed of an optical microscope coupled with a black
tion. Glucose concentration was measured by the 3,5- and white camera (Sony CCD AVC D5CE) and linked
dinitrosalycilic acid method Miller, 1959). Ethanol to a microcomputer by a frame grabber (DT3155, Data
was quantified by gas chromatography (column CP- Translation, Inc.). The images were acquired and pro-
WAX 57 CB, Chrompack). Catalase and SOD activ- cessed using Image-Pro Plus 3.0/Windows, Media Cy-
ities were assayed in cell extracts by the method of bernetics. Traditional tools generally used for image
Beers and Sizer (1952nd the method d¥icCord and processing were employed¢elho et al., in pre3s
Fridovich (1969) respectively. To distinguish mito- contours enhancement, background subtraction, fea-
chondrial SOD (MnSOD) from cytosolic SOD (CuzZn- ture extraction and objects separation. Objects were la-
SOD) the same method was applied but in the presencebelled permitting individual properties to be extracted.
of 0.6 M KCN to inhibit the cytosolic isoform. Ac-  The projected area of each cell was used as cell-size
tivities were expressed as units of enzymatic activity parameter. The cells were observed immediately af-

per milligram of total soluble protein (U mg), which ter sampling with 40@ magnification and at least 300
was assayed by method &radford (1976) Cells cells per sample were used for the evaluation of cell-
were harvested by centrifugation (500@, 10 min, size distribution.

4°C) for the cell extracts preparation. The cell pel-

lets were washed once with 50 mM potassium phos-

phate buffer pH 7.8, containing 1 mM EDTA and cen- 3. Results

trifuged. Pellets were resuspended in the same buffer,

frozen and stored at-20°C. Cell disruption was An initial glucose feed below the critical glucose
achieved by vigorously shaking the cellular suspen- flux for this strain (0.36 gg* h—1) was used in all of
sion with 0.5 mm diameter glass beads. Cellular ex- the fed-batch experiments at different values of total
tracts were then obtained by centrifugation at 5809 pressure of air and pure oxygen. Thus, it was expected
for 15min at £C and overnight dialysis (14,000 to observe pure oxidative metabolism in the absence
cut-off membrane) of the supernatant against buffer of oxygen limitation. Aeration of the culture with air
at 4°C. Preliminary experiments showed there was at atmospheric pressure (0.1 MPa) was insufficient to
no loss of enzymatic activities by overnight storage prevent oxygen limitationHig. 1) and a significant

at 4°C. switch of the metabolism to the fermentative path-
way was observed, leading to a low global cell mass
2.4. Microscopic procedures yield and a significant ethanol productiohaple J).

The specific growth rate was quite lower than the pre-
An optical microscope (Zeiss, Axioskop) was used

for all microscopic procedures. Cell viability was as- 8 12
sessed by the methylene blue staining technidoeds, DO 10
— 6 =
1987. o) 8§ %
Genealogical profile of the samples was assessed E4 6 5
by the method of the bud scars analyssoéres and = 4 3
Mota, 199§. The cells were stained with calcofluor 2 2 %’

and observed using incident ultraviolet light with ap- 0 0

(=
(o)}

12 18 24 30

propriate filters (excitation filter, 365 nm, dichroic mir-
Time/h

ror, 395 nm; barrier filter, 420 nm). The number of bud
scars per'cell was scored for 300 Ce”S. per sample. The Fig. 1. Time course of dissolved oxygen concentration (DO), cell
genealogical age of the cells was defined as the NnUM-mass concentrationk( ) and ethanol concentration (Ex) in the
ber of bud scars per cell. Cells were distributed in six fed-batch experiment at 0.1 MPa.
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Table 1 110%

Pressure effects on the global cell mass yi#lgs, ethanol mass B7h  O24h  Purorygen |
yield, Yg/s, specific cell growth ratey, and maximal cell concentra- 100%

tion, Xmax in the fed-batch cultivations @accharomyces cerevisiae

with air and pure oxygen 90%-

Pressure Yys (%) Yeis(%) p(h™h)? Xmax "

(MPa) @L™ 3 80%

0.1 air 243 254 0.04-0.08 B é‘

0.6 air 356 136 0.09-0.13 18 ;.“ 70%

1.0 air 371 132 0.08-0.12 13

1.5 air 83 140 0.06-0 17 60%

013G 359 144 0.08-0.11 14

0320 18 83 0.05-0 46 50%-

Data are means of two independent experiments. 409 ' . ]

a Experimental values qf determined from the beginning to the
end of the fed-batch experiment.

0.1 0.6 1.0 1.5 0.13 032
Pressure/MPa

dicted value (O.lhl) for the feeding profile used and Fig. 2. Effect of air pressure (from 0.1 MPa to 1.5M_Ffa) and oxygen
the final cell mass concentration was 50% lower than pressure (at 0.13 MPa_a_nd 0.32 MPa_) on cell viability assessed by
. . the methylene blue staining method, in cell samples collected at 7 h

the maximum attainable value. Consequently, the eX- ang 24 h of fed-batch growth. Data are meagonfidence interval
perimentally determined specific glucose uptake rate at 95% level.
(0.3-0.4ggh~1) deviated from the expected value
and exceeded the critical value. oxygen and air pressur€if. 2) was obtained. Due to

A 1.5-fold increase in the cell mass yield and a 1.8- the experimental errors associated to the cell viability
fold reduction of ethanol yield were obtained by in- determination method no statically significant differ-
creasing total air pressure to 0.6 MPa or by the use of ences (at a 95% confidence level) were found on the
pure oxygen at 0.13 MPa. Under these conditions, the percentage of viable cells at 7 h exposure to the differ-
specific cell growth rate increased trough time closely ent atmospheres and the most significant change was
to the expected value and the specific substrate uptakeobtained for the culture under 0.32 MPa of oxygen for
rates varied from 0.2g¢th~! to 0.3ggth~1. No 24h.
significant further improvement of cell mass produc- The stronger effects of 0.32 MPa of purg @essure
tion was found for hyperbaric air at 1.0 MPa, which on cell activity and viability than the effects of 1.5 MPa
corresponds to 0.21 MPa of oxygen partial pressure. of air pressure indicates that is not the total pressure to
Nevertheless, the results demonstrated that hyperbarica maximum of 1.5 MPa that causes cell inhibition, but
pressure of 1.0 MPa, does not inhibit cellular respira- the toxicity of oxygen higher than 0.21 MPa.
tion of the yeast strain. Moreover, the absence of possi-  Fig. 3presents the data of the activities of the anti-
ble deleterious effects of pressure on the physiological oxidant enzymes, catalase and SOD, mithocondrial
state of the cells is also confirmed by the high num- (MnSOD) and cytosolic (CuZnSOD), measured at the
bers of the viable cells observed for the cultures under end of the cell cultivation under hyperbaric conditions.
hyperbaric pressure of 1.0 MPRig. 2). Catalase and MnSOD were induced by hyperbaric

Fed-batch experiments were performed at higher air to a maximum of 1.0 MPa and 0.13 MPa of pure
values of hyperbaric pressure of air (1.5MPa) and O pressure, but no statistically significant changes (at
pure oxygen (0.32 MPa), but a drastic inhibition of a 95% confidence level) were observed for CuZnSOD
cell growth was observed. Glucose uptake was also activity. The respiratory activity and cell growth rate
repressed since a glucose build-up in the medium also increased with pressure rise, which implies that
occurred, contrarily to the other pressure conditions mitochondrial activity alsoincreased. Mitochondriaare
where glucose concentration was kept at a residual the major sources of ROS, which explains the MNnSOD
value smaller than 0.2g1!. Also, a large reduction  induction. When cell growth was retarded by pressure
in cell viability with the exposure time to increased an induction of CuZnSOD was observed, in opposition
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Fig. 3. Effect of air pressure (from 0.1 MPa to 1.5 MPa) and oxygen = 20
pressure (at 0.13 MPa and 0.32 MPa) on catalase and superoxide dis- o] 10 4
mutase (mithocondrial and cytosolic isoformes) activities, in the final
fed-batch cell cultures (24 h of growth). Data are mgaonfidence 0 T T T T T
interval at 95% level. ® 0 1 2 3 4 >4
) Scar number

Fig. 4. Effect of air pressure (A) ¢) 0.1 MPa, (O) 0.6 MPa, [0)
to the MnSOD and catalase. The response of CuZn- ; 5vpa and £) 1.5MPa) and oxygen pressure (8))(0.13 MPa

SOD also indicates that ROS could be generated in the and (A) 0.32 MPa) on the genealogical age distribution of the final
cytosol, due to oxygen over provision by other mecha- fed-batch cell cultures (24 h of growth).
nisms not associated to respiration.

The effects of hyperbaric pressure on yeast repro- gen toxicity is confirmed as the true cause of cell inhi-
duction was analysed by genealogical age determina-bition by hyperbaric air.
tion. The genealogical age profiles of the cultures sam-  The cell-size distribution of yeast cells exposed to
ples collected at 24 h of growth under hyperbaric pres- hyperbaric pressures of air was analysed by a computer-
sure are presented ig. 4. No differences were found  aided image analysis technigu&delho etal., in pre3s
between the genealogical age of cell populations under Typical Gaussian distributions were obtained for all the
environments of air at 0.1 MPa, 0.6 MPa, 1.0 MPa and cell population analysedrig. 5illustrates two exam-
pure oxygen at 0.13 MPa. The majority of the cells are ples andTable 2presents the Gaussian parameters of
young with no bud scars (daughter cells), or with only the final cell cultures under hyperbaric diig. 5).
one bud scar. This behaviour is in accordance withthe ~ While the decrease in the mean cell area obtained
cell growth rate at a near constant val@oéres and  for cells under 0.6 MPa and 1.0 MPa of air pressure can
Mota, 1996. Changes in the genealogical age profile be correlated with the faster cell growth, the decrease of
were obtained for the final cultures exposed to 1.5 MPa the cell area obtained at 1.5 MPa of air pressure means
of air pressure and 0.32 MPa of Pressure. The differ-
ences in the genealogical age distribution of these cell 15 2
populations and the cell populations grown at lower Air pressure effects on the mean projected area of the cells at 24 h of

values of pressure were statically significah&(0.01, growth

x° test). An increase in the fraction of cells with more  Air pressure (MPa) Projected afea
than four bud scars was observed, which indicates that 4 3542

the old cells are more resistant to pressure than youngo.s 27+ 1

cells. Once again no synergic effects of total pressure 1.0 251

and oxygen concentration were recorded for increased1-> 20+1

pressure on genealogical age distribution. Thus, oxy- & Meanz standard deviatiom(> 300).
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a cell compression because cells were not growing and
there was an increase on the percentage of older cells
that under normal conditions are bigger in size.

4. Discussion

Yeasts are subjected to many types of stress through-
out cultivation processes (e.g. pressure and oxidative
stress). Knowledge on the impact of these stress fac-
tors and their lethal limits is crucial to establish and
control operating conditions.

In aerobic yeast cultivation, total pressure is an im-
portant stress factor, largely because it changes the par-
tial pressure of dissolved gases, and in particular dis-
solved oxygen concentration can cause oxidative stress
to the cells.

In this work, a limit for the oxygen partial pres-
sure of 0.21 MPa (i.e. 1.0 MPa of air) was found, above
which cellinhibition was observed. Lower limits for the
oxygen partial pressure at which cell growth was inhib-
ited, has been reportL.ée and Hassan, 1987; Abel et
al., 1994, although other methods were used for yeast
cultivation.

For the fed-batch operation used in this work, it was
possible to improve cell mass production by a 6- and
10-fold increase of air pressure, but there was still some
ethanol production. Previous work showed that at iden-
tical experimental operation conditions, theoretical cell
mass yield could be attained if air pressure is gradually
increased (up to 1.0 MPa) through operation tiBel6
et al., 2003.

The oxygen toxicity caused respiratory and fermen-
tative activity inhibition, as well as cell viability reduc-
tion. Oxidative stress emerges as a consequence of the
limits of the anti-oxidant enzymes induction. Different
effects could also explain enzyme behaviour. SOD ac-
tivity is also affected by other factors, such as growth
rate and phaséNesterbeek-Marres et al. (1988)-
ported a reduction of the MnSOD activity of yeast cells
and an increase of CuZnSOD activity in the transition
from the exponential to stationary phase of cell growth,
which is in accordance with the results reported herein.
On the other hand, accordingYéesterbeek-Marres et
al. (1988)CuznSOD is induced by catabolic repres-
sion, thus the increase in the activity of this enzyme
could also result from glucose accumulation in the cul-
ture medium, since substrate uptake was inhibited by
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pressure. The differences in the response to hyperbaricof values, on the shape and size of yeast cells. The
pressure of the anti-oxidant enzymes may explain the work reported here may contribute to the improvement
limits to cell protection against oxidative stress, with of that knowledge and demonstrated the usefulness
the consequent oxygen toxicity observed above certain of hyperbaric bioreactors to perform oxidative stress
limits of pressure. In particular, the imbalance of the studies.
catalase and cytosolic SOD activities can lead to insuf-
ficient scavenging of ROS inside cell. However, other
peroxidases could demonstrate different behaviour to
catalase and contribute to ROS eliminatidragva et
al., 1995. Moreover, other authors have reported cata- _ _ _ _

Abel, C., Hibner, U., Schgerl, K., 1994. Transient behaviour of

lase repression by pure oxygen at 0.1 MEag(and baker’s yeast during enforced periodical variation of dissolved

Hassqn, :!-9‘37 . _ oxygen concentration. J. Biotecnhol. 32, 45-57.

Oxidative stress was also responsible for cell aging Bavouzet, J.M., Lafforgue-Delorme, C., Fonade, C., Goma, G.,
and cell size decrease. The genealogical age profile de- 1994.‘A novel device for the assessment (_)f normal stresses time
termination in addition to cell-size determination was a ‘é?g';ii?;lei‘zzf Z”GSéJ;p:;éjEd cell: design and performances.
useful tOOI_ to conclude that OXId_atlve stress caused cell Beers, R.F., Sizer, |.W., 1952. A spectrophotometric method for mea-
compression. When pressure did not affect cell grov_vth, suring breakdown of hydrogen peroxide by catalase. J. Biol.
distributions of the genealogical age of cells were sim- ~ Chem. 195, 276-287.
ilar to the ones reported to yeast cells at the exponential Belo, I, Mota, M., 1998. Batch and fed-batch culture&ofoli TB1
phase of growth§oares and Mota, 1926 partial pressures on cell growt and cytochrm@roduction.

Besides cell age, the size and shape of yeast cells Bioprocess Eng. 18, 451-455.
deDe_nd on Severfi_l factors, Sl.JCh as phase of growth,gelo, I., Pinheiro, R., Mota, M., 2003. Fed-batch cultivatiorSat-
medium composition, operating conditions, among charomyces cerevisia@ a hyperbaric bioreactor. Biotechnol.
others. Hydrostatic pressure above values 6fMBa Prog. 19, 665-671. _ N
of magnitude is a well-known environmental factor Bradford, M:M., 1976. A rapid and sensitive method for the quan-
that alters veast moroholo 3‘B|ﬁimada et al 1993 tification of microgram quantities of protein using the principle

. y P 9 o of protein-dye binding. Anal. Biochem. 72, 248-255.
Perrier-Cornet et al. (199%¢ported a compression of  Coelho, M.A.Z., Belo, I., Pinheiro, R., Amaral, A.L., Mota, M.,
yeast cells by 250 MPa of hydrostatic pressure. [t was  Coutinho, J.A.P., Ferreira, E.C., in press. Effect of hyperbaric
claimed that the reason for this compression was the  stress onyeast morphology: study by automated image analysis.
cell mass transfer from the inside of the cell to the ex- Gerﬁgips" ';"'C;/?:r'gthi'l"ﬁc:”‘:\'/iolin o 1002, Effects of the Kinec
ter!or medium, due to _the Changg of membrane prop- tics of osmotic pressure variation on yeasts viability. Biotechnol.
erties by pressure. T_hls e_xplanatlon applies to_ the_ ré-  Bioeng. 40, 1435-1439.
sults reported here since it is well know that oxidative 1zawa, S., Inoue, Y., Kimura, A., 1995. Oxidative response in yeast:
stress can damage cells membranes by lipid peroxida- gffect of glutathione on gd_aptation to hydrogen peroxide stress
tion, leading to changes in membrane permeability and ' Saccharomyces cerevisideEBS Lett. 368, 73-76. _

. . . .. Jones, R.-P., 1987. Measures of yeast death and deactivation and their
fluidity. This effect is supported by the decrease in vi- meaning: Part |. Process Biochem., 118-128
able cells in final cultures at 1.5 MPa air and 0.32 MPa koo, J.H.,Kim, S.Y., Park, Y.C., Han, N.S., Seo, J.H., 1998. Invertase
oxygen. Moreover, the method used for the cell viabil- production by fed-batch fermentations of recombin@atcha-
ity determination, the methylene blue staining method, romyces cerevisiad. Micropiol. Bioteghnol. 8, 203—.207.'
depends on the membrane permeability, giving low Vi- Lee, F, Hassan,_ H., 1987. Biosynthesis of superoxide dlgr_nutase
abilities as the membrane permeability increases. The and catalase in chemostat cultureSatcharomyces cerevisiae

P y . ) Appl. Microbiol. Biotechnol. 26, 531-540.
damage of cell mem_brane CQU|d alsobe att”bUt_Ed tothe pmecord, J.M., Fridovich, 1., 1969. Superoxide dismutase: an enzy-
abrupt decompression of dissolved gases during sam-  matic function for erythrocuprein (hemocuprein). J. Biol. Chem.
ple collection. However, this phenomenon does not af- 244, 6049-6050. . o '
fect membrane permeability &. cerevisiaefor gas Miller, GL 1959. _Use of dinitrosalicylic acid reagent for determi-
high as 5 MPRagouzet et al., 1994 nation of reducing sugar. Anal. Chem. 31, 426-428.

pressures as hig . . . . ' - Moradas-Ferreira, P., Costa, V., Piper, P., Mager, W., 1996. The
Nevertheless, little information is still available molecular defences against reactive oxygen species in yeast. Mol.

about the effects of pressure, in a moderated range Microbiol. 19, 651-658.
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