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Respiration and fermentation in cultures of Schizosaccharomyces pombe were studied under various growth
conditions. It was found that during the transition from exponential growth to stationary phase, the rate of fermenta-
tion decreases whereas the rate of oxygen uptake remains unchanged. Thus, no activation of respiration in stationary
phase was found. When exponentially multiplying cells are deprived of nitrogen, the rate of oxygen uptake increases
whereas the rate of fermentation is somewhat lowered. Therefore, in S. pombe, cessation of growth, whether induced
by stationary phase conditions or by nitrogen starvation, results in suppression of fermentation and thus induction of

a more aerobic mode of metabolism.

1. INTRODUCTION

The respiratory metabolism of the petite nega-
tive yeast, Schizosaccharomyces pombe has been
studied by HEsLoOT et al. (4). Under aerobic con-
ditions Schizosaccharomyces grows fast with
glucose, more slowly with glycerol and only
poorly with ethanol as carbon source. Limited
growth was found under anaerobic conditions
and only in the presence of an oxidant. Under
aerobic conditions the fermentation rate is high
and the respiration rate relatively low, resulting
in a high respiratory quotient. Thus, glucose re-

pression of respiration is observed in Schizosac-
charomyces as in many other yeasts, though this
phenomenon is more pronounced in the petite
positive yeasts such as Saccharomyces (2).

The present study deals with the influence of
various nutritional conditions on respiration and
fermentation. Our results show that cessation of
growth, whether induced by stationary phase
conditions or by nitrogen deprivation, results in
partial suppression of fermentation and thus in-
duction of a more aerobic mode of metabolism.
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2. MATERIALS AND METHODS

Stock and “starter” cultures of Schizosac-
charomyces pombe strain 972 h-, were kept and
handled as described earlier (6). The growth me-
dium was “Edinburgh Minimal Medium” No. 2
(EMM 2), which contains an inorganic nitrogen
source (NH,CI), salts, vitamins, trace elements
and 1% glucose (11). Cultures were grown in 250
ml Erlenmeyer flasks with 100 ml growth medi-
um at 32 °C in a shaking water bath.

Nitrogen depletion was obtained by resus-
pending cells from an exponentially multiplying
culture, collected on a Millipore membrane filter
(pore size 0.45 pum), in NH,Cl-free EMM 2.
Ammonium chloride was substituted with equi-
osmolar concentrations of KCl, sorbitol or cho-
line chloride.

Gaseous exchanges (O, uptake or CO, produc-
tion) were measured on samples of growing or
nitrogen depleted cultures using the conventional
Warburg technique (13). Details of this method
when applied to cultures of Schizosaccharomyces
have been described elsewhere (3). Cell numbers
were calculated from counts in a Biirker-Tiirk
hemocytometer and cellular protein was deter-
mined according to LowRry et al. with bovine
serum albumine as a standard (9).

Rates of gaseous exchanges were expressed as
follows: QO, =l O, - ug protein~'-h-' and QCO,
= ul CO, (fermentation)-pg protein -'-h-, as-
suming that RQ = 1 in respiration. The respirato-
ry quotient (RQ) is the sum of CO, produced in
respiration and fermentation relative to the oxy-
gen uptake.

3. RESULTS
3.1. Growing cultures

Duripg cultural growth the oxygen consump-
tion is constant whereas the CQ, released in fer-
mentation varies with the growth stage. This is
shown in Figure 1, which shows the variation in
gas exchange (A), cell number and protein per
ml (C), protein content per cell (B) and RQ (D)
with time during cultural growth of Schizosac-
charomyces in EMM 2 with 1% or 5% glucose.
Three phases of growth can be distinguished: 1)
an exponential, balanced growth phase with
doubling of cell number (Figure 1C, closed tri-
angles) and protein per ml (Figure 1C, open tri-
angles) each 2.3 hours, 2) a transition phase (de-

Table 1.

Medium glucose concentration at various stages of
cultural growth of Schizosaccharomyces pombe in
EMM 2.

glucose concentration?

Early exponential growth

Late exponential growth

End of transition phase
Stationary phase (time 20 hours,
Figure 1)

approx. 1.0%
approx. 0.9%
approx. 0.6%

approx 0.1%

1 The glucose concentration of the medium was calcu-
lated from the glucose consumption in energy metabo-
lism (see below) and an estimated cellular carbon con-
tent of 15 pg-cell-.. This estimate is based on earlier
dry weight measurements (5) assuming that 50% of the
dry weight is carbon. The energy production was calcu-
lated using the following equation (8):

1 glucose — 2 ethanol + 2 CO, (fermentation)

1 glucose + 6 O, — 6 CO, + 6 H,O (respiration)

limited by vertical broken lines) of one genera-
tion time during which the rate of cell multiplica-
tion is unchanged but where the rate of protein
synthesis decreases so that the protein content
per cell decreases from 13 to 9 pg, and 3) a sta-
tionary phase with constant cell number and pro-
tein content.

During exponential cell multiplication QCO,
is constant 0.75-0.85 (Figure 1A, open circles),
during the transition phase it decreases sharply
followed by a more gradual decrease during early
stationary phase. QO, (Figure 1A, open squares)
remains constant at a value of 0.11 throughout
cultural growth.

The sharp decrease in QCO, during the transi-
tion phase is parallelled by a 40% reduction in the
glucose content of the medium as shown in Table

>

Figure 1. Gaseous exchanges and growth of Schizosac-
charomyces pombe during cultural growth.

A: oxygen uptake and CO, production. [J : QO, in
EMM 2. B : QO,in EMM 2 with elevated glucose. O
:QCO,inEMM 2. @ : QCG, in EMM 2 with elevated
glucose. B: protein, pg per cell. C: A : cells per ml
culture, V : protein, pug per ml culture. D: respiratory
quotient (RQ). O :in EMM 2, @ : in EMM 2 with
clevated glucose.
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Figure 2. Gaseous exchanges and cell division of Schizosaccharomyces pombe in nitrogen free media.
A: oxygen uptake and CO, production. B: cell number per ml. C: respiratory quotient (RQ). The broken lines
indicate control levels. (X) KCl-medium, (A) choline chloride-medium, (O) sorbitol-medium.

1. However, as indicated in the following the rate
of fermentation is not determined by the medium
glucose concentration per se. If the medium
glucose concentration is increased to 5%, the fer-
mentation (Figure LA, closed circles) decreases
at the same rate during the transition phase as in
the low glucose medium, in this case reaching a
constant level, QCO, = 0.26, in the late station-
ary phase, between 16 and 21 hours. The oxygen
consumption (Figure 1A, closed squares) is un-
changed. As a result of the changes in QCO,, RQ

(Figure 1D, closed circles) decreases from 8 in
exponentially multiplying cultures to 6 at the end
of the transition phase, eventually reaching a
constant level of 3.5 in late stationary phase.

3.2. Nitrogen depletion

Cessation of growth (protein synthesis) may
be achieved by substitution of the NH,Cl compo-
nent of EMM 2 with for example KCI, choline
chloride or sorbitol. After transfer of exponen-
tially growing cells to such a nitrogen free medi-
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um, the respiration rate about doubles, while the
fermentation decreases by about 30-40%. Figure
2 shows the variation with time in gas exchanges
(A), cell number per ml (B) and in RQ (C) after
transfer of cells to nitrogen free conditions. As
shown (B), cell multiplication continues for some
time. Net protein synthesis is, however, imme-
diately arrested and protein content per ml cul-
ture stays constant throughout the experimental
period (not shown). The result is the formation of
extremely small cells.

QO, gradually increases from 0.11 (control
value in EMM 2) to about 0.2 after 4 hours in the
nitrogen free medium. QCO, on the other hand,
decreases during the first hour from 0.8 (control
value in EMM 2) to about 0.5 and remains then
constant throughout the experimental period. As
a consequence of these changes, the RQ de-
creases from 8 to 3.6 during the first hour and is
constant thereafter. After 24 hours in nitrogen
free medium RQ is unchanged 3.6 (not shown).
Almost identical results (Figure 2) are obtained
whether the NH,Cl of EMM 2 is substituted
with equiosmolar amounts of sorbitol (circles),
choline chloride (triangles) or KCl (crosses).
Thus an activation of respiration occurs after
transfer of Schizosaccharomyces to nitrogen free
conditions whereas fermentation is about 50%
suppressed.

The respiratory activity of nitrogen depleted
cells was compared to that of fully aerobic cells.
In Schizosaccharomyces a fully aerobic metabo-
lism with RQ = 11is induced after replacement of
medium glucose with glycerol (4). In this case we
observed that QO, is 0.30 during exponential
growth and 0.27 in stationary phase cells. Con-
sequently, the QO, of nitrogen depleted cells in-
creases to near the same level as that characteris-
tic of fully aerobic cells.

4. DISCUSSION

In the presence of abundant glucose the fer-
mentation rate of Schizosaccharomyces is high
during the exponential growth phase, decreases
during the transition phase and the early station-
ary phase, reaching a constant level in late sta-
tionary phase. Since the respiration rate remains
constant throughout cultural growth the change
in RQ is solely due to changes in the fermenta-
tion rate. From these observations we conclude

that during cultural growth the rate of fermenta-
tion, as distinct from respiration, is determined
by the growth rate of the cells. Studies of this
kind have not earlier been carried out with S.
pombe. The results obtained by HesLor et al. (4)
are not comparable to the present results because
in their work, respiration and fermentation were
measured after transfer of log-phase cells or sta-
tionary phase cells to a succinate-NaOH buffer
(pH 4.2) with 5% glucose; hence the metabolic
rate was measured under nitrogen starvation
conditions. The relatively low RQ values found
by HesrLot et al. (3.8 in cells in exponential
growth and 1.6 in stationary phase cells) may
thus be explained as a result of the nitrogen star-
vation conditions. With respect to Sac-
charomyces cerevisiae grown in continuous cul-
tures under conditions of glucose limitation, v.
MEYENBURG (10) argued that the growth rate
and not the extracellular glucose concentration
limits the fermentation rate: with decreasing
growth rate, QO, increases and QCO, decreases
with the result that the metabolism gradually
changes towards a more aerobic mode. Thus, the
mechanisms underlying the regulation of the me-
tabolism may well be of similar nature in Schizo-
saccharomyces and Saccharomyces.

In S. pombe the oxygen consumption is con-
stant throughout cultural growth. Thus, a possi-
ble derepression of respiratory enzyme synthesis
could not be demonstrated. However, direct mea-
surements of the amount of several mito-
chondrial respiratory enzymes have revealed the
existence of an activation of enzyme synthesis in
S. pombe during the growth cycle. This was dem-
onstrated by PooLE and Lroyp who showed a
specific increase in for example cytochrome ox-
idase and succinic dehydrogenase simultaneous
with cessation of cell multiplication and the tran-
sition of the population into stationary phase
(12).

The present work suggests that activation of
respiration is induced by nitrogen deprivation.
The rate of respiration is increased about 2 fold
and almost to the level characteristic of fully
aerobic cells. QCO,, on the other hand, decreased
under these conditions. The fact that identical
results are obtained whether NH,Cl is sub-
stituted with KCI, choline chloride or sorbitol
strongly suggests that the increased QO, is a con-
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sequence of nitrogen deprivation rather than of
the change in ionic composition of the medium.
These observations differ somewhat from results
with Saccharomyces, where LAGUNAS reported a
decrease in the rate of fermentation and no in-
crease in respiration as a consequence of nitrogen
deprivation (7).

The question is whether the increased oxygen
uptake in nitrogen starved cells is mediated via
the cytochrome chain or via an alternative ox-
idase system. Respiratory activity mediated via
alternative oxidase systems has been described in
plant tissue, many microorganisms including
yeasts (references in 1) and is induced in Schizo-
saccharomyces under anaerobiosis (4). In con-
trast to normal respiration these enzyme systems
are not sensitive to Antimycin A or KCN. When
nitrogen deprived cultures of Schizosac-
charomyces were treated with 0.05 pg per ml of
Antimycin A, the O, uptake was reduced to the
same level as that of Antimycin treated control
cells grown in EMM 2 with either glucose or
glycerol as carbon source (unpublished). Con-
sequently, we conclude that the increased respira-
tion observed in nitrogen depleted cells is medi-
ated via the cytochrome chain, and that nitrogen
deprivation results in induction of synthesis as
well as activity of respiratory enzymes.

Cessation of growth in S. pombe, whether in-
duced by nitrogen starvation or stationary phase
conditions, results in a decrease of the RQ to the
same level (RQ = 3.5) although the rate of respi-
ration and fermentation is about twice as high in
nitrogen starved cells as in stationary phase cells.
However, if the oxygen consumption is calculated
on a per cell basis, it appears to be the same in the
two types of cells as demonstrated in Table II.
These values were calculated from meausured

Table I11.

values of cell number, protein per ml and QO,. In
all cases, the respiratory activity was about 1 X
10-%ul-cell” -h'. This observation suggests that
the rapid cell multiplication following removal of
the nitrogen source is accompanied specifically
by synthesis of respiratory enzymes or alter-
natively, the synthesis of mitochondrial material,
at the expense of other cellular proteins.
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