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Abstract: The amount of acid or base consumed in yeast
cultures has been recently assigned to the pathway of
nitrogen assimilation under respiratory conditions with
no contribution by carbon metabolism (Castrillo et al.,
1995). In this investigation, experiments under respirofermentative conditions have shown that production or
consumption of ethanol does not contribute significantly
to the specific rate of proton production (qH+), thus extending the previously obtained relationships for all
aerobic conditions in which other major acid/base contributions are not involved. Tests in batch and chemostat
culture confirm the validity of qH+ as a formal control
parameter in aerobic fermentations. © 1998 John Wiley &
Sons, Inc. Biotechnol Bioeng 58: 445–450, 1998.
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INTRODUCTION
Biomass determination is a basic parameter in fermentation
processes. Therefore, simple and reliable on-line estimation
procedures are highly desirable, particularly in fermentation
processes using Saccharomyces cerevisiae (Fiechter et al.,
1987; Larsson et al., 1993; Postma et al., 1989; Verduyn et
al., 1992), which is widely used in industry as a source of a
variety of products (van Gulik and Heijnen, 1995; Ohta et
al., 1993; Sousa et al., 1994).
Experimental evidence of the existence of a direct relationship between proton production and growth has been
presented in the past (Huth et al., 1990a,b,c; Roos and Luckner, 1984) and the determination of the equivalents of acid
or base consumed by the culture per unit time has been a
widely used parameter for on-line control processes (Ishizaki et al., 1994; Iversen et al., 1994; Pons et al., 1989; San
and Stephanopoulos, 1984; Shioya, 1989; Siano, 1995).
Nevertheless, the majority of studies have been restricted to
the establishment of empirical relations, naturally circumCorrespondence to: Unai Ugalde
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scribed to the systems studied while the physiological basis
of the models proposed remained unclear.
Many studies on changes in medium pH associated with
growth processes pointed to metabolic activity as the principal cause of medium proton exchange (Huth et al.,
1990a,b,c; Kotyk, 1989; Sigler and Höfer, 1991). This fact
was confirmed in a recent study in which, after accurate
determination of the specific rate of proton production or
consumption by the culture (qH+, mmol−1 h−1 gbiom−1), the
nitrogen assimilation pathway was certified as the main
contributing pathway under aerobic conditions and respiratory metabolism (Castrillo et al., 1995).
The aim of this article is to verify the applicability of the
model described above to those aerobic conditions in which
respirofermentative metabolism is involved with production
and consumption of ethanol.
MATERIALS AND METHODS
Determination of the Specific Rate of Proton
Production (qH+)
The procedure to measure the specific rate of proton production (qH+) under conditions of negligible formation of
acid/base compounds has been described in detail elsewhere
(Castrillo et al., 1995). Titration of the volume or weight of
the acid/base consumed during a given time, allows for the
accurate determination of the specific rate of proton production/consumption (qH+) by the cells, through the application of mass balance for protons in the reactor medium.
Detection of Lateral Reactions Which Interfere
with qH+ Determination
Utilization of complex media or culture conditions favorable to the appearance of ammonia [e.g., degradation of the
nitrogen compounds from the medium, or metabolic imbalances resulting in ammonia extrusion from the cells; Phaff
et al., (1978)] may lead to undesired acid/base contributions
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affecting the accurate determination of qH+. These contributions can be precisely quantified in experiments using
organic nitrogen sources (i.e., urea) by means of the following steps: (1) Formulation of the mass balance for ammonia in the reactor medium; and (2) determination of the
specific rate of ammonia generation (qNH3, meq h−1 g−1).
General mass balance for NH3 in the reactor volume:
V d[NH3]/dt 4 FL([NH3]i − [NH3]o) + FNH3

[4] eq h−1
(1)

where V is the volume of the culture (l); FL is the liquid flux
(1 h−1) for continuous and semicontinuous cultures, [NH3]x
is the ammonia concentration in the input (i) and output (o)
medium (eq 1−1) and FNH3 is the net rate of ammonia generation (eq h−1).
For the different possible configurations (chemostat, fedbatch, batch), determination of either the ammonia concentration in the input and output medium, or the magnitude of
the accumulation (d[NH3]/dt) allows for the determination
of FNH3. The net rate of ammonia generation can be expressed as FNH3 4 (1/1000) qNH3 ? X ? V, where X is the
biomass concentration (g L−1). Thus, qNH3 can be formulated as:
qNH3 4 (1000/V) ? (FNH3)/X

[4] meq h−1 g−1 (2)

Each equivalent of ammonia appearing in the reactor volume (net generation) will consume a proton equivalent from
the medium, which will lead to an extra basic contribution
(qH+ underestimation). Therefore, the specific correction in
qH+, applicable under conditions in which the appearance of
ammonia in lateral reactions is favored, can be expressed as:
qH+real 4 qH+measured + qNH3

[4] meq h−1 g−1 (3)

where qH+measured is the specific rate of proton production
determined as above (Castrillo et al., 1995). Therefore, the
application of equation (3) yields qH+ values which can be
referred to any other physiological parameter.
When ammonium salts were used as nitrogen source the
contribution of ammonia generation by lateral reactions
(i.e., oxidative deamination of aminoacids) was considered
negligible (see Results and Discussion).
Preparation of the Chemostat Culture
The culture medium (adapted from Fiechter et al., 1987)
consisted of glucose (30 g ? L−1) or ethanol (10 g ? L−1) as
carbon source, urea (3.6 g ? L−1), yeast extract (3.0 g ? L−1);
KH2PO4 (3.0 g ? L−1, MgSO4 ? 7H2O (0.45 g ? L−1), CaCl2
(0.23 g ? L −1 ), NaCl (0.7 g ? L −1 ), FeCl 3 ? 6H 2 O (15
mg ? L−1), MnSO4 ? H2O (16 mg ? L−1), ZnSO4 ? 7H2O (9.0
mg ? L−1), CuSO4 ? 5H2O (2.4 mg ? L−1) NaMoO4 ? 2H2O
(4.0 mg ? L−1), CoCl2 ? 6H2O (0.3 mg ? L−1), meso-inositol
(60 mg ? L−1), Ca-pantotenate (30 mg ? L−1), nicotinic acid
(6.0 mg ? L−1), thiamine hydrochloride (6.0 mg ? L−1), pyridoxine hydrochloride (1.5 mg ? L −1 ), d-biotin (0.1
mg ? L−1). The pH of the medium was aseptically adjusted
to 4.0 immediately before use. Sterilization was performed
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by autoclaving (120°C, 1.2 bar, 40 min) except for urea and
vitamins, which were sterilized by filtration through 0.45
mm-pore sterile filters (Millipore, USA) and ethanol, which
was added immediately before use.
Freshly prepared (6 d) agar slope cultures of Saccharomyces cerevisiae CBS 7336 (ATCC 32167), in Y.M. medium (Difco, 2% w/v) at 4°C were used to inoculate 250 mL
Erlenmeyer flasks containing 100 mL of medium. These
were incubated at 30°C, 60 cycles ? min−1 for 12 h and then
used to inoculate a 2 L sterile glass bioreactor containing 1.5
L of medium. The aeration rate was set at 2 v.v.m. and the
culture was incubated at 30°C for 14 h. Finally, this culture
was transferred to a sterile 14 L capacity bioreactor (internal
diameter: 22 cm) with temperature (30°C), agitation (450
rpm), and pH (4.00) controls (Chemap, Volketswil, Switzerland). Fresh medium was added at a fixed rate of 10
mL ? min−1 with a Watson Marlow peristaltic pump (Watson Marlow, Falmouth, UK) until a final volume of 5 L.
Chemostat Culture
The constant volume (5 L) during chemostat operation was
maintained by means of an automatic weight-control accessory associated to the main bioreactor. The temperature was
kept at 30°C (±0.1) and the pH at 4.00 (±0.01) by addition
of 3 N NaOH or H2SO4 through Preciflow peristaltic pumps
(Lambda, Naters, Switzerland). Aeration was fixed at 1
v.v.m.
The system was then allowed to reach a steady state,
determined by the attainment of a constant concentration of
biomass, dissolved oxygen, and oxygen and carbon dioxide
gas fractions on gas outlet for a minimum period of three
residence times (Stafford, 1986). At this point, specific rate
of proton production (qH+) was determined by titration of
the volume of acid/base (H2SO4 or NaOH 0.2N) consumed
during a given amount of time (Castrillo et al., 1995), and
samples were taken for off-line measurements. Another dilution rate was then set in order to reach the next steady
state. Two series of aerobic steady states were analyzed: one
using glucose and the other using ethanol as the only carbon
source, respectively.
Batch Culture
A batch culture was performed as a test for the applicability
of the method in monitoring growth. The ratio qH+/
qbiomass (meq H+ meq biomass−1) was calculated by defining qbiomass as meq biomass h−1 g biomass−1 (Castrillo
and Ugalde, 1994; Herbert, 1976). The medium composition was similar as above with minor changes: glucose concentration, 12 g ? L−1 (no ethanol), ammonium sulphate, 7.9
g ? L−1 (no urea), NaOH used for base control (not sulphuric
acid). The fermentation took place on the same vessel in
batch mode, with a total volume of 6 L, at the same temperature, pH, and aeration conditions as used for the chemostat culture. Also the inoculum was prepared as above.
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Samples were taken in duplicate at regular intervals for
off-line measurements.
Biomass Estimation
For a batch culture using glucose and ammonium sulphate
two independent phases (growth on glucose and on ethanol)
will be displayed. In each phase, a simple biomass estimation may be carried out:
Biomass(t+Dt) 4 Biomass(t) + (SDt NOH−) ? YX/H+(Dt)
[4]g L−1
(4)
where NOH− are the mequivalents of base consumed by the
pH control system during a time interval (Dt), and YX/H+ (Dt)
the ratio of grams of biomass appeared per mequivalent of
proton produced by the culture for this period (Dt). This
ratio can be expressed as: YX/H+ (Dt) (meq H+ g−1) 4 1/
(qH+/m) with m the specific rate of biomass production
(h−1), or, in terms of qbiomass: YX/H+ (Dt) (meq H+ g−1) 4
(1/1000) ? (Mx) ? (1/(qH+/qbiomass)), with Mx the molecular weight of biomass when expressed as CHxOyNz, either
on glucose or ethanol (Castrillo and Ugalde, 1994; Herbert,
1976; Oura, 1972; Sonnleitner and Käppeli, 1986; Verduyn
et al., 1991).
Analytical Methods
Biomass and dissolved oxygen concentration were determined as described by Castrillo and Ugalde (1993).
Samples for off-line analysis were drawn, placed on ice,
centrifuged and the supernatant was immediately frozen in
liquid N2 and stored at −20°C.
Ethanol determination and quantitative detection of the
possible existence of other fermentation products (acetaldehyde, acetate, glycerol, and other compounds) were carried
out by gas chromatography as described by Castrillo and
Ugalde (1993). Glucose was quantified by the spectrophotometric method of Miller (1959). Urea and ammonia were
determined enzymatically with the Boehringer test kit
542946 (Boehringer Mannheim, Germany).
Statistical Treatment
All data are the average of at least three measurements.
Standard error limits have been omitted for clarity but never
exceeded more than 6% of the presented values; the majority of cases were lower than 3%.
RESULTS AND DISCUSSION
Influence of Ethanol Production/Consumption
on qH+
To confirm the hypothesis that carbon metabolism is balanced with respect to qH+, under respirofermentative as
well as under respiratory conditions, two chemostat cultures

were run separately with glucose (a fermentable carbon
source), and ethanol (non-fermentable carbon source and
the product of respirofermentative metabolism) as carbon
source. The experiments were performed with urea as nitrogen source as it eliminates the contribution of nitrogen
metabolism to qH+ (Castrillo et al., 1995) and therefore,
permitting the accurate determination of the influence of
carbon metabolism alone on qH+.
Lateral processes which may interfere with the measurements, such as dissimilative hydrolysis of urea into ammonia, oxidative deamination of complex nitrogen compounds
from the medium, or cells at the transitions between steady
states, or imbalance in nitrogen assimilation through specific nitrogen pathways (Large, 1986; Phaff et al., 1978) all
result in measurable changes in the medium concentration
of ammonia. Thus, determination of the specific rate of
appearance/disappearance of ammonia (qNH3, meq h−1 g−1)
in each case, and the application of a specific correction
accounting for the contribution of these processes allows for
the isolation of the specific rate (qH+) corresponding to the
carbon metabolism. The values of qH+, qethanol, and absolute values of qH+/qethanol, for a range of increasing
dilution rates using glucose and ethanol as carbon sources
respectively are presented in Tables I and II (negative signs
denote a net consumption of protons). The chosen range of
dilution rates led to steady states which covered different
physiological conditions, as observed by ethanol production
(Table I) and biomass levels (Table II). The absolute values
of the ratio qH+/qethanol vs. the dilution rate were in all
cases below 0.1 meq H+ h−1 g−1, showing that production or
consumption of ethanol does not affect qH+ significantly
under the range of conditions tested. The obtained results
show that respiratory and respirofermentative carbon metabolism have a negligible effect on qH+, and confirm our
earlier proposals that carbon metabolism is balanced with
respect to H+. This fact, although generally accepted in
overall stoichiometric formulations (Stryer, 1995; Verduyn
et al., 1991) had not been previously certified at the physiological level under strictly controlled experimental conditions. The pathways of carbon metabolism involved in this
study can be summarized as:
C6H12O6 + 6O2 → 6CO2 + 6H2O

(oxidative)

C6H12O6 → 2CH3CH2OH + 2CO2

(oxidoreductive)
(6)

(5)

Table I. Specific rates (q) and qH+/qethanol absolute values for the
dilution rates used during the chemostat culture with glucose (30 g L−1) as
carbon source, and urea (3.6 g L−1) as nitrogen source.
Dilution rate, D(h−1)

0.13

0.17

0.23

0.38

Biomass (g L−1)
qNH3 (meq N h−1 gbiom−1)
qethanol (meq ethanol h−1 gbiom−1)
qH+ measured (meq H+ h−1 gbiom−1)
qH+ corrected (meq H+ h−1 gbiom−1)
| qH+ corrected/qethanol |
(meq H+ meq ethanol−1)

11.4
0.01
1.0
0.02
0.03

9.3
0.01
2.5
0.04
0.05

8.4
0.01
4.4
0.04
0.05

8.8
−0.32
3.9
0.08
−0.24

0.03

0.02

0.01

0.06
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Table II. Specific rates (q) and qH+/qethanol absolute values for the dilution rates used during the
chemostat culture with ethanol (10 g L−1) as carbon source, and urea (3.6 g L−1) as nitrogen source.
Dilution rate, D(h−1)

0.11

0.16

0.24

0.33

Biomass (g L−1)
qNH3 (meq N h−1 gbiom−1)
qethanol (meq ethanol h−1 gbiom−1)
qH+ measured (meq H+ h−1 gbiom−1)
qH+ corrected (meq H+ h−1 gbiom−1)
| qH+ corrected/qethanol | (meq H+ meq ethanol−1)

3.2
0
−3.4
−0.03
−0.03
8.8E−3

3.2
0.02
−5.8
−0.01
0.01
1.7E−3

3.7
−0.30
−10.8
0.70
0.40
0.04

1.5
−0.80
−7.2
0.40
−0.40
0.05

CH3CH2OH + 3O2 → 2CO2 + 3H2O

(oxidative)

(7)

In addition, the results also confirm that the nitrogen assimilation pathway is the main contributing element to the
net proton production or consumption in microbial cultures.
The previously obtained stoichiometric relationships of
qH+/qN of +1, 0, and −1 for ammonium ions, urea, and
nitrate respectively (Castrillo et al., 1995) can be extended
to all aerobic conditions with negligible presence of other
acid/base contributions, and constitute the fundamental
metabolic basis by which many fermentation processes can
be monitored through the accurate titration of pH control
reagent (Ishizaki et al., 1994; Iversen et al., 1994; Pons et
al., 1989; San and Stephanopoulos, 1984; Shioya, 1989;
Siano, 1995).
Additional Acid/Base Contributions
Although the main contributor to the total proton production
or consumption is nitrogen assimilation, there are lateral
processes which can affect qH+ determinations significatively. In this work using urea as nitrogen source, the influence of the appearance of ammonia in the medium was
taken into account. Among the different mechanisms which
can lead to the presence of ammonia, degradation of nitrogen compounds from the medium may have a significative
influence. In this study, spontaneous urea degradation can
be considered negligible, as urea was sterilized by filtration,
thus avoiding autoclaving (Budavari, 1996). Oxidative
deamination of cellular proteins transiently occurring between different steady states, or under conditions of an imbalance in nitrogen assimilation through the specific nitrogen pathways are two more possible causes of ammonia
production reported to occur in urease-positive yeasts (e.g.,
Rhodosporidium) (Phaff et al., 1978). For the case of urease-negative yeasts (e.g., Saccharomyces cerevisiae,
Kluyveromyces marxianus) which metabolize urea along the
pathway catalyzed by the urea carboxylase and allophanate
hydrolase, this effect, although not so extreme, may not be
ignored (Large, 1986; Phaff et al., 1978). This type of analysis and qH+ corrections may be performed in other cases
where other organic nitrogen sources are used.
Under conditions of balanced growth, acetic acid originating from acetaldehyde via the pyruvate decarboxylase
reaction (PDC) is channeled either to the Krebs cycle (in the
mitochondrion), or to biosynthesis [in the cytoplasm or per-
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oxisomes (Flikweert et al., 1996; de Jong-Gubbels et al.,
1995; Postma et al., 1989)]. Both conversions occur without
a net contribution to qH+. In many fermentation conditions
however, (e.g., excess sugar supply or oxygen limitation)
acetic acid can accumulate and diffuse from the cell leading
to a significant increase in qH+ which, when used as an
on-line control parameter, can result in overestimation of
biomass concentration (as an example, production of only
0.6 g L−1 would result in 1.2 g biomass L−1 overestimation).
Similar effects also apply to fermentation processes involving production/consumption of other acid/base compounds
(e.g., organic acids) (Siano, 1995).

A Test System in Batch Culture
The above-mentioned results and conclusions over the negligible contribution of carbon metabolism to qH+, provide a
formal basis for the utilization of qH+ as on-line control
parameter for monitoring biomass levels in aerobic fermentations, when either respiratory or respirofermentative metabolism prevail, and also extends the validity of this model
for a variety of simple and complex carbon sources employed in industrial processes.
The overall material balances, and models applicable on
an empirical basis to proton production as an on-line fermentation parameter have been precisely formulated in the
past (Chattaway et al., 1992; Cooney et al., 1977; San and
Stephanopoulos, 1984; Siano, 1995, and Stephanopoulos,
1986). For this study, we have tested our formal model in a
batch fermentation of S. cerevisiae, with glucose and ammonium sulphate as respective carbon and nitrogen source,
thus using a non-steady state system which, on the other
hand represents the most commonly applied form of fermentation.
For a specific organism the amount of nitrogen per unit
dry weight depends on different factors such as the carbon
source and culture conditions. Despite the variations, within
a specific range of conditions, this value can be considered
to remain more or less constant, and a mean biomass elemental composition can be formulated (Herbert, 1976;
Oura, 1972). As an example, elemental compositions and
nitrogen content in biomass reported for S. cerevisiae
growth on glucose are, CH1.613O0.525N0.152P0.010S0.001
(Oura, 1972); CH1.760O0.581N0.144 (Verduyn et al., 1991;
Verduyn, 1992); CH1.79O0.57N0.15 (Castrillo and Ugalde,
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1994; Roels, 1980; Sonnleitner and Käppeli, 1986); and on
ethanol, CH1.66O0.50N0.15 (Verduyn et al., 1991). These
concepts constitute the basis for the formulation of overall
stoichiometric equations for growth, in which biomass composition is generally formulated as CHxOyNz, normalized to
contain 1 gr atom of C (or a mol equivalent of biomass)
(Castrillo and Ugalde, 1994; Herbert, 1976; Oura, 1972).
The consumption and production rates in the overall reaction for growth on glucose and ammonium salts
(aC6H12O6 + bNH4 + cO2 → CHxOyNz + dH+ + eCO2 +
fH2O) are not independent, but are strictly related by specific stoichiometric relationships (Herbert, 1976; Roels,
1980). Thus, qH+/qN 4 d/b; qN/qbiomass 4 b; qH+/
qbiomass 4 d, and also b equals z (molar content of nitrogen in biomass). Because qH+/qN equals unity when using
ammonium salts as nitrogen source as determined previously (Castrillo et al., 1995), then (qH+/qbiomass) 4 d 4
b 4 z. A direct relationship between specific rate of proton
production (qH+) and specific growth rate (qbiomass) is
therefore expected, and the values of qH+/qbiomass should
give a direct reflection of the nitrogen content in biomass.
These relations should also apply to growth on ethanol.
Figure 1A shows the evolution of glucose, biomass, and
ethanol concentrations during batch fermentation. The time
interval between the 7th and the 9th h corresponds to the

period before the start of ethanol consumption by the yeast.
Acetate, glycerol, and acetaldehyde were also present but in
negligible amounts (results not shown). Figure 1B shows
the evolution of qH+ and qbiomass, and Figure 1C the ratio
qH+/qbiomass. This ratio has a constant mean value of 0.15,
which agrees fairly well with the reported values for nitrogen biomass composition for this yeast (Oura, 1972; Roels,
1980; Verduyn et al., 1991) (the negative value at 8 h is
probably due to a slight growth check and deamination
which accompanies the switch in carbon source consumption from glucose to ethanol).
By means of these relationships, a simple estimation of
the evolution of predicted biomass was conducted (see Materials and Methods), and the results are presented in Figure
1A, together with the actual biomass measurement. The
close match between predicted biomass levels and the measured values, on glucose and on ethanol, strongly supports a
negligible contribution of lateral reactions and confirms the
validity of qH+ as an on-line parameter for monitoring aerobic fermentations.
From the results it may be concluded that respirofermentative carbon metabolism (consumption or production of
ethanol) has a negligible effect on the specific rate of proton
production (qH+). The previously obtained stoichiometric
relationships qH+/qN (Castrillo et al., 1995) can therefore
be extended to all aerobic conditions in which other acid/
base contributions are negligible. This constitutes the fundamental metabolic basis by which many fermentation processes can be monitored through the accurate titration of the
pH control reagent. Thus, for aerobic cultures with ammonium salts as the nitrogen source, under conditions of minimum formation of either acidic/basic or nitrogen-containing
products, the specific rate of proton production (qH+) is
proportional to the rate of biomass production, and can be
used to estimate the biomass concentration. Because these
relations bare a physiological basis, they may be usefully
applied in fermentation control processes as formal rules,
appropriate for many different microorganisms which display similar physiological patterns. Moreover, they open the
possibility for the determination of new formal relationships, which may extend the applicability of the study to
more complex systems (i.e., monitoring of biomass and
growth-related protein production in aerobic fermentations).
The authors would like to express their gratitude to Ms. Idoia de
Miguel and Ms. Elisa Martı́nez de Marañón for their help in the
experimental work.
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