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Abstract

Product concentrations may be estimated from gas analysis or calorimetric measurements. These techniques of analysis
are fast, simple, and provide a continuous output. To check the accuracy of these estimations, the anaerobic ethanol formation
of an industrial strain of the yeaShccharomyces cerevisiae was selected as a test system. Cultivations were carried out as
batch cultures with different nitrogen sources (ammonium, glutamate and a mixture of amino acids) and 20 g/l of glucose as
the carbon and energy source. The results showed that there was a good agreement between measured and calculated ethar
values. However, especially when using heat data the results are very sensitive to small changes in the stoichiometry of the
catabolic reaction, i.e. ethanol is not the only product but there are also minor amounts of glycerol and acetate. The problems
generated by these products when using heat data to calculate ethanol concentrations are discussed in detail.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to estimate the desired concentrations. Two suitable
techniques are gas analysis and heat measurements.
Measurements of metabolites are important to  All reactions of “life” involve alteration in heat.
survey the condition of a culture and to have possi- This heat is the change in enthalpy of all metabolic
bilities for process control. However, most analyses reactions in the cell and can be measured by calorime-
are time-consuming and in an industrial process the try [1-4]. The heat evolution characteristics in batch
scanning has to be simple and fast. Any parameter, cultures of Saccharomyces cerevisiae have been
which is possible to analyse fast, may then be used investigated in some studies. Under aerobic condi-
tions a diauxic growth pattern is obtaingsl6]. Ini-
tially, glucose is consumed in a respiro-fermentative
* Corresponding author. Fax:46-31-773-2599. metabolism, producing, apart from biomass, also
E-mail address: eva.albers@molbiotech.chalmers.se (E. Albers).  ethanol. The ethanol, subsequent to glucose depletion,
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will be consumed via respiration. These different Table 1
phases are clearly visible in the heat production rate Molar enthalpies of combustion at 26 [1]

curve obtained from a calorimetg$,6]. Thus, the Substance Molar enthalpy of combustion (kJ/mol)
overall catabolic conversion of glucose is to form car-
L . Glucose (aq) —2813.6
bon d_|0X|_de and water, and the enthalpy chan_ge of this ghanol (aq) _1356.8
reaction is—2814 kJ/mol glucos§l]. Anaerobically, Carbon dioxide (g) 0
Saccharomyces has a mono-auxic growth. This is seen Carbon dioxide (aq) +19.8
in both the heat and carbon dioxide curves. When glu- Glycerol (aq) —1648.5

cose is depleted, the growth process stops and the heaf\®tc¢ 2°id (a9) —8r34

and carbon dioxide evolution rates drop to z¢rd
The amount of heat produced is substantially lower
during anaerobic conditions, since a large part of the Glucoseag) + Yy, s hitrogen sourceac)
energy available in glucose is.maintained as ethanpl. — Yx/shiomasst Ye,sethanokag)
Most of the evolved heat originates from catabolic
processes[3]. Hence, the heat measured with a
calorimeter may be used to estimate the catabolic =+ Yn/swater(l) + AHr1
product concentrations on-line. If, beside biomass, ] )
there is only one product or if there is a fixed re- WhereYi sare the yields for the different products and
lation between the products, measurements of heat2HR1iS the heat of the reaction. Using experimentally
production will be sufficient to calculate the product determined yields, the ethanol may be predicted con-
concentration. Advantages of the calorimeter are the tinuously from heat or carbon dioxide measurements,
very fast measurement and in a flow microcalorimeter @ssuming all yields are constant during the whole
the cells can be recirculated back to the fermentor cultivation. A value of AH can be achieved with a
from the instrument, eliminating loss of the culture. calorimeter or calculated from the molar enthalpies of
Gas analysis has similar advantages, but can of coursec@mbustion or formation, e.g. s@able 1. The yields
only be used if the reactions involved are connected 9Iv€ @ relationship between the heat of reaction and
to gas evolution. the amount of ethanol, the ethanol-heat yield (Y
The aim of this work was to investigate if calorime- @nd thus provides an estimation of the ethanol con-
try and/or carbon dioxide measurements are suitable centration from the accumulated heat evolution rate.
methods to use for estimation of product concentra- 1Ne same type of yield may also be determined from
tions. As a test system the anaerobic ethanol formation the measurements of carbon dioxide evolved. The dis-
of the yeastS cerevisiae was selected. The ethanol advantage of using either of _these yields is that they
concentration was estimated from the measurementsh@ve to be determined experimentally. _
of the heat production rate and carbon dioxide evo- ~However, itis suggested that heat of anabolism for
lution rate. The accuracy and generality of such es- heterotrophic growth on carbohydrates is close to zero
timations are checked on cultivations with different [3.4] €ven though itis not always obvious how to dis-
nitrogen sources. The different nitrogen sources were tinguish between anabolic and catabolic reacti@hs
ammonium, glutamic acid and a mixture of amino Hence, it is not necessary to determine the biomass
acids representing an industrial medium. The amino Yield in order to calculate catabolic product forma-
acids decrease the amount of glycerol formed via re- fion from heat measurements. Therefore, two simple
ducing the surplus of NADH formed and hence give approximations were made in order to estimate the

+ Yp/sproductgag) + Yc,scarbon dioxideg)

different yields of ethanol productiof,8]. ethanol formation during anaerobic batch cultures of
S cerevisiae.
2. Theory and calculations Approximation 1 (Catabolic reaction).

An overall macroscopic reaction of anaerobic fer- GlUCOs&@q
mentation from glucose may be written as — 2ethanolaq) + 2 carbon dioxid€¢ag) + heat
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In this approximation the only catabolic products con-
sidered are ethanol and GOrhe AH for this reaction

is —139.6 kJ/mol glucose 6¢69.8 kd/mol ethanol and

1 mol CQ = 1 mol ethanol. The thermodynamic state
of carbon dioxide was chosen as aqueous. Previously
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with 20 g/l glucose as the carbon and energy source
and three different nitrogen sources, ammonium, glu-
tamate, and a mixture of 20 amino acids. The mixture
of amino acids corresponds to the composition of an
industrial media based on wheat hydrolysate, where

in aerobic systems, a gaseous form has been proposedhe major part of the nitrogen content originates from

as the correct thermodynamic state for this syqgim
However in the aerobic case, an air stream was intro-
duced in the flow of culture entering the calorimeter
while in the present anaerobic study, no gas stream
was introduced (se8ection 3). Therefore, it was con-

sidered that aqueous carbon dioxide was more appro-

priate in this case.
Approximation 2 (Catabolic reaction).

Glucosgaq) — 1.7 ethano{ag) + 0.2 glycerol(ag)
+ 0.1 acetic acigag)
+ 1.8 carbon dioxidéaq) + heat

In this approximation the formation of glycerol and ac-
etate is also included. The amount of glycerol formed
is obtained from Albers et aJ7] using ammonium as

a nitrogen source. Acetate formation is simply cho-
sen as to supply the necessary amounts of NADH and
maintain redox neutrality. This is a simplification since
it is known that the main part of the NADH originates
from biomass formatiofi7]. The AH for this reaction

is —125.7 kd/mol glucose 6+ 73.9 kd/mol ethanol and

1 molCO = 0.94mol ethanol. It should be empha-
sised that it is only the catabolic part of glucose con-
sumed that is represented in the above approximations

Furthermore, it might seem strange to use the same

amount of glycerol formed irrespective of the nitrogen

source. However, ammonium as a nitrogen source is a

worst case, since glutamate and especially a mixture
of amino acids result in less glycerfdl], i.e. making
Approximation 2 more similar to Approximation 1.

3. Material and methods
3.1. Srain, growth conditions and cultivations

In this study an industrial strain of the ye&stere-
visiae (supplied by Swedish Baker’s yeast manufac-

turer, Jastbolaget AB, Rotebro, Sweden) was used. The

cells were grown in a minimally defined mediJi,

only six of the acids, for complete composition see
[7]. The yeast was grown anaerobically in pH (5.0),
temperature (30C) and agitation (500rpm) con-
trolled batch cultures with a Belach bioreactor system
(Belach Bioteknik AB, Stockholm, Sweden), sg§.
The working volume of the reactor was 3.0 or 2.01 (no
differences in the results due to different cultivation
volume were observed). The fermentor was flushed
with nitrogen (<1 ppm @, N48, Air Liquide, Malmg,
Sweden) to maintain anaerobic condition at a con-
trolled flow rate of 0.25vvm (vol/vol/min, at NTP).

3.2. Analyses

Carbon dioxide was analysed continuously by an
acoustic carbon dioxide and oxygen monitor, type
1308 (Bruel and Kjeer, Neerum, Denmajf8). The heat
evolution rate was measured with a flow microcalo-
rimeter 2277 Thermal Activity Monitor (Thermo-
Metric AB, Jarfalla, Sweden) of the heat conduction
type at 30°C. This microcalorimetric set-up has been
described previousli6], but in this study no air was
added to the flow, resulting in an effective volume
of the flow-through cell of 0.52 ml. The flow-through
cell and the connected steel tubes were sterilised with
70% (w/v) ethanol and then rinsed with sterile wa-
ter until baseline stability was reached. The culture
was sucked from the bioreactor by a peristaltic pump
(Alitea, Sweden). After the measurement, the flow
was returned to the reactor. Base addition to keep
the pH constant is done outside the calorimeter and,
thus, does not influence the heat measurements. Fur-
thermore, the enthalpy of neutralisation of the buffer
(phosphate) was considered negligible at the pH used
(5.0) [1]. Metabolites were measured with a HPLC
system (Waters) with a polymeric ion exchange col-
umn as described previoudly].

4, Results and discussion

It was indeed possible to obtain a good estimation
of the ethanol concentrations by using heat as well
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as carbon dioxide measurements (Fig. 1). The devia- 240 Ammoniom —
tion between the estimated and measured concentra- —~ U -
tions of ethanol at the end of fermentation was less g 20

than 1% for ammonium and glutamate as nitrogen ‘_o’ 160
sources using carbon dioxide measurements and only 5
considering ethanol and carbon dioxide as products % 120
(Approximation 1). Including glycerol and acetate
(Approximation 2) gave slightly less accurate results % 80
with a larger discrepancy between calculated and mea- £
sured ethanol levels except when using amino acids E 40

as nitrogen source (Fig. 1). The calculated ethanol
concentrations using carbon dioxide measurements
were exaggerated compared to the measured vaIuesg 200

with amino acids as a nitrogen source. E
However, it might be that the measured concentra- 5 g9 |
tions of ethanol are too low compared to what has &
been produced. First of all, because of ethanol evapo- % 120 |
ration which can be a serious probl¢h®]. Even if a 3
condenser was fitted to the fermentor, it is close toim- & 80
possible to prevent evaporation of ethanol completely. g
In an experimental set-up similar to the one used in & 40

this study, 1-5% of the ethanol was lost per hour
depending on the actual ethanol concentration in the
reactor[10]. S 200

)

Furthermore, there was also a slight dilution effect £
due to the addition of NaOH in order to maintain TC) 160
a constant pH. Hence, it might be that the calcu- &
lated ethanol levels are a better representation of @ 120
ethanol formation than the measured concentration }.’3
values, i.e. the calculated values show what the g 80
ethanol concentration would have been in the absence 3 40
of evaporation and dilution. This is of course true W
for all nitrogen sources and not only when using a 0 L
mixture of amino acids. In other words, if ethanol 0 40 80 120 160 200 240

evaporation did occur, the estimated ethanol concen- Measured ethanol (mM)
trations should have been higher than the measured

. . . Fig. 1. A comparison between the measured and calculated ethanol
ones also with ammonium and glutamate as nitrogen

concentrations during anaerobic batch cultureS aferevisiae us-
sources. ing glucose as the carbon source and ammonium (top panel), glu-
Using heat measurements instead of carbon diox- tamate (middle panel) or a mixture of amino acids (bottom panel)
ide for calculation of ethanol showed a slightly larger as nitrogen source. The dashed line indicates perfect agreement
deviation from the measured concentrations (Fig. 1). bemeen the measured ar_ld calculated concentrations. The calcu-
H . heat ts f timati f lations were performed using measured heat (triangles) or carbon
owever, using ea measu_remen S for _es Ima I_O_n 0 dioxide (circles) production rates. One calculation only considered
ethanol concentrations during anaerobic conditions ethanol and carbon dioxide as catabolic products (closed symbols)
requires careful considerations. Ethanol (and the con- (Approximation 1, seeSection 2), whereas glycerol and acetate
nected CQ) is by far the product(s) formed in largest were added in the subsequent estimation (open symbols) (Approx-
amounts and this is coupled to a relatively small imation 2).
heat production. This means that small errors in the
heat measurements will lead to gross errors in esti-
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mated ethanol concentrations. The relation between ethanol concentrations were in general lower than the
amount of heat produced and ethanol formation is measured ones (Fig. 1). However, usirg0 kJ/mol
also very sensitive to the assumptions made in the ethanol in the calculations would lead to an estimated
approximations. For instance, in Approximation 2 it ethanol concentration at the end of fermentation that
was assumed that acetate formation was responsibleis 35% higher than the measured value with ammo-
for the NADH supply required for glycerol formation  nium as the nitrogen source. An exaggeration of more
and as a result-73.9kJ/mol ethanol was obtained. than 20% of the ethanol levels would be obtained also
However, the major part of glycerol formed is known with other nitrogen sources. It might very well be that
to be a consequence of a net NADH production in the the correct thermodynamic state of carbon dioxide in
biosynthetic reaction§7,8]. Therefore, if instead, it  this system is a mixture of aqueous and gaseous.
is assumed that anabolic reactions supply the NADH To summarise, it is possible to estimate ethanol
required for glycerol formation and no acetate is concentrations during anaerobic fermentations from
formed, Approximation 2 will change to measurements of heat as well as carbon dioxide pro-
duction rates. However, especially calculations using
heat data are very sensitive to, of course, errors in the
heat measurements (due to a low heat production).
In addition, it is also very important to make the cor-
rect assumptions when setting up the heat-producing
pathway for calculation of the enthalpy change ac-
companying ethanol production. In that sense, calcu-
Using a value of~42.9 kJ/mol ethanol for the calcu- lations using carbon dioxide measurements is more
lations would make the ethanol levels sky-rocket to straightforward with less complications. This is true
absolutely unrealistic values. Most probably because at least under anaerobic conditions where there is a
if there is a net NADH production in biosynthesis, it high rate of carbon dioxide production and, as stated
is no longer correct to assume that heat of anabolism before, a low rate of heat production. It should be re-
is zero[3]. A solution to this problem would be to add membered though that not all fermentations are cou-
NADH as a substrate in the above reaction in order pled to carbon dioxide production. Furthermore, heat
to restore redox balance. By doing this the enthalpy measurements could also provide additional informa-
change would increase and more realistic values of tion regarding, e.g., the thermodynamics of microbial
estimated ethanol levels would follow. growth.

Another complicating factor is the choice of thermo-
dynamic state, e.g. aqueous, gaseous etc., for substrate
and products when calculating the enthalpy change Acknowledgements
of a reaction. Especially, during anaerobic conditions,
an incorrect thermodynamic state may result in large  This work was financially supported by the

errors (for an extensive treatment of this see ELp. Swedish National Energy Administration (Energimyn-
Usually, the agueous state is appropriate in biological digheten).

systems, but for gaseous compounds, gaseous as well
as aqueous state may be correct. The correct choice of
state depends on the system boundaries and these ilReferences
turn are determined by the design of the calorimeter
used for the heat measuremefity If, for instance,

carbon dioxide is switched from aqueous to gaseous

Glucoseg(ag) — 1.8 ethanolag) + 0.2 glycerol(aqg)
+ 1.8 carbon dioxid€aq) + heat
The enthalpy change for this reaction would be

—77.3kJd/mol glucose o0+42.9 kd/mol ethanol com-
pared to—73.9 kJ/mol ethanol when acetate was used.
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