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Abstract: The emerging interest in the search for alternatives to synthetic preservatives has led
to various successful research studies exploring the use of yeasts as potential biological control
agents and producers of biopreservatives. The findings that yeasts could be used as producers of
biopreservatives lacked some engineering considerations regarding cost-effective process design for
scale-up, although partial process optimization using renewable agro-waste has been achieved. This
study investigated the biological stoichiometry and bioenergetic parameters during yeast growth
and secondary metabolites production i.e., biopreservatives from non-Saccharomyces yeasts using
grape pomace extract (GPE), a type of agro-waste, as a fermentation medium. This was achieved by
reconfirming the optimum production conditions previously found for Candida pyralidae Y1117, Pichia
kluyveri Y1125, and Pichia kluyveri Y1164 in GPE broth as a fermentation medium, conditions under
which a high amount of yeast cells were obtained. High-density cell cultures were produced, from
which the yeast cell pellets were harvested, dried, and combusted for the determination of elemental
analysis, heat of combustion, biological stoichiometry, and bioenergetic parameters. This work
generated biological stoichiometric models and bioenergetics information that could assist in the
design of yeast biochemical conversion system when GPE is used as fermentation medium, thereby,
addressing the biochemical engineering aspects that were lacking in a previous biopreservative
production study using Candida pyralidae Y1117, Pichia kluyveri Y1125, and Pichia kluyveri Y1164.

Keywords: biopreservatives; biological stoichiometry; bioenergetics; grape pomace extract; yeasts

1. Introduction

The potential of yeasts as biological control agents and as producers of biopreserva-
tives has been established by several independent studies [1–5]. However, those studies
have been carried out in refined media with fewer biochemical engineering aspects for
bioreactor designs and performance assessment for high-scale production. Recently, grape
pomace extract (GPE) was explored as a readily available and cheap fermentation medium
for the production of biopreservatives from yeasts [6]. The feasibility of a bioprocess
engineering system and the related physiological conditions under which bioreactions can
occur would only be possible by studying the biological thermodynamics of the process,
in particular when considering industrial-scale production. This has not yet been applied
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extensively in biological processes [7]. In addition, yield parameters can also be estimated
during fermentation in order to assess the material and energy requirements in relation
to the economic viability of any intended biological process [8–10]. Studying biological
stoichiometry is also vital for establishing a control data set for system design and process
control for the conversion of substrate by yeast, which is linked to secondary metabolite
production using any renewable carbon source such as GPE as a fermentation medium.
Akinpelu et al. [11] reported on the stoichiometric analysis of microbial growth and related
yields for some biological processes. The production requirements in a bioreactor system in
relation to the conversion of the growth-controlling substrate for extracellular compound
production can be determined by the stoichiometric coefficients and bioenergetic analysis,
which can better assist in elucidating the feasibility of a bioprocess system being designed
and set a benchmark for other similar processes.

This can be achieved using conservation of mass, whereby microbial growth models
can be applied for system parameter analysis. Several methods, such as that of half-
reactions or irregularities can be used to evaluate the stoichiometric requirements of any
conversion that takes place during microbial growth and bioproduct formation [9,11]. Dur-
ing the process of microbial conversion of substrates to extracellular compounds, catabolic
and anabolic reactions occur. In the catabolic phase, the primary growth-controlling sub-
strate such as glucose is broken down, and a portion of the catabolic product is then used
in the anabolic phase for the synthesis of new biomass [9]. Table 1 depicts all the different
equations that can be used to determine the parameters described above.

Table 1. Microbial growth parameters and the related models that describe the stoichiometric
parameter analysis [9].

Parameter Equation

Biological Stoichiometry 1
Y X

S

S + YA
X

A + YN
X

NS → X + Y P
X

P + YC
X

CO2

Catabolic Reaction S + Ycat
A A → Ycat

P P + Ycat
C CO2

(
∆G0

cat
)

Anabolic Reaction Yana
p P + Yana

C CO2 + Yana
N NS → X + Yana

A A
(
∆G0

ana
)

S, A, NS, X, and P represent the substrate (energy source), electron acceptor, nitrogen
source, dry biomass, and reduced electron acceptor, respectively.

Once stoichiometric requirements of a biological process have been determined, it
is imperative to establish the energy requirements for the system. As substrates are
being utilized as electron donors, accounting for the energy requirements means that
parameters such as enthalpy of formation (∆HO

f ), Gibbs energy (∆GO
f ), c and heat of

reaction (∆HO
RX) are to be considered, with the Gibbs energy being the main driving

force [7,9,12,13]. Therefore, the values for ∆G , ∆H, and ∆S can be estimated using
Equation (1) [11].

∆G = ∆H − T∆S (1)

With ∆G, ∆H, and ∆S representing the Gibbs energy, enthalpy, and entropy changes,
respectively.

Practically, this means that, for a bioreaction, experimental values for the formation of
cells and the related heat of combustion are to be determined using Equation (2) [11].

∆Hcell
C

(
KJ
mol

)
= ∆Hcell

cal

(
KJ
g

)
X MX (2)

with ∆Hcell
C , ∆Hcell

cal , and MX , representing the heat of combustion, calorimetric enthalpy of
formation, and the mass of 1 C-mol of the dried biomass, respectively.
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Once the heat of formation of biomass is obtained, the heat of reaction, as the re-
sult of the biosynthesis of 1 C-mol of biomass, can be estimated using Hess’s law—see
Equation (3):

∆HO
RX = ∑ n

(
∆Hproducts

)
−∑ n(∆Hreactants) (3)

where n represents the respective stoichiometric molar coefficients.
The highest level of substrate conversion leading to the production of extracellular

compounds, i.e., biopreservatives, occurred during the exponential growth phase of the
yeast as described by Mewa-Ngongang et al. [14]. This study aimed to generate benchmark-
ing biological stoichiometric and bioenergetics parameters during substrate utilization for
growth of non-Saccharomyces yeasts and production of secondary metabolites using GPE,
i.e., an agro-waste, as a fermentation medium, and to provide a set of requirements for
the design of a biochemical conversion system. Such an assessment is scantly available in
the literature, and in the future, biochemical processes could possibly use extracts from
agro-waste as fermentation medium.

2. Materials and Methods
2.1. Microorganisms Selection, Culture Condition, and Inoculum Preparation

Candida pyralidae Y1117, Pichia kluyveri Y1125, and Pichia kluyveri Y1164 were se-
lected based on their biopreservative production potential [6,14]. However, biological
stoichiometric parameters, which are required for an engineering process design, were
not found in the literature. Dekkera bruxellensis, a major spoilage organism for bever-
ages, was used as the sensitive organism in the growth inhibition assay [6]. The yeast
inoculums of C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 were prepared
firstly by culturing on the grape pomace agar (GPA) for 2 days at 28 ◦C. The yeast
cells were prepared by transferring a wire loop full of the culture into 5 mL of Yeast
Peptone Dextrose (YPD) broth (Sigma Aldrich, South Africa) subsequent to incubation at
28 ◦C for 24 h. From the 24 h old yeast cultures, a volume of 1 mL was transferred to
150 mL sterile grape pomace extract broth (GPEB) diluted to 100 g L−1 total sugar using
sterile distilled water. The yeast-assimilable nitrogen content of the 100 g L−1 total sugar
GPEB was 0.074 g L−1. The inoculated GPEB was subjected to incubation at 25 ◦C with
agitation at 150 rpm, using a rotary shaker (LM-53OR, RKC Instrument Inc., Ohta-ku
Tokyo, Japan) for 24 h [14].

2.2. Medium Preparation, Fermentation Condition, and Confirmation of Growth Inhibition Activity

An agro-waste-based medium using grape pomace extract (GPE) was prepared and
used. Wet Chenin blanc grape pomace was collected in plastic buckets. The wet pomace
was then further pressed at an increased pressure of up to 2 bars in order to extract the
remaining juice, which was analyzed for sugar and nitrogen contents including pH. Total
sugar and yeast-assimilable nitrogen concentrations of 150 and 0.136 g L−1, respectively,
and a pH of 3 were prepared. The fermentation for C. pyralidae Y1117, P. kluyveri Y1125, and
P. kluyveri Y1164 was conducted as reported elsewhere [6]. Each yeast was cultured in a 4 L
Erlenmeyer flask containing 1.3 L GPEB with three replicates. The growth inhibition activity
of the crude biopreservatives from the three yeasts was evaluated and quantified using a
plate assay method [6,14]. When D. bruxellensis was used as the sensitive organism, the
concept of volumetric zone of inhibition (VZI) as reported by Mewa-Ngongang et al. [14]
was used for growth inhibition activity quantification.

2.3. Biomass Preparation and Elemental Analysis

After fermentation, the yeast cultures were harvested by centrifugation at 10,000 rpm
for 10 min at 4 ◦C. The resulting biomass pellets were washed three times with sterile dis-
tilled water and dried in a Duran® vacuum desiccator (DURAN Group GmbH, Germany).
The process was repeated until a considerable amount of 10 g biomass was obtained. The
wet cell pellets of C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 were picked
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using a sterile spatula and placed into sterile glass Petri dishes. The cultures were then
placed in an oven dryer set at 70 ◦C for 8 h and thereafter put in a desiccator at 28 ◦C for
3 days. Each plate was weighed twice a day to assess the fluid loss and to attain a constant
weight. To remove residual moisture, the contents of the plates were transferred to sterile
glass beakers and further dried in an oven at 50 ◦C until the weight became constant. The
analysis of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) in the dried biomass was
performed in three replicates for each yeast. The fraction corresponding to the percentage
of oxygen was that of the remaining fraction after the sum of CHNS percentages was
subtracted from 100.

2.4. Heat of Combustion Determination

An e2k Bomb calorimeter (Digital Data Systems Pty Ltd., Randburg, South Africa)
was used to determine the heat of combustion of the dried biomass. The principle of
general combustion was used, whereby the analyzer was set to combust the samples in
three replicates in the presence of oxygen to form CO2, H2O, and N2. The products of
combustion were then separated using a gas chromatograph and then further analyzed by
a thermal conductivity detector. The peaks obtained, corresponding to each compound
(product of combustion), were integrated, and then the percentages of C, H, O, N, and S
were calculated. Table 2 presents the heat of formation of reference compounds that were
used to determine the heat of combustion for the dried biomass.

Table 2. Heat of formation at 298.15 K and 1 atm (101,325 kPa) of reference compounds used for the
heat of combustion calculation during this study [12].

Substance Formula ∆HO
f (KJ/mol)

Glucose C6H12O6(aq) −1263.07
Ammonia NH3(aq) −80.29
Oxygen O2(aq) −12.09
Water H2O(l) −285.83

2.5. Determination of Stoichiometric Molar Coefficients

The biomass yield, based on substrate consumption, was calculated to determine the
number of moles of glucose utilized to form a yeast cell. A unit carbon per mole of glucose
molecular weight (MW) of each yeast was then determined, which yielded the equations
listed below, Equations (4)–(6), which were balanced using the law of conservation of mass
based on the balances of the elemental molecular constituents.

C. pyralidae Y1117

1.8997C6H12O6(aq) + aO2(aq) + bNH3(aq) + cSO2−
4(aq) + dH+

(aq) → CH1.906N0.149O0.805S0.003(cell) + eCO2(aq) + f H2O(l) (4)

P. kluyveri Y1125

1.9293C6H12O6(aq) + aO2(aq) + bNH3(aq) + cSO2−
4(aq) + dH+

(aq) → CH1.891N0.132O0.833S0.003(cell) + eCO2(aq) + f H2O(l) (5)

P. kluyveri Y1164

3.043C6H12O6(aq) + aO2(aq) + bNH3(aq) + cSO2−
4(aq) + dH+

(aq) → CH1.868N0.146O0.698S0.003(cell) + eCO2(aq) + f H2O(l) (6)

3. Results
3.1. Confirmation of Growth Inhibition Activity

Based on previous research involving the yeasts selected for this work, it was deemed
necessary to confirm the growth inhibition activity of the crude biopreservatives produced
to ascertain the efficacy of the yeasts as biopreservative producers as previously reported [6].
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The growth inhibition activities resulting from the three crude biopreservatives were indeed
prominent, with a VZI of 0.78, 0.40, and 0.35 L VZI.mL−1 BCU for C. pyralidae Y1117, P.
kluyveri Y1125, and P. kluyveri Y1164, respectively (Figure 1).

Figure 1. Growth inhibition activity of crude biopreservatives from Candida pyralidae Y1117 (1),
Pichia kluyveri Y1125 (2), and P. kluyveri Y1164 (3) when Dekkera bruxellensis was used as the sensitive
organism on a grape pomace extract medium.

3.2. Biomass Elemental Analysis

Table 3 shows the results of the elemental analysis of the dried cells mass belong-
ing to C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164. Similar trends were
observed for all three biopreservative-producing yeasts. Primarily, from the percentages
of the elements analyzed, the averaged molecular weight and the unit carbon values
(Table 3) were determined. The strain P. kluyveri Y1164 was the yeast with the highest car-
bon and hydrogen content, 44.149% and 6.871%, respectively, while C. pyralidae Y1117 and
P. kluyveri Y1125 had a carbon content of 41.435% and 41.157%, respectively, and a hydrogen
content of 6.582% and 6.484%, respectively. The nitrogen content of the dried biomass
was similar, i.e., 7.200%, 6.333%, and 7.530%, for C. pyralidae Y1117, P. kluyveri Y1125,
and P. kluyveri Y1164, respectively. These results are comparable to what was observed by
Akinpelu et al. [11] and Battley [12] in different studies. Previous studies also demonstrated
that the contribution of other constituents including metal ions was negligible, thus not
affecting the formulation of the MW [8,12]; however, their presence can have an effect not
only on the composition in relation to the oxygen fraction of the biomass but also on the
biomass performance.
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Table 3. Elemental analysis, average molecular weight, and unit carbon mole of Candida pyralidae Y1117, Pichia kluyveri
Y1125, and P. kluyveri Y1164 during biopreservation compound production using grape pomace extract as fermentation
medium. The values presented in the table are the average of three replicates.

Yeast [C] [H] [N] [O] [S]

C. pyralidae
Y1117

% 41.435 6.582 7.200 44.501 0.282
Average MW 3.453 6.582 0.514 2.781 0.009
Unit-carbon 1.000 1.906 0.149 0.805 0.003

P. kluyveri
Y1125

% 41.157 6.484 6.333 45.713 0.313
Average MW 3.430 6.484 0.452 2.857 0.010
Unit-carbon 1.000 1.891 0132 0.833 0.003

P. kluyveri
Y1164

% 44.149 6.871 7.530 41.104 0.346
Average MW 3.679 6.871 0.538 2.569 0.011
Unit-carbon 1.000 1.868 0.146 0.698 0.003

3.3. Determination of Stoichiometric Molar Coefficients

The stoichiometric molar coefficients for C. pyralidae Y1117, P. kluyveri Y1125, and
P. kluyveri Y1164 are listed in Table 4. The MW of a unit carbon mole of each yeast was
calculated from each of the elemental formulas. It was found that the MW of C. pyralidae
Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 were 28.968, 29.163, and 27.176 g C-mol−1,
respectively, which is in agreement with what has been reported by Akinpelu et al. [11].
The similarities of these findings with those of the published literature could be attributed
to the use of renewable macro- and micronutrient-rich sources from agro-waste [11].

Table 4. Empirical, elemental formula and molecular weight of unit carbon mole of C. pyralidae Y1117, P. kluyveri Y1125,
and P. kluyveri Y1164 during yeast growth and secondary metabolite production, i.e., biopreservatives using grape pomace
extract as a fermentation medium.

C. pyralidae Y1117 P. kluyveri Y1125 P. kluyveri Y1164

Empirical Formula C3.454H6.585N0.514O2.78S0.009 C3.453H6.484N0.452O2.857S0.010 C3.679H6.871N0.538O2.569S0.011

Elemental Formula CH1.906N0.149O0.805S0.003 CH1.891N0.132O0.833S0.003 CH1.868N0.146O0.698S0.003

MW of Unit Carbon
(g/C-mol) 28.968 29.163 27.176

After the unit carbon molecular weights for the yeasts, i.e., C. pyralidae Y1117, P. kluyveri
Y1125, and P. kluyveri Y1164, were determined, the biological stoichiometric equations
were derived and balanced by determining the stoichiometric coefficients (a–f) using the
conservation of mass approach (Table 5). The models used to represent and describe
C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 metabolism per unit carbon
mol during biochemical conversion of substrate for growth and secondary metabolite
production i.e., biopreservatives using GPE as fermentation medium, are also presented
in Table 5. The model equations were classified into three steps corresponding to the
catabolic, anabolic, and metabolic reactions. Comparing these models to those reported in
the literature, it was observed that there were some similarities, although these equations
were generated from a different carbon source to those previously used; however, some
of the processes were carried out using refined glucose and ammonia as energy sources
for the fermentations. It was also observed that the three metabolic reaction models
corresponding to the three biopreservative-producing yeasts were distinct from each
other, which also justified the need to understand the different biochemical conversion
ratios. During biochemical conversion, P. kluyveri Y1164 utilized more glucose than C.
pyralidae Y1117 and P. kluyveri Y1125. The growth inhibition activity, illustrated by the
VZI values [6], as the result of yeast growth and secondary metabolite production, i.e.,
the biopreservation compound concentrations, in the crude was found to be lower for
P. kluyveri Y1164 than those for C. pyralidae Y1117 and P. kluyveri Y1125. The biological
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stoichiometric results showed an interesting interplay in this regard, whereby the growth
model generated for P. kluyveri Y1164 demonstrated the need for more dissolved oxygen in
comparison to other yeasts. Additionally, less biomass was generated, albeit with more
water formation in product metabolism of P. kluyveri Y1164, which can explain the VZI
variations observed. Therefore, the generated data reported in this study can be useful
for system design for biopreservation compound production using GPE or a similar agro-
waste medium, depending on the source, for fermentation systems. Additionally, these
models (Tables 5 and 6) can be useful to simulate both mass and energy relationships for
bioprocess simulation packages currently in development without the need for laboratory
experimentation.

Table 5. Catabolism and anabolism equations for biopreservation compound production per unit glucose used by C.
pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 using grape pomace extracts as fermentation medium.

C. pyralidae Y1117

Catabolism:
C6H12O6(aq) + 6O2(aq) → 6H2O(l) + 6CO2(aq)

Anabolism:
0.383H2O(l) + 0.526CO2(aq) + 0.078NH3(aq) + 0.002SO2−

4(aq) + 0.003H+
(aq) →

0.526CH1.906N0.149O0.805S0.003(cell) + 0.509O2
Metabolism:

C6H12O6(aq) + 0.078NH3(aq) + 5.491O2(aq) + 0.002SO2−
4 + 0.003H+ →

5.419CO2(aq) + 5.617H2O(l) + 0.526CH1.906N0.149O0.805S0.003(cell)

P. kluyveri Y1125

Catabolism:
C6H12O6(aq) + 6O2(aq) → 6H2O(l) + 6CO2(aq)

Anabolism:
0.386H2O(l) + 0.519CO2(aq) + 0.068NH3(aq) + 0.001SO2−

4(aq) + 0.003H+
(aq) →

0.518CH1.891N0.132O0.833S0.003(cell) + 0.502O2
Metabolism:

C6H12O6(aq) + 0.068NH3(aq) + 5.498O2(aq) + 0.001SO2−
4 + 0.003H+ →

5.481CO2(aq) + 5.614H2O(l) + 0.518CH1.891N0.132O0.833S0.003(cell)

P. kluyveri Y1164

Catabolism:
C6H12O6(aq) + 6O2(aq) → 6H2O(l) + 6CO2(aq)

Anabolism:
0.235H2O(l) + 0.329CO2(aq) + 0.048NH3(aq) + 0.001SO2−

4(aq) + 0.002H+
(aq) →

0.329CH1.868N0.146O0.698S0.003(cell) + 0.332O2
Metabolism:

C6H12O6(aq) + 0.048NH3(aq) + 5.668O2(aq) + 0.001SO2−
4 + 0.002H+ →

5.671CO2(aq) + 5.765H2O(l) + 0.329CH1.868N0.146O0.698S0.003(cell)

Table 6. Microbial growth equations of C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 dur-
ing biopreservation compound production using grape pomace extract as fermentation medium,
derived and balanced by determining the stoichiometric coefficients using the conservation of
mass approach.

C. pyralidae Y1117

1.929C6H12O6(aq) + 10.431O2(aq) + 0.149NH3(aq) + 0.003SO2−
4(aq) + 0.006H+

(aq) →
CH1.906N0.149O0.805S0.003(cell) + 10.398CO2(aq) + 10.672H2O(l)
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Table 6. Cont.

P. kluyveri Y1125

1.900C6H12O6(aq) + 10.608O2(aq) + 0.132NH3(aq) + 0.003SO2−
4(aq) + 0.006H+

(aq) →
CH1.891N0.132O0.833S0.003(cell) + 10.576CO2(aq) + 10.831H2O(l)

P. kluyveri Y1164

3.043C6H12O6(aq) + 17.249O2(aq) + 0.146NH3(aq) + 0.003SO2−
4(aq) + 0.006H+

(aq) →
CH1.868N0.146O0.698S0.003(cell) + 17.258CO2(aq) + 17.543H2O(l)

3.4. Bioenergetic Parameters Determination

The combustion equations were used to determine the bioenergetic parameters for
each of the biocontrol yeasts—see Table 7.

Table 7. The combustion equations used for the calculation of energy requirements during biochemical conversion of
substrate for growth and secondary metabolite production (biopreservatives) by C. pyralidae Y1117, P. kluyveri Y1125, and P.
kluyveri Y1164 using grape pomace extract as fermentation medium.

Yeast Combustion Equations

C. pyralidae Y1117 CH1.906N0.149O0.805S0.003(cell) + 1.475O2 → CO2(g) + 0.95H2O(l) + 0.0745N2(g) + 0.003 H2S(g)

P. kluyveri Y1125 CH1.891N0.132O0.833S0.003(cell) + 1.055O2 → CO2(g) + 0.942H2O(l) + 0.066N2(g) + 0.003 H2S(g)

P. kluyveri Y1164 CH1.868N0.146O0.698S0.003(cell) + 1.116O2 → CO2(g) + 0.931H2O(l) + 0.066N2(g) + 0.003 H2S(g)

Thermodynamic parameters as analyzed in a bomb calorimeter, particularly the
heat of combustion (∆Hcell

c ) for the dried C. pyralidae Y1117, P. kluyveri Y1125, and P.
kluyveri Y1164 biomass, was determined to be 12.29, 17.98, and 17.09 kJ/g, respectively.
Furthermore, the experimental enthalpy of combustion for the three biocontrol yeasts was
found to be−471.89 kJ/C-mol for C pyralidae Y1117,−524.35 kJ/C-mol for P. kluyveri Y1125,
and−464.44 kJ/ C-mol for P. kluyveri Y1164. The variations in bioenergetics were calculated
using the values obtained from the bomb calorimeter and the thermodynamic properties
found in the literature and listed in Table 2. Thornton’s rule and approach (Equation (7))
was used—a technique that is similar to the approach reported in Akinpelu et al. [11] and
Thornton [15].

∆Ho
c = −107.9

kj
eq

X(eq. trans f erred to oxygen during bomb calorimetric combustion) (7)

The key thermodynamic parameters of interest were enthalpy of biomass formation
∆Hcell

f , heat of reaction ∆HO
RX, and the entropy changes ∆SO

RX—see Table 8. The heat of

formation was observed to be −195.23 kJ C-mol−1 (P. kluyveri Y1164) > −193.22 kJ C-mol−1

(C. pyralidae Y1117) > −138.46 kJ C-mol−1 (P. kluyveri Y1125). Overall, a higher exothermic
value translated to higher values for yeast growth during fermentation, which also explains
the yield values obtained during the kinetic study by Mewa-Ngongang et al. [6]. Further-
more, the biomass formation was hypothetically spontaneous for the system developed
using GPE. Entropy values were determined, i.e., −0.45, −0.21, and −0.53 kJ K−1 C-mol
for C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164, respectively, translating to
an entropically driven process. Based on previous studies on bioenergetics, the values
obtained for the bioenergetic parameters studied and reported herein are in agreement
with what has been reported elsewhere [7,8,11,13].
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Table 8. Thermodynamic parameters during biochemical conversion of substrate and secondary metabolite production
(biopreservatives) by C. pyralidae Y1117, P. kluyveri Y1125, and P. kluyveri Y1164 using grape pomace extract as fermentation
medium at 298.15 K and 1 atm.

Yeast ∆Hcell
f (kJ C-mol−1) ∆HO

RX(kJ C-mol−1) −∆GO
RX(kJ C-mol−1) ∆SO

RX(kJ K−1 C-mol−1)

C pyralidae Y1117 −193.22 −5006.75 −5141.07 −0.45
P. kluyveri Y1125 −138.463 −5160.48 −5223.87 −0.21
P. kluyveri Y1164 −195.23 −8283.54 −8441.26 −0.53

4. Conclusions

The stoichiometric models and bioenergetic parameters analyzed in this study do not
necessarily indicate the potential of the yeast or the process to produce biopreservatives
but illustrate biochemical conversion of substrates needed for growth and production
of secondary metabolites. Furthermore, this study does not report on the optimization
of biopreservation production, but rather maximizing the consumption of agro-waste
material. For an adequate biochemical system design for biopreservative production by
non-Saccharomyces yeasts, important engineering and biological aspects are always needed.
This has been successfully addressed by the outcome of this work, whereby numerous
stoichiometric and bioenergetic parameters were determined. The biological stoichiometric
models have been effectively developed, which accounted for mass and part of the energy
balances required for simulation of industrial-scale production of biopreservatives using
cheaply available, renewable agro-waste as raw material. The key parameters presented in
this work can be used in prediction of performance as well as the feasibility of metabolic
reactions during industrial-scale production of biopreservatives from biocontrol yeasts.
Additionally, the model and bioenergetics data reported are only applicable to the yeast
strains used in this study. This work is the first to report on biological stoichiometry
and bioenergetics during biochemical conversion of substrate and secondary metabolite
production (biopreservatives) by non-Saccharomyces yeasts using grape pomace extract as
fermentation medium. Future studies should be undertaken using other agro-waste or
substrate sources and compared to the data generated by this study.
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