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Abstract A comprehensive metabolic network comprising

three intracellular compartments (cytoplasm, mitochondrion

and peroxisome) was developed for Aspergillus niger. The

metabolic flux network includes carbohydrate and amino

acid metabolism in both anabolic and catabolic reactions.

Linear programming was used for the optimization of the

specific growth rates in combination with 37 measured

input and output fluxes of the key metabolites to evaluate

corresponding intracellular flux distributions throughout

the batch fermentations. Logarithmic sensitivity analysis

revealed that the addition of proline, alanine and glutamate

benefited growth in defined media. The experimental

observations and flux analysis showed that tyrosine was a

potential candidate for biomass production improvement.

Model predictions was verified by conducting batch and

fed-batch fermentations and it was found that the addition

of the four amino acids according to the predetermined

schedule resulted in a 44 and 41% improvements in bio-

mass and recombinant protein productions, respectively.
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Introduction

Filamentous fungi have been employed for producing

economically important products such as antibiotics (e.g.,

penicillin and cyclosporin), organic acids (citric acid,

fumaric acid), vitamins (biotin, thiamine), and commer-

cially enzymes (glucoamylase, lipase). The natural ability

of filamentous fungi to synthesize, glycosylate, and secrete

high levels of protein products has made them potentially

attractive hosts for heterologous protein production. For

instance, the Aspergillus species have proven to be

potentially useful for the expression of eukaryotic gene

products such as hen egg white lysozyme HEWL [1], tissue

plasminogen activator t-PA [2], and lactoferrin [3].

The overproduction of the desired product is the primary

aim in any biotechnology-based industrial process. In this

regard, several methods have been applied to increase the

level of the desired products comprising bioprocess opti-

mization [4], strain development [5], medium optimization

[6, 7], and mathematical modeling [8]. Nowadays, it is

possible to direct modifications in microorganisms by using

recombinant DNA technique which enables blocking a

byproduct pathway by deletion or increase the enzyme

levels for the overproduction of the desired product. The

problem is, however, to specify the locations and the level

of enzyme modifications in the metabolic network, other-

wise the implied efforts by genetic engineering techniques

may not be rewarded with an equivalent improvement in

strain enhancement. This shortcoming may be overcome by

using a quantitative approach which is able to simulate the
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behavior of the microorganism before applying any strain

modification.

The analysis of metabolic fluxes can provide important

information such as maximal product yields on a substrate,

recognize bottlenecks in the overproduction of the desired

product, and identify the energetic parameters [9–12]. The

metabolic flux analysis is based on network stoichiometry

and conservation of mass and does not require information

regarding enzyme kinetics. Often, this may be formulated as

a set of linear ordinary differential equations. The stoichi-

ometric approach focuses on the topology of the system and

evaluates the rate by which a metabolite converts into other

metabolites. The great advantage of the stoichiometric

approach is that it forms a set of linear algebraic equations

at steady state, which enables linear optimization.

In this work an optimization approach was utilized to

obtain the intracellular metabolic flux distribution for

A. niger producing the recombinant protein, hen egg white

lysozyme (HEWL). In our previous study the production of

recombinant proteins in aspergilli has been shown to be

strictly growth associated. Therefore, it is convenient to

optimize the growth rate in order to optimize recombinant

protein productivity. The specific recombinant protein

yield, of course, is dependent on cellular metabolism.

Using on-line databases [13, 14], published results [15–28],

and our experimental results (i.e., flux measurements) the

main objective was to develop an elaborated stoichiome-

tric-based flux model to simulate the behavior of the

microorganism, to determine the maximum theoretical

specific growth rate and to predict the effect of any change

in some fluxes on the behavior of the cells for subsequent

perturbation studies. This Aspergillus strain has an absolute

requirement for amino acids in the medium. One of the

objectives in this work was to replace a complex nitrogen

source (peptone) that was used in our previous studies [6]

with a known mixture of amino acids. This enabled one to

monitor the concentration of individual amino acids

throughout the course of fermentation and use this infor-

mation as the input for the model.

Materials and methods

Microorganism, inoculum preparation

A recombinant Aspergillus niger strain HEWL WT-13–16

was kindly provided by Dr Mackenzie (Institute of Food

Research, Norwich Research Park, UK). A spore stock

suspension was prepared [6] giving a stock conidia con-

centration of approximately 5 · 107 spores/mL. Approxi-

mately 1-mL aliquots of the spore suspension were

dispensed into 1.5 mL Eppendorf tubes, and stored at

–35 �C until required for inoculum preparation.

Medium composition

Unless specified otherwise, the chemically defined medium

contained (per liter): glucose 20 g, ammonium sulfate 3.1 g,

amino acids mixture 3.2 g, and salt solution [29] 20 mL.

The amino acid mixture in this study was based on the

amino acid content of 0.5% (w/v) peptone (BectoTM). The

amino acid composition of the peptone was provided by

manufacturer (Becton, Dickinson and Company). Unex-

pectedly, the glycine content of peptone was 16%, much

higher than any of the other amino acid concentrations. The

corresponding glycine concentration in the medium was

0.792 g/L. Two experiments with 0.792 and 0.396 g/L

glycine were performed (not shown) while the other amino

acids were supplied according to the peptone composition.

No significant differences in lysozyme and biomass con-

centrations were observed. Therefore, for further experi-

ments the concentration of glycine was maintained at 0.4 g/

L. Accordingly, the composition of the amino acid mixture

in the medium was (%w): Ala 14.3, Arg 8.9, Asp 7.7, Glu

12.5, Gly 12.5, His 1.2, Ileu 3.2, Leu 5.8, Lys 5.1, Met 1.3,

Phe 4.3, Pro 13.5, Ser 2.3, Thr 1.7, Tyr 1.4, Val 4.3. Glucose

and the inorganic salt solution were autoclaved separately

for 20 min at 121 �C, and were added to filter-sterilized

amino acids mixture to give the final medium.

Fermentation

The preparation of inoculum for the bioreactor was carried

out in 250 mL Erlenmeyer flasks containing 45 mL of

medium along with 5 mL of sterilized sodium citrate/citric

acid (0.97 M, pH 6.5) as buffer. The citrate buffer was

autoclaved separately and then added to the medium to

prevented the formation of a precipitate [30].The initial

medium pH was adjusted to 6.00 with NaOH. This initial

pH was found to have a beneficial effect on growth of this

strain of A. niger [31, 32]. The flasks were inoculated with

40 lL spore stock suspension to give a final concentration

of approximately 4 · 104 spores/mL in each flask. These

cultures were grown at 27 �C and 200 rpm for 48 h on an

Innova 4330 refrigerated incubator shaker (New Brunswick

Scientific Co, USA).

Batch fermentation experiments were performed in

either a 2-L Bioflo fermenter (New Brunswick Scientific

Co, NJ) with a working volume of 1.5 L, or a 7-L Applikon

bioreactor (Applicon Dependable Instruments, Holland)

with the working volume of 4.5 L using the medium

described above. The bioreactor cultures were inoculated

with a mycelial inoculum size of 5 or 3.3% of working

volume for 2 or 7-L bioreactors, respectively. The culture

temperature was kept at 27 ± 0.5 �C. Air was supplied at a

rate of 1 vvm and was sterilized through a hydrophobic

0.2 lm (Millipore) membrane filter. The broth was mixed
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using three six-bladed Rushton turbine impellers rotating at

200–400 rpm. The dissolved oxygen was monitored and

kept at above 20% of the saturation value using variable

agitation schemes. The initial pH of the broth was adjusted

to 6.0 and the fermentations were operated without any pH

control until it decreased to a set point of 4.0. After

reaching this set point, the pH was maintained at 4.0 ± 0.1

by adding either 2 M sodium hydroxide or 2 M sulfuric

acid by an automatic pH-control system using a sterilizable

probe mounted in the reactor. To prevent excessive

foaming, antifoam (Sigma 204) was added, as needed.

Analytical procedures

The samples were analyzed for concentrations of cells,

glucose, 10 organic acids, 20 amino acids, ammonia,

phosphate, and sulfate throughout the fermentation. Each

analysis was carried out in triplicate. There was no sig-

nificant difference between the triplicate analyses at the

confidence level of 90%, so the average of each set of

measurements was reported and employed in this study. To

assess the accuracy and reproducibility of the HPLC

analysis for amino acids, the concentration of each amino

acid detected at the beginning of the fermentation was

compared with the concentration supplied. Maximum er-

rors were 18 and 15% for glycine and serine, respectively.

The associated error was determined to be 12% for the

initial concentration of ammonia.

Biomass concentration

Biomass concentration was determined by dryweight

measurements. The sampling device was modified to pro-

vide representative samples of the culture. 3 · 5 mL

samples were taken at specific time intervals and filtered on

predried, preweighed filters (4.25 cm GF/C filter, 1.2lm,

Whantman No. 42) under vacuum. Filter cakes were wa-

shed with distilled water twice and dried at 80 �C for at

least 24 h to constant weight. The filtrate was stored at

–35 �C for further analysis.

Off-gas analysis

Carbon dioxide and oxygen concentrations were monitored

online at the inlet and outlet of the fermenter with a solid-sate

infrared CO2 sensor and an electrochemical oxygen sensor,

respectively (Model 902, Quantek Instruments, USA).

Analysis of filtrate samples

Glucose content was analyzed enzymatically by a glucose

kit (Megazyme Glucose Test Kit). Ammonia was measured

using a pH/ISE meter model 710A with an ammonia gas-

sensing Ion-selective electrode (Beckman). Amino acids

and low molecular weight organic acids were measured

with a reversed phase HPLC system (Varian analytical

Instruments, USA). The column was a 150 · 4.6 mm In-

ertsil C8-3 with the particle size of 5 lm. The organic acid

content of the fermentation samples were quantified using

the method described by Gawthray [33]. All the samples

and standards were acidified to pH 2.7 with ortho-phos-

phoric acid. He proposed a mobile phase with the com-

position of 93% 25 mM KH2PO4 and 7% methanol at the

total flow rate of 1 mL/min. However, it was found that

using a mobile phase of 99.5% 25 mM NH4H2PO4 and

0.5% methanol with the total flow rate of 0.7 mL/min gave

better separation for most of the organic acids under study

using the HPLC system outlined in this section. Accord-

ingly, the concentrations of oxaloacetate, acetate, a-keto-

glutarate, citrate, fumarate, malate, pyruvate, oxalate,

gluconate, and succinate were determined at 210 nm and

temperature of 27 �C. The co-elution between gluconate

and oxalate was not prevented by the proposed system, so

the first peak in the samples was the sum of absorbance of

gluconate and oxalate peaks. Therefore, concentration of

gluconic acid in each fermentation sample was determined

enzymatically by a specific kit for gluconic acid (Mega-

zyme gluconic acid kit). The absorbance of each sample

solution was monitored over a period of 30 min. The

conversion of gluconic acid was found to be completed in

15 min after the addition of the last reagent. The concen-

tration of gluconic acid and the area of the first peak in the

chromatogram of each sample (as the indicator of both

acids) along with the calibration curve of both acids were

used for calculating the oxalic acid content of the corre-

sponding sample. The 20 L-amino acids were analyzed

using the precolumn derivatization technique with PITC

[34] at 50 �C with some modifications. Phosphate and

sulfate were measured using an Ion Chromatography sys-

tem (Dionex, DX 500 Chromatographic system, USA).

Model construction

The detailed information pertaining to the model

construction is described elsewhere [35]. A brief description

of the stoichiometric model is given below. The model for

growth and product formation of A. niger has been devel-

oped using published information for this microorganism.

Moreover, in case there was not specific information for

A. niger, corresponding data of closely related filamentous

fungi (e.g., A. nidulans) were included, and as a last resort,

data obtained for yeasts (e.g. Saccharomyces cerevisiae)

were utilized when data were completely lacking or inad-

equate. This reaction network includes glycolysis and

pentose phosphate (PP) pathways, tricarboxylic acid cycle
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(TCA), anaplerotic reactions, ammonia and sulfate assim-

ilation, electron transport reactions, biosynthesis and deg-

radation of amino acids, and the biosynthesis of nucleotides

and macromolecular components of biomass. The anabolic

reactions for A. niger for protein, lipid, RNA, DNA, and

biomass synthesis were taken from the reported informa-

tion for A. oryzae at the specific growth rate of 0.1 h–1 [15].

In this study, a single reaction (R11.5) based on a fixed

biomass composition was employed for the formation of

biomass throughout the fermentation. Since, several studies

failed to produce evidence for the Entener–Doudoroff (ED)

pathway in fungi [36, 37] this pathway was not included in

the model. The proposed metabolic model for A. niger

consists of three compartments. The cytosolic compartment

contains the reactions comprising glycolysis, gluconeo-

genesis, the PP pathway, and the majority of anabolic

pathways. The mitochondrial compartment includes the

TCA cycle, the biosynthesis pathways of the amino acids

isoleucine, valine, arginine, part of the biosynthesis of

leucine and lysine, and oxidative phosphorylation; and the

peroxisomes fraction, which contains the glyoxylate shunt.

For A. niger some researchers claim only mitochondrial

localization of pyruvate carboxylase [38], whereas others

find the enzyme in both the cytosolic and mitochondrial

fractions [39]. Considering these findings, pyruvate car-

boxylase was assumed to be present in both the cytosol and

mitochondrion. The operational P/O ratios for the oxidation

processes in A. niger were reported to be 1.5–1.8 for

FADH2, 2.3–2.7 for NADHm, and 1.4–1.8 for NADHc [40].

The operational P/O ratios for the oxidation of NADHm,

FADH2, and NADHc in our simulations were 2.64, 1.64,

and 1.64, respectively.

A schematic outline of the major metabolic pathways is

depicted in Fig. 1. The complete set of reactions of the

metabolic network with corresponding reaction numbers is

given in ‘‘Appendix B’’.

Mathematical formulation

Metabolite balancing

Assuming pseudo-steady state in the metabolite concen-

trations and negligible dilution effects for growth [41], the

general equation for cellular metabolism in matrix notation

is given as follows:

S � V ¼ 0 ð1Þ

The matrix S contains the stoichiometric coefficients and

the vector V represents the fluxes in the metabolic network.

If a system boundary around the cell is considered, this

boundary is closed to the passage of certain metabolites

while others are allowed to enter or exit the system based

on external sources or sinks. Should an external source or

sink of a metabolite exist, the introduction of an exchange

flux is necessary to allow a metabolite to enter or exit the

system boundary. These fluxes have been referred to as

pseudo-reactions [42] and can be thought of as representing

the inputs and outputs to the system. It is possible to reduce

the degree of freedom of the set of algebraic equation by

measuring some of these exchange fluxes. Then, the vector

of fluxes can be partitioned into unknown internal fluxes

Vu
I , unknown exchange fluxes Vu

E, and known (measured)

exchange fluxes Vk
E. In the same manner, the matrix S can

be partitioned into Su
I , Sk

E, and Sk
E. Upon substitution into

Eq. (1) and rearrangement one obtains the following:

SI
u V I

u þ SE
u VE

u ¼ b ð2Þ

Where Su
I is an m · nu

I matrix, Su
E is an m · nu

E matrix, m is

the number of metabolites, nu
I and nu

E are the number of

unknown intracellular and exchange fluxes, respectively.

For the sake of simplicity the negative product of Sk
E and Vk

E

is replaced by vector b, which is an m · 1 vector. The

elements of vector b (i.e., bi) were evaluated from the slope

taken between two consecutive concentration data points.

In our model, these elements were defined as positive

outward, thus the numerical value of each element of b was

negative, when a metabolite was entering the system and

positive when it was exiting the system. Equation (2)

shows the fundamental relation in metabolic balancing.

Linear programming

As the number of unknown fluxes nu is typically greater

than the rank(Su) the system is underdetermined and the

degree of underdeterminacy will increase as the network

becomes more complex due to the larger number of branch

points in the network.

Consequently, the number of feasible flux distributions

allowed by the Eq. (2) is infinite. The metabolic flux dis-

tribution may be estimated by formulating a suitable

objective function and using linear programming [43]. The

linear programming can be formulated as:

Max Z ¼
P

-j vj

subject to: SI
u V I

u þ SE
u VE

u ¼ b
ð1� eiÞ bi� bi�ð1þ eiÞ bi

0� vI
u;j� cj

vE
u;i;min� vE

u;i� vE
u;i;max

ð3Þ

where, weighting element -j specifies the importance of

the corresponding individual flux of vj in the objective

function of Z. In the present work, the unknown fluxes that

are the model variables were expressed in units of (mmol/
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gDW h) and the normalized biomass flux represented the

specific growth rate, l(1/h). In this work, the objective

function was the specific growth rate. The first set of

constraints is simply the steady state flux balances. The

second set of constraints introduces the vector of parame-

ters ei, which accounts for any possible error involved with

the measured fluxes. The introduction of error limits has

been proposed by Lee and Papoutsakis [44], but to our

knowledge has not been employed previously. In this

study, the measured flux limits were based on error ob-

served during the triplicate experimental analysis.

The solution vector, vu,j
I and vu,i

E , of the linear pro-

gramming problem will be always non-negative due to the

characteristics of the Simplex algorithm. Consequently,

reversible reactions must be formulated as two separate

reactions, one in forward direction, and the other in the

reverse direction. This property allows to the incorporation

of coarse thermodynamic information by distinguishing

between reversible and nearly irreversible reactions in the

stoichiometric matrix [45]. The third set of constraints

simply states this property for unknown internal fluxes.

Further, the upper limit of this set (i.e.,cj) could be repre-

sentative of a maximum allowable flux through a given

reaction, resulting from a limited amount of an enzyme

presented [44]. The last set of constraints implies upper and

lower bounds on each exchange flux that represents the

corresponding metabolite’s potential to enter or exit the

system. There can only be one exchange flux per metab-

olite. The value of these exchange fluxes was considered to

be zero if the system was closed to the passage of the

metabolite (e.g., mitochondrial and peroxisomal metabo-

lites), positive if the metabolite was either exiting or being

produced by the system, and negative if the metabolite was

entering or being consumed by the system. However, to
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Fig. 1 The general overview of

the proposed metabolic

pathways for A. niger (refer to

the ‘‘Appendix A’’ for list of

symbols). Three compartments

cytoplasm, mitochondria, and

peroxisomes are distinguished.

The solid and dashed arrows
with the reaction numbers next

to them represent metabolic

reactions and transport

processes, respectively. The

abbreviations and corresponding

reactions are given in the

Appendix. For the amino acids

four different fluxes have been

included in the model:

biosynthesis, degradation,

transport between cytoplasm

and abiotic phase, and for

protein biosynthesis; however,

for simplicity only the first set is

shown in the map
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comply with the Simplex algorithm and make the mathe-

matical procedure more straightforward all exchange fluxes

need to be considered non-negative. To overcome this

drawback for entering metabolites, one can define all the

exchange fluxes as positive and at the same time consider

the corresponding member of the entering metabolites in

matrix Su
E positive one instead of negative one. This con-

vention for reversible reactions and exchange fluxes is used

merely for mathematical purposes and does not influence

the biological interpretation of metabolic function in any

way. Linear programming calculations were performed in a

GAMS environment [46].

Sensitivity analysis

Since experimental data are subject to analytical errors, the

assigned value is only an estimate [47]. The sensitivity of

the objective function Z with respect to the change of the

ith measured exchange flux was determined using the

shadow price [48] of the linear programming which is

defined as follows:

ki ¼
oZ

obi
ð4Þ

The shadow price values were computed from the

mathematical duality of the primary linear optimization

problem. The shadow price needs to be considered for

improving the optimal solution with respect to the sign of

the corresponding exchange flux. For instance, one can

ameliorate the optimal solution by increasing substrate

uptake rates and/or by decreasing by-product excretion

rates of the metabolite with negative shadow prices.

Moreover, since the absolute value of the exchange

fluxes vary substantially, the relative or logarithmic sen-

sitivity was used for comparison purposes. The sensitivity

value quantifies the relative change in a calculated variable

that is evoked by a relative change in a system parameter

[49, 50]. The logarithmic sensitivity of the objective

function in response to the change in the ith measured flux

can be expressed as follows:

KðZ; biÞ ¼
oZ=Z

obi=bi
¼ o Ln Z

o Ln bi
¼ bi

Z
ki ð5Þ

As shown in Eq. (5), only shadow price values, the measured

exchange fluxes, and the optimal value of the objective

function are needed to compute the logarithmic sensitivities.

Experimental results

To ensure that all metabolites and cell components are

accounted for, detailed overall nitrogen and carbon mass

balances were performed using the measured data (not

shown). Mass balance calculations included sets of 37

measurements taken at approximately 6–12-h intervals for

120 h of total fermentation time. Both the carbon and

nitrogen balances could be closed with a maximum error of

11%.

Two fermentations were performed under identical

conditions and the averages of the two set of observations

were used. Profiles of the measured extracellular com-

pounds in A. niger batch culture are illustrated in Figs. 2, 3,

4. The profiles were found to be reproducible, since fer-

mentation repeats produced almost identical results. For

example, the maximum relative error of 14% at the 48th

hour of the fermentations was observed between the bio-

mass concentrations of the two fermentations. The average

relative error was determined to be 9.8% throughout the

course of the fermentations.

Figure 2 shows the concentration profiles of glucose,

biomass, lysozyme, gluconate, and oxalate throughout the

course of the fermentation. Glucose is consumed initially

and its concentration decreased to zero after 30 h of the

fermentation. Much of the glucose was converted to glu-

conate reaching a maximum concentration of 16.2 g/L

after 30 h. Considering the glucose supply, (i.e., inoculum

and fermenter) the concentration of gluconate accounted

for approximately 74% of the converted glucose. The

oxalate concentration increased monotonically throughout

the fermentation reaching a maximum value of 5.6 g/L

after 120 h.

The concentration profiles of the minor organic acids are

depicted in Fig. 3. Succinate and acetate accumulated

during initial 24–30 h of the process to the maximum

levels of 0.39 and 0.17 g/L, respectively. The concentra-

tion of citrate at the beginning of the fermentation was

measured to be 1.3 g/L, which was added as citrate buffer
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Fig. 2 Glucose, biomass dry weight, gluconate, oxalate, and lyso-

zyme concentration profiles during the fermentation. T = 27 �C, N =

400 rpm, and aeration 1 vvm. Glucose (filled diamond), biomass dry

weight (filled circle), gluconate (filled triangle), oxalate (open
triangle), and lysozyme (filled square)
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initially. The citrate concentration was nearly constant

during the early stage of the fermentation and then dropped

to zero by the middle of the process. Pyruvate accumulated

during the growth phase and then its concentration declined

to zero during the death phase, however, its maximum

concentration of 0.075 g/L was very low. Oxaloacetate

concentration increased to the maximum level of 0.056 g/L

at the 36th hour of the fermentation and then fell to zero.

Malate and fumarate were not detected in the culture

medium during the entire time course of the fermentation.

There is no evidence for any external accumulation of

fumarate by A. niger [20].

Amino acid consumption was variable. The concentra-

tion profiles could be categorized into three distinct groups.

For sake of clarity only the profile of one amino acid in each

group is given in Fig. 4. The first group consisted of alanine,

arginine, aspartate, cysteine, glutamate, glycine, and lysine.

The concentration of these amino acids remained relatively

constant during the first 24 h of fermentation while glucose

was consumed. Then the profiles passed through a maxi-

mum and dropped sharply until the concentrations became

zero, with the exception of glycine which remained nearly

constant after 72 h of the fermentation at 0.45 mmol/L. The

commencement of amino acid consumption coincided with

a sharp decline of the specific growth rate.

The concentration profile of the second group (isoleu-

cine, leucine, phenylalanine, threonine, and tyrosine) de-

creased throughout the fermentation with particularly high

rate during the first 12 h; then either decreased slowly or

remained relatively constant, and finally fell to zero at a

relatively high rate. Phenylalanine was the only member

whose concentration did not drop to zero but remained

constant after 60 h at a low level of approximately 0.04 g/

L which was 4.4% of its initial concentration.

Proline, histidine, methionine, serine, and valine com-

prised the third group, which did not possess similar trends

as the first two groups. For instance, valine and serine were

not utilized until late in the fermentation. The utilization of

proline, on the other hand, appeared to be biphasic.

Considering glucose, biomass, lysozyme, amino acids,

organic acids, and other metabolite profiles the fermenta-

tion could be conveniently divided into five distinct phases.

Phase I (0 < t < 12 h), was the early stage of the fer-

mentation, when the culture was in the lag phase and both

biomass and lysozyme concentrations were very low. The

glucose concentration, however, decreased by 22%. The

concentration of gluconate at the end of this phase reached

to 5.4 g/L. Based on these observations, gluconate pro-

duction alone accounted for approximately 93% of glucose

consumption. Amongst the amino acids, leucine, isoleu-

cine, and phenylalanine had the highest specific uptake

rates of 0.18, 0.14, and 0.13 mmol/gDW h, respectively.

Although succinate, acetate, and oxalic acid were accu-

mulated in the extracellular medium, the high specific

excretion rate of gluconate (10.1 mmol/gDW h) was the

main reason for the pH drop from 6 to 4.

In phase II (12 < t < 24 h), cell concentration com-

menced to increase, while the lysozyme concentration re-

mained still low. The glucose consumption rate was high

and the concentration decreased to 25% of the initial level

while the biomass dry weight level reached nearly 1 g/L by

the end of this period. The concentration of gluconate, the

main organic acid component in the culture medium in-

creased to 15.3 g/L. From these observations one could

conclude that the activity of glucose oxidase enzyme was

high during this phase of fermentation. The concentration

of all amino acids decreased during this phase with proline

having the highest specific uptake rate. The oxygen con-

sumption rate was approximately threefold higher than

during the first period.

During Phase III (24 < t < 30 h) glucose was consumed

fast and its concentration dropped to essentially zero
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(i.e., 0.01 g/L) while gluconate concentration reached a

maximum level of 16.2 g/L by the end of this phase.

Acetate was the only organic acid with decreasing con-

centration albeit at a relatively low rate. As the time

approached to the end of this phase, succinate concentra-

tion increased to its maximum value of 0.4 g/L. The oxy-

gen uptake rate was 1.5 times higher than that of the second

phase. The specific carbon dioxide evolution rate peaked

during this phase of the fermentation. The first group of the

amino acids along with methionine, valine, and serine

started to accumulate in the medium, whereas the con-

centration of the second group decreased. The specific

growth rate reached its maximum value of 0.177 h–1,

consequently the cells produced the recombinant protein in

higher levels than in previous phases.

At the end of Phase IV (30 < t < 78), the concentrations

of biomass, lysozyme, and pyruvate reached to their

maximal value. Gluconate was the main carbon source in

the medium and its concentration decreased to 0.6 g/L by

the end of this phase showing 96% reduction in the con-

centration in comparison to its maximum value. Oxalate

concentration increased throughout this phase to the final

level of 4.6 g/L. This time period is characterized by high

amino acid metabolism. Most amino acids were consumed

during this phase.

Phase V (78 < t < 120 h), is the last phase of the fer-

mentation. Basically, it represents the death phase, when

the biomass concentration decreased. With the notable

exception of pyruvate, the concentrations of extracellular

metabolites showed no significant changes. The pyruvate

concentration continued to decrease to zero by the end of

this phase. Product formation ceased as the culture entered

this phase and the specific growth rate become negative.

For these reasons, this phase was not analyzed further.

Metabolic flux distribution

Using experimental data, the extracellular metabolite

fluxes were calculated from the metabolite concentration

profiles for each phase. In order to verify the result of each

simulation, the oxygen uptake and the carbon dioxide

evolution rates were allowed to be determined by the

optimization program. Employing the specific growth rate

as the objective of the optimization program, the predicted

specific growth rate, the specific oxygen uptake, and car-

bon dioxide evolution rates along with the corresponding

experimental measurements are presented in Table 1.

Logarithmic sensitivities of the objective function with

respect to amino acids were determined for the various

periods of the fermentation and presented in Fig. 5.

Phase I. Metabolic flux distribution at t = 6 h of this

period yielded a specific growth rate of 0.015 h–1 that is in

good agreement with the measured value (Table 1). The

specific oxygen uptake rate was determined and showed a

13% error compared with the measured rate. The PP

pathway was active and 12% of the glucose was diverted to

this pathway. Approximately 61% of biosynthetic redox

potential in cytosol was produced by PP pathway. The rest

of cytosolic NADPH was produced through the conversion

of MnTHF to FTHF (R7.3) which was further utilized for

nucleotide biosynthesis. The NADPH requirement in the

mitochondria for the biosynthesis of isoleucine and other

amino acid precursors (i.e., ornithine and a-ketoisovaler-

ate) was completely satisfied by mitochondrial NADP-

dependent isocitrate dehydrogenase activity (EC 1.1.1.42).

Using ammonia as the nitrogen source, only the NADP-

dependent glutamate dehydrogenase enzyme was active

leading to glutamate synthesis (R6.2). The reported activity

of NADP-dependent isoenzyme in A. oryzae [15] and A.

nidulans [51] was much higher than the NAD-dependent

isoenzyme.

All amino acids were calculated to have a shadow price

of zero (Table 2), indicating that they cannot be used to

improve growth during this period. Among the other

measured metabolites, however, phosphate was the only

nutrient with nonzero and negative shadow price of –1.27

(mmol/gDW)–1. Moreover, all nucleotides (e.g., ATP, CTP)

had shadow price of –3.81, indicating a necessity to

eliminate surplus energy. In one of the runs, the phosphate

uptake rate was allowed to be determined by the optimi-

zation algorithm; the free uptake rate was more than four

times higher than the measured value. The sensitivity

analysis of the result of this run revealed that the shadow

price of the nucleotides were still negative but decreased

97% when compared with the original run. This result

Table 1 Experimental and simulation results of specific growth rate, oxygen uptake rate, and carbon dioxide evolution rate at different phases of

cultivation

6 h 18 h 27 h 51 h

Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.

l (h– 1) 0.014 0.015 0.131 0.128 0.177 0.159 0.029 0.027

rO2
ðmmol/gDW hÞ 8.0 6.9 8.5 6.1 4.4 3.6 0.8 0.7

rCO2
ðmmol/gDWÞ h 0.07 0.04 0.83 0.74 1.50 1.17 0.95 0.76
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indicated that cell growth was limited by phosphate uptake,

and not by other measured metabolites including amino

acids.

Phase II. The flux data corresponding to t = 18 h were

used to evaluate the metabolic flux distribution of this

phase and it is illustrated in Fig. 6. Since it was not pos-

sible to represent all the fluxes, only a summary of the most

significant fluxes and those leading to the synthesis of

amino acids and organic acids are presented. The optimum

specific growth rate was determined to be 0.128 h–1 which

was 2.3% less than the measured value. Both the specific

oxygen uptake rate and carbon dioxide evolution rate were

underestimated by 28 and 11% in comparison with the

measured values. The carbon flux via PP pathway in-

creased to 19% of the total carbon flux to satisfy the ele-

vated cytosolic NADPH requirements due to the increase

in biomass growth rate. The flux through the PP pathway

has been reported to increase during high NADPH

requirement [52, 53]. Similarly to the first phase, glutamate

was produced by NADP-dependent glutamate dehydroge-

nase enzyme, however, the flux was 2.5 times higher than

in Phase I, showing higher requirement of the cells for

glutamate. Unlike the first phase, oxaloacetate was gener-

ated mainly by the mitochondrial pyruvate carboxylase. A

higher production rate of ATP was possible by the higher

flux through the reactions of TCA cycle to generate more

redox potentials (i.e., NADH and FADH2). The elevated

flux through the TCA cycle produced more carbon dioxide,

which, in turn, was more likely favoring carbon dioxide

fixation inside the mitochondrion.

Cysteine was the only amino acid with shadow price of

zero. Since the shadow price of other amino acids were

negative, decrease in secretion rate of the by-products (i.e.,

arginine and serine) or increase in uptake rate of the other

amino acids would improve the optimal specific growth

rate. In comparison to the previous phase, the shadow price

of nucleotides decreased by a factor of 5–10. The shadow

price of phosphate was determined to be zero.

Furthermore, an examination of the computed logarith-

mic sensitivities (Fig. 5) led to some important observa-

tions. Although arginine had the highest shadow price

amongst the amino acids, its logarithmic sensitivity was

very small (< 0.01), so any change in its exchange flux

would not significantly affect the optimal growth rate. On

the other hand, proline had only a moderate shadow price

Fig. 5 Logarithmic sensitivities

for amino acids at different

phases

Table 2 Shadow prices for amino acids at different culture phases

Amino

acids

ki (gDW/mmoli)

6 h 18 h 27 h 51 h

Ala 0.0000 –0.1393 –0.1384 –0.1557

Arg 0.0000 –0.5571 –0.5534 0.0000

Asn 0.0000 –0.2785 –0.2767 –0.3113

Asp 0.0000 –0.1393 –0.1384 –0.1557

Cys 0.0000 0.0000 –0.1384 0.0000

Gln 0.0000 –0.2785 –0.2767 –0.3113

Glu 0.0000 –0.1393 –0.1384 –0.1557

Gly 0.0000 –0.1393 –0.1384 –0.1557

His 0.0000 –0.4178 –0.4151 –0.4670

Ileu 0.0000 –0.1393 –0.1384 –0.1557

Leu 0.0000 –0.1393 –0.1384 –0.1557

Lys 0.0000 –0.2785 –0.2767 –0.3113

Met 0.0000 –0.1393 –0.1384 –0.1557

phe 0.0000 –0.1393 –0.1384 –0.1557

Pro 0.0000 –0.1393 –0.1384 –0.1557

Ser 0.0000 –0.1393 –0.1384 –0.1557

Thr 0.0000 –0.1393 –0.1384 –0.1557

Trp 0.0000 –0.2785 –0.2767 –0.3113

Tyr 0.0000 –0.1393 –0.1384 –0.1557

Val 0.0000 –0.1393 –0.1384 –0.1557

Normal and underlined styles are used for substrates and by-products,

respectively
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but because of its high uptake rate, the optimum value of

the objective function was highly sensitive to the proline

uptake flux. The highest value of the logarithmic sensitivity

among the amino acids was 0.27 for proline. Quantita-

tively, these values meant that should the uptake rate for

this amino acid increases by 10%, then the specific growth

rate would increase by 2.7%. Finally, among all measured

nutrients, ammonia had the highest logarithmic sensitivity

of 0.51, indicating ammonia uptake was growth limiting

during this early stage of exponential growth.

Phase III. Metabolic flux distribution at the 27th hour of

the fermentation was employed as the representative

dataset for this phase. The metabolic flux model predicted

the specific growth rate reaching a maximum value of

0.159 h–1 which showed 10% error relative to the measured

value. The fraction of glucose diverted to the PP pathway

accounted for 20% of the total uptake rate. The biosyn-

thetic redox potential in the cytosol was mainly supplied by

the PP pathway. The mitochondrial pyruvate carboxylase

activity was quite significant and accounted for 72% of the

total carbon dioxide fixation process. The higher require-

ment of the cells for ATP caused higher flux through the

TCA cycle.

The shadow prices of all amino acids were non-zero and

negative. The higher uptake rate of amino acids as energy

source (e.g., proline and phenylalanine) and/or lower

excretion rate of some (e.g., alanine, aspartate and glycine)

would further increase the optimum growth rate. In gen-

eral, with the exception of ammonia and proline, small

logarithmic sensitivities were observed for all measured

metabolites. Although, the specific uptake rate of ammonia

showed 60% increment relative to the corresponding rate in

Phase II it still had the highest logarithmic sensitivity of

0.65 amongst the measured metabolites, and therefore its
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uptake was the probable limiting factor for growth. Among

the amino acids, proline had the highest logarithmic sen-

sitivity of 0.37.

Phase IV. In spite of glucose depletion, the cells con-

tinued to grow on gluconate during this phase but at a

lower rate than in the previous phase. The predicted spe-

cific growth rate by the simulation was determined to be

0.027 h–1, which was in excellent agreement with the

experimental value of 0.029 h–1. The error associated with

the predicted specific oxygen uptake was 13%. Both

phosphoenolpyruvate carboxinase (EC 4.1.1.32) and glu-

cose-6-phosphatase (EC 3.1.3.9) that would be active

during growth on substrates such as ethanol and acetate

were also active. The flux of carbon through the PP path-

way decreased due to the reduced requirement for biomass

formation, however; the PP pathway was responsible for

production of 80% of cytosolic NADPH. The activity of

the PP pathway was reported to decrease when the need for

NADPH production declined [54]. Excepting cysteine and

arginine that had zero shadow prices, all amino acids had

non-zero negative shadow prices. The highest logarithmic

sensitivities were for alanine, glycine, and glutamate which

were computed to be 0.23, 0.20, and 0.11, respectively. The

relatively high logarithmic sensitivity of glycine was due to

its high degradation rate during this period; however, as it

was outlined in the ‘‘Materials and methods’’, both the

lysozyme and the biomass concentrations were not affected

experimentally by changing the glycine concentration even

by doubling its concentration for a similar experiment. It

could be concluded that glycine catabolism was not cou-

pled directly with biomass formation. Accordingly, glycine

was not considered as an important amino acid for further

investigations. Interestingly, of all metabolites, ammonia

still had the highest logarithmic sensitivity (0.19).

Discussion

In this study, it was found that tricarboxylic acid cycle was

functional throughout the fermentation; however, fluxes

were reversed from fumarate to succinate during the lag

phase and from oxaloacetate to malate at 27 and 51 h. The

mitochondrial pyruvate carboxylase was active throughout

the growth phase, whereas the cytosolic carboxylase was

active during the first three phases of the fermentation. The

glyoxylate shunt was active throughout the fermentation;

however, the flux through this shunt was low.

The relative flux through the PP pathway in general

depends on the specific growth rate and the medium

composition. Our simulation results showed the flux

through the PP pathway increased with the specific growth

rate from 12 to 20% during the growth phase. In the model

simulations, cytosolic NADPH was formed via the PP

pathway, through the conversion of MnTHF to FTHF

(R7.3), as well as the reactions catalyzed by malic enzyme

and NADP-dependent isocitrate dehydrogenase. Malic en-

zyme is known for its regulatory role in the lipid accu-

mulation in filamentous fungi [55] and the reaction

catalyzed by this enzyme may be a major source for

NADPH synthesis in the cytosol of eukaryotes [41].

However, if the flux through this enzyme was constrained

to zero in the model simulations, the flux through the PP

pathway increased up to 36%. It is noteworthy that

Pedersen et al. [15] reported glucose uptake through the PP

pathway to be 38–47% for the recombinant strain and 29–

37% for the wild type A. oryzae grown in chemostat when

they did not consider possible pyruvate formation by malic

enzyme. Based on 13C trace experiments combined with

NMR analysis, the PP pathway flux was estimated to be

53% of the glucose uptake in A.oryzae in a chemostat at a

specific growth rate of 0.1 h–1 [56].

Acetate was the main product of NADP and NAD-

dependent acetaldehyde oxidoreductase (EC 1.2.1.5) and

its production was concomitant with the production of

homocysteine (R6.13d, EC 2.5.1.49), ornithine (R6.25),

and oxalic acid (R15.3, EC 3.7.1.1) in the network. Since, a

significant amount of oxalate was accumulated in the

extracellular medium the latter was of great importance for

the acetate synthesis. Wild-type A. niger was able to

catabolize acetate sufficiently fast to prevent its production

during oxalate production, while an acetate-non-utilizing

mutant was transiently produced some acetate [57]. Our

experimental results showed that some acetate was secreted

into the extracellular medium by the recombinant strain. In

the current model, the rest of the acetate was converted to

acetyl-CoA by acetyl-CoA synthase (R 10.5b). The acetyl-

CoA was either entered into the mitochondrion or the

peroxisomes compartments. The peroxisomal glyoxylate

and acetyl-CoA reacted by the action of malate synthase to

form malate (R4.7).

The energy requirement for maintenance was stated in

the model as the hydrolysis of ATP (R.12.1). The results

showed that the maintenance requirements accounted for

33% of the total ATP production during the first phase of

the fermentation and dropped to essentially zero after-

wards. At low growth rates, the microorganisms did not

require large amount of energy for metabolic activities and

therefore surplus energy was used as maintenance.

According to the model, however, the produced ATP was

produced for solely metabolic activities.

The concentration profile of glucose and gluconate as

the main carbon sources, total amino acids as the organic

nitrogen source, and specific growth rate are depicted in

Fig. 7. The microorganism showed a diauxic growth pat-

tern which was caused by a shift in metabolic pathways in

the middle of the growth cycle. The specific growth rate
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increased rapidly during the first 30 h of the fermentation

when the glucose served as the main carbon source and the

total concentration of amino acids were still high.

After glucose was exhausted, gluconate was the main

carbon source. The specific growth rate dropped during this

time. Gluconate is an important intermediate of the pentose

shunt pathway. Its accumulation was unexpected. One may

surmise that the presence of glucose caused the repression

of the synthesis of the enzymes that are required for the

metabolism of gluconate (e.g. gluconokinase EC 2.7.1.12).

During the next 10 h cell mass accumulation was only 2%

as the cells adapted to the new carbon source. After this

adaptation period, the specific growth rate increased

approximately threefold in comparison to its value at 33 h.

At this time (i.e., 60 h) the concentration of total amino

acids was less than 50% of its initial value, however, the

concentration of some amino acids such as alanine, proline,

phenylalanine, and cysteine was very low. The concentra-

tion of gluconate was still high.

The specific growth rate gradually decreased and

reached zero at 78 h as the cells concentration approached

its maximum value. One could conclude that the low

concentration of the organic nitrogen sources was the main

reason for the slow growth immediately after 60 h, while

the depletion of both gluconate and amino acids were the

reason for the cessation of growth at 78 h. After this time

the specific growth rate approached to the small negative

values due to cells lysis.

To investigate the importance of experimental flux

measurements on model predictions, four sets of flux

measurements obtained in four different simulation runs

were compared. Table 3 shows the results for the 27th hour

of culture. Carbon dioxide evolution rate and oxygen up-

take were allowed to be predicted by the model. The

experimentally measured fluxes of the specific growth rate,

carbon dioxide uptake rate, and oxygen uptake were pre-

sented in Table 1.

Run-1 is the typical result of the simulation when the

exchange flux of amino acids, organic acids, phosphate,

ammonia, and sulfate were implemented in the program as

the second set of constraints according to Eq. 3. In Run-2,

free uptake rate of amino acids were considered in the

simulation. It showed better prediction of the specific

growth rate and oxygen uptake rates, whereas the carbon

dioxide evolution rate was predicted with less accuracy

compared with the first run.

The predicted fluxes of Asn, Gln, His, Leu, Met, and Pro

were far from their actual values. Run-3 was performed

allowing free uptake rate of amino acids and free excretion

rate of organic acids. The same specific growth rate as in

Run-2 was observed, while the prediction of carbon diox-

ide evolution rate was very poor. Besides, the fluxes for

Val, His, Pro, OA, Ox, and Gluc were not accurately

estimated. The last run, Run-4, was performed without

applying any constraint in the optimization program. The

calculated fluxes were far from the observed values;

however, they represented the maximum capability of the

microorganism in biomass production based on the present

model. Accordingly, in order to move toward this optimum

approach, the exchange fluxes of the organic acids should

be reduced to low levels.

Based to the simulation results of Run-4, there was no

need for providing the medium with sulfate since the cells

were allowed to take up methionine without restriction.

Although the last three runs (Run-2, 3, 4) predicted higher

specific growth rate than the first one, but the exchange

fluxes were not generally in agreement with the real values.

Hence, one could conclude that the flux distributions of

approaches represented in Run-2, 3, 4 would be unreliable

for sensitivity analysis and medium optimization purposes,

but could be considered for genetic modification of the

strain for higher production of biomass.

Experimental measurements showed that isoleucine,

leucine, and phenylalanine uptake rates were higher than

the uptake rates of the other amino acids during the first

phase of the fermentation. The simulations indicated deg-

radative reactions as the cause of the higher uptake. Also,

the sensitivity analysis revealed that their level of uptake

rate would not affect the value of the objective function, so

the cells might have other applications for the products of

the reactions than biomass formation during this phase.

Upon further look at the catabolic reactions, it was found

that glutamate was the common product of the catabolic

reactions for leucine and isoleucine, while tyrosine was the

product of phenylalanine. Tyrosine, however, converted to

glutamate through another degradation reaction. The high

flux through this catabolic reaction was verified by simu-

lation. Furthermore, during the second and third phases,
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proline uptake rate was high due to the high flux through its

degradative reaction. Once again, glutamate was the final

product of this reaction. In order to investigate which

metabolite caused the high demand, one metabolite was

eliminated at a time from the proline catabolic pathway in a

series of runs with free uptake rate of proline. It was found

that when glutamate was eliminated the flux through the

degradation reaction was very low. Moreover, the sensi-

tivity analysis revealed that ammonia had the highest

logarithmic sensitivity peaking between 12 and 30 h. The

high sensitivity of the objective function to ammonia up-

take rate could also be due to the demand of the cells for

glutamate. Based on the simulation results, the need for

high uptake of proline and ammonia could be replaced by

an increase of the uptake rate of glutamate alone. Con-

sidering all these observations, one could conclude that

during the early stages of fermentation glutamate uptake

from the extracellular medium was inhibited while the

other amino acids and ammonia were more readily trans-

ported.

Validation of model predictions

The predicted and measured biomass concentration profiles

are shown in Fig. 8. The biomass concentration was pre-

dicted by piecewise integration between two consecutive

points. The ability of the proposed model to predict the

time profile of the cell density provides verification for the

validity of the flux balance model and shows its usefulness

for bioprocess design.

The simulation results showed that the higher uptake

rate of two amino acids, namely alanine and glutamate

benefited biomass production during the last phase, while

the higher uptake rate of proline was beneficial during the

second and the third phases of the fermentation. Further-

more, the experimental measurements showed that tyrosine

was the only amino acid whose concentration decreased

approximately to zero after 30 h of the fermentation. When

compared to most amino acids, the catabolic flux of tyro-

sine was determined to be a small value due to its low

initial concentration. It could be the reason why it was not

recognized as an important amino acid by logarithmic

sensitivity analysis. Being a source of glutamate during the

degradation process, it was reasonable to investigate the

effect of tyrosine on the growth by further experimentation.

Four amino acids, namely proline, glutamate, alanine, and

tyrosine were recognized as the significant amino acids and

could be expected to have the greatest effect on the bio-

mass production rate.

It is worth to note that higher concentrations of the

significant metabolites would not necessarily result in

higher uptake rate of these metabolites in real situation,

because the microorganism may not be capable to take up

at higher rates. Since, the sensitivity analysis revealed that

the objective function could be increased by flux alteration

through certain processes (i.e., bioconversion reactions or

exchange reactions) the following experiments were per-

formed as an initial effort to check the capability of the

Table 3 The value of exchange fluxes between extracellular and

intracellular compartments when different set of constraints applied

Compound Run-1 Run-2 Run-3 Run-4

l 0.159 0.175 0.175 0.830

CO2 1.172 0.878 0.000 11.660

O2 –3.579 –4.375 –3.310 –15.114

Ala 0.003 –0.000 –0.000 –0.935

Arg 0.003 –0.000 –0.033 –0.000

Asn –0.000 –1.192 –0.035 –0.000

Asp 0.020 0.000 –0.000 –0.000

Cyc 0.009 –0.008 –0.000 –0.039

Gln –0.000 –0.154 –0.000 –0.000

Glu 0.007 –0.000 –0.000 –0.338

Gly 0.065 –0.000 –0.000 –0.000

His –0.000 –0.132 –0.390 –0.000

Ileu 0.001 –0.000 –0.033 –3.012

Leu –0.009 –1.146 –0.000 –0.246

Lys 0.003 –0.043 –0.043 –0.000

Met 0.000 –0.537 –0.000 –0.050

Phe –0.059 –0.044 –0.044 –0.111

Pro –0.430 –0.035 –0.035 –0.168

Ser 0.000 –0.000 –0.000 –0.109

Thr 0.000 –0.000 –0.000 –0.764

Trp –0.001 –0.000 –0.000 –0.064

Tyr –0.030 –0.000 –0.000 –0.100

Val 0.005 –0.000 –0.182 –0.000

Ac –0.050 –0.050 0.000 0.000

a-KG 0.002 0.002 0.000 0.000

Cit 0.002 0.002 0.000 0.000

Fum 0.000 0.000 0.000 0.000

Mal 0.002 0.002 0.000 0.000

OA 0.015 0.015 2.380 0.000

Pyr 0.002 0.002 0.000 0.000

Succ 0.150 0.150 0.073 0.000

Glun 0.338 0.338 0.000 0.000

Ox 0.350 0.350 0.000 0.000

Ammonia –0.750 –0.750 –0.750 –0.000

Phosphate –0.126 –0.126 –0.126 –0.654

Sulfate –0.026 –0.026 –0.026 –0.000

All the fluxes are expressed in (mmol/ gD.W. h) except the specific

growth rate (h–1). The negative and positive numbers show uptake

and secretion rates, respectively
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microorganism for higher uptake rate of the aforemen-

tioned amino acids. Consequently, a series of growth

studies were conducted in shake flasks and the 7 L biore-

actor with these amino acids added in excess.

In the preliminary nutritional experiments using shake

flasks it was found that the apparent contribution to growth

enhancement was 46% for proline, 23% for glutamate, and

22% for tyrosine when these amino acids were added in

excess.

Four more experiments were carried out in the 7 L

bioreactor with the conditions outlined in ‘‘Materials and

methods’’ with the following modifications. The concen-

tration of glucose and the individual amino acids in the first

experiment (E-1) was 50% less than those mentioned in the

‘‘Materials and methods’’. The results of this experiment

were used as the baseline for comparing results with other

medium combinations. The medium composition of the

experiments is presented in Table 4.

The extra amount of proline, alanine, and glutamate for

E-2, E-3, and E-4 was added to the medium at certain times

as determined by the results of the sensitivity analysis.

Tyrosine was added at the same time as proline. For in-

stance, any increment in proline uptake rate would enhance

the biomass production rate during the second (12–24 h)

and the third (24–30 h) phases of the fermentation. Excess

proline was added in two steps and 2 h earlier than the start

of each period to ensure that no depletion of amino acid

occurred.

The maximum biomass and lysozyme concentrations

observed in each experiment are presented in Fig. 9.

Comparison between experiments E-1 and E-2 showed that

when the concentration of the significant amino acids in-

creased by a factor of 2.7 while the concentration of the

other amino acids and glucose were kept constant the

biomass and lysozyme concentrations increased 45 and

41%, respectively. Hence, it seems reasonable to hypoth-

esize that the higher concentration of these amino acids

increased their uptake rates, which in turn enhanced the

biomass and lysozyme concentrations. These results con-

firmed the simulation predictions that the specific growth

rate was sensitive to any change in the uptake rate of these

four amino acids.

The only difference between experiments E-2 and E-3

was the initial glucose concentration, that was 10 and 20 g/

L, respectively. In both experiments the concentration of

important amino acids were 8 g/L which was the highest

level in this series of experiments, while the level of the

other amino acids were at the lower level of 4 g/L similar

to the basis experiment E-1. It can be seen from the results

that the percentage of increment of the biomass concen-

tration increased from 45 to 81% and that of lysozyme

concentration from 41 to 82% in comparison to E-2. These

observations revealed that when the important organic

nitrogen sources were supplied in excess, the higher con-

centration of glucose had a significant positive effect on

both biomass and recombinant protein production.

The initial concentration of the significant amino acids

in experiment E-4 was 25% less than in E-2, however, yet

it was still high enough to positively affect the production

of biomass and recombinant protein. Aside from the
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Fig. 8 The time profile of measured (filled triangle) and predicted

(solid line) biomass concentration. The average relative error between

prediction and experimental values was 0.54. T = 27 �C, N =

400 rpm, and aeration 1 vvm

Table 4 Medium enrichment with glucose and amino acids

Experiment Glucose

(g/L)

Proline, alanine,

glutamate,

tyrosine (g/L)

The rest of

amino acids

(g/L)

E-1 10 3 4

E-2 10 8 4

E-3 20 8 4

E-4 20 6 8

Runs
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Fig. 9 The maximum biomass (open square) and lysozyme (filled
square) concentrations observed in the fermentations with the

medium compositions presented in Table 4. T = 27 �C,

N = 200 rpm, and aeration 1 vvm
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concentration of the other amino acids in these two

experiments and based on the conclusion in the previous

paragraph, one would expect that the biomass and lyso-

zyme concentrations should have been much higher in E-4

than E-2 due to its higher glucose concentration. The

experimental results, however, showed that the biomass

and lysozyme concentrations in E-4 were only 6 and 4%

higher than the corresponding values in E-2. Therefore,

one might conclude that the other amino acids not only

did not promote the production of biomass and the pro-

tein, but most likely had a slightly negative effect on the

concentrations.

Conclusion

A flux-based approach was performed for the analysis of

the metabolic network of A. niger. A unique aspect of the

metabolic network was that it included the participation of

carbohydrates and amino acids in both degradative and

biosynthetic reactions. The network consisted of 181 bio-

chemical reactions (287 processes) and 137 intracellular

metabolites which are distributed among three intracellular

compartments. It included glycolysis and pentose phos-

phate (PP) pathways, tricarboxylic acid cycle (TCA),

anaplerotic reactions, ammonia and sulfate assimilation,

electron transport reactions, the metabolism of amino

acids, biosynthesis of nucleotides, and the biosynthesis of

the macromolecular components of biomass such as pro-

tein, lipid, RNA, DNA, and carbohydrates.

The proposed model along with the experimental mea-

surements was used to construct the stoichiometric matrix

corresponding to the processes with unknown rates.

Implementing the model with experimental data as con-

straints was proven to be necessary for achieving realistic

results. Linear programming with experimental constraints

was used to determine the optimized specific growth rate at

different phases of the fermentation. Flux distribution map

for one period of cultivation was presented.

The bioreaction network presented in this study is a

general pathway which can be valid for any A. niger strain

or other aspergilli with some minor modifications. This

model can be used not only to find the theoretical meta-

bolic flux distribution, but also to clarify the metabolic

behavior of the microorganism along with the experimental

data. In this study, the specific growth rate was considered

as the optimization objective, but optimization of different

objective functions such as ATP, redox potential, and

metabolite production can be easily implemented in the

model. The model developed in this work was able to

predict the specific growth rate very accurately with a

maximum error of ±10%. Moreover, oxygen uptake rate

and carbon dioxide evolution rate were evaluated with

maximum ±28 and ±22% errors, respectively, during the

time course of the fermentation. It should be noted that the

off-gas analyzer was not able to display the level of oxygen

and carbon dioxide in outlet gas accurately, consequently

the corresponding experimentally measured fluxes of these

two metabolites were less accurate. This could be the

reason for the high error percentage associated with these

two fluxes. The biomass concentration profile in each

period was determined accurately using the corresponding

optimal value of the specific growth rate and the standard

differential equation which correlates these two parame-

ters.

The performed sensitivity analysis revealed that phos-

phate uptake was the growth limiting flux during the early

stages of the fermentation. Later, the uptake rate of

ammonia had a significant effect on the specific growth

rate. Among the amino acids proline, alanine, and gluta-

mate had the highest logarithmic sensitivity. In addition,

based on the experimental observations tyrosine was a

potential candidate to be an effective amino acid. Sensi-

tivity analysis indicated that the other amino acids were

not likely to be important for the recombinant protein and

biomass production. This was confirmed by experimental

observations. The solution of the flux network was very

sensitive to ammonia and to a lesser degree to proline

during the early stages of exponential phase when glucose

was consumed. During this period 10% increase in

ammonia and proline uptake rates would increase the

specific growth rate by 5–7 and 3–4%, respectively.

Alanine, glutamate, and ammonia were limiting nutrients

with the highest logarithmic sensitivities among the

measured metabolites at the 51st hour of culture. From an

operational point of view, one may conclude that the

amino acid distribution in peptone was suboptimal with

regard to both growth and recombinant protein synthesis.

Glucose was found to benefit significantly both biomass

and recombinant protein production, especially when the

medium contained the important amino acids at their

higher levels.

The sensitivity analysis of the specific growth rate with

respect to the biomass components revealed that the solu-

tion was only sensitive to its protein content. Besides, the

analysis showed that the same biomass biosynthesis reac-

tion could be used throughout the fermentation. The results

of the metabolic flux analysis may be employed for med-

ium design in continuous or fed-batch operations involving

high density culture.
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Appendices

Appendix A: Abbreviations used in metabolic reactions

aAAd a-Aminoadipate

Aald Acetaldehyde

Ac Acetate

AclHser O-Acetyl homoserine

Acact Acetoacetate

AcCoA Acetyl coenzyme A

ADP Adenosine 5 diphosphate

AICAR 5-Aminoimidazole-4-carboxamide ribotide

aKB a-Ketobutyrate

aKG a-Ketoglutarate

aKIV a-Ketoisovalerate

Ala L-Alanine

Arg L-Arginine

Asn L-Asparagine

Asp L-Aspartate

ATP Adenosine-5-triphosphate

bIPM b-Isopropylmalate

Carp Carbamoylphosphate

Chit Chitine

Chor Chorismate

Cit Citrate

CO2 Carbon dioxide

Ctl Citruline

CTP Cytidine triphosphate

Cys L-Cysteine

DHAP Dihydroxyacetone phosphate

DHF Dihydrofolate

DNA Deoxyribonucleic acid

E4P Erythrose-4-phosphate

EtOH Ethanol

F1,6DP Fructose-1, 6-diphosphate

F6P Fructose-6-phosphate

FAD Flavine adenine dinucleotide (oxidized)

FADH2 Flavine adenine dinucleotide (reduced)

FTHF Formyltetrahydrofolate

Fum Fumarate

GA3P Glyceraldehyde-3-phosphate

G1,3DP Glycerate-1, 3-diphosphate

Glc Glucose

Glgn Glycogen

Gln L-Glutamine

Glu L-Glutamate

Glcn Glucan

Gluc Gluconic acid

Glx Glyoxylate

Gly L-Glycine

Grol Glycerol

G6P Glucose-6-phosphate

GTP Guanosine triphosphate

Gt3P Glycerate-3-phosphate

Gt2p Glycerate-2-phosphate

Gu6P Gluconate-6-phosphate

H Proton

H2O Water

HCys Homocysteine

His L-Histidine

HSer Homoserine

H2S Hydrogen sulfide

ICit Isocitrate

Ileu L-Isoleucine

IMP Inosine monophosphate

Leu L-Leucine

Lys L-Lysine

Mal Malate

Man Mannitol

Met L-Methionine

MlTHF Methyltetrahydrofolate

MnTHF Methylenetetrahydrofolate

NAD Nicotinamide adenine dinucleotide (oxidized)

NADH Nicotinamide adenine dinucleotide (reduced)

NADP Nicotinamide adenine dinucleotide phosphate

(oxidized)

NADPH Nicotinamide adenine dinucleotide phosphate

(reduced)

NH3 Ammonia

O2 Oxygen

Ox Oxalic acid

OA Oxaloacetate

Orn Ornithine

P Inorganic orthophosphate

PEP Phosphoenolpyruvate

Phe L-Phenylalanine

Pro L-Proline

PRPP 5-Phosphoribosylpyrophosphate

Pyr Pyruvate

R5P Ribose-5-phosphate

RNA Ribonucleic acid

Ru5P Ribulose-5-phosphate

SAH S-Adenosylhomocysteine

SAM S-Adenosylmethionine

Ser L-Serine

SH7P Sedoheptulose-7-phosphate

SO4 Sulfate

Succ Succinate

SuccCoA Succinyl coenzyme A

THF Tetrahydrofolate

Thr L-Threonine

Trp L-Tryptophane

Tyr L-Tyrosine

UDP Uridine-5-diphosphate
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UTP Uridine triphosphate

Val L-Valine

X5P Xylulose-5-phosphate

Appendix B: Metabolic reactions

The letters b, d, and g following the reaction numbers

indicate biosynthesis, degradation, and gluconeogenesis

reactions. The subscripts c, m, and p show the cytosolic,

mitochondrial, and peroxisomal compartments, respec-

tively. (P/O)* is the stoichiometry of the oxidative phos-

phorylation of NADHc and FADH2,m while (P/O) is for

NADHm.

Glycolysis

ðR1:1ÞGlcc þ ATPc ) G6Pc þ ADPc

ðR1:1gÞG6Pc þ H2Oc ) Glcc þ Pc

ðR1:2ÞG6Pc , F6Pc

ðR1:3Þ F6Pc þ ATPc ) F1,6DPc þ ADPc

ðR1:3gÞ F1,6DPc þ H2Oc ) F6Pc þ Pc

ðR1:4Þ F1,6DPc , DHAPc þ GA3Pc

ðR1:5ÞDHAPc , GA3Pc

ðR1:6ÞGA3Pc þ NADc þ Pc , G1,3DPc þ NADHc þ Hc

ðR1:7ÞG1,3Pc þ ADPc , Gt3Pc þ ATPc

ðR1:8ÞGt3Pc , Gt2Pc

ðR1:9ÞGt2Pc , PEPc þ H2Oc

ðR1:10Þ PEPc þ ADPc ) Pyrc þ ATPc

Pentose phosphate pathway

ðR2:1ÞG6PcþNADPcþH2Oc) Gu6PcþNADPHcþHc

ðR2:2ÞGu6PcþNADPc

) Ru5PcþNADPHc þHcþCO2;c

ðR2:3ÞRu5Pc, R5Pc

ðR2:4ÞRu5Pc, X5Pc

ðR2:5ÞR5PcþX5Pc, GA3Pcþ Sh7Pc

ðR2:6ÞGA3Pcþ Sh7Pc, E4Pcþ F6Pc

ðR2:7ÞE4PcþX5Pc, GA3Pc þ F6Pc

Tricarboxylic cycle pathway

ðR3:1ÞPyrmþATPmþCO2;mþH2Om

,OAmþADPmþPm

ðR3:2ÞPyrmþCoAmþNADm

)AcCoAmþNADHmþHmþCO2;m

ðR3:3ÞAcCoAmþOAmþH2Om)CitmþCoAm

ðR3:4ÞCitm, ICitm

ðR3:5Þ ICitmþNADm) aKGmþNADHmþHmþCO2;m

ðR3:6Þ ICitc þNADc ) aKGc þNADHc þHc þ CO2;c

ðR3:7Þ ICitmþNADPm

) aKGmþNADPHmþHmþCO2;m

ðR3:8Þ ICitc þNADPc

) aKGc þNADPHc þHc þCO2;c

ðR3:9ÞaKGmþCoAmþNADm

, SuccCoAmþNADHmþHmþCO2;m

ðR3:10ÞSuccCoAmþADPmþPm

, SuccmþATPmþCoAm

ðR3:11ÞSuccmþFADm, FummþFADH2;m

ðR3:12ÞFummþH2Om,Malm

ðR3:13ÞMalmþNADm,OAmþNADHmþHm

Anaplerotic pathways

ðR4:1ÞPyrcþATPcþCO2;cþH2Oc,OAcþADPcþPc

ðR4:2ÞCitcþATPcþCoAc)OAcþADPcþPcþAcCoAc

ðR4:3ÞMalcþNADPc) PyrcþCO2;cþNADPHcþHc

ðR4:4ÞMalcþNADc,OAcþNADHcþHc

ðR4:5ÞPEPcþADPcþCO2;c)OAcþATPc

ðR4:5gÞOAcþATPc) PEPcþADPcþCO2;c

ðR4:6Þ ICitP)GlxpþSuccp

ðR4:7ÞGlxpþAcCoApþH2Oc)MalpþCoAp

Oxidative Phosphorylation

ðR5:1ÞNADHm þ Hm þ 0.5O2;c þ (P/O)ADPc þ (P/O)Pc

) NADm þ (P/O)ATPc þ [(P/O)þ 1]H2Om

ðR5:2Þ FADH2;m þ 0.5O2;m þ (P/O)�ADPc þ (P/O)�Pc

) FADm þ (P/O)�ATPc þ [(P/O)� þ 1]H2Om

ðR5:3ÞNADHc þ Hc þ 0.5O2;C þ (P/O)�ADPc þ (P/O)�Pc

) NADc þ (P/O)�ATPc þ [(P/O)� þ 1]H2Oc
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Amino Acid metabolism

ðR6:1ÞaKGcþNH3;cþNADHcþHc

, GlucþNADc þH2Oc

ðR6:2ÞaKGcþNH3;cþNADPHcþHc

, GlucþNADPcþH2Oc

ðR6:3ÞGlucþNH3;cþATPc, GlncþADPcþ Pc

ðR6:4ÞPyrcþGluc, Alacþ aKGc

ðR6:5ÞOAcþGluc, Aspcþ aKGc

ðR6:6ÞOAmþGlum, Aspmþ aKGm

ðR6:7ÞAspc þG lncþ2ATPcþ 2H2Oc

, AsncþGlucþ 2ADPcþ Pc

ðR6:8bÞGlucþGt3Pc þNADc þH2Oc

) Sercþ aKGcþNADHcþHcþ Pc

ðR6:8dÞSercþ aKGcþNADHcþHc þATPc

) GlucþGt3PcþNADcþADPc

ðR6:9b1ÞAspc þATPcþ 2NADPHcþ 2Hc

) HSercþADPc þ Pcþ 2NADPc

ðR6:9b2ÞAspc þATPcþNADPHcþNADHc þ 2Hc

) HSercþADPc þ PcþNADPcþNADc

ðR6:10bÞHSercþATPc þH2Oc, ThrcþADPcþ Pc

ðR6:10dÞThrc) aKBcþNH3;c

ðR6:11ÞSercþTHFc, GlycþMnTHFcþH2Oc

ðR6:12ÞSO4;cþ 2ATPcþ 4NADPHc þ 4Hc

) H2Scþ 2ADPcþ 2Pcþ 4NADPcþ 2H2Oc

ðR6:13bÞHSercþAcCoAc) AclHSercþCoAc

ðR6:13dÞAclHSerc þH2Sc) HCyscþAcc

ðR6:14ÞHCyscþMlTHFc)MetcþTHFc

ðR6:15ÞHCyscþ Serc) CyscþNH3;c þ aKBc

ðR6:16bÞSercþAcCoAcþH2Sc

) CyscþCoAcþAcc

ðR6:16dÞCysc þAclHSercþH2Oc

) HCysc þNH3;cþ Pyrc

ðR6:17bÞ2PyrmþNADPHmþHm

) aKIVm þCO2;m þNADPmþH2Om

ðR6:17dÞaKIVmþ 3NADmþCoAm þ 2H2Omþ FADm

) 3NADHmþ 3Hmþ SuccCoAmþCO2;mþ FADH2;m

ðR6:18ÞaKIVmþGlum, Valm þ aKGm

ðR6:19ÞaKIVmþAcCoAm þH2Om) bIPMm þCoAm

ðR6:20bÞbIPMcþGlucþNADc

) Leucþ aKGcþCO2;cþNADHc þHc

ðR6:20dÞLeuc þ aKGcþATPmþCoAmþNADm

þ FADm þ 2H2Om) GlucþADPmþ Pm

þAcCoAm þNADHmþHmþ FADH2;mþAcactm

ðR6:21bÞPyrmþ aKBmþGlum þNADPHmþHm

) ILeum þ aKGmþNADPmþCO2;mþH2Om

ðR6:21dÞ ILeumþ aKGmþATPm þ 2CoAm þ 2NADm

þ FADmþ 2H2Om) Glumþ SuccCoAm þAcCoAm

þADPmþ Pm þ 2NADHmþ 2Hmþ FADH2;m

ðR6:22bÞGlumþAcCoAm þNADmþH2Om

) aAAdm þCoAm þNADHmþHmþCO2;m

ðR6:22dÞaAAdmþ aKGm þ 2CoAmþ 2NADm

þ FADmþH2Om) Glumþ 2AcCoAm

þ 2NADHmþ 2Hmþ FADH2;mþ 2CO2;m

ðR6:23bÞaAAdcþGlucþ 2ATPcþ 2NADPHcþNADc

þHcþH2Oc) Lyscþ aKGc þ 2ADPc

þ 2Pcþ 2NADPcþNADHc

ðR6:23d1ÞLyscþ aKGcþNADPc þH2Oc

) aAAdcþGlucþNADPHcþHc

ðR6:23d2ÞLyscþ aKGcþNADHcþ 2NADPcþH2Oc

)aAAdcþGlucþNADcþ 2NADPHcþHc

ðR6:24ÞGlncþ 2ATPcþCO2;mþ 2H2Om

) CarPmþGlumþ 2ADPmþ Pm

ðR6:25Þ2GlumþAcCoAm þATPm þNADPHmþHm

þH2Om) Ornmþ aKGmþCoAm þADPmþ Pm

þNADPmþAcm

ðR6:26ÞCarpm þOrnm, Ctlmþ Pm

ðR6:27bÞAspcþCtlcþ 2ATPcþH2Oc

) Argc þ Fumc þ 2ADPcþ 2Pc

ðR6:27dÞArgcþH2Oc) OrncþCO2;c þ 2NH3;c

ðR6:28bÞGlucþATPcþ 2 NADPHcþ 2Hc

) ProcþADPc þ PcþH2Ocþ 2NADPc

ðR6:28dÞPromþ 0.5O2;mþNADmþH2Om

) GlumþNADHmþHm

ðR6:29ÞR5Pcþ 2ATPc, PRPPc þ 2ADPc

ðR6:30bÞGlncþPRPPCþATPcþ2NADcþ5H2Oc

)HiscþaKGcþAICARcþ2NADHcþ2Hcþ5Pc

ðR6:30dÞHiscþTHFcþ 2H2Oc

) GlucþNH3;c þ FormiTHFc

ðR6:31Þ2PEPcþE4PcþATPcþNADPHc þHc

) ChorcþADPcþ 4PcþNADPc

ðR6:32bÞGlncþ Sercþ PRPPcþChorc

) TrpcþGlucþGA3Pcþ Pyrcþ 2Pc þCO2;c þH2Oc

ðR6:32dÞTrpcþGlucþ 3O2;cþNADPHc þHcþ 3H2Oc

) ForcþAlacþ aKGc þ aAAdcþCO2;c

þNH3;cþNADPc

ðR6:33bÞGlucþChorcþNADc

) Tyrcþ aKGc þNADHcþHc þCO2;c
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ðR6:33dÞTyrcþ aKGcþ 2O2;cþH2Oc

) Glucþ FumcþCO2;cþAcactc

ðR6:34bÞGlucþChorc) Phecþ aKGc þCO2;cþH2Oc

ðR6:34d1ÞPhecþO2;cþNADPHcþHc

) TyrcþNADPcþH2Oc

ðR6:34d2ÞPhecþO2;cþNADHcþHc

) TyrcþNADcþH2Oc

ðR6:35ÞaKBm þATPmþH2Om þCoAmþNADm

, SuccCoAmþADPmþ PmþNADHm þHm

ðR6:36ÞThrc, GlycþAaldc

Biosynthesis and interconversion of one-carbon units

ðR7:1ÞDHFc þ NADPHc þ Hc , THFc þ NADPc

ðR7:2ÞGlyc þ THFc þ NADc

) MnTHFc þ NH3;c þ CO2;c þ NADHc þ Hc

ðR7:3ÞMnTHFc þ NADPc þ H2Oc

, FTHFc þ NADPHc þ Hc

ðR7:4ÞMnTHFc þ NADHc þ Hc , MlTHFc þ NADc

ðR7:5ÞMnTHFc þ NADPHc þ Hc , MlTHFc þ NADPc

ðR7:6ÞMetc þ ATPc þ 2H2Oc þ Hc ) SAMc þ 3Pc

ðR7:7Þ SAHc þ 2ATPc þ H2Oc ) HCysc þ 3ADPc

Nucleotides biosynthesis

ðR8:1ÞAICARc þ FTHFc ) IMPc þ THFc þ H2Oc

ðR8:2ÞAspc þ 3ATPc þ IMPc

) ATP�c þ Fumc þ 3ADPc þ Pc

ðR8:3Þ IMPc þ Glnc þ 4ATPc þ NADc þ 3H2Oc

) GTPc þ Gluc þ 4ADPc þ NADHc þ Hc þ 2Pc

ðR8:4ÞAspcþGlncþPRPPcþ4ATPc þ NADc þ 2H2Oc

)UTPc þ Glucþ4ADPc þ NADHcþHcþ4Pc

ðR8:5ÞUTPc þ Glnc þ ATPc þ H2Oc

) CTPc þ Gluc þ ADPc þ Pc

ðR8:6Þ PRPPc þ FTHFc þ Glyc þ Aspc þ 2Glnc þ 4ATPc

þ CO2;c þ 3H2Oc ) AICARc þ THFc þ Fumc

þ 2Gluc þ 4ADPc þ 6Pc

ðR8:7ÞUDPc þ ATPc , UTPc þ ADPc

Biomass components

ðR9:1ÞF6Pc þ Glnc þ AcCoAc þ UTPc þ H2Oc

) Chitc þ Gluc þ CoAc þ UDPc þ 2Pc

ðR9:2bÞDHAPc þ NADHc þ Hc þ H2Oc

) Grolc þ NADc þ Pc

ðR9:2dÞGrolc þ ATPc þ NADc

) DHAPc þ ADPc þ NADHc þ Hc

ðR9:3bÞDHAPc þ NADPHc þ Hc þ H2Oc

) Grolc þ NADPc þ Pc

ðR9:3dÞGrolc þ ATPc þ FADm

) DHAPc þ ADPc þ FADH2;m

ðR9:4bÞ F6Pc þ NADHc þ Hc þ H2Oc

) Manc þ NADc þ Pc

ðR9:4dÞManc þ ATPc þ NADPc

) F6Pc þ ADPc þ NADPHc þ Hc

ðR9:5ÞG6Pc þ UTPc þ H2Oc

) Glcnc þ UDPc þ 2Pc

ðR9:6bÞG6Pc þ UTPc þ H2Oc ) Glgnc þ UDPc þ 2Pc

ðR9:6dÞGlgnc þ Pc ) G6Pc

C2 compounds metabolism

ðR10:1ÞAaldc þNADPHc þHc , EtoHc þNADPc

ðR10:2ÞAaldc þNADHc þHc , EtoHc þNADc

ðR10:3ÞAaldc þNADPc þH2Oc , Acc þNADPHc þHc

ðR10:4ÞAaldc þNADc þH2Oc , Acc þNADHc þHc

ðR10:5bÞAcc þ CoAc þ 2ATPc þH2Oc

) AcCoAc þ 2ADPc þ 2Pc

ðR10:5dÞAcCoAc þH2Oc ) CoAc þAcc

Polymerization reactions

ðR11:1Þ0:095Alac þ 0:044Argc þ 0:046Asnc þ 0:046Aspc

þ 0:011Cycc þ 0:080Glnc þ 0:080Gluc þ 0:094Glyc

þ 0:020Hisc þ 0:045ILeuc þ 0:069Leuc þ 0:057Lysc

þ 0:014Metc þ 0:031Phec þ 0:047Proc þ 0:066Serc

þ 0:048Thrc þ 0:018Trpc þ 0:028Tyrc þ 0:064Valc

þ 4ATPc þ 4H2Oc ) Proteinc þ 4ADPc þ 4Pc

ðR11:2Þ 0.256ATP�c þ 0.196CTPc þ 0.286GTPc

þ 0.262UTPc þ ATPc þ H2Oc ) RNAc þ ADPc þ Pc
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ðR11:3Þ0.242ATP�c þ 0.258CTPc þ 0.258GTPc

þ 0.242UTPc þ 1.242NADPHc þ 0.242MnTHFc

þ ATPc þ H2Oc ) DNAþ 1.242NADPc

þ 0.242DHFc þ ADPc þ Pc

ðR11:4Þ18.12AcCoAc þ 0.623DHAPc þ 0.3G6Pc

þ 1.1SAMc þ 0.4Serc þ 2.6O2;c þ 1.7NADHc

þ 22.4NADPHc þ 0.623FADH2;m þ 18ATPc

þ 18H2Oc ) Lipidc þ 18.12CoAþ 1.1SAHc

þ 3.8CO2;c þ 1.7NADc þ 22.4NADPc þ 0.623FADm

þ 18ADPc þ 18Pc

ðR11:5Þ4.299Proteinc þ 0.194RNAc þ 0.030DNAc

þ 0.126Lipidcþ0.408Chitcþ1.515Glcncþ0.002Glgnc

þ 0.213Manc þ 0.090Grolc þ 46.3ATPc þ 46.3H2Oc

) Biomass(1gDW)þ 46.3ADPc þ 46.3Pc

Maintenance requirements

ðR12:1ÞATPc þ H2Oc ) ADPc þ Pc

Mitochondrial membrane transport systems

ðR13:1ÞATPm þ ADPc , ADPm þ ATPc

ðR13:2Þ Pc þ Hc , Pm þ Hm

ðR13:3Þ Succc þMalm , Succm þMalc

ðR13:4Þ ICitm þ Citc , ICitc þ Citm

ðR13:5ÞCtlm þ Hc , Ctlc þ Hm

ðR13:6ÞMalm þ Pc , Malc þ Pm

ðR13:7Þ ILeum þ Hc , ILeuc þ Hm

ðR13:8Þ Pyrc þ Hc , Pyrm þ Hm

ðR13:9ÞCO2;m , CO2;c

ðR13:10Þ Fumc þ Hc , Fumm þ Hm

ðR13:11ÞCitm þMalc , Citc þMalm

ðR13:12ÞGluc þ Hc , Glum þ Hm

ðR13:13ÞGlnc þ Hc , Glnm þ Hm

ðR13:14ÞValm þ Hc , Valc þ Hm

ðR13:15Þ bIPMm þ Hc , bIPMc þ Hm

ðR13:16ÞAcCoAc þ CoAm , CoAc þ AcCoAm

ðR13:17ÞO2;c , O2;m

ðR13:18ÞAcm , Acc

ðR13:19Þ aAAdm , aAAdc

ðR13:20Þ aKBc þ Hc , aKBm þ Hm

ðR13:21ÞAspm þ Gluc , Aspc þ Glum

ðR13:22Þ Proc þ Hm , Prom þ Hc

ðR13:23ÞAcactc , Acactm

ðR13:24ÞOrnc þ Hm , Ornm þ Hc

ðR13:25ÞH2Om , H2Oc

Peroxisomal membrane transport systems

ðR14:1Þ Succp þ ICitc , Succc þ ICitp

ðR14:2Þ ICitc þMalp , ICitp þMalc

ðR14:3ÞMalp þ Hp , Malc þ Hc

ðR14:4ÞATPc þ H2Oc þ Hc ) ADPc þ Pc þ Hp

ðR14:5ÞAcCoAc þ CoAp , CoAp þ AcCoAp

ðR14:6ÞH2Op , H2Oc

Other reactions

ðR15:1Þ Pyrc ) Aaldc þ CO2;c

ðR15:2ÞClcc þ 0.5O2;c ) Glucc

ðR15:3ÞOAc þ H2Oc ) Oxc þ Acc

ðR15:4ÞGlucc þ ATPc ) Gu6Pc þ ADPc
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