
@Copyright 1991 by The Humana Press Inc. 
All rights of any nature whatsoever reserved. 
0273-2289/91/2829--0471503.20 

Metabolic Modeling of Fumaric Acid 
Production by Rhizopus arrhizus 
IRENE C.  GANGL,  1'4'* WILLIAM A. W E I G A N D ,  2 

AND FREDERICK A.  KELLER 3 

1 Department of Chemical Engineering, Illinois Institute 
of Technology, Chicago, It. 60616; 2Department of Chemical 

and Nuclear Engineering, University of Maryland, College Park, 
MD 20742; 3Carnbridge BioScience Corporation, Massachusetts 

Biotech Research Park, 365 Plantation Street, Worcester, 
MA 01605; and 4Present address: Allied-Signal, Inc., 

50 East Algonquin Road, Box 5016, Des Plaines, IL 600I 7 

A B S T R A C T  

A metabolic model is developed for fumaric acid production by 
Rhizopus arrhizus. The model describes the reaction network and the 
extents of reaction in terms of the concentrations of the measurable 
species. The proposed pathway consists of the Embden-Meyerhof 
pathway and two pathways to FA production, both of which require 
CO2 fixation (the forward and the reverse TCA cycles). Relationships 
among the measurable quantities, in addition to those obtainable by a 
macroscopic mass balance, are found by invoking a pseudo-steady- 
state assumption on the nonaccumulating species in the pathway. 
Applications of the metabolic model, such as verifying the proposed 
pathway, obtaining the theoretical yield and selectivity, and detecting 
experimental errors, are discussed. 

Index Entries: Fumaric acid; fermentation; metabolic modeling; 
Rhizopus arrhizus, CO2 fixation. 

INTRODUCTION 

Fumaric acid has a variety of uses in the chemical, paper, food, and 
pharmaceutical industries (1). In 1978, 15% of the US production of 
fumaric acid was by microorganisms (2). One such organism is the fungus 
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Rhizopus arrhizus, which utilizes glucose, carbonate (from the neutralizing 
agent), and oxygen (from aeration for respiration) to produce fumaric 
acid, carbon dioxide, cell mass, and five other byproducts. 

Several studies have used the concept of applying steady-state mass 
and energy balances to determine the most probable pathway for produc- 
ing citric acid (3-4). Reardon et al. (5) were the first to apply this concept 
of metabolic modeling to batch fermentations by using stoichiometric 
relationships in the metabolic pathways to analyze pathway rates in 
anaerobic fermentations of Clostridium acetobutylicum. This approach, 
along with NAD(P)H fluorescence measurements, provided some insights 
on intracellular activities in both acidogenic and solventogenic cultures. 

This study will develop a metabolic model that describes the reaction 
network and the extents of reaction in terms of the concentrations of the 
accumulating species. The extents of the individual reactions are found 
by taking the carbon and reductance-degree balances on all the species in 
the proposed pathway. The reductance-degree balance considers the 
number of available electrons, 7 (nitrogen = - 3, oxygen = - 2, hydrogen = 
+ 1, carbon = + 4). For example, the reductance degree of glucose (C6H1206) 
is 24 ( 6 x 4 + 1 2 x 1 + 6 x [ - 2 ] ) .  

Either macroscopic or metabolic-model balances give the stoichio- 
metric constraint that the overall reaction must satisfy at all times. Using 
Gibb's rule of stoichiometry, Tsai and Lee (6) show that the number of 
constraints given by the metabolic-model balance is always greater than 
or equal to the number given by the macroscopic balance. Only when the 
pathway method provides more constraints than the macroscopic method 
can one use the pathway method to determine the validity of a proposed 
reaction scheme. Knowledge of the correct pathway gives insight into 
how to control production at the enzyme level. Furthermore, an analysis 
of the pathway gives the maximum obtainable yield and selectivity. 

Additional relationships among the measurable quantities are found 
by invoking a pseudo-steady-state (pss) assumption on the nonaccumu- 
lating species in the pathway. These relationships are equivalent in func- 
tion to the "fermentation equations" that Papoutsakis (7-9) derived for 
various anaerobic fermentations. Both the fermentation equations and 
the pss equations give the stoichiometric relationship among the substrate 
and the products (including biomass) in terms of molar extents of reac- 
tion, and may be used (a) to determine the maximum possible yield and 
selectivity for each fermentation product, (b) to determine errors in a set 
of experimental data, and (c) as a gateway sensor for calculating concen- 
trations of fermentation products, which cannot be measured directly. 

MATERIALS AND METHODS 

The fermentations were conducted with Rhizopus arrhizus NRRL 2582 
in a 2-L computer-controlled fermenter (Queue Systems, ZMS-7000, 
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Fig. 1. Proposed metabolic pathway for FA production. 

Parkersburg, WV). A 15% (w/v) solution of sodium carbonate (Na2CO3) 
was added on demand during the fermentation to neutralize the broth. 
The fermentation medium was limited by ammonium sulfate, and glucose 
served as the primary carbon substrate. The composition of the media, 
details of the equipment used, and analytical techniques employed are 
given elsewhere (10). Glycerol, ethanol, fumaric acid, l-malic acid, o~-keto- 
glutaric acid, and succinic acid were all quantified with the high-perfor- 
mance liquid chromatography system previously described (10). The exit 
gas was analyzed for CO2 and 02 with a mass spectrometer (Perkin Elmer, 
#1200, Tinton Falls, NJ). 

P R O P O S E D  PATHWAY 

The proposed pathway to product production in R. arrhizus consists of 
the Embden-Meyerhof pathway and two pathways to fumaric acid produc- 
tion, the forward and the reverse TCA cycles (based on 11-13, see Fig. 1). 
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Both cycles share a common CO2-fixing step (Reaction 5). For simplicity, 
the oxidized forms of NADH2 and ATP have been omitted in the figure, 
and only the balanced carbon is shown. The boxed species are the prod- 
ucts, which accumulate and are measured analytically. Because all reac- 
tions shown in Fig. I are linearly independent, none of the reactions can 
be represented as a linear combination (or sum) of the other reactions. To 
obtain linearly independent reactions, some reactions (such as Reaction 12, 
representing the respiratory chain) were found by summing several inter- 
mediate reactions. The formula for the cell mass is taken as CH1.7600.47N0.13 
(based on cell-composition data of a 47-h culture--see 14). The yield of cell 
mass from ATP in Reaction 1 is taken as YATP= 10.5 g cellJmoi ATP (15). 
The coefficient of NADH2 in Reaction I is found by balancing the hydro- 
gen atoms as follows: 

glucose (C6H1206) + 1.29(NADH2) + 0.78(NH3)-- 
6 cell(CH1.7600.47N0.13) + 3.18(H20) (1) 

In the TCA cycle, I mol of succinate forms I mol of fumarate plus I tool of 
FADH2. One mole of FADH2 is oxidized in the respiratory chain reactions 
to form 2 mol of ATP. Assuming FADH2 does not accumulate in the cells, 
Reaction 8 of the pathway represents the sum of the TCA cycle and the 
respiratory chain reactions. Accumulation of ATP inside the cells is asso- 
ciated with fermentations starting with high glucose concentrations, such 
as the citric acid fermentation (3). Because of the expected excess ATP 
production, Verhoff and Spradlin (3) suggest that Reaction 12 may be 
rewritten as 

NADH2 + (1/2)O2-H20 (2) 

The fungus will still consume oxygen to oxidize NADH2 in the cytochrome 
electron chain, but will generate little ATP. Because of the possibility of 
Eq. 2, an ATP balance will not be considered in the following analysis. 
Therefore, the pathway has 12 reactions and 15 species. 

One immediate use of the proposed pathway is to determine the 
maximum possible yield and selectivity of fumaric acid. Table I shows the 
results of summing the reactions of the reverse and the forward TCA 
cycles. To maximize the carbon available to fumaric acid and thereby maxi- 
mize yields, cell growth is neglected, and the sole products are assumed 
to be fumaric acid and CO2. Both pathways give a maximum selectivity of 
100%. The reverse (or reductive) TCA cycle produces no byproducts and 
therefore is very efficient, giving a 200% molar yield of fumarate. The for- 
ward TCA (or oxidative) cycle, on the other hand, produces 3 tool of CO2, 
energy (in the form of ATP or GTP), and reducing power (in the form of 
NADH2 or FADH2), resulting in only a 100% molar yield. The most signif- 
icant insight from this analysis is that both the forward and the reverse 
TCA cycles require the fixation of I tool of CO2 for every mole of fumarate 
produced. By Reaction 5, the source of this CO2 is the neutralizing agent 
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Table 1 
Net Reactions Producing Fumaric Acid 

475 

I. Reverse TCA Cycle* 

2) G L U  + 2ATP -* 2DHP 

4) 2DHP --* 2PYR + 4ATP + 2NADH 2 

5) 2PYR + 2Na2CO 3 + 2ATP --. 2OXAL 

10) 2 O X A L + 2 N A D H  2 --. 2MA 

9) 2MA ~ 2FA 

II. Forward TCA Cycle* 

2) 

4) 

5) 

6) 

7) 

8) 

Net: G L U  + 2Na2CO 3 --* 2FA 

G L U  + 2ATP --. 2DHP 

2DHP - .  2PYR + 4ATP + 2NADH 2 

PYR + Na2CO 3 + ATP --* OXAL 

PYR + OXAL -* 0tKA + 2CO 2 + 2NADH 2 

otKA --* SA + CO 2 + GTP + N A D H  2 

SA --* FA + FADH 2 

Net: G L U  + Na2CO 3 - .  FA + 3CO2 + (ATP + GTP) 
+ (5NAD]-I 2 + FADH2) 

*GLU~glucose,  DHP=dihydroxyacetone phosphate, PYR=pymvate ,  OXAL=oxaloacetate,  

MA=i-raalate, FA=fumarate,  o.KA= ct-ketoglutarate, SA=succiaate. 

(either Na2CO3 or CaCO3). Using labeled NaH14CO3, Kenealy et al. (12) 
experimentally determined that the fungus fixes the labeled carbon from 
the base into the fumarate product. 

DERIVATION 

A mass balance over the fermentor gives us the following equation 
(16). 

(accumulation) = (conversion) + (in-out transport) 
d C / dt = R, + ~ (3) 

where t = time (h), C = vector of concentrations of chemical compounds 
(mol/L), R,=vector of net production rates of each of the compounds in 
the system (mol/L/h), and ~ = vector of net rates of transport (mol/L/h). 
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The only compounds transported into or out of the system are 02, 
CO2, and the base. Rather than considering the actual concentration of 
these three compounds in the broth, we can define the system to include 
the total CO2, 02, and base produced (or consumed). Volume changes 
caused by base additions can be corrected by multiplying the measured 
accumulation of each compound by the ratio of the actual fermenter vol- 
ume to the calculated fermenter volume without dilution. The defined 
system is a batch process for which 

Therefore, by Eqs. 3 and 4 

However, 

=0 (4) 

dC / dt = R, 

R, = xc~V 

(5) 

(6) 

where x=concentraiton of dry cell mass (g/L), ot =stoichiometric matrix 
(tool/tool), and V = vector of specific rates of reaction (mol/g cell/h). 

Equation 6 states that the net production rate of a compound is equal 
to the sum of the rates of reaction producing or consuming the compound. 
Substituting Eq. 6 into Eq. 5, we obtain 

d C / dt = x cx V (7) 

Equation 7 represents the carbon and reductance degree balances that 
make up the metabolic model. 

Determining the time derivatives of the measured concentration pro- 
files (left-hand side of Eq. 7) would require numerical differentiation, 
which is subject to large errors (17,18). To reduce numerical errors in this 
analysis and eliminate possible bias introduced into the data from a spline- 
smoothing procedure, the extents (mol/L) of reaction, rather than the 
reaction rates, were calculated. The extent of reaction is a measure of the 
progress of a reaction, independent of the stoichiometric coefficients. The 
conversion differs from the extent in that it represents the fraction of re- 
actant that reacts, and it depends on the reactant chosen. The relationship 
between the extent of reaction and the specific reaction rate is as follows: 

x V  = d E / d t  (8) 

where E = vector of extents or reaction (mol/L). 
Substituting Eq. 7 into Eq. 8, we obtain 

d C / dt = cx d E / dt (9) 

Integrating Eq. 9 over time and setting the initial values of the extents to 
zero gives: 

(C - C0) = cx E (10)  

where Co = vector of initial concentrations of chemical compounds (mol/L). 
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glucose 

cell 

glycerol 

C02 

a-ketoglutamte 

succinate 

fumarate 

l-malate 

ethanol 

base 

02 

FCg- Cgo 
i CX - CxO 

i C y -  Cyo 

i Cc - CcO 

[ Ck - Ck0 

% - % 0  

C f -  Cfo 

Cm - Cm0 

C e - Ce0 

Cb- CbO 

Co - CoO 

Table 2 
Balances from the Proposed Pathway 

-1/6 -1/2 0 0 0 0 0 

1 0 0 0 0 0 0 

0 0 1 0 0 0 0 

0 0 0 0 2 1 0 

0 0 0 0 1 -1 0 

0 0 0 0 0 1 -1 

0 0 0 0 0 0 l 

0 0 0 0 0 0 0 - l  

0 0 0 0 0 0 0 

0 0 0 -1 0 0 0 

0 0 0 0 0 0 -I/2 0 

0 0 0 0 E l 

0 0 0 0 E 2 

0 0 0 0 E 3 

0 0 1 0 E 5 

o o o o 

0 0 0 0 E 7 

1 0 0 0 E 8 

l 0 0 E 9 

0 0 1 0 El0 

0 0 0 0 El l  

0 0 -1/2 El2 

The pseudo-steady-state equations: 

dihydroxyacetone phosphate 

pyruvate 

oxaioacetate 

NADH 2 

E 2 = E 3 + E 4 

E4 = E5 + E6 + E l l  

E 5 = E 6 + El0 

0.215E l + E 3 + El0 + El l  + El2 = E 4 + 2E 6 + E 7 

No significant amounts of dihydroxyacetone phosphate (DHP), py- 
ruvate, oxaloacetate, and NADH2 accumulate outside the cells. The pss 
assumption states that, relative to the measurable quantities, the accumu- 
lation of these metabolic intermediates can be taken as zero. Reardon et 
al. (5) apply this concept to the metabolic intermediates in their proposed 
pathway for a batch fermentation of Clostridia. 

Table 2 gives the results of apply Eq. 10 to the proposed pathway. The 
matrix in Table 2 can be solved for 11 of the 12 extents of reaction by invert- 
ing the stoichiometric matrix o~. Because there are 12 reactions, but only 
11 accumulating species, one of the pss equations (the DHP balance) is 
required to solve for the twelfth extent. Table 3 gives the solution of the 
extents of reaction in terms of the accumulating concentrations. 

The remaining pss equations in Table 2 provide three additional rela- 
tionships (the pyruvate, oxaloacetate, and NADH2 balances). Substituting 
the solutions of the extents into the pss equations and rearranging, we 
obtain 
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Table 3 
The Solution of  the Extents o f  Reaction for the Proposed Pathway 

E1 - cx - cxo 

E 2 = - (1/3) (C x - Coc 0) - 2 (Cg - Cg0) 

E 3 = (Cy - C3, 0) 

E 4 = -(1/3) (C x - Cx0) - 2 (Cg - Cg0) - (Cy - Cy 0) 

E 5 = _ (C b - Cb0) 

E 6 = (1/3) (C c - Co0) + (1/3) (C k - Ck0) - (I/3) (C e - CeO) 

E 7 - (1/3) (C c - Cc0) - (1/3) (C e - Ce0) - (2/3) (C k - Ck0) 

E 8 = ( I / 3 ) ( C c - C c O )  - ( l / 3 ) ( C e - C e 0 )  - (2 /3 ) (Ck-Ck0)  - ( C s - C s 0 )  

E 9 = - ( 1 / 3 ) ( C c - C c 0  ) + ( I / 3 ) ( C e - C e 0 )  + ( 2 / 3 ) ( C k - C k 0 )  

+ (%- %0) + (cf-Cfo) 

E l 0  = - (1/3) (Cc - Cc0) + (1/3) (Cr - Ce0) + (2/3) (C k - Ck0) 

+ (% - %0) + (cf- Cfo) + (Cm - CmO) 

E l l  = ( C e - C e 0 )  

E l 2  = -2  (C O - CoO) - (1/3) (C c -  Co0) + (1/3) (Ce - Ce0) 

+ (2/3) (Ck- Ck0) + (% - %0) 

- { 6 ( C g - C g  0)  + ( C  b - C b 0 ) }  = 4 ( C f - C f 0 ) + 4 ( C  m - C m 0 ) +  4 ( C  s - c s 0 )  

+ 5 (C k - Ck0)  + 3 ( C y  - C y  0) + 2 (C e - C e 0 )  

+ (Cx - Cx0) + ( Cc - Cc0) (11) 

- ( %  - % O )  -- (Cf - Cf0)  + (Cm - Cra0) + (Ck - C k 0 )  + (Cs - Cs0)  ( 1 2 )  

4 (C  o - CoO) = 4 .43  (C x - C x 0 )  + 14 ( C y  - C y  O) + 12 (C e -  C e 0 )  + 16 (C k - C k 0 )  

+ 14 (C s _ Cso) +12 (c f -  Cfo) + 12 (c m - Cm0) + 24 (Cg - eg o) (13) 

(For definitions of subscripts, see Table 2.) Equation 11 is the overall car- 
bon balance, with both glucose and the neutralizing agent  serving as the 
carbon substrates. A macroscopic balance gives only the overall balances 
on carbon (Eq. 11) and reductance degree (Eq. 13). The additional rela- 
t ionship given by the metabolic-pathway mass balance is Eq. 12, a titra- 
tion equation, which  states that the amount  of base neutralized is equal to 
the total acid produced.  The net  pa thway analysis (Table 1) suggests that 
the fungus  mus t  fix I mol of base for every mole of acid produced.  In the 
fermentat ion broth, CO2 from glucose metabolism is indistinguishable 
from CO2 derived from base dissolution.  Therefore, the proposed  path- 
way requires that an amount equal to the carbon contained in the neutral- 
izing agent is fixed into the TCA cycle; no additional metabolic CO2 is 
necessary for fumaric acid production.  
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M O D E L  V E R I F I C A T I O N  

The three pss equations allow us to verify the model  by giving the 
system three degrees of freedom. This means that, out of the eleven mea- 
surements  (boxed species in Fig. 1), we only need eight (11-3)  measure-  
ments  to describe the entire system. After rearranging and  setting the ini- 
tial concentrations to zero, the three pss equations, 11-13, become 

C r = (1/3) (C o - CoO) - 0.3692 (C x - CxO) - (7/6) (Cy - Cy 0 + C s - Cs0) 

- (C e - COO + C m - Cm0) - (4/3) (C k - Ck0) - 2 (Cg - Cg 0) (14) 

C c = 0.1075 (C x - Cx0) + (1/2) (C s-  Cs0 + Cy- Cy 0) + (C e - Ce0) 

- (C o - CoO) (15)  

C b = - (1/3) (C o - CoO) + 0.3692 (C x - CxO) + (7/6) (Cy - Cy O) 

+ (1/6) (C s -  Cs0) + (C e - Ce0) + (1/3) (C k - CkO) + 2 (Cg - Cg O) (16) 

Figure 2 shows the measured  and predicted profiles (Eqs. 14-16) of 
fumaric acid (FA), CO2, and Na:CO3 for experiment M20, conducted at pH 
5.5. The solid lines predicted by the metabolic model  are in good agree- 
ment  with the experimental data points (marked by the symbols). The 
predicted FA profile deviates from the measured  values dur ing 40-60 h 
and after 110 h, giving a 10.5% difference by the end  of the fermentation.  
However ,  the experimental base profile does not increase in response to 
the increased acidity of the high FA measurements .  This indicates that 
the experimental measurements  of FA at those points,  not  the model,  is 
in error. 

The three pss equations may be used to detect experimental  errors. 
Rearranging Eq. 14 and setting Coo to zero gives 

C O = 1.1075(C x - C x 0 )  + 3 . 5 ( C y - C y  0) + (C s - C s 0 ) + 6 ( C g - C g  0) 

+ 3 (Cf + C e - Ce0 + C m - Cm0) + 4 (C k - Ck0) (17) 

Substituting Eq. 17 into Eq. 15, we obtain 

C c -- - 6 ( C g - C g  0) - (C x - C x 0 ) -  4 ( C  k - C k 0 )  - 2 (C  e - C e 0 )  

- 3 ( C y  - C y  0 + C f  + C m - C m 0  + C s - Cs  0)  (18)  

Figure 3 gives the base, 02, and CO2 profiles predicted by Eqs. 12, 17, 
and 18 for experiment  M21 conducted at pH 6.0. The predicted base and 
CO2 profiles are in good agreement  with the experimental  data. but the 
measured  02 profile is much  lower than predicted th roughout  most  of the 
run.  Because of an air leak, the flow rate of the exit gas was low. There- 
fore, the mass spectrometer may not have been able to give accurate read- 
ings of the exit-gas stream. The model  can be used  to obtain an estimate 
of the actual 02 profile. 
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O n e  m a y  te s t  the  p s s  a s s u m p t i o n  b y  p l o t t i n g  t h e  c o n c e n t r a t i o n  pro -  
file o f  o n e  o f  t h e  n o n a c c u m u l a t i n g  s p e c i e s .  For e x a m p l e ,  b a s e d  o n  Fig.  1, 
t h e  c o n c e n t r a t i o n  of  N A D H 2  m a y  be  w r i t t e n  in  t erms  o f  ex tent s :  

c n --- -0 .215  E l - E 3 + E 4 + 2 E 6 + E 7 - El0 - E l l  - El2 (19) 

w h e r e  Cn = c o n c e n t r a t i o n  o f  N A D H 2  ( m o l / L )  a n d  F~- -extent  o f  r e a c t i o n  j 
(mol /L) .  S u b s t i t u t i n g  the  s o l u t i o n  of  t h e  e x t e n t s  g i v e n  in  Table  3 i n t o  Eq.  
19 g i v e s  

C n = -0.5483 (C x - CxO) - 2 (Cy - Cy O) - 2 (Cg - Cg O) + (5/3) (C c - CcO) 

- (4/3) ( c  k - CkO) - (8/3) (C e - Ceo) - 2 (C s - CsO) - (Cf -  Cfo) (20) 

- (C m - c m O )  + 2 ( C  O-cO0  ) 

S i n c e  N A D H 2  is a s s o c i a t e d  w i t h  t h e  cel l  m a s s ,  t h e  spec i f ic  N A D H 2  
prof i le  is c o n s i d e r e d :  
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q = Cn/Cx (21) 

where ~ = specific NADH2 concentration (mol/g cell). 
The pss assumption predicts the specific NADH2 profile will be zero 

throughout the fermentation. Using a corrected oxygen profile based on 
Fig. 3, the specific NADH2 profile of M21 is within the pss assumption 
throughout the fermentation (see Fig. 4). 

R E S U L T I N G  P R O F I L E S  

Table 4 summarizes the experiments used in this analysis. Figure 5 
plots the extents of the reactions producing or consuming pyruvate, a key 
intermediate (see Fig. 1), vs the amount of glucose consumed. The extent 
of reaction for the Embden-Meyerhof (EM) pathway producing pyruvate 
(Reaction 4) is linearly related to the amount of glucose consumed. Differ- 
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Fig. 4. The specific NADH2 profile for M21. 

ences in the extents of Reaction I (cell production) and Reaction 3 (glycerol 
production) do not change the extent of glucose utilization in the EM path- 
way, probably because these extents are very small compared to the EM 
pathway extent. The slope of the extent 4 plot is 1.87+0.02 mol through 
the EM pathway per mole of glucose consumed. If all the available glucose 
were to enter the EM pathway, this slope would be equal to 2. Therefore, 
regardless of pH, the cells convert a constant 93.5% ( [1.87/2] x 100) of the 
glucose to pyruvate. Because the precursor of ethanol production is pyru- 
vate (Reaction 11), not all of this pyruvate is available to the TCA cycle for 
acid production. Figure 5 shows that the yield of ethanol from glucose is 
slightly higher for the pH 6.0 fermentation, than for the pH 5.5 fermenta- 
tion, and the extent of CO2 fixation is slightly lower, although both fer- 
mentations have the same extent of the forward TCA cycle (Reaction 6, 
see  Fig. 5). Therefore, less carbon is available to the more efficient reverse 
TCA cycle in the pH 6.0 fermentation, resulting in a lower overall effi- 
ciency yield of total acids (53 wt% at pH 6.0 vs 72 wt% at pH 5.5). 
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Table 4 
Summary of Experiments Used in the Metabolic Modeling Analysis 
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M20 M21 

Methanol (96, v/v) I. 5 1.5 

Base Na2CO 3 Na2CO3 

pH 5.5 6.0 

Initial glucose 102 120 
concentration (g/I) 

Cafl~n/nitrogen 134 203 
(~'g) 

Morphology F F 
(F=filamentous) 

Max fumaric acid 73.3 61.6 
concentration (g/I) 

Max malic acid 7.22 18.2 
concentration (g/I) 

Efficiency yield of 
fumaric acid 72 53 
(%, g FA/g GLU) 

Efficiency yield of 
total acids 87 74 
(%, g TA/g GLU) 

Overall fumaric acid 
productivity 0.50 0.51 
(g/I/hr) 

Overall total acid 
productivity 0.60 0.71 
(aA/hr) 

Selectivity 
(%, g FA/g TA) 83 71 

Overall glucose 0.70 0.95 
uptake (g/I/In') 

The average amount of CO2 fixed per glucose consumed is constant at 
1.2 mol/mol (Reaction 5, see Fig. 5). The amount of carbonate the fungus 
fixes from the neutralizing agent is equal to the total acids produced (Table 
1). Therefore, the model predicts an efficiency yield of 1.2 mol of total 
acids per mole of glucose consumed over a wide range of conditions. The 
range of experimental total-acid yields encompasses the calculated value 
(1.23 + 0.09 mol/mol). 

Figure 6 profiles the ratio of FA produced by the reverse TCA cycle to 
FA produced by the forward TCA cycle (Rf= E9/Ea). The negative values 
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or consuming pyruvate: 

during the growth cycle ( < 20 h) are caused by the negative values of the 
extent of the reverse TCA cycle. This indicates that only the forward TCA 
cycle operates during the growth phase. Because most points fall below 
one, fumaric acid is produced primarily from the forward TCA cycle. The 
experiment conducted at pH 5.5 (M20) has higher Rf values than the ex- 
periment conducted at pH 6.0 (M21) because, compared to M21, M20 has 
a higher selectivity, by virtue of the higher extent of reaction 9, and a 
higher efficiency yield (see Table 4). 

CONCLUSIONS 

The metabolic model developed here describing FA production by 
Rhizopus arrhizus is essentially a macroscopic mass balance on a proposed 
pathway. The model cannot be used to predict results at new conditions. 
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Fig. 6. Profiles of the ratio of FA produced via the forward TCA cycle to 
that produced via the reverse TCA cycle: [] [3, M20; �9 � 9  M21. 

Rather, the model describes the relationships among the measurable 
quantities, which enables one to better examine the data and to deter- 
mine experimental consistency. The metabolic pathway proposed in Fig. 
1 fits the experimental data. This analysis reveals that, regardless of the 
pathway to FA production, the fungus fixes I mol of CO2 for every mole 
of FA produced. The amount fixed is equal to the CO2 contained in the 
added neutralizing agent (CaCO3 or Na2CO3). Kenealy et al. (12) have 
experimentally determined that the enzymes of the reverse TCA cycle are 
active in R. arrhizus. As seen in Fig. 6, the model shows that the forward 
TCA cycle operates exclusively during the growth phase, and that both 
the forward and the reverse TCA cycles operate simultaneously during 
the acid-production phase. Therefore, the metabolic model may be used 
before undertaking tedious enzyme studies to screen and test possible 
pathways. The model is also useful for detecting errors in the experimental 
data, such as an erroneously low 02 measurement caused by an air leak. 
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An analysis of the extent of reaction reveals that FA is produced primarily 
from the forward TCA cycle (see Fig. 6), with the pH 5.5 fermentat ion 
giving a higher  ratio of FA produced from the reverse TCA cycle than the 
p H  6.0 fermentation. A higher extent of the reverse TCA cycle would  give 
higher  efficiency yields of FA from glucose. 
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