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isms have the versatility to metabolize sugars to a number 
of compounds at varying rates and purity. Several of these 
biocatalysts, as isolated from nature, ferment sugars to 
ethanol  (Saccharomyces cerevisiae ,  Zymomonas mobilis) , 
lactic acid (LA; various LA bacteria), butanol  (Clostridi-
um acetobutylicum) , succinic acid  (Actinobacillus suc-
cinogenes)  and acetic acid  (Clostridium formicoaceticum) , 
among others [Bothast and Schlicher, 2005; Drake and 
Daniel, 2004; Hofvendahl and Hans-Hagerdal, 2000; 
Huang et al., 1998; Jones and Woods, 1986]. Some of these 
microbes have been successfully utilized at the industrial 
scale for production of the specific product, especially 
ethanol and LA [Bothast and Schlicher, 2005; Hofven-
dahl and Hans-Hagerdal, 2000]. In this review, we will 
attempt to highlight recent developments in biocatalyst 
development for the production of three commodity 
chemicals, LA, succinic acid and acetic acid. The meta-
bolic pathways utilized by microbes for production of 
each one of these three compounds have some unique 
physiological characteristics and this review will focus 
mostly on these properties and attempts to overcome 
these limitations. Since there are a copious number of re-
views written on microbial production of various com-
modity chemicals from renewable resources, this review 
will be limited to recent literature and the reader is re-
ferred to other reviews for completeness as well as for 
historical context [Datta and Henry, 2006; Hahn-Ha-
gerdal et al., 2006; Lynd et al., 2005; Narayanan et al., 
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 Abstract 

 Lignocellulosic biomass is an attractive alternate to petro-
leum for production of both fuels and commodity chemi-
cals. This conversion of biomass would require a new gen-
eration of microbial biocatalysts that can convert all the 
sugars present in the biomass to the desired compounds. In 
this review, the critical factors that need to be considered in 
engineering such microbial biocatalysts for cost-effective 
fermentation of sugars are discussed with specific emphasis 
on commodity chemicals such as lactic acid, succinic acid 
and acetic acid.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Petroleum serves as a feedstock for production of both 
fuels and commodity chemicals. Continued use of petro-
chemicals that elevate the atmospheric CO 2  level com-
bined with the potential for rapid depletion of this finite 
resource has necessitated a need to replace petroleum 
with renewable resources such as biomass as the feed-
stock [Dukes, 2003; Kheshgi et al., 2000]. Microorgan-
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2004; Ragauskas et al., 2006; Singh et al., 2006; Wyman, 
2003]. In addition, this review will be devoted to biocata-
lysts that are engineered to produce these products in 
contrast to the native organisms that produce these com-
pounds since the metabolic requirements of an organism 
to produce a specific compound at high yield and purity 
can be better understood by following sequential im-
provement of the organism. This is not an exhaustive re-
view of the literature and only selected literature is in-
cluded to make the point.

  LA is the simplest of the three compounds produced 
by the biocatalyst.

  C 6 H 12 O 6   ]  2 C 3 H 6 O 3  (1)

  In this conversion of glucose to LA, the redox state of 
carbon in LA is the same as that of the starting glucose 
(CH 2 O) although the glucose carbon undergoes oxida-
tion/reduction during this transformation. On the other 
hand, the redox state of carbon in succinic acid is more 
oxidized than the glucose carbon and the excess reduc-
tant needs to be removed without interfering with the 
cellular metabolism. A stoichiometric reaction for glu-
cose to succinic acid is listed below (reaction 2). Based on 
this reaction, every mole of succinate produced from glu-
cose is equaled with a mole of acetate and the excess re-
ductant (2 [H]) can be released as H 2  to balance the equa-
tion.

  C 6 H 12 O 6   ]  C 4 H 6 O 4  + C 2 H 4 O 2  + 2 [H] (2)

  Carbon in acetate is at the same redox state as that of 
glucose carbon. But the combined redox state of the car-
bon in all the products is more oxidized than the glucose 
carbon. A deceptively simple reaction can be written for 
fermentation of glucose to 2 acetates (reaction 3). The 
metabolic pathway that leads to the production of acetate 
includes various oxidation/reduction reactions that gen-
erate NADH and ATP during this transformation to sup-
port biosynthesis.

  C 6 H 12 O 6  + 2 H 2 O  ]  2 C 2 H 4 O 2  + 2 CO 2  + 8 [H] (3)

  Overall, only LA, besides ethanol, due to its redox neu-
tral state, is produced as the sole product of fermentation 
by naturally occurring organisms at high yields and 
amounts [Bothast and Schlicher, 2005; Hofvendahl and 
Hans-Hagerdal, 2000]. Microbial production of the other 
two products requires manipulation of metabolic path-
ways to balance the redox state of the overall pathway that 
is a combination of several individual reactions.

  For a biocatalyst to be effective it must meet the fol-
lowing characteristics: (1) high specific productivity; (2) 

high growth rate and cell yield; (3) maintain the high spe-
cific productivity through the fermentation cycle; (4) tol-
erance to high concentrations of substrate sugars; (5) tol-
erance to high concentrations of product; (6) absence of 
contaminating co-products, and (7) ability to grow and 
ferment in mineral salts medium.

  Lactic Acid (CH 3 CHOHCOOH; C 3 H 6 O 3 ) 

 LA is produced from glucose by oxidizing NADH pro-
duced during glycolysis with pyruvate as the electron ac-
ceptor ( fig. 1 ). Two lactate dehydrogenase (LDH) activi-
ties encoded by two separate genes each catalyzing the 
production of one or other enantioisomer ( L + or  D –) has 
been detected in many of the LA bacteria (genome se-
quences at NCBI; http://www.ncbi.nlm.nih.gov/genomes/
lproks.cgi?view=1) [Hofvendahl and Hans-Hagerdal, 
2000]. The level of optical purity of LA depends on the 
comparative level of expression of these two genes.  Esch-
erichia coli  produces only the  D -LDH catalyzing the pro-
duction of  D (–)-LA [Zhou et al., 2003a].  L (+)-LA-produc-
ing  E. coli  has been constructed by transferring the gene 
encoding  L -LDH from other organisms  (Pediococcus)  
into an  E. coli  that carries a deletion in the native  ldhA  
gene [Zhou et al., 2003b].

  LA bacteria also produce pyruvate formate-lyase (PFL) 
and the level of this enzyme activity depends on the na-
ture and quantity of the carbon source in the medium 
[Garrigues et al., 1997; Melchiorsen et al., 2002]. Due to 
this presence of PFL, these cells produce small amounts 
of acetate and ethanol as potential impurities of LA. In an 
industrial scale fermentation that starts with a high con-
centration of sugar, such as glucose, the contribution of 
PFL to the overall fermentation balance is almost negli-
gible.

  For industrial production of LA, three issues need to 
be addressed: (1) high volumetric productivity and yield 
of a single optical isomer; (2) inhibition of growth and 
fermentation by LA, and (3) ability to ferment multiple 
sugar sources.

  Although all LA bacteria ferment glucose and other 
hexoses, their ability to ferment pentoses (xylose, arabi-
nose, etc.) is limited to few LA bacteria. Even these select 
LA bacteria utilize the phosphoketolase pathway that 
produces an equimolar mixture of LA and acetic acid 
making many of the LA bacteria unsuitable for pentose 
fermentation to LA [Garde et al., 2002; Patel et al., 2006; 
Tanaka et al., 2002].  E. coli  derivatives have been engi-
neered by several laboratories for production of optically 
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pure LA by deleting competing pathways [Chang et al., 
1999; Dien et al., 2002; Grabar et al., 2006; Zhou et al., 
2003a, b; Zhu and Shimizu, 2004]. These  E. coli  deriva-
tives ferment all the sugars that can be derived from lig-
nocellulosic biomass to products of choice.

  Specific productivity of a biocatalyst depends on the 
flux of sugar carbon through the various enzymatic reac-
tions to the product. Volumetric productivity is a combi-
nation of specific productivity and cell density. These two 
relationships dictate that it is important to maintain the 
biocatalyst at the highest specific productivity and at high 
cell density. Under these conditions, the highest rate of 
fermentation can be achieved even at high sugar concen-
trations with minimal osmotic effect since the rate of dif-
fusion of sugar to the cell surface is countered by the rap-
id uptake and metabolism. One of the major challenges of 
fermentation is to generate a very high cell density culture 
in a short time and then maintain the high specific pro-
ductivity of this culture during the non-growth phase. 
Building a high cell density culture requires higher growth 

rate and optimization of the growth medium to support 
this rate ( table 1 ). This is more challenging in mineral salt 
medium and may require osmoprotectants [Zhou et al., 
2006]. Since the growth rate is directly proportional to 
ATP yield per glucose due to a constant Y ATP  value, aerat-
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  Fig. 1.  Fermentation pathways of lactic 
acid producers. 1 = Glucose transport; 2 = 
phosphohexose isomerase and phospho-
fructokinase; 3 = aldolase; 4 = glyceralde-
hyde-3-phosphate dehydrogenase; 5 = 
phosphoglycerate kinase; 6 = phospho-
glyceromutase; 7 = enolase; 8 = pyruvate 
kinase; 9 = lactate dehydrogenase; 10 = py-
ruvate formate-lyase; 11 = phosphotrans-
acetylase and acetate kinase; 12 = alcohol 
dehydrogenase; 13 = methylglyoxal syn-
thase; 14 = enzymes of the methyl glyoxal 
pathway to lactate; 15 = phosphotriose 
isomerase. DHAP = Dihydroxyacetone 
phosphate; GAP = glyceraldehyde-3-phos-
phate; GA = glyceric acid; PGA = phospho-
glyceric acid; PEP = phosphoenolpyru-
vate. 

Table 1. Relationship between growth rate and volumetric pro-
ductivity of E. coli strain SZ132

Growth
medium

Growth
rate �, h–1

Specific produc-
tivity, mmol/g�h

Volumetric produc-
tivity, mmol/l�h

NBS 0.14 26.6 8.6
NBS + betaine 0.23 36.0 24.5
LB 0.46 27.2 51.0

Cultures were grown in the indicated medium with glucose 
(100 g/l). Lactate was the main fermentation product. NBS = Min-
eral salt medium; LB = Luria Bertani medium. The betaine con-
centration was 1 mmol/l [Zhou et al., 2006].
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ing the culture during the growth phase followed by an-
aerobic fermentation has proved promising [Sanchez et 
al., 2005; Stouthamer, 1977; Tempest and Neijssel, 1984; 
Zhu and Shimizu, 2004]. In addition, there is a high rate 
of production of LA as the product diverts the carbon 
from biosynthetic needs to LA. Supplementation of the 
growth medium with the limiting nutrient (for example, 
acetate, glutamate, succinate, etc.) usually increases the 
volumetric productivity as demonstrated with ethanolo-
genic  E. coli  [Underwood et al., 2002]. Replacing native 
citrate synthase with an enzyme from  Bacillus subtilis  
that is insensitive to NADH partitioned enough carbon 
for biosynthesis. High sugar concentrations, especially in 
media that do not support high growth rates, also increas-
es the osmotic stress on the organism that can be relieved 
by addition of osmoprotectants such as betaine to the me-
dium ( table 1 ). Relieving osmotic stress not only increased 
the growth rate but also increased specific productivity 
[Zhou et al., 2006]. As seen from the data in  table 1 , using 
cultures with the same specific productivity (mineral salt 
medium- vs. Luria Bertani-grown cells), the volumetric 
productivity can be substantially increased by increasing 
the growth rate and the resultant cell mass. Higher volu-
metric productivity translates to shorter fermentation 
time and improved economics of fermentation.

  An alternate strategy to increase the growth rate of the 
biocatalyst under anaerobic growth conditions would be 
to increase the pyruvate flux through PFL, phosphotrans-
acetylase and acetate kinase, reactions that increase the 
net ATP yield per glucose to three ( fig. 1 ). However, this 
would contaminate the LA with acetate. The PFL is an 
essential component of ATP generation for growth in 
both  E. coli  and LA bacteria especially in media with lim-
iting concentrations of sugars or in the presence of sugars 
that are consumed at a lower rate than glucose (such as 
galactose or pentoses) [Cselovszky et al., 1992; Hasona et 
al., 2004; Melchiorsen et al., 2001, 2002].

  The rate of metabolic flux in a fermenting cell is al-
ways highest during the growth phase and immediately 
following this phase ( fig. 2 ) [Zhou et al., 2003a]. Specific 
and volumetric productivities decrease as the biocatalyst 
ages. One of the causative agents for this decline is prob-
ably the high ATP/ADP ratio associated with a high met-
abolic flux and a low rate of biosynthesis. This ratio is 
maintained at a constant optimum level during growth 
since the production and consumption of ATP is always 
balanced [Chapman et al., 1971; Patnaik et al., 1992]. 
With a decline in ATP demand for biosynthesis during 
the post-growth phase, the cell attempts to maintain this 
ratio by decreasing the glucose flux that in turn reduces 

the specific productivity. This has been addressed by re-
ducing the ATP production or ATP recycling by non-pro-
ductive reactions [Koebmann et al., 2002; Patnaik et al., 
1992]. Release of ATPase from the membrane into the 
cytoplasm to increase ATP turnover has increased glu-
cose flux. Arsenate, an analog of phosphate has been used 
to reduce net ATP yield during fermentation in permea-
bilized cells to increase glucose flux [Takeshige and Ou-
chi, 1995]. Arsenate substitutes for phosphate in the glyc-
eraldehyde-3-phosphate dehydrogenase reaction and the 
unstable product, 1-arseno, 3-phosphoglycerate, sponta-
neously and rapidly hydrolyses to 3-phosphoglycerate 
without ATP production that is associated with the native 
reaction.

  These studies show that the ATP/ADP ratio in the fer-
menting cell needs to be maintained at levels that are 
comparable to that of an actively growing cell to support 
the high flux rate. A higher ATP/ADP ratio tends to de-
crease the glycolytic flux while a ratio that is too low 
evokes alternate pathways that yield ATP.

  LA at high concentrations and low pH also inhibits 
growth of the organism, although the level of inhibition 
varies according to the organism [Pieterse et al., 2005]. 
Although the mechanism of this inhibition is unclear,
it is believed that it is linked to the amount of the pro-
tonated form of LA that can traverse the cell membrane. 
Higher LA accumulation is believed to disrupt mem-
brane potential leading to growth and fermentation ar-
rest. Variants can be obtained by directed evolution of the 
biocatalyst that tolerates high acids during fermentation 
[Grabar et al., 2006]. Genetic and metabolic analysis of 
these derivatives is expected to provide clues towards fur-
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  Fig. 2.  Fermentation of glucose to lactic acid by  E. coli  strain 
SZ63. 
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ther metabolic engineering of biocatalysts that can pro-
duce still higher concentrations of acidic products.

  Adaptation of these basic principles led to develop-
ment of  E. coli  derivatives by metabolic engineering and 
directed evolution that produce as high as 1.3 M  L (+)- or 
 D (–)-LA (117 g/l) in 48 h with a yield of 98% and chiral 
purity of 99.9% in a simple mineral salt medium [Grabar 
et al., 2006].

  Succinic Acid (HOOCCH 2 CH 2 COOH; C 4 H 6 O 4 ) 

 Production of succinic acid as the sole product from 
glucose is more challenging than LA and this has been 
addressed by several laboratories. At least three naturally 
occurring organisms,  A. succinogenes,   Anaerobiospiril-
lum succiniproducens  and  Mannheima succiniproducens , 
produce succinate as a major fermentation product while 
also producing acetate, ethanol, formate and lactate as 
co-products at varying levels [Lee et al., 2002, 2003; 
McKinlay et al., 2005; Song and Lee, 2006]. These bacte-
ria have been engineered to increase the yield and purity 
of succinic acid.  M. succiniproducens  mutant strains that 
lack  ldh, pfl, pta  and  ackA  produced succinate at a molar 

yield of 1.16 per glucose [Lee et al., 2006]. If all the carbon 
in glucose is converted to succinic acid, analogous to LA 
fermentation, the expected molar yield is 1.5 succinates 
per glucose. Since the pathway to succinate from sugars 
is through phosphoenolpyruvate (PEP), a 3-carbon inter-
mediate, CO 2  fixation is an integral part of succinate pro-
duction ( fig. 3 ). With supplementation of fermentation 
with CO 2  the molar yield of succinate increases to 1.7 per 
glucose. A maximum yield of 2 succinates per glucose is 
not unrealistic provided additional required reductant 
can also be supplied.

  The basic reaction would be,
  C 6 H 12 O 6  + 2 CO 2  + 2 H 2   ]  2 C 4 H 6 O 4  + 2 H 2 O (4)

  A net yield of 2 succinates per glucose would require 
appropriate engineering of the biocatalyst and inclusion 
of H 2  and CO 2  in the fermentation. In this section, we will 
attempt to outline the critical factors that need to be ad-
dressed in such a metabolic engineering of a biocatalyst 
for succinate production. Again, we will use  E. coli  as the 
model system because of its metabolic versatility, genetic 
amenability, ease of use and successful metabolic engi-
neering for ethanol and LA production. The pathways 
that lead to succinate production under aerobic and an-
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3  Fig. 3.  Pathways of fermentation of glucose 
to succinic acid in  E. coli . 1 = Glycolysis 
pathway; 2 = PEP carboxylase; 3 = malate 
dehydrogenase; 4 = fumarase; 5 = fuma-
rate reductase; 6 = hydrogen uptake sys-
tem; 7 = pyruvate kinase; 8 = pyruvate de-
hydrogenase; 9 = citrate synthase; 10 = 
aconitase; 11 = isocitrate lyase; 12 = malate 
synthase. PEP = Phosphoenolpyruvate; 
OAA = oxaloacetic acid. 
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aerobic conditions are presented in  figure 3 . In an an-
aerobic cell, succinate pathway starts from PEP. A mole-
cule of CO 2  is fixed on PEP to produce oxaloacetic acid 
(OAA). By the reversal of the tricarboxylic acid cycle uti-
lizing malate dehydrogenase and fumarase, fumarate is 
produced. Fumarate reductase (FR; menaquinol fuma-
rate oxidoreductase), a membrane-bound flavoprotein 
catalyzes the reduction of fumarate to succinate and the 
specific nature of the reductant for FR in  E. coli  is not 
known and the enzyme FR failed to use NADH as the [H] 
donor. Anaerobic growth of  E. coli  with H 2  as the electron 
donor and fumarate as the electron acceptor has been 
demonstrated, and either formate or H 2  can serve as the 
native electron donor for succinate production in this 
bacterium [Bernhard and Gottschalk, 1978]. In support 
of this, mutant strains that are defective in formate hy-
drogen-lyase produced significantly lower levels of suc-
cinate [Alam and Clark, 1989]. In addition, supplementa-
tion of  A. succiniproducens  fermentation with H 2  almost 
doubled the volumetric productivity of succinate from 
glucose [Lee et al., 1999].

  As presented in  figure 3 , anaerobic succinate produc-
tion requires two pairs of reductants in contrast to LA 
that requires only one NADH per lactate produced. Since 
glycolytic production of PEP generates only one NADH 
per PEP, due to redox constraints, succinate is not a major 
component of  E. coli  fermentation [Clark, 1989]. In addi-
tion, PEP is the source of energy for glucose transport and 
phosphate for glucose-6-phosphate. The PEP require-
ment has been addressed by either introducing a PEP-in-
dependent sugar transport system (such as altered galac-
tose transport that transports glucose) [Hernandez-Mon-
talvo et al., 2003] or a heterologous pyruvate carboxylase 
to produces oxaloacetate [Sanchez et al., 2005]. In addi-
tion, if the glucose carbon is diverted to succinate at the 
pyruvate level, CO 2  needs to be supplied externally.

   E. coli  has been engineered to produce succinate both 
under aerobic and anaerobic conditions [Lin et al., 2005; 
Sanchez et al., 2005]. The reported succinate yield under 
anaerobic conditions was slightly higher than 1.0. When 
engineered  E. coli  that lacks 2-oxoglutarate dehydroge-
nase  (suc)  and also carries mutations altering the regula-
tion of isocitrate dehydrogenase was grown under aero-
bic conditions, the glyoxalate pathway dominated succi-
nate production with a molar yield of 1.0 succinate per 
glucose ( fig. 3 ). Citrate synthase, aconitase, isocitrate ly-
ase, malate synthase and malate dehydrogenase function 
in a cyclic manner converting two acetyl-CoA to one suc-
cinate. Since succinate production under aerobic condi-
tions is a non-reductive process, the NADH generated 

during this process can be oxidized by the respiratory 
electron transport chain but the associated increase in 
ATP yield, as discussed above, needs to be addressed.

  Sanchez et al. [2005] further engineered mutant de-
rivatives of  E. coli  that apparently combined fumarase 
and FR of the anaerobic pathway with the glyoxylate 
pathway that produced about 1.7 succinates per glucose 
under anaerobic conditions with CO 2  supplementation. 
The stoichiometry for this reaction is as follows:

  C 6 H 12 O 6  + CO 2   ]  1.7 C 4 H 6 O 4  + H 2 O (5)

  Apparently, a fine balance exists in this construct be-
tween the operation of the glyoxalate pathway and the 
reductive production of succinate that also maintains the 
redox balance. These and other studies show that the crit-
ical component that increases succinate yield is an in-
crease in OAA pool size.

  An engineered  E. coli  that produces a heterologous py-
ruvate carboxylase that spares PEP for glucose transport 
is expected to increase the OAA pool in a medium sup-
plemented with CO 2 . The 2 NADHs produced during the 
production of 2 pyruvates can be used to reduce the 2 
OAA to 2 malates. Further reduction of fumarate to suc-
cinate would require an external supply of reductant such 
as H 2 . Appropriate engineering of the H 2  uptake system 
to express the enzyme complex even in the presence of 
high sugar would be an additional requirement to in-
crease the succinate yield to 2 per glucose.

  Acetic Acid (CH 3 COOH; C 2 H 4 O 2 ) 

 Although acetic acid carbon has the same redox state 
of the starting glucose carbon, CO 2  released during ace-
tate production changes the combined redox state of the 
carbon in the reaction products (reaction 3) to be more 
oxidized and the reductants generated during acetate
(+ CO 2 ) production need to be removed by alternate 
means because the normal pathways for NADH oxida-
tion through reduction of pyruvate (to lactate) or acetyl-
CoA (to ethanol) is no longer available ( fig. 1 ).

         C 6 H 12 O 6  + 2 H 2 O  ]  2 C 2 H 4 O 2  + 2 CO 2  + 8 [H] (3)
         2 CO 2  + 8 [H]         ]  C 2 H 4 O 2  + 2 H 2 O (6)

  Sum:              C 6 H 12 O 6        ]  3 C 2 H4  O2                                 (7)

  Naturally occurring homoacetate producers such as 
 Moorella thermoacetica  (formerly  Clostridium thermo-
aceticum ),  C. formicoaceticum  and several other clostri-
dia can utilize formate or CO 2  as the electron acceptor 
that leads to production of an additional acetate with a 
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yield of 3 acetates per hexose (reactions 6 and 7) [Drake 
and Daniel, 2004; Huang et al., 1998; Tammali et al., 
2003]. The acetate yield in batch fermentation by  C. for-
micoaceticum  is about 0.91 g/g fructose but the volumet-
ric productivity is low (0.19 g/l � h) [Huang et al., 1998]. 
However, the inability of this acetogen to ferment glucose 
limits its utility as a biocatalyst. Cocultures of two or 
more organisms have been constructed to increase the 
substrate range of this acetogen. In these cocultures, one 
organism produced LA from sugars that was converted 
to acetate by Moorella or Clostridia [Collet et al., 2003; 
Talabardon et al., 2000]. In an industrial scale production 
of acetic acid, stable consortia are difficult to achieve and 
maintain due to the specific physiological requirements 
of each of the members.

  Although the yield of acetate from an engineered  E. 
coli  is only about 2.0 per glucose (reaction 3), this bacte-
rium has a record of industrial use. In such an engineered 
acetogenic  E. coli , the NADH is reoxidized through the 
electron transport chain by O 2 . Introducing O 2  into the 
fermentation caused two unexpected problems, contin-
ued growth of the biocatalyst that diverts sugar to cell 
mass and an increase in ATP yield. Since a high ATP/
ADP ratio limits the carbon flux, an effective means of 
reducing the ATP/ADP ratio is a prerequisite for high ac-
etate yield. This was addressed by releasing the ATP syn-
thase from the membrane to prevent H + -coupled ATP 
production [Causey et al., 2003]. The presence of ATPase 
in the cytoplasm is expected to increase ATP hydrolysis 

that would also decrease the ATP/ADP ratio. By combin-
ing various mutations that eliminated alternate pathways 
and by appropriate ATP synthase mutation, Causey et al. 
[2003] engineered  E. coli  (strain TC36) to produce acetate 
as the sole product under aerobic conditions with a high-
est yield of 86% of the expected maximum from glucose. 
The total amount of acetate produced by strain TC36 
with a specific productivity of 1 g/h·(g cell mass) was 
about 53 g/l. This was achieved in a fed-batch under 5% 
dissolved O 2 . Volumetric productivity of strain TC36 was 
about 1.4 g/l � h, a value that is about 7 times higher than 
the reported values for naturally occurring acetogens 
[Causey et al., 2003; Huang et al., 1998].

  By engineering a pathway into  E. coli  that would re-
oxidize NADH to H 2 , acetate production can be accom-
plished in an anaerobic atmosphere, a preferred condi-
tion for industrial production of commodity chemicals. 
There are several NADH-dependent H 2  production path-
ways in nature and these are the next steps in engineering 
 E. coli  for production of either oxidized or reduced com-
pounds of choice.
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