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ABSTRACT 

This study compared the anaerobic catabolism of glucose and 
xylose by a patented, recombinant ethanologenic Escherichia coli B 
11303:pLOI297 in terms of overall yields of cell mass (growth), energy 
(ATP), and end product (ethanol). Batch cultivations were conducted 
with pH-controlled stirred-tank bioreactors using both a nutritionally 
rich, complex medium (Luria broth) and a defined salts minimal 
medium and growth-limiting concentrations of glucose or xylose. The 
value of YATP was determined to be 9.28 and 8.19 g dry wt cells/tool 
ATP in complex and minimal media, respectively. Assuming that the 
nongrowth-associated energy demand is similar for glucose and 
xylose, the mass-based growth yield (Yx/s, g dry wt cells/g sugar) 
should be proportional to the net energy yield from sugar metabo- 
lism. The value of Yx/s was reduced, on average, by about 50% (from 
0.096 g/g glu to 0.051 g/g xyl) when  xylose replaced glucose as the 
growth-limiting carbon and energy source. It was concluded that this 
observation is consistent with the theoretical difference in net energy 
(ATP) yield associated with anaerobic catabolism of glucose and 
xylose when  differences in the mechanisms of energy-coupled trans- 
port of each sugar are taken into account. In a defined salts medium, 
the net ATP yield was determined to be 2.0 and 0.92 for glucose and 
xylose, respectively. 

Index  Entr ies :  ATP yield; xylose; recombinant E. coli; ethanol; 
bioenergetics; defined medium.  
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INTRODUCTION 

Xylose is a major constituent of hemicellulose (1,2), and its efficient 
utilization represents a major obstacle to economic large-scale fermenta- 
tion fuel ethanol production from lignocellulosic biomass and wastes 
(3,4). The facultative gram-negative bacterium Escherichia coli is capable of 
utilizing a broad spectrum of carbon substrates, but it is heterofermenta- 
tive (5,6). Under anaerobic conditions, catabolism of sugars, such as 
glucose and xylose, can lead to the generation of several different end 
products. Wild-type E. coli contains low levels of native alcohol dehydro- 
genase, but pyruvate decarboxylase is absent (7), and hence, ethanol is 
not a major end product. Under anaerobic conditions, lactic acid is the 
predominant end product (5,6). Recombinant DNA technology has been 
employed recently to engineer E. coli metabolically into a homofermenta- 
tive ethanologen (8-10). Recombinant E. coli, carrying a multicopy plas- 
mid containing cloned genes for both pyruvate decarboxylase (PDC) and 
alcohol dehydrogenase (ADH) from Zyrnoraonas mobilis (the pet operon), 
converts hemicellulose-derived sugars to ethanol at near maximum theo- 
retical efficiency (8-12). Although much of the pioneering metabolic engi- 
neering with E. coli was done with derivatives of strain K12 (8-12), most 
of the subsequent research and development have focused on E. coli B 
(ATCC 11303) as the host strain (13-22). The high affinity (low Kin) of the 
Zymomonas PDC for pyruvate (23), coupled to its abundance owing to 
high expression from the multicopy vector, results in the effective direc- 
tion of pyruvate metabolism to ethanol as the near exclusive end product 
(13-22). Figure 1 illustrates diagrammatically the metabolism of glucose 
and xylose by ethanologenic recombinant E. coli. 

Bioenergetic Parameters-- 
Energy Conservation and Consumption 
An understanding of the physiological characteristics of microorga- 

nisms, including factors that regulate carbon and energy metabolism dur- 
ing growth, can furnish useful information when engineering a biocon- 
version processes involving different substrates (24,25). Growth yield 
measurements can provide useful information concerning the relation- 
ship between substrate (carbon source) utilization, energy conservation 
(production of high-energy phospho-metabolites, such as ATP, phosphe- 
nolpyruvate [PEP], and acetylphosphate), and the synthesis of cell mass 
(growth) (26-28). During growth, a portion of the carbon source is 
diverted to cell mass, whereas the remainder is metabolized for the pur- 
pose of generating energy and conserving it in a biologically useful form 
(Fig. 2 adapted from ref. 26). Substrate-level phosphorylations (SLP) 
catalyzed by 3-phosphoglycerate kinase, pyruvate kinase, acetate kinase, 
and PEP carboxykinase are responsible for energy conservation (ATP pro- 
duction) during anaerobic metabolism by E. coli (Fig. 2). The energy-con- 
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Fig. 1. Anaerobic metabolism of glucose and xylose by recombinant E. coli. 
The plasmid-borne Zymomonas genes for pyruvate decarboxylase (PDC) and 
alcohol dehydrogenase (ADH) catalyze the ethanol production pathway shown 
in bold arrows. Membrane-transporting elements responsible for (1) xylose-pro- 
ton symport, (2) proton export by the ATPase, and (3) glucose uptake by the 
glucose phosphotransferase system are shown as filled circles embedded in the 
membrane phospholipids. Abbreviations used are: LDH, lactate dehydrogenase; 
PFL, pyruvate-formate lyase; PEP, phosphoenolpyruvate; G-3-P, glyceraldehyde- 
3-phosphate. 

suming processes can be collectively referred to as the "work"  performed 
by the living cell (26). These processes can be classified as chemical (e.g., 
biosynthesis), osmotic (e.g., active transport), and mechanical (e.g., move- 
ment) (26), but for the purposes of this investigation, they are classified 
as either growth-associated or nongrowth-associated (i.e., all others) (Fig. 
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ANAEROBIC BIOENERGETICS 

j cell m a s s  
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OSMOTIC (active transport) 

MECHANICAL (motility) I-IGL/94 

Fig. 2. Anaerobic bioenergetics. Abbreviations used are: SLP, substrate- 
level phosphorylations; Pyr, pyruvate; PEP, phosphoenolpyruvate. The arrows 
representing sugar catabolism and energy conservation are described fully in 
Fig. 1. 

2). One of the axioms of modern microbial bioenergetics is that during 
growth, the consumption of energy is partly growth dependent and part- 
ly growth-independent (26-29). Energy that is consumed independent of 
growth is often referred to as "maintenance energy" (26-29), and Pirt 
(29) has described a method for estimating the "maintenance energy" re- 
quirement on the basis of the relationship between the specific rate of 
sugar utilization and the specific growth rate in carbon-limited, steady- 
state, continuous cultures. 

Thauer et al. (26) point out that "maintenance" is a poor descriptive 
for this portion of the energy that is consumed independent of growth 
(chemical work or biosynthesis), because it involves much more than main- 
tenance functions and includes such functions as osmotic and mechanical 
work. Hill et al. (25) have included a separate term called "wastage" energy 
to denote that portion of the energy that is recognized by others (30,31) to 
be clearly neither growth-related nor maintenance energy. 

The amount of cell mass produced from a given amount of growth- 
limiting carbon and energy source (substrate) will depend on the amount of 
energy generated during catabolism and the amount of energy required for 
the synthesis of cell mass. The amount of ATP required to synthesize I g 
(dry wt) of bacterial cells is equal to 1/YATp. The concept of Y~p was intro- 
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duced in 1960 by Bauchop and Elsden (32), and has since been the sub- 
ject of several reviews (27,33-35).Although, at first, Y~-p was believed to 
be a biological constant with an average value of 10.5 g dry wt cells/mol 
ATP (32,36), more extensive testing under diverse environmental condi- 
tions and involving more microorganisms has suggested that YATP is not a 
constant (26-28). It has been postulated (27-29) that a possible explana- 
tion for the wide variance in values for YATP and the discrepancy between 
experimental and theoretical Y~-p values (27) lies in the fact that no account 
is made for the energy required to perform functions that are independent 
of growth. If, for example, under certain environmental conditions, more 
energy were to be diverted to performing such "work ,"  less energy 
would be available for growth and the value for YATP would be diminished 
proportionately. It has been estimated that about 50% of the energy con- 
sumed is not related to biosynthetic reactions or growth (26-28). 

Disregarding the involvement of the portion of the conserved energy 
that is consumed independent of growth, the value of YATP can be calcu- 
lated from the following relationship (27,28): 

Y~rP (g dry wt cells/mol ATP) = (molar Yx/s/G~a~P) (1) 

where Yx/s represents the molar growth yield coefficient (g dry wt cells/ 
mol carbon substrate) and GATP represents the net ATP gain (mol ATP pro- 
duced/mol of substrate fermented). 

Calculating the Net Yield of Energy from Metabolism 

Determination of the value of the net yield of energy, or ATP gain (GATe), 
associated with carbon substrate catabolism depends on a complete under- 
standing of the metabolic fate of the growth-limiting carbon (energy) source 
(Fig. 1). According to Stouthamer, "only under anaerobic conditions can the 
ATP yield for substrate breakdown be calculated exactly, because the 
catabolic pathways for anaerobic breakdown of substrates are known" 
(p. 13 in ref. 27). Metabolic engineering by recombinant DNA technology 
provides an opportunity to simplify a complex metabolic pathway through 
the introduction of well-defined perturbations (24). In the case of E. coli, 
the transformation of the organism from heterofermentative to homofer- 
mentative through the expression of cloned Zymomonas genes for PDC 
and ADH (11) greatly facilitates the determination of the ATP gain by 
means of end-product analysis (Fig. 1). This is especially the case where 
glucose is used as carbon source, because the transport and metabolism 
of glucose under anaerobic conditions are well documented in the litera- 
ture (36,37). In marked contrast to the vast literature concerning growth 
with glucose, very little has been done using xylose. 

In this study, the growth yields of recombinant ethanologenic E. coli 
growing anaerobically in pH-controlled batch cultivations with growth- 
limiting concentrations of either glucose or xylose were compared using 
both a nutrient-rich complex medium and a defined mineral salts medium. 
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Assuming that the YATP was  similar for each type of fermentation 
medium, the growth yield for the different sugars should be a direct re- 
flection of the net yield of energy associated with the catabolism of the 
sugar used to support growth (see Eq. [1]). 

MATERIALS AND METHODS 

Organism 

Recombinant E. coli B (ATCC 11303 carrying the pet plasmid pLOI297) 
(13) was a gift from L. O. Ingrain (University of Florida, Gainesville, FL) 
and was maintained in an antibiotic-supplemented medium as described 
previously (18). 

Preparation of Inocula 

Single colony isolates were transferred to about 100 mL of complex 
medium (LB) containing added sugar (about 2% glucose or xylose) in 
125-mL screw-cap flasks and grown overnight at 30~ and low agitation 
in a shaker water bath. In the case of the plasmid-bearing culture, the 
medium was supplemented with antibiotics (40 mg/L ampicillin and 10 
mg/L tetracycline). Batch fermentations were inoculated by transferring 
approx 100 mL of the overnight LB culture directly to 1400 m-L of medium 
in the stirred-tank bioreactor. The same sugar was used for preculture 
and fermentation. The initial cell density was monitored spectrophoto- 
metrically to give an OD550 in the range 0.1-0.2corresponding to 30-50 
mg dry wt cells/L. 

Fermentation Media 

The nutrient-rich, complex culture medium was Luria broth (LB) (38), 
and the defined salts medium (DS) was as described previously (18). Sugar 
(glucose or xylose) was added at the concentraton specified. Antibiotics 
were not added to the fermentation media. All media were sterilized by 
autoclaving. The sugar supplements were autoclaved separately. 

Fermentation Equipment 

pH-stat batch fermentations were conducted in a volume of 1500 mL 
in MultiGen TM (model F2000) stirred-tank bioreactors fitted with agita- 
tion, pH, and temperature control (30~ (New Brunswick Scientific Co., 
Edison, NJ). The pH was controlled at 6.3 by the addition of 2N KOH. 

Analytical Procedures 

Growth was measured turbidometrically at 550 nm (1-cm lightpath), 
and culture dry weight was measured by microfiltration. Compositional 
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analyses of fermentation media and cell-free spent media were determined 
by HPLC using an HPX-H column (Bio-Rad Labs, Richmond, CA) as 
described previously (18). 

Determination of Fermentation and Bioenergetic Parameters 

The ethanol (product) yield (Yp/s) was calculated as the mass of ethanol 
produced (final concentration) per mass of sugar added to the medium, 
and was not corrected for the dilution caused by the addition of alkali. In 
calculating Yp/s, no account was made for the assimilable/fermentable 
carbon present in the complex LB medium. The mass-based cell yield 
(obs. Yx/s, where s = glucose or xylose) was calculated by dividing the 
maximum cell density (dry wt cells/L) by the concentration of sugar con- 
sumed. When LB was used as the fermentation medium, the cell yield was 
corrected for the contribution of the LB nutrients to the total cell mass (cor. 
Yx/s). This value was experimentally determined to be 0.41 g dry wt cells/L. 

Fermentations with Glucose 
The net ATP gain (GATI') was calculated as mol ATP/mol of sugar 

metabolized to ethanol and mixed-acid end products. For the purpose of 
calculating GATP, the amount of sugar utilized was adjusted for the 
amount of sugar diverted to cell mass. The value of GATp was based on the 
assumption that I mol of ATP was produced for each mol of ethanol, lac- 
tic acid, and succinic acid, and that 2 mol of ATP were produced/mol of 
acetic acid. The value for YATP (g dry wt cells/mol ATP) was determined by 
dividing the molar cell yield for glucose by the ATP gain associated with 
glucose catabolism, as shown below: 

YATP (g dry wt cells/mol ATP) = (obs. Yx/glu" 180/(glu) GATp) (2) 

Fermentations with Xylose 
It was assumed that the value of YATI, was constant, and therefore, the 

net ATP gain associated with xylose catabolism was calculated as follows: 

(xyl) GATp (tool ATP/mol Xyl) -- (obs. YxI~yr150/YATp) (3) 

Carbon Balancing and Determination of %C Recovery 

Carbon balances were calculated as described previously (39,40). The 
amount of carbon (C) in the sugar added (as carbon and energy source) 
and end products is presented as meq C (tool wt divided by number of 
carbons). For cell mass, meq C was determined as the dry wt cells divided 
by 0.0246 (40). For growth in LB media, the max biomass (g dry wt 
cells/L) Was adjusted for the contribution from LB nutrients by subtract- 
ing 0.41 g dry wt cells/L. It was assumed that I mol CO2 was produced/ 
mol of ethanol or acetic acid. No account was made for the possible con- 
version of formic acid to CO2 and H2 or the consumption of CO2 in the 
production of succinic acid. 
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RESULTS AND DISCUSSION 

Almost all the previous research with recombinant ethanologenic E. coli 
strains has employed complex media (usually LB) (10-17). Nutrient-rich 
complex media are used in applied microbiology and industrial processes, 
because they promote rapid and robust growth, but this advantage is over- 
shadowed by the compositional uncertainties in investigations of a funda- 
mental metabolic nature. In this study, a complex medium (LB) was 
employed to provide a point of comparison with reference to the work of 
others (13-17); however, because carbon balancing is made easier 
through the use of defined salts media, this type of medium, in which the 
added sugar was the sole source of carbon and energy (18), was also 
employed in this investigation into the energy yield associated with 
xylose metabolism in E. coli. 

Fermentations with a Nutritionally Rich complex Medium 

Figure 3 illustrates typical time-courses of an anaerobic batch fermen- 
tations with recombinant E. coli B (11303:pLOI297) conducted in the con- 
trolled environment of a stirred bioreactor with the temperature at 30~ 
and the pH maintained at 6.3. The nutrient-rich complex medium was LB 
(38) to which either glucose or xylose was added. In determinations of car- 
bon (sugar)-based growth yield (Yx/s), it is important to ensure that the sugar 
is the growth-limiting nutrient. Figure 4 shows that the final cell density in 
LB medium is directly proportional to the concentration of added sugar 
(glucose or xylose) up to a maximum sugar concentration of about 30 g/L. 
Without any added sugar, the LB medium supports a cell mass concen- 
tration of 0.41 g dry wt/L (Fig. 4). Figure 4 also shows the magnesium 
deficiency of the complex LB medium. By supplementing LB with 0.5 mM 
MgSO4, it was possible to extend the linear relationship between cell 
yield and sugar concentration to about 50 g/L. These observations are in 
confirmation of earlier studies using LB and this same recombinant 
culture (13,18,20). The slope of the lines in Fig. 4 represent the average 
mass-based growth yield coefficients (corrected for the contribution from 
endogenous carbon sources) (av. cor. Yx/s) with respect to glucose and 
xylose, and are 0.096 and 0.051 g dry wt cells/g sugar, respectively (see 
also bracketed values in Table 1). 

Another advantage of employing relatively low sugar concentrations 
in these experiments is that it helps in avoiding possible ethanol toxicity 
problems that are inherently of concern with this type of yield analyses 
owing to the fact that overall yield determinations reflect the average of 
integral effects over the entire growth (fermentation) interval, which 
potentially could include end-product-inhibitory effects (24). 

The various yield parameters with respect to growth (Yx/s), energy (Y~cp), 
and ethanol (Yp/s) for the batch fermentations represented in Fig. 3 are sum- 
marized in Table 1. Details of the methods by which these various yield 
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Fig. 3. A typical pH-stat anaerobic batch fermentation time-course with 
recombinant ethanologenic E. coli (pLOI297) using a complex medium. The 
medium was LB and the pH was kept constant at 6.3. (A) growth; (B) sugar 
utilization. (o) Glucose; (�9 xylose. 

parameters were determined are described in the Materials and Methods 
section. Determinations of metabolic end products that were used to con- 
struct carbon balances for the experiments shown in Fig. 3 are summarized 
in Table 2. For the purpose of carbon balancing, the elemental composition 
of the cell mass was considered to be constant (CHl.sO0.sN0.2) with a mol wt 
of 24.6 g/mol, and it was assumed that cell composition is independent of 
the sugar used for growth (39,40). At 48.7% carbon, this composition of 
E. coli cell mass compares favorably to ones used by others at 47.1% 
(24,41) and 47.4% (27). Apart from cell mass, the major end products for 
both glucose and xylose fermentations were ethanol and CO2 (Table 2). 
Succinic acid was the only other detectable metabolic end product (Table 
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Fig. 4. Plot of final cell mass concentration as a function of sugar concen- 
tration. The medium was LB and the pH was kept constant at 6.3. (o)  Glucose; 
(�9 xylose. Two experiments are shown where the LB medium was supple- 
mented with 0.5 mM MgSO4: (G) xylose with LB + Mg2+; (A) xylose with LB + 
Mg 2+. Equations are shown for solid lines that were computer-generated using 
linear regression. The slope of the lines represent the averages for Yx/s (corrected 
for the contribution from endogenous carbon sources) for glucose and xylose. 

Table 1 
Summary of Yield Parameters with Respect to Growth, 

Energy, and Ethanol for Recombinant E. coli B (11303:pLOI297) a 

obs Yxls cor Yxls Medium Sugar, Biomass, Yp/s, 
type g/L g dry wt cells/L g/g g dry wt cells/g sugar YATP GAa~P 

Complex (LB) 
Glucose 

Xylose 

13.0 1.74 0.54 0.133 0.102 9.28 2.58 
(0.096) 

21.1 1.54 0.45 0.073 0.054 0.87 
(0.051) 

Defined salts 
Glucose 17.1 1.55 0.46 0.091 0.091 8.19 2.00 
Xylose 13.9 0.70 0.47 0.050 0.050 0.92 

aMethods for calculating Yp/s (g EtOH/g sugar), obs. Yx/s and cor. Yx/s (g dry wt ceUs/g 
sugar utilized), YATP (g dry wt cells/mol ATP) and GATP (mol ATP/mol sugar) are described 
in the Materials and Methods section. Bracketed values represent averages (see Fig. 1). 
Abbrev.: LB, Luria broth; DS, defined salts medium; dry wt, dry weight; EtOH, ethanol. 
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2). These observations confirm the very effective manner in which the 
expression of the plasmid-borne Zymomonas genes for PDC and ADH 
create an ethanol production pathway in this organism (11,12). 

The net energy yield associated with anaerobic glucose catabolism 
(GArp) can be derived from a combined knowledge of the mechanism of 
energy-coupled glucose transport and the enzymes involved in the 
metabolism of glucose, with particular focus on those reactions in which 
ATP (or its equivalent) is either consumed or generated. It is known that 
glucose enters E. coli by the PEP-energized phosphotransferase system 
and that during the transport process, glucose is phosphorylated (36,37). 
Hence, the glucose transport process in E. coli substitutes in effect for the 
reaction normally catalyzed by hexokinase (glucokinase) in the Embden- 
Myerhof-Parnas pathway, and consequently, the theoretical value of G~TP 
for anaerobic glucose catabolism in recombinant ethanologenic E. coli is 2.0 
mol ATP/mol glucose consumed (see Fig. 1). The value for GATP is based solely 
on the metabolism of the sugar added to the medium with account being 
made for the portion directed to cell mass and therefore unavailable for 
generating ATP. However, endogenous carbon sources contained in a com- 
plex medium complicate the experimental determination of G ~  that is based 
on end-product analysis. This explains why the value determined for 
GATp for glucose with the LB medium is > 2.0 (Table 1) and why the car- 
bon recovery was > 100% (Table 2). Nevertheless, in the case of glucose 
metabolism in the complex medium, it is possible to calculate the YATP by 
dividing the value of the observed molar growth yield by the experimen- 
tally determined G~Tp (glu) (see Materials and Methods). Using this 
method, the value for YATP is 9.28 g dry wt cells/mol ATP (Table 1). This 
means that, under these conditions, it takes 108 mmol ATP to synthesize 
I g (dry wt) of cell mass. This value for YATP is close both to the value of 
10.5 given by Bauchop and Elsden (32) in their pioneering study of 
growth yield and also to the value of 10.6 (+ 1.0) quoted by Forrest and 
Walker (42) that was based on an average from 47 determinations with a 
variety of different microorganisms. 

In this investigation, it is assumed that a knowledge of the value for 
YATP that is obtained under specified environmental conditions provides a 
means to estimate a value of G~a-P associated with xylose utilization by 
recombinant E. coli. The value for GATP (xyl) was obtained by dividing the 
observed molar growth yield coefficient by 9.28 (Table 1). By this method, 
the net ATP gain associated with anaerobic xylose utilization by recombi- 
nant E. coli was 0.87 mol ATP/mol xylose (Table 1). Although the net 
energy yield from anaerobic xylose catabolism can be estimated in this 
manner, certain assumptions are implicit. Since YATP does not take into 
account that portion of the energy that is consumed independent of 
growth (sometimes referred to as the "maintenance energy"), it is 
assumed that this is unaffected by the substitution of xylose for glucose 
under otherwise identical environmental conditions. Since the determin- 
ation of growth yield depends on measurement of cell mass, it is assumed 
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that cell composition is relatively invariant. Although determinations of 
dry cell mass involve washing the cells subsequent to harvesting by 
ultrafiltrafion, it is not known if exopolymers (e.g., colanic acid) are pro- 
duced or to what extent they might be removed by this procedure. 

Reports in the literature involving determinations of microbial growth 
yields involving xylose (or other pentose sugars) are rare. However, the 
assumption has been made that the net ATP gain associated with anae- 
robic pentose catabolism is 1.67 (25,32,43). This is based on the following 
metabolic pathway for xylose catabolism involving xylose isomerase, 
xylulose kinase, and the conversion of pentose monophosphates into 
fructose-6-phosphate and glyceraldehyde-3-phosphate by the transaldo- 
lases and transketolases of the pentose phosphate pathway (Fig. 1). 

3 Xylose -- 3 Xylulose 
3 Xylulose + 3 ATP - 3 Xylulose-P + 3 ADP 
3 Xylulose-P - 2 Fructose-6-P + Glyceraldehyde-3-P 
2F-6-P + 6ADP + 4Pi - 4EtOH + 4CO2+ 6ADP+ 6ATP 
G-3-P + 2 ADP + Pi - EtOH + CO2 + 2ADP + 2 ATP 

Sum: 3 Xylose + 5 ADP + 5 Pi  " "  5 EtOH + 5 CO2 + 5 ATP (4) 

According to this summary of the metabolic fate of intraceUular xylose, 
the net yield of energy (ATP) from xylose is 1.67 mol ATP/mol xylose. If 
the net ATP gain (GATP) for xylose were 1.67, it would mean that, on a 
mass basis, the cell was capable of deriving the same amount of energy 
from glucose and xylose. Assuming that YATP is constant, this would 
mean that the mass-based growth yields for these sugars would be identi- 
cal. Clearly, this is not the case, since the average corrected values for Yx,'s 
are 0.096 and 0.051 g dry wt/cells/mol of glucose and xylose, respectively 
(Fig. 4 and Table 1). These observations are at variance with those of Beall 
et al. (16), who reported that, for this same recombinant E. coli growing in 
LB with pH control, the observed Yx/s was 0.064 g/g for both glucose and 
xylose. 

However, the assumption that GATP (xyl) has a value of 1.67 does not 
take into account the energy required for active transport of xylose. It is 
reported (44) that xylose enters E. coli by proton symport with a stoichio- 
metry of 1 proton/xylose (Fig. 1). If the stoichiometry associated with 
membrane proton-translocating ATPase is 2 protons/mol ATP hydrolyzed 
(45--47), then the active transport of xylose would require the equivalent 
of 0.5 mol ATP/mol of xylose transported into the cell. When the energy 
required for xylose transport is taken into consideration, the net ATP gain 
associated with anaerobic xylose catabolism is reduced from 1.67 to 1.17. 
This lower value for G~p (xyl) is still considerably less than experirnentally 
determined from the observed growth yield and YATP. 

Fermentations with a Defined Salts Minimal Medium 

In order to eliminate or at least to minimize complications of inter- 
pretation caused by endogenous carbon sources contained in the complex 
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Fig. 5. A typical pH-stat anaerobic batch fermentation time-course with re- 
combinant ethanologenic E. coli (pLO1297) using a defined salts medium, pH 
was kept constant at 6.3. (A) Growth; (B) sugar utilization. (@) Glucose; (O) 
xylose. 

LB medium, experiments of similar design were performed with the same 
recombinant E. coli using a defined salts minimal medium (Fig. 5). The 
growth rate in chemically lean, mineral salts medium (Fig. 5A) was only 
20-25% of the rate observed with the nutritionally rich, complex medium 
(Fig. 3A) as reported previously (18,21). The yield parameters and carbon 
balances are summarized in Tables 1 and 2, respectively. With both 
sugars, there was very good closure of the carbon balance with near 100% 
carbon recovery as cell mass, ethanol, and carbon dioxide (Table 2). The 
decrease in ethanol yield with the glucose minimal medium (Table 1) con- 
firms the involvement of the LB carbon sources in contributing to ethanol 
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production as has been postulated previously by others (13,16,18). It is 
not known why there was not a proportionately similar decrease in 
ethanol yield when xylose was used as the sole carbon source (Table 1). 

Using glucose as sole carbon and energy source, the experimentally 
determined value for GATP was 2.0, which is slightly in excess of the 
theoretically predicted value since a small portion of the glucose is used 
anabolically (Table 1). The calculated value of Y ~  was 8.19 g dry wt 
cells/tool ATP, which means that 122 mmol of ATP are required under 
these condtions to synthesize I g of cell mass. Surprisingly, this is only 14 
mmol of ATP in excess of the amount required to produce the same 
amount of cell mass from a nutritionally rich medium. Because of the 
absence of the vitamins and amino acids in the minimal medium, it was 
expected that the energetic demand for growth would be considerably 
greater with this medium compared to the complex medium. Literature 
values of YATP for different microorganisms are generally much higher 
when complex media are employed (for reviews, see 27,33-35). It is 
postulated that this is because of the greater proportion of energy that is 
consumed in "work"  that is not growth-related in the nutritionally lean 
growth environment (26,27). 

Using the same approach as described previously with the complex 
medium, the experimentally determined value for the net yield of ATP 
associated with anaerobic xylose catabolism (GATp) is 0.92 (Table 1), which 
is close to the value of 0.87 that was obtained with the complex medium. 

From this investigation on growth yields, it is concluded that, on a 
mass basis, E. coli derives only about half as much energy from xylose 
compared to glucose. With experimental error, this difference can be ration- 
alized on the basis of theoretical net energy yields when proper considera- 
tion is given to the differences with respect to the active transport of glucose 
and xylose. This difference in energy yield may explain, in part, the slower 
growth rate that occurs with xylose (Figs. 3A and 5A) (18,21). 

Future experiments will involve determining the specific rate of sugar 
utilization as a function of the specific growth rate in carbon-limited 
steady-state chemostat cultures as a means of assessing the role of so- 
called maintenance energy .with respect to the observed differences in 
growth yield associated with different sugars. The extent to which the 
observations of the present investigation might be applicable to other 
organisms is not known. 
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