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ABSTRACT 

Process development is reviewed for ethanol production from 
cellulosic biomass via direct microbial conversion (DMC). Experimen- 
tal data addressing cellulase production and ethanol tolerance are 
also presented for the candidate DMC organisms Clostridium thermo- 
cellum and Clostridium thermosaccharolyticurn. Two potential paths are 
identified for obtaining organisms for use in DMC. Path 1 involves 
modification of excellent ethanol producers, so that they also become 
good cellulase producers; Path 2 involves modification of excellent 
cellulase producers, so that they also become good ethanol producers. 
Cellulase production, ethanol tolerance, and ethanol selectivity are 
considered for both Path I and Path 2 organisms. It is concluded that 
in situ cellulase production has the potential to allow cost reductions 
relative to state-of-the-art process designs on the order of 50C/gal. 
Based on the data available, the value of cellulase production by C. 
thermocellum corresponds to 90% of this amount. However, each pro- 
cess path has a strategic obstacle to be overcome: high-level cellulase 
expression and secretion for Path 1, and high ethanol selectivity for 
Path 2. Ethanol tolerance is not seen as a primary factor in choosing 
between DMC and other ethanol process alternatives. 

Index Entries: Direct microbial conversion; ethanol tolerance; 
cellulase production; Clostridium thermocellum; Clostridium thermo- 
saccharolyticum. 
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INTRODUCTION 

Potential benefits of fuel ethanol produced from biomass have fre- 
quently been presented. Realization of these benefits has been impeded 
by the cost of converting biomass into ethanol. Biologically mediated pro- 
cess steps are a particular focus for improvement, since these steps are 
the most expensive and least developed in current process designs (1). 

Within the context of ethanol production processes employing enzy- 
matic hydrolysis, four biologically mediated events can be identified: pro- 
duction of ceUulase enzymes, substrate hydrolysis, C6 sugar fermentation, 
and C5 sugar fermentation. The manner in which these events are com- 
bined into process steps is the basis for differentiating bioprocessing 
options for ethanol production. 

State-of-the-art processes for the conversion of lignocellulose to 
ethanol utilize simultaneous saccharification and fermentation (SSF). The 
term SSF is most commonly used to refer to processes wherein hydroly- 
sis of cellulose and fermentation of hexoses to ethanol are carried out in a 
single vessel, and enzyme is produced in a process step separate from 
hydrolysis/fermentation. SSF may be coupled with pentose fermentation 
to improve process yields; current designs involve pentose fermentation 
in a third separate biological step. When compared to process designs of a 
decade ago, current SSF-based designs have cut ethanol production costs 
in half to $1.35/gal (2). Further price reductions, halving costs again, are 
thought to be necessary for biologically produced fuel ethanol to compete 
with petroleum on a large-scale basis at oil prices anticipated for the year 
2000 (1). 

Direct microbial conversion (DMC) processes achieve enzyme pro- 
duction, substrate hydrolysis, and fermentation to ethanol in a single 
process step. Described as early as 1933 (3), DMC processes may be con- 
ceived using fungi (4,5), bacteria (3,6-9), and yeasts (10,11). Topics rele- 
vant to DMC have been investigated by several laboratories in the last 
decade and are the subject of multiple reviews (12-17). The potential ad- 
vantage of DMC lies in reduced bioconversion costs and the possibility of 
higher overall yields. The simplicity of DMC is also compatible with pro- 
ducing a low-value commodity, such as ethanol, and may allow rapid 
process development if key technical issues can be resolved. 

No microbial systems are known that simultaneously synthesize cel- 
lulase at the required high levels and consistently produce ethanol at the 
required high yields. Although several approaches for developing such a 
system have evolved, including mixed cultures of cellulase producers and 
ethanol fermenters, two candidate paths are considered here. It may be 
feasible to modify excellent ethanol producers (e.g., Saccharomyces cerevisiae, 
Zymoraonas mobilis) such that they also become good cellulase producers 
(Path 1). A second option is to manipulate excellent cellulase producers 
(fungi, bacteria) such that they also produce ethanol at high yields (Path 2). 
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This article considers the potential of DMC processes, encompass- 
ing both attractive features as well as barriers to utilization. Progress 
toward addressing such barriers is considered for both Path 1 and Path 
2 approaches; new experimental results for one Path 2 option are also 
presented. 

MATERIALS AND METHODS 

Organism 
Clostridium thermocellum strain ATCC 27405 was used for cellulase pro- 

duction experiments, and Clostridium thermosaccharolyticum strain HG8 
was used for ethanol tolerance experiments. Both strains were kindly 
supplied by Arnold Demain (Massachusetts Institute of Technology). Ex- 
periments were initiated with stock cultures stored at -20~ in 50% 
glycerol and 50% GBG medium (see below). Glycerol stocks were prepared 
from single colonies as described previously (18). 

Media and Culture Apparatus 

Continuous culture of C. thermosaccharolyticum was carried out in GBG- 
xylose medium with preparation and composition as reported previously 
(18), except that the concentrations of K2HPO4.3H20, NaH2PO4, and 
CaC12.2H20 were reduced by 67% in order to prevent precipitation in 
ethanol-containing medium. All chemicals used were reagent grade. A de- 
tailed presentation of methods for documenting the ethanol tolerance of 
C. thermosaccharolyticum is available (19) and will also appear in a manu- 
script specifically addressing ethanol inhibition. Batch culture of C. ther- 
mocellum was carried out in the defined medium of Johnson et al. (20). 
Media preparation was as previously described (18). Culture apparatus 
was as described previously for C. thermosaccharolyticum (18) and C. ther- 
mocellum (21). Methods for inoculation, start-up, steady-state cultivation, 
and sampling were as described previously (18). 

Analytical Methods 

Analysis of substrate and fermentation product concentrations was 
performed by HPLC as described previously (18). Culture dry weight was 
determined by filtering 10-mL samples through preweighed 45-rnm diam- 
eter Nucleopore filters (0.4 #m pore size), drying overnight in a 72~ 
oven/dessicator, and weighing the dried samples. The mass fraction of 
cells and residual cellulose was analyzed by quantitative saccharification 
as described previously (21). Cellulase activity is reported for cell-free 
culture broths prepared either by centrifugation for 10 min or filtration 
through 45-ram diameter Acrodisc filters (0.2-/~m pore size). Activity is 
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reported in units (U) of gmol/L/min, calculated based on the rate of produc- 
tion of soluble potential glucose from 0.6 g/L Avicel (FMC Corp., Philadel- 
phia, PA) the assay buffer developed by Johnson et al. (20) and the soluble 
potential glucose assay as reported previously (22). Samples were diluted 
until activity was proportional to the amount of culture broth added. Extra- 
cellular protein concentration was determined by the Bio-Rad (Richmond, 
CA) assay using bovine serum albumin as a standard. 

RESULTS AND DISCUSSION 

Cellulase Production 

The Impact of Free Cellulase 
The primary incentive for pursuing DMC is the dramatic impact of 

cellulase production costs on overall process economics. As discussed 
subsequently, cellulase production in DMC systems may involve little or 
no cost, depending on the basis for comparison. As a limiting case, the 
economic savings associated with production of free, plentiful cellulase 
are explored below. Thereafter, the extent to which free cellulase is or is 
not likely to be achieved is addressed. 

The most obvious, but not the largest impact of free cellulase produc- 
tion is the elimination of capital and operating costs associated with 
cellulase production. In the most recent SSF designs available (23,24), 
these costs are about 13r 

A less obvious, but more significant cost savings associated with free 
cellulase is reduced bioreactor costs. Figure 1 illustrates the trade-off 
between enzyme and bioreactor costs for SSF using a first-order economic 
analysis calibrated from published data. The total bioconversion costs 
show a minimum cost of 60r at a 7-d hydrolysis/fermentation time, in 
agreement with data published by Wright (23, 24). Overall cost reductions 
can be achieved by technologies that shift the cellulase cost curve left or 
the fermentation curve right. In the limit, when cellulase has no incre- 
mental costs, the cellulase cost curve becomes irrelevant, and the total 
cost curve coincides with the fermentation cost curve. 

If free ceUulase is available in sufficient quantity, the time of hydrolysis 
and fermentation can be reduced to the reactivity limit of the cellulase/sub- 
strate system. For T. reesei systems, the reactivity limit is approx 1-d (25). 
Available data suggests that 1/2-d may be reasonable for systems employ- 
ing C. thermocellum (21), although more data, including results at high 
substrate concentration in particular, are needed to confirm this value. It 
is unclear what mechanisms, if any, may slow hydrolysis at high substrate 
concentrations, since rate-inhibiting product concentrations are not antic- 
ipated in a DMC context. As illustrated in Fig. 1, with free enzyme at levels 
sufficient to allow operation at the 1-d reactivity limit, the total bioreactor 
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Fig. 1. Cost reductions associated with free cellulase production in the 
context of the fermentor/enzyme cost trade-off for SSF processes. Data points are 
from Wright (24); the cellulase/substrate reactivity limit is discussed in the text. 

cost is reduced by approx 29r when compared to the SSF economic 
optimum. 

As a result of in situ cellulase production, DMC may realize further 
economic advantage through improving overall process yield. In reported 
SSF systems, a significant feedstock portion (5-10%) is diverted from 
ethanol fermentation to aerobic production of seed cultures and/or cellu- 
lase. Since aerobic metabolism does not result in ethanol production, the 
diverted portion of feedstock is effectively lost. Similar diversion would 
not be necessary in DMC system operating at the reactivity limit. The 
overall yield improvement of a DMC system that eliminated sidestream 
diversion of 5-10% represents a cost savings in the range of 7-13r 
when compared to current SSF systems. 

Other attractive features of DMC processing have been reported, in- 
cluding compatible fermentation and cellulase systems, higher reaction 
rates, and reduced cooling costs (13). Although in future stages of pro- 
cess development these features could become important, their combined 
impact appears to be small when compared to the savings potential of 
free cellulase. Ignoring these secondary features, a first-order estimate of 
the total potential savings associated with free cellulase production is 
about 50r relative to current SSF designs. 

The potential savings associated with free cellulase may be effectively 
canceled by limitations of current DMC systems, as discussed herein. 
However, the analysis presented above demonstrates the very large value 
of the most important distinguishing feature of DMC systems: produc- 
tion of cellulase by the ethanol-producing fermentation system. 
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Evaluation of Ce//u/ase Production Costs 
Cellulase may be said to have a cost if its production either: 

1. Requires fermentors or other equipment that serves no other 
purpose (e.g., bioreactors for cellulase synthesis by T. reesei); 

2. Increases the size of fermentors or other equipment that do 
serve other purposes (e.g., an SSF reactor); or 

3. Requires substrate that could otherwise be used for ethanol 
production. 

All of these must be evaluated relative to some base case. This article uses 
as the base case fermentation of soluble sugars by yeast at a rate corre- 
sponding to the cellulase/substrate reactivity limit. If no costs are incurred 
beyond the base case for items 1-3 above, then cellulase production can 
reasonably be said to be free in the context of a process for ethanol pro- 
duction from cellulosic biomass. 

Cellulase production is the major obstacle to the development of cost- 
effective Path 1 DMC systems. Although cellulases have been expressed 
in S. cerevisiae (10,11,26-28), and Z. mobilis (29,30), reported production 
levels are thus far impractical for DMC ethanol production. To date, re- 
search has focused on heterologous expression and secretion of single 
cellulase components for study and/or application to higher value products 
than ethanol. To our knowledge, all data reported on cellulase production 
by S. cerevisiae have been obtained under aerobic conditions with little or 
no production of ethanol. 

Conversely, cellulase production is the most important asset of Path 2 
DMC organisms. In the case of C. thermocellum, perhaps the bacterium 
most studied for use in DMC processing, approx 1/3 of the genome is 
thought to code for cellulase (31). Rates of cellulose hydrolysis are com- 
parable for broths from C. thermocellum and T. reesei prepared under 
similar conditions, with specific activity much higher for the thermophilic 
system (20). In spite of these indications of high cellulase activity, few 
data for C. thermocellum are available addressing substrate partitioning to 
cellulase or the yield of cellulase in terms of activity. The ceUulase loading, 
corresponding to the yield in terms of activity (U/g carbohydrate utilized), 
is important for evaluating cost category 2 above. Substrate partitioning is 
important for evaluation of cost category 3 above. Accordingly, we have 
recently initiated studies addressing these factors. 

For Path 2 organisms, such as C. thermocellum, that produce ethanol 
and cellulase simultaneously, there are no costs associated with cost cate- 
gory 1, since no equipment with the sole purpose of cellulase production 
is required. 

Data for reaction times and enzyme loading are presented in Table 1. 
Lynd et al. (21) have demonstrated high (> 85% of theoretical) conversion 
of pretreated mixed hardwood at dilute (e.g., 5 g/L) feed concentrations 
in a continuous culture of C. thermocellum operating at a 12-h residence 
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Table 1 
Cellulase Loading and Reaction Times for DMC Employing 

C. thermocellum and SSF Employing S. cerevisiae 

533 

DMC SSF 

Reaction time for high conversion, h a 12 168 
Loading, U produced or added/g substrate b > 71 7 

aAll data for dilute-acid pretreated hardwood. DMC from (21), for a 
feed with 4 g/L cellulose; SSF from Wright (24) for a feed with 60 g/L 
cellulose. High conversion denotes > 85% theoretical. 

bDMC data from this study, based on free activity only and not in- 
cluding cell or substrate bound cellulase; SSF data from Wright (24). 
Units of enzyme activity measured using Avicel for DMC and filter 
paper for SSF; data of Johnson et al. (20) indicate that results are similar 
for these two substrates. 

time. The presence of excess cellulase in these experiments, together with 
the high affinity of C. thermocellum cellulase components for pretreated 
wood (32), indicates that the substrate was essentially saturated with en- 
zyme and the system was operating near the substrate/enzyme reactivity 
limit. The current 7-d optimum for SSF has already been discussed in 
introducing Figure 1. The significant difference in these reaction times is 
likely to be primarily the result of the much higher cellulase loading in the 
thermophilic system. 

The data presented in Table I do not suggest that the size of bioreactors 
or other equipment needs to be increased for fermentation of C. thermocel- 
lure over that of a base case operating at the cellulase/substrate reactivity 
limit. Thus, costs associated with category 2 above may be zero for this 
and similar organisms. Evaluation of data for cost category 2 can only be 
preliminary at this point, because few if any data are available for DMC 
systems under realistic processing conditions. However, the dominant 
parameter determining the reaction rate, and hence the bioreactor size for 
a given throughput, would appear to be the yield of cellulase relative to 
substrate. It is unclear what, if any, physiological factors would cause this 
parameter to change under more realistic conditions. 

Table 2 presents comparative data for substrate partitioning for C. ther- 
mocellum and S. cerevisiae. Cell yields appear to be similar for the two 
systems. The data in Table 2 suggest that the mass of extracellular protein 
produced by C. thermocellum is about 4% of the substrate utilized. The 
observed cell and enzyme yields correspond to approx 82% of the substrate 
carbon available for catabolic processes resulting in ethanol production 
for C. thermocellum and approx 89% of the substrate carbon available for 
such processes with the yeast. Corresponding theoretical ethanol yields 
are 0.42 and 0.45, respectively. The actual ethanol is much lower for the 
strain of C. thermocellum employed in our studies; ethanol selectivity is 
addressed below. 

AppUed Biochernistry and Biotechnology Vol. 34/35, 1992 



534 Hogsett et al. 

Table 2 
Substrate Partitioning for C. thermocellum and S. cerevisiae 

C. thermocellum a S. cerevisiae 

Cell yield 
Yx/s (g cells/g substrate) 0.10-0.12 0.09-0.11 b 

Cellulase mass yield 
YP/s (g protein/g substrate) 0.03-0.05 Not applicable 

Yx/s+YP/s 0.15 ~0.1 
Ethanol yield 

YE/S (g ethanol/g substrate) 
Actual 0.24 0.42 c 
Theoretical d 0.42 0.45 

aAll data for C. thermocellum from Johnson et al. (20) and this study for a batch culture 
grown on Avicel; parameters are calculated relative to substrate expressed in soluble 
glucose equivalent for the purposes of comparison to yeast. 

bData from (36-39). 
CBased on the selectivity reported in (40) and the theoretical yield as calculated below. 
dBased on a carbon balance assuming that cells and protein are 46 and 56% carbon by 

mass, respectively (41,42), assuming equimolar production of ethanol and CO2 from the 
mass of substrate carbon remaining allowing for cell and enzyme production. 

Given the dissimilar conditions under which the parameters in Table 2 
were measured, bioenergetics may provide a valuable theoretical perspec- 
tive in considering substrate partitioning. Cells generate ATP via catabo- 
lism that may be used for synthesis of either cells or cellulase. The ATP 
requirements and thermodynamic efficiency for synthesis of cells and 
cellular protein are similar for many fermentative chemoheterotrophs (33, 
34). Thus, regardless of whether cellulase is made or not, the combined 
yield of cells and cellulase should vary little for organisms producing 
ethanol with a specified ATP yield (for example, that associated with the 
Embden-Meyerhoff pathway). The potential ethanol yield is proportional 
to the total substrate metabolized less the substrate incorporated into cells 
and macromolecules. These considerations suggest that, in cases where 
the expectation of essentially constant combined yield of cells and cellu- 
lase is realized, the yield of ethanol would thus be similarly unvarying. 

The substrate partitioning data presented in Table 2 are consistent 
with a diversion of substrate to enzyme production on the order of 4%. 
For economics associated with state-of-the-art processes, this substrate 
diversion represents a cost of 5C/gal. The data in Table 2 imply a some- 
what greater proportion of substrate material incorporated into macro- 
molecules in C. thermocellum as compared to S. cerevisiae. This discrepancy 
may be owing to the greater availability of ATP accompanying acetate 
production relative to ethanol (35) and may be eliminated if high ethanol 
yields are achieved by C. thermocellum. 

In summary, the limited data available are consistent with production 
of cellulase of C. thermocellum being free with respect to cost categories 1 
and 2, and to involve costs on the order of 5r for category 3. 
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(@) S. cerevisiae ATCC 4126, 30~ (37) 
(A) S. cerevisiae NRRL-Y-2460, 30~ (38) 
(r Z. mobilis ATCC10988, 30~ (44) 
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Fig. 2. Comparative ethanol tolerance. All data is for steady-state con- 
tinuous cultures in the presence of predominately exogenously added ethanol. 

Ethanol Tolerance 
Ethanol tolerance has traditionally been considered a liability of Path 1 

organisms relative to Path 2 organisms. Tolerance for the potential Path 1 
organisms S. cerevisiae and Z. mobilis, considered in comparison to toler- 
ance in a Path 2 organism below, has been extensively documented. 
However, description and understanding of ethanol tolerance for Path 2 
organisms are much more preliminary. For example, the ethanol concen- 
trations bringing about 50% growth rate reduction have been tabulated 
for several strains of thermophilic bacteria grown in batch and fed-batch 
culture (18). Values for this parameter vary from 4 to 100 g/L. This varia- 
bility is taken to be indicative of the different bases for measurement (e.g, 
the extent or rate of growth), the ability of strains to adapt to high ethanol 
concentrations, and the tentative state of knowledge. With these factors 
in mind, we have begun a systematic study of ethanol tolerance for ther- 
mophilic bacteria and enzymes. 

One measure of ethanol tolerance is the degree of ethanol-associated 
growth rate inhibition for utilization of soluble substrates. Figure 2 pre- 
sents the ratio of the growth rate in the presence of ethanol relative to that 
in the absence of ethanol at constant substrate concentration (/~//~)s as a 
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Table 3 
Growth Inhibition by Ethanol 

for C. thermosaccharolyticum, S. cerevisiae, and Z. mobilis 

Organism Maximum ethanol concentration for growth (g/L) 

Topt" R e f .  Topt--7~ Ref. 

C. thermosaccharolyticum 52 b This work Unknown 
S. cerevisiae 55 c (49) 69-94 b,c (37,38,49) 
Z. mobilis 55 c (48) 72-86 b,c (44,48,53) 

"Topt refers to the optimum growth temperature in the absence of ethanol. 
bData from continuous culture. 
CData from batch experiments. 

function of ethanol concentration. Data is presented for C. thermosaccharo- 
lyticum, and also for Z. mobilis and S. cerevisiae, with the incubation tem- 
perature indicated (37,38,43,44). All data shown were obtained in contin- 
uous culture with most of the ethanol present supplied exogenously. The 
specific growth rate decreases approximately linearly for C. thermosacchar- 
olyticum, with 50% inhibition at 26 g/L and complete inhibition at 52 g/L. 
For the yeast and Z. mobilis, 50% inhibition is observed at an ethanol con- 
centration of approx 50 g/L. 

The growth temperature has been shown to be an important modula- 
tor of ethanol inhibition in both thermophilic (45,46) and mesophilic 
(47-51) organisms, with higher temperature associated with reduced 
ethanol tolerance in all organisms examined. Table 3 presents tolerance 
data at various temperatures for S. cerevisiae, Z. mobilis, and C. thermosac- 
charolyticum. Tolerance at the temperature optimal for growth in the 
absence of ethanol appears similar for all three organisms. For both S. cere- 
visiae and Z. mobilis, tolerance is roughly doubled at temperatures 5-7~ 
below the optimal growth temperature in the absence of ethanol. If a sim- 
ilar trend were observed for C. thermosaccharolyticum, the ethanol toler- 
ance would be comparable to that in S. cerevisiae and Z. mobilis. Studies at 
suboptimal growth temperatures are under way in our laboratory. 

Rates of soluble substrate utilization are typically three or more times 
faster than rates of cellulose hydrolysis by the same organism. Thus, the 
rate-limiting step for ethanol production from cellulosic biomass is 
hydrolysis. Although less widely employed than inhibition of the growth 
rate on soluble substrates, the degree of inhibition of cellulase activity is a 
second relevant measure of ethanol tolerance in the context of processes 
for cellulose conversion. Figure 3 presents ethanol inhibition data for C. 
thermocellum cellulase. The inhibition trend is approximately linear with 
50% inhibition at 80 g/L ethanol. 

Ethanol Selectivity 
High ethanol selectivity, the molar ratio of the rate of ethanol produc- 

tion to the sum of the rates of production of all other products, is the 
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primary asset of Path 1 organisms as agents of ethanol production. Based 
on the detailed study of byproduct formation performed by Maiorella et 
al. (40), ethanol selectivity in S. cerevisiae is 12.5. Data of Jobses and Roels 
(44) indicate that only minor amounts of byproducts are formed by Z. 
mobilis. Ethanol yields of 0.47-0.48 are possible with Z. mobilis, primarily 
owing to the low cell yields of this organism (52,53). 

Obtaining consistently high ethanol selectivity under conditions of 
interest in a process context is the primary obstacle to development of 
DMC processes using Path 2 organisms. Very high selectivity has been 
observed in a number of thermophilic organisms (54-57). However, 
lower yields have also been observed with identical strains (58-63). High- 
yield fermentation appears to be a notoriously variable characteristic with 
lower yields attributable to both instability of mutant strains and depen- 
dence on culture conditions. Ethanol selectivity values of 10 or more have 
been reproducibly obtained by our group during transients for continu- 
ously grown cultures of C. thermosaccharolyticum (18). Studies aimed at 
obtaining similarly high values at steady state are under way. Fusarium 
oxysporum produces ethanol at nearly 90% of theoretical yield from 
cellulose at 20 g/L, but the yield has been observed to fall to 53% of theo- 
retical with 50 g/L feeds (5). 

Work over the past decade has offered many encouraging instances 
of high ethanol yields in Path 2 organisms, and progress toward an under- 
standing of the metabolic basis of yield control has been considerable. 
Nevertheless, further understanding and/or strain development is clearly 
necessary in order to make DMC processing based on such organisms 
competitive with fossil fuel at prices envisioned during the next decade. 
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SUMMARY AND CONCLUSIONS 

Of the two paths for developing DMC systems, each currently has a 
distinct advantage and a distinct disadvantage relative to the other. Path 
1 organisms realize high selectivity, but are not as yet sufficiently good 
ceUulase producers. Path 2 organisms include some that produce plentiful 
cellulase having little or no cost, but high ethanol selectivity has not been 
consistently achieved. Furthermore, very few studies of Path 2 organisms 
have been undertaken under conditions that would be realistic in a pro- 
cess context: high feed and product concentrations, economic growth 
medium composition, and the presence of possibly inhibitory products of 
substrate pretreatment. 

For Path 1, the central challenge is the very significant task of high- 
level expression and excretion of cellulase. For Path 2, the selectivity issue 
must be resolved, and much work needs to be done at realistic process 
conditions. It is notable that most of the characteristics of a practical 
ethanol production process have been realized in Path 2 systems, but not 
simultaneously. These characteristics include high ethanol selectivity 
(5,18), fermentation at acceptably high substrate and ethanol concentra- 
tions (18), and in situ cellulose hydrolysis at high rates and yields (21). 

The analysis presented herein indicates that the economic benefit 
associated with free cellulase production is approx 50C/gal. The data avail- 
able indicate that the value of cellulase production by C. thermocellum cor- 
responds to 90% of this amount. Further studies on this and other Path 2 
organisms need to be carried out to test the generality of this result. Pro- 
cess analyses for ethanol production from cellulose have often stressed the 
importance of ethanol yield improvements for reducing production costs 
(23,24,64). However, the cost reductions corresponding to improving 
ethanol yields of state-of-the-art processes to theoretical are of comparable 
magnitude to the cost reductions projected for free cellulase production. 

Experimental results for ethanol tolerance of C. thermosaccharolyticum 
indicate that tolerance may be greater than has generally been assumed. 
Experimentation in continuous culture, which allows repeated adaptation 
over time periods spanning several days (19), may be one factor in ex- 
plaining the relatively high tolerance reported here. As with cellulase pro- 
duction, further work is necessary at other conditions (e.g., growth 
temperatures) and with other organisms. In addition to these preliminary 
data, a number of factors indicate that ethanol tolerance is not likely to be 
a primary factor in choosing between DMC and other ethanol process 
alternatives. Such factors include the availability of energy-efficient sepa- 
ration technologies (64), the favorable process energy balance made 
possible by burning process residues (1), and the relatively modest 
ethanol concentrations in current wood-based process designs (23,24). 
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