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ABSTRACT 

To be economic and to be compatible with modern continuous bioconversion 
systems, it is imperative that the process organism exhibit an extremely high 
degree of stability. In the case of ethanol production from lignocellulosic biomass, 
functional stability of the potential process biocatalyst can be assessed in terms of 
the capacity to sustain high-performance fermentation during the continuous fer- 
mentation of biomass-derived sugars. 

This investigation employed glucose- or xylose-limited chemostat culture to 
examine the functional stability of two patented, genetically engineered E. coli-- 
namely E. coli B (ATCC 11303) carrying the Zymomonas genes for pyruvate decar- 
boxylase and alcohol dehydrogenase II on a multicopy plasmid pLOI297 and a 
chromosomal pet integrant of strain 11303, designated as strain KOll .  Both recom- 
binants carry markers for antibiotic resistance and have been reported to exhibit 
genetic stability in the absence of antibiotic selection. 

Chemostats were fed with Luria broth (LB) (with 25 g /L  sugar) at a dilution rate 
of 0.14 and 0.07/h when the feed medium was glucose-LB and xylose-LB, respec- 
tively. The pH was controlled at 6.3. With glucose, both recombinants exhibited a 
rapid loss of ethanotogenicity even when selection pressure was imposed by the 
inclusion of antibiotics in the feed medium. With strain KOl l ,  increasing the con- 
centration of chloramphenicol from 40 to 300 mg /  L, resulted in a retardation in the 
rate of loss of ethanologenicity, but  it did not prevent it. Under xylose limitation, 
the plasmid-bearing recombinant appeared to be stabilized by antibiotics, but  this 
did not reflect genetic stability, since the slower-growing revertant was washed 
out at a dilution rate of 0.07/h. With both recombinants, interpretation of func- 
tional stability with xylose was complicated by the inherent ethanologenicity as- 
sociated with the host culture. 

Based on an average cost for large bulk quantifies of antibiotics at $55/kg and an 
amendment level of 40 g / m  3, the estimated economic impact regarding the poten- 
tial requirement for operational stabilization by antibiotics in a plant operating 
in batch mode  varied from a maximum of 29r of E95 ethanol for antibiotic 
amendment of all fermentation media to a minimum of 0.45r where antibiot- 
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ics were used exclusively for the preparation of the inocula for every fourth batch 
fermentation cycle. The high degree of instability observed in these continuous 
fermentations does not auger well for the proposed potential industrial utility of 
these patented, genetically engineered constructs for the production of fuel etha- 
nol from biomass and wastes. 

Index Entries: Ethanol; xylose; stability; recombinant E. coli; strain KOll; anti- 
biotics; pet operon. 

INTRODUCTION 

To be economic, it is imperative that the production of fuel ethanol from ligno- 
cellulosic biomass and wastes involve maximal efficiency of the conversion of all 
sugars to ethanol (1,2). The five-carbon sugar xylose is a major component of hemi- 
cellulose (3), which is hydrolyzed during pretreatment of lignocellulosic biomass 
(4). Considerable research has been directed to the search for organisms capable of 
high-performance fermentation ofbiomass prehydrolysates. This search for xylose- 
fermenting ethanologenic microorganisms has produced several alternatives, 
including bacteria, yeasts, and fungi (for review, see ref. 5). In addition to natural 
isolates, several genetically engineered biocatalysts have been constructed for 
this purpose,  and prominent  among these have been the patented ethanologenic 
Escherichia coli cultures that carry genes for ethanol production, namely pyruvate 
decarboxylase (pdc) and alcohol dehydrogenase II (adhB) from Zymomonas mobilis 
(6-8). In the early stages of developing ethanologenic recombinants, genetic engi- 
neering involved insertion of these genes (referred to as the pet operon) (7) on 
multicopy plasmids carrying genes responsible for resistance to tetracycline and 
ampicillin (8). In one particular construct, designated as plasmid pLOI297, expres- 
sion of the pet operon was under the control of the E. coli lac promoter (9). The 
construction of this transformation vector is illustrated in Fig. 1A (for details, see 
ref. 9). Although the pioneering work was done with E. coli K12 (10-12), a sub- 
sequent physiological assessment of growth characteristics of several different 
potential host cultures of E. coli identified the wild-type Luria strain B (ATCC 11303) 
as a "hardy strain and a suitable host for the pet plasmid pLOI297" (13). For several 
years, we have been assessing the fermentation performance characteristics of 
this patented recombinant E. coli 11303:pLOI297 using both synthetic lab media 
(14-18) and biomass prehydrolysates prepared by different thermochemical pro- 
cesses from a variety of biomass/waste feedstocks, including both hardwood 
(aspen) (19) and softwood (pine) (20), newsprint (21), spent sulfite liquors (22), and 
corn crop residues (23). 

Regarding plasmid stability, it has been claimed that "plasmid pLOI297 is 
stably maintained in ATCC 11303 in the absence of antibiotic selection" (24) based 
on the observation of 98% retention of antibiotic resistance for over 25 generations 
of growth with glucose in the absence of antibiotic selection (9). Pyruvate decar- 
boxylase is absent in E. coli (25,26), and it is known that in order to function as an 
efficient ethanologen, there needs to be hyperexpression of the pet operon (9). 
Although the replicon associated with pLOI297 ensures a high number of copies of 
the plasmid in the host (typically hundreds of copies per cell) (27) and consequently 
promotes high levels of activity of the Zymomonas ethanol production enzymes, the 
genetic instability associated with pUC-based plasmid constructs is also well known 
(27,28). The potential for instability in recombinant 11303:pLOI297 is exacerbated 
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Fig. 1. The construction of vectors used to transform E. coli B (ATCC 11303). (A) Plasmid 
pLO12971--derived from the high-copy-number plasmid pUC18 with the ColEI replicon; 
(B) plasmid pLOI5102--Transformation via chromosomal integration was accomplished 
using a circularized 8.6-kbp derivative of pLOI510 containing promotorless Zymomonas 
pdc and adhB genes adjacent to cat (with a native promoter) inserted within a promotorless 
E. coli pyruvate formate lyase (the 4-kbp portion shown in gray was removed by Sal 1 
digestion). Nomenclature: replicons ColE1 and ori--origins of replication; pdc, Zymomonas 
pyruvate decarboxylase; adhB, Zymomonas alcohol dehydrogenase II; Ap r, ~-lactamase 
(ampicillin resistance gene); Tc r, tetracycline resistance gene; pfl', split E. coli pyruvate 
formate lyase; cat, chloramphenicol acetyl transferase; Pl~c, E. coli lac promotor; Sall and 
BamH1, restriction endonucleases (9,32). 

by the fact that the host harbors low-copy-number cryptic plasmids (29). Finally, 
high-copy-number plasmids are known to impose an energetic burden on the host 
(30), and because energy is diverted from growth to plasmid maintenance, this 
effect is often reflected in reduced growth rate and cell yield (31). 

Recognizing that "plasmid-bearing recombinants are typically less stable than 
strains in which the foreign genes have been integrated into the host chromosome" 
(32), Ingram and his associates at the University of Florida created a series of pet 
integrants (32). One of the plasmids used for the purpose of inserting the Zymomonas 
pet genes into the chromosome of E. coli B ATCC 11303 is described in Fig. 1B (for 
details, see ref. 32). Chromosomally integrated strains were constructed by insert- 
ing the Zymomonas pdc and adhB genes within the pyruvate-formate lyase gene 
(pfl) of the host (32). However, it was discovered that single-copy inserts of the pdc 
and adhB genes did not result in the high level of activities of Zymomonas enzymes 
that had been achieved in multicopy plasmid-based recombinants (32). The circu- 
larized fragment of DNA used to transform E. coli also contained the gene for chlor- 
amphenicol acetyl transferase (cat), which is responsible for conferring resistance to 
chloramphenicol (Cm) (Fig. 1). Strain KOl l  expresses high levels of both the 
Zymomonas genes and cat, and was a spontaneous mutant that was selected for 
resistance to high levels (600 ~g/mL) of chloramphenicol. In addition, strain KOl l  
carries a mutation in its fumarate reductase gene, which impairs its ability to pro- 
duce succinate as a fermentation end product (32). 

In a recent collaborative, international, interlaboratory study designed to 
compare, under standardized conditions, the fermentation performance of several 
different microorganisms in a xylose-rich medium consisting primarily of a dilute 
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acid hydrolysate of corn cobs, it was concluded that the E. coli recombinant strain 
K O l l  "is currently the best known pentose-fermenting organism" (33). This con- 
clusion was based on a combination of criteria with a pr imary focus on ethanol 
yield and productivity.  The issue of stability of this genetic construct was not  
addressed in this comparative s tudy (33). Likewise, in a recent review of hemicel- 
lulose conversion technology, McMillan (2) concluded that Ingram's  recombinant  
E. coli is currently one of the "the best candidates" for convert ing hemicellulosic 
hydrolysates,  but  there was surprisingly no reference to the issue of stability of 
this candidate biocatalyst. A recently published technical and economic analysis 
of large-scale ethanol product ion from willow based on the use of recombinant  E. 
coli KOl l  admits  to lack of information relating to the genetic stability of K O l l  
and its ability to sustain a high level of ethanologenicity dur ing  prolonged batch 
cycling and recirculation (34). This s tudy failed to consider the economic impact  
of the use of antibiotics to provide constant selective pressure as an aid to genetic 
stability (34). Clearly, there is a deficiency in our knowledge  regarding the issue 
of stability of these genetically engineered ethanologenic biocatalysts, and the 
purpose  of this s tudy was to extend our prel iminary assessment of the stability of 
recombinant  E. coli 11303:pLOI297 and the chromosomal  integrant strain KO11 in 
which we used serial transfer cultivations with and wi thout  antibiotic selection 
(35). Since the potential utility of these constructs relates principally to their abil- 
ity to convert  various biomass-based sugars to ethanol, we have chosen to assess 
the functional stability in terms of the ethanologenicity of the chemostat,  whereby 
system stability is viewed as the capacity of the chemostat  culture to sustain high 
fermentat ion performance with respect to the conversion of sugar to ethanol. 
Furthermore,  cont inuous culture of recombinant  ethanologenic E. coli is another  
area in which there is little available information and cont inuous fermentat ion 
offers significant potential for economic improvement  through lowered capital 
and operat ing costs. 

In this study, we used both glucose and xylose because these two sugars 
represent  the major components  of cellulose and hemicellulose, respectively (3). 
The apparent  linear growth pattern exhibited by recombinant  E. coli in batch 
fermentations (9,14,20) made it difficult to predict  an appropriate  di lut ion rate for 
chemostat  culture. Consequently,  we have adopted  a heuristic approach to the set 
point  with  respect to dilution rate. Based on our previous experience with batch 
fermentations,  and knowing that growth with glucose was approximately two- 
fold faster than with xylose (14), the dilution was set at 0.14 and 0.07/h for these 
sugars, respectively. 

MATERIALS AND METHODS 

O r g a n i s m s  

The wild-type, host culture, E. coli B (ATCC 11303) was obtained from The 
American Type Culture Collection (Rockland, MD). Recombinant E. coli B (ATCC 
11303 carrying the pet plasmid pLOI297) (9) and the chromosomally integrated 
s train K O l l  (32) were  received f rom L. O. Ing ram (Univers i ty  of Florida,  
Gainesville,  FL). Cultures g rown from single-colony isolates on selective anti- 
biotic-containing agar m e d i u m  were stored at -10~ in luria broth (LB) m e d i u m  
supplemented  with glycerol (20 mL/dL)  and sodium citrate (1.5 g/dL).  
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Continuous Culture Conditions 

Continuous cultures were conducted in benchtop chemostats (Bioflo model  
C30, New Brunswick Scientific Co., Edison, NJ) with a working volume (V) of approx 
350 mL. The chemostats were fed sterile LB med ium (36) (containing approx 2.5 wt% 
sugar) at a constant flowrate (F) by means of peristaltic p u m p  (dilution rate [D] 
where D = F /V  h-l). The temperature was 30~ the agitation (multiple flat-blade 
turbines) was constant at approx 150 rpm and the pH was mainta ined at 6.3 by the 
addit ion of 2N KOH. In the case of recombinant 11303:pLOI297 selection medium,  
the LB m e d i u m  was amended  with 40 m g / L  ampicillin (Ap) and 10 m g / L  tetracy- 
cline (Tc). For recombinant KOll ,  Cm was used either at 40 or 300 mg / L as specified 
in the figure captions. Inocula were prepared as in phosphate-buffered LB in flask 
cultures described previously (37). 

Analytical Procedures 
Growth was estimated turbidometrically at 550 nm. Composit ional analyses 

of fermentation media and cell-free spent media were determined by high-perfor- 
mance liquid chromatography (HPLC) as described previously (37). 

Assaying Stability of Recombinant Cultures 
Functional stability of recombinant E. coli cultures was assessed in practical 

terms as ethanologenicity of the culture and the degree of ethanol selectivity 
among metabolic end products. Genetic stability was assessed phenotypically by 
plating cultures on selective and nonselective agar. The phenotypic characteristics 
of the recombinant culture were related to antibiotic resistance, colony size, and 
morphology.  Ethanologenic recombinants were recognized on antibiotic-selective 
media by the formation of distinctive large, yellowish, opaque colonies (14,38). 

Determination of Fermentation Parameters 
Culture ethanologenicity was expressed in terms of the ethanol yield (Yp/s), 

which was calculated as the mass of ethanol p roduced  per mass of sugar con- 
sumed.  The theoretical m a x i m u m  ethanol yield for either glucose or xylose is 
0.51 g E t O H / g  sugar. 

RESULTS AND DISCUSSION 

Recombinant E. coU 1 1303:pLOI297 

Figure 2 represents  the con t inuous  cul ture  of r ecombinan t  E. coli B 
11303:pLOI297 in LB with glucose (about 25 g/L)  and is a plot of the trajectories 
for biomass (estimated by OD), effluent glucose, and the different catabolic end 
products (ethanol, lactic acid, and acetic acid). Flow of med ium from the nutrient  
reservoir was initiated following overnight  batch culture, and a period of time 
equal to 3 vol changes (21 h) was assumed to be sufficient for steady-state growth 
to be achieved in the selective medium,  which contained both ampicillin and tet- 
racycline. After 24 h of elapsed continuous fermentation, the feed was switched to 
a nonselective med ium (25 g /L  glucose in LB minus the antibiotics) (Fig. 2). The 
increase in lactic acid prior to the change over to the nonselective m e d i u m  sug- 
gests instability even under  the selective pressure of the presence of antibiotics in 
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Fig. 2. Continuous culture of recombinant E. coli 11303:pLO1297. LB, containing glu- 
cose (25 g/L) and antibiotics (40 mg/L ampicillin and 10 mg/L tetracycline), was fed to 
the chemostat (350 mL constant working volume) at a fixed rate of 49 m L / h  (D = 
0.14/h). The pH was controlled at 6.3, and the temperature was constant at 30~ The 
first arrow (-Ap/Tc) indicates the switch to a medium feed without antibiotics. The dashed 
line shows the theoretical dilution profile with respect to the concentration of ampi- 
cillin(y-axis as mg/L) in the chemostat. The second arrow (+Ap/Tc) indicates addition of 
antibiotics directly to the chemostat and the switch back to the medium containing anti- 
biotics. Symbols: I-q, OD at 550 nm; +, glucose (g/L); II, ethanol (g/L); O, lactate (g/L); &, 
acetate (g/L). 

the m e d i u m  (Fig. 2). The t rend to elevated lactic acid wi th  concomitant  fall in 
e thanol  fol lowing the switch to the nonselective m e d i u m  indicates a high level of 
funct ional  instability unde r  these conditions. The ethanol concentrat ion falls to 
zero wi thin  40 h of the switch to the nonselect ive medium,  and this cor responds  
to only  about  eight  generations.  In fact, the apparent  d isplacement  of e thanol  f rom 
the chemosta t  precedes  that of the antibiotic (Fig. 2). 

In this s tudy,  we have v iewed the chemostat  culture from a holistic perspec- 
tive, and al though functional instability almost certainly is a function of the genetic 
instability of this genetically engineered  biocatalyst, we  have not  a t t empted  to 
discern the mechanism(s) responsible for such instability. Since it is known  that 
unde r  similar conditions of pH-controlled batch culture, the wild- type host cul ture 
(ATCC 11303) exhibits a faster growth rate than recombinant  11303:pLOI297 (31), 
it is reasonable to assume that the particular environmental  conditions of the glu- 
cose- l imited chemos ta t  (D = 0 . 1 4 / h )  offer a g rowth  advan tage  to the rever tan t  
and  that it rapidly displaces the recombinant  culture (39,40). The stoichiometric 
distr ibution of fermentat ion end products  in the absence of antibiotics (Fig. 2) is 
consistent with what  would  be expected from glucose fermentat ion by the host  
culture (31). In this investigation, plating of cultures on selective and nonselective 
agar was done  only for the purpose  of qualitative phenotypic  screening. Plat ing 
of the  60-h chemos ta t  cu l ture  revea led  that  a h igh  p ropor t ion  of the p o p u l a t i o n  
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Fig. 3. Continuous culture of recombinant E. coli 11303:pLOI297. Conditions were as 
described in Fig. 2, except that the medium was LB with xylose (25 g/L) and antibiotics 
(40 mg/L ampicillin and 10 mg/L tetracycline). The dilution rate (D) was 0.07/h. The 
first arrow (-Ap/Tc) indicates the switch to a medium feed without antibiotics. The 
dashed line shows the theoretical dilution profile with respect to the concentration of 
ampicillin (y-axis as mg/L) in the chemostat. Symbols: E3, OD at 550 nm; X, xylose (g/L); I ,  
ethanol (g/L); e ,  lactate (g/L); &, acetate (g/L); A, succinate (g/L). 

was not antibiotic-resistant (results not shown). That the culture was not com- 
pletely devoid of antibiotic-resistant cells was indicated by the lack of "washout"  
and the partial recovery of ethanol that was observed following reintroduction of 
antibiotics into the system (Fig. 2). 

The first pet recombinants of E. coli were based on high-copy-number plasmid 
constructs, and it was reported that the pLOI297 plasmid was "quite stable" in E. coli 
B (ATCC 11303) where plasmid stability was expressed as the percentage of cells 
retaining antibiotic markers after "25 generations" of growth in LB m e d i u m  with 
glucose in the absence of antibiotic selection (9). For recombinant 11303:pLOI297 
under  these specific assay conditions, it was reported that 98% of the cells retained 
antibiotic resistance, but the actual time period was not specified nor was the sta- 
bility determined in terms of retention of culture ethanologenicity (9). 

The virtual d isappearance of ethanol  from the glucose-l imited chemosta t  
after only 3 d of operation does not suggest a stable biocatalyst and challenges the 
earlier claims (9) regarding the stability of this construct. 

Figure 3 represents an experiment of similar design to that shown in Fig. 2, 
except that the LB med ium contained xylose (about 25 g/L)  and the dilution rate 
was 0.07/h. Over the initial 90-h period, the chemostat was operated under  antibi- 
otic selection, and the ethanol concentration was relatively constant at about 12 g /L  
corresponding to a xylose-to-ethanol conversion efficiency of 95% of the theoreti- 
cal max imum (Fig. 3). However,  when  the antibiotics were absent from the feed 
medium,  the decay in ethanol concentration paralleled that of the concentration of 
antibiotics in the chemostat (Fig. 3). The ethanol concentration decreased to a pla- 
teau value of about 6 g /L  (Fig. 3), corresponding to an ethanol yield of 0.24 g / g  
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Fig. 4. Continuous culture of recombinant E. coli KO11. Conditions were as described 
in Fig. 2, except that the LB medium contained glucose (25 g/L)  and Cm (40 mg/L).  The 
dilution rate (D) was 0.14/h. The arrow at 24 h (-Cm) indicates the switch to a medium 
feed without  Cm. The second arrow at 96 h (+Cm) indicates addition of Cm (final concen- 
tration of 300 m g / L )  directly to the chemostat  and the switch to LB med ium conta in ing 
300 m g / L  Cm. The dashed line shows the theoretical dilution profile with respect to the 
concentration of Cm (!l-axis as rag/L) in the chemostat. Symbols: ~,  OD at 550 nm; I ,  
ethanol (g/L); Q, lactate (g/L); A, acetate (g/L), 

xylose that is characteristic of xylose fermentat ion by the host culture (8.31). 
Operationally, the xylose-limited chemostat under  selective pressure appears to be 
stable over the 4-d period of assessment�9 However, this may not reflect genetic 
stability of the plasmid recombinant for the following reasons. It is known that E. 
coli does not grow well with xylose (24,31), and furthermore, that the recombinant 
11303:pLOI297 grows in LB-xylose at a rate that is considerably faster than the host 
culture (31).Therefore, the pet-expressing culture would have an advantage in the 
chemostat  whereby the slower-growing revertant host culture would be washed 
out  (39,40)�9 In a separate experiment (results not shown), we determined that, at 
this dilution rate with xylose, steady-state growth was not possible with the host 
culture ATCC 11303. It follows that the apparent stability of the xylose-lirnited 
chemostat  under  selective pressure derives from its capacity for self-regulation 
with respect to maintenance of the ethanologenic strain. 

Recombinant E. coU KO 11 

A similar experimental strategy was employed to assess the functional stabil- 
ity of the chromosomal integrant, strain KOll .  Figure 4 represents the cont inuous 
culture of the recombinant in LB with glucose (about 25 g/L). Initially the med ium 
contained chloramphenicol  (Cm) at 40 m g / L ;  however,  at 21 h, the feed was 
switched to a nonselective med ium in which Cm was omitted. The trajectories for 
ethanol and lactic acid that are plotted in Fig. 4 are remarkably similar to those of 
Fig. 2. For purposes  of comparison,  all the plots have been made  with both x-axis 
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Fig. 5. Continuous culture of recombinant E. coli KOll. Conditions were as described in 
Fig. 4, except that the dilution rate was 0.07/h. Symbols: E3, OD at 550 nm; II, ethanol (g/L); 
O, lactate (g/L); A, acetate (g/L); &, succinate (g/L). 

and y-axis of the same scale and magnitude. The initial level of lactic acid is consis- 
tent with the known fermentation pattern for strain KOll  (32) and was not con- 
strued as indicative of instability during the initial period while the chemostat was 
under selective pressure with Cm in the medium (Fig. 4). The decrease in ethanol 
parallels the decrease in the concentration of Cm and seems to commence immedi-  
ately on removal of the Cm from the medium being supplied to the chemostat. 
However, in comparing Figs. 2 and 4, it can be seen that the rate at which the 
ethanol decreases, and the lactic acid increases, is not as fast as with the plasmid- 
bearing recombinant. As was the case with the recombinant 11303:pLOI297, recov- 
ery of the system with respect to ethanol production is possible through the 
reintroduction of Cm (Fig. 4), which demonstrates that KOll  had not been com- 
pletely eradicated at the time the antibiotic was added (96 h). 

Figure 5 shows the effect of dilution rate on the stability of the glucose- 
limited chemostat with recombinant KOll .  In the experiment shown in Fig. 5, 
the chemostat was operated at a dilution rate of only 0.07/h (compared to Fig. 
4 where D = 0.14/h), and the decrease in ethanol along with the concomitant rise 
in lactic acid indicates functional instability even in the presence of 40 mg Cm/L.  
The ethanol yield fell to a value of 0.12 g / g  by 48 h after flow was started, and 
this time period corresponds to <5 generations. Recovery was demonstrated by 
the introduction of 300 m g / L  Cm (Fig. 5), suggesting that the system could be 
operated in a more stable fashion at this higher concentration of Cm. Figure 6 
shows that this was not the case since the ethanol concentration began to decline 
after only 2 d of operation with 300 m g / L  Cm in the medium. The higher level of 
antibiotic retarded the loss of ethanologenicity, but did not prevent it (Fig. 6). 

Figure 7 shows the results of a continuous culture of recombinant KOll  in LB 
medium with xylose (about 25 g/L). The chemostat was operated at a dilution rate 
of 0.07/h, and for the first 2 d there was Cm (40 mg/L  ) in the feed medium during 
which time the ethanol decreased from 13 to 9 g /L  (Fig. 7). There was very little 
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Fig. 6. Continuous culture of recombinant E. coli KOll. Conditions were as described 
in Fig. 5, except that the medium contained 300 mg/L chloramphenicol. Symbols are the 
same as in Fig. 5. 

change in the ethanol concentration following the switch to med ium without  Cm, 
al though there was a slow progressive increase in the concentration of both acetic 
acid and succinic acid (Fig. 7). Since strain KOl l  is restricted from producing suc- 
cinate because of a mutat ion in fumarate reductase (frd), the increase in succinate 
signals the presence of another populat ion different from strain KOll .  The pattern 
seen with xylose-limited KOl l  in Fig. 7 is similar to that of the xylose-limited chemo- 
stat with plasmid recombinant (Fig. 3) in that the ethanol concentration decreases 
to a plateau that is defined by the ethanol yield characteristic of xylose fermentation 
by the host ATCC 11303. 

Ethanologenic recombinant strain KOl l  is characterized by its resistance to 
high levels of Cm and was derived from the pet integrant, strain KO3, which was 
selected for resistance to Cm at 40 m g / L  (29). Whereas strain KOl l  exhibits a char- 
acteristic very high degree of ethanol selectivity, strain KO3 produces a stoichiomet- 
ric pattern of the fermentation end products that is very similar to the host culture 
(32). The distribution of metabolic end products resulting from xylose fermentation 
by strain KO3 has not been reported. Strain KO3 is distinguishable from the host 
culture by virtue of its resistance to Cm (32). The high frequency of mutat ion for 
hyperresistance to Cm (10 -5) that was observed in selecting strain KOl l  from a 
culture of KO3 (32) suggests that the frequency of reversion could be of the same 
order. Hence, it is conceivable that the integrant KO3 strain could compete with 
strain KOll  in the chemostat that is being fed medium with 40 m g / L  Cm. 

These observations with recombinant KOl l  challenge the claims of its design- 
ers regarding its "stability" (32) and call into question the generality of the pre- 
sumpt ion  of stability of ethanologenic chromosomal integrants of other bacteria in 
which the genetic engineering was modeled after the work with E. coli. For example, 
strain P2 is a recombinant Klebsiella oxytoca M5A1 that expresses chromosomally 
integrated Zymomonas genes for ethanol product ion and is being used as a host  
strain for the expression of heterologous enzymes for hydrolyzing cellulose and 
xylan (41). However, a functional stability assessment for these constructs is lacking. 
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Fig. 7. Continuous culture of recombinant E. coli KOll. Conditions were as described 

in Fig. 4, except that the LB medium contained xylose (25 g/L) and the dilution rate 
was 0.07/h. The arrow at 50 h (-Cm) indicates the switch to a medium without chloram- 
phenicol. The dashed line shows the theoretical dilution profile with respect to the concen- 
tration of Cm (y-axis as rag/L) in the chemostat. The arrow (right side) indicates the 
average level of ethanol produced under these conditions by the host culture E. coli B 
(ATCC 11303). Symbols are the same as in Fig. 5. 

Although the stability of strain KOll  per se was not reported, the hyper-Cm- 
resistant integrant  from which it was derived, namely  strain KO4, was said to 
be stable after being serially transferred in glucose-LB without antibiotics for more 
than 68 generations, although the value of "generation time" was not specified (32). 
Supposedly, strain KOll  differs from KO4 only by virtue of a mutation in the gene 
coding for frd, which is responsible for succinate production. Ohta et al. (32) 
described stability in terms of resistance to high levels of Cm (600 ~tg/mL) and 
phenotypic characteristics relating colony morphology on agar plates. According to 
these criteria of stability, 100% of the cells retained these traits after 68 generations 
(32). The literature is remarkably silent with respect to the subject of the stability of 
ethanologenic recombinants, and claimed stability appears to have been tacitly 
assumed by several investigators who have independently endorsed strain KOl l  
in terms of its superiority as a xylose fermenter and suggested that it be considered 
as a candidate biocatalyst for hemicellulose utilization in large-scale fuel ethanol 
production facilities (2,33,34). 

The E c o n o m i c  I m p a c t  of a R e q u i r e m e n t  
for Ant ib io t i cs  on Cos t  of Fuel  E thanol  

von Sivers et al. (34) recently published the results of their cost analysis of fuel 
ethanol production from lignocellulosic biomass based on using recombinant E. coli 
KOll.  Their technical and economic analysis focused solely on the fermentation of 
prehydrolysate produced by steam-treated willow and estimated the total cost of 
producing fuel-grade E95 ethanol from xylose-rich prehydrolysate batch fermen- 
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tations to be 48r (equivalent to $1.82/US gal). The cycle t ime for each batch 
fermentat ion was 55 h, and the plant p roduced  6.9 million liters of E95 e t h a n o l / y r  
in 141 fermentat ion cycles. Pertinent to the results of our s tudy with K O l l  is the fact 
that it was assumed in their base case cost estimate that recombinant  E. coli K O l l  
was sufficiently stable that only seven inoculations f rom pure  culture w o u l d  be 
r equ i r ed /y r .  It was estimated that if the frequency with  respect to the requi rement  
for re inoculat ion changed from every  20 cycles to every  5 cycles, there wou ld  be 
an addit ional  cost of 2r  of E95 raising the cost f rom 48 to 50r However ,  there 
was no ment ion  regarding cost of antibiotics. Our results of the present  s tudy  in 
combinat ion with  our  prel iminary findings with serial transfer fermentat ions in the 
absence of antibiotic suggest not  only a more frequent  requirement  for inoculation, 
but  also a possible involvement  of antibiotics in all media. If Cm were  to be used at 
the level of 40 m g / L  in all media  in the operation described by yon Sivers et al. (34), 
we estimate that the added cost of producing E95 ethanol would  be 7.63r / L (29r 
This est imate is based on a bulk order  cost of Cm at $55 / kg. von Sivers et al. (34) used 
a pitch rate of 20% (to give an initial cell concentration of lg  dry  wt /L) ,  and even if 
there  were  a r equ i r emen t  to inoculate  only  every  three cycles (35) and  if Cm at 
40 g / m  3 w e r e  used exclusively for the preparat ion of the inocula, there would  still 
be an added  cost of 0.45r E95. The stability of strain K O l l  under  the aerobic 
culture conditions proposed by these investigators remains to be assessed. Since 
strain K O l l  appears  to be main ta ined  better at the higher  level of 300 g / m  3 Cm ,  
the economic impact would  be increased proportionally by a factor of 7.5 times. The 
es t imated economic impact  regarding the potential  r equ i rement  of stabilizing 
antibiotics is significant when  viewed in terms of the cost estimates associated with 
nutri t ional supplements,  von Sivers et al. (34) estimated the cost of using ammonia ,  
phosphoric  acid, and magnes ium oxide as the sole nutritional supplements  to be 
10.6r E95. The results of our  investigation being reported at this sympos ium 
indicate that corn steep liquor (CSL), at about 8 g /L,  can supply all the nutri t ional 
requirements  of recombinant  E. coli (31).The economic impact of CSL supplemen-  
tation was est imated at 4.2r E95 ethanol. In the context of our findings wi th  
recombinant  E. coli KOll ,  it is interesting to note that von Sivers et al. (34) made  the 
following concluding remarks in their paper  on technical and economic analysis: 

More experiments  on both the laboratory and pilot scale are necessary to 
determnine how cell recirculation will affect the genetic stability of E. coli KOll .  
It is also necessary to establish whether  E. coli KOll  is able to ferment equally 
well in a mineral salt medium as in the complex medium used in the laboratory 
experiments. 
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