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PH'YSLOLOGICAL AND GENETIC CEARACTIE'LlrZATION OF SELECTED STRAINS 
PROM THX ENRXCEIMEIYT 

During this grant period, we have completed the analysis of over 400 bacterial strains isolated from 
77 environmental samples as potential second generation biocatdysts which can grow and ferment 
under conditions that are also optimal for the activity of commercial b g a l  celIulases (pH 5.0 and 
50" C). Selected isoIates are expected to carry out shultaneous saccharification and fermentation 
(SSF) of cellulose in a cost-effective manner. All of these isolates were evaluated for the following 
physiological properties to identify the best candidates for detailed analysis. 

1. Ability ta grow under anaerobic conditions 
2. Ability to grow and ferment a variety of sugars; glucose, xylose, arabinose, gaIactose, mannose, 

3. Ability to grow in minimal-salts medium with and without corn steep liquor 
4. Ability grow and ferment sugar cane bagasse hemkehlose hyddJ%k 

RICTQS~, cellobiose, etc. 

Based on the results of these experiments, four isolates were selected for detailed study. Isolates 
17C5 and 36D 1 grew and fermented the sugars in sugar cane bagasse hemicellulose hydrolysate as 
well as SSF of crystalline cellulose, Solka Floc, in minima-salts medium with 1% corn steep liquor. 
Isolate P4-T02B was easily transformable by plasmid DNA as a prelude to metabolic and genetic 
engineering. IsoIate P4-T4B was included because of its growth and fermentation characteristics. 

Taxonomy of the new isolates 

Based on the sequence of first 500 bp of the 16s rRNA sequence, 37 of the 39 tested isoIates, 
including the four selected strains, were found to form a unique phylogenetic group with the nearest 
neighbor being BacikZm cmpZms. One isolate, strain Y58 was found to be B. mitkii while the last 
tested isolate, 57H2, was closely related toB. smifkii. To mntim these identities, the DNA encoding 
the entire 16s rRNA Erom three of the isolates, 17C5,36D1 and P4-102B, was sequenced and these 
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sequences were compared to other sequences h the rRNA sequence database. Based on fill length 
sequence also, the isolates- 1 7C5,3 6D 1 and P4- 102B formed a unique phylogenetic group with the 
nearest neighbor being Bacs'lhs coaguhm although the three strains were initially isolated from 
different geographical locations within the country (Fig. 1). As presented in this Figure, bacteria 
identified as B. coagulans form a very diverse phylagenetic group and except for one strain of B. 
coapZam, strain D S p ,  other bacteria identified asB. cmguims in the database are phylogenetically 
distinct from these new isolates. TheB coagnlm ATCC type strain, ATCC 7050, also differed from 
the new isolates by its inability to utilize xylose. The S ~ G O ~  generation bacterial isolates may 
constitute a new species of Bacillus; in this study, they are referred as Bacillus spp. in accordance 
with their unique phylogeny. The ability to pruduce lactic acid as the major fermentation product and 
the phylogenetic grouping withB. coaguZam indicates that the second generation biocatalysts are part 
of a larger sporogmic lactic acid bacteria group. 

Fermentation of GIucose 

Detailed growth and fermentation profiles of four of the selected second generation isolates on 
glucose are presented in Table 1 and Fig. 2 and Fig. 3. Since ethanohgenk second generation 
biocatalysts are yet to be constructed, lactic acid production was used to establish the general 
physiological and fermentation characteristics of these biocatalysts. Once the appropriate 
ethanologenic constructs are made, the basic lactate fermentation properties are expected to be 
readily transferrable to ethanol production. In these experiments, the cultures were grown in home- 
made fermentation units at 50°C and a constant pH of 5.0, maintained by addition of2N ROE. 
Cultures were mixed by a magnetic stirrer bar at 200 RPM. The gas phase above the 250 ml ofliquid 
in a 500 mI vessel was air. Inoculum for these experiments was grown under aerobic conditions at 
50°C in LB+glucose (1%) (LB; tryptone, 1%; yeast extract, 0.5%; NaC1,0.5%} to mid-exponential 
phase ef gowth. 

After a very short lag (less than 2 hours), LB-tghcose cultures grew in a linear manner until the 
maximal cell density was reached in about 12 hours (Fig. 2). Glucose utilization and lactate 
production followed the growth of the biocatalyst and continued until all the sugar (30 gL) was 
exhausted from the medium. A culture maintained under strict anaerobic conditions with an argon 
gas phase grew very slowly suggesting that the initial build-up of cell mass required micro-aerobic 
conditions. Continued fermentation of glucose by the biocatalyst was independent of the gas phase. 

Cell yield of strains 17C5 and P4-74B were significantly higher in rich medium with glucose than 
the other two strains although the cell density of strains 17C5 and P4-748 decreased significantly 
when they reached stationary phase ('Fig. 2). All 4 cuwes mcbed the same final yield of la&c acid 
and the time for complete fermentation of the added glucose was directly proportional to the highest 
observed cell density of the cultures with strain SJCS fermenting 30 g/L glucose in about 16 hours 
with the highest volurnet~ic productivity of lactate (2.5 g L-' h-'). 

All four strains grew in glucose-rniirnd medium supplemented with 1% corn steep liquor With 
strain P4-7413 growing at the highest growth rate (Fig. 3). Strain 3 6D1 had the second highest growth 
rate and reached the stationary phase by about 24 hours. Strain 17C5 had the lowest growth rate for 
reasons unknown. However, the final cell yield in glucose-minimal medium was about the same for 



d l  four strains. The amount of time required to completely fimment the 30 g/L glucose depended on 
the growth rate and cell yield and varied between 43 and 96 hours. Corn steep liquor was essential 
for optimum growth of the organism in minimal medium. 

The main fermentation product o f d  four strains from glucose was lactate (Table 1). Acetate and 
ethanol accounted for about 5% of the total products produced irrespective of the medium 
composition. In rich medium, strains 36D 1 and P4-74B had the highest specific glucose consumption 
rate and corresponding lactate production rate. In minimal medium, the specific rate of glucose 
consumption and lactate production were about the same for strains 36D1, P4-74B and P4-102E. 
Total product yield fiom glucose was about 85%. Based on glucose fermentation in both rich and 
Sninimal media, strains 36D1 and P4-74E appear to be the most efficient. 

Fermentation of Xylose. 

Xylose is the primary sugar in the hemicellulose fraction of hardwood and agicultura2 residues such 
as sugar cane bagasse, corn fiber, corn stover, straw, etc. AU four isolates used in this detailed study, 
strains 17C5, 36D1, P4-74B and P4-102B, grew and fermented xylose in both rich medium and 
minimal-salts medium supplemented with corn steep liquor (Table 2; Fig. 4 and Fig. 5). Following 
various lengths of lag period, all four strains gtew in LB+xylose linearly. Specific xylose consumption 
rate and lactate production rate were highest with strain 36D1 cdtured in rich medium with strain 
P4-102B as the second highest (Table 2). Inxylose-minimal-medium, the specific xylose consumption 
rate and lactate production rate of strains 17C5 and 36D1 were comparable and were the highest of 
the four select isolates. The level of acetate and ethanol among fermentation products varied between 
9 and 1.8 % depending OR the strain and medium. Strain E 7C5 had the lowest level of these co- 
products (about lo./,> while strain 36D1 had the highest level (about 18%). This reduced the lactate 
geld of strain 36D1 to 68% of the expected value in xylose-mhhd medium although the total 
product yield ofthe two strains were comparable at 85%. 

h minimal medium strain 3 6D 1 was most effective in fermenting xylose converting 3 0 g L  xylose 
in less than 48 hours (Fig. 5) .  It is interesting to note that this strain required an additional 24 hours 
to ferment the same 30 g/L xylose in rich medium due t~ lower growth rate (Fig. 4). Based on these 
fermentation profiles, strain 36Dl emerged as the most aective glucose and xylose fermenting 
biocatalyst, especially in minimal salts medium supplemented with only corn steep liquor (volumetric 
productivity of 0.6 g Z;' ki). Increasing the sugar concentration to 50 g/L marginally increased the 
lactic acid yield beyond that with 30 SJr, sugar, probably due to inhibition of fermentation by la& 
acid. Production of lactic acid at a concentration higher than 0.4 M (about 35 g/L) was found to 
progressively f i b i t  fermentation (see the section on fermentation of hernicellu?ose hydrolysate). 

The lactic acid produced by the four isolates was found to be L(+)-isomer with D(-)-isomer 
contributing to less than 4% of the total (Table 3). 

Xylose utilization pathway 

Many ofthe lactic acid bacteria used at the industrial level do not ferment pentoses such as xylose. 
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The €ew lactic acid bacteria capable of fermenting pentoses, such as Lactobacihs p e n t ~ s l ~ ~ ,  Lb. 
arabjmszrs, etc. utilize plrosphoketolase pathway for pentose utilization. The key enzyme of this 
pathway, phosphoketolase, cleaves xylulose-5-phosphate in the presence of horganic phosphate ta 
one molecule each of glycer~dehyde-3-phosphate and acetyl phosphate. The products of pentose 
fermentation by these bacteria are an equimolar amount of lactic acid and acetic acid plus &mol. 
The loss of 215 of xylose carbon to a c e €  phosphate will reduce the amount of xylose carbon that can 
be channeled to ethanol in the future &hanologenic constructs by about 40%. 

The main product produced by the isolated second generation biocatalysts is lactic acid (about 80 
to 90 % offementation products). Acetic acid and ethanol represented only 10-20% ofthe products 
produced from the pentose xylose suggesting that these biocatalysts utilize an alternate pathway, the 
pentose phosphate pathway, for xylose fermentation. In order to confirm that the pentose-phosphate 
pathway is used by the second generation biocatalysts for xylose metabolism, we determined the 
distribution pattern of C 1-carbon of xylose into fermentation products since glyceraldehyde-3- 
phosphate directIy yields pyruvate and products derived from pyruvate, lactate, acetate and ethanol. 
During the cleavage ofxylulose-5-phosphate by phosphoketolase, carbon at 1-position of xylose is 
the C-2 carbon of acetate and ethanol. The lactic acid carbon skeleton is derived from the carbons 
3-5 of xylose and in an organism with phosphoketolase pathway ''CC,-labeE in xylose will not be found 
in lactate. Ifthe pentose-phosphate pathway is the main pathway by which the pentose is metabolized, 
215 ofthe C3-carbon of glyceraldehyde-3-phosphate will be derived from C1-carbon ofxylose while 
1/5 o f  the C1-carbon o€ glyceraldehyde-3-phosphate will originate from CT-carbon ofxylose. The 
presence ~f'~C-Eabel in lactate will c o f i m  the metabolism of xylose though the pentose-phosphate 
pathway. 

For these experiments, we used 13C,-xy10se and followed the products produced by strains 3BDI 
and P4-102B by 13C-NMR. Atypical 13C-NMR spectrum obtained with the '3C,-xylose fermentation 
products of strain 36Di is presented in Fig. 6.  Carbon 3 of lactate had the highest amount of I3C 
originating from CI-xylose. Carbon 1 of Iactate also carried significant amount of I3C. The C2 
position of lactate is not expected to originate from C 1-position of xylose except for a small mount 
derived by randomization of carbon by the pentose-phosphate pathway. With C2 of lactate as a 
reference, C1 of lactate was enriched by about 5-fold and the C3 oflactate was enriched by about 17- 
fold by I3C (Table 4). These results clearly show that the pentose phosphate pathway is the main 
pathway of xylose utilization in these second generation biocatalysts. Since pyruvate carbon is 
enriched with the acetate and ethanol are also expected to carry '3C-label. The "C-label was 
found only at the C2 position of acetate and ethanol. The inability to detect 13C in C1 of acetate and 
ethanol is due to the smdl mount of "C-label entering the C2-position of pyruvate (contfhuhg to 
C1 of acetate and ethanol) combined with the low concentration of these two compounds h the 
fermentation broth. Small amount of '3C-Iabel was detected in formate With non-growing cells 
indicating that pyruvate formatelyase is responsible for the acetate and ethanol produced by strain 
36D1. 

The presence and operation of pentose phosphate pathway in these biocatalysts is si@cant shce 
all. the xylose carbon will be routed though pyruvate. This S U P P O ~ ~ S  complete recovery ofxylose 
carbon as ethanol by decarboxylation of pyruvate to acetaldehyde and hrther reduction to ethanol 
in engineered second generation biocatalysts. Xylose metabolism though phosphoketolase is 
expected to yield one glyceraldehyde-3-phosphate and one acetyl phosphate leading to production 
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of one ethanol from pyruvate With at least 40% of xylose carbon lost as acetate. 

Simultaneous Saccharification and Fermentation of Crystalline CelEulose 

The main objective ofthis study is to isolate biocatalysts that can optimally grow and ferment under 
conditions that are also optimal for comescial fungal cellulases. The optimal condifhs reported for 
fungal cellulases are pH 5.0 and 50 "C. The biocatalysts we have isolated and characterized grew and 
fermented both hexoses and pentoses at 50°C and pH 5.0. AIl four selected biocatalysts were found 
to be competent in SSF of crystalline cellulose, SoEka Floc. Since Stsain 36B 1 fmented both glucose 
and vlose- effectively in minimal salts medium with corn steep liquor, this strain was used to evaluate 
the SSF characteristics of these second generation biocatalysts. 

In the first set of experiments, SSF of SoUca Floc (2%; 117 mM glucose equivdent with a 5% 
moisture content) was carried out in minimd salts medium with 1% corn steep liquor with 15 FPU/g 
gIucan of fungal celluSases (Spezyme CE; generously p r ~ ~ i d e d  by Genencor) at 50°C and pH 5.0 
(Fig. 7). The amount of lactate and other products produced h m  2% Solka Floc over a 96 hours 
period was determined. From these values, volumetric productivity of the major product, lactic acid, 
was cdculated. Volumetric productivity represents indirectly the rate at which cellulases are releasing 
glucose for growth and fermentation. In all of these SSF experiments, the inoculum size was 5% to 
minimize fie glucose accumulation in the medium. The amount of free glucose in the medium was 
less than 3 mM during the first 24 hours of SSF indicating that the sugar released by the cellulases 
was consumed rapidly by the biocatalyst. Under these conditions, product inhibition of ceIlulase 
activity is expected to be minimal. 

At 15 FPWg g l u m  cellulase level, lactate production started after a lag of about an hour and was 
linear for about 18 hours. Small amaunt of acetate and ethanol were also produced between 6 and 
12 hours of fermentation. After about 36 hours, lactate production reached a slow phase and 
continued at this low rate past 96 hours. Velumetric productivity of lactate was 6.2 m o l  LA' li', the 
same as that of free glucose fermentation in minimal salts medium (Table 1). The product yield %om 
cellulase at 96 hours of I SO mM is 77% ofthe expected maximum. Lactic acid accounted for about 
78% of the products. The amount of free giwose in the medium during the first 24 hours was about 
2.5 M. However, glucose was not detected after 24 hours offermentation indicating that the 
remaining cellulose wits not effectively hydrolyzed. W e n  fresh Sdka HQC was added to the 
fermentation at 72 hours, la& acid production resumed indicating that the enzymes were still active. 
These results suggest that only about SO % of the cellulose fibers in autoclaved Solka Floc is 
accessible to cellulases under the conditions of the experhmt. 

In order to determine the minimum mount of cellulase required for optimal SSF, fermentations 
were carried out at different ceIlulase concmtmtions (Fig. 3). Volumetric productivity of lactate as 
well as the total product yield increased linearly with cehlase concentration from 0 to about 5 FPU/g 
ghcan pig. 8). Increasing the Spezyme concentration beyond this level led to a smaller rate of 
increase in volmetric productivity until about 30 FPWg glucan was reached. Under these SSF 
conditions, the highest volumetric productivity of 7.1 m o l  C1 h-' was reached at about 30 Epulg 
glucan and this d u e  is less than 2-fold higher for a 6-fold increase in enzyme concentration from 5 
to 30 FPU/g glucan. At 15 FPUJg glucan, the volumetric productivity was 84% efthe d u e  with 30 
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FFUlg glucan. Total product yield at 96 hours was about E 99.5 -+ 5 m M  between the cehhse levels 
of 7.5 and 30 FPU/g glucm. These results show that an increase in cellulase level from 15 to 30 
FPWg glucan ody increased the volumetric productivity by 1.12-fold without any change in either 
lactic acid or total product yield. In subsequent SSF, a spezyme CE concentration of 15 FPUlg glucan 
was used. 

The optimaI pH for the SSF of Solka Floc using strain 36D1 was between 5.0 and 5.5 (Fig. 9). 
Although the volumetric productivity of Pactate was highest at pH 5 -0, product yield was maximurn 
at pH 4.5 reaching 85% ofthe theoretical yield afier 96 hours of SSF (Table 5 ) .  ApparentIy, the 
optimum pH for S SF of cellulose by strain 36D1 is between 4.5 and 5.0. The amount of acetate and 
ethanol produced by the culture also increased with increasing culture pH. 

At a cellulase concentration of 1 5 FPU/g glucan and at pH 5.0, the rate of S SF of cellulose by strain 
3 6D1 was highest at 55 a C. Although the product yield did not significantly change between 43 "C 
and 55 C, the volumetric productivity of lactate was about 2-times higher at 55 C than the 4.3 m o l  
L 1  h-l at 43°C (Fig. 10). 

Results of these SSF clearly show that the second generation biocatalyst, strain 36D1, fermented 
the sugars released by Spezyme CE under the conditions that appear to be optimal for the enzyme 
activity. 

Fermentatha of Sugar Cane Bagasse Hemicellulose Hydrolysate 

The sugar cane bagasse hemicellulose acid hydrolysate was generously provided by BC 
International. %s hydrolysate had a total sugar concentration of SI .6 g L  with xylose accounting 
for 86.5% ofthe total. Small amount ofglucose (1 1.5 g/L> and arabinose (1.2 g/L) were also present 
in the hydrolysate. The hydrolysate was adjusted to pH 5.0 with calcium hydroxide. The resulting 
calcium sulfate was removed by centrifugation and the supmatant was used in fermentations. When 
all the four isolates were tested for their ability to ferment sugar cane bagasse hemicellulose 
hydrolysate, only strains 17C5 and 36D 1 fermented hemkdlulose hydrolysate at a concentration of 
25% in mineral salts medium with 0.5% corn steep liquor. Increasing the hydrolysate concentration 
to 50% led to inhibition of fermentation. 

TQ minimize inhibition, the hemicellulose hydrolysate was over-limed with calcium hydroxide and 
the find pH was adjusted to 5.0. In preliminary experiments with over-limed hemicellulose 
hydrolysate, strain 17C5 was found to be an effecthe biocatalyst and was used in further experiments 
involving over-limed hydrolysate. 

Fermentations were conducted using three levels oftotal sugar: 256 mM (Fig. 1 la), 412 mM pig. 
1 IB), and 483 mM (Fig. 11 C). In all fermentations, glucose and arabinose were metabolized first 
followed by xylose. Fermentation profiles were generally similar for all three levels of sugar although 
fermentation times increased with substrate. With 256 mM sugar (40 g E-'), lactate production was 
measurable aRer 8 hours and fermentation was completed w i t h  120 h. With 412 mhlE sugar (60 g 
I,-'), fermentation proceeded at a constant rate until the lactate concentration reached about 0.4 M 
(36 g L-' lactic acid). Complete fermentation of d l  sugars in this fermentation to 617 mM lactate 
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(55.5 g E') required an additional 144 h u m  due to a progressively declinhg fmentation rate. With 
the highest level of sugar tested (483 mM; 72 g L-'), 78 m M  xylose remained after 192 h of 
incubation. These results suggest that fermentation is inhibited by lactate concentrations above 0.4 
M. Even at the highest sugar concentration of483 mM (about 72 g C') lactate titer did not increase 
beyond 0.6 M (54 g I?), consistent with 617 mRz (55.8 g L') lactate (Table 6) representing a near 
upper limit for strain 17C5 at pH 5.0 (50°C) in this medium. Irrespective of the initial sugar 
concentration, the lactic acid p r o d u d  by strain 17C5 was L(+)-Eactic acid at an optical purity higher 
than 99%. 

Lactate yields were cdculated based on sugar utilized and ranged from 0.9 g lactate per g sugar for 
the lower two sugar concentrations to 0.86 g lactate per g sugar for the highest sugar concentration 
(Table 6) .  Maximal volumetric rate of sugar metabolism was determined to be 5.5 m o l  xylose L" 
h-' (approximately 0.8 g sugar L *  h-'). 

Simultaneous Saccharification and Ca-fermentation 

In the next set of experiments strains 17C5 and 36D1 were evaluated for their ability to ferment 
sugar cane bagasse hemicellulose hydrolysate (over-limed) and SdkaFFoc (celIulose) simukaneously. 
Results of these experiments are presented in Fig. 12. Strain 17C5 fermented alI the sugars in the 
hydrolysate and most afthe sugars released from cellulose by about 96 hours yielding about 400 mM 
lactate (36 gL). SSCF continued at a lower rate past 192 hours when the experiment was terminated. 
The rate of SSCF by strain 36D1 was slightly lower than strain 17C5. 

These results show that these new biocatalysts are capabte of fermenting both the xylose-rich 
bemicelldose hydrolysate and celluIose simultaneously and with minimum amount of commercial 
cellulase. 

DEVELOP A FUNCTIONAL PET OPERON FOR MODEL GRAM-POSI'€IVE BACTERIA 

Cloning pdc from Sarcina ventrkulr' 

As a first step towards isolating a pyruvate decarboxylase gene that can be expressed in a Gram- 
positive organism such as the second generation biocatalyst, a degenerate oligonucleotide was 
synthesized based on the N-terminal amino acid sequence of the S. velatrjczrIi PDC protein for use as 
a probe to identify the pdc gene. This approach facilitated the isolation of a 7.0-kb BcA genomic 
DNA fragment from S. ventriculi. The fragment was further subcloned and the sequence of a 3,886 
bp HincIl DNA fragment revealed an open reading frame (OW) of 1,656 bp encoding a protein with 
an N-terminus identical to that ofthe S. vmtnmli PDC protein. This O W  was designated pdc. A 
canonical Shine-Dalgarno sequence is present 7 bp upstream of the@ translation start codon. In 
addition, a region 82 to 1 113 bp upstream ofpdc has limited identity to the eubacterid -35 and -EO 
promoter consensus sequence. Downstream (43 bp) of the pdc translation stop codon is a region 
predicted to form a stem-loop structure followed by an AT-rich region, consistent with a rho- 
independent transcription terminator. Thus, the S. venaicetli pdc appears to be transcribed as a 
monacistronic operon like the 2. mo6iispdc gene. 
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Production of S wm&kdi PDC Protein 

Unlike Zymomom mobilispdc, the codon usage of thepdc of S. wntrimli was different from that 
ofE. coli. In particular, the@ gene of S. venhicerlx' required elevated use o f  tRNA,,, and ~ A . A G A  
both of which are relatively m e  in E. coli. This is k contrast to the 2. mobilispdc gene, which does 
not use the AUA codon and has only mhimal use of the AGA codon. This suggests that the 
production of S. venfn'culi PDC protein in recombinant E. coli may be limited by mlWA transtation. 
Even in an E. coli strain that is expressing the rare tlWAs required by the Surcinapdc, the level of 
PDC activity produced by the recombinant E. coli was only about 0.16 U per mg protein at 5 mM 
pyruvate in the cell extracts. 

Because of the low Ievd of expression of the Sarcinupdc in E. d i ,  we utilized a Gram-positive 
bacterial host Bacillus rnegaterium WH320 for construction of the PET operon containing 
appropriate pdc and a& genes. AB. megateriud E. coli shuttle plasmid (pwWP 520) with xylose 
inducible vEA promoter was used as a plasrd vector in these experiments. 

A BspEI-BaI fiagtnent containing Sarcina pdc gene was cloned into appropriately digested 
plasmid vector pWHI 520. The resultant B. megaberim expression plasmid pJAM420 carried the S. 
ventriculi@ gene, dong with the Shine-Dalgamo sequence and T7 transcriptional t d n a t o r  of the 
original pET2ld vector. The pdc gene was positioned to interrupt the B. megaterim XylA gene 
( . l A ' )  of plasmid pWH1520 and to generate a Stop codon within VU'. The Shine-Dalgarno 
sequence of the inserted pdc gene was positioned directly downstream of the lcylA ' stop codon to 
allow for translational coupling in which the ribosomes would terminate at the stop codon for xyZA ' 
and then reinitiate at thepic start codon. Plasmid, pJM420, was used for expression of SvPDC in 
B. megaberium. 

Expression ofthe Sarcinupdc was induced in B. rptegaferium with xylose, and the SvPDC protein 
was purified from this host. The high level expression of the pdc gene in this Gram-positive host 
yielded about 8.35 rng protein f i ~ m  15 g of cells (wet wt.). This is in contrast to purification of 
SvPDC from E. coli, which only yielded 0.2 rng pur5ed protein from 14.8 g of cells. The purified 
SvPDC from B. megateriupn was a 235 kDa hornotetrames of 58 kDa subunits as determined by 
Superdm 200 gel filtration chromatography and SDS-PAGE. 

The recombinant SvPDC fiom B. nsegaferium displayed sigmoidal kinetics. The recombinant 
&PDC fioomB. megaterim had aKm of3.9 mM for pyruvate and a Vmax of 98 U per mg ofprotein 
when assayed at pH 6.5 and room temperature. When assayed at the optimal conditions, 32°C and 
pH 6.72, an increase in both Kin (6.3 mM for pyruvate) and Vmax (172 U per mg protein) was 
observed. The PDC was also heat stable retaining about 95% of the activity after 90 min incubation 
at 60 "C at pH 5.0 to pH 5 . 5 .  These results show that the Sarcjnu venhicrsli PDC can be produced 
at high level in a Gram-positive host: in an active form and can function at 50°C. 

Gram-positive Portable Ethanol Operon (PET). 

For successful production of ethanol from pyruvate, both PDC and alcohol dehydrogenase (ADH) 
need to be produced at optimal levels. A plasmid containing the S. ventrzGzrIi pdc gene and the a& 
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gene from Geobacillus stearofhermophihs was constructed using plasmid p W 1 5 2 0  that was 
successfully used for expression ofpdc in B. megaferium. The resulting portable ethanol (‘PET) 
plasmid, pJAM423 (Fig. 13), was transformed into B. rnegaferiurn. Mer xylose induction, a 
significant fraction of cell cytoplasm was composed of the S. vmtricusi PDC and G. 
sfeemofhmophilus ADH proteins (Fig. 14). In preliminary experiments, the amount of ethanol 
produced by the B. megaterium With plasmid pJAM423 was about twice (20 rnM) of the bacterium 
without the plasmid. These results show that the PET operon is functional in B. megaterium but high 
level ethanol production needs further genetic and metabolic engineering. 

Gene transfer in second generation biocatalyst 

Among the four isolates tested, strain P4-102B was readily transformable by an E: coZi/Gmn= 
positive bacteria shuttle vector, pNW3 3N, plasmid DNA isolated from a restrictiodmadification 
minus E. coli. Chemical transformation of protoplasts was not as effective as eledroporation. 

Towards metabolic engineering of these biocatalysts, we also isolated the genes coding for D- 
lactate dehydrogenase (d-l&) and pyruvate formate lyase (PJI). Experiments are in progress to isolate 
the l-l& gene. These DN& after appropriate deletion, will be introduced into the host to remove the 
native lactate production system and the acetate production pathway to achieve homoethanol 
production In the presence of S. ventrjculipdc gene. 

These results show that appropriate DNA as well as methods for introduction of PET operon into 
the second generation biocatalysts have been developed. Due to limitations in knding, construction 
of ethanologenic second generation biocatalysts is for the future. 
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Tabla 1. Fermentation profile of 3% glucose in LB medium and in minimal medium with 1 % corn steep liquor at pH 5.0 and 50% 

- 
Glucose Volumetric Specific Specific glucose 

Isolates Medium Cell mass utilized Lackate Acetate Ethanol Glucose producfrvity productivity consumption rate Yield (%.) 
dl mM mM rnM m~ consumption rnrnol C’ h-’ M ~ O I  g” K’ mmot g” II-’ Lactate Total 

mmol L-l h-$ (lactate) (Lactate) 

2.14 173.23 278.25 8.36 6.92 17.46 28.29 30.54 18.85 80.31 $5.10 3 7G5 LB 
MM t.18 144.19 209.80 1.85 0.14 2.96 4.87, 22.88 13.90 72.75 76.47 

82.27 85.37 
83.40 87.27 

I 3BD1 LB q.42 169.30 278.58 4.86 5.13 5.86 9.63 44.50 27.08 
I MM 1.34 162.50 271.05 5.88 6.35 3.76 6.23 29.79 17.99 

I 

r 
P4-74B LB 2.47 166.49 274.42 12.35 6.04 t 1.72 29.16 41.48 25.37 82.41 87.99 

MM 1.28 lG’1.13 261.94 5.05 4.68 5.15 8.91 31.81 18.39 81.28 84.35 

81.93 85.61 P4-1028 LB 1.18 171.45 280.43 5.05 5.58 3.72 7.87 33.22 15.89 
MM 1.17 166.61 268.70 3.35 4.87 2.80 4.60 28-00 17.03 80.64 83.57 CL + I 

LB- Rich medium 
MM- Minlmai medium 



Table 2. Fermentation profile of 3% xyfose En LB medk~m and in minimal medium with 1 % corn steep liquor at pH 5.0 and 50°C 

- 
Dry Xylose Volumetric Specific Specific xylose 

gR mM mN1 mM mM consumption mmol L-’ h-’ mmol 9‘’ h-’ mmol 9.’ h-’ Lactate Total 
Isolakes Medium Cell mass utilized Lactate Acetate Ethanol Xylose productivity productivity consumption rate Yield (%) 

mnid U’ h-’ (Lactate) (lactate) 

17c5 LB 2.25 199 78 253.84 9.20 20.61 7.54 9.18 11.48 8.45 76.24 85.65 
MM 1.65 200.82 256.07 13.60 34.60 4.79 5.10 1 i .67 10.06 7’3.51 84.83 

71.14 81.84 
MM 1.81 207.84 228.67 16.60 34.91 8.24 6.79 13.02 11.91 67.98 84.57 

38DI LB 1.48 203.10 240.82 41.21 24.23 4.90 5.63 16.61 14.47 

P4-745 LB 2.49 ’190.89 229.97 28.41 22.96 7.51 9.Q3 7.06 5.87 72.28 88.92 
MM 1.83 201.79 245.87 22.30 76.88 4.97 5.91 7.45 6.26 73.11 84.97 

P4-1028 LB 2.11 190.36 241.f5 8.20 40.49 7.75 9.58 15.04 12.t7 76.01 92.20 
MM 0.99 181.27 225.15 8.26 8.15 2.19 2.62 9.57 7.99 74.53 80.21 C-L 

N 

LB- Rich medium 
MM- Minimal medium 



Table 3. Isomeric form af lactic aeic! produced by second generation biocatalysis 

Glucose - minimal medium 

17C5 

36Df 

P4-743 

P4-102B 

LE + glucose medium 

17C5 

3601 

P4-748 

P I -  I 02% 

73.40 0.00 1.00 0.00 

7.80 0.35 0.96 0.c4 

t l .60 0.40 0.97 0.1)s 

13.90 0.00 2-00 0.80 

13.00 0.35 0.97 0.03 

10.50 0.00 3 .OEi 0.00 

13-30 cl.35 0.97 0.03 

14.30 0.40 0.97 0.03 

Glucose concentration was 3% in both media. Lactic acid isomer was determined by HPLC using a chiral column. 
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Table 4. "C-enrichment ratios for fermentation products produced from '3C,-xy10se. 

Product C&0n Isotope Enrichment Ratio 
Position Strain 36D1 Strain P4-102B E. coli 

W3 110 
Non-growing Growhg Non-growhg Growing 

Lactate c- 1 4.5 4.9 5.6 5.1 10.8 
c-2 1.0 1 .o 1.0 1.0 1.0 
c-3 15.9 17.3 12.6 13.2 11.3 

Acetate c- 1 1 .o 1.0 1 .o 1.0 T .O 
c-2 10.2" 14.7" 4.8' 9.1 4.6 

Ethanol C- I I .O 1 .o 2.0 1 .O 1.0 
c-2 39.0* 10.0 15.2 11.1 5.a 

Second generation biocatalyst, strain 36D1 or P4-102B, was grown in LWXylose to mid- 
exponential phase in a pM-stat at pH 5 .O at 50 "C. For the experiment with non-growing cells, 40 ml 
of culture was centrifuged and the cells were washed with 5.0 ml of LB. The cells were resuspended 
in 4.75 mI af LB-xylose (1%). Enough '3C,-xy10se was added to the cultwe to bring the xylose 
concentration to 1.2% and the '3C-enrichment to 20.8%. For the experiment with growing cells, cells 
fiom 0.5 ml of the mid-exponential phase culture were removed from the pH-stat, washed with equal 
volume of LB, and resuspended in 4.75 ml of LB-Xylose medium. Both fermentations were m i e d  
out at 50 "C with manual addition of 1 .O N KOH to maintain the pH between 6.0 and 7.0. When acid 
production stopped, cells were removed by centrifugation and the supernatant was subjected to 
HPLC for product analysis and also t~ "C-NMR for identification of the "C-dchmerrt. I3C1 
propionate (50 mM) served as a reference. 

For E. coli W3 1 10,20 ml of cells were grown under anaerobic conditions in LB-t-Xylose until late- 
exponential phase at 37°C. CeIls were collected by centrifugation, washed once with LB and 
resuspended in 5.0 ml om-Xylose with 13C-enrichment. Ementation was carried out at 3 7 * C with 
manual pH control between 6.0 and 7.0. 

All enrichment ratios were based on the natural abundance of I3C at the indicated positions with C-2 
of lactate and C-1 of acetate and ethanol as reference. *represents that the C,-carbon of acetic acid 
and ethanol was not labded or the amount of label at the C 1 - position was below the detection limit. 
The presented value was computed based OD the sen&ivky of the instrument for I3C. 
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Table 5. SSF profile of strain 3601 iii minerat salts medium at different pH and temperature 

Fermentation products @M) Volumetric productivity YO Yield -.-- pH Temp. ("C) 
Lactate Acetale Succinate Formate Ethanol Of Lactat@ (mmOl L-'h-') Lactate Total 

w 

4.5 50 182.?6 7.55 I .45 0.06 8.95 5.54 f 0.16 82.24 90.32 
5.0 50 141.25 14.59 1.80 15.32 22.04 6.17 f 0.09 63.56 80.86 
5.5 50 113.92 27.61 4.22 58 j 5  29.53 5.96 f 0.45 51 -26 78.88 
6.0 50 66.66 36.55 3.54 90.66 34.83 4.05 k 0.24 30.00 63.71 
7.0 50 4.89 19.57 0.37 17 42 7.11 0.87 rt: 0.74 2.20 14.37 

- Temp. f"C) pH 
- 

30 5.0 122.24 12.20 1.62 0.00 7.70 1.50 f 0.04 55.00 64.70 
37 5.0 137.98 9.05 ? .73 0.00 19.68 2.50 f 0.14 62.09 75.80 

c.l 43 5.0 146.03 12.53 1.53 11.96 24.78 4.32 rt 0.08 65.71 82.74 
50 5.0 141.25 14.59 I .a0 15.32 22.04 6.17 f 0.09 63.56 80.86 
55 5.0 152.94 11.97 1.31 0.00 12.23 8.66 f 0.08 69.82 80.30 
60 5.0 105.95 12.39 0.60 0.00 2.35 7.22 rt 0.16 47.68 54.58 

VI 

* Batch fermentation was carried out for 96hrs 



Table 6.  Sugar cane bagasse hemicelldose hydrolysate fermentation by Bacillus sp. strain 17CY 

SugaP Sugar consumed (mM) Net Production (w Lactate 
(mMT Glucose Xylose Arabinose Lactate Acetate Ethanol Formate Succinate Yield 

256 32.5 f 1.6 224.5 f 9.8 4.5 f 0.4 403.7k5.6 7.0h1.2 2.S%Qo.5 7.8k2.6 4.8*0,8 90 

412 50.8 f 1.2 349.1 f 9.9 5.5 f 0.3 617.4k18.4 0.6k0.6 5.2h1.0 9.544.5 7.7A0.4 89 

483 60.3 340.4 4.7 600.2 1 .O 3.9 11.1 9.1 86 

I a Fermentations at three concentrations of total sugar (50°C and pH 5.0). Averages with standard deviations are based on three 
independent fermentations. A single fermentation was conducted with the highest sugar concentration, 483 mM. 

H m Sugar concentration at the beginning of fermentation. 
Lime-treated sugar cane bagasse hemiceI1ulose hydrolysate contained 66 mM acetate. Corn steep liquor at 0.5% final concentration in 

I the fermentations contained 5.5 mM lactate, 0.2 mM acetate and 0.025 mM succinate. Appropriate amounts ofthese compounds were 
subtracted to obtain the net production by the biocatalyst. Carbon recovery as products (exchding cells) averaged 90%. 

pentose . 
Product yield was calculated as a percentage of the maximum theoretical yield assuming 2 lactates per glucose and 1.67 lactates per 
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Fig. 1 .  Phylogenetic relationship of selected second generation bincatalysts to Bmzllus eougu6uns and other 
closely related bacteria based on sequence of DNA coding for 16s rRNA. 
The bar represents 1% divergence between sequences. 
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Figure 2. GIucsse fermentation and lactic acid procluction by selected isolates 
iu kB t glucose (3%) in a pH-stat at pI3 5.0 and 50°C 



0 24 48 72 96 
Time (h) 

24 48 72 ’66 
Time (la) 

4 

Growlh 

Lactate 
A GlUCQSC 

Time (h) 

24 48 72 96 
Time (h) 

Figure 3, Glucose fenmentation and lactic acid production by selected isolates in glucose (3%) 
- minimal medium with 1% corn steep licpor in a pTl-stat at pH 5.0 and 5OoC 
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Figwe 4. XyXose fermentation and lactic acid production by selected isolates 
in LB + xylose (3%) in a pH-stat at p H  5.0 and 50°C 
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Figure 5 .  Xylose fernentation and lactic acid production by selected isolates in xylose (3%) 
- ininimal medium with I% cum steep liquor in a pH-stat at p H  5.0 and 50°C 
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Fig. 6.  13C-NMR spectrum af spent medium of strain 36D1 grown in LB+ ''CC,-Xylose (1.2%; 20.8% I3C enrichment) 
at 50°C. pH of the culture was maintained between 6.0 and 7.0 by manual addition of 0.5 N KOH. 
W,-propionic acid (50 mka) served as a standard. 
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Figure 7 .  Simultaneous saccharification and feimenlation (SSF) of Solka-Floc (2%) by strain 36D1 in the 
presence of 15 FPU Speqrne CE (Genencor>/g Soika-Floc in mineral salts rnediuin with 1% 
C Q Z ~  steep liquor in a pH-stat a t  pH 5.0 and 50T 
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Figure 8. Effect of Spezyme CE concentration on SSF of crystalline cellulose, Solka-FIoc, in mineral salts 
medium with 1% corn steep liquor in a pH-stat at pH 5.0 and 50°C, by strain 36DI. Total products 
represents lactate, acetate, ethanol and succinate. 
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Figure 9. pH profile of SSF of Solka-Hoc by strain 36DIwith I 5 FPU Spezyme CE /g Solka-Floc 
in mineral salts medium with 1% corn steep liquor in a pH-stat at 50T. Total products 
represents lactate, acetate, ethanol and succinate. 
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Figure 1 1. Fermentation ofhdcelluIose hydrolysate h m  sugar cane bagasse by Bacillus sp. strain 
17C5 at pH 5.0 and 50°C. The initial total sugar concentrations were 256 mpI.li (A), 412 mM (B) and 
483 niM (e). In hydrolysate media, qlose represented 86% ofthe total sugars with glucose (12.5%) 
and arabinose (I. 5 %) as minor components. Lactate values have been corrected to reflect production 
by subtracting the s m d  amount of lactate present in media (corn steep liquor) prior to hornlation. 
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Figure 12. ShuItaneous saccharificatkm and co-fermentation (SSCF) of sugars present in overlimed 
sugarcane bagasse hernicel Iu lase hydrolysate (40%) and Saka-Floc: (2%) in the presence of 
IOFPU Spezyrne CESg Solkn-Floc by strains 1 TCS and 36D1 in mineral salts medium with 0.5% 
corn steep liquor in a pH-stat at pH 5.0 arid 50°C 
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Fig. 13. Restriction map of plasmid pJAM423 containing Sarcina ventriculi pdc gene and 
Geobadkzrs stearothemophihs a& gene under the control of  gdA promoter. 

This plasmid can replicate in both E. codi and in Gram-positive bacteria such as Bacillus 
megaterhm. 
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Fig. 14. Production of$. ventriculi pyruvate decarboxylase and G. sfeurothemophiZus alcohol 
dehydrogenase fiQm plasmid pJAM423 in B. megaferim. 

The genes were induced with xylose and the proteins in the cell extracts were separated by 
reducing SDS-PAGE and stained with Coomassie blue R-250. Lane 1, Molecular mass standards; 
Lane 2, cell lysate (20 pg protein) ofB. megaterim @wH1520) with vector plasmid alone grown 
with xylose; Lanes 3 and 4, cell lysates (20 pg protein each) h m  B. megaterium (pJAM423) grown 
without and with xylose, respectively. 
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