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SCOPE OF PROGRAM

This is a coordinated program to effect the micro- -
biological degradation of cellulosic biomasses and will
focus .on the use of anaerobic microorganisms which pos-
sess cellulolytic enzymes. These studies will attempt
to increase the enzyme levels through genetics, mutation
and ‘strain selection. 1In addition, the direct conversion
from cellulosic biomasses to liquid'fuel (ethanol) and/or
soluble ‘sugars by the cellulolytic, anaerobic organism is
also within the scope of this program. Process and B
engineering scale~up, along with economic analyses, will '
-be performed throughout the course of the program. "

‘'The second area of our major effort is devoted to .
the production of chemical feedstocks. In particular, .
three fermentations have been identified for exploration.
These are: acrylic acid, acetohe/butanol and acetic acid.
The main efforts in these fermentations will address means
for the reduction of the cost of manufacturing for these |
large -volume chemicals. ' P
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ABSTRACT

The accumulation of fermentable sugars during the fer-
mentation of Clostridium thermocellum on cellulose is an
important and unique abillity of our anaerobic process for -
biomass utilization. We have continued to study and to elu-
cidate the factors responsible for this accumulation of re-.
duc1ng sugars. Previous studies have shown glucose to be a
major product accumulated during fermentation on cellulose
by C. thermocellum. We have examined the glucose accumula- -
tion more closely using an enzymatic assay to allow us to
differentiate between glucose and xylobiose accumulation;
HPLC analysis will not separate these two sugars. The re-
sults have shown that glucose accumulation is entirely non-
growth associated, suggesting that xylobiose may accumulate
during growth. To elucidate the reason for glucose accumu-
lation, cellobio-hydrolase activity has been measured during
growth and stationary phases of C. thermocellum, with nega-.
tive results showing an absence of such enzyme. act1v1ty., At
this point, the reason for glucose accumulation remalns to
be identified. :

Characterizations on the growth and production of eth-
anol and other products by Clostridium thermocellum (S-4)
have continued. It was found that for C. thermocellum the
specific productivity (g ethanol/g cell-hr.) for ethanol is
both growth and non-growth associated. The specific ethanol
productivity is directly related and increases linearly with
the specific growth rate. However, the specific productivity
of lactic acid formation is inversely related to increasing
specific growth rate. Carbon and oxidation-reduction balances
again indicate that the new isolate S-4 is deficient in the
hydrogenase enzyme. This behavior again shows that a high ratio -
of ethanol to acetic acid (14:1) production can be achieved.
Lastly, nutritional studies have shown that iron is a cri-
tical component leading to increased rates of ethanol pro-
' duction by C. thermocellum.

Controlled fed-batch fermentatlons have been performed-
with C. thermocellum using glucose as the carbon source.
These experiments were performed to determine the highest
concentration of ethanol attainable. Unfortunately, the
maximum ethanol accumulated was only 8.5 g/l. Analysis of
the residual glucose shows the formation of cellobiose. De-
tailed studies will be performed to seek answers to this -
problem.
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A number of different biomasses has been tested with
strain S-4 of C. thermocellum.. These include exploded pop-
lar, sugar cane bagasse, corn cobs, sweet gum, rice straw
and wheat straw. Rice and wheat straws were shown to be
most readily degraded by C. thermocellum. Calculations with
rice straws showed a degradation efficiency of 0.84 .gm prod-
uct/gm wheat straw degraded.

To effect a more complete utilization of biomass, the
use of HG-2, an anaerobic thermophile, to produce ethanol
from xylose has been studied. HG-2 was found to grow rapidly
(doubling time = 2 hours) on xylose and can produce ethanol
and acetic acid as catabolic by-products. Adaptation and
selection studies on HG-2 have been initiated. An isolate
designated as HG-3 has been obtained which has a higher tol-
erance for ethanol.. '

Mixed culture studies have been-initiated using corn
stover as the carbon source. Clostridium thermocellum and
HG-2 have been cultivated as a mixed microbial system. Re-
sults indicate that the reducing sugars produced through the
cellulolytic action of C. thermocellum on corn stover can be
effectively metabolized by 4G-2 to produce ethanol and ace-
tic acid.

Our attempts to isolate plaque forming units derived from
C. thermocellum have continued. None of the strains examined
so far contained mitomycin or U.V. inducible prophages. A
qualitative examination of the sensitivity of each of the C.
thermocellum strains on hand, to a variety of metal salts and
antibiotics, revealed differences in sensitivity which could
be used as genetic markers. Attempts t6 achieve inter-species
transfer of antibiotic resistance from C. perfringens to C.
thermocellum have not been successful.

Efforts in the nutritional and environmental manipulations,
as well as deregulation studies on Clostridium thermocellum,
have continued. Clostridium thermocellum grew and produced
cellulase on cellobiose, on glucose and on a glucose~cellobiose

mixture, indicating that cellulase production in this organism
- is not subject to glucose repression. Glucose utilization was
extensive but growth on this hexose was characterized by a long
lag phase. For growth on glucose, a higher concentration of
yeast extract was required than for growth on cellobiose. The
utilization of carbohydrates by C. thermocellum ATCC 27405 was .
further examined in detail. The maximum cell concentration was
obtained on fructose (.45 g/1) followed by cellobiose (.44 g/1)
and glucose (0.18 g/l). However, maximum cell yield (g cells/g
initial sugar) was obtained in cellobiose (.21) followed by
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glucose (.19) and fructose (.07). When the ATCC 27405 was
conditioned for growth in glucose and then transferred to
cellobiose, glucose and fructose, the same trends as with
cells conditioned for growth in cellobiose were obtained.
However, maximum cell concentrations and cell yields were
highest in all conditions when the cells were conditioned
for growth in glucose. The differences in maximum attain-

. able cell concentrations and cell yields are believed to

be due to differences in the way these sugars are trans-
ported. Yeast extract could be replaced by eight vitamins:_
plus casein hydrolysate, but not by the vitamins alone. By
mutagenesis of C. thermocellum AS~39, we have isolated two
mutants which produce 3 times as much cellulase as AS-39.

Purification of the cellulase enzyme from C. thermocellum
has been initiated. Ammonium sulfate precipitation followed
by gel filtration of C. thermocellum extracellular protein has
ylelded purlficatlon factors of 3.7-fold for filter paper ac-
tivity and 2.0-fold for CMCase activity. Elution profiles from

‘Biogel A-5m indicate a populatlon of heterogenous molecular

weights. (10,000 to 5,000,000 daltons) for both filter paper
and CMCase activities.

Considerable progress has been made in the optimization
of conditions for conversion of propionic acid to acrylic acid
by free and immobilized cells of Clostridium propionicum. The
optimal conditions for propionate dehydrogenation are: initial
propionate concentration 200 mM, methylene blue concentration
0.2%, lactate or a-alanine concentration 20-25 mM, pH 8.5,

‘temperature 32°C with cells harvested from the late exponential

growth phase. Using these conditions with free cells of c.
prop;onlcum, we have achieved concentrations of acrylic acid

in excess of 40 mM. Studying the immobilization of whole cells,
we have shown that it is possible to prepare polyacrylamide
gels containing C. propionicum that retain 70-80% of their
biological activity.  The use of immobilized cells is of par-
ticular importance for the development of reactor systems for
production, of acrylic acid. Our ultimate goal is to derive
acrylic acid from cellulosic biomass. A first step in this
conveérsion is the utilization of a mixed culture of C. thermo-
cellum to produce sugar from cellulose and a thermophiiic, homo-

" lactate organism converting the sugars to lactic acid. This

second organism has been identified as_Bacillus coagulans and

‘work is currently in progress to define its behavior in mixed

cultures with C. thermocellun.

_ Detailed studies using resting cells of Clostridium ace-
Eobutxlicum in the presence and absence of penicillin G have
een performed. It has been shown that in the presence of




pen1c1111n G, C. acetobutyllcum is unable to metabolize glu-
cose to produce mixed solvents (acetone or butanol). There-
fore, redirections will be needed to achieve high productiv-
ity solvent fermentations for this ‘system. - In situ extractive
fermentation appears to be one such solutlon. Using corn 011
-as the extractant, total n-butanol in excess .of '15:g/1 has"

. been achieved. This concentration of butanol has never been

achieved in conventional fermentations. - Search for:additional
extractants 1s now in progress.

' The productlon of acetlc acid by restlng cells of Clos—
tridium thermoaceticum has focused on the reason leadlng to-
cell instability. "Cell lysis" was shown to occur in the
‘presence, as well as the absence, of chloramphenicol. - Theseé::.
results indicate lytic phenomenon alone does not explain the
loss of the organism's ability to produce acetic acid. Stud-
ies will continue to determine the reason and seek answers to
increase cell stability. Xylose has been examined -as the car-
bon source for growth and -aéetié¢ acid formation by ‘C. .thermo-
aceticum. Product yleld of about 0.8 gm acetlc/gm xylose was
obtalned.
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I.-.MICROBIOLOGY OF CELLULOSE DEGRADATION AND CELLULASE PRO-
' " DUCTION

~{A. ENZYME PRODUCTION BY CLOSTRIDIUM THERMOCELLUM :

LY . . R SR
4 . e o Mt a L . o e X

1. Int:oductidh

As a continuation of the work described in the
last progress report‘(CQO-4198-7) concerning the conversion

of cellulose to glucose by Clostridium thermocellum ATCC

27405, studies have been extended to furthe: assess the B-
glucosidase, or cellobiase, acti&it& produced by é. therm-
ocellum and to determine the.kinetiés of glucose accumula-
tion during ferMentations'op cellulose. Since glucose is an
important intermediate in the 6Vé£all scheme of cellulose
degradation and subéequent fermenﬁétivé production of chem-
ical feedstocks, information about the mechanism or enzymes

- involved in its production must be established so that we may
find ways to enhance the final proportion of giucose among
the other soluble cellulose hydrdlysis end products and so

that we may more rationally design mixed-culture fermentations

with C. thermocellum and other anaerobic thermophiles (e.g.,

C. thermoaceticum or Bacilluslcoagulans) which utilize the

glucose (released from cellulose by C. thermocellum) as a

growth substrate.
Experiments were performed to measure whether

extracellular 'cellobiase' is produced by C. thermocellum,




durlng‘fermentatlon on cellobiose, and to determine whether an -
1ntracellular celloblase may be released at the end. of cello--
blose fermentatlons as a result of cell lysis. In addltlon,

the kinetics of glucose accumulatlon durlng cellulose fermenta-
tions was followed using the enzymatlc Glucostat assay to- compare

the results with those previously obtalned by HPLC analy51s.

.2. 'Materials and Methods - 1

a. Growth of Organism

C. thermocellum was cultured in 500 ml flasks-

containing 300 ml of CM3 medium with 0.5% yeast extract. The-
carbonesources were either solka floc cellulose (SW40) or

cellobiose at a concentration of 1.0%. No pH control was used.

b. Glucose Measurement

¥ i '
For both the cellobiose-grown and solka floc-
lgrown cultures, glucose was measured enzymatically.by‘the Glu-

5

costat assay (Worthington Biochemicals).

c. Protein Measurement

Extracellular protein production by C.’' thermo-
cellum was measured with the Bio-Rad Protein Assay, a dye-~bind~-.
ing assay basedlon the differential color change of a dye in-
response to various coucentrations‘of protein.’ ‘Bovine servm -

albumin (Sigma) was used to prepare standards.:



d. Cellobiase Assay

The extracellular proteln in the supernatant
of the broth from a celloblose fermentation was prec1p1tated
ﬁat 4°C in 40% ethanol overnlght. The preclpltate was resus-
pended in 0 05 M sodium citrate buffer, pH 5 4, at one half
“the orlglnal volume of the broth to effect a two fold concene
tration. 'A substrate solution containing cellobiose was pre-
pared in the following way. In citrate-phosphate buffer, pH

5.4, (0.1 M citric acid: 0.2 M Na,HPO,.7H,0: H,0, 1:1:2) cel-

2
lobiose was dissolved to a final concentration of 10 mg/ml
(1.0%) and cysteine was added as reducing'agent to a final
concentration .of 2 mg/ml (0.2%). (The pH was chosen as pH -
‘5.4-to.match the pH of the medium during fermentation when -
vthe'specific rate of glucose accumulation is maximal. Ar
citrate-phosphate buffer was selected to allow for a poSsible
:phosphorolytic.cleavage of cellobiose.)“one milliliter of the
encyme»solntion was added to one‘milliliter of the substrate:
(celloblose) solution and the mixture was 1ncubated, in the
presence of air, at 60°C. After one hour, the DNS assay for
reduc1ng sugars was performed on the enzyme-substrate mix-
tures. _The absorbance at 550 nm was compared to that of_a
zero;time unincubated control and also to a control contain-
ing_the;substrate,solution mixed only with buffer.’® Any in-
crease.in absorbance of the test samples over the controls ¢’

would indicate a liberation of glucose from cellobiose. = - -



" 3. Results

'.Because'Clostridium'thermoceIIUm is known'to‘pos-
sess an,intracellular cellobiose phosphorylase‘and since glu-
‘cose accumulation has been shown to be primarllyAa non*growth
associated event durlng celloblose fermentatlons, one plaus-
-lble explanatlon for glucose accumulatlon was that autoly51s
occurred during the organlsm s statlonary phase, relea51ng an ?
intracellular enzyme that would catalyze the hydrolysis of -
cellobiose to: glucose extracellularly. However, turbidity
measurements’of cell density did not 1ndicate‘any signifiCant

cell lysis, nor did measurements of extracellular protein- .

accumulation'during the fermentation of C.wthermocellum‘on
cellobiose.suggest that cell lysis had'taken place. ‘The re=
sults from two fermentations on CM3/celloblose are shown in
Figure I.A. l., where extracellular proteln productlon, culturev
turbidity (Klett units) and glucose accumulatlon are plotted :
against time. For both fermentatlons 1t is seen that when cul{
ture turbldlty reaches a plateau so does the extracellular pro-
teln‘level. There appears to -be no statlonary phase release |
of protein to correspond with the‘accumulatlng glucose:

' Assumlng that no intracellular cellobiose phosohorylase was
escaplng, another plau31ble explanation for the glucose ac-

cumulatlon was . that the organlsm did _produce an extracellular

celloblase wh;ch functioned when the medium pH dropped from
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PH 7.0 to pH 5.4, the final pH of the broth. However, when
extracellular celloblase was assayed accordlng to the pro-“
cedure described above, no act1v1ty could be measured as

shown in Table I. .A.1l. In this table, the absorbances at 550

et e Pemaln

nm, after the DNS assay for reducing sugars, are presented
for broth samples taken from a cellobiose fermentation at 20
and 40 hours (times when the pH of the medium was within the ‘
range of 5.4- 5 6), as well as the zero tlme point control

and the substrate (no‘enzyme_added)ﬁcontrol. _The absorbance
values'correspond.to the standard cellobiose concentrationhof;

5 mg/ml which is the concentration of substrate. used in this

assay.
TABLE I.A.l.
Abs. 550 nm
Sample Substrate Zero Incubated
Time ‘ Solution Time at 60°C
(Hrs. ) _pPH © Cellobiose Control - for 1:hr.
20 a 5.6 1.29 1.28  1.27.
b 1.31 1.26 1.27
40 a 5.4 1.29 '1.29 1.31
b » 1.31 : 1.33 o 1.20.5. -

In the previous progress report (C00-4198-7)., a
kinetic analysis of the specific growth rate and sbecific glu-

cose and-cellobiose@accumulationlrates (determined by HPLC Cih Sl

analysis) during a fermentation of C. thermocellum on Solka floc



was presented as shown in Figure I.A.2. It was hypothesized
that the growth-assoc1ated glucose accumulatlon, which had
not been observed during celloblose fermentatlons, may have
been the result of an exoglucthdrolytic activity which’
cleaved“glucose units fromﬁthe ends ofvlarger cellodexfrin
chains,substrétes that would not be present in a cellobiose
medium;“ HoweVef,'since solka floc contains up to 10% hemi- o
cellulose or xylan, and since we have encountered difficui-A
ties with*therseparation”of xylobiose from glucose on our
HPLC ane1§£icel c6lumn, it may have been that the 'glucose'
which we observed Eo'accuﬁulate in a growth;associated manner =
during solka floc férmeﬁtations‘was'really kylobiose,°aﬁd
that actual glucose accumulation occurred as a non-growth
hassociated event, similar to that of cellobiose fermentations.
As a‘first experiment to check the HPLC measured glucose, C.

thermocellum was again grown on CM3/solka floc medium, but

glucose accumulatlon was measured with -the enzymatlc glucostat
assay. Flgure I.A.3 deplcts the kinetics of cell mass, reduc-
ing sugar and glucose accumulation during a fermentation with-
out pH-control. When the enzyme assay is used, it can be seen.
that glucosesdoes not accumulate uhtil after dry cell weight
measurements indicate that growth has leveled off. This sep-
aration of glucose accumulation from growth is more'clearly
;shown;in Figure I.A.4 where the specific growth rate, u, and.

the specific glucose accumulation rate, qg,(data from Figure.
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I.A.3) have been'élotted as a function of time. As in the
cellobioée‘fermentations, glucose accumulation dﬁriné,a‘solka
floc ferﬁéntation,:measﬁred by the glucostat’aésay, appears
to be a non-growth associated event, occurringawhen ﬁhe pH of

' the medium has dropped to 5.4.

4. Discussion

Measurements of culture turbidity and extracellu-

lar protein production during fermentations of'c. thermocellum

ATCC 27405.Qn‘cellobiose failed to pbsitivelécshow the occur-
rence of aﬁtplysis which might account for the non—growFﬁd
associatéd glucose accumulaiion via the releaée of the intra-
ceilular;cellobiose phosphorylase into the medium where. it
could act exﬁracellularly{ ‘Similarly, an assay to measgre
extraceliqiér cellobiase production did not indicate th; pres-
ence of such aﬁvenzyme in the fermentation:broth. Therg’are
‘sevefal éxplanations why glucose accumulationtoccurs du;ing

* cellobiose fermentations even thbugh an extracellular cello-
biase acﬁivity has not been méasuted, be it an extracellularly
produced enzyme or a released intracellular enzyme. An;obvibus
:explanatipn is that the conditions of theﬁcellgb@asg_assay were
V3unsuitab1e fdf measuring the approbriate enzyme aétivity. For
-instance, anaerobiosis may hav? been necessary. A Two alterna-
:tiﬁg poséipilities.are that a cell?surface-bound enzyme is re-

sponsible for the degradétioﬁ of cellobiose to glucosé, or that
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the infracellular cellobiose phosphofylase is responsible for
the cleavage and that the resulting glucose-l-phosphate is re-
tained within the cell for further catabolism, while the other
glucose unit is excreted into the medium.' These possibilities
will be looked into for future work. B C B
The discrepancy between HPLC and glucostat data't
‘for glucose accumulation during solka floc fermentations may

be explalned, as mentloned in the Results section, if accumu-wa
lating xylobiose is being artifactually detected as'glucose,‘
during the active growth phase of the'organism. This,hypothe—'
sis will be tested by collecting theA'xylobioée—glucose"frqc4'
tions (from samples taken during the active growth phase)’ |
eluting from the HPLC column and subjecting them to paper‘
chromatography to determine whether both sugaré are preéénf.A
HPLC will be further used to study the kinetics Of'celluioééuwn
degradation, as a means of measuring whether ﬁhere ié a réﬂﬁéﬁﬁﬁ
or specific time sequence in the breakdo&n of celluloéié mate-
rials to cellodextrins and then to disaccharides and finally to
the monosaccharides, glucose and xylose, which are useful sub-

strates' for subsequent 'fermentations. _ N
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B. PRODUCTION OF ETHANOL FROM CELLULOSIC BIOMASS BY
,CLOSTRIDIUM THERMOCELLUM

"i. Introduction

¢ B -,
2 ~ ‘ I

In our last progress report (C00-4198-7), we re-

% Rt SRR

ported that the new strain of Clostridium thermocellum, S-4,
produces a signifigantiy higher ratio of ethanol to acetic

acid. Ca?bon anq_oxidation-reduction.balances have led us to
conclude that thls straln 1s deflclent 1n the hydrogenase and
thus _can produce the hlgh ratlo of ethanol to acetic acid. The
kinetlcs of ethano} production were examined and found that it
is produced through both growth and non-growth associated modes.
In this quarter, we have continued to examine fhe kinetics of
prodﬁctiopAof oghe: produc;s, . In addition, the degradation -

cépabilities of C. thermocellum, strain S-4, on ya;ioug;cellu-

loéic“b;omaspes were also examined. The results from these

experiments’will be presented.. .

2. Materials and Methods

o The micrgorganism used through this study was C..
therﬁocellum, strain S-4. The basic medium used for growth was
CM4. . Modifications were made in some cases and these changes
will be specified along with the presentations of the results.
The rice straw and wheat straw used were obtained
from Professor Charles R. Wilke, Lawrence Berkeley Laboratory,

University of California, Berkeley, California. Rice straw is
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the crop of Fall, 1975,_in'Butte"oonntY§“wheat straw is the
crop of Fall, 1975, in Yoio connty, 'Both are 0.25 - 0.35 mam
fraction of 2 mm Wiley miiled. The sweet gum tree sa&dust
was obtained from the Universityfof Georgia. Thefsources?of
other.biomasses hage already been reported. |
All the analytical procedures have already been

reported and will not be reported.

3. Results and‘Discussion

In order to study the klnetlcs of products form—
atlon and the effects of env1ronmental condltlons, several
fermentatlons were performed in a 7-liter fermentor with a
5-liter working capacity. Figure I.B.l shows a typlcal ferm-

‘entatlon profile with pH controlled at 6.5; 1n1t1al yeast ex-
tract concentratlon was 3 g/l and glucose concentration was
2%. The production of reduced products (i.e., ethanol and
lactic acid) is significantly greater than oxidized prOddot
(acetio acid) and is similar to the previous results. The
kinetios of grthh and ethanol production can be achieved
through growth and non-growth associated modes and the mathe-
matlcal proposed in an earller progress report (COO-4198 -7)

was as followed,

g, = au+ 8B
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FERMENTATION PROFILE OF Clostridium thermo-
cellum (S-4)WITH pH CONTROL (6.5) IN LOW
IRON CONCENTRATION MEDIUM -

FIGURE I.B.1l:
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where qp~;= -specific productiv1ty, gm. product/gm cell-Hr.
'u = specific growth rate, Hr -1
"o = growth associated product formation constant,
gm product/gm cell _
B = non-growth associated product formation con-
stant, gm product/gm cell-Hr.

oowe v It <ot
£, q A .

A plot of specific growth rate (u) versus spe-

cific productivity (qp

associated ethanol formation'constant is 1.5 (g ethanol/g .

) is shown in Figure I.B.2. The growth

T

S

The production of lactic acid was analyzed in the
similar manner and the results 31§°‘5h°?n.i? Figure I.B.2. 1In
contrast to the positively growth associated mode of ethanol
formation, lactic acid production shows a negatively growth
associated mode. The specific productivity of lactic acid has
an inverse relationship with the specific growth rate. These .
results indicated that higher growth rate will increase the :
productivity of ethanol and decrease the productivity of lac-
tic acid, thus increasing the yield of ethanol production.
Because both pyruvaterferredoxin oxidoreductase',
and ferredoxin are non-heme iron protein, it was’ expected that
iron might play an important role in the production of ethanol.
Therefore, the effect of iron concentration on the kinetic
parameters was examined.‘ . _
i Figure I.B.3 shows the fermentation profile with~

PH controlled at 6.5, FeSO,.7H,0 concentration was 0.01 g/l:
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KINETIC RELATIONSHIPS- OF GROWTH AND

.PRODUCT FORMATION BY C.

FIGURE I.B.2:
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FIGURE I.B.3: FERMENTATION PROFILE OF Clostridium thermo-
cellum (S-4) WITH pH CONTROL (6.5) IN HIGH
IRON CONCENTRATION MEDIUM |
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A
eight times higher than that éf{CM4 medium.' Other conditions.
are the same as the other experiments. The data from Figure
I.B.3 were analyzed in the same way as described previously,
and shown graphically in Figure I.B.4. | |
For ethanol production, the calculated Qalﬁe of

a and B from Figure I.B.4 are 2.§ (g ethanol/é_cell) ané 0.14
(g ethanol/g cell-hr) respectively. It can beiseen that growth
associated constant o increased significantly as iron céncen—
tration inc;eased whiie non-growth associated ¢onstant é re-
mained the;same. Again, lactic acid productioﬂ,shows a nega-
tively growth associated mode. | {

| Another important effect of iron conqentraﬁion was
;the formétion of formic acid. Formic acid, as shown ianigure
:I.B.S, is the key intermediate of one-carbon,unit.synthésié in
-i@lostridia. Formate accumulated when low iron concentration
~3l.25 mg FeSO4.7H20/1) was used and disappeared when iron con-
centration was increased to loimg Eeso4.7H20/l. There ére at
léast 4 different mechanisms for formate production. Tﬁe mech-

anism in Ciéstridium butyficum and Clostridium butylicum which

formate is‘genérated from pyruvate by pyruvate formate iyase

according to the following reaction:
' CH,COCOOH + COASH —— CH,CO-SCOA + HCOOH '

This is the most reasonable one to explainxthé observed phenom-

enon.
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KINETIC RELATIONSHIPS OF GROWTH AND PRODUCT
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FIGURE I.B.5: PATHWAY OF ONE-~-CARBON UNIT SYNTHESIS IN CLOSTRIDIA
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It is well known that flavodoxin, which has a
similar low potential, éan replapé ferredoxin in certain re-
actions and are synﬁhesized by many bacteria, especially in
media low in iron concentration. It is reasonable to explain

the phenomenon of formic-acid accumulation in the same way

that C.'thermocellum can synthesize pyruvate formate lyase

replacing pyruvate ferredoxin oxidoreductase to produce acetyl
‘ {

CoA in medium low in iron concentration. 1In this fashion,

C. thermocellum is able to maintain the production of acetyl

CoA from pyruvate at a certainlleveL_and,leading.to the ac-
cumulation of fprmic acid. if this is true, then it can be
concluded that CM3 and CM4 medium are deficient in iron.

At this point, it still remained to be answered
what is the highest ethanol concentration the strain S-4 can
produce. A fed batch fermentation was used in seeking this
answer. Tbe concentration of glgcose‘was maintained betwéen
5-10 g/1 and pH was controlled at 6.5. The results from this
experiment are shown in Figure I.B.6. As seen from this fig-
ure, the initial,rate of céll growth and ethanol production
was quite rapid up to 20 hours. ThevaceticQacig_p;Qduction
océurredféﬁif‘in the_very,beginning then $tqpped yhile the lac-~
tic acid prbduction started only when the grqwth‘rate decreased.
A final cénceﬁtrétiqn of 8.4 g/1 of ethanol, 4.3 g/1 of lactic
acid and 1.0 g/1 of acetic acid were obtained. A total of 32.3

g/l of giucose and 8.4 g/l of yeast extract was added and 8.8
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g/l of reducing sugar remained after'4§_hours'fermehtatioﬁ.'
However, from the qualitative‘analysis of the reducing sugar
by using paper chromatography, it was found that a large por-
tion of the reducing sugar was cellobiose (the concentration
'was about one third of that of glucose) Moreover, from‘the
‘HPLC»analys1s, it was revealed that about. 2 g/1 of cellobiose
Was accuhulated. Although hlgher ollgosaccharldes could not :
be demonstrated due to the sensit1v1ty of these methods, it
was believed that some ollgosaccharldes also accumulated dur-
ing the fermentatlon by the enzyuatlc reactlon of cellobiose
phosphorylase and cellodextrln phosphorylase.

'~ Due to the presence of ollgosacoharldesL the re-

ducing sugar concentration was underestimated. Therefore,

" acid p‘yqrolysig (5% HC1, boiled for one and half hours) of

the fermentation broth was performed~in'order to know -the ac-. .

tual'sugar ooncentratlon. It was found that the final sugarf.
.concentratlon increased from 8.8 g/l to 9.8 g/l1. The actual
reducing sugar concentration was then used to calculate:the
carbon and oxidation reduction balance and ethanol yield of . ..
this;fermentation. B : l :
?' , Table I.B.l shows the carbon and ox;datlon-
‘Treductlon (0/R) balance from this experiment. Here agaln;..
"che analy51s,of the O/R balance showed that there must be

very little or no hydrogen formation during the fermentation.

LY
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~CARBON AND OXIDATION-REDUCTION BALANCE FOR

FERMENTATION OF GLUCOSE BY STRAIN S-4

(C. THERMOCELLUM)
‘ U’NiT O/R » '
‘ ' AMOUNT VALUE per OVERALL O/R YALUE
PRODUCTS g/l " mM g carbon/1 MOLE - CASE I*| CASE II*

Ethanol 8.4 182.6 4.38 -2 -365.2 -365.2
Lactic acid 4.3 47.8 1.72 0 0 0
Acetic acid 0.6 10 0.24 0 0 0
COz* 8.47 192.6 2.31 +2 +385.2 +385.2
Hz* 0.385 (192.6) - -1 -192.6 (o]
Celi ﬁass* 2.5 - 1.25 - - -
Total carbon 9.90 +385.2 +385.2

recovery * -557.8 | ~365.2
Glucose fermented 22.5 125 9.0 0
Yeast. extract .

consumed (30%) ** 2.52 '1'08 0
Total carbon

recovery in. 9.9

percent of . 9.0 + 1.08

theeretical . = 98.2%

value -

Oxidation- 385.2 | 385.2

Reduction 557.8 | 365.2

Index = 1,05

= 0.69

* See previous progress report.

** Aggume 30% of yeast extract was consumed.

carbon.

40% of consumed yeast extract was
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- The yleld of ethanol was calculatedito-be 37% 6f;
fermented.sugar. Compared to 45% in yeast alcohol fe:menﬁaﬁign;
thosg reSults.are very encouraging since it is now alm&stzpqsy 3
sible to compete with'yeast alcohol fermentation:as'fa: as
ethanol yield is concerned. ' |

In‘this fed batch experiment, the fermentatién
- stopped when a total of about 14 g/l of products were accﬁmuf
lated. It is believed that other ﬁutrientS‘were.in exéess ai
the end of the fermentation and the concenﬁration of prod@cté
is not high enough to inhibit the fermentatiéh.-jTherefofé; |
there are some unknown reasons contributing to the cessaﬁion 
of the fermentation. This might be due to sporulation or itﬁ
. may also be due to capsule formation (i;e. further'polymefiz;-
tion of cellodextrin). Lastly, clostridia has been repoftedﬂ-
to be able fo produce bacteriocin and this should be inveétié
gated in order to seek answers to this problem; . »

In the overall process of cellulose degradafﬁonﬁ
cheap and abundantly available.biomaéses are reduired.~ There-
fore, other potential biomasses iﬁcluding rice g&raw, Wheat.;f
straw,;corn‘cob, sugar cane bagasse, sweet gum tree"éawduét |
and exploded poplar were examined. These experiments wérg per-
formed using 25 g/1 of biomass, 3 g/1 of NaOH. Aftgf sterili-
zation, 002 was sparged ‘until pH is 7.0, 10 g/1 oflééybean meal
was then added and 10% of,seeq culture was ;hen inoculateé. fﬁe 

results are summarized in Figure I.B.7. It can be seen from'i
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these results that straws are the'best substratesamong these:
blomasses tested. Slnce the productlon of ethanol is growth -
'assoclated, one mlght use thlS 1ndex for growth of the organ-‘
ism. If one follows thls ratlonale, we conclude that straln
S-4 cannot metabollze sugar cane bagasse and exploded poplar.
This may be due to ‘the. hlgh 11gn1n content or: other toxic sub-~
stance in these materlals. slmllarly, sweet gum . tree sawdust . |
and .corn - cob support only poor growth of straln S-4. The par-
ticle 31ze~of sweet gum tree .sawdust is very large, up to-5 .mm
or more, and thus 1t can be ‘explained by the limiting of sur-
face area.- The. corn cob: used in thls experlment contalns very
-fine partlcles and was. not llmlted by surface area but by in-
hibitory. effect of tOXIC substance, maybe llgnln. The rapid
accumulation of reducing sugar may be due to the extracellular
cellulase reaction. ‘

. The best blomass, rice straw, produced 1.17 g/1
of.ethanol, 0.42 g/l of lactic acid and 9.6 g/1 of reducing
sugarsf After acid hydrolysis, the actual concentration of
reducing‘sugars was .found to bevlé.s g/ls This represents a
total of 18.l‘g/l of products were accumulated. If one assumes
that the carbohydratetcontents,of 70%Aand‘4O% for rice straw
and soybean'meal,.respectively, this is equiValent to a total
carbohydrate conCentration‘of 21.5.g/1 in the medium. From
» thi$i£¢£§i' Stréini574;is able toiproduce 18.l:g/l of prod-

ucts. . This ismequivalent to a conversion yield of 0.84 gram
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of products per gram of carbohydrate. -This yield is quite -ex-.
cellent and shows further encouragement for the project4objeq~

tives.

4. Future Work

e Continue the packed-bed.ferméntor to achieve .
high production rate and high product conéentfétion;

® Investigategthe'reason why ferméntaticn‘stdéped
when only 14 g/I”bf-p:pducté'accumulated."Examine whethe;'sporu-
lation or polymerization ‘of sugars have anything to do With’the
inhibition, also the possibility of,bacteriécin produ;tipn;‘f |

<QA.:Further-effof£s to increasé‘éthanoi.tqlerance,

° _Mutétionﬁto dixeét*catabolism'only to ethanol.
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- C.  ETHANOL PRODUCTION USING XYLOSE BY. HG-2 AND CORN
STOVER DEGRADATION BY MIXED CULTURE OF C. THERMO-
.CELLUM AND.HG-2 . . . .- . . .

:

1. Introduction

i
‘One of the problems associated with the use of . .

Clostridium thermocellum to produce ethanol from biomass. is

its inability to metabolize theydeéradétion products arising .- ..-
from hemicellulose. -In order to effect a more -complete util- -
ization of biomass, -we have initiated studies on the metabolism ;
of xylose using :an anaerobic and thermophilic organism.designa-,
ted és "HG-2." This microorganism was‘isolated by personnel -in
our laboratory, but has not yet been identified.> Some of the
intéresting properties of isolate HG-2 inélude its ability to:
metabolize pentose and hexoses at anaerobic_and thermophilic
conditions. These latter traits Are.particulagly'significant
with respect to .our overall objective of effective.biomaSsh]
utilization. -Specifically, it offers us a potentially com-
patible:mixed microbial system where the'cel;ulolyticvactivi-'A}

ties of:Clostfidium thermocellum are -employed to ‘produce eth-.

anol and'reducing'sugars (xylose) from the céllﬁlosic biomass:
and the metabolic activities of HG-2 to produce ethanol from
hemicellulose degradation products.. Therefore,hdurigg;the .
past .contract period, we have also initiated mixed culture:
studies using these two organisms to examine the feasibility:

for such a biomass utilization scheme.
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2.  Materials and Methods

o .Pure culpgre Studies using‘HG-g'ygre»pérformed in
anaerobié‘Shéké flasks ét'GO‘é. ‘In theée sﬁuaies;féithér xylose
or glucose was used as the carbon source. Substrates utiliza-
tion were measured using the DNS method for.feduéing éugars
which has been reported in previous progréss reports. Adapta-
tion studies to select highér ethanol tolerant strains of HG-2. - _
we:eia156 performed. The protocol for adaptation and selection
was .identical to"that reported in progress report C00-4198-6.
Analytiéal methods such‘aé ethanol and acetic acid ‘concentration
determinations were performed through gas chromatography as réq
ported in other progress reports. S

‘Mixed culture studies wererperformed'ﬁsing the

proceduré outlined below.

5 A 10% inoculum of C. thermocellum (S-4) was used - .

in each of two énaerobiC~f1asks containing 300 ml of medium.
The medium contained corn stover (25 g/1l) o soy flour (10 g/1)
and salts as 'in the CM-3 medium. Sodium bicarbonate buffer
(12 g/1) was used to maintain the pH at 7.0 and sodium thio-
glycolate was:used to maintain anaerobiosis. After 24 hrs. of
growth«athOPC, one flask was re-inoculated with-an additional
10% inoculum of HG-2. The second flask served as a control

for C. thermocellum alone. Samples were periodically removed

and assayed for ethanol; acetic acid, and reducing sugars as

deséribgd'in previous progress reports.
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3. Results and Discussion

a. Studies on HG-2 in Pure Culture

Growth and products formation by HG-2 using
glucose as the carbon source are shown in Figure I.C.1. Mass
doubling time of this organism.on glucose was calculated to

be about 2 hours (specific growth rate = 0-.35.1'1'r-l

). "As can
be seen from Figure I.C.l that both-acetic acid and ethapolu
are produced and appear to be associated with growth. Finai
acetic acid and ethanol are prodoced and appear to be aseocia-j
ted with groch. Final acetic acid and ethanol concentrations?
were respectively 2.8 and 1.5 g/1. 1In view of.tﬂis ratio of |
acetic acid to ethanol, we conclude that other cataboliczprod-f
uct(s) must also be produced.‘ Unfortunately, we did nottper- ;
form analysis on these other!products. One coold qostulate;
for example, lactic acid which is at the same oxidation?
reduction state as ethanol being one of the other major prod- j
ucts of catabolism. '

When xylose was used as the carbon source for
HG-2, results of growth and products formation obtained are
shown in Figure I.C.2. Here again, the mass doubling time
was calculated to be about 2 hours (specific growth rate = 0.35

"Ly, 1t is interesting to note that ‘the results in this

hour
figure indicate that the final ethanol and acetic-acid coacen-

trations were nearly the same. Specifically, a final ethanol
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concentration of 2.8 g/l .and acetic acid concentration of 2.5

g/l were attained.

.,

In view~of our"previous experiences with Clos-

tridium thermocellum*with respect ‘to its tolerance to ethanol,

H

we decided to embark immediately to a selection program with

HG-2:to increase its tolerance tovend products. ’It was ra-

“tfonalized that we should attempt to isolate higher product

ﬁtolerant strains of HG-2 before attem?ting to perform more de-

'tailed characterizations on this organism. 'Therefore, an

¥

»

adaptatlon and selectlon program was 1n1t1ated to 1solate

T 1
hlgher ethanol tolerant stralns of HG-2. The results from

&

these studies are shown in Flaure I. C 3. It can be seen that

the parental strain of HG-2 exhibits a 50% growth 1nh1b1tlon

4

at an ethanol concentratlon of 1.8% (V/V) After adaptatlon

and 51x transfers 1n hlgher alcohol concentratlons, an 1solate

deSLgnated as HG-3 was obtalned.g Thls new strain now exhlblts

a 50% growth inhibition at an ethanol concentratlon of 2. 6%
(V/V). We might add that this selectlon procedure was achleved
over:a period of three weeks. These results reinforce us as
well as being encouraging in demonstratlons on rapid capabll—
1t1es in the isolating mutants with the desireable propertles.

\ During the selectlon stndles with HG-2, the
tolerance of this organism to acetate was:alsomexamined. !

These results are shown‘in Figure I.C.4. 1It isilnteresting

to note that the barental strain of Hg—zueghibited a higher

¥
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tplerance‘to'aeetate;theh'theAnew isbiaté Hé-3. For example,
50% growth inhibition of the parental strain occurred at an
acetate concentration of 2.9% (V/V), whereas the new isolate
HG-3 exhibited the same growth inhibition at 1.8% fV/V) of
.acetate. ‘At this moment, we do not have a‘logical explanation
as to this observation. Further studies will be required to
.delineate the imbiication’of such a behavior. et

b. Studies on Corn Stover Degradation by Mixed
'Culture of Clostridium thermocellum and HG-2

Studies using mixed culture of‘C; thermocelium .

and HG-2 were performed to obtain preliminary }ndications es

to their environmental compatibilities. ' It is our objective

to pursue this approach in more detail shoﬁldwgositiVe reeelts

be found. These preliminary findings will‘noWibe presented.
As mentioned in the Materials and Methods

sectlon in thlS report, Clostridium thermocellum (S~4) was

allowed to grow in anaerobic shake flasks using corn stover'
’aS'the¢c§rbon source. After 24 hours of growth, HG=-2 was then

inoculated. The behaviors of the pure culture (C thermocellum)

and mixed culture are shown in Figure I.C.5, I.C.6 and I.C?7.
) In Figure %.C.S, the fermentation time pro-

files with respect to the fdrmation of reeucing s;gers in:

pure and mixed culture are shown. It can be seen‘that the

production of soluble reducing sugars by pure culture of C.
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I.C.5: REDUCING SUGAR ACCUMULATION FROM CORN STOVER
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thermocellum cOntinues.ko_increase throughout the course of

the fermentation. On the other hand, when HG-2 was inocula-
ted, one observes a decrease in the reducing sugars as ferm-
entation progresses. At the termination of the study, the
residual reducing_suga: in the mixed culéure sysfem was less:
than 1 g/1.. These results indicate that the two organisms;
can maintain_thgir biological activities in a compatible §
faéhion:‘ o ' A

~ During the course of these fermentations,
concentrations of acetic acid and ethanol were also deter-
mined. Shown in Figure,I.C.S is the time profile of acetic.
acid formation for the pure and mixed cul£ufé ;yséems. It"

can be seen that for C. thermocellum in pure culture, acetic

acid formation reached a maximum value of 1 g/1 at about 50 .
hours. However, for the mixed culture, the rate of acetic?
acid fprmation,was significantly greater=than{that fouhd'f@r
'the pure culture. Furthermore, prbduction of acetic acid
continued up to 70 hours of fermentation aétaining a final
concentration of 3 g/l.

The behgviors on the production of ethagg}
by the pure and mixed cﬁlture are similar to that found for

acetic acid. When C. thermocellum was grown as a pure cul-

ture, ethanol formation continues up to 100 hours of fermen--
tation. When a mixed culture was used, the rate of ethanol

formation as well as the final concentration attained were
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FIGURE I.C.6: ACETIC ACID PRODUCTION FROM CORN STOVER BY

PURE CULTURE OF C. thermocellum AND MIXED
CULTURE OF C. thermocellum AND HG-2'
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FIGURE I.C.7: ETHANOL PRODUCTION FROM CORN STOVER BY .
PURE CULTURE OF C. thermocellum AND MIXED
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both significantly greater than that found in the pure cul-
ture system. In view of the results'ffoﬁ éhe reducing sugar
time profiles (Figure I.C.S), we chclude that HG-2 can ac-
tively metabolize the deéradation products from corn sto§er

as a result of the cellulolytic activities of C. thermocellum.

These results are encouraging since they indicate no abnormal

behaviors when a mixed culture of C. thermocellum and HG-2

are cultivated using.a cellulosic biomass.

v .
i

4, PFuture Work

Our future studies in this area consist of:

° Further adapfation, mutation and selection
of HG-3 to increase its ethanol tdlerance.
‘ @ A mutation program to effect direct catab-
olisﬁ of HG-3'to produce ethanol as the only product.
- ) Further exploration using m;xéqfcultures
to increase rate and product concentration.
| ° Determine product yields of HG-2 and mixed

-culture of C. thermocellum and HG-2.
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D. GENETIC‘MANIPULATIONS

l. ' Search for Phages

More attenpts were made to lsolage plaque- forming -

units to test the transfectablllty of c. thermocellum, as

described in the last progress report (No. 7). The f11trates
used as inocula were obtained from two sources. One éame;from

a digestor operated by the Meat AoimalhResearoh Center, Nebraska.
This digestor is fed with cattle manure;and operates at 55°C.
'.The other sample oaﬁe from a thermopoiiic digestor' in Illihois
which utilizes celluiosic agricultural waste. Neitber of these
yielded plagque formers.

The possibility that a plaque former could be

obtained from a lysogenic strain of C. thermocellum was examined’

also. Filtered supernatants from cultures of C. thermocellum
obtained from different sources were oross-checkea-for plaque-
forming ability against each of the strains by an-agar spot
test. Filtrates from cultures which had been dlsrupted with
chloroform, as wellLas from cultures whlch had not, were used.
No plaques were observed. '

A test was made to determlne if any of the stralns
could be induced to lyse by agents commonly known to 1nduce
lysogens in other bacteria. In one experiment a range of

mitomycin C concentrations increasing by two-fold steps,

between 1/16 to 16 pug/ml was added to growing cultures of

each of the C. thermocellum'strains. The optical density

of these was followed until growth stopped (Figure I.D.1l.1).
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- Figure I.D.l.1. Treatment of growing.qultu;e$ of C. thermocellum
' strains with mitomycin C.
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Figure I.D.1l.2.
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In no case was lysis of the culture induced.
. The same experiment was carried out using ultra-
violet'light‘to irradiate washed oellsl The cells were kept
in the dark after irradiation and used to inoculate tubes of
fresh mediums. No dose giuen to any oflthe strains induced
1lysis (Figure I.D.1.2).

To determine if.phage-induced lysis was occurring

hw1thout gross cultural 1lysis, the supernatants of mitomycin-

treated (4 ug/ml) and untreated C. thermocellum cultures

were,examined by electron microscopy. The cultures were cleared
"by low-speed centrifugation and then the supernatants were
‘pelleted and washed by high-speed centrifugation. The pellets
were suspended in a small volume of water and negatively stained
for examination. While phage-like particles (70rm1icosoﬁedrons)
were observed; as has been observed in other occassions, no
increase in their numbers resulted from‘mitomycim.c treatment
j‘;of the cultures.

2. Sensitivity to Antibiotics and -Metal Salts

A qualitative examination of the senSLtiv1ty of

each olf the C. thermocellum strains on hand, to 65 metal salts

and amtibiotics, was made by placing impregnated discs on
overlays of seeded agar. . After incubation, the presence or
abseuce of an inhibitory zone was noted. Qualitative
‘differences in sensitivity, which could be used as markers
-or could'be extra chromosomally determined are shown in |

Table I.D.2.1.



Table IoDchl

ZONES OF INHIBITION (MM)
CcoMPOLMD 651  QUINN TET 157 ~ ATCC -
SODIUM SILICATE .0 .0 0 0 0
VANADYL SULFATE - - 99 96 83 108 85
ZINC CHLORIDE | 81 7.4 82 0 0
SODIUM ARSENATE . ND. 0 170 36.5
ANTIMONY POTASSIUM TARTRATE 44 48 38.2 46,6 43 .

- LEAD RITRATE 0 0 0 0 0
BERYLLIUM NITRATE 0 0 0 O 0
FERROUS CHLORIDE 0103 8 1.2 8.7 10
FERRIC CHLORIDE 10,2 106 10,1 10,3  10.3
COBALT CHLORIDE | 112 o 0 0 0
NICKEL CHLORIDE 76 0 0 0 i
CUPROUS CHLORIDE 9.6 9 9.2 9.2 144
CUPRIC CHLORIDE 13.7 142 13.6 14.1 8.6
THALLIUM ACETATE | 15.2 14,2 18 13.4 0 X
SODIUM TUNGSTATE 7.2 WD, 84 ND. 0 X
SULFARILAMIDE 0 0 0 84 0 X
KANAMYCIN 0 0 0 25.2 0 X
TRIMETHOPRIM 0 0 0 0 4 X
CERULENIN 0 0. 0 0 38 X

ANOTHER 30 CPDS TESTED WITHOUT SIGNIFICANT DIFFERENCES.



3. Mating ‘
Resistance factor transfer by mating on plates

has been reported to occur between strains of C. perfringens

(Brefort et al., Plasmid 1:52-66, 1977). The possibility.

that such a resistance could be transferred from a cC. perfringens

%train (CP600) used by Brefort and co-workers to any of our

strains of C. thermocellum by 1nter-spec1es matlng was examined.

Matlng was carried out on plates at 52°C.- Selectlon for antl-'

biotic reslstance 1n C. thermocellum was done at 60°C. No

ev1dence of resistance factor transfer to any C. thermocellum

N

straln was obtalned. ‘

4, Future Work

e Effect of temperature on phage recovery from

c. thermocellum.

.

e  Initiation of constructlon of clonlng vectors..
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E. DEREGULATION OF CLOSTRIDIAL CELLULASE

1. Introduction

In our previous progress report {COO-4198-7),-we
presented sevéral'inteiééting results that required‘further

investigation. 'One was that Clostridium thermocellum can grow

andfproduce>cellulase on glucose if elevated levéls'of veast
extract are used . in the medium, Ih this repbrt, we shall pre-
sent the results of experimenﬁs‘in which a range of yeast ex-
tracf.concentfétions were tested in both céllobiose and glucose
~ containing media and growth and cellulase production were
measured.
| We have further studied growth and enzyme produc-
tipn-on glucose. Glucose éonsumption, growth and cellulase -
production have been measured in media containing glucbse}
' cellobiose, énd mixtures of fhe two. Our objective is to
determine if'glucose'plays a regulatory role in cellulase pro-
duction. | o
Our attempts to devise a chemically defined med-
ium will be dgécribed. Various substitutions for yeast ex-
tract were tested in cellobiose medium. These include mixtures
of vitamins and amino acids and a protein hydrolysate.
- Our.cellulase-overpréducing mutant, AS-39, de7
scribed in eérlier reports, was éubjected“to further mutation
by physicél apd'chemical égents. Two promising second genera-

tion mutants have;been,isolatgd and characterized. -
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2. Materials and Methods.

a. Organism

» €. thermocellum ATCC 27405 and its mutant AS-

39 were used in this study.

b. Anaerobic Methods

Seéﬁpppgrgssirepgpy CO0-4198-7, page 71.

‘c.’ Cultural Conditions

The organisms weré grown and maintained on GS
medium which is described in progress report CO0-4198-7, page.
71.  In thgvnut:itional studies, yeast extract in. the GS medium
was replaced by various mixtures of vitamins, amino acids, and
a protein hydrolysate.&'Growth was measured asfabsorbance using

a red filter in a Klett instrument,

d. ‘Analysis of Cellulolytic Activity

Cultures were centrifuged at 7850 x g for 10
minutes; cellulolytic activities of the supernatants were de-

termined as follows:

1. TNP-CMCase Activity A' .

One ml, of supernatant is added to 2 ml of.

1% TNP-CMC suspepsiop in 0.1 M citrate buffer (pH 4.5). Zero-

-
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time activity is determined by Millipore-filtering immediately
after the addition of the supernatant. A control is also run
in which the supernatant is replaced by 1 ml of the citrate
buffer. After thorough mixing,. the experimental tubes are in-
cubated at 60°C for 1 hr.“'Thelcontents ere_rheu‘ﬂillipore
filtered; ebsorbance of the fiitrate is measured at 344 nm.
The value at zero—time is.subrracted from that at 60 minutes.

~ Activity is expressed in units which are defined as follows:

1 unit = 0.01 0.D.5,, increase/min.'

v 2. Avicei;Hydroiyzing,Activity

One ml of supernatant is added to 2 ml
viof 1% Av1ce1 (Type RC-591, FMC Corp ) suspension in 0.1 M Na-
:fc1trate ‘buffer (pH 4.5). Zero—tlme activity is determlned by
”Mllllpore-fllterlng 1mmed1ately after the addltlon of the
supernatant. A control with 1 ml of buffer instead of super-
natant is also run. After thorough mixing,.the*tubes‘are injA
cubated in a boiling-wateribath for 5 minutes, then cooled
1mmed1ately, absorbance et'550 nm is.read;; The increase in:ﬂ
f’absorbance from 0 to 2 hours is. measured. {Thejgmount'of reéﬁ
duc1ng sugar llberated as glucose ;s read. off a giucose |
. standard curve. A unit of.éinel uydrolyzing ectivity is de-

fined as follows:

1 unit - = 1 umole glucose/min.
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3. Filter Paper Activity

-Filter paper activity was determined us-

ing a modified method (Monténecquzth al., Biotechnol. Bioeng.,

XX, ?97, 1978) which employs filter paper discs as the sub-‘
strate. One ml of supernatant is added to an 18 mm test tube
containing 0.5 ml of 0.05 M Na-citrate buffer (pH 4.8). The
disc, which has é'l/Z inch diameter, weighﬁ of 46-48 mg and
is 95% a-cellulose, is placed ét'the‘bottom of the tube;“éf—‘
ter vortexing, the tubes are incubated at 505C for 1 hour.
After incubétion, 3 ml of DNs—reagent is added; the tubes are
" then incubated in»boiling water fér 5 minutes. At thét point,
16 mllof'distilled water is added to the tubes and absorbance
at 550 nm is read. A zero-time sample is prepared in which
the DNS-reagent is added immediately’after the filter paper
disc and boiled. A control tube without a filter paper disc
is élso run to correct for.any reducing sugars present in the
supernatant. The incre&se in'abscrbanceAbetween zero—-time and
1 hour is determined. The amount of reducing sugar liberated
as glucose is read off a glucose-standard curve prepared by
the DNS-reagent method. - A unit of  filter paper hydrolyzing
activity is described as follows:

-

1 unit = 1 umolé glucose/min.
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DNS-Reagent Method

--------- . L B R

To prepare the glucose standard curve}
three ml of DNS-reégent is added to 1 ml of glucose solutiéns
whose concentrations range from 0.1 - 1.0 mg/ml. The tubes

are incubated in boiling water for 5 minutes. After cooling,

absorbance.at-550 nm.iSquad.

3. . Results .and. Discussion

A number of experiments were done to study thé
possibility of ‘glucose repression of cellulase production in

C. thermocellumzAS-39ﬁ We used GS medium described in our

previous progfess feport, beplacing or varying the cellobioée
conteht where indicated. Tﬁe organism grew and produéed cgl-
lulase in medium containing 1% glucose after a lag phése of
50 h (Figure I.E.l). Increasing the glucose or cellobiose;con-
centration to 2% did not stimhlate either growth or cellulése
production. There was no inhib@tion of growth or cellulasé pro-
duction when 1% glucose was addé&-to Qedium.containing}l?'cello-
biose (Table I.E.1l). When the specific préaﬁction of cellglase
) ;

was calculated, there was no significant difference between

“'thé%“?thpCéd on“célIdbiOsegiglugése"Qi‘cellobiqse'plus‘glu—

cose. It thus appears that glucose repression of cellulase
production ‘does not ekiétjﬁn,this;otganiém.'*These findings are

important because the production of most cellulases is repressed
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f;g. I.E.1l. Growth of Clostridium thermocellum mutant AS-39 on cellobiose,
: ' 'glucose and mixtures of the two. '
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Table I.E.1l. - LACK OF GLUCOSE REPRESSION OF CELLULASE - IN AS-39

CELLOBIOSE -~  GLUCOSE RESIDUAL ENZYME - GROWTH SPECIFIC ENZYME.
~(g/1) (g/1) SUGAR PRODUCTION PRODUCTION _ 3
’ - (g/1) . (units/ml sup. )(Klett units)[(u/ml Ku) x 107)
10 0 3.8 1.12 221 5.1
0. 10 0.8 | 0.61 139 . 4.4
10 - 10 3.7 o098 217 as
200 0 1 . s 1.1 217 RIS 1
o © 20 " 5.2 | 0.53 128 aa

-8G -

1) TNP-CMCase assay at 168'hr; 1 unit # increase‘in'OD344 of 0.01/min.

2) Reducing sugar as glucosetat'ZOO hrs.

3) Maximum Klett values up to 168 hrs.

—~
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by the products of the enzymatic reaction. Such repress;on_by

glucdse,vfor example, limits cellulase production in'Trichoderma

' reesei.
Carbon source utilization was also-studiedlin this

experiment; as can be seen in Table I.E.l, 92% and 75% of the -

*

glucose was utilized in the 1% and 2% glucose media,rebpectively. -

In the case of cellobiose media, reducing‘sugar utilization was
62% at 1% cellobiose and 75%,at'2% cellobiose. In medium con-
taining both glucoge andﬂceliobioée, each éf 1%, there were no
signs of inhibition of sugar utilization; approximateif 80% ‘
utilization was observed. |

We next examined the effect of various concéntraé?

tions of yeast_extréct on glucose and cellobiose fermentations.

‘Figure I.E.2 shows that C. thermocellum AS-39 failed to grow on
cellobiose when £he»yeas£ extract concentration was 0.05%.
Twenty and dog méﬁi@hm growth wasvobsefved‘ﬁhen O.l%,énd'O.Z%v'
yeast extract; rébpébtively, were used. In the case of’glucoée,
the organism failed to gfowfwhén”6;05%wahdA0;1% yeast extract
were used. Aboutj?d% of;maximum growth was observed wheq 0.2% 
_yeast extract3wés used. 'Thus, ouf results show that thé‘organ-
ism requires @ore.yéast extract to grow on glucose éhan 6h cel-
lobiose. | .

The efféct of yeast extract concentration;ohfcelluf

lase production is shown in Table-I.E.2. The highest vbiumetric

titers were observed. at the highest (0.6%) yeast extract

-
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Growth of Clostridium thermocellum mu;anf AS-39 on cellobiose and
‘glucose using different concentrations of yeast extract.
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.TdfﬁdéJ%Z-’ TNP- CMCase PRODUCTION BY AS-39 IN CELLOBIOSE AND GLUCOSE

A3
N

YEAST EXTRACT CELLOBIOSE (1) . GLUCOSE (1%)

o ’ENZYME  BROWTH® - SPECIFIC .| ENZYME 2. GROWTH SPECIFIC"
3 | 'PRODUCTION (KLETT UNITS)  ENZYME PROD,| PRODUCTION (KLETT UNITS) ENZYME

. ' (units/ml (units/ gl Ku5 “(units/ml PROD,

sup. ) : o X 10- sup.) ; [(u/ml ku)
: _ : x'103

0 0 12 g 0 i 13 ?t; -

0.05 - 0 20 3 - 0 ‘13 -

0.1. 0.48 * . 45 . 10.7 0 . 18 -

0.2. . ©0.87 . 85 ‘ 10.3 0.55 98 : 5.6
L |

0.6~ . 1.74 : 224 - 7.8 1.21 120 ~710.0

; . o
1) 1 un1t 1ncrease 1n OD344 of 0.01/min.

2) Assays done after 72 hrs of growth,
3) Maximum K}ett ‘value up..to'.72. hrs.: _ .

i

=19~
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concentrations in the cases_bf*bothwglucose and:éellobiose.
glucose, specific cglluiase.titers were simil;r._

To develop a chemically-defined medium, we have
continued our nutritional studies”test%ng;vérfous defined mix-:
tures as yeast extract repiacemenfs, Other .authors. such as:
McBee, Qﬁinn,'and Alexander have individually}Eeporte&*thatm

C. thermocellum can be grown successfully on~yéast extract-free

medium supplemented with vitamins,alone or together with amino
acids. We have' tested these yeasf éxtragt repiacementgvbutﬁ
have failed to obtain growth after successive transfers of the
culture. - ’ o

The results presented in Tabie I.E.3 show that,
ih our hands, McBee's mixture of 5 vitamins failed to -support
growth in the absencg of yeast extract. Furtﬁer@ore, neither
Difco Vitamin-free Yeast Base (glucose NH4, 3 amino acids, no
vitamins) nor Difco Yeas£ Nitrogen Base without Amino Acids
(NH4, 9 viﬁamins), no amino acids) replaced yeast extract (Table
I.E.4). Poor growth was observed with Quinn;s mixture of amino
acids and vitaminé. The only supplement which gave fair growth
was Alexander's mixture No. 2 which contains eight vitamins anq
no amino acids. ' Since Alexander‘ﬁas found a §ihpler mixture of
5 vitamins,(Alexander'slmixture No. 1) to supéort growth (per-
sonal qommunicafiqn),.we‘used the 120 hr,‘brqw;h,in Alexander's

mixture No. 2 to inoculate thé experiment described in Table I.E.S5.
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TABLE I.E.3. Effect of replacement of yeast extract by McBee's

vitamin mixture on growth of 'C. thermocellum AS-39

-

Sdpplemeni N Growth'(Kiett va}des)* at houf
' }24 - 4ge .- 9% . 120
None 1 e 00 1 0
Yeast extract - ;| 174 . = 218 238 242 228
McBee.Vitamiq—-‘ 8. .. 8 . -8 - 6 | 4
mixture** -

xR

Initial absorbance ¢f the culture medium was subtracted from the

- Klett values obtained at different times. . .

Thiamine-HC1, 200; riboflavin, 200; calcium pantothenate, 200;

- pyridoxine, . 200;. Biotin, 2ug/liter,

-~ et
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3

TABLE I.E.4. °~ Effect of yeast extract replacements on the

growth of C. ' thermoceilum Ag. 39

El P b3

Supplement###* ‘éioﬁth (Klett valﬁes)* at hour -
AN 24 g gy T 96 v 120"5
" None B 11 1 s 7'”.' T

Yeast extract 132 218- 218 211 . 206 -
Difco . Vitamin- , . ;
free yeast-base - 0 N I 1 0 o
Difco Yeast-nitrogen
base w/o'aming acids | 6 5. 8 .. 3., 0 :
Quinn's mixtureww# 'S .. 30 39 .., ,38. ;. 37

Alexander's mix- | ' _
ture, No. 2*37*» 1. 3. 48 ‘ $8 . - 57,. YRR &

* Initiglﬂabgo:bancq‘oﬂ the cultu:g'quipﬁ_wgs sqbt;acéd;fromathe<#-

Klett values obtained at different timeé. -

Iy
Vg4
>

** Used as én inoculum for the next experiﬁent (Tabié I.E.5). %;
***  All concentrations of vitamins are expréssed as:ug/liter and |
the concentrations of amino acids are expressed as mg/liter.
**%%  ocuinn's mixture; Thiamine=-HCl (200); riboflavin (200) 5 calcium.
pantothenate (200); pyridoxine (200); biotin (2); folic acid (8);
PABA (4); DL-phenylalanine (80); L~-tyrosine (50); L-tfyptophan (70);
L-cystine (60) L~-cysteine (70); and L-methionine (70) .~
*k*** Alexander's mixture No, 2: Pyridoxine (1000); piacin (1000) ;
riboflavin (1006);'biotin (10) ; folate (10); thiamine (1000);

pantothenate (1000); and B.

12 (10).
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TABLE I.E.S. Effect of :eplacement of yeast extract by Algxander's_z

vitamin mixture on the growth of C. thermocellum.

Growth (Klett values)* at, hour:

,mixture No. 1%**

'?Sdﬁpleﬁent
| n 48 72 9 120
=Yeé§£ extract 214 245 235 220 218
_Alexander's . ,
26 37 40 59 E7x

f* Initial abéorBance of the culture medium was subtracted from the

Klett values obtained at different times.

** Used as an inoculum for the next two -experiments (Tables I.E.6

_and I.E.7).

#%% . -Pyridoxine, niacin and riboflavin (1 mg/liter) and biotin and

folate at 10 ug/liter.



-66~

In Alexander's simple vitamin mixture No. 1, we obtained a low
degree of growth (Table I.E.S5). Again; the ‘120 hour growth was
used as inoculum for the next experiment. Here we attempted to
obtain growth again in Alexander's mixture No. 1, but in addi-%‘
'tion, we eliminated one vitamin at'a time. Table I E 6 shows o
that Alexander ] mixture No. 1 failed to support growth as did
a11 mixtures containing only 4 v1tamins. Thus, sustained ‘

, growth through multiple passages is not%supported by Alexahder's
mixture of 5 vitamins. ' . | ‘

. We next returned to Alexander's mixtureg(No. 2) -
of eight vitamins which had given a small amount of growth in.
the experiment of Table I.E.4. As seen in Table I.E.7, we
- failed to obtain growth in this miXture. On the other hand,.,"
when 0.5% casein hydrolysate was added to the vitamins, con-
siderable growth was observed.

- In summary, the sxmplest medium which has sup-
ported growth of strain AS-39 is Alexander 8 mixture No. 1
of eight vitamins plus casein hydrolysate. Further work is
underway to confirm this finding and simplify this mixture.

The cellulase-overproducing mutant, AS-39, was
subjected to further mutation by ethylmethane sulfonate, ni-
trosoguanidine, and UV-radiation. Two promising candidates

for increased cellulase production were isolated and charac~

terized; they were designated AM-S and CM-17-3.
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TABLE I.E.6: Effects of replacement of yeast extract by
Alexander's vitamin mixture on the growth

of C. thermocellum.

Supplement "' Growth (Klett values)*

Yeast| Pyri- |Nia- | Ribo- |Bio- |Fo- at hour

Ex~- dox- |cin flavin |[tin |late ‘

tract| ine - ‘ 24 48 f72 ‘96 120
Y I I I - o .0 0 o o0
+ - - - - - 162 171 247 241 235
- - + + + + 0 0 0 0 0
- + - + |+ + 0o o0 0 0 1
- + + - + + 1 0 1 0 2
-+ + + - + 2 0 0 0 1
- + + 4 + + 3 2 0o 1 3

Initial ébgprﬁancé of the culture medium was subtracted from the
Klett values obtained at different times.



TABLE I.E.7:
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Effect of replacement of yeast extract by Alexander's

: vitamin mixture and casein hydrolysate on the growth ,

' of C.

thermocellum.

Supplement Growth (Klett values*) at hour:
Alexander's | Vitamin-free - o : c-
Yeast mixture acid Hydro-

extract No. 2 lysate of .. ‘ : Ce

casein 24 48 72 96

+ - - 238 238 230 196

- + - 4 5 2 3

- 4+ 5 g/liter 9 68 115 137

- + 10 g/liter 30 69 119 135

- + . 17.5 g/liter 9 65 137

116

k Initial absorbance of the culture medium was subtracted from the

Klett values obtained at different times.

*% A1l vitamins were used atAthe concentrations mentioned in Table I.E.4.
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AM-S was obtained in the follow1ng manner. C.

, thermocellum AS=-39 cells grown on CM-3 medium were UV-

irradiated for 60 seconds (99% klll) and plated on CM-3 agar
containing 2% Avicel and ONS% ‘celiobiose. After incubationi'.;
for 8 12 days, 17 coloniesvshoWing large clear zones - we}é”"y“ (
transferred to Hungate tubes containing 10 ml of\CM-3 mediumﬂ
w1th 0.5% cellobiose.‘ After incubation for 48 hours, growth o
and TNP-CMCase activity were measured.

CM-17-3 was obtained by EMS mutagenesrs followed
by the screening of 65, 000 colonies on agar plates containing
2% Avicel and‘o.osg cellobiose. Thirty colonies were selectedl
for tests in tubes on the basis of clear zone diameters. Of
these, CM-17-3 proved to be the best cellulase producer.

Table I E 8 shows that both CM-17 3 and AM-S ex-
hibit about 3 times as much TNP-CMCase activ;ty as their

parent, AS=-39. The table also shows an increase in Avicel

and filter paper hydrolyzing activity over AS-39.
4. Future Work

Future studies on this segment of research will

include:

° Studying the ability of glucose to support
cellulase production after repeated transfers in glucose

medium in the absence of cellulose and cellobiose.



Table I.E.8.

CELLULASE PRODUCTION BY

MUTANT CULTURE

s

" CULTURE GENERATION 1 TNP=-CMC L. . AXICEL ' : .FILT§R PAPER
: u/ml. sup. spe01f1c2 u/ml. sup. specific, [u/ml. sup. specific
activity” activity®| activity
ATCC 27405 1 0.22 1.1 - 0.011 0.055 0.012 0.060
AS-39 2 0.61 2,2 0.022 0.080 0.018 0.066
CM-17-3 3 1.6 6.1 0.035 0.14 0.031 0.12
AM-5 ' 3 1.6  5:9 0.041 0.15 0.035 0.13
1) 1.unit = AOD of 0.01 per minute
2) [units/ml-Ku] x 103 Lo 4
o
i

3) 1 unit =1 P-mole reducing sugars as glucose per minute

Pt

Y e g
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° Continued testing of various vitamins and

amino acids to replacé the yeast extract requirement.

e Continued mutagenesis and selegtion for .

~ cellulase-hyperproducing mutants.
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F. ' PURIFICATION OF CELLULASE . °

l. " Introduction

As a preface to genetic manipulations and reactor
designsefforts are underway to isolate and purify the enzyme (s)

responsible for celluloytic activity in C. thermocellum. -~ * ~

2."MateriaIS‘and’Methods

a. Preparation of Crude Enzyme

“A’ crude extract of clostridial cellulase was
prepared as follows: S Cea = o i

‘Cultures of C:. thermocellum ATCC 27405 were:

grown in'CM-4 containing 5% cellobiose. Incubation"waS'at'beé;“‘
without shaking. After 48 hr , cells were chilled for 15 min
and harvested by centrifugation at 18,000 xg for 15 min. Theé
supernatant was decanted andcentrifuged again.. This clarified
broth was filtered through an Amicon Pm=10 filter at ‘ambient
temperature. The filter cake was résuspended in 1710 the =~ °
original broth volume in 0.05 M sodium citrate PH 5.7, and-
stored frozen at -16°C. An enzyme so prepared is stable for
at least two months. o |

b, Ammonium Sulfate Precipitation

The enzyme preparation was further conceﬁtrated
by ammonium sulfate p;ecipitatiénf The extract was made 80%
saturated by addition of a cold, saturated solution, and- -~ °
'incubated at 0°C for 2 hr. It was then spun at 18,000 xgifor
15 min. The supernaﬁant was discarded. The pellet was

resuspended in 1.5 ml of citrate buffer. R S
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c. Gel Filtration

The ammonium sulfate predipitate was applied
to a 2.5 x 35 cm column packed withvBiogel A-5m, 100-200 mesh,
at ambient temperature. This agarosé gel is a molecular sieve
of 5 x 106_explusion limit; its effective operating range is
1 x 104- 5 x:iosldalfons. The column has been previously
equilibrated with 0.05 M Na citrate pH 5.7. The flow rate
was maintained at 25 ml/hr. Fractions of 2.3 ml were
collected. Absorbance at 280 nm, as well.asfiltér’paper and
CMC activity in the column fractions, were monitdred.'
Cellulase activity was measured as described previously (Progress
Repor; 6/1;-;8/3l/78, p. 85-86). Results-agevprgéented in
Figure I.F.l.. - o

3. Results and Discussion

No single discrete peak of either enzyme protein
or enzyme lactivity was observed. Instead, there exists alarge,
heterogeneous population of enzyme complexes which ranges in
size from approximately 10,000 to 5 million, or more, molecular
weight. Activity profiles for CMC and filter paper are
approximatelylidentiCal, with some variation in- the lower
molecular weight region (higher .fraction numbers). Activities
overlap, .but do not coinciae with the large peak of 0D280. These
profiles indicaée the presence of enzyme aggregates of a monomer
of approximately 16,000 daltons. This preparation is substantially
contaminated with nucleic acids, which comprise ‘a large proportion

of the major protein peak.
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Figure I.F.1l.
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Three separate eniyme pools, including fractions
20-34, 35-59, and 60-70, were.pooled and reanalyzed for protein

and nucleic acid content by the Warburg-Christian method, and

. for filter paper and CMC activity. Results are presented in

tﬁe'form of purificatibn tables (Tables I.F.1l - I.F.3). It is
.evident that ammonium sulfate precipitation, followed by this
chromatographic step provided some purification qf the enzyme(s).
It is howeQer, of note that endo-and exo~-glucanase activities,
asfrep;esented by CMC and filter paper activity, respectively,
aréihdﬁ'éqncentrated to the same degree.

4. Future Work

Pooled fractions from this column will next be
subjected to affinity chromatography on a CMC-Agarose column.
Ideally,lpurification will proceed to near homogeneity, per-
mi?ting‘further chéracterizatidn studies. In the event of
incompléte purificatioﬁ, other traditional enzymological

approaches wiil be considered.



Table I.F.1 Protein and Nucleic Acid Analysis of Fractions

Nucleic
: . Total Protein Acid
Fraction Procedure Volume Protein Protein Recovery ' Content
(mg) (mg/ml) (mg) (®) (%)
I : Crude Broth 344 NA* NA*
I1 Ultra-
Filtration 34.4 0.54 19. 100 NA*
v Gel
Filtration
20-34 34.4 0.110 3.8 20. 5.5
35-59 57.5 0.077 4.4 23. 15.
60-70 ‘ 25.3 0.038 0.96 5.0 37.

Protein and nucleic acid conten

Christian Method.

*
NA = Not assayed.

t as estimated by the Warburg and

 Table I.F.2 Purification of Filter Paper Activity

—9s-

, Total Specific
Fraction Procedure Volume Protein Activity Activity Activity Recovery Purification

' L (mI) (mg/mT) (U/mI)* V) (U/mq) (%) (X)
I Crude Broth 344 A" <0.0005 - - - 1
IT Ultra- - ]

Filtration - 34.4 - 0.54 0.00118 0.041 0.0022 100 1
v Gel Filtration
20-34 34.5  0.110 0.00038 0.013 0.0035 32, 1.6
.35-=59 57.5 - 0.077 .0.00056 0.032 0.0073 78. 3.3
60-70 25.3 0.038 0.00031 0.0078 0.0082 19. 3.7

* 1 Unit = Amount of enzyme producing 1 mMole glucose/hr at 60°C.
k% o
NA = Not assayed.



Table I.F.3.

Purification of CMC Activity

Total

Spec1f1c”

Fraction ~Procedure Volume Protein Act1v1ty _Act1v1§y, Act1v1ty Recovery Purification
T - (mX) (mg/m1) - (U/ml) (0Y (U/mg) (%) : (X)
T Crude Broth 344  NA*  £0.005 1
II Ultra-
Filtration 34.4 0.54 0.0836 2.9 0.15 1
Iv Gel
Filtration _
20-34 34.5 -0.110 0.0120 0.41 0.1l 14. .73
35-59 57.5 0.077 0.0228 1.3 0.30 45, 2.0
60~-70. -0.0098 0.25 0.26 8.6 1.7

25.3 0.038

-LlL=-
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G. UTILIZATION OF CARBOHYDRATES BY C. THERMOCELLUM

1. Ability £0'Utilize Glucose

In order to establish'ifvgn0wth in glucose'df

having this ability or due to the whole population being able

to do so, the following experiment was carried out. C. thermocellum

grown to mid-exponential phase in CM-4 medium with cellobiose

(6g/1) as the carbon source was submitted to a three-tube Most
Probable Number (MPN) aha;ysis, Thé MPN count was obtained in

CM-4 with cellobiose (6g/l) as thé'carbon source ahd in CM-4

with glucose (6g/l1l) as the carbonlsource.A The results are. shown

in Tab;e I.G.1l.1l. The counts obtained in gluéose were slightly
lower than those obtained in cellobiose. These results demonstrated
that a large proportion (210%) of the cellobiosé—grbwn-Culture is
able to grow in glucose. . This frequency is much too large for

it to be due to spontanéous mutation. Thus, we conclude that

wild type C. thermocellum ATCC 27405 is able to grow on glucose

as the sole carbon source. ' This conclusion has to be viewed in
light of the fact Ehat.our current strain is a single colony

isolate from cellulose plates.

»
.

‘2. -Effect of Carbohydrate Concentration on Cell

The effect of initial carbohydrate concentration
on maximum cell concentration and apparent cell yields was
.determined. Apparent cell yield is defined as grams of cells

per grams of initial carbohydréte concentration.
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Table I.G.l.1 Three-tube MPN counts of C. thermocellum ATCC
| 27405 obtained in glucose and cellobiose.

. e

Inoculum was grown in cellobiose.

1 o
Sugar - . ‘Minimum =% ° Mean Maximuml
Cellobiose =~ .- 7.0 x 10% "4.3 x 10° 2.1 x 1010 ¢
Glucose - 1.5 x 108 9.3 x,108 3.8 x 109

lMinima and maxima are the extremes of the 95%

~ condifence interval.:
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Stationary cultures grown in cellobiose (6g/1)
for approximately 10 generations were transfered to'CM-4
medium containing cellobiose, glucose or fructose at various
concentrations. Optical density at 666 nm was followed until
the maximum 0.D was reached. This O.D value was.corverted to
g cells dry weight/l1 from previous constructed standard curves,
and plotted acainst the initial carbohydrate concentration

(Fig. I.G.2.1). The results indicate that g;rthermocellum

¢

under conditions where carbon is not limiting, is able to

reach a higher cell concentration when grown in cellobiose

than when grown in glucose at eqoivalent sugar cohcentrations.

In addition, growth in fructose is not observed until the

initial carbohydrate concentration is 6 g/l1. At higher

concentrations of fructose the final cell concentration

contioues to increase until it reaches a level‘equlvelent

to that obtained in cellobiose. ',’
The same experiment was repeated wlthtcultures

which were grown on glucose prior to the experiment for at

least 10 generations. The results are shown in-Figure I.G.2.2.

This time, although the maximum cell concentration in glucose

was still lower than 'in cellobiose’ under conditions where

carbon is not limiting, the maximum cell concentretion in

glucose;was higher than that obtained with cellobiose-grown

cells (Fig. I.G.2.1). Growth: in fructose was similar for

both celloblose 'and glucose grown cells. However, in the latter,

growth was observed at a lower fructose concentration. Table

I.G.2.,1 summarizes the results obtained in Figures I.G.2.1 and



Figure I.G.2.1 Effect of carbohydrate concentratlon on maxlmum cell concentrat1ons of
cellobiose-grown cells of ATCC 27405. -
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1 obtained for C. thermocellum

Table}I.G.Z.l; Apparent cell yields
| ATCC 27405 grown in various carbon sources.
Inocula were grown either in celloboise or glucose
at 6-g/l ahd then transferred to glucose, |

cellobiose or fructose at various concentrations.

g Sugar Cell Yiéldsl
Inoculum i 3] .Glu Fru
Cellobiose Grown 0.5 0.210 0.190 0.070
v 1.0 0.185 .0.130 N.040
1.5 0.160 0.103 0.027
2.0 0.170 0.080 0.018
6.0 0.072 0.031 0.011
20.0 0.021 0.008 0.023
Glucose Grown 0.5 .. 240 .230 .080
: 1.0 .210 +160 . 045
1.5 .200 .143 .033
2.0 .«175 .128 .028
6.0 .075 .056 .028
20.0 .021 .015 . 025

il;Cell yields are expressed as-g of cells (dry weight) per
‘g of initial sugar. ’
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The ethanol resistant ‘strain (S-4) wes compared to
ATCC 27405 (Figure I.G.2.3). The results demonstrated that S-4'.
" can reach higher cell concentrationslin both glucose and
‘cellobiose. However, as with ATCC 27405, w1th straln S- 4 the
maximum attalnable cell concentratlon in celloblose is greater
than that obtalned,ln glucose.

There -are essentielly two reasons why apparent.cell'
yields may chahge depending’on carbon source, one is dependent
~on the\ﬁanner in which the sugafs.are transported into .the cell’
and the othervis dependent on final catabolic products obtained.'
The data obtained so far does not permit os to differentiate
between these two alternatives. However, in view of the:large
differences obtained ahd previously conducted end product
analyses it is difficult to build a hypothesis based on -
differences in catabolic products. At this time we woulé like

to propose that the differences observed are due to' differences .

in the way in which C. thermocellum transports its’sugers.

3. Effect of Yeast Extract on Carbohydrate.ﬁtilization
The current literature dealing w1th the utilization”

of glucose by C. thermocellum alludes to the fact that this

microorganism will only grow in glucose at hlgh'yeast extract
concentrations. We have tested this claim with our strain.

C. thermocellum ATCC 27405 was grown in CM-4 medium containing

cellobiose or glucose at 6 g/l and varying concentrations of

yeast extract. Optical density was followed until a maximum
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" Figure I.G.2.3 Comparison of ATCC 27405 and S-4 according to their growth on cellobiose
and glucose
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was obtained. The results obtafned aré shown in Figure‘I.G.Bll.
From this graph rati‘os. of maximur.np}‘:cel'l concentration in
‘cellobiose to glucose, at various yeest extrect concentratiens
were calculated and are shown in Table I.G.3.1l. The results
indicate that whenever growth in cellebiose occurred it also

was seen in glucose. However, it appears that yeast extract

‘does ‘have a stimulatory effect on the growth of C. thermocellum .
~ on glucose compared to cellobiose.

4, Future Work.

° To determine trie cell yields (g celle/g of

ce:bohydrate utilized) of C. thermocellum grown in glucose,
cellobiose and fructose. M
e  To determine the dependence of the distribution
of fermentation end products on type 6f sﬁbsﬁrate. - |
; To initiate studles to 1nvest1gate the mode of

transport of glucose, fructose and celloblose by C. thermocellum




-87~-

figure 1.6.3.1 Effect of yeast extract concentration on th2 growth

Maximum Cell Concentration (g/1)

of C. thermocellun ATCC 27405.

4 Growth on Cellobiose

(6 g/1)

Growth on Glucose
(6 g/1)

I L. 1 . ! !

0.4 0.5 ‘0.6 0.7 0.8 0.9 1.0

Yeast Extract Concentration (%)
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Table I.G.3.1. Ratios ofvmaximum cell concentrations obtained
in cellobiose (6 g/l) and glucose (6 g/1) at

various yeast extract concentrations.’

[YE] S " Cb/Glu
0.05 3.25
0.1 3.00
0.2 3.18
0.3 2.40
0.4 - 2.03
0.5 1.88
0.6 1.79
0.7 2 1.71
0.8 1.63
0.9 1.59
1.0 1.53
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II. PRODUCTION OF CHEMICAL FEEDSTOCKS

A. PRODUCTION OF ACRYLIC ACID BY FERMENTATION

1. ihtroductibn

Four aspects of acrylic acid production Were in-
vestigated during this recent period of research. They were:
(1) determination of the optimum conditions for conversion of
propionic acid to acrylic acid with cell suspensions of Clos-

tridium propionicum; (2) examination of the role of a-alanine

and lactate on acrylic acid accumulation from propionic acid;
(3) examination of cell immobilization procedures for produc-
tion of acrylic acid; and (4) conversion of cellulose to lac-

tic acid as an intermediate in acrylate production.

2. Materials and Methods

Experimental procedures for work with;Clostridium

propionicdm were the same as previously reported. Modifica-

tions in procedures are described in figure legends or tables.
The following is an update of the methods used in pure and
mixed culture studies devoted to lactate production from cellu-

lose:

a. Microorganisms

"1. Clostridium thermocellum ATCC 27405 and

Bacillus coagulans( a thermophilic, facultative homolactic

bacterium.
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b. Culture Media

" The ba51c medlum used for growth and inoculum

preparatlon of B. coagulans was the MIXED MEDIUM described pre-
v1ously (CO0-4198-6) .
For sporulation experiments, done fbr identi-

fication purposes, the media used were:

l. - Duncan and Strong modified medium.

Ingredient "Concentration (gm/1)
Yeast Extract 4.0
Trypticase ‘ 15.0
Soluble Starch 10.0 _
Sodium thioglycollate 1.0

Na,HPO, . 7H,0 -~ 10.0

Agar 20.0

2. Bacto-Tam agar (modified)

Ingredient Concentration (gm/1)
Yeast Extract ' 5.0
Trypticase 5.0
Dextrose 2.0

| KZHPO4 ; 0.5
.MnSO4 0.2

Agar . 20.0
3. Mixed-Medium agar

The composition of this medium has been
previously described (see page 166, re-
port COO-4198 7).
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c. Biechemical Tests -

For identification burposes, we used commetj
cial kits with micro. tests for metabolic products. ~These kits
‘are manufactured by BBL Products under the trademarks of BBL
MINITEK: | |

1. Procedure for differentiation ef Entero-

bacteria ' '

2. Procedure .for difﬁegehtiation of Anaerobes
3. Results

a. Determlnatlon of the Optlmum Condltlons for
the Conversion of Prop;onlc Acid as Acrylic
Acid with Cell Suspen51ons of Clostrldlum
propionicum

parameters examined for their influence on the
oxidation or dehydrogenatlon of proplonlc ac1d to acryllc acid
included: temperature, pH, methyleﬁe blue concentratlon, and

v

growth phase of cells used in the experlmental system.

1. Effect of Methylene Blue

Determinationrdf the role ef’methflene blue -
represents a continuatiOn'of‘experiments reported.on'ihtthe last
progress repoft. “The reactiohbmikture was contained in s totell:
volume of 2 ml, 50 mM triethanol-amine HCl buffer (pH 8. 5),‘200 )

mM proplonate, 20 mM lactate and concentratlons of methylene
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blue that varied from 0 to 0.5%. Samples were incubated at
37°C in air with mechanical agitation.‘ 200 ul samples were
'collected at the times indicated in Figure II.A.l1 and anaiyzed
for acrylic acid as described in previous progress  reports.
Highest concentrations of acrylic acid were detected in the
samples containing 0.2% methylene blue. However, initial rate

of production was maximal at 0.4% methylene blue (Figure II.A.2).

2. Effect of Temperature

Samples containing standardized reaction

mixture, 0 2% methylene blue and 20 mM a-alanine (experiments

. to beidescribed later show that 20 mM a—alanlne is optlmal)

were incubated at different temperatures. The cell concentra-
 tion corresponded to 2.8 mg protein/ml of reaction volume.

| .. The samples were incubated at temperatures
. between 10°vandv60°C and assayed for acryllc ‘acid after 4 hr of
incubation. As seen in Figure II. A.3, the optimal temperature
for dehydrogenatlon of propionate to acrylate is between 30 to
35°C The experlment was repeated with a higher cell concentra—
tion (5. 19 mg. proteln/ml), and the results 1nd1cated that 32°C
is the optimal temperature (Flgure "II.A. 4) Note that, under
these condltlons, the flnal concentratlon of acryllc ac1d was
»41 mM. - The resultlng spec1f1c product1v1ty is 2.0 mM acrylic

acid/mg proteln/ml per hr.
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FIGURE II.A.3: EFFECT OF TEMPERATURE ON THE CONVERSION
‘ OF - PROPIONIC ACID TO ACRYLIC ACID

® Reaction Mixture (total volume 500 ul) contained:

triethanolamine-Hcl buffer (pH 8.5) 50 mM

propionate ' 200 mM
methylene blue A 0.2 %
a-alanine 4 20 nM

cellular protein - 2.87 mg/ml

e Incubated under alt atmosphere w1th mechanlcal
agltatlon for 4 hours in either water bath or'

constant temperature room.
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FIGURE II.A.3
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7

FIGURE II.A.4: EFFECT OF INCUBATION TEMPERATURE ON THE CON-
VERSION OF PROPIONIC ACID TO ACRYLIC ACID

® Reaction mixture (total 500 ul) contained:

triethanolamine<~Hcl buffer 50 .mM
propionate T A 200 mM
methylene biﬁé hg 0.2 %
a-alanine - - 20 mM
- cellular proteins | 5.19 mg/ml

e Incubated under air atmosphere with mechanical
agitation for 4 hours in either water bath or

constant temperature room.
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FIGURE II.A.4
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Since all other previous experiments were
conducted at 37°C, it can be assumed'that the efficacy of the
system was underestimated. For example, the final concentration
of acrylic acid was 30% greater at 32°C (41 mM) than at 37°C

(31 mM) .

3. Conversion of Propionic Acid to Acrylic
Acid as A Function of Cell Concentration

The éffect of cell concentration on final
level of acrylic acid from 200 mM propionate was determined at
37°C; protein concentrations were used as a measure of ceil‘
concentration. As summarized in Figufe II.A.5, the final con-
centration of apryliC'ecid was éroportieﬁal to cell conceﬁtra-'
tion. It also apéeare froﬁ‘Figure ITI.A.5 that cell concentra-
tion is the lim;ting reactant in the system presently bein§
cﬁaracterized..

\ .

}
4. Effect of Growth Phase

'

Clostridium propionicum cells were har-

vested at different times during the growth phase. Results:.
are summarized in Figure II.A.6 and Figure II.A.7. This data

confirms earlier observations that cells harvested shortly be-

fore the onset of the stationary phase produced the most acryl-

ate from propionate. ;

! The optlmal conditions for proplonate dehy-

drogenatlon to acrylate appear to be as follows-

-
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FIGURE II.A.5: CONVERSION. OF PROPIONIC ACID TO ACRYLIC ACID
AS A FUNCTION OF CELL CONCENTRATION

&

® Reaction mixture (total 500 ul) contained:

triethaﬁolamine-ﬂcl buffer (pH 8.§) 50 mM;
PrOpionaté if 200 mM '
methylene blue 0.2 &

a~alanine B ‘ 20 mM

e Incubated at 37°C under air atmosphere with mech-"

anical agitation for 4 hours.

® Cell concentrations were expressed as total cellu-
lar proteins per ml. Proteins were éssayed by
modified Lowry method with Bovine Serum Albumin

(BSA) as standard.
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FIGURE II.A.5
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' FIGURE II.A.6: ACRYLIC ACID PRODUCTION AS A FUNCTION OF
GROWTH PHASE OF CELLS

., e——e . Optical density of growing cells measured
’ ‘ in Klett units.
A—=A _ Wet weight per liter of cells.
o—o0 Acrylic acid produced at 4 hours after ini-

~ tiation of bioconversion using cells harves-

ted at various growth phases.

The medium was inoculated with a 5% (V/V) inoculum

of an actively growing pure culture.
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FIGURE II.A.6

A

12 hr(late exponential)l

A
A
A
8 hr (exponential)
o O :
e 15.5hhr (early stationary)
A
[ g0
O
A 4 hr (lag)
. e ———
/ .

® - o _— C}—f——""'__: 24 hr (stationary)"
A ‘ : A

T T T L v - ! )
Incubation Time ( hours )



-104= -

EFFECT OF THE HARVEST TIME ON ACRYLATE PRODUC-
TION.

FIGURE II.A.7:

(Klett Units)
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Yot

propionate concentration - 200 mM

Methylene blue | : _0.2 3

lactate or a-alanine 20-25 mM

pH I 8.5

temperékure. | , 32°C

growth phase »A" - late exponential

cell concentration (measuréa by >5 mg/ml celluléf pfotein
protein)

These optimization experiments have -re~
sulted. in the use of standardized conditions which lead to
-reproducible results.

. b. 'Effect of Biochemical Intermediates on Acrylic
Acid Accumulation from Propionic Acid

As previously déscribed, the addition of lac-
Itate to the reaction mixture.greatly stimulated the conversion
o% propionate to acrylate. A staﬁdard reaction mixture (200 mM
p%opibnate, 0.2% methyiéne.blué with or without 25 mM lactate in
50 mM Tris buffer, pH 8, and gbntaining 20% net weight of cell
suspeﬁsion) was used at 37°C. The reaction was followed as a
function'éf time. As summarized:in Figure II.A.8, if was ob-
sérved that the lactate is converted entirely to acetic acid.
Thus, it is hypothesized thdt lactate is stimulating the dehy-
dfbéenatioh reaction bynéeneraﬁing acétyl CoA. In view of this

possibility, intermediates other than lactate were evaluated for
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LACTATE UPTAKE AND ACETATE PRODUCTION
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their ability to stimulate dehydrogenation.. As summarized inl
Tabie II.A;l, a-alanine and p&fﬁﬁate‘have a stimulating effect
identical to lactate, as expected. B-alanine and»B—hydroxy' |
propionate ﬁeie ineffective as stimulants. Additional experi-:
ments (data not shown) indicated that B-alanine and B-hydroxy
propionatelwere taken'up by the cellsAand‘meﬁabolized. How-
ever, this did not affect the amount of acrylic acid produced.

c. Immobilization of Clostridium propionicum for
Production of Acrylic Acid ' '

Immobilized whole cells may have advantages

over free resting cell suspensions of C. propionicum, includ-

ing facilitation of separation of the "biocatalysts" in stirréd
tank reaétors, greater mechanical support and packaging prop-
érties necessary for a tubular.flow reactor and increased‘stab-
ilization of catalytic activity. During the course of this
brogress'report period, two different organic immobilizihg sys-

tems were studied and some preliminary results were obtained.

1. Polyacrylamide Gels (PAG)

Encouraging-préliminary results with this
system were reporfed in the previéus progreSS'reéort. Since
'fhed, crosslinking'of the gel, loading ofAce}IS’on the polymer,
rates of acrylate production in presence of any of the components

of the reaction mixture have been investigated.
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TABLE II.A.l: EFFECT OF INTERMEDIATES ON THE CONVERSION OF
' ' PROPIONIC ACID TO ACRYLIC. ACID

m moles acrylio acid/g cellular protein

Intermediates u-;lanine grown | B-alénimo grown |
none | 0.91. | - .- 0.15

a-alanine . 4.3¢. C3.25 ..,

lactate | 2.24 - | ©0.49, .
pyruvate } | ) 2.47 . 0.65
g-alanine , l0.84w- . . 0.23
B-OH-propionate 0.90A. ' I'0.17

o Reaction mixture (total volume 500 ul) contained:

triethanolamine~HCl buffer (pH 8.5) 50 mM
propionate 200 mM
methylene blue : 0.2 %

intermediate compound 20 mM

0. Incubated at 37°C under air atmosphere with mech-
an1ca1 agitation for 4 hours. .. .

o} Amount of cellular proteins were measured by modi-.
fied Lowry method.
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ARV

i. Toxicity of Polymerization Reactants

ﬁifh PAG gels sysﬁem,‘TEA#Mg buffer
:was replaced‘by Tris pH 8.0 and initial experiments evaluated
ithe toxicity of the various éompéﬁents 6f the reaction (Figufe"
" II.A.9). N, N, N', N'-tetramethylethylendlamlne (TEMED) and
"N N'-methylene bis (acrylamldle) (Bis), had essentlally no ef-

, ‘fect.on the cell systemn.. " On. the other hand, ammonium persul-
. fate caused a slight reduction in rate and reduced theﬂfinai
. amount of:écrylate ?roduéed by'30%. Acrylamide was the ‘most
jtoxic decreasing the rate of péoduction. Final level of acryl-
- ate was the:same as that observed for persulfate added to the
;system. The important finding,'hbwever, is that a significant
tfraction’of’celluLéf activity remains after treatment witﬁ any
—of the reégenﬁs and the chemicals requifea for immobiiiéing

cells will not inactivate cellular activity.

ii. Effect of Degree of Cross-llnklnq
on Cellular Act1v1ty

Percent cross-linking is defined as
. the percent of crossélinking ageht added with thé monomer. A

'1% cross—linked gel was rubbery, elastic and difficult to homog-

enize and retained only 50% catalytic activity (Figure II.A.10).
15% crqss-linked gels were'brittle and easy to homogenize.

~ Though Figuré'II.A.lo shows a maximum activity at 2.5% cross-

linking, repeated experiments indicate that except for 1% cross-
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FIGURE II.A.9: TOXICITY OF POLYACRYLAMIDE GEL COMPONENTS ON

*—e

ACRYLIC ACID PRODUCTION

Control bioconversion; without gel components. Con-
tained 0.2 gm Na-propionate, 50 mM tris buffer pH

8. 0 25 mM Na-lactate, 0.2% methylene blue. Agita-

ted under air atmosphere..'

All other runs contalned above components in the re-

actlon mixture, plus below mentloned gel component.

Plus potassium persulfate, 2.5 mg/ml (100 ul of 2.5%

fresh solution).

' Plus "BIS" (N, N'-methylene-bis acrylamide) 8 mg/ml

Plus 5 ul TEMED (N, N, N', N'-Tetramethyl-ethylene-

diamine).

Plus acrylamide monomer 150 mg/ml.
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FIGURE II.A.9
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FIGURE II.A.10: EFFECT OF PERCENTAGE ‘CROSSLINKING OF THE
GEL ON ACRYLIC ACID PRODUCTION

o—0 " Represents acrylic acid'produced’after 3é5 hfs.
of bioconversion»using stéﬁdafd conditioﬁs for
bioconversidn,,as;a percentage of acrylic: acid
prodﬁbed“by a control reaction using immobilized

resting cells.
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'FIGURE II.A.10

% CROSS LINKING
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linking which is consistently less active, gels between 2 5%
and 15% cross-linking typically retain 70~ 80% biological ac-.w
tivity..

iii. Cell Loading of the Gels

Cell concentrations ranging from. .
500 mg/ml net wt to 50 mg net wt/ml resulted in a wide range .
of gel activities. With 50 mg net wt/ml, no activity was de-
tected. With higher cell concentrations, acrylic acid could '
be deteeted. It was found that a'cell concentration of 400 mg
net wt/ml had 13% of activity of 200 mg net wt/ml of control

cells.

2. Pol acrylamide-CO-N-acrxlory Succinimide.”
- Gels (PAN) = T

PAN gels were prepared accordinc to the B
method of Whitesides et al. (J. Am. Chem. Soc. 100, 302, 1978).

PAN, a water soluble polymer was dissolved
in 4 ml (4-(2-hydroxyethyl-)-1-piperazeneethanesulfonic acid)
(HEPES) buffer 300 mM, pH 7.5 succinimide buffer. The solution
is stirred and allowed to polymerize after the addition of ’
50 ul 500 mM dithiothreitol, 400 ul triethyltetramine, (TET),'f

V3
and 0.5 ml cell suspension containing variable amounts of

R R

cells (typically 300 gms wet wt/liter) with continuous stir-

ring at 25°C. The resulting gel is crushed in a mortar and
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worked five times with a total of 100 ml TRIS buffer, 10 mM,
pH 8.0. ’fhe washings are norm;lly analyzed fér protein. Re-
sults obtained with this type of'gel will be presented in the
next progress report.

d. Microbial Degradation of Cellulose for The
Production of Lactic Acid

wnt+ ., - -+ Continuing with efforts to convert cellulosic
materials into lactic acid by means of mixed cultures, we con-
clude with the final characterization and identification of the
seconq_microorganism of the system. fhis laptic acid produéer
is a thermophilic, homolactic'facultative bacterium. The phys=-
ical and biochemical charaqteristics show that it belongs.to
the genera"of Bacilli and its metabolic'properties are very
close to the species coagulans. Therefore, we believe it to

be a strain of Bacillus cqggulané.

é

1. Growth in Defined Medium

1. {

It is desireable to grow.B. coagulans on

5 éhemically defined medium, to stu&y its metabolic performance

+

and its béhévior in a mixed éﬁltufe. The results obtained on

such a mediﬁm are shown in Table II.A.2 compared to growth on

the normal, coﬁplex medium. Thehgrowth was poor and future

2

work Wiil focus on the need fof vitamins and amino acids.
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' TABLE II.A.2: -GROWTH OF B. COAGULANS ON A CHEMICALLY . .
DEFINED MEDIUM

" AGE c GROWTH . LACTIC ACID

. _ (HRS) ‘pH - (K.U.) (gm/1)
Control 24 4.58 - 225 2.3 .

Defined Medium . 24 6.1 ' 45 B H

2. . Classification ' - R

Table II.A.3 presents a summary of the

physical and biochemical characteristics of B. coagulans.

By comparing these properties to those reported for gram

positive bacilli in Bergey's manual, we found that our micro-

_organism fits very close the description of Bacillus coagulans.

The key characteristics considered for its classification were:
It is a rod, gram(+), 'spore forming catalase positive, homolac-
tic, and facultative with no gas production.

Sporulation of B. coagulans is low in fre-

éuency and difficult to observe. Three different ag;a media
were tested before spores were detected. The results-are shown
‘in Table‘II:A.4.' Mix-media‘égar élates under aerobic condi-
tions“gave fhe positiﬁefrésults.with fesﬁect toﬂspAfuiéﬁién.
Poor grbﬁth.and no spo}ulafiog*were‘fouhd when cells were incu-
bated under anaeroﬁic conditions. Sporulation was difficult to

see under the microscope, but was easily detected by %hg1heat
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TABLE 'IT.A.3: - UMMARY OF THE CHARACTERISTICS OF B.. COAGULANS

| .

MORPHOLOGY‘
Form. - = . " Rods, slightly: curved
Size- 0.5 - 0.7 um'width and 3 - 5 um length
Arrangement Single, mostly pairs and short chains .
Motiiity Non-motile when grown on liquid or agaf medium‘ﬁ
Staining Young cells are gram(+), gradually gram(-) with age
Spore Formation Hard to sporulate.: No sporulation in liquid medium.

Spores observed in Agar plates low frequency. Hard
to notice on the microscope. Detected only by heat
test (80°C/10 min).

CULTURAL CHARACTERISTICS

'

‘Liquid Agar - Fast growth-in 15 hrs in microaerophilic or -anaero-
bic conditions.

Liquid Mediumi - 'Long lag (12 hrs) when inoculum entéred stationary
phase. Log phase inoculum grow without a lag with
specific rates up to 0.7 l/hr. : '

-
4

Agar Plates ' . No growth under anaerobic conditions by streaking
technique. Excellent growth under aerobic condi-
tions, colonies were round, white, opaque,'z =3 mm.

BIOCHEMICAL CHARACTERISTICS

';"‘, . . . e . . S

.7+ Gas* Formation . No gas is produced S .

Oxygen Relation Anaeroblc facultatlve ) C .

Temperature Re- Maxlmum growth between 45 55°C. Grows between 30-
lationship . ' -.63°C at Slower rates on the.extremes. e

-Fe;mentation - Homolactic fermentation when growlng on hexoses.
Products ‘ Acetic acid and ethanol are also produced when -
NEES o _'growing on pentoses. .

.Catelase Positive '

Indol - 7 Negative
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“TABLE II.A.3 (Contd)

BIOCHEMICAL CHARACTERISTICS (Contd)

Nitrate Reductase Negative Dt e et
HyS o b Negative o .
Esculine meosltlve~ .
Grows on A f ' Glucose, Fructose, Arablnose, Xylose, Salic1n,
. Rhamose '5 : ‘
Low Growth : Lactose, maltose, mannitol '
No Growth Glycerol, Inosltol, starch, sucrose, Citrate
S malonate, Cltrate '
Lysine, Phenyl~ " Not decomposed
alamine, or-
‘nithine .
ONPG 4 No B-galactosidase produced
Urea Urease “negative .
Azide : No growth at 0.2 gm/l

BIOCHEMICAL TESTS

These tests were done by using the MINITEK kits from BBL Products.
" These are microtests on filter paper circles, which detect the ap-
pearance of a metabolic product, upon growth of the microorganism.
Inoculum was prepared by suspendlng cells obtained from colonies
on agar plates. The results were analyzed after 24 hrs at 60°C.
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TABLE IT.A.4: SPORULATION OF BACILLUS COAGULANS

MEDIUM

CONDITION

AGE

(HRS)

GROWTH

 SPORES

. Duncéan

‘Bacto-Tam’

. "Aerobic - :-
~ Anaerobic

)

. 'Aérobic

Anaerobic

Aerobic

Anaerobic’

[

72
72‘ .

”

72

72

© g

¢ -)
(=)

( +)
( =)

(++)
( +)

(=)

(+)
=)

Mix-Medium
R
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LN . 3 ety

test which consisted of heating a cell suspension from agar

plates at different temperatures for 10 minutes and then in-
cubatlng for 24 hrs at 60°C. The results obtained are . shown
1n Figure II A 11. Cells were able to grow as well as a non;
heated control when heated at 80°C whlch is conclusive of the
presence of spores. . Growth 1n'tne presence of soqium azide,
in a test designed to detect theipresence of cytoéhromes or
hemo-protelnspinvolved in the“energy metabolism of the micro-
organism. Some growth.(Figure II.A.12) was observed'in'nix-
medium after 48 hrs when 100 ppm of sodium azide were present.
No growth was'observed at 200 ppm, whlch is conclus1ve of the
sensitivity of the microorganism to sodium a21de, and the in-
volvement of hemo-proteins in its metabolism, probably in the

mechanism of energy generation. . . . e

+

4. Future Work -

° The immobilized cell Preparations of C. pro-
pionicum will be investigatedlfurther to seek optimum réactor

concentration and improvement in stability. . '

R

® Biochemical experiments to be conducted 'include ;

: i. further~ reflnement of C. proplonlcum
‘ nutrient requirements

ii. development of mutagenlslng condltlons
for preparation of straln 1mprovement
. program | S
iii. initiate cell-free experiments to further
elucidate role of lactate or -0~alanine in
stimulating the conversion of proplonate
to acrylate :
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& We will study the nutritional requirements

of C. thermocellum and B. coagulans in an attempt to obtain

a chemically defined medium which support rough growth of

both microorganisms in mixed cultures...

e Experimental mixed population will be stud-
ied on solid substrate looking at the rates of cellulose deg-

radation and the accumulation of lactic acid.
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‘.. "B. . PRODUCTION OF ACE_'I;ONE?‘AND' N-BUTANOL BY FERMENTATION

1. Introduction

-In the two:earlier progréss reports (COO44f9845
and coo-4198 6), we have reported that washed cells of Clos-

tridium acetobu;ylicum were able to utilize glucose for the

}production of . acetone and n—butanol. It was concluded tnen
that .such activities were results of the "resting cells."” ln
this report, we performed experimental studies using "resting.
cells" in the presence of penicillin G to determine whether
this type of cell preparation.is truly able to produce sol-
vents in the absence of growth. In addition, the study of

using corn oil as an extracting agent for n-butanol in a batch

fermentation was also performed.

2. Materials and Methods

a. Sensit1v1ty of C. acetobutylicum towardS‘
Penicillin G :

C. acetobutylicum was grown at various concen-

'trations of penicillin G ranging from 0.1 to 10 units/ml. A
soluble medium containingyzo g/l glucose was used. The final
growths of the cultures uere determined through optical den-
sity measurements after 48 hours of incubation at 37°C. The
results.were compared'to a control where no penicillin G was

added.
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b. Restlng Cell Experiment of C.‘acetobutyllcum
"-1n Presence of ‘100" unlts/ml Penicillin G-

The procedures and apparatus used were de-
scribed in the progress report designated as C0044198-6. The
only dlfference in thlS experlment was that pen1c1111n G was
added to the suspendlng medium.:  The flnal';oncentratlon of
penicillin G was 100 units/ml.

c. Resting Cell Experlment using Cells Prepared
under Strlct Anaerobic Conditions

The cells harvested from a fermentation were'
subjected to similar treatment as in the above experiments.:
However, these experlments were performed to ensure that the
cells were not exposed to oxygen. The washlng solutlon and
suspendlng medlum in these experlments were . degassed before
use. All the washlng and suspens1ons were prepared 1n51dev
an anaeroblc hood contalnlng N2 CO2 (95 5) The centrlfuga-
tlons were performed usxng alr-tlght bottles. B | o o

The cell pellets after washlng were resus-‘ o
pended 1n medlum and dlstrlbuted to the follow1ng tubes. |
- Five mllllllters of the cell suspen51on were added to 5 ml
medlum The final cell concentratlon was about 12 g/l. Types'~

1 K P - i

of 1ncubatlon medlum are shown below.
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tpe . Mediwn

. I - .Phosphate, 10mM; cysteine, 0.5 g/1; pH, 6.7
I1 Phosphate, -10mM;. cysteine, 0.5 g/1; glucose,. .

20 g/l, pH, 6 7

III Phosphate, lOmM, cystelne, 0.5 g/l- glucose,
: .20 g/l; yeast extract, 1 g/l; pH, 6.7 .

IA Same as I, and penicillin G; 100 units/ml
I1IA Same as II, and penicillin G, 100 units/ml

IIIA  Same as IIT, and penicillin G, 100 units/ml

- d. Extractive Fermentation with Corn 0il

A 5 llter fermentor was used in thls experl—
ment.; The descrlptlon of the fermentatlon system was reported
earller (COO-4198 4) The total worklng volume of the fermen—

3 7 .
tor was 3 llters. Equal volume of a solubles medlum contalnlng

50 g/l of glucose was added to corn 011. The soluble medlum
and corn Oll were sterlllzed separately | Temperature of the
fermentatlon was controlled at 37°C, and the pH was controlled
at above 5 0 by addltlon of 2N NaOH. Agltatlon of the fermen- _
tor was malntalned at about 500 rpm.' The hlgh agltatlon rate |
was used to ensure an eff1c1ent contact between the two phasesi
as well as prov1d1ng means to w1thdraw equal volumes of the |
two phases during fermentation. |

The samples taken at different time intervals

‘were allowed to settle into two separate phases on ice for
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about 10 minutes. From the aqueous phase, the cell den51ty
'was determined by optlcal density measurement. The superna-
tants of the aqueous samples after eentrifugation were frozen
for subsequent substrate and product analyses. The oil phase
#
was also extracted with equal volume of distilled water for n-
butanol concentration determination. This serves as a double
check on the'measurement of the concentration of n-butanol in
. Q-

the o0il phase. Cell dried weight of the samples could not be

obtained due to the interferrence caused by the corn oil.

¢

3. 'Results and Discussion

a. Sensitivity of C. acetobutyllcum towards
Penicillin G

The inhibition of growth by penicillin on

C. acetobutylicum is shown in Figure II.B.l. The growth of

C. acetobutylicum was inhibited by penicillin G at all con-

centrations above 1 unit/ml. -

b. Resting Cell Experiment in Presence of 100
Units/ml of Pen1c1111n G -

The restlng cell suspen31on in the presence
of 100 unlts/ml pen1c1111n G had no act1v1ty. Glucose was
not metabolized during the 50 hours period and no product

formation was observed.
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FIGURE II.B.l: EFFECT OF PENICILLIN_G ON THE GROWTH OF
' Clostridium acetobutylicum (ATCC 824)

10
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The mode of action of penicillin is the in-
hibition of enzymes relating to cell wall-synthesisvin gram
positive microorganisms. In- the presence of penicillin G,i
there is no new:.cell synthesized.i Ass%ming'that penicillin’

has no effect. on cells that were 1ntact, these results sug--

gested that "resting cells" are not able to produce solvents.

-

c. Resting Cell Experiment u51ng,Cells Prepared
under Strict Anaerobic COnditions

The results,from;the previous experiment
suggests that either thé‘résting'cells;do‘not have the capfﬂ
abilities to produce  the solvents, or the‘resting cells ere‘
damaged during the:preparati0n4Stage. .One of:the most pos*E
sible antagonizing factors'is'oQYQen\which'could inhibit the
growth of this organism. However, the results of the resting
cell experiment performed u51ng the greatest care to exclude
oxygen exposure to the ce115'suggested that%oxygen is not the
inactivation factor. These results are shown in Table II B.1.
Again, in the absence of penic1llin G, 51gn1ficant formation
of products were observed, and in the presence of penicillin G
no product accumulation ‘was noted. : : o

From these results, we conclude that the micro-

T

organisms that are‘not grow1ng are incapable‘of producing ace-

tone and'n-butanol. The reported act1v1t1es in earlier ex-”

periments are probably due to_the regrowth of the cells due to



TABLE II.B.1: RESTING CELL EXPERIMENT. CELLS PREPARED IN ABSENCE OF OXYGEN.
S ' EXPERIMENT CARRIED OUT IN HUNGATE TUBES. CELL CONCENTRATION OF

EACH TUBE WAS ABOUT 12 g/1 dec.ws -
A Penicillin Conc. - Prbduct'CbncL (g/l)'after 48 Hrs. ; T
: Medium (unit/ml) .| acetone | ethanol nfbgtapql | butyric acid
1 ' o " '0.03 | '0.05 To.22 0.32
I | ) 0.08 0.07 :i p.34ﬂi' Z: 1.00
mr | o 0.26 | 012 - 0.98. | R
IA. - loo | 0.05- | .05 | 0.06 0.32
IIA 100 0.03 ,6;04 1 0.07 0.43
ITIA 100 . 0.04 .16267 0.05  0.26

=621~ -
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endogerious metabolism. This is also supported by the observa-'
tion of a slight increase of cell density in one of the rest-

ing cell experiments in report COO=-4198-6."

d. Extractive Fermentation with Corn. 0il

-

The results of this batch fermentation uséng
in situ extrac£ion are shown in Figure II.B.2. The genefal
pattern of the fermentation are similar to thé batch fermenta-
tions reported in the earlier reports. The butyric acid' in
the aqueous phéée‘increased up té a concentration of 8 g/1
before acetone and n-butanol began to appear. The final'één—
centration of n-butanol in the aqueous phase was 10 g/1, and
the acétone_concéntration was about 6 g/1l. The n-butanol in
"the oil phase,was”about 5 g/1 at the end of the fermentation.
Thus, a total conéentration of 15 g/1 n-butanol was produced.
The concentration of acetone in the oil phase was not deter-
mined. However, using a distribution coefficient of 0.3, the
' total acetone concentration was éléculated to be 7.8 g/l. The
fermentation“ended due to the depletion of glucose wﬁich was
about 2 g/i. Tﬁe total glucose consumptidn wés 93 g/1. V(About
50 g/1 of glucose was added to the fermenéor at the'lsfh hour.)
Theréfore, the solvent yield from glucose yaé-0.24, This value
is compérable to values obtained in other fermentations. How-
ever, compared to a conventional batch fermentation, the ex-

tractive fermentation takes about 2.5 times as much time to
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. PIGURE II.B.2:  TIME PROFILE OF 1n situ EXTRACTIVE
FERMENTATION (CORN OIL) USING
Clostridium acetobutylicum
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consume 100 g Qf glucose (60 hours Vs 25 hours).‘Nqnetheless,
these results demonstrate the feasibility of increasing the
final product concentration by extraction of n-butanol into

an inert phase. Thus, if an extracting agent with a higher
distributioen coefficient for n-butanol is used, the final -con-
centration can be. increased even further. These results'are.~-A
quite enc¢ouraging in the use of in situ extraction to overcome.

product toxicity.

4, Future Work.

e ' Extend study of extractive fermentation by
selection of better extracting. agent.
. [ .
e Initiate study of high-cell-density packed

colﬁmn“reactor for production of solvent.
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C. PRODUCTION OF ACETIC ACID BY FERMENTATION

;. Introduction.

e In the previous progress reports, it has been

shown that the production of acetic acid by Clostridium ther-

moaceticum:is through both: growth associated and non-growth

associated modes. The production of acetic acid: using resting
cells was reported in progress report CO0-4198-7. It was ob-
served in growing and in resting cell experiments, cell lysis
occurred and could be one of the factors causing‘the decrease
of acetic acid production. Further studies were carried out
to determine the cause of cell lysis, and also:its effect on
the production of aceticﬂacid by festing cells.

Since xylose is one of the major reducing sugars
produced by degradation of cellulosic biomass, preliminary
studies were performed to determine the ability of C. thermo-
‘aceticum to use xylose as carbon source for acetic acid pro-

duction.

2. Maferials and Methods

The resting cell experiment was carried out in a
l-liter fermentor with a.working volume of 750 ml. Anaerobic
environment was maintained by passing gaseous CO2 through the
broth. The temperature was controlled at 60°C and pH was con-=

trolled at 7.0 by using 5N NaOH.
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The:experiments fof x§lose ﬁ;ilization were car-
ried out in hungate tubes, usiné ﬁhe:complex medium as reported
earlier, except that glucose was replaced by xylose.

The other analytical methods have already been

presented in the previous progress reports.

3. Results and Discussion

In the fermentation of.Clostridium thermoaceticum

under PH control, ceil-lysis was Qbserved at high acétate con-
centration. Similarly, cell lysis was observed in the restlng
cell experiments. One possible explanatlon is the 1nvglvement
of autolytic enzymes, similar to systems found widely in vari-

ous gram-positive and gram-negative bacteria, such as in

Bacillus licheniformic (Forsberg &_Rogers, 1974, J. Bacteriol.

118, 358), or in Streptococcus faecalis (Cornett, Redman &

Shockman, 1977, J. Bacteriol. 133,‘ 631).

When cells are harvested washed and resuspended
into buffer of relatively high ionic strength (e.g. 0,3. M so-
dium phqsphate, pPH 7.1), rapid decrease of opt;cal density was
observed. This aecrease of optical density is interpre;ed as
cell lysis. Exponentially grown cells‘have a siénificshtly
hlgher rate of cell lysis than statlonary grown cells, as shown
in Flgure II C.l. 'If an autolytic system is causing the cell

lysis, one method to verify such a phenomenon is to see’'whether

this decrease of OD wouid be stobped with“the addifion of
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.. FIGURE II.C.l: DECREASE OF OPTICAL DENSITY OF Clostridium
thermoaceticum IN PHOSPHATE BUFFER
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chloramphenicol. _Chlnramphéniéb%'at'c0n¢éntfétions between
50-200 ng/ml was shown fo'inhibit~éell,growth, and was ‘used
for this experiment. However, no significant effect on the
lysis rate was observed as shown in Figure II.C.1. Mpre ef-
forts- will be spent fo study this "apparent" cell lysis be- -
haviér. ‘ |

; . The production of acetig.acid by resting éelis
under;. pH control is shown in Figure II.C.2. The kinetic pro-
file;is similar'té the results presented ‘in a previoué“répnrt.
The nroduction rate is highest at the beginning and neéreaseé
with time. The cell mass, measured optically, ;156 decreases
steadily during the experiment from an initial_nalue of 1.8 .
g/l to the final value of 0.7 g/l. The rate of decreaée of g
aceéic anid fermentation, however, ié’fagter than the rate<‘_i;
of decrease of cell mass. These results that the dec:éase df'%
acetic acid production by :esting ceLis is probaply dne £6 a -
combination of cell lysis'and.celi instability.

} The product;on of acetic acid and qell;m3§s at
different concentrations of xylose is shown_in Figuré &I.C.3.
The conversion yieid was found to be 0.76 gm acetate/gm xylose
consumed, and the cellvyield is about 0.21 gm cell/gmfnylose ,

1

consumed. The,épecific growth .rate is .14 hr . Theée re-

sults indicate that C. %hermoaceticumvcan use xylose effi-

cigntly for acetic acid production with high conversion yield.
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. FIGURE II.C.2: PRODUCTION OF ACETIC ACID BY RESTING

CELLS OF C. thermoacetic
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FIGURE II.C.3: '?RODUCTION'OFiACﬁTIC ACID BY Clostri-

dium thermoaceticum ON XYLOSE
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4. Future Work

e Continue to study the causes of cell lysis,
and fina thé appropriate means to eliminaté it. |
® Cell immobilization to increase stability
and productivity ofvresting‘cells.

° Design of high productivity bioreactor.
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