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Scope of Program

This is a coordinated program to.effect the micro-
biological degradation of cellulosic biomass and the
subsequent utilization of the degradation products to
produce chemical feedstocks. The microbiological
aspects of cellulosic biomass degradation will focus on
the use of anaerobic microorganisms which possess cel-
lulolytic enzymes. These studies will attempt to in-
crease the enzyme levels through genetics, mutation and
strain selection. In addition, the direct use of these
cellulolytic anaerobes to produce soluble products (su-
gars) which can then.be utilized by other microorganisms
to produce chemicals is also within the scope of this
program. Engineering scale~up of these microbial pro-
cesses is planned once the basic microbiological pa-
rameters are defined.

The second area of our major effort is devoted to
the production of chemical feedstocks. In particular,
three fermentations have been identified for explora-
tion. These.are: acrylic acid, acetone/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.
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Abstract

Studies on the microbial degradation of cellulose biomass continues
‘'to be centered around Clostridium thermocellum., The effect of surfactants on
growth and cellulase production by C. thermocellum was investigated. Triton X100,
shown to be the most effective surfactant for releasing cellulase from residual
cells and cellulose, was found to release additional endoglucanase (CMC'ase)
activity but not activity against solid cellulose. Incubation of the cellulases
from C. thermocellum under anaerobic conditions yields about a 157% increase in
activity on CMC over aerobic incubation.

The effect of pH on growth and reducing sugar accumulation rate of
Clostridium thermocellum on solka floc was evaluated. With a pH = 6.8-controlled
system a two-fold increase in dry cell weight was obtained when C. thermocellum
was cultured on cellobiose (1%). When it was cultured on solka floc (1%) and cello-
biose (0.167%) the dry cell weight increased 1.5 times. Consequently the cellulase
degradation and sugar accumulation rate increased 1,5 - 1.7 times. Extracellular
cellulase on CMC values increased to 22 mgRS . A mutagenic procedure has been..

established to attempt to isolate strainglwggh an enhanced ability to accunmulate
reducing sugars from cellulose.

Activity of extracellular cellulase of Clostridium thermocellum ATCC
27405 was examined using TNP-CMC and Avicel as substrates. The pH optima are 5 and
4.5 respectively. Hydrolysis of either substrate is not inhibited by cellobiose,
xylose, or glucose. The enzyme appears to be quite stable under reaction conditions
at 60°C. Thus far, regulation studies indicate that CMCase formation is not re-
pressed by cellobiose.

The search for plasmids in C. thermocellum was continued. The presence
of plasmids was confirmed by cesiumchloride ethidium bromide gradient centrifugation
and electron microscopy. Two plasmids were detected, one with an approximate
molecular weight of 1 X 105 daltons and the other.3.5 X 106 daltons. At least one
of the plasmids anpears to be present in multiple copies per cell. This character-
istic, if indeed true, would make this plasmid ideal for gene amplification. Our
pursuit of a system of gene transfer continues. The feasibility of transformation
in this organism is being evaluated and cell fusion techniques are being explored.

Studies on the fermentation of lactic acid to propionic acid have shown
the pathway in C. propionicum to be simpler than in M. elsdenii and hence more
‘amenable to manipulation for acrylate production. Using Lactobacillius delbrueckii,
we are able to convert glucose, cellobiose, and cellulose hydrolysates to lactic
acid rapidly and quantitavitely. This fermentation, coupled to C. propionicum
should be quite suitable as an approach to acrylate production. Studies to evaluate
the aerobic oxidation of propionate to acrylate as an alternative approach have
been initiated. .
‘ Fermentations of C. acetobutylicum growing in soluble media were per-
formed. The formation of cell mass and end products especially n-butanol and
acetone seem to be limited by the supply of glucose and inhibited by the accumulation
of acids. Batch cultures of C. acetobutvlicum have shown no significant butanol
production at 2.0 - 3.4 g/l glucose. Production is significant at 10g/1 glucose.
Initial pH in weakly buffered mediaz has no significent effect on the fermentation.
Tolerance of butanocl lies in the range of 1.6 - 2.4%Z. Acetopyruvate inhibits growth
completely at 5mM. At lower levels butanol production is stimulated. Initial
studies have been done on immobilization of cells.

Detailed studies of Clostridium thermoaceticum have shown that pH is the
primary limiting factor in the production of acetic acid. pH-controlled fermen-
‘tations have indicated accumulations of over 30 gm/l of acetic acid.
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I. MICROBIOLOGY OF CELLULOSE DEGRADATION AND CELLULASE PRODUCTION

A. Effect of Surfactants on Growth and Cellulase Productibn'by
C. thermocellum

1., Introduction

In our last progress report (No. 2, March 1 - March 31,
1977) we presented the results of an experiment aimed at determining
the effect of surfactants on growth and cellulase production by C.

thermocellum. At the conéentrations used, all the surfactants

(Triton X100, Tween 20, and Tween 80) were inhibitory to growth and
thus enzyme levels were lower than controls. Nevertheless, specific
total activities, i.e. total enzyme units per gram of dry cell weight
were higher. Since Tween 80 was least inhibitory to growth, the
organism was again cultured in the presence of lower concentrations
of this surfactant to determine whether a level could be achieved
which allows grthh and, simultaneously, an increased release of
cellulase enzvmes. Even at the lowest concentratioﬁ used, cell

growth was still inhibited.

2. Materials and Methods

C. thermocellum was cultured in Hungate anaerobic tubes
(10 ml volume) on CM3 medium containing Tween 80 (polyoxyethyiene
monooleate) at concentrations of 0.01, 0.025 and 0.05 per cent.
Control tubes containing no surfactant were run as well. Cultures
were harvested at 48 hrs at which time pellet protein was determined
(as{described in earlier reports) as measurement of cell growth.
The CMC assay was performed on supernatant fractions. The pellet

was not assayed for CMCase activity.



3. Results and Discussion

_The data from this experiment are presented in Table I.A.l.
‘"The pfimary purpose of this follow-up experiment was to see whether
or not growth would occur at lower Tween 80 concentrations, comparable
to control values. As can be seen in the table, even at 0.01%, Tween
80 inhibits growth of the organism. Soiuble CMCése activity is not
significantly enhanced by the surfactant though specific activities
remain higher for these cultures. The'inhibitory'effect on growth
precludes the use of surfactants as an environmental means of in-
creasing soluble enzyme yields during groﬁth. Nevertheless, sﬁr-'
factants may be used post—fermeﬁtation to release enzyme adsofbed

onto residual fermentation solids.

Table I.A.1. Effect of Tween 80 on growth and éoluble enzyme lévels
of C. thermocellum

$Tween 80 (v/v) Tube # Pellet Protein Soluble CMCase Sp. activity

ug/ml " RS mg/ml - hr units/ug prot
0.01 1 75 1.70 0.023
2 95 2.10 0.022
10.025 1 85 2.70 0.032
2 82 2.25 0.027
0.05 1 80 2.40 0.030
2 73 | 2.40 0.033
0.00 1 127 | 2,35 0.019

2 120 2.35 0.019



B, Degradation of Cellulosic Biomass to Produce Soluble Products

1. Introduction

Clostridium thermocellum when grown in batch culture at 60°C

on solka floc as a carbon source has been shown to have greéter
hydrolytic activity than is required for growth. As a consequence
it is able to accumulate reducing sugars in the broth. In light of
this (see earlier progress reports'for more details) one of our ob-
jectives is to define the conditions required to obtain high rateé
-0of sugar pfoduction.

From the previous kinetic analysis, it has been shown that sugar
production is growth related; therefore, batch fermentations have
been run in which an attempt has been ﬁade to‘generate a dénSe growing
cell mass to increase the rate of sugar production. This has been
achieved'through £he use of pH control, the addition of initial low

concentrations of cellobiose, and increased yeast extract (10g/1).

2. Materials and Methods

Organism - Clostridium thermocellum ATCC 27405

Growth of Clostridium thermocellum is on the basic CM3 medium

containing solka floc as a carbon source with or without cellobiose.
Yeast extract was increased to 1l%. The organism was cultured 'in
"anaerobic flasks and in a 7 liter fermentor with'the agitation at
100 rpm and the temperature at 60°C. 'pH was continuously recqrded
and controlled at 6.8 with a radiometer oH controller and when
needed NH4AOH (10% solution) was added automatically. Anaerobiosis
was maintained by passing a N,-gas stream through the head space

of the fermentor during the fermentation.

Broth samples were analyzed for its content in reducing sugars by



the DNS Method. Growth was determined by the filtration-optiéél

' method described in the first progress report (Dec. 1, 1976 - .

Feb. 28, 1977). | -
Cellulase ‘activity was measured with 1 ml of 2% CMC‘(Sigma)

in citrateée buffer 0.05 M pH 4.5 as a substrate and 0.2 ml of cen-

trifuged broth. After incubation for 30 min at 60°C the reduéing

sugars liberated were measured. by the DNS bhotocolorimetrid method.

Glucose solutions were used as a standard.

3. -Results and Discussion

From our previous results with batch ferméntation we ob-
- served thét'the pH dropped from 6.8 to 5.5. To determine if this
change in pH had an effect on the growth rate and product accumulation,
we desighed an expefiment with pﬁ control using cellobiose (1%) as
the carbon source to quantify the effect of pH on cell accumﬂlatiqn.

Our results showed us that we could indeed increase the cell‘

density by at least twice the amount over that obtained witH no pH

control, These results are in Table I.B.1.

Table I.B.l1. Growth of Clostridium thermocellum in Batch Fermentation
with 1% cellobiose. .

Dry Cell .'§ugarl ) " Yield Coefficient
Weight Consumption
gr_Cells
gr/lt gr/1t gr Substrate
with
pPH = 6.8 control 1.22 8.4 0.14
without

pd (5.5 final) control 0.67 4,2 0.16



With these results in hand, we proceeded to run. the cellulose
fermentation with pH control. In Fig. I.B.1, the kinetic profile of resi-
dual cellulose and dry cell weight are shown. 1.6 gr/lt of cello-
biose at the beg;nning of the fermentation to initiate rapid growth.
biose was added at the beginning of the fermentation to initiate rapid
growth. In this manner the amount pf:d:y<ce11.weight was increased to
endoglucanasé‘ activity (CMCase) are in this case 3 times higher,
however it is important to point out that in a different run, values
as high as 40 Mg RS of endglucanase activity have been obtained.

The rateméthellulase degradation also increased, as shown in

Fig. I.B.2, when the different values were obtained with and without

" oH control. The 'same figure depicts the reducing sugar concentrations

for comparison. It can be seen that C. thermocellum uses the
soluble sugar first, and:when it starts to use cellulose, reducing
sugars begin to accumulate at a rate slightly higher than without pH

control.

4., Future Work

a. Kinetics of growth and cellulose degradation in continuous
culture.
b. Examination of real cellulosic wastes or residue, e.q.

corn residue.
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C. Strain Improvement by Mutation to Improve Reducing ‘Sugar
Accumulation

1. Introduction

.Another approach to increase rate of sugar accumul?tion
is by genetic manipulation of straih characteristics. To initiate
a mutation program we have choosen nitrosoguanidine'as a f;rst
mutagenic agent. Our criteria fof mutant selection will be halo
formation on agar plates containing cellulose as the carbon source,
This will permit us to observe mutants with high hydrolytic |

activity.

2. Materials and Methods

A culture of Clostridium thermocellum, growing on'cello-

biose was harvested by centrifugation and then washed with citrate
buffer (0.05 M with 0.5 gr/lt of thioglycahte). It was}centrifuéed
again and resuspended invcitfate buffer. Klett reading was adjusted
to 65 units and nitrosoguanidine at 25, 50 and 100 ug/ml was added

in different tubes. A control with no nitrosoguanidine was-prepared
at the same time. After 30 min at room témperature, the culture

was diluted to stop the mutagenic action and then plated to determine
viability. Different dilutions were plated using 1 ml each and
pouring.20 ml of agar--cellulose medium with Avicel (1%) as a

carbon source. The plates were incubated'in an anaerobic jar at
60°C. Dilutions were made with a solution of thioglyccllate (0.5gr/lt)

and peptone (0.1%),

3. Results and Discussion

Fig. I.C.l shows the killing curve obtained with nitroso-

guanidine. From these results it is concluded that 100 ug/ml is
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Fig. 1.C.1: Killing Curve Using Different Nitrosoguanidine Concentrations.
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the dose to obtain 99 2 kill. This dose will be used to continue

the mutant selection.

Fig. I.C.2 shows the plates obtained with C. thermocellum using

Avicel and solka floc as a carbon source.

4, Fuéure Work

a. Selection of mutants

b. Use of other mutagens



=

Flge = +£.2
a. Colonies of C. thermocellum on solka floc agar plates
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D. Clostridium thermocellum cellulase: Effect of anaerobic assay
conditions on enzyme activity.

1. . Introduction

Because Clostridium thermocellum is an obligately anaerobic

bacterium,the possibility that it produces oxygen-sensitive cellulases
had to be considered. To determine whether or not additional enzymatic
activity, be it exoglucanase, endoglucanase or B-glucosidase, could be
detected in the absence of oxygen, the filter paper and carboxymeEEyl-
cellulose assays were performed under anaerobic conditions. Since

the filter paper activity present in fermentation broths has in the
past been low, we were particularly interested in the effect of
anaerobiosis on exoglucanase activity. The results presented here
indicate that it is endoglucanase (CMCase) activity which is slightly

stimulated under anaerobic assay conditions.

2. Materials and Methods

C. thermocellum was grown in a two-liter fermentor on CM3

medium as previously described (Progress Report, December 1,

1976 - February 28, 1977). The filter paper

assay was performed on a sample taken from the fermentor at 92 hours
in the following manner. In addition to the usual assay tubes (des-
cribed elsewhere), quadruplicate tubes containing enzyme + buffer +
+ filter paper that were sparged with nitrogen for approximately 10
minutes prior to the 60 minute incubation were included. After
reaction with the DNA colorimetric reagent for measuring reducing
sugars, the Absorbance SSOnm values for these Nz-sparged assay
mixtures were noticeably higher than those exposed to air during

incubation. This was a first indication that enzyme activity might
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be enhanced under anaerobiosis; ﬁowever, since Né-sparged controls'
had not been included, the experiment was repeated. |

At 114 hours a sample from the éame fermentation was withdrawn
from the fermentor into a small flask into which N, was bubbled.
While continuing ﬁo bubble N,, the broth was pipetted into centri-
fuge tubes which were then'qapped. .Centrifuged for 15 minutes at
20,000 x g. Unfortunately, the capping of the centrifuge tubes
failed to maintain anaerobiosis as was apparent from ﬁhe color change
of thevresazgrin used as 0O, indicator. Nevertheless, ;he supernatants
were rembved and hubbled with nitrogen until anaerébiosis was once
more achieved. _The supefnatant was then reédyito be used in both
the filter paper and CMC assays. All assay reageﬁts, that is, the
sodiun citrate buffer, the 2% CMC solution and the standards were
prepared containing resazurin sé that anaerobiosis orulack thereof
could be observed during the assay. Assay miXtures were run in
quadruplicate in the Hungate anaerobic tubes used to culture the
organism. Aerobic assay mxitures were also run. As is normally done,
controls to detecé background activity, i.e. tubes containing enzyme
+ buffer but no substrate were included and incubated. These con-
trols pick up the hydrolysis of oligomers already in solution in
the fermenfation broth. Aisé, reducing sugars present in this 14hr-
old sample,préor to.incubé;ion at 60°C for 60 minutes, were

measured.
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3. Results and Discussion

The results from this experiment are summarized in

Table I.D.1.

v

Table I.D.l. Activities of extracellular C. thermocellum cellulases
assayed aerobically and anaerobically

Quantity measured " Aerobic conditions Anaerobic conditions
1.*Reducing sugars (mg/ml) + R +
in background controls 0.45 = 0.02 0.66 = 0.0
2. Filter paper activity + +
(mg reducing sugar/ml-hr) 0.24 - 0.0 0.21 T Q’Q4
3. CMCase activity 3.0 f‘0.0 ' . 3.43 t 0.02

(mg reducing sugar/ml - hr)

*The concentration of reducing sugars originally present in the
sample, i.e. in an aliquot that was not'incubated. at 60°C for
60 minutes was 0.43 mg/ml.

As indicated in Table I.D.l, anaerobiosis had no effect on
improving filter paper aétivity. It should be noted that these filter
paper activities are compafable to the maximal in vivo rates of

cellulose degradation reported for C. thermocellum in our first

progress report. However, the anaerobic assay conditions did'seeﬁ
to enhance CMCase activity slightly,.an increase of roughly 15%.

Whether the oxygen removal was.benefiéial for a single enzyme With .
endoglucanase activity or several enzymes cannot be ‘determined until

k)

we have better characterized the componeﬂts'of the g. thermocellum

cellulase system.
The most significant change under anaerobic conditions is in

the concentration of background reducing sugars. ‘Whéreas under
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aerobic conditions the amount of reducing sugars after incubation of
the sample in the absence of substrate (filter paper or CMC) is
essentially equal to the améunt originally present, the concentra-
tion of reducing sugars has increased by roughly 50% after incubating
anaerobically. This suggests at least two possibilities. It may
be reflective of enhanced endoglucanase activity (as observed with
CMCase activity) which is hydrolyéing soluble oligorers present in
- the sample. It mayvpoésibly be reflective of "cellobiase" activity
which is otherwise oxygen sensifive. Since filter paper and CMC
were the oﬁly substrates tested here nothing'cbnclusive can be
said in this vein. The expe;iment can be repeated with cellobiose
as asséy substrate to try to assess the existence of an enzvme with
02~sensitive B-glucosidase activity. Since we have shown that this

strain of C. thermocellum utilizes glucose, such an enzyme with-

B-glucosidase activity may indeed exist.

If the increased background sugars are due to endoglucanase
activity, one can total this value with the CMCase activity. That
is, if the original sugar concentration was 0.43 mg/ml an extra
0.23 mg/ml of sugérs were released in an hour of anaerobic incubation
at 60°C. Addgd_to‘the CMCase activity of 3.43 mg/ml - hr, this
gives ~ 3.7 mg sugars/ml-hr compared to 3.0 under aerobic conditions,
or an‘effective increase of > 20%;

As mentioned in the materials and methods section, anaerobiosis
was not mqintained during centrifugation of the broth. Whether
this ekposure to air caused any significant damage that was ir-
reversible with the post-centrifpgation Né gassing cannot be said.

The addition of a reducing agent to the broth or to the assay buffers

can be investigated in a similar experiment. Bubbling of pure 02
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into the assay mixtures can also be tried to determine whether

this effects decreased enzyme activity.
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E. Deregulation of clostridial cellulase

1. Optimum pH of C.. thermocellum éellulase

The optimum pH of extracellular cellulase from C.. thermocellum was
determined using both TNP-CMC and Avicel as substrates. As shown in Fig. I.E.1,
TNP-CMCase was most active at pH 5 whereas the activity against Avicel was op-

timal at 4.5. A temperature of 60°C was used for both determinations.

2, Resistance of C. thermocellum cellulase to sugar inhibition

In our last report, we presented data from our initial experiments
indicating that TNP-CMCase was not inhibited by sugars such as cellobiose, glu-
cose or xylose. This finding is extremély important since most cellulases are
inhibited by these breakdown products‘of waste cellulosic substrates; iﬁ fact,

such inhibition is what 1imits the usefulness of Trichoderma viride cellulase.

For this reason, further experiments were done using. other cellulosic substrates
to insure that the effect was not specific for TNP-CMC. Increasing amounts

of glucbse were added to CMC; then, C. thermocellum extracellular cellulase

was added. As éhown in Fig.I.E.2, glucose up to lg/l failed to inhibit CMCase
activity. Further evidence is shown in Fig. I.E.3 where CMC was prepared with

a final concentration of 0.2mg/ml of cellébiose, xylose or glucose and extracellular
cellulase was added. Again, none of the sugars inhibited CMCase activity, Fig.
I.E.4 shows that Avicel hydrolysis is likewise uninhibited by the three sugars

at concentrations of 0.05mg/ml.

3. Effect of substrate concentration on hvdrolvses of CMC and Avicel

We previously reported that TNP-CMCase was not saturated with substrate
until l4mg/ml substrate was used. In view of the fact that Fig. I.E.3 indicated
a continual decrease in hydréiysis with time when 6.7mg/ml CMC was used as sub-

strate, we attempted to determine whether substrate limitation was the problem.
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Fig. I-E-4, FEffect of sugars on Avicel hydrolvsis. Experiment
was the same as Fiq. |-E-3.except sugars were added
to a final concentration of S5Nug/ml.
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Fig. I.E.5 shows that this is the case; up to 20mg/ml CMC, the rate and

extent of the CHéase reaction increased. A Linewaver-Burk plot (Fig. I.E.6)
showed a Km of 3.6mg/ml, very similar to that of TNP-CMCase reported earlier.

A drop off in rate of hydrolysis is shown in Fig. I.E.7. Here additional
substrate (10mg/ml) was added at 180 min to a reaction mixture which initially
contained 10 mg CMC/ml. This addition resulted in a renewed rate of hydfolysis
equal to the initial rate. This experiment also points out the stability of
the enzyme since after 3 hours, the initial hydrolytic raté could be achieved

by adding more substrate.

4, Preparation of a chromogenic reagent from Avicel

In order to devise a chromogenic assay for Avicel hydrolysis, Remazol
Brilliant Blue (RBB) was complexed with Avicel according to the procedure of
Finderknecht et al. (Experimentia 23, 805, 1967). This subs;fate was exposed

to C. thermoCéllum extracellular cellulase but unfortunately the solubilization

of blue color was too low to be useful. Our results indicate Fﬁaf only 1 mole4
of RBB was liberated per 31 moles of glucose released. This agrees fairly well
with the data of Leisola.and Linko (Analyt;ABiochem. 70, 592, 1976) who found
one dye group released pér 40 glucose groups released, -Furthermore, we find
tﬁat the rate of sugar felease from RBB-Avicel is qnly ZSZAoﬁ.that from Avicel,
. Wé thus concludejthat RBB-Avicel is not a‘useful'égromogeﬁic'substrate at

this point in our studies.

5. Ihduction of cellulase

A'refrigeratedlcéllulose grown (1% MN 300) culture was transferred (107

viv -

1no£u1um) into MN 300 and grown for 48 hours. This was inoculated (3% inoculum)

into 1% cellobiose and grown for 24 hours as seed. The seed was inoculated

(3% inoculum) into CM 3 medium containing different carbon ‘sources (Fig. I.E.8).
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of buffer or CMC solution, observed values of reducing
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on various carbon sources.
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No growth took place in the CM3 basal medium (contaiqing yeast extract) in
the presence or absence of glucose, as would be expected from literature re-

ports of C. thermocellum., Growth did  occur in 1% cellobiose (70 Klett

units) and in 1% MN 300 (145 Klett units) and TNP-CMCase activity was produced
in both. Growth in MN 300 plus cellobiose reached 175 klett units suggesting
that cellobiose does not repress cellulase formation. In fact, in this ex-
periment, TNP-CMCase activitylyas higher on cellobiose than on cellulose. Since

this result does not agree with literature reports on another strain of c.

thermocellum (which indicates no enzyme production during growth on cellobiose),

we are repeating the experiment.
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F.. Genetic Manipulations

Durlng thlS research period we continued our search for plasmlds

in C thermocellum and initiated studies to attempt to establlsh a

transformation system.

1. Plasmids from’C.‘thermocellum

In the last progress report (March 1l - May 31, 1977) we

1nd1cated that plasmids may be present in C. thermocellum'

‘and that these plasmids

were revealed by CsCl-ethidium bromide gradlents when the deoxy—
rlbonucleases are 1nact1vated by heat treatments. However, we ex-
. pressed some reservations as to the true identitylof the observed
plasmid peaks. The follow1ng experlments were de51gned to repro-

duce these early observatlons and conflrm the presence of plasmlds.

A streptomycin resistant mutant of C. thermocellum was grown as

.previouslyadescribed (Progress Report March 1 - May 31, 1977).. The
.cell pellet was essentially lysed as described in the March 1 -

May 31, 1977 Progress Report, except that the lysozyme treatment
was omitted since it has been found unnecessary. One portion.of
the ce}l pellet. was lysed in hot (80°C) TES buffer.(see Progress
Report March 1 - May 31, 1977) and cooled rapidly with  -the addition
of cold 0.67M KCl, final KCl concemtration.was 0.45M. . The second
portion was lysed in hot TES buffer containing 0.45M KCl and cooled
slowly. The third portion was lysed in. hot TES buffer, heated,
cooled rapidly, 0.67M KC1 added and filtered through a Millipore
membrane (HAWP. 25mm; 0.45u). Again the final KCl concentration- was

0.45M KCl, The purpose of the KCl is to prevent denaturation of
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the DNA at 80°C. vaothetlcally, heating at 80°C in low “ionic
strength buffer, such as TES, followed by flltratlon through a
Millipore membrane should selectively remove chromosomal DNA.
This is due to the reported eendeﬁcy of DNA with single—sﬁranded
portions to stick to Millipore filters. This procedure can be
used to enrich lysates for covalently-closed-c1rcular (CCC) DNA,

All lysates were then subjected to CsCl-ethidium bromide
den51ty gradient analysis (Progress Report March 1 = May 31,‘1977).
Figure I.F.l shows the results obtained for lysates which_

were heated and cooled rapidly, no attempt was made to selectively
remove chromosomal DNA sinee the lysates were not filteréd,; The
‘ehromosomal DNA peak is obse;&ed‘from.frections 33 to 40( ccc CNA
(plasmids) from fractions 40 to 60 and the dense RNA peak from
fiaction 60 onwards. This flgure clearly 1nd1cates the presence

of plasmlds and conflrms our previous results. The ratio as percent
of radioactivity in the satellite peak to that in the chromosomal
peak,ie approximately 40 to 50%. . This is an uncommonly high ratio
but not unheard of. Clowes (Bacteriol. Rev. 36:361, 1972) reported
on ratios as high as 40% for plasmid R6K in E. ggii K-12,' This is
potentially a significant finding since it indicates a relaxed mode
of replication for these plasmids. Obviously, these plasmids are
ideal  for gene amplification and censequently for enhanced activities
" of ‘enzymes coded by them.

Figure I.F.2 'shows that when the lysate is cooled sléwly the
satellite pedks disaopear. This is indicative that heat treatment
does not irreversibly inactivate deoxyribonuclease function but’
-rather inhibits its action.. If -the lysate is allowed to cool slowly

‘the nucleases are exposed to a range of temperatures for extended

i
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fesium chloride-ethidium bromide gradient of
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Fig. 1.F.2: Cesium chloride~ethidium bromide grad

ient of w:n

adenine-labelled lysate of C. thermocellum, Cells

were lysed, and the lysate was heated
‘slowly.

and cooled

o
©
o
(Te)

_ O
o
Qz
=
m-
5
S
o
™

o
N
o

o

60000}
4 QO00¢
2Q000¢

CPM



-28-

periods of time at which they are active and consequently introduce
nicks into the CCC DNA. Under these conditions the plasmid DNA
will behave exactly as chromosomal DNA;

Figure I.F.3 again demonstrates the presence of satellite
DNA. However, it also indicates that the procedure for selective
enrichment of plasmid DNA does not apply in our case. This con-
clusion stems from the fact that the ratio of CCC DNA to chromo-
somal DNA is approximately the same as seen in Figure I.F.l. 1In
the latter no attempt was made to select for plasmid DNA.

In order to confirm the presence of plasmids a preparation
run was made by collecting every other fraction and the CsCl-
ethidium bromide gradient profile is shown in Figure I.F.4. The
fractions indicated by the arrows in Figure I.F.4 were pooled and
dialyzed against TES buffer overnight. Recbvery after dialysis,
Based'on radioactivity recovered, was 42%. The pooléd and dialyzed
fractions were examined by electron microscopy according to the
procedure of Kleinschmidt (Methods in Enzymology 12B, pp. 361 - 377,
Norris and Ribbons, eds., Academic Press, New York, 1968). The
specimens were viewed with an RCA electron microscope at 50Kv. Some
of the resulting preparations aré shown in Figure I.F.5. On the
upper lef£ hand corner, a plasmid from a preparation which had been
exposed to 12 Krads of co®0 irradiation is seen. This procedure
is used to create a small number of single strand breaks in order
‘to relax the plasmids and extend them to a circular conformation.
The magnification of this photograph is 40,000X. It appears that

6 qa1 .

this plasmid has a molecular weight of approximately 3.5 X 10
On the upper right hand and lower left hand corners photographs

of a smaller plasmid are shown. The magnification of these pictures
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Fig. 1.F.3: Cesium chloride-ethidium bromide gradient of w:-mam:m:mu

: labelled lysate of C. thermocellum. Cells were lysed,
and the lysate was heated, <cooled rapidly and chromo-
somal DHA selectively removed, ‘
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Cesium chloride-ethidium bromide gradient of “H-adenine-
labelled lysate of C. thermocellum. The lysate was
treated as-described in Figure |.F.3.
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are 96,000X and 120,000X, respectively. This plasmid has a molecular

weight of approximately 1 X 106

daltons. Finally on the lower right
hand corner a picture of unrelaxed plasmids is seen. This photo-
graph has a magnification of 17,000X.

Thus, we have confirmed the presence of plasmids in C.. thermo-
cellum. It appears that there are at least two distinct plasmids
and that these plasmids are probably under relaxed replication con-

trol and consequently are found in multiple copies per cell.

These characteristics make them ideal for genetic manipulations.

2. Transformation experiments

In order to start our attempts to establish a transformation

system in C. thermocellum DNA from this microorganism was extracted

and purified. Calbiochem "free of nuclease" Pronase was treated at
80°C for 10 min and then added to a cell lysate at a concentration
of 1lmg/ml and incubated at 37°C for 1 hr. The lysate is gently
extracted in a rotary evaporator (60 rom) with 1/2 volume of 3X
TES-saturated phenol at atmospheric pressure and room temperature
for 30 min. After extraction, the aqueous phase is centrifuged and
the supernatant collected. Any gel remaining at the interface

is extracted with a small amount of TES buffer and recentrifuged.
The combined supernatants are twice extracted with 1 volume of ether
in the same manner as above, but for only 5 min. The aqueous phase
is then layered with 2 volumes of 95% ethanol and the precipitate

is spooled onto a glass rod with gentle mixing of the two phases.
The precipitate is resuspended in 0.3X TES buffer and RNAase (heat
treated at 80°C for 10 min) is added to a concentration of 100ug/ml.

After incubation at 37°C for 75 min, the solution is made 0.3M
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sodium acetate. The DNA is selectively precipitated using 0.54
volumes of isopropanol. Tﬁe precipitate is spooled and soaked
overnight in 70% ethanol and suspended in sterile 9.3X TES buffer
after removing the ethanol. A . 4

'An exponential culture growing on CM4-cellobiose (CM4-Cb) . ob-
tained from a 10% inoculum of the regular stock in CM4-¢ellu10$é,
is inoculated into CM4-CH (also 10% inoculum) in the presence of:

a. 100 ug/ml of wild type DNA from C. thermocellum.

b. 100 ug/ml of DNA from a streptomycin resistant mutant of
the same origin. . '

4

c. 100 ug/ml of w.t. DNA plus spermine (2 X 107~ M).

d. 100 ug/ml of sm® DNA plus spermine (2 X 1074 M)..

The cultures are allowed to go into the early stationary phase
(about 18-20 hrs) at 60°C and then subcultured separately (10%
inoculum) in CM4-Cb broth. When the late exponential phase is'reached,

(about 12-14 hrs) the cultures are plated onto:

2 7

i) CM4-CH (10 ° to 19~ ' dilutions)

-1 -2

ii) CM6-Cb + Streptomycin, 0.5 grs/lt, (10°, 10—, 10
dilutions).

The results are shown in Table I.F.l. The recovery (numbers
in parentheses) is expressed as % of viable counts on CM4-Cb w/out

Sm over direct Petroff Hauser direct microscopic counts (+ 1o0%,

95% confidence).
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Table I.F.l: Recovery of C. thermocellum after attempt at transformat

R

Incubation with wild type DNA TIncubation with SM~ DNA
w/out Sm w/Sm w/out Sm ' w/Sm
7.5 X 107 <1 2.5 x 108 <«
(20) (100%)
Incubation with wild type DNA Incubation with SmR DNA and
~and spermine " spermine
w/out Sm ' w/Sm " w/out Sm w/Sm
9.7 x 10’ <1 | 8.1 x 107 - <1

(16) ' (9)
| These results clearly indicate that these experimental con-
ditions are not adequate to obtain functional transformation.
It was decided to determine if under similar conditions .C.

thermocellum is able to physically take up DNA.

Cells were grown in CM4-Cb until early exponential phase in
5 ml of broth and in the presence of spermine (Petroff-Hauser

counts = 2 X 108). At this time 1 ug/ml of 14

C DNA (NEN; 2.015
uCi/ml, 0.062 uCi/ug) was added and the temperature is maintained
at 60°C during all the manipulations of the experiment.

At 6, 15, 30, 60 and 112 min., 0.5 ml aliquoté (duplicates)
~ are taken out. To these samples 0.5 ml of DNAase solution (200 ug/ml
in 0.1 M Tris + 0.015 M MgCl,, pH 8.5) are added and the final mix-
tufe allowed to incubate for 10 min at 37°C. Procedure was followed
according to Bodmer, W. F. and A. T. Ganesan (1964), Genetics, 50,
717-738,

After DNAase digestion, 1 ml of cold 10% TCA is added; and the

tubes placed in anice bath for 30 min. The mixture is then filtered
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through Millipore filters HAWP 02500 (0.45u). The tubes were
fhen washed with 1 ml of cold 10% TCA and this volume is also
passed through the filter. The incorporated DNA, as a percent

of the total radioactivity per aliquot is given in Table I.F.2.

Table I.F.2. o
' " PTime (min) - % Incorporated

6 16.2
10 - 10.8
30 . 20.9
60 16.1

112 S 13.0

These percentages are not considered significantly different compared
to controls in which the cells were excluded from the reactions. There-
fore it is indicative that, under these experimental conditions,

C. thermocellum is not able to significantly take up éxogenous DNA.

Since it is important that exogenous DNA is not attacked by
extracellular nucleases, we performed an experiment to determine

the extracellular nuclease activity of C.” thermocellum.

A culture grown in CM4-CB was inoculated (10%) into

14C DNA per 5 ml

After 3 hrs at 60°C growth had occurred and 0.1lml of
of broth was added. |

At times 0, 1, 2, 4, 5, 7, 10 and 19 hr,,aliquots were removed
and put in cold 10% TCA (equal volume). After 30 min at 0°C, the
mixtures are filtered through glass fiber filters, the tube‘washed

with cold 10% TCA and the radioactivity on the filters and in the

filtrates measured.
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Figure I.F.6 gives the results. The ¢alculated percentages are
given as % of the total radiocactivity present in each aliquot.

The results indicate that in tﬁe mfdexponeptial phase of growth
there is nuclease adtivity. ”Howéver; DNA_dégradatiOn céases with
the onset of stationary phase. Thus, it would appear that during ex-
ponential phase the observéd nuclease actiQity may be a'source of
difficulties in'establishing a transformation system. It is not
clear to us why nuclease activity ceases aﬁ the statiohary phase. __.
There ié little to be gained by speculating regarding this obéerva—
tion. |

Another attempt at finding functional transformation has been
made. E. ggli.genetic.transformgtion has-been'found with the highest
frequency after a treatment with Ca Cl, described by Cosloy and
Oishi (PNAS 70 (1), 84-97, 1973). We have investigated the effect.
of such a'brocedure with some minor modifications. Our protocoi
can be described as follows: |

660‘18 ;bout

a. grow 10ml cells in CM4-celloBiose until Aé6s
0.6 - 0.7." Ceﬁtrifuge and resuspend the pellet in 13 ml of fresh
broth; allow 60 minutes for‘enough gas production to reduce indicator
and maintain ‘anaerobic conditions.

b. Centrifuge and resuspend thé’ceils in 10 ml of cold 0.lmM-
CaCl, in 0;1% cysteins. Allow 26;miﬁutes at 0°C with strong N,
'flushing. | .

c. Centrifuge; add sequentially: - -

i) 1 ml of 1074 M spermine in O;i%.cystéine.

ii) 2 ﬁl of a solution containing 50mM CaCl, in 0.1% cysteine.

iii) 1 ml of Sm® DNA solution (0.6mg/ml).
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d. Incubate 45 minutes at 0°C under strong N, flushing,
followed by 15 minutes at 60°C. After this time, the Viability .
of the cells was 3.5 to 7.0% compared to direct microscopic
counts. Thié indicates that the above procedure does not’ in-
activate enough cells to make it unworkablé. Unpon‘subculturing
the solutions for 2 qenerations to allow for expression of
potential transformants the caltures were enumefated on CM 4-Cb
plates with and without streptomycin. No transformants were
found. Howeﬁer, the eipressibn time may not have been long
enough to significantly dilute the intracellular wild type ribo-

somal population.

3. Future Studies

During the next research period we will further characterize

the plasmids isolated from C. thermocellum. We would like to know

more accurately what their moleculér weights and the plasmid copy

numbers are. In addition, we will attempt to "cure" C. thermocellum

of these plasmids and determine whether there is any correlation
with the-microorganism's ability to grow on cellulose as the sole
carbon sourcé.

Furthermoré, we will try to increase our stock of mutants

of C. thermocellum (auxotrophs and céllulase deficient). These

we feel will be necessary to more adequately attack the problem of
gene transfer. With regards to the latter we will céntinue to
investigate the possibility of establishing a functional trans-

formation system in C. thermocellum. However, it is felt that it

is time that we started to consider alternate routes. To this

end we will initiate studies dealing with cell fusion. Recently,



-39=-

there have appeared in the literature reports of protoplast fusion
in bacteria. This.procedgre would very adequately, with some
modifications, provide us with an alternative to transformation.

If time permits, we will resume our search for phage particles

in C. thermocellum. We have preliminary, but unconfirmed, evidence

by electron microscopy that "phage-like" particles are present

in supernatants of C. ‘thermocellum cultﬁres.
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II. PRODUCTION OF CHEMICAL FEEDSTOCKS

‘A. Production of acxrylic cid by Fermentation

1. Introduction

Acrylic acid and its various esters (methyl, ethyl,
isopropyl, butyl, etc.) are major chemical commodities with
an annual production of 800 million pounds and a projected
1980 production of 1 billion pounds per year; as a consequence,
its production requires a substantial amount of energy and
material. In this phase of our program, we are working on the
development of a fermentation process for the production of
acrylic acid from renewable resources. The alternative approaches
which have been identified are summarized in Figure II.A.1l.
Acrylic acid exists as a coenzyme A thioester :in both the path-
way for anaerobic reduction of lactic acid and the pathway for
aerobic oxidation of propionic acid. As a consequence, we can
approcach the problem by anaerobically fermenting hexoses to
lactic acid and then carrying out an anaerobic dehydration to
acrylic acid. An alternative is fermenting lactic acid to pro-
pionic and acetic acids (mole ratio of 2:1) followed by the
aerobic oxidation of propionate to ac}ylate. In this latter
approach, acetic acid is a desirable by-product since its demand
is approximately 2 billion pounds per year. '

A major advantage of anaerobic fermentation processes is
the high conservation of mass and energy in the final products.
The theoretical yield of glucose to 2 moles of acrylic acid. is
80% on a mass basis and 96% on an energy basis. If the anaerobic-
route to propionate and acetate followed by aerobic oxidation
of propionate to acrylate is used, then the conservation of mass
in one mole each of acrylate and acetate falls to 73%.  Thus,
while the anerobic route is most favorable, the use of an
aerobic step at the end is still'very reasonable and results is
only a slight decrease in mass. The following progress report
outlines our résults in pursuing the paths outlined above to
the production of acrylic acid by fermentation.
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Fig. 11.A.]

FERMENTATION ROUTES TO ACRYLIC ACID FROM BIOMASS
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2. Fermentation by Megasphaera elsdenii

a. Introduction

' Megasphaera (Peptostreptococcus) elsdenii was

choosen for investigation because it will ferment glucose and
and lactic acid through acrylic acid to give propionic acid.
As a consequence it offers the possibility of producing acryl-
ic acid in a one step fermentation. However, its disadvantage
is that under normal fermentation conditions it not only pro-
duces propionate and acetate but also condenses 2- and 3-.
carbon units to yield butyric, valefic, and caproic acids.
/As will be shown, the mix of products is observed in both
- batch and continuous culture. Studjes in continuous culture
were initiated to try to minimize the production of C4-Cg acids.
while maximizing propionic acid production. - ;

b. Materials and Methods

A . The conditions for growth and the growth medium
used for M. elsdenii are given in the progress report from
December 1 through February 28. Continuous culture studies
- were done in a one-liter Bioflow fermentor (New Brunswich
Scientific Co., New Brunswick, NJ) with 375 ml of liquid. The
production of fatty acids were monitored by gas chromatography
as described in the previous report. Other methods foﬁ measuring
cell growth and lactic acid concentration are described in the
previous reports.

c. Results and Discussion

M. elsdenni was grown in continuous culture to
examine its patterns of product fprmation. Because acrylic acid
lies in the reductive pathway of lactic acid to prdpionic acid
and acrylate is the election acceptor coupled with acetate fer-
mation from lactate, we sought to maximize the production of
propinate and acetate. Results from two dilution rates are
presented in Table II.A.l. The feed concentration of lactic
acid was 10.3 g/liter. While it was intended that the chemostat
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TABLE II.A.l

Results from continuous culture experiments with M. elsdenii

Dilution Rate Product Concentration (g/l)'
(hr-l) Acetate Propionate Butyrate Valerate Caproate
0.05 1.6 0.5 2 - 0.1 o0,

0.10 0.82 0.4 1.4 ‘ 0.8 0.15
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be carbon-limited, it is not clear that it was since residual
lactate was about 3 g/1 at a dilution rate of 0.l-hr-l. Be-
cause of the use of yeast extract in the medium, definition of
the limiting nutrient is difficult.

A time plot of the results in continuoﬁs culture
over a 36 hr interval, representing almost 4 turn over volumes,
is presented in Figure II.A.2. As seen in this plot, it is
difficult to obtain a truely stable steady state in terms of
constant production formation. This, we believe, is a result
of their being a branched catabolic pathway such as shown
schematically in Figure II.A.3. In such a pathway, there are
multiple points for ccntrol of metabolic flow. Each control
could be dependent on not only environmental factors such as pH
and temperature, but also the concentrations of the various '
products present in the broth. In such a case, one is not sur-
prised by the appearance of oscillations and instabilities in
- the pattern of products;

It is interesting to note that the C3-C acids are

6
the major products compared to acetate and propionate at-both
dilution rates,0.05 and 0.l-h_l. This is in opposition to the

results typically observed in batch culture where propionate

is the major product (see Figure II.A.l in progress report for
March 1 - May 31, 1977). Even if valerate (a condensation pro-
duct of a Cz'and a C3 acid) is added to the propionate, the
proportion of C3 acid formation is low. This suggests that
lactate is preferentially going to acetate and the available
elections are going to the formation of reduced aliphatic acids.
e.g. butyrate, valgrate, caproate. Possible explanations

could be that the cell is trying to make less acid in response
toAdecreasing pPH or it may be able to obtain more ATP via

this route. There is the possibility of obtaining one ATP per
acetate formed and if the cell can use the electrons for lactate
oxidation to form aliphatic acids via acetaté and or propionate con-
densations rather than using two moles of lactate to propionate
per mole of acetate, then it would probably try to take ad-
vantage of the improved energetics. This is most likely to occur
when the cells are limited by the carbon source and have be-

come energy limited.
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FIGURE II.A.3

BRANCHED CATABOLIC PATHWAY FOR GLUCOSE AND LACTATE FERMENTATION

BY M.elsdenii
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" These results suggest that with M. elsdenii,
it may be necessary to use non-carbon limiting conditions
(e.g. N-or POZ orS-limited growth), and high pH (around
7-7.5) to maximize the flow of carbon through the lactie=
acrylate-propionate pathway.

One problem that has occurred is repeated con-
tamination by a motil, rod shaped organism. Since very few
anaerobes will ferment lactate, it is possible that the con-
taminate is growing.on the amino acids in the medium. For
this reason, as well as the need to reduce the cost of the
medium, we need to develop a simpler medium with few if any
amino acids.

d. Future Work

® Grow M. elsdenii under P-, N-, and S-limited
conditions to enhance acid production at con-
trolled pH values of 7.0 or above.

® Develop a simpler medium to reduce the fermenta-
tion cost and minimize the possibilities of con-
tamination. - |

® Examine the use of resting cells to effect the
dehydration of lactic acid to acrylic acid.

3. Fermentation by Clostridium propionicum

a. Introduction

C. propionicum will ferment a restriced group of

' compounds to propionic acid and acetate as discussed in the pro-
gress report for Dec. 1, 1976 to Feb. 28, 1977. These include
" alanine, pyruvate and lactate. Interestingly, C. propionicum

will not grow on lactate but will ferment it to propionate and
ééetate as the sole products in the ratio 2:1 respectively.
These fermentations occur through acrylate as an intermediate. -
Because it is a "cleaner" system, not‘giving C;I-C6 acids, we

have choosen to look at this organism in more detail. During.
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the past period, we have sought to develop cell-free extract
systems that will convert lactate to propionate and acetate;
‘these systems can then be used to screea for chemical block-
ing agents that will prevent acrylate reduction to propionate.
Furthermore, an understanding of the kinetics from these cell-
free systems c¢an then be used to better direct the fermentation
through enviromental control.
b. Materials and Methods
Cell-free extracts prepared by sonic oscilla-

tion did not show any fermentation activity for acid pro-
duction. For this reason other methods for cell lysis were
empldyed. The combination of lysozyme and EDTA, and glass
beads showed good activity for acid production. These tech-
niques are relatively mild and one can maintain anaerobiosis
during cell-free extract preparation. Cells were grown in
alanine (0.8%) medium (see previous program report for details)
for 2 days at 37°C in a water bath (125“rpm) and then harvested
by centrifugation. They were washed twice with a 0.03% Nazs
and then. frozen as a pellet under N2 at 520°C. Frozen cells
are resuspended in buffer (10 mM Tris, pH 7.5, 10 mM MgClz,

75 mM EDTA) to give 1 g wet cells/5 ml buffer. Lysozyme
(2 mg/ml) is added to the cell suspension and stirred at 0°¢
for 30 min and the temperature is then raised to 30°% for 35
min. Glass beads (~100 u) are added to the mixture and vortexed
at moderate speed. We checked cell breakage under the phase
contract microscope and almost 100% of the cells, but. not the
spores are broken with the first vortex. These suspensions
are centrifuged at 18,000 g for 15 min and the supernatant
fluid (greenish yellow) is transferred to a tube under N,.
Extracts are stored at -20°C.

_ Neither method, lysozyme plus EDTA or glass

beads plus vortex give quick cell lysis but the combination

of both methods gave us good results.
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c. Results and Discussion

To test the retention of acid forming ability
of cell extracts, we compared crude and cell-free extracts for
their ability to convert lactate to acetate and proplonate.
The reaction mlxture (1 ml) contalned

potassium phosphate buffer 0.1 M, pH 7.5

“lactate : 20 mM
acetyl-coA 0.2mM
acetyl-P 10 mM
methylene blue (except
control) 0.02%
MgCL2 5.5mN
DTT (4 1thlobhn=~ol) - 10 mM
“extracts « 9.9 mg protein in crude/ml

5.3 mg protein in cell-free/ml

The extracts were incubated at 37°C with stiring and 100
samples were drawn by syringe at 5, 10, 15, 20, 25, 30 and
- 40 min into a tube containing 20 uL of 50% HZSO4 in order

to stop the reaction. Samples were kept frozen until extracted
for fatty acids _

Both crude broken cells preparation and cell-
free extracts showed good activities on acetate and proprionate
production. These extracts could be frozen and stored quite
well with a retention of 95% of the initial activity.

Using this system, we'proceeded to examine a
variety of electron acceptors as substitutes for acrylate.

In these experiments DTT was not added since it acts as a
redﬁcing agent. The following were added to the cell-free
extracts.

potassium ferricyanide

2,6 - dichloro-indo-phenol (Na salt) .

2,3,5 - triphenyl-tetrazolium chloride (TTC)

phenazine methosulphate

methylene blue

NAD
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Acrvlate was not detected in-any of reaction mixtures. The
Electron acceptors seem to stimulate the initial rate of
écetate préduction compared with controls which did not con-
tain any electron acceptors. This is seen in a typical kinetic
profile shown in Figure II.A.4 in which 2, 3, 5 —tfiphenyl—
tetrazolium chloride was added to the cell-free extract.
Propionic acid production was relatively unaffected. The elec-
tron acceptors which are dyes did show a color change as the
reaction proceeded indicating that they were active. The

. problem may lie with the need to uncouple acrylate from its
coenzyme A thioester. This will be tried in subsequent work.
In summary, cell-free extracts did show propionic acid pro-
duction, which is derived from lactate via acrylyl-CoA.
Electron acceptors, however, did not shut off the reaction for
acrylyl-Coa-— propionyl-CoA.

d. Future Work

) Ihhibitors of acetate production will be
added in addition to electron acceptors

o Labeled (Cl4)'1actate and cold acrylate.
will be added to the extract and per-
meabilized cells to detect the production
and release of labeled acrylate. This
system will provide a basis for initial
optimization of acrylate production.

o Immobilized cells will be tried to effect
“the dehydration of lactate.

4. The Production of Lactic Acid From Soluble Sugars

a. Introductian

As discussed above, there are a number of alter-
native approaches to the production of acrylic acid by fermen-
tation. One of these approaches utilizes the organism |
Clostridium propionicum, which will anaerobically ferment

lactate to propionic acid via the acrylic pathway. This or-

ganism has a number of advantages; one major advantage is
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that its' pathway of fermentation is much simpler than other
organisms examined. However, in order to effectively use
this organism, one needs to convert glucose or other soluble
sugars to lactiec acid. This can be done in essentially
quantitative conversion yields to obtain 1 gram of lactic
acid per gram of starting glucose. The homo-fermentative
lactobaci™i will generate two moles of lactic acid per mole
of glucose and the achievement of 95% of theoretical con-
version yield is common. ‘

With this rationale in mind, we proceeded to
explore the production of lactic acid from glucose. Since
our biological pretreatment of cellulose to give us soluble
sugars occurs at_thé thermophilic temperatures, we are

particularly interested in the Lactobacillus species which

grow at elevated temperatures, e.q. 45°C or above.

The objectives of this phase of our program
are: (1) to study important variables in the lactic acid
fermentation in order to achieve maximal conversion yields to
lactic acid and a rapid rate; (2) evaluation of resting cells

of lLactobacillus species for conversion of reduecing sugars
tqmlactic acid; (3) ultimately couple the cellulasé B
hydrolysis process with lactic acid production for eventual
conversion to acrylic acid; and (4) evaluate cell recycle in
order to obtain high rate of lactic acid production as well as
. high concentrations of lactic acid.

b. Materials and Methods

(1) Microorganism: Several strains of

lactobacﬂli were examined for their ability to rapidly pro-

duce lactic acid. These are Lactobacillus delbrueckii ATTC 9649,
ATCC 1744, NRRL-B-445, and L. bulgaricus ATCC-~11834.

Particular emphasis is given to Lactobacillus delbrueckii
NRRL-B-445, ‘

CZ{ Growth Medium: The mediﬁm used for the growth of

all of the lactobacilli is shown in Table II.A.2.



-53-

TABLE II.A.2

INGREDIENT ' CONCENTRATION (GM/%)

"Trypticase "10.1
Yeast Extract . 5.0
Tryptose ' 3.0
Glucose | 60.0
Cysteine 0.2 : ‘
KZHPO4 3.0
KH,PO, 3.0

(NH4) 3 Citrate | 2.0

Tween 80 1.0 ml.
Sodium Acetate 1.0 gm/2
Salt Solution 5.0 ml
Water | 1.0 %
MgSO, 7H,0 , 11.5 gm
FeSO, 7H,0 ' 0.68 gm
MnSOA 2H20 : 2.4

HZO“ A 100.0 ml

(3) Inoculum Preparation4 The cultures were stored

6h’h§er slants. Inoculum was prepared by the addltlon of 0.1 ml of
cell suspension 1nto a Hungate tube under anaerobic condltlons.
These tubes were 1ncubated at 45°C for 15 hours. This provided

an inoculum for flasks or fermentors.
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(4) Fermentation: A bench scale fermentor (5

liters) was used in this work. pH and temperature were controlledi

(5) Resting Cell Expneriments: For study on

resting cells, the ¢ells weré separated-from the fermentation broth
by centrifugation and suspendéd in glucose-buffer solutions.

_ (6) Assays: Glucose was measured by the Glucostat
procedure (Worthington-Biochemicals Corporation).» Lactic acid was
determined by either lactate dehydrogenase or gas chromatography.

Cell density was measured by turbidity or dry cell weight.

¢. Results and Discussion

" Bvaluation of Lactobacillus Species

Shown in Table II.A. 3 is a summary of avialable kinetic

data for several Lactobacilli.
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TABLE II.A.3

Optimum Carbon Yield Sp. Growth Maximum

4 Microorganism Temperature Source gm Lactic Rate Productivity (log Phas
(°c) (gm subst.) (1/hx) (gm lactic/%<hr)

L.delbrueckii 48 Glucose 0.95 0.4 6.5
ATCC-9648

L.delbrueckii 48 Glucose - - -
ATCC-1744 or Cellobiose

L.delbrueckii 48 Glucose 0.95 0.48 . 7.5
NRRIL~-B~445

L.bulgaricus 45 Glucose 0.90 0.30 . 6.25
ATCC-11834 -

It is interesting to note the relatively high optimum temperatures

for growth, as well as high volumetric productivities for lactic

acid that are observed for these 6rganisms. These strains were initially
evaluated for growth and carbon conversion using medium ‘described

above at 45°C for 28 hours. The results are shown in Fig. II.A.S.

From these results, wé obtained the best carbon utilization from

L. delbrueckii NRRL-B445. As a consequence, subsequent work is

done pfimarily with this organism.

The kinetic profile for this organism, showing growth, pH
changes, glucose consumption and iactic acid production, are shown
in Fig.iIImA.G and II.A.7. It4is apparent that, when the PH falls
to a value near 4, growth and lactic acid production cease. In
this particular experiment, roughly 30 grams per liter of lactic
acid were produced. As shown by the data in Table II;A.Q, the

conversion yield to lactic acid was approximately 93%. Also in
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TABLE II.A.4

Initial Final Specific - Volumetric
Strain Glucose Age Klett Growth Rate Productivity Conversion
Mmax 9 max ' gm lactic
(gm/1) (hrs). -(K.U) (1/hr) (gm/1-hr) gm glucose consum.
NRRL-B-445 50.0 3.0 6.50 0.35 4.65 0.925
ATCC-11842 50.0 3.0 6.30 0.34 4.88 0.91
T Final Sp. prod.
Strain D Cell Conc formation -
(hrs) (gm/1) gm lactic
_ gm cell-hr
NRRL-B445 1.98 1.74 4.35
ATCC-11842 2.01 1.68 4.54

-69-
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Table II.A.4, this organism is compared with L. bulgaricus ATCC-

11842,
We are also interested in the ability of this organism to
use carbon sources other than glucose. 1In particular, cellobiose

is particularly important since C. thermocellum produces a signi-

ficant amount of cellobiose as an end product of hydrolysis. A
comparison of growth of several organisms on cellobiose is shown
in Table II.A.5. This experiment was run at 45°C for 24 hours.

All strains were able to use cellobiose; however, L. delbrueckii

NRRL-B445 had the highest growth. Lactic acid production from
~glucose and cellobiose is very close. . This is shown in Table

.1I.A.6, where conversion yields on glucose are shown to be 92%
and on cellobiose 89%.

Having demonstrated the ability of L. delbrueckii to utilize

both glucose and cellobiose, the next step is to evaluate its per-
formance on a mixture of reducing sugars resulting from cellobiose

hydrolysis via cellulases from C. thermocellum. A hydrolysis mix-

ture was prepared from sulka floc as described in an earlier section
on the production of soluble sugars during fermentation of this
organism. The resulting broth contained 4.9 grams per liter of
reducing sugars expressed as units of glucose. This was concentrated
four times to give a value of 19.8 grams per liter of reducing sugars.
This concentrate was then added to fermentation media to give a
variety of concentrations of sugars from 0.5 to 8 grams per liter.

The broth was inoculated with L. delbrueckii NRRL-B445 and growth

and lactic acid production were monitored. Shown in Fig. II.A.8

are the results of this experiment. We can see that there was
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TABLE II.A.5

Initial Cellobiose

or . Growth
Strain " Initial Glucose ‘Glucose Cellobiose
’ (gm/1) ' K.U K.U
L. delbrueckii 30.0 425 410
NRRL-B445 ‘ :
L. bulgaricus ~30.00 440 ' 325
ATCC-11842 4
L. delbrueckii 30.0 - 380 175

ATCC-94649



TABLE IT.A.6

Results from L. delbrueckii at 45°C for 24 hr.

Carbon Final Cell Conc.

Source gm/1
Glucose 1.92
Cellobiose 1.84

Lactic Residual Conversion Sp. Growth
pH Acid Glucose gm Lactic Acid Rate (1/hr)
(gm/1) (gm/1) gm carbohydrate
3.65.  29.60 10.00 0.915 0.40
3.83 28.10 0.890 0.30

19.5

—-zg-
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essentially quantitafive conversion of the reducing sugars to
‘lactic_acid. The calculated conversioniyields range from 95%
toA107%. From these results, we can see that i£ is possible to
rapidly produce lactic acid from not only sugar solutions of

glucose and cellobiose, but also quantitatively from reducing

sugars produced by the hydrolysis of cellulose with C. thermocellum.
The kinetics of lactic acid production in this experiment, alone

- with a control having no added carbon source, are shown in

Fig. II.A.9.

As noted earlier, the production of lactic acid in a fermenta-
tion with uncontrolled §H ceased when the pH fell to a value of 4.
To examine the benefits of controlling pH, a fermentation was run
and controlled at pH 5.5. The results of this experiment are éhown'
in Fig. II.A.10. One can see that the residual glucose concentra-
tion was reduced mﬁch further and lactic acid accumulation reached
55 grams per liter in 20 hours. The overall conversion yiéld in
this-experiment was 92%, and the maximum productivity that occurred
during the fermentation reached 4.5 grams of lactic acid pér liter
per hour. The average productivity during exponential growth was
approximately 3.6 grams éf lactic acid per liter per hour, with a
specific‘grdwth'rate of 0.4 gm acid/gm cell-hr.

It is well known that lactic acid production has both a growtﬁ
associated and non-growth assoéiéted component. Using the model
shown in Equation 1, we can plot the specific productiQity versus
the specific growth rate as shown in Fig. II.A.ll. In this equation
d is lactic acid acid concentration, t is time, p is the specific

growth rate, x is the cell concentration and aand B are growth and
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non-growth associated terms, respectively:
A

%% = quX + BX ' . (1)

When thié is done for the data shown in Figqg, I.A.lo; we can see

that the growth associatéd term with a slope a is 4.91. The value

of the intercept is equal to 0.751. Thus, while most of the lactic .
acid prodﬁction is gfowth associated, there is significant non-growﬁh
associated component. This suggests that one could use réSfing4celis
of lactobacilli in order to effect lactic acid préduction. ‘Such an:
experiment was run, cells were grown in their normal mediuﬁ, after |
growth tﬁe cells were harvested by céntrifugation and resuspended

in buffér with an initial glucose concentration of 37 grams per
liter. This system was évaluated.under both batch and continuous
flow conditiohs. The results are shown in Fig. II.A.12. Under
batch conditions, one can see theé accumulation of lactic acid at

the expense of glucose. 1In the céntinuous flow mode, a dilution rate

1 . .
was maintained.

of 0.08 h”
A summary of the kiﬁetic data for both batch and continuous
operatioh is given in Table II.A.7. During batch operation, a
conversion yield of 98% was achieved with a prbductiVity of 1.48
grams of lacticvacid per liter per hour. During céntinupus opera-
tion, the conversion yield was between 96 and 99%. As ‘can be saen
we evaluated both the use of sodium hydroxide and calcium hydroxide:
as a neutralizing agent in thiS'bioconVérsidh.' The volumetric '
productivity ranged from 0.6 to 1.1 grams of lactic acid per liter

per hour. However, it is more siqnificant to compare the specific

productivity in both the batch and continuous system. From the
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TABLE II.A.7

LACTIC ACID PRODUCTION BY RESTING CELLS IN BATCH MODE

Conversion

. Glucose Productivity Sp. Productivity
Run Time Cells Lactic Ac. Used (gm Lactic) (gm Lactic) (am Lactic)
N (HRS) {(gm/1) (gm/1) (gm/1) gm Glu L-hr gm cell
1 5 10.3 7.4 7.5 0.98 1.48 0.141
LACTIC ACID PRODUCTION BY. RESTING CELLS IN CONTINUOUS MODE
] Initial .
Run Time Cells Lactic Add Glucose Dil. Rate Conversion Productivity .Sp. Product.
N (HRS) (gm/1) (gm/1) (gm/1) (1/HR) gm Lactic gm Lactic ‘gm Lactic
gm glucose 1-hr gm-cell
30 3.0 7.5 37 0.08 0.99 0.60 0.20
8 10.3 10.3 30 0.10 0.96 1.10 0.11

Same batch of cells using NaOH, 20% as pH control agent.
on cell capacity for Lactic acid accumulation.

cells.

*

NaOH showed a negative effect

Used Ca(OH)., as neutralizing agent. Specific productivity is better in cells that:

used NaOH.

Shown in batch fermentation and resting

i
~
o

I
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results, we see that valuesof 0.11 to 0.2 grams of lactic acid
per gram of cell per hour were obtained under both batch and
continucus operation. It is important to note that operation of
the resting cell system was maintained for approximately 60 hours
with no significant loss in lactic acid production ability.

In conclusion, we have shown that it is possible to obtain

quantitative conversion of carbohydrates to lactic acid at 45°C

ﬁsing L. delbrueckii. Experiments using defined carbohydrates,

as well as reducing sugars from cellulose hydrolysis were equally
effective. The production of lactic acid is described by a growth
model using a growth associated and non-growth associated component.
Using resting cell experiments, we have been able to achieve results
with volumetric rate-of 1.5 grams of lactic acid per liter per
‘hour. This value and the conditions are cértainly not optimal and
will require further work. However, results on the stability

of the system are quite encouraging and one might expect long-term
performance to permit the continued achievement of conversion yields
approachihg 1.0. In batch fermentation, concentrations of lactic

acid approaching 60 grams per liter were obtained.

d. Future Work

The effect of important fermentation parameters in varticular,
temperature, pH, ionic strength will be examined on lactic

acid pfoduction from cellulose hydrolysates.

The resting cell system for lactic acid production will be
examined in more detail with efforts to optimize operating

conditions, i.e. with respect to temperature, pH, etc. and
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maximize the specific productivity of lactic acid produc-

tion.

The resting cell system will be evaluated with both cellu-
lose hydrolysis as well as combined with the fermentation

of cellulose by'g. thermocellum to attempt to get rapid

conversion of soluble reducing sugars to lactic acid during

the fermentation of cellulose.

The longer term objective is to combine the productlon of

¥

lactic acid with its fermentation u51ng Clostrldlum proolonl-

" cum for acrylic acid production.
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5. BAerobic Oxidation of Propionic Acid to Acrvlic

Acid

‘a, Introduction

It has been reported in the 1iter§ture
that a number of organisms have the ability to aerobic-
ally oxidize propionic acid via the propionyl-CoA de-
rivative to acrylyl-CoA. Organisms utilizing this path-

PR

way include Escherichia coli and Pseudomonas aeruginosa.

Acrylic acid in these organisms exist, like in the-obligate
anaerobes, in the form of the CoA-thiocester and it is a
normal route for the degradation of propionate to acetate.
In this pathway, it is important to convert propionate to
propionyl CoA; ‘this requires oné mole of ATP. However,
the oxidation of priopionyl-CoA to acrylyl-CoA results

in the formation of a reduced nucleotide

which, through the electron transport chain, will give

more than sufficient ATP for the activation of propionate.

Our objective is to utilize aerobic organisms having this

pathway to effect the oxidation of propionate'to acrylate
followed by the subsequent release of acrylic acid. Since
this is a one-step bioconversion, there is the possibility_
of using not only growing cells, but also resting cell
suspensions. For this purpose, it would be desirable to

isolate organisms able to oxidize propionate and then
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select the mutants unable to further consume acrylate.
Such organisms are likely to be blocked between pro-
plonate and acrylate. 1In this phase of our efforts, we
have begun to. 1solate aerobic organlsms able to oxidize

propionate -and acrylate.

(b) Materials and Methods

Mlcroorganlsms were isolated from 5011
Tby 1ncubatlon in growth medium’ contalnlng prohlonatedor
acrylate as the sole carbon source. The medium was a~
mlneral salts synthetlc medlum with 0.15 gram of yeast
'extract/llter. When growth was observed, the cultures
were plated on agar plates contalnlng proplonate or

c*ylate. Those organlsms with an ability to use both

of these acids were selected for further study
(c) VResults

There was only one organlsm capable of
ut11121ng both proplonate and acrylate 1solated (530 40,

a yeast). Organlsms capable of grow1ng on oroolonate only

are:
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530-10 - yellow colony, gram neg. cocci

530<11 - gray-green colonies, gram neg.

rod
530-50 - gray colonies, gram positive, in
.~ . Dbetween cocci and bacilli
530-30 - gray colonies, gram neg. rods

530-601- small gray colonies, cocci‘

526-481; red colonies, cocci

In addition, various mycelial organisms capable of growing on
both propionate and acrylate weré'isolated. ‘Initial .studies,
however, have not used these organisms.
Microorganisms‘iéolated for'theif abilitv to use acrylate
are likely to have acryléte as an intérmeaiate in a metabolic
path@ay. However, organisms that will grow only on propionaté
may or may not involve aérylate.as an intermediate. _Thé fact
that these 6rgaﬁisms.db nﬁt use aq:yiéte cbuld‘resﬁlt from
acrylate'toxicity“or fﬁe lackvof a transpprt system to take
it into the céli. We examined the ability‘of the seven iso-
lates notéd above to gqu.in media containihg propiohate alone
or propionate plus écfylate with the intent ofvseeking cooxi-
dation. :§ropionate alone was addéd in a concentration of 4
grams per'liter and mixtures of propionate and écrylate con-
tained 2-grams éer liter of each. Results Shown in Fig. II.2.13
for tiwo of theée organisms are typical of the entire groﬁp.
The‘organism 530-10 is a gram negativé cocci. One can see
that, in.the presehce of pfopionate aléhe,‘it.grows guite

rapidly reaching a final cell density at'approximafgly 12 hours.
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o____\5030-20 (proﬁionate)
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€ig. 11.A.13: Growth of soil isolates on propionate and propionate plus

acrylate as the sole carbon sources.
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When propion;te and acrylate are both present, the cell density
is less than half of the previéus growth curve, indicating that
acrylate is probably not metabolized and it may express some
toxicity. A similar phenomena is noted for organism 530-20
but, in this case, one can see that the toxicity of acrylate
appeared to be even more severe. In some cases, fhe addition of
acrylate is completely inhibitory to growth,

The most promising isolate and one which will be examined
in detail is 4 yeast, isolate 530-40. A growth curve for this
organism is shown in Fig. II.A.14. These results were obtained
af 30° using 100 ml of medium in a 500 ml shaken flask. When
the organism is grown in the presence of both acrvlate and
propionate, its growth rate and final cell density is inter-
mediate between growth dﬁ‘propionate or acrylate'alone.' In
all cases, there appears to be diauxic growth. The two phases
of.growth aépear to coincide with the same point at which the
cells run out of some nutrient in yeast extract. This organism
appears to use acrylate almost»as well as propionate and, as a
éonsequence, we feel is an attractive organism with which to
explore the aerobic oxidation of propionate to acryléte. In
addition, there have been discussed in the literature a number
Qf organisms which have acrylyl-CoA as an intermediate in the
aerobic oxidation of propionate. We will proceed to examine
some of these systems as well.

d. Future Work

i. An examination of growing and resting cells of yeast

culture 530-40 on pfopionate to achieve the bioconversion of

propionate to acrylate.
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Fig. '1.A.1h: Growth of a yeast isolate 530-40 on propionate and acrylate.
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ii. The examination of cell-free extracts of the
yeast isolate 530-40 for its ability to oxidize propionate.

iii. The examination of appropriate strains of E. coli

and Pseudomonas aeruginosa known to aerobically degrade pro-

pionate for their ability to produce acrvlate both as resting
cells and in cell~-free e#tracts.

iv. The optimization of conditions by these cultures for
the aerobic oxidation of propionate.

v. The isolation of mutants which are able to oxidize
but not grow on propionate or acrylate, but are able to grow
on lactate which is the step immediately beyond acrylate in the

propionate degradative pathway.
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B. ACETONE-n-BUTANOL FERMENTATION
1., Introduction
Continuing efforts are being made to study the batch cul-

ture growth kinetics of Clostridium écetobutylicum in soluble

medium. The soluble medium used has been reported in the previous
progress report (3/1/77 - 5/31/77). It contains glucose, yeast
extract, asparagine and salts. The purpose of this study is to
clarify the relatioﬁship between the growth of the culture énd
product formation. Fermentation runs were made with minimal en-
virormental manipulation. The results of these runs will serve as
a base for further studies and as a guide for further experiments.

Initial studies in batch culture have also been started to
detefmine effects of initial pH, butanol, butyric acid and aceto-
pyruvate (an acetoacetate analog) on the fermentation.

At the same time, a different aspect of research was initiated.

Attempts to immobilize whole cells of Cl. acetobutylicum were made.

A polymer, poly (acrylamide~co-N-acryloxysuccinimide) or PAN, with
free ester groups were used for the imnobilization. Gel formation

was accomplished by using the cells with a a, w-diamine as a cross-
linking agent (C.L.A.). The cells will be covalently bonded to

the polymer by the C.L.A. This immobilization technique was developed
by a group in the Chemistry Department at M.I.T. This  technique has
been demonstrated to be successful in immobilizing a wide variety
of'enzymes (1). However, immobilization of whole cells with this
technique have not been reported. OCur attemnt was an explorational

trial. The advantages of this technique are ‘that the reaction is



-81~

not exothermic and no free radicals are involved. By immobilizing
the whole cells, the productivity of solvents per unit cell mass
may be increased; and the stability of the whole cell may also be

increased,

2. Materials and Methods

a. Microorganisms: As reported in the previous report, Cl.

acetobutvlicum strain ATCC 824 was determined to be the high-oroducer

of solvent when growing in corn mash. Therefore strain ATCC 824 war

chosen for further studies. o

b. Media; See previous quarterly reports.
c: Inoculation proceduré: See previous quarterly reports.
d: Methods of analysis: See previous quarterly reports.
e: Fermentation of soluble medium: Three
batches of soluble medium were prepared, each containing approxi-
mately 2.0, 3.0 and 10.0 g/1 glucose.

In the experiments involving additions such as butanol, butyric
acid and acetopyruvate, sterilization was carried out separately and
the component was added prior to inoculation. Ph was adjusted using
HCl prior to sterilization. These media were dispensed into three
series of Huntgate tubes. These tubes were then inoculated with
1% 24 hours old culture growing in solublé medium. Duplicate tubes
from each series were harvested at inte;vals of time. After the
turbidity and pH measurements, the cells were spun down by centri-
fugation. ' The supernatant was frozen. At the end of the run, the
samples were thawed and analvzed at the same time for residual glu-~

cose and accumulated products.
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f. Immobilization of whoie cells of Clostridium acetobutylicum:
Strain ATCC 824 was grown in soiuple medium with 20 g/l - glucose
for 24 hours., The cell mass was about 1.g/1 dry cell weight. The
éells weré harvested by centrifugation. Thef were washed once with
0.01 M phosphate buffer at pH 6.0. The buffer also contained 0.1 M
glucose as a stabilizing agen€, and 1lmM dithiothreitol, DTT, to
maintain an oxygen free enviroﬁment; The pellet was then resuspended
in the same buffer to a'concentratioh of about .500 mg dry cell
wéight/ml.

The immobilizafion wés performed_inla 3-dram (about 12 ml in
volume) vial,”whiéh can be caﬁpedfwith a Hﬁntgate tube serum stopper
and screw cap; Thevreacéion'was ca%ried éut”under nitrogen. To
immobilize the Wholé.cells, 220 mg. of polymer PAN was weighed out
in the vial. Seven-tenths.of a miliimeter'of 0.3M phosphate buffer
containing 0.1 M glucose and 0.1 liDTT at pH 7.5 was added.

Mixing was achieved by using a‘maénetic stirier.' After two minutes
of mixing, 80 microliters of the crossflinking agent, 0.5 M tri-
ethylinetetranine was éddéd. One-tenth of a millimeter of cell
suspension was then added at about 20 seconds after the cross-linking
agent was added. The gel point was noted when the magentic stirrer
slowed down suddenly and all the liquid in the vial disappeared..
Three minutes after iheigel point, the gel waé suspended in 5 ml of
suspending solution. The vial was sparged With‘nitrogen before it
was capped. Incubation was at 37°C. Saméles'were.taken-frbm the
vial using a 1 ml syringe through the serum étopper.

The suspeﬁdihg solutions used for the gel are listed in Table

II.B.1.
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TABLE 11.8B.1: :Su§pending Solutions For The fmmobilization
o 0f Clostridium Acetobutylicum. -

Concentration Of Combonents (Molar)

Solution. Phosphate Glucoge Acetate Cystéine - PH.
R 0.1 0.10 .- . 0.008 6.0
2 0.1 . 1 0.25 o ‘ 0.008 6.0
3 0.1 _— 0.1 0.008 6.0,

4 - A - L0 0&908-;::«, 5.0

5 - 0.25 NO.?, ‘ 0.908 ~bo
6 - 0.25 0.1 0.008 © 5.0

7 Soluble medium with 5000 units of penicillin /6.2 ml,
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3. Results and Discussion

a. Fermentation: The fermentations with 2.0 g/1 and 3.4 g/1
initial glucose concentration are very similar (Fig. II.B.1, II.B.2).
Cell growth occurs in the first twenty hours. All the glucose is de-
pletea in that period. The butyric acid production follows closely
with the cell growth. This is reflected by the rapid drop of pH
in the first 20 hours. The amounts of n-~butanol, acetonevand ethanol
accumulated are small compared to the accumulation of butyric acid.
The concentration of n-butanol in both cases is about 0.2 g/l.
Acetone and etﬁanol concentrations are below 0.1 g/1l. 1In the fer-
mentation with initial glucose concentration equal to 10 g/l, a
‘marked difference is noted after the first twenty hours (Fig. II.B.3). The
cell growth continues until the A0th hour. The pH value drops rapidly
in the first twenty hours and remains as such for the?remainder of
the run. However, the amount of butyric acid keeps on increasing
until the 70th hour when the glucose is near complete depletion.
The n-butanol concentration reacﬁes 0.2 g/1 at the 20th hour. This
is the same as the other two fermentations. ’Then the céncentration
starts going up to about 1.2 g/1780 hours later. Acetone accumula-
tion remains low at about 0.1 g/1 throughout the run.. The differ-
ences between this run and tbe other two runs are the accumulation of
n-butanol and the concentration of the residual glucose along the
course of the fermentation. In the fermentation when the initial
glucose concentrations are low, the culture consumes the glucose
for growth. Butyric acid is formed as a result of the growth.
Glucose is consumed before the mechanism for éonverting butvric acid
to n-butanol is being triggered. However, in the fermentation

which has high initial glucose concentration, there is excess glu-
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cose when such mechanism is switched on. The excess glucose sup-
plies reducing power for the conversion of butyric acid to n-
butanol. 'The control of such mechanism is not known. There
cpuld be several possibilities. The enzyme system for such con-
version may be induced by the presence of butyrate, It is also
possible fhat such'enzyme systems may be repressed or inhibited
by metabolites from glucose along the pathway. Moreover, the
reaction may_be set off by an eéuilibrium relatiOnShip between
‘the butyrate aﬁd n-bugénol,”thus a presence of exéegs”butYrate
will drive the reaction to form n-butanol. These postulates could
explain the fermentation patterﬂé} but further research have to
_be done for copfirmation as to which one is correct. However,
the conclusions that can be drawn from these studies are that the

fermentation is slowed down by the accumulation of acids or by the

low pH environment. Also the results-:confirmed what was reported
in tﬁe last'progresé feport that the bottle neck in the fermentation
is the conversion of acids to solvents.

b. Effect of Initial pH: Initial pH has no effect on fin51
solvént yields even though.final-pH varies slightly {(Table: 11.B.2). The
variation in pH may not be significant since they all 1lie kelow the
pK of butyric acid.

c. Butanol Toxicity: Growth inhibition by butanol falls in
the range of 1.6 - 2.4% (W/V) (Table 11.B.3). The maximum tolerance
will have to be determined more accuately as the basis for further
work on development of high tole;ance strains. These strains are
necessary to increase prqductiviﬁy and ease of butanol recovery.

GC data which will be obtaiﬁed will‘show if there is any sig-
nificant effect on butanol production énd may be able to test the

hypothesis that butanol inhibits its own synthesis.
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TABLE 11.B.3 Butanol Toxicity

gButanol (w/v) 0Dgan S pH
0 1.1;0.73 - 3.7,3.81.
1.6 0.95;0.64 b.7,4.2
2.4 -
3.2 -
4.0 -
h.9 -

To jO m! of CAS soluble medium is added 1%

inoculum'and butanol. Incubation is at 37 C.

Broth was clarified by centrifugation at 10K fori5'.

Supernatgnt was frozen at -20 C until GC performed.



d. Growth Inhibition by Acétopyruvate (AP) : Growth inhibi-
tion is complete at 5mM acetopyruvate, - Since at lower
concentrations of AP acetone is still prodﬁced, it appears. that the
primary block by AP is not acetone production.

At lower concentrations of AP the amount of butanol produced is
significantly increased (Table I1I.B.4). AP must have some effect on the
regulation of butanol dehydrogenase probably by changing the level of
its regulators. AP may inhibit reduction of acetoacetate to butyrate
or aéetoacetate formation from acetate. An increase in NADH, acetyl CoA
or other metabolites may induce or derepress the dehyrogenase system.
Currently,.éxperiments have been performed to see if the effect is a
kinetic one which increases butanol productivity (i.e. butanol is
made early in fermentation) or one of duration (i.e. butanol continues
to be made for longer periods of time).

e. Immobilization of Whole Cells: After 50 hours of incubation,
samples were taken and analyzed. The résults of the immobilization

experiment are summarized in Table II.B.5.



TABLE I1. B.k4: Effect Of Acetopyruvate On Cl.Acetobutylicum Fermentation

ﬂil : ' | . Butanol
) . ‘ Butanol +
Acetopyruvate (mM) OD;,, Final pH Acetone EtOH Acetate Butanol Butyrate Butyrate Butyrate
0 ’ .97 3.9 .19 .07 1.2 1.1 1.3 '8>6 2.6
3.9 L .06 .88 .7 1.6 .o 2.3
1 1.0 4.3 .28 01 1.1 .ol 1.7 1.0 | 3.4
>1.7
1.2 k.16 .58 .19 1.5 - 3.0 1.2 2.5
.2 1.1 4,20 .35 .16 1.3 2.6 1.3 . 2.0 h.o
: ' >2.1 ’
I.1 L. 2 .24 .09 .76 2.0 .9 2.2 2.
.3 1.1 L. 2 Jhy .27 1.7 3.7 1.6 2.3 5.
, >2.6 v
1.05 L. 4 .45 .19 1.6 .5 1.2 .0 k.7
b 1 b.4 4o .2 1.8 .6 1.5 L 5.1
>2.2
.1 4.4 .39 17 1.5 3.1 1.5 2.1 L.6
.5 1.1 4.3 .28 Ak 1.5 2.6 1.8 1.4 4.4
’ >1.7
1.1 b.4 .23 .12 1.3 2.4 1.2 1. .6
6 1.2 L. 4 43 .18 1.5 3.0 .96 3.2 L.o
>3.0
1.1 4.3 .21 13 1.0

2.2 .76 2.9

Acetopyruvate is added in various amounts to CAS medium.
Medium is inoculated w/1% fresh culture of ATCC 824 and
inculated at 37 C for 2 days.



Table II.B.5. Results of Immobilization of C. acetobutvlicum with PAN.

Reactor tc(sec)a tg(s_ec)b

a.

cC,

0
1 20 65
2 20 15
3 10 70
4 15 120
5 20 105
6 20 - 55
7 20 57
8 20 57

tz: time between addition of cross linking and cells.
b. t,: time between addition of cells and gel formation.

réfer to Table II.D.1l.

suscending solu.€ " gas formation

1% cell suspension in soluble medium

7

A b WY

+

+ + + + +

pH

int.

6.2
6.2
6.0

6.0
6.0

6.2

5.0

4,0

5.0
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Gas-chromatogravh assays sﬁow that except for reactor 0 and 1,
the other reactors do not contain any products. -Reactor 0 is the
control showing that the cells are capable of growing and producing
solvents in the scluble medium. In reactor 1, there was trace amount
of acetone, 0.58 g/l of acetic acid and 0.42 g/l of butyric acid.
There is no n-butanol detected. The gas formed in the vial was not
determined, since technique for aﬁalyzing gas products has not béen
fully developed to date. |

The results, though mostlv negative, ao showvthat'the;immobiliza—
tion technique is a worthwhile avenue to be pursued. The formation
of gas in these vials shows that there is reaction going on in the
gel. The failure to detect prodﬁcts of interest may be due to mass
transfer limitation which was not dealt with in this experiment.
Future experiments will be designed to look at the immobilization with
crushed gel. Cells harvested ‘at different times during the fermen-
tation will be used. Alsb, different immobilization techniques will

be explored.

4, Future Research
Fermentation of ATCC 824 on soluble medium will be studied
further. Control of environment, such as pH control will be used.
Immobilization of whole cells will be further investigated as
mentioned in the discussion section. A more detailed analysis of the
effects of acetopyruvate on final yields of bu£anol will also be

explored.
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C. PRODUCTION OF ACETIC ACID BY FERMENTATION

"~1. INTRODUCTION

" Acetic acid production by Clostridium thermoaceticum

has beeh 'studied during the past quarter in order to delin-
eate the pertinent parameterslwhich will allow us to establish
the proper process conditions. The primary objective of these—
studies was to determine those conditions which will allow

us to maximize the rate of acetic acid production as well as

to attain high concentration of this product. From our pre-
liminary studies, the growth and acid production by this
organism appears to be a2ffected by the pH. This results

from the decrease in pPH during acid production. Defailed
studies on the‘effeét'of pH as well as other parameters on

the growth and acid production were performed.

2. MATERIALS & METHODS:

Growth Medium:

The medium is prepared in 3 parts

A glucose 18 grams

B NaHCO3 16.8 gms
KZHPO4 -7 "
KH, PO, 5.5 "

C Yeast Extract 5 gms
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Tryptone ; 5 gms

(NH4)ZSO4 "
MgSO, * 7H,0 0.25
CO(ND3)'6H20‘ .029
Nathioglycolate .5
Fe(NH,),(S0,)2- ‘20
6H20 '
NaMoO4-2H20 .12
Cacl, .016
Trace Salts -1 ml
Resazurin (.2%) 1 ml

Trace Salts in gm/1l

MnC12°4H2

.05; AlK(sO

0,5; NaSeO +172; H,BO,*0.1;

2773
'12H20, 0.1; Ni C1

3’

ZnCl *6H,0

4) 2
0, 0.01; EDTA, 5.

2I
0.02; CuClé‘ZH

2 2

2
The media is prepared using freshly boiled distilled.

water. A, B, and C are prepared separately. A is dissolved
in 150 ml H;0, B in 250 ml and C in 600 ml. The three parts

are autoclaved separated and CO., is bubbled through them as

2
they are allowed to cool. After cooling the three parts
are combined.

Agar Medium

To one liter of freshly boiled distilled water the

following are added:

Agar 20 granms
Yeas£ Extract 5 "
Tfyptohe 5 "
(NHA)ZSO4 1 "
MgSO4-7H20 0.5 "
0.5 "

Na-thioglyvcolate
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One ml of’0.2% Resazurin is added a§van indicator. The
agar medium is boiled until the red color of the dye has
disappeared, co, is bubbled through the medium during this
process. The agar is then transfered under coé to culture
tubes and allowed to solidify. It is stored at 4°C and

autoclaved just before it is to be used.

AGITATED FERMENTOR STUDIES:

Controlled pH studies can be readily performed in
laboratory scale agitated fermentors. In our studies a
5-1iter total volume New Brunswick fermentor was used con-
taining 3.5 liters of medium. pH was controlled with 10N

NaoOH.

3. RESULTS AND DISCUSSION:

a. Effect of glucose concentration

i

The effect of initial glucose concentration on

the growth and acetic acid production By Clostridium thermo-
aceticum‘ waé studied in shake flasks. The initial glucose
concentrations examined were 20, 40 and 100 gm/liter.. The
results of these studies are shown in Figures II.C.1, II.C.2
and II.C.3. It can be seen that the‘final cell concentra-

tion and final acetic acid concentration are essentially
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unaffected by the 1n1t1al glucose concentration. Howe§er,
the cessatlon of growth and a01d production appears to be
influenced by the pH One observes, for example, at the
three dlfferent 1n1t1al glucose concentrations the organ-
.1sms growth rate essentlally stops when the pH reached
6.4 to 6.8. Itvis interestihg toAnote that even‘thoﬁgh
thelgrowth stops[ aoetic’acia continues'to be produced;
However,‘when the pH decreased further to'about 5.6 to 5.8,
the organismAis unable'to continﬁe'prodhcing acetic acid.
These results strongly hlnt that the pH (H ooncehtration)
might be the prlmary parameter in controlling growth and
ac1d productlon. However, two other explanations must
also be oohsidered; one, is that acetate not pH is‘inhibiting

t

the production of cell mass and acetic acid by C. thermoaceticum.

The second, is that some nutrient other than glucose has been

depleted and is limiting cell growth and acid production.

b. Effect of sodium acetate on the growth of
Clostridium thermoaceticum

One possible method to overcome the .effect of
pH on the growth and product formation is through controlled
pH fermentation. 1In order to neutralize the acid form, an
alkali - such as NaOH might be employed. However, the effect
of the salt, sodium acetate, oh’growth'must be known. ‘ There-
fore a series of experiments were performed in tube cultures

where the concentration of sodium acetate was varied. .Shown
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in Figure II.C.4 are the growth kinetics of Clostridium

thermoacetlcum where the sodlum acetate concentratlon was

varled between 0 to 50 gm/llter. It can be seen that as
the sodium acetate concentratlon 1s 1ncreased there was

a notlceable lag before cell growth starts. Thls is reason-
able since the organlsm must adjust to a new env1ronment
when faced w1th 1ncrea51ng sodlum acetate concentratlon.
051ng the klnetlc data from Flgure TI C.4, the specific
growth rate of thls organlsm can be calculated. These |
results are shown in Flgure II.C. 5 It can be seen that
sodlum acetate has an 1nh1b1tory effect on the growth of
the organlsm At 100 gm/llter of sodlum acetate, no growth
‘was observed. Thls 1nh1b1tory effect onvgrowth appears to
be linearly'related to sodium acetate concentration.

' In order-to'delineate whfchAion (sodium or acetate)
ex1sts the 1nh1b1tory effect on growth, a series of exper-
iments were conducted where sodium chlorlde was added to
the medium. The growth kinetics when NaCl was varied bet-
ween 0 to 16 gm/liter are shown in Figure II.CSG. The
effect of NaCl on the specific growth rate is shown in
Figure II.C.7. "It should be mentioned that 25 gm/liter of
NaCl was also tested and total inhibition of growth was en-
r.countered. ‘At a first glance one might conclude from
~Figures II.C.5 and II.C.7.that the sodium ion might be the
.inhibitory substance. However, a more detailed examination

+ of these results does not support this conclusion. For
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example, at a sodium acetate concentration of 50 gm/liter
and sodium chloride at 16 gm/liter, the specific growth
rate was reduced to about 0.65 I'iour"l for both cases.
However, at this reduced growth rate the sodium ion con-
centrations are respectively 0.54 and 0.27 molar. It
therefore appears that the drastic reduction in the specific
growth rate as shown in Figure II.C.7 is a result of the
chloride ion. These results unfortunately still do no;
allow us to state whether the inhibition of growth (as.
shown in Figure II.C.5) is due to sodium or acetate. |

To further elucidate the role of sodium and acetate,
experiments were performed where potassium acetate was
added from 0 to 50 gm/liter. These results are shown in
.Figure II.C.8. It can be seen that at 50 gm/liter of potas-
sium acetate total growth inhibition was noted. Furthermoré;
a drastic reduction in the growth rate from 0.12 hour-% at
0 gm/liter potassium acetate to 0.04 hour_l at 25 gm/lite;
of potassium acetate was noted.. These results show théﬁ
potassium is more toxic than sodium in the growth of this
organism. Again these results can not be used to state the
exact role of sodiumxof ééetate on growth inhibition.  Studies
are in progress where this question can be clearly answered.

Using this data to interpret the results obtained from
the study of the effect of glucose conqeqtration (Section a),
we can observe from Figures II.C.1 - 3 that production of
cell mass and acid stopped at acetic acid concentrations
of about 10 and 12 g/l respectively. These. values repre-

sent approximately 14 and 16.5 g/1 sodium acetate and it is
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evident from Figure II.C. S that this level of acetate would
not. account . for the cessatlon of growth or productlon of
acid (inhibition of growth at 25 g/1 sodium acetate was

only 33%).

c. Effect of buffer capac1ty on growth and acid
production

It is conceivable that the results observed from
the study on the effect of glucose concentration (Section 4)
are the result of a nutrient limitation. 1In order to dif-
ferentiate between a nutritional effect and a pH effect a.
series of culture tubes were'prepared_such that only the.
concentration sodium bicarbonate wasAvaried.. The effect
of increasing the buffer strength is tomaintain the pH'with—
'1n a range acceptable to the organlsm for a longer perlod
of time. The results from this study are shown in Flgure;II.
C.9. It should also be;ncted that the final pH in all of
the culture tubes variea between 5.2fand 5.7. It can be
shown in FigureAI%;C:9 that there is a direct relationship
between the f;na;fcell mass and acetic acid concentration.
to the stren@énfof the buffer. These results give very
firm evidence?%hat the hydrogen ion concentration playé an
major role 1n regulatlng the growth and production of acetlc

RS ),

acid by C. thermoacetlcum.




0, D, 660 nm

FIGURE II C.9 - Relationship of sodium bicarbonate buffer on growth and
acetic acid production

1
ACETIC ACID EE; o
-+ Y 110
| CELL MASS
yk . L o 14
3F "’"-fffi 16
2 T4
- 1F 12
vl' 1 ’ ' 1 - . ' . B 0
20 50 100 | 200

SODIUM BICARBONATE COHCENTRATION (M) l

ACETIC ACID CONC. (am/L)

-LO'[-




-108-

d. Controlled pH Fermentation

A number of fermentations usiné pH control in

S-liter agitated fermentors have been performed. These
fermentations are generally performec using 3.5 literﬂwérkigg
volume. .Due to the increase in volume over tube cultﬁres
and shake flasks as well as continuous pH contfol, one is
able to obtain in more quantitétive fashion the kinetics
of this fermentation using such a system. A typical time
cause of this fermentation is shown in Figure II.C.10. The
pH was controlled at a value of 7.0 using 10 N NaOH. The
cell growth was shown at the start of the fermentation pre-
sumably because of the initial high glucose concentration
(55 gm/liter). Following an adjustment period of about
10 hours, the organisms achieved its maximum specific growth
rate of about 0.3 hour-l. The"glucose éonsumption appears
to increase steadily even though'the cells were not growing
substantially in the first 10 hours of fermentation. How-
ever, as the maximum growth rate was attained, the glucose
consumption paralleled that of growth.

Since the NaO4 addition to maintain constant pH can
be quantitatively measured, it offers an indirect method -
of estimating the acid production.- Shown in Figure II.C.1ll
is a relationship between amount of NaOH added to the glu-
cose consumed. From this plot one is able to calculate the
yield of acetic acid from glucose. A value of 0.83 gm acetic
acid per gm of glucose consumed was found.

From the kinetic data in Figure II.C.10, it is also pos-
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sible to calculate the specific rate of glucose cohsumption.
One can assume that this specific consumption rate is directlf
proportional to the specific‘acetic acid production rate.

When the specific rates are compared as shown in Figure II.C.
12, a very interesting and encouraging phenomenon is ob-
served. The results in this figure show that the production
of acetic acid occurs through both growth éssociatiOn and non-
growth association. This observation had been stated in our
first quarterly report (12/1/76-2/28/77). However, the re-
sults in Figure II.C.12 are more quantitative. For example,
the results show that at zero growth rate, the specific rate
of product formation is quite substantial (about 1/3 of max-
imum). These results are encouraging since the possibility
now exist where non-growing cells might be useable for the

production of this chemical.

4. FUTURE STUDIES

The future studies in the production of acetic
acid include:
® Increase the tolerance of the organism to H+
ion through mutation and selection

e Further assessment on the inhibitory effect of

acetate salt on growth

o Continuous culture studies using cell recycle to

increase productivity

© Examination of immobilized whole cells or

resting cells for acetic acid production
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6 Examination of the use of soluble sugars from

cellulose degradation for acetic acid production

e Complete the economic analysis for acetic acid

production by Clostridium thermoaceticum.
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