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SCOPE OF PROGRAM

This is a coordinated program to effect the micro-
biological degradation of cellulosic biomasses and will
focus on the use of anaerobic microorganisms which pos-.
sess cellulolytic enzymes. These studies will attempt
to increase the enzyme levels through genetics, mutation
-and strain selection. In addition, the direct convers=:
sion from cellulosic biomasses to liquid fuel (ethanol)’
and/or soluble sugars by the cellulolytic, anaerobic or-

ganism is also within the scope of this program. Process

and engineering scale-up, along with economic analyses,
will be performed throughout the course of the program.

The second area of our major effort is devoted to
the production of chemical feedstocks. In particular,
three fermentations have been identified for explora-
tion. These are: acrylic acid, acetone/butancl and
acetic acid. The main efforts in these fermentations
will address means for the reduction of the cost of man-<
ufacturing for these large volume chemicals.

b
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ABSTRACT

Studies concerning the 'cellobiase', or glucohydrolytic,
properties of Clostridium thermocellum have been started in
order to determine 1f the accumulating cellulose degrada-
tion end products can be enhanced for glucose (with a subse-
quent decrease in cellobiose and larger cellodextrins). In
non-pH-controlled cellobiose fermentations, glucose accumula-
tion is a non-growth associated event occurring when the pH of
the medium is low. When the pH of the medium is controlled,
~ however, no glucose accumulation occurs. Glucose accumulation
is both growth and non-growth associated in non-pH-controlled
cellulose fermentations. An implication of these preliminary
results is that the cells, or the enzyme(s) responsible for .
converting cellobiose to glucose, may be manipulated environ-
mentally to increase the final yield of glucose from cellulose.

The packed-bed cellulose fermentor continues to. show
promise using Clostridium thermocellum. Through the use of
nitrogen balances, cell growth can now be detérmined indirect-
ly. It has been found that C. thermocellum adsorbs tightly
onto cellulose and in the adsorbed state continues to degrade
cellulose and produce soluble sugars, ethanol and acetic acid.
Typical degradation of cellulose in the packed-bed fermentor
ranges from 60 to 70%. '

Detailed characterization of the new strain S-4 of
Clostridium thermocellum which has a higher tolerance to eth-
anol (5% V/V) has been perfqQrmed. It has been definitely shown
that this strain (S-4) is able to metabolize glucose, fructose,
cellobiose and cellulose. It is interesting to note that the
new isolate (S-4) produces significantly higher ratio.of eth-
anol to acetic acid. Carbon and oxidation-reduction balances
have lead us to conclude this strain is deficient in the hydro-
genase and thus can produce the high ratio of ethanol to acetic
acid. Studies using untreated and alkaline pretreated corn
stover show that C. thermocellum has higher cellulolytic deg-

* radation rates when the substrate has undergone pretreatment.

A second strain of C. thermocellum (C9) resistant to
ethanol has been isolated. This strain, in additipn to being
resistant to ethanol, is also resistant to n-propanol, n-
butanol, butyrate, propionate, lactate and B-hydroxybutyrate,
indicating a fundamental change in the response of this strain
to a wide variety of chemicals. Studies also confirmed the
fact that C9 is a stable mutant and not the result of a pheno-
typic adaptation.
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Preliminary studies have indicated that the regeneration
of C. thermocellum protoplasts is possible. Using 5% polyethy-
lene glycol as an osmotic stabilizer, we were able to obtain
regeneration of more than 20% of the original number of proto-
plasts. Research for plaque-forming bacteriophages has been,
initiated. ‘

Approximately 50% higher cellulase production was observed
in GS medium which is a modificatiéon of CM-3 medium in which
MOPS buffer is used, yeast extract is increased and urea re-
places (NH,).SO,. In both media, mutant AS-39 produced twice
as much enzZyfe as the parental C. thermocellum ATCC 27405. At
the high (0.6%) yeast extract concentration, glucose and fruc-
tose (but not mannose or mannitol) were utilized. Cellulase
was also produced. Both growth and volumetric cellulase pro-
duction was about one-half as great on glucose and fructose
than on cellobiose. Addition of cysteine to the TNP-CMC assay
system increased activity by 65%. Mutagenesis studies have
continued.

The assay conditions of cellulases from C. thermocellum
have been investigated. Filter paper activity and CMCase ac-
tivity have been optimized in terms of reaction kinetics and
temperature.

The evaluation of different substrates for use by C.
thermocellum was pursued. The preliminary studies with paper
mill primary sludge as substrate showed no significant growth
of C. thermocellum, but the results with cotton shearings are
encouraging, with a reducing sugar accumulation over 4 g/l under
non-pH-controlled conditions. A major effort was also devoted
to the construction and set-up of a continuous culture system
using a solids feeder.

Studies on acrylic acid production have continued to pro-
ceed vigorously. Two major accomplishments have resulted from
research efforts put forth this quarter. The first is that
the highest concentration of acrylic acid to date -- 1.2 ¢
acrylic acid/liter -- has been obtained with resting cell prep-
arations of Clostridium propionicum. The addition of lactate
to the reactor plus the use of methylene blue as an electron
resulted in the high concentration of acrylic acid. The sec-
ond significant development is that cells of C. propionicum
have been immobilized and shown to retain 50% of their bio-
logical activity for synthesis of acrylic acid. Because of
the extremely encouraging results obtained with C. propionicum
the research with E. coli on acrylic acid production 1is to be
terminated. Studies on the direct production of lactate, a
precursor to acrylate, from cellulose have proceeded well.
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Using mixed cultures of C. thermocellum and a récently isolated
thermophilic homo-lactate forming organism, the direct conver-
sion route is being explored.’ '

Resting cell fermentations using Clostridium acetobutyl-
icum have been performed at 30 and 37°C in hope of increasing
the butanol concentration. At both temperatures, the final
butanol concentration achieved was about 12 g/l. Resting cells
during conversion from glucose to the mixed solvent indicate °
cell lysis. However, the product profiles using resting cells
are quite similar to the growing cell fermentations. Conver-
sion efficiencies from glucose to products are also similar for
the growing and resting cell fermentations.

- The high acetate tolerant strain (S-3) of Clostridium
thermoaceticum has undergone further characterizations. This
strain 1s able to produce sodium acetate up to about 70 g/l
(i.e. ~50 g/1 equivalent acetic acid) at pH of 7 and at 60°C.
Resting cells of C. thermoaceticum has definitely demonstrated
its non-growth associated mode of acetate formation. Conver-
sion of glucose to acetic acid by resting cells ranges from
0.81 to 0.92 g acetic/g glucose. However, the specific acetic
acid formation rate (g acetic/g cell-hr) of the resting cells
"is universally proportional to the sodium acetate concentra-
tion. At the highest sodium acetate concentration tested
(70 g/1), the resting cells are unable to produce acetic acid.
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I.ATMICROBIOLOGY OF CELLULOSE DEGRADATION AND CELLULASE PRO—
*‘1DUCTION

A. ENZYME PRODUCTION -BY "CI...OSTRiDIUM' THERMOCELLUM.

‘1. Introduction’

It has -been demonstrated that Clostrldlum thermo-~

R

cellum (ATCC 27405) is capable of degrading cellulosic mate-
rials to hexose (and pentose) monqe and disaccharides, and
that these end products accumulafe in the broth of non-pH-
codtrolled fermenﬁaﬁions. ‘In terms of their general utility
'as‘substrates for other microorganisms in subseduent fermen-
tations, the hexose monosaccharides, principally gldcose,l

. stand out as the preferred hydrolytlc end-products of cellu-
lose degradatlon. Therefore, a detalled assessment of the 8-
gluc051d1c (cellobiose splitting) and glucohydrolytic (cleav-
‘ing.of glucose units from the ends ofbcellulose chains) prop-

erfies of C. thermocellum has been started. An objective of"

~this study'is to determine the conditions or means by which
‘ﬁhe conversion of accumuiated ceilobipse (6r'cellode3trins)
to glucose can be enhanced, the;eby increasing the final level
of acbumulatsd glucose. |

| ‘ihe‘putativs model for cellulose hydrolysis by
fungal cellulolytic systems (suggested by other investigators)
features a coméléx of extracellular celluIasesvwﬁich degrade
gellulose to qeliobiose-through exo- and.ehdoglﬁcanése«activf
ities. The cellobiose then becdmes the substrate for a 8-

glucosidase}IaISO extracellular, which clesves this disaccharide



into glucose units. Whether such a scheme is apﬁlicable for
thg clostridial cellulase sysfem is presently under investi-
,gétion. | |
6ne component'of the clostridiél system-which is'
known to-bé diffe;ent.than that of fungi is its "qellobiase".
It is claimed that the cellobiose splitting enzyme of C. ther--
mocellum is an intraéellular cellobiose phosphorylase
(Alexander, J.K., Methods in Enz., 28, 944, 1970). If this is
the only enzyme responsible for the liberation o% glucose,
then the accumulation of glucose in the medium'would be preé
cluded, i.e., the appearance of glucose Qould remain an int;a-
cellular event for intact cells. Yet, during non-pH-controlle&
fermentations on cellulose, glucose does indeed accumulate.

This observation has prompted several questions:
Is the cellobiose phosphorylase truiy intracellulai? Is cello-
biose the only substrate ffom which glucose can be released or
is there a cellulase capable of cleaving glucose'uniﬁs from
longgr cellodextrins? Does glucose accumulate in éellobiose'
fermentations? To begin answering these questions, glucose
accgmulation in fermentations of C. thermocellum on cellulése
and cellobiose was measured and a kinetic analysis of the data
has been performed. . |

2. Materials and Methods
a. Growth of Organism ‘ | | ,
¢. thermocellum was cultured in CM3 medium con-

taining 0.5% yeast extract and 1.0% Solka floc or cellobiose.



In one experiment, 10 g/1 of sodium bicarbonate was added to
- the medium (which was reduced by bubbling CO ). The greater
buffering capacity maintains the pH of the medium closer to.
neutrality; -

1

b. Glucose Measurement

For cellobiose-grown cultures, glucose was

measured by the glucostat assay (Worthington Biochemicals),
'a method based on the use of glucose oxidase specific for glu-
cose. For the cellulose-grown culture, glucose accumulation
‘was folloued by HPLC so that cellobiose accumulation could'be
measured as well. ‘The HPLC methodology has.been described in
previous progress reports.

c. Cellobiose Measurement

- Residual cellobiose in cellobiose—grown cul-
tures was measured by the DNS assay for reducing sugars, us-
ing oellobiose to construct the standard curve. When glucose
il also present in the broth, the values for residual cello-
biose will appear higher, but can be corrected by glucose
analysis.
7 3. Results - |

In Figures I.A.l and I.A. 2, the kinetics of cell
growth (Klett units), glucose accumulation, and substrate
utilization for C. thermocellum grown,on CM3/cellobiose medium

. are presented. Figure I.A.l is a composite of data from two

| fermentations A & B, and an uninoculated control, which were
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terminated after 25 hours of incubation ét'60°c.“simiia:ly,
Figure I.A.2 is a composiﬁé of data from fermehtétioﬁé D&E,
and their uninoculated control} whicﬁ were run under the Sahe
conditions, but were allowed to.incuba;e‘ﬁpr'70 hours. 1In
these non-pH-controlled fgrmentations, verf little cellobiose
is consumed, with 7 g/1 remaining.at the end oé the fermenta-
tion. (Dﬁe to the presence of glucbse, however,v~6 g/l'of
résidual cellébioseAwouid be a more accuiate figure.)‘ Glucose
~ has accumulated to 1 g/1 after ~25 hrs and at 50 hours, as seeﬁg
‘ﬁiﬁn Figure I.A.2, the'glucose concentration is approximately two
grams per liter. It is apparent from these figures that the
.Arise in glucose occurs most rapidly after cultﬁre turbidity
measuremehts have begun to taper off. This will be discussed

in more detail below.

-~

" Figure I.A.3 depicts the kinetics of two cellobiosé
fermentationé_(G and H) to which 10 g/1 of sodium bicarbonate
was added to buffeﬁ more cloSély to pH 7.0 throuéhout the
fermehtation (see Figure I.A.7 for pH profile). The results
are different from those in Figures I.A.l and I.A.2. Only 1
g/l of residual cellobiose remained at the end of the fermen-
tation. Very little glucdse accumulated (-~0.04 g/i at 25 hrs)
Aand it eventually disappeared.

Finally, the kinetics of various fermentation
parameters from a cellulose—groWn‘culture afelshown in'Figures

I.A.4 and I.A.5.  In Figure I.A.5, total reducing sugars were
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determined by the DNS aseay while;the curves for glucose and
cellobiose accumulation were generated from HPLC data. What
is~moSt’noteworthy about Figure I.A.4 are the changes that

have occurred in the kinetic behavior of C. thermocellum:since

‘we began working with it a year ago (see Figure I.A. 9 in '
Progress Report CO0-4198-1). Maximum growth rates and volu-
_metric rates.of cellulose degradatiqn have more than'doubled)
fermentation times are much shorter, and a signiﬁicant amount
of cellulose is degraded to reducing sugars even after the ac- .
'tive.growth phase has been,compieted. As shown in Figure I.A.5,
glucose and cellobiose are the major sugars that accumulate.
Their accumulationrbegins‘early in the fermentation, with glu=- '
cose concentrations eventually exceeding the cellobiose con- |
'centraticn. '
| The data £rom the curves in Figures I.A.l-5 weref

taken and were subjected to the analysis presented in Figures
"I.,A.6 and I.A.7. In Figure I.A.6, the specific growth rate
(u,.hr'l) and the specific glucose accumulation rate (qg, gm
glucose per gm cells per hour) for the cellobiose fermentations
A, B, D and E, are plotted versus time during the fermentation.
(Dry cell weight was calculated from the observed conversion,
100 Xlett units = 0.3 g/l cells.) Also shown are the combined
pH prcfiles from the fermentations. it is readily apparent |
that the maximum specific growth rate and the maximum specific

gluccse-accumulaticn rate occur at distinctly different times
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during the fermehtation. Whereas the maximum specifié growth
rate occurs between the 5th and 10th hours, the specific glu-

cose aceumulation rate reaches a maximum value between the
20th aéd 25th hours, a time when the pH ﬁas dropped ro its
minimum value of 5.4. The accumulation of glucose .in thése
cellobiose-grown cultures thus appears to be a nonégrowth.
.assoéiated event. |

In Flgure ‘I.A. 7, the situation is strlklngly dlf-f
'ferenr.} Here, ‘the plots of u and qg vs. time for the fermen- R
tation on cellobiose with ‘added bicarbonate and u, qg apd q.
(gm cellobiose per gm cells per hour) vs. time for the cellu-A
lose fermentation‘ere shown. In the more buffered (pﬁ ~7) |
fermentation there is. virtually no glucoee‘accumulation; In 7
the cellulose fermentation, glucose accumulation appears to be
both-érowth and non-growth associated, and even seems to go-
through!two distinct phasee, i.e. befere and after 20 hrs.
- The maximum specific glucose accuﬁulation rate for the cel-
fiuiose fermentation is lower (by roughiy 1/2) than observed
in the cellobiose (with no bicarbonate) fermentation although
the rate'is more consistent throughout the celluloee fermentar
' tidn-and still remained at 0.1 g‘giuceSe/g cells-hr when the
cﬁlture was ﬁerminated.f The spec1f1c celloblose accumulatlon
. rate is maximum when W is highest and decllnes thereafter. It
contlnues to decline as qg goes through its second peak.-

Before proceeding with the dlscuSSLOn of ‘these re-

sults, it might also be mentioned that samples “from the cellobiose



' -pH

FIGURE I.A.7: SPECIFIC GROWTH RATE, SPECIFIC GLUCOSE AND CELLOBIOSE
ACCUMULATION RATE, AND pH PROFILES VS. TIME FOR FERM-
ENTATIONS G, H, AND CELLULOSE FERMENTATION

FERMENTATIONS G & H

O A

o

_q9~~\. .
L\ R

1

L_aof8-0Onn .
10

] 20 30
TIME (HOURS)

7 4

PH 6

CELLULOSE FERMENTATION

tk‘SA\;

A .

20 30 ‘
TIME (HOURS)

40

~

~fT=-



-14-

fermentation'were run on the HPLC to see if any cellodéxtrins

larger than cellobiose were present (since C._thermocellum is

claimed to possess a cellodextrin phosphorylase’with éynthetic

capabilities (Alexander, J.K., Methods in Enz. 28, 944, 1970)).

No-éellodextrins could be detected, but this may Be as much a
reflection ofAthe insensitivity of the refractometer (less
than 0.25 g/1 of cellotriose, etc., would not be detected) as
it is an indication of the actual ébsence of such compounds.

4. Discussion

These results raise several questions: .

g.' If the ceilobiose splitting enzyme is intra-
<ceiiular, why aoesqélucose accumulate extracellularly in non-
pH-controlled fermentations?

b. Why doesn't glucose accumulate in cellobiose
fermentations in which the pH remains neutral?

. ¢. In cellulose cultures, why is there’both growth-
and.non-growth related accumulation of glucose?.

The physical integrity of the cell or cell surféce
under non-pH-.and pH-controlled conditions may perhaps provide
an answer to the first two questions; One plausible explanation
‘is that the acid conditions of the non-pH-controlled culturéé”
are réspbnsible for cell lysis; thus‘the.inﬁfaéellular enzyme
becomes'reléased at the end of the fermentation (when £he‘pH 
drops) ahd'is.free to cleave cellobiose.to'glucose extracellu-

larly (until it is finally denaturedvcausing the.glucose
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accunulation rate to drop). However, theuculture turbidity
measurements do not indicate slgnlflcant autolys;s, although
growth and lysis could have been occurring simultaneously.
An alternative explanation is that the cellobiose phosphory-
lase, rather-than being intracellular, is membrane or cell-
wall bound. The acidic conditions may affect the cell surface
in such a way that, even -though’ lysis does not occur, the cell
is more "leaky" orkpermeable. "Thus, glucose (and/or.cello-
- biose) wnich should have been transported into the cell re-
mains or leaks outside the cell and accumulates. (This pre-
' sumes thatwa membrane-bound cellobiose phosphorylase.may play
a role in sugar transport.) Another possibllity is that an
extracellular celloblase is produced that is hlghly pH de~-
pendent (around pH 5.5), but not very stable.

When the pH remains around neutrallty, on the other
hand, the cells or cell membrane may remain intact. Thus, the
intracellular cellobiose phosphorylase or the produCts of a

membrane-bound celloblose phosphorylase would no longer leak

' ‘out of the cell. Consequently, we would see no glucose accum-

ulation.. Alternatlvely, the neutral pH may favor growth. and
cellobiose consumptlon for other reasons, résulting in a lack
of cellobiose as substrate for the cellobiase at the time dur-
ing the fermentation itS‘activlty is usually observed. | |
.That glucose accumulation appears to be growth#assoclated

(as well as non-growth associated) during cellulose fermentation
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may be explained in the following way. The glucose accumula-
ting prior to 20 hours (the time when little glucose is ob-
served in cellobiose cultures) may be cleaved from a substrate
other than cellobiose. In other words, it'is lihely that the -
extracellular cellulase'is cleaving glucose‘unitshoffilarger
cellodextrins (either hy a random or specific exoglucohydrol?tic.
action) These larger cellodextrin substrates were not avail-
able in the cellobiose-grown cultures and thus we’'did not ob-
serve a growth related glucose accumulation. ‘The glucose
accumulation after 20 hours probably results from further
cellodextrin hydrolysis and also cellobiose hydrolysis,A Indeed

the peak in q_ at 30 hours is similar to the observed peak for

g
q in the cellobiose fermentation. Another bit of evidence to

g

argue in favor of conversion of cellobiose to glucose at this
time is the declining rate in dq while glucose continues to
accumulate.‘ o

_ The above explanations for glucose accumulation by
C. thermocellum are only speculative and remain to be proven.v
Future work will include the following. experiments to deter-
mine whether an intentional disruption of the cell or damage
to the cell surface will increase the converSion of cellobiose
to glucose, as well as experiments in which the extracellular
protein in cellobiose cultures is measured to determine whether
there is an increase at the time of maximal glucose accumulation.

This should help to clarify whether autolysis or a release of

protein is occurring.
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BQ Degradation of Cellulosic Biomass to Produce Soluble

Reducing Sugars by C . thermocellum.

l. Packed-Bed Fermentor

‘ a. Introduction

In any industrial process for the production
5of useful products from biomass, the ability to operate at
;high cellulose ‘concentration is quite essentlal. Concentrated
'cellulose slurries are highly v1scous, dlfflcult to pump and
difficult to mix in conventional agitated fermentors.

‘ In:the previous progress report (COO-41§8-6),
we haue'demonstrated the feasibility of using a packed;hed |
ffermentor in”whiCh the cellulose forms the stationary phase;
"In this manner, high concentration of cellulose‘can be‘main-
tained without resorting to mechanically feeding during'the-
‘course of fermentation. The results 1ndicated that the
packed-bed serves as an excellent collector where 1nherent
cell recycle'can be achieved However, cell accumulation
could not be measured during the course of fermentation with-
out destructively terminating the fermentation. |

In the present report we have used nitrogen
balances as an indirect and non-destructive method for the "
"measurement of cell mass. Studies in a stirred tank fermen-
tor have shown that cell mass can be estimated from the
nitrogen - Kjeldahl analysis of supernatants Consequently,

cell mass accumulation in a packed-bed fermentation could be

determined.' -
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b. Materials and Methods
The organism used, culture condltlons and
the analytical technlques were descrlbed in a previous report.

-~

Modified packed bed fermentor .

. The modified packed—bed fermentor Was similar
to‘thetpacked bed fermentor described in a ‘previous report.
The reactor is composed of two sectioﬂs and the lower part was
a glass cyliuder_(450 ml volume),-which has a capacity to |
-hold 50 g of ary cellulose (solka»floc). A glass tube_inlet
was located symetrically'at the tottom'of thls cylinder. -The
upper part and the lower part'were connected through a ground
glass joint (60/71). In the upper part, the outlets for broth
and gases were located. A stainless steel screen (mesh 12)
was'used'toAretain_the cellulose tightly-packed in the lower
part of the fermentor. |

Sgectrophotometric determination of total nitrogen

,  The determination of total niirogen was
performed.on micro-Kjeldahl dlgests‘of‘sample as described by
Kjeldahl (1883) and Munro (1969). | | |

The organlc matter in the sample is ox1dlzed

by heatlng w1th refluxing sulfurlc acid and added catalysts

to speed up.oxidation.

Kjeldahl, J. Z.'Anal. Chem. 1883, 22, 366.

Mammalian Protein Metabolism, Ed. H.N. Munro, Academic Press 1969,

v"‘T—"_o . 111, Ch. 30.
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‘Heat -
cells and proteins — CO2 + HZO + 802 + P207 + CO
(C, H, N, O, S, P) + catalyst

+ NH4 + HSO4

The ammonia in ‘thé digest is then reacted
 with sodium hypochlorite to form chloraﬁine, which'is then
reacted with phenol to form indophenol, a blue product Whicﬁ
is measured spectrophotometrically; The intensity-of the’j
color is proportional to the quantity of ammonia in. the digest.
The calibriation curve for .the color reaction
is presented in Figure I.B.l.l1. The reaction is.automaﬁically
processed on- an enzyme analyzer (Technicoh). Thelrecorde;
readout is correlated to nitrogen content.ih mg:per cent.
The calibration is linear in the range of 0.5 mg% to 20 mé%
nitrogen using (NH4)ZSO4 as standard.

C. Results and Dlscuss10n

Comparlson of methods for the estlmatlon of .

cell mass in a stirred-tank fermentatlon of cellulose.

Previous results have indicated that the
estimation of cell mass by Klett measureﬁents of the filtered
broth could be misleading. It was observed that in some pecked—
bed fermentations that the concentration of cells in the cir-
culation loop fell to zero; yeﬁ the cells seemed to grow con-
tinuously on the_packed cellulose. These cells predqced éas,

reducing sugars and acid. In stirred tank fermentations, when
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FIGURE I.B.1l.l:. CALIBRATION CURVE OF NITROGEN DETERMINATION
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the culture approached the stationary phase, Klett measure-
ments of filtered broth'declined shafply, which c¢ould be
interpretedias a rapid cell lysis.

It was postulated that when cells approach
stationary phaéé they become firmly attached to the cellulose
and are easily retained on the cellulose during filtfation
prior to the optiéal density measurements. To obtéinia
quantitative picture as to the fate of the cells during
fermentation a careful examination.ofvthe cell mass‘accumulaa
tion was performed. The followihg question was asked: Is
the decrease in Klett readings due to rapid 1ysis4oﬁ;celis
or due to a change in the binding of cells tolcellulose?:
Another important issue is the cell accumulation during *
fermentation in a packed~bed cé;lulose fermentor. fﬁe é;ly
direct method for measﬁring celixmass is to separate thet
cellulose from the cells. This réquires the termiﬁatioﬂ of
the fermentation and cannot be monitored in a continuoué”
fashion during fermentation.v The alternative is anﬁindifect
method for the determination of cell mass. Nitrogen balance
seems a plausible method. Nitrogen is present in ;he medium
in the yeast extract and as ammonia. It i; converted to cell -
mass and soluble proteins. Nitrogen is not converted into
. gaseous products and therefore appears to be a reliable
approach to obtain an overall balance. The reliability of

nitrogen balance for determination of cells mass could be



tested in a_stirred tank fermentation where'removal of homo-
genous samples is possible. |
Fermentatlon was carried out in a 5 liter
fermentor;having a working volume of 3.5 liter. The medium
used was CM3 with-9'g/l finely ground‘Solka-floc type. FCC.
Throughout the fermentation. the pH was controlled at 6. 8 by
the addition of NaOH. Samples were removed and analysed as
follows. Supernatants were'obtained by contrifuging the
"broths for 3 minutes at 10,000 g; Supernatants were used
.for determlnatlon of total nltrogen by Kjeldahl, reducing
sugars by ‘'DNS and acetic acid concentratlon by gas chromatog-
raphy.' Precxpltates from the above were washed with equal

volume of phosphate buffer-saline and collected again by

.centrlfugatlon. The washlng was repeated. The washed

pellets were used for total nltrogen and for Lowry protein
assay. The Lowry assay requlred the destruction of cellulose
materlal by boiling for 15 mlnutes in 0. 2 m NaOH.

‘ "In Figure I B.1l.2 the results of the fermenta-
tion are‘presented. About 40 hours after inoculation ini-
tiation of growth occurs. ?R?ﬁenié a rapid decrease in the
cellulose concentration; wlthin 43 hours, 7.7 g of cellulose
:are utilized representing 85$ degradation. |

._In the first 10 - 15 hours there is a rapid
production‘of acetic'acid, reducing sugars (not shown), and

' consumption of NaOH. Cell mass calculated from optical

bt}
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density (Klett) readings as ‘well as Lowry protein of the

precipitates increased in a parallel fashion up.to 17 hours.

—As—the fermentation<progf€§ses, the two teéﬁﬁigues for»monij
toring cell growth deviate markedly. Cell mass by protein
analysis of the precipitate increases until the 25th hour of
fermentation and then remains essentially constant until the
end of the fermentation. 'Oh the other hand the Klett readings
decrease rapidly and after 43 hours they are only marginally

higher than at the beginning of fermentation. Thése results

are interpreted as being that C . thermocellum undergoes
critical changes during the course of the fermentation. As
the culture approaches the stationary phase, cells become
strongly attached to the reSidual cellulose fibers. Cellular
activity of the adsorbed cell is Stlll evident Since cellulose
"continues to be degraded and products are produced.. The
level of cellular mass in the system remains essentially
constant for a long period of time (20 hours), with no net
growth of the cells nor cell ly315 as indicated by Klett
measurements. We furtherhconclude that optical measurements
of cell growth could be 'quité misleading. | |
The correlation between dry cell weight cal-
culated from Lowry protein assay and calculated by nitrogen
halance is presented in Figure I.B.1l.3. The protein content
of the bacterium have been determined twice on a cellobiose

grown culture and was found to be 60%. Nitrogen content of

C. thermocellum was estimated at 12%.
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The results are in good agreement until the
27th hour of fermentation. During later times there is a |
_marked decrease 'in the values obtained by nitrogen balance.
The values presented in Figure I.B.l.3 were calculated from
the decrease of nitrogen in the medium, during the course of
fermentation. The discrepancy after the 27th hHour could be

explained in view of the results presented in Table I.B.1. l

Table I.B.1l.1

Nitrogen Kjeldahl Analysis on
- Supernatants and on‘Precipitates

Dry Cell Weight Dry Cell Weight
Fermentation (g/l1) Calculated (g/l) Measured ac-

Time (hours) - from Supern. tually on perc. % Deviation'
21 - 0.783 0.792 . l.ls
27 0.842 0.825 - 2.0%
44 0.425 ' 0.675 59%-

We have observed that towards the end of fermentation there is

excretion of proteins into the medium (due to lysis of cells or

excretion of enzymes). Those proteins present a source of
nitrogen that interferes with the calculation of cell mass., .
Thses proteins can be precipitated with 6% TCA with an improve-
ment of the correlation for later times in the fermentation.

It is concluded that nitrogen—balance is a reliable indirect

;T

method for the determination of cell mass accumulation°

S

provided soluble proteins could be removed especxally towards

the end of fermentation.



«27=

Cell mass accumulation in a packed-bed cellu-
lose fermentor. |

The relationships among cells, proteins and
the cellulose matrix were partially revea;ed during a packed-
bed fermentation with C. thermocellum,. fhe packed-bed consisted
of 50 g of solka=-floc. The concentration of. solka-£floc when
calculated over the entire systeﬁ, including the volume of the
circulating loop, was 40 g/l. 1Inoculum consisted of a 20 hour

culture of C. thermocellum grown on cellobiose and the inoculum

volume was 45% of the total. About 0.16‘g of cells were ino-
culated. pH was controlled at 6.8 through the addition of
NaOH. |

P The time course of fermentation is presented
on the lower part of Figure I.B.l.4. Rapid accumulatio; of
reducing sugars, acetic acid and ethanol occurred up to the
20th hour, followed by a much lower rate until the 83rd hour.
At the end of the fermentation products accﬁmulation were:
8 g/l reducing’shgars, 4.5 g/1 acetic acid and 2,3 g/1
ethénbl} This represents a 61l% of the cellulose degradation.

Detailed charactefization‘of the cell mass

accumulation were performéd using -the following techhiques:
Direét measurement of cells free in the circulation loop wer;
made. Samplés-drawn frdm the circulation loop were preéipita-’
ted a£ 10,000 g and cell mass was'aetermined by the Lowry ‘
protein assay. Cell mﬁgs was also'determined throﬁgh indirect

measurement of bound cells by the decrease of total nitrogeﬁ
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FIGURE I.B.l.4: KINETICS OF FERMENTATION OF PACKED-BED
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of a cell free-sﬁoernatant (Kjelgahl). Direct measurement of
TCA precipitable proteins was also pefformed of samples taken"'
from the Ci:culation—loopv——Theﬂcell free supernatant was
treaﬁed-with equal volume of 20% TCA. The protein in the
precipitate was,measured by Lowry assay. Cell accumulation
plus protein accumulatiod on the residual cellulose was
verified on .the 83rd hour when the fermentation was stopped.
The residual cellulose was drained and washed with water and
1N-NaOH. The protein content of the combined washings was
<>deterhined.

The results in the upper part of Figure I.B.l.4
.deplct an initial rapld increase in cell mass (17th hour),
followed by dlsappearance of cells in suspension from the
c1rculatlon loop After 20. hours of fermentatlon there is
suffic1ent soluble protein to 1nterfere with the nitrogen
balance. Us;ng the Kjeldahl nltrogen method mentloned above
a sefange pattern was obtained (see Figure I.B.l.4, upper
geit;‘middle line). Thls technique does not differentiate
,oetﬁeen nitrogen from cellular‘ma;eriel or nitrogen in

' exorefed proteins. Hoﬁever, TCA precipitable protein was
éeaeured and it enabled us to calculate cell mass accumula-

- tion on the cellulose according to tﬁe following equétion:

= d.c-ﬁ g/l

[Nlt=0 - [NJtl + [TCA - protein] x 0.16:} X

N = .nitrogen concent. in mg/ml at the beginning of fermentation
t = 0 and at t, .

[TCA ~ protein] = concentration of protein precipitated mg/ml
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The upper.cur&e in Figure I.B.1l.4 summariées
these caiculated values. It is seen that cell masé continues
to ihcfeése at a very slow raté'approaching st#tionary phase
éfter:40 hours. The decrease of celi-mass in the circu;ation
loop is -a further proof for the.ephanced binding of éél;s |
. to the cellulose,',TheSe results clearly show that the.ﬁse
of‘optical”density mgasurements'forvdetermining cell gréwth,a
is inadeqﬁate. The use of a more tedious but reliable method,
nitrogen balance, is far superior for'accuratély estimﬁting
cell growth on cellulosic substrates.

d. Future Work

The future studies in the packed-bed fermentor
include:

® Examination of kihetics of growth and product
formation at»high cellulosic biomaés-concen;ra-'
tions (egq. >»100W§/1) |

© Investigate other biomass such as corn stover-
and poplar_in.the‘pécked;bed fermentor.

® Increase productivity of the. packed-bed _
fermentor through higher loading of éell mass '

onto support.
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'C. Production of Ethanol from Cellulosé by Cloétridium
thermocellum ' '

1. Characterization-of_New.Ethanol Tolerant Strain
(S=4) ' I S

a. Introduction -

In the previous Progress Report (COO-4198-6), .
we reported an ethénol tolerant strain (S-4) isolated from

Clostridium thermocellum ATCC 27405. This strain can toler-

ate up to 5% ethanol (V/V) and can also degrade cellulose - at
high ethanpllconcentrations. 'In this quarter, we have contin-
ued to examine the'properties'df'strain S-4 to-include“studies
on ifs.metaboligm and kinetics of ethanol production.

In addition, experiments using corn sto&ér as
carbon source and soybgan meal'as nitrdgen éource were also
perfé;med. The fesults from these experiments will be pre-
sented. o ; ot

b. Materials and Methods

§

The microorganism used thrbughout this study
was strain S-4. The baéic‘mediumfﬁsed for growth was CM4 and
its coﬁpOSition has alfeady'béen“reported, Slight modifica-
tions were made in some éases,"These changes will be speci-

fied along with the presentations of the results.

v

‘The determination of formic acid was achieved
through gas chromatography using two Teflon coated columns
(8 ft .x 1/8" OD) containing Chromosorb 101. Samples were acid-

ified using}o;z ml of 5 N'HCl_for each milliliter of fermentation
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broth. Temperature was isotheﬁmal at 170°C; injecfion port‘
' temperature 225°C, thermal conductivity detector temperature
275°C, flow rate of carrier gas'(Nz)fap 70 ml/min for both
‘columns. ' :
For the lactic acid‘assay? two methods were
' used. The procedure using 1actaté'dehydrogenase was the same
as Sigma Technical Bulletin No. 826-UV. The other method was
colorimetric determination, using P-hydroxydiphenol ana’sulf
furic acid, developed by S.B. Bérker and William H. Summerson
(J. Biol. Chem., 138:535 (1941)). The former can measure only .
L-lactic acid, thé latter can measure both L and D forms'ofl
lactic acid. o |
All other analytical'prOCedhres have already
been reported and will not be repeated.
c. Results and Discussion
th order to obtain more detail properties of
the new strain, S-4, various carbon ‘sources were tested in
'CM4ﬂmedium. ‘Strain S~4 can grow on the_mondsaccharides*n¥
glucose and D-fructose; it also fermented the disaccharide
delldbioég as well as cellulose. All'pentoses tested failed
to ‘support the growth of S-4 which include'xylbséf;aribiﬁcsb,
ribose and xylan. These results were similar to that :epofted
by Alexander et al. (J. Bacteriol., 105:220 (1971); ibid., 105:
226'(19715), but slightly différent from Alexander's strain
651 in that D-mannitol cannot support the growth of strain 8-4.



Ny

-33-

In order to make sure that the growth of S-4

in D-glucose and D-fructose is not due to contaminants, we

Have performed a series of transfers in CM4 medium using|glu-
cose or fructose as the carbon source. If the growth is due
ko the coqtaqinant$,‘it was reasoned that S-4 would be diluted
out after several transfers. After 6 transfers or more, we
then perfofmed plate count on cellulose agar medium, as well
- as growth of the culture on cellobiosg as the control. All
cultures grew on glucose, fructose and cellobiose.

In order to make certain that thé growth is
not due to ﬁhe utilization of yeast extract (5 g/l), we per-
_fpfmed studies using thesé carbon sources in shake flask.
This allows us to measure the substrate consumption, as wel;
as products formation. The results are shown in Figufes
I.C.1l.1l through I.C.1l.4. 'In ali cases, the fermentation pro-
files and product ratios are quite similar. vThesé studies
conclusively show that S~4.is able to utilize glucose, fruc-
tosg,jce;lobiosezand cellulose.

It is very'intereéting to note that the eth-
.anol production is much -greater than acetic acid production.
. Our Qata,)reported in Progress Report CO0-4198-5, showed that

Clostridium thermocellum ATCC 27405 will produce ethanol and

acetic acid at an approximate ratio of 1l:1. However, it can
‘be seen from Figures I.C.l.l through I.C.l.4 that S$-4 no longer

‘behaves in this fashion.
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FIGURE I.C.1l.3: FERMENTATION PROFILE OF CELLOBIOSE
' BY C. THERMOCELLUM (S-4)
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In v1ew of the observatlons that straln S~ 4‘

produces SLgnlflcantly hlgher concentratlons of ethanol as
compared to acetic ac1d, 1t was felt that a more detailed

analysis of the results is. warranted. It should also be

mentloned that the fact that straln S 4 lS capable of produc-

ing ethanol 1n preference to acetic acid is an extremely de-
51reable property in achleVth the dlrect production of fuel
(¢thanol) from blomass. To pErform our analysis as to'the
reason why S-4 'is able to produce a higher ratio of ethanol
to acetic acid, the blochem;cal degradation pathway by clos-

tridia. is shown in a simplified}manner in Figure I.C.1.5. 1In

this figure, the pathway of redﬁcing power generation and'hé“‘

formation in clostridia are summarized. Under normal condi?
tions, only one mole of ethanol will be produced from each '
mole of glucose fermented,‘as well as the production of one

mole of acetic acid, two moles of CO2 and two moles of Hzg

The fermentation can be represented by the following equation

(1).

C'6~H1206 + H O-——? CH3CH20H + CH3COOH + 2CO2 + 2H2

In order to examine the behaviors when strain

S-4 was used to degrade cellulose, the results from Figure

I.C.l;4 were used to obtain carbon as well as oxidation-

reduction balances. The results from these analyses are shown

in Table I.C.1.1. The carbon recovery was found to be 90.4%.

(1)
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FABLE I.C.1.1: CARBON AND OXIDATION-REDUCTION BALANCES FOR FERMENTATION
OF CELLULOSE BY CLOSTRIDIUM THERMOCELLUM S-4

- v

1
] - I
Amount Unit “O/R Overall O/R Value |
value per |— _ T
Products g/l mM g carbon/1 . ‘mole Case 1 - Case -I]‘:
. . T
Reducing Sugar® | 5.22 29 - . 2.088 0 T o 0
Acetic Acid = 0.42 7 ©0.168 0 0 0. !
Lactic Acid I o.45 5 0.18 . o - 0 o .
Ethanol 1 3.25 68.8 1.651 -2 -137.6 -137.6
c0y? 3.34 75.8 0.910 +2 +151.6 . +151.6
Ha3 : (0.15) | (75.8 - -1 -~ 75.8 0
Cell Mass { o.8 - . .o.4° - _ - -
TPotal Carbon : . .- ' L
Recovery - | 5.397 . : -+151.6 - 213.4]| +151.6 —i 137.6
Cellulose ‘ ’
pegraded 13.57 83.8 - 5.971 0
TFotal Carbon ) ’ 4 . 5
Percent of ’ %’—;%} = 90.4% . .- )
Theoretical : - |
Value '
. 1 151.6 _ 151.6 _
Reduction - 2132°-%7 | 137" 110
Index . 2 [

1 . .
2 The amount of reducing sugar was detected after acid hydrolysis (5% HC1, boil for 1 houir:)‘.
Calculated CO, evolution:.' Assume 1 mole of CO, produced for each mole of Ethanol or Acetic
3 RAcid produded. Cs _ , - !
Calculated 112 evolution:  Case s+ Assume 1 mole of H, produced for each mole-of CO2 evolution.
. ) Case II: Assume no H, produced at all. ‘ T
Assume 50% carbon in the cell dry weight.

b=y

L)
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Two cases for the oxidation-reduction balances were performed.
It can be seen frdm Table I.C.1l.1 thaf, in the case of strain
S-4, in order to balance the oxidation~reduction reactions,
there must be very little or no H2 formation. This would
mean that almost all ﬁhe reducing power generated by pyruvate
dehydrogénase reaction was not used to convert the proton éo.
hydrogen gas. Instead, it is postulaﬁed that the proton was
used to produce NADH, and thus inc:eaéing the production of
ethanol or lactic acid. Thus, the fermentation by S~4 can

" be represented by the sum of equations (2) and (3).

CgHy,0¢ —+ 2 CH;CH,OH + 2CO,
or ' |
' CgHy,0g =+ 2 CH,CHOH COOH

Simultaneous to the studies shown in Figure
I.C.1.1 through I.C.l.4, an alternate approach to increase
‘tbe productioﬁ of ethanol preferentially to acetic acid had
been proposed. 1In ekamining‘the pathway of degradation (Fig-
ure I.C.1l.5), it wa5~postﬁlated that if the formation of hy-
"drogen can be inhibited, higher amounts of ethanol should re-
sult. Since carbon monOxidé is a known inhibitor of’metéllo
enzfmes, it was reasoned that by introducing this gas, the

_hydrogenase activity should be depressed. As a result of

this inhibition, it was hoped that the accumulation of reduced

(2)

(3)
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ferredoxin will efféct the reduction of NAD' to NADH and thus
increase ethanol'prodﬁétion; L
Carbon monoxide atmosphere was introduced into
an exponentially growing'fiask culture of S-4, using Solka floc
as carbon source. The;resuits are shown in Figure I.C.1l.6.
After carbon monoxidé was introducéd, £he production of eﬁhanol
and'aéetic acid decreaéed, but the production of lactic acid
ipcreased. Since pyruvate dehydrogenase also cdntain non-heme
iron atom, it is very possible that this enzyme4was'also inhi-
bited by carbon monoxide. We conclude that the metabolic
éathway is inhibited by carbon monoxide toward the direction
of lactic acid'productibn. Table I.C.l1.2 shows the carbon bal-
ance and QxiaationQreduction balances from this experiment. |
Here ggain‘thé ahalysis showed that hydrogen- formation is proB-
ably also suppressed through the action of carbon monoxide..
Thus far, all of the studies with strain S-4
, have‘been‘performed in shake flasks which does not #llow the .
control of pH. We were interested to observe the behavior of
this sﬁrain when the pH was controlled. Therefore, a 7 iiter
agitéted‘fermentor_containing 5 liter of medium controlled at
a pH}of;7_0 Wés ﬁsed. The résults are shown in Figure i.C;l.7.
Since our previous results have shown that this new strain is
abie to metabolize glucose, this férmentation was performed

using this as the carbon source.
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TABLE I.C.1.2:

CARBON AND OXIDATION-REDUCTION BALANCES FOR FERMENTATION OF CEL-

LULOSE BY CLOSTRIDIUM THERMOCELLUM S-4 UNDER CO ATMOSPHERE

“

tical Value

Lo Unit O/R]
Amount value per Over-all O/R Value
Products g/l : mM - g carbon/1 mole Case I Case 1I

Reducing Sugar* ‘| 6.89 38.3 2.756 0 0 0
Acetic Acid 0.089 1.5 0.036 0 0 o
Lactic Acid '1.87 20.8 0.75 0 o 0
Ethanol 1.62 35.2 0.845 -2 -70.4 -70.4
Co * 1.615 36.7 0.44 +2 +73.4 +73.4
H * (0.073) (36.7) - -1 -36.7 o
Cell Mass .0.5 - 0.25* - - -
Total Carbon 5.077 + 73.4 - 107.0| +73.4 - 70.4
Recovery :
Cellulose .
Degraded 12.84 79.3 5.650 -
Total Cérbon
Recovery in 5.077 Y
% of Theore- 5.650 _ 059-9%

Oxidétion—
Reduction-
Index

73.4 _
“107.1

0.69

73.4

70.4

= 1.04 |

* Seeufoothotes of Table 1I.C.1.1. "

-pH-
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Figure I.C.1.7 showed the product profiles for
thié fermentation wefe similar to the previous results. The .
production of reduced products (i.e. ethanol and lactic .acid)
is significantly greater'tﬁan oxidizedlproduct (acetic acid).
The lactic acid measured by lactate.dehydfogeﬁése method and
‘ p-hydro#ydiphenyl-sulfuric acid method gave about the same - _
amount of lactic acid indicating that the lactic acid produced
by strain S=4 is L-lactic. |

| We also anélyzed other possible products, such

és butyr;c.acid, valeric'acid, propioﬂic acid, acetone, isopro-
_panol, butanol, 2,3—butanedlol, acetoin or diacetyl, but none-
was found.. We also examined the sugars that remained in the‘*
fermentation broth by paper chromatography. It was found that
cellobiose and pefhaps some oligosaccharides accumulated dur-
ing the fermentation.- Figure I.C.1.8 shows the result of the
paper chromatography and it is seen that cellobiose accumula-
ted during fermentation.

The formation of cellobiose and cellodextrin
.is possible accoraing to Ale#ander.g& gl. (J. Biol. Chem., 243,

- 2899 (1968); ibid., 244, 457 (1969)), since Clostridium thermo-

cellum will produce cellobiose phosphorylase and cellodextrin

phosphorylase ‘which catalyzes the following reéctidns:',

cellodextrin

Cellodextrin + Pi .- -+ Glucose-1-P + Cellobiose (4)
' ‘phosphorylase
Cellobiose + Pi cellobiose - Glucose~1-P + Glucose. . (5)

ﬁhosphoryiasev .



-47-

Both enzymes are reversible, and,ig gitgg,\cellobiose phosphor-
flase is favored in the direction of phosphorolysis,‘but cello-
dextrin phosphorylase is favored in the direction of synthe51s.
It is very ‘possible that, under high glucose concentratlon,"
: celloblose and cellodextrin were syntheSLZed from glucose by
these enzymatlc reactions.

* The kinetics of growth and ethanol productioo
from Figure I.C.l1l.7 were carefully analyzed in order to reveal
_the manner,in which. ethanol formatien occurs. If the produc-

- tion of ethanol can be achieved through growth and non-growth

associated modes, the following mathematical model can be

formulated;
SR .
qP,v u B.w
where, gq = specific productivity of ethanol
P (g ethanol/g cell-hr)
U = sgpecific growth rate -
(g cell/g cell-hr)
a = growth associated product formation constant
(g ethanol/g cell) -

B = non-growth associated product formatlon constant
. (g ethanol/g cell- hr)

If we plot qp versus u, the slope of this plot should give the

growth asscciated product formation constant ¢, and the inter-

cept at u = 0 should give the non-growth associated product

formation constant 8. 4The data from Figure I.C.1l.7 were
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' analyzed in thls fashlon and shown graphically in Figure I.C.1.9.

The maxlmum values of p and qp from Flgure I.C.1.7 are 0.31

(g cell/g cell-hr) and~0. 70 (g ethanol/g cell-hr) respectlvely
The calculated value of o and B from Flgure I.C.l. 9 are 1.8
(g ethanol/g cell) and 0.14 (g ethanol/g cell-hr) reSpectlvely.
1nd1cat1ng that the ethanol production is. produced through both
: growth and non=-growth assoclated modes.

-In the previous Progress Report, we presented
results about the degradation capability of strain S-4 on corn .
 stover. Additional4experiments were done during this quarter.
‘Figure I.Cc.1.10 showed the effect of corn stover concentration
on the production rates of ethanol, aceticfacid and reducing
sugar. The production rate was directly proportional“to corn

stover concentration.  Data for higher concentration. (above

o 4%<corn'stover) could not be obtained because it is not pos-

sible to operate in shake flasks at this corn stover concen-
tration. |
In order to increase the production rate, we

also attempted corn. stover pretreatment.} The results were shown
in Figure I.C.1.11l. N; 5 OH was first added to the corn stover
;medium tofobtain a pH of 11. The corn stover medium was then -
sterilized and neutralized, No washing procedure was performed.

s It can be seen from the ‘results in Figure |
'I.C.l.ll that alkaline pretreatment of corn'Stover'can enhance

the microbial activity during fermentation. The plot on the’
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FIGURE I.C.1.8: PAPER CHROMATOGRAM OF REDUCING SUGARS FROM
GLUCOSE DURING FERMENTATION BY CLOSTRIDIUM

THERMOCELLUM (pH
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FIGURE I.C.l.9: . KINETIC RELATIONSHIP OF GROWTH AND PRODUCT
. ' 'FORMATION BY C. THERMOCELLUM (8=4)
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FIGURE I.C.1.10: ,EFF;ECT OF "INITIAL CORN STOVER CONCENTRATION
ON VOLUMETRIC PRODUCTIVITY OF PRODUCTS
BY CLOSTRIDIUM THERMOCELLUM (S-4)
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'Ieft in“the Figure represents'no pretreatment and on the right
represent NaOH pretreatment. The rates of product formation
‘(ethanol, acetic acid and reducing sugars) are all higher
when the stover'was’pretreated Further studies'mith corn
stover along with pretreatment w1ll be performed.

Lastly, an experlment using soybean meal as
nitrogen sdurce was carried out in order to eliminate the ex-
pensive yeast extract from the medlum The results are shown
in Flgure,I.C.l.lz.,.(No pretreatment was performed ) These_
results are encouraglng since they show that the use of cheaper
nitrogen source, soybean meal, . can be used to produce useful

products.

d. Future Work

[ Increase the yleld of ethanol from blomass by
developing the best environmental condltlons

) Incorporate the packed-bed fermentor to

1
t

achieve high production rate and hlgh product concentration. .

[ Examine other blomasses such as bagasse,
straws,u wood, waste ‘pulp, etc.’ - |

° Further‘selectlon studiesrto increase ethanol
tolerance. ‘v

° Attemptslto elucidate the mechanisms lead- .
ing to preferential ro;mation ofjethanollto eliminate other
fermentation products which wiil;ultimately'resuit in the

direct production of,iiquid fuel (ethanol) from biomass.
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In these studies, a new ethanol-resistant C. thermocellum

strain, C-9, was- isolated and.characterized. The inhibition

of this strain and wild#typé C." thermocellum by fermentation
products is further investigated. 1In addition, the issue
of glucose utilization is taken up.

a. Isolation of an ethanol-resistant strain of

i. enrichment procedure:

An ethanol resitant strain (50% inhibition at
25 grs/lt) has been obtained after nine sequential transfers;
of;g: thermocellum in CM4 broths contaihing increasihg amounts
of ethénol, using o~-cellulose (sigma) as C-source. The critefia
for the selection of more resistant cultures has been the II120
(inhibition index measured after 120 hours of growth at 60°C);

120 at a given ethanol

those. cultures that showed a lower II
concentration were transferred into broths with higher ethanol
| coﬁﬁent. After nine sequential transfers the strain named C9

. was obtained. An inhibition index experiment was pefformed as

described in our last progress report section (I.C.2), and

the'resﬁlts are shown in Figure I.C.2.1.

From the control tube of this experiment (0 grs/lt of
ethancl), C9 cells were diluted in 0.1% peptone-water + 0.05%
sodium Ehioglycollate and plated on CM4-Cb without ethanol;

well isolated single colonies were inoculated into CM4-Cb and



Figure I.C.2.1 Growth Inhibition by Ethanol. Plot of Inhibition Index
- (Cell Yield) vs. Ethanol Concentration in Grams/L. .
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CM4 - cellulose (Solka:floc) broths in the absence of ethanol.
"After 48 hrs of growth at 60°C in CM4-cellulose, stock tubes
were prepared contaihing 25 grs/lt of ethanol To ascertain

. whether the resistance of ethanol of C;'thermocellum Co was

due to a mutational change or if lt was the phenotyplc
expreSSLOn ‘of a condltloned culture, the follow1ng conflrmation
procedure - in the absence of a selectlve pressure - was
carried out (see Flgure I.C;2.2).
Aftér a prolonged cultivation in the absence of ethanel,
" the C9 strain retains its ability to grow in 25 érs/lt - ethanol ;'
containing broths, with an II (cell yeild) of about 50%. Our

conclu51on was therefore, that C. thermocellum C9 is an

ethanol-resxstant mutant.

iii. other characteristics of C. thermocellum C9

pattern as;the.wild type strain. In CM4 medium,xcontaining

5 grs/lt of yeast extract) both strains are ahle to ferment
cellobiose, D-fructose, D-glucose and‘Dbsorbitol, as well as
cellulose; C9, however, has a reduced ability to produce the
yellow pigment during cellulose fermentation. Neither of.

the strains, on the.other hand, was able to ferment, after

72 hrs at'60°Cy D- and L-arabinose, D-arabitol, D- and L-fucose,
D-galactose, D- and L-lyxose, D-mannose, L-rhamnose, D-ribose,

L-sorbose, D-tagatose, D-xylose, lactose, manitol, melibiose,

maltose, raffinose, stachyose or threalose.
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Figure I.C.2.2 Confirmation Procedure
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11°Y (inhibition index measured for cell yield).
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b. Growth rate

c. thermocellum C9 grows better on CM4-cellobiose

- medium at 46°C (generatlon tlme of 6 24 hrs) than the wild

type straln (Generatlon time 7 45 hrs). ThlS 51tuatlon is

reversed at control temperatures (around 60°C) at which the
~generation times were 3.0 hrs for the wild type and 3.9 hrs

for the C9 strain.

c; EnzymatiC'activities

C9 and wild type stralns were assayed for fllter
paper-ase, xylanase and~carboxymethyl cellulose act1v1t1es, by the
~'ethanol prec1p1tatlon technlque, as prev10usly described.

The results are shown below.

'mg R.S
"ml.hr, Ng.prot, - _Ratio
' ATCC . €9 CY9/ATCC
Filter paper-ase - 0.48 0.96 - 2
Xylanase o 37.1 59.1 1.6

CMC-ase ' -~ 55.1 o+ 87.7 1.05

'The protein concentration of the reaction mixture was assayed

‘by the Bio-Rad Protein assay system using the ssahdard4curve for
Bio-Rad Protein Standard.  The C9 strain excretes an increased
level of filter paﬁer-ase .activity. . Th.‘LS result is not sﬁr‘prising

since it has been selected in a-cellulose, which has a 67%

cristallinity index (Zeikus et al., Arch. Micro. 114:1-7, 1977).
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.d.'Grbwfh inhibitioh'pf‘ﬁf'fﬁefmocerlum C9'and

'wiid-éypé‘strains by fermentation and related

o

 products
Threeig}oups of compoﬁhds, alkénols (ethaﬂgi) propahoi'
and butanol), short-chain fatty acids (acetate;'é&opionate and
butyrate~sodium salts,'pH 7.4) and hydroxyacids (lactate and
B-hyéroxy¥butyrate-sodium salts, pH 7.4), wére usgd‘to challenge
both'strains during balanced growth at 60°C. The exggrimental
' pfotoCol was at.thét describéd in,our‘laSt prog#ess f;port,
(Section I.C.2). The results”dfthis experiment are_shown'in'<
“Figures I.C.2.3 and .4. ’
| The ethanol-resistant strain:C9 haS'increasedgresistance‘
against all the compounds tested, except. for aget&te, against
which both C9 and wild type strains show a simila; response.
These data show that alcohols are more inhibitory than the
sodium salts of the short chain fatty aéid?sa;ts';estéd,,énd
that the larger the chain, the higher the gfo@th inhibition
-promoted by the compound, except for thé hydroxyacid-salts.

group..

: |
There has been much controversy about this‘poiht

in the literature since the eafly isolation of C. thermocellum

by R.H. McBee in 1954 (J. Bacterial, §7:505-506, 1954), who

stated the absence of growth in;glu60se. In 1971, N.J. Patni

and J.K. Alexander (J. Bacterial, 105:220-225, 1971), reportéd



Figure I.C.2,3 Growth Inhibition by Fati:y Acids Salts. Plot of Inhibition’
Index (Cell Yield) vs. Salt Concentration in Grams/L.
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Figure I. c. 2.4 Growth Inh1b1t10n By Alcohols. Plot of Inhibition Index (Cell Yleld)
vs. Alcohol Concentratlon in Grams/L. ‘
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‘that limitinglgluookioase - an inducible enzyme - was responsible
1for that lack of growth. Glucokinase was fully synthesized

when higher amounts of yeast extract were present in the

media. In spite of this, T.K. Ng, P.J. Weimer and F.G. Zeikus
(Arch. Microbiol: 114:1-7, 1977), reported the absence of |
growth in glucoée'and attribute‘thie,occasional occurrence

to a contamination problem.

Our results suggest that:iﬂdﬁotion is necessary for

growth of c. thermocellum to occur in a glucose~yeast-extract

containing medlum.

iis 1nductlon 1s required for growth in glucose

A long lag has been observed before growth takes

place (4 to 6 days)‘when C. thermocellum grown in CM4-
M . . l . .
‘cellobiose is inoculated into CM4-glucose broth. The

question we asked was, is thisﬁlag-due to a phenotypic lag

or to the appearance of an occasional mutant, or contamlnant,
Wthh developed in CM4-glucose broths. To answer thls quest;on
we performed an evaluation of thevgrowth in CM4-glucose by |
the Most Probable Number technique (MPN{. The results

are shown in theefollowing table and indicate that growth in
Hglucose occurs after a phenotypic lag and that ail bacteria

in the population have the capacity to grow on glucose.
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Cellobiose - | + Glucose -
Dilution - Growth at: 24-48hrs.  Growth at 80-100hrs.

107t +++ : + o+ o+
10-2 | ' + + + ", R
1073 : oL e+ 4 + 4+ +
1074 4 ; + B + + +
1073, L+t + 4+ 4+
1076 . o+ «'_ + 4+ +
1077 + + + » | + + +
10”8 ; + + + ‘ | o+
107° + + + . b+

Future Work:

. To charactérize.the resistance of C9 strain at different
temperatures.

. To determine differences in lipid composition between
C9 and wild type strains ; ' !

. To determine what factors are necessary for C. thermocellum

-

to grow in glucose.



-65-

D. Genetic Manipulations

The first priority of this portion of the project continues

to be,themdevelopment;of gene;transfer systems. in C. thermocellum.
‘Development of techniques for using protoplasts to-this end con-
tinues, and is concerned with achieving reproducible regenera-

tion of normallcells from C. thermocellum protoplasts. In addi-

tion, experiments have been initiated which are aimed at achieVing
the transformation of these protoplasts, using the techniques at.

their current state of development.

1. Protoplast regeneration
' |
The best condltlons for nrotoplast 1nductlon and stabiliza-

tion were found to be when actively growing cultures of Clostrldlum'

thérmocellum are treated w1th lysozvme, and polvethylene glvcol
(PEG) is used as stablllzer (last progress report). ’

. We attempted to use the above conditions to~pbtain regeneration
- of the induced protoplasts. We had found thet 10% PEG would be a'very
good stabilizer while not being lnhlbltory for cell growth. Since
no regeneration could be observed in liquid cultures, agar or soft
agar media.was used. 10% PEG inhibited the solidification of CM4
eéar.or(soft agar and we therefore used 5% PEG. This is still e
good stabilizer. We used the method of soft agar oVerlayed on hard
agar plates. Cells were grown in CM4 medium to an OD¢eg of 9.3,
transferred to 45° for thirty minutes,tbrought to 5% PEG and then
50 ug/ml lysozyme was added and the culture was ihcubated for a
further fifteen minutes at 45° and 45 minutes at 60°. (A control
culture was not treated with lysoéyme.) At this stage no cells

could be observed (under the microséope) from the treated'culture
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and only protoplasts and cell debris could be seenﬂ}.The'proto-
plasts and the control cells were centrifuged and weshed twice
with-CM4 containing 5% PEG, and then diluted in peptone water
_ with or without 5% PEG, 0.5 ml of the diluted suspension'wae
added to soft agar (2.5 ml) and overlaved over the agar plates.
The agar andisoft'agar.ueed to“plete PEé-containiné diiutions
also contained 5% PEG. Plating was Carried out in an anaerobic
glove box. The plates were incubated anaerobically for 48 hours
at 60°. |

The‘reeuits obtained are shown in Table I.D.1l.l. colonies
were formed only from the protoplasts plated in the presence of
5% PEG whlle without PEG no colonies appeared . It seems to be a
regeneratlon of more than 20% when the number of colonies on the
'5% PEG plates is compared to the number of protoplasts counted ,
-in a Pretroff-~-Hauser counting chamber, although the countinq of
protoplasts under the microscope is not very accurate,

4This procedure is not yet reliahly reproducible,.so work
will be directed at improving the reliability of the regeneration
technique, |

| The ability to reliably regenerate protoplasts will allow

us to test several different gene transfer methods. Among these,
the two which will receive the most attention are PEG~facilitated

transformation of protoplasts and PEG-mediated protoplast fusion.

2. Transformation/Transfection

The collection of suitably marked DNA's with which to

test the transformability or transfectability of C. thermocellum

is in progress and protoplast transformation experiments have

been initiated.



Table I.D.1l.1°

" cfu
plate count, g

microscope count

. cells or
‘protoplasts/ml
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Lsozyme' Control
" Treated culture . " Culture
=PEG +5%PEG : =PEG ' +58%PEG
0 3 x 107 - 2x10% 1.2 x 10®
- 1.4 x10® - 1.2 x 10%
(protoplasts) (cells)



~a. Search for Plaque-FormerS° o

. One such marked DNA is plaque-formlng phage DNA.~
Accordlngly, a method for Lsolatlng plaque formers 1n C. thermo-
kcellum was adopted A llkely lnoculum is shaken w1th an equal
volume of 0.1 M MgSO4. Thls is coarselv flltered and then mem-

'brance-flltered through a. 0.45 mlcron fllter. The flltrate is

added to a young culture of C. thermocellum for enrichment. When

the culture has grown, a filtrate of the broth is mixedvat various
dilutions with growing cells and plated using a soft agar overlay.
Activated sludge from the Boston works and compost from a local N
- source have both been tested without success. This search will
continue, using the effluenes of anaerobic, thermophilic digestors
as source, |

b. Protoplaet Transformation Trials

A first attempt has been made to transform lysdzyme-»

treated cells using chromosomal DNA from antibiotic resistant

mutants of Cl. thermocellum already in.hand. The results of this
are net.yet available.

Future &ork will include attempts to transform these lysozyme-
treated cells with genetically marked covalently closed circular

DNA obtained from other organisms. Some C. perfringens resistance

factors recently obtained from another'investigator will get early

attention.

3., Plasmid Isolation

Worked aimed at elucidating the nature and behavior of

plasmids in C. thermocellum continues, at a lowered priority.
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The method of Hansen and Olsen, J. Bacteriol. 135:227-238

(1978), was used for the first attempt to isolate and
- - characterize these plasmids us.ihg agarose gel electfophoresis.
" No plasmid band was detected.’ This work will be repeated

using other lysis methods.
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E.. Derequlation of Clostridial Cellulase

l. Introduction

In our eaflier report (3/1/78 to 5/31/78),whi1e studying
the effect of nitrogen soufce'on growth and enzyme prodﬁction,“
we showed that yeast extract concenﬁration is an important
factor in the growth medium as it can serve as sole nitrogen
source. It was also shown that an increase in yeast exEract
concentration from 0.2% to 0.6% results in an indrease-in enzyme
prqduction. Our studies on the maintenaﬁce of pH during tﬁe
flask cellulase fermentéﬁion have shown that mérpholinoprbpane—
sulfonic acid (MOPS) buffer at 0.1M concentration is a suitable
buffer for growth and enzyme production in shake flasks.

In this report, we shall present our results on growth and
enzyme production in the "GS" medium'cohtaining higher yeast
extract concentration (0.6%), urea (as the nitrogen sdﬁrce) and
MOPS as the<buffer in comparison to the-CM-3 medium.
| Growth and production of céllulase is also studied by re-
placing cellobiose with various other sugars such as glucose,
fructose, mannose and mannitol at the new higher Yeast extract
concentration. The purpose is to check whether any of these
sugars are utilized by the organisﬁ for growth and production of
cellulase'when yeasﬁ extract is raised to 0.6%, as claimed in

some literature reports using other strains of C. thermocellum.

We also report on the stimulatorv effect of a thiol re- -.. .
ducing agent (cysteine-HCl) on the TNP-CMCase assay.

In previous progress reports, we reported on the isolation

of a cellulase-overproducing mutant of C. thermocellum ATCC 27405,
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designated as‘AS-39, after UV radiation. Further mutation
experiments with mutant AS-39 using UV radiation has not re-
sulted in the isolation of higher cellulase over-producers,
and so other methods of ;hemical mutagenesislusing EMS and .

NTG are being employed.

2. Materials and.Méthods

a. Organism:
“C. thermocellum ATCC é7405.and the mutant 6btained -

from this strain (mutant AS-39) were used in this study.

b. Anaerobic Methods:

The anaerobic culture technique of Hungate as modified
by Bryant was used throughout the doﬁrse of this work. AAnaerobic
culture tubes contained 10 ml of medium. Flask cultures were
grown in 500 ml Erlenmeyer flasks that contained 200 ml of medium.
All flasks were sealed with ﬁeoprené stoppers. |

.c., Cultural Conditions:

The organisms were grown in CM-3 medium and/or the
new GS-medium. In GS medium, which.is modified from CM-3 medium,
ammonium sulfate is replaced by urea (2,14 g/l) and yéasﬁ extract
is used at a higher (0.6%) concehtration. In addition, GS medium
contains 0.1 M MOPS buffer. The initial pH of GS medium is ad-
juéted to 6.8. The cysteineéHcl‘and the.sugafs are sterilized
‘separately and are added at the time oF'inoculatiQn under‘constant
vigorous ga551ng with N, (See Tab1e I.E.l.).

Stock cultures of the organlsms were malntalned through weekly

transfers of 1 ml culture into fresh medium. All cultures were

incubated at 60°C without shaking.



Table I.E.l.

......

Composition of CM=3 and GS. media

.| Ingredients: CM=3 GS
KH,PO, 1sg 1.5 g
xznp64 2.9 g 2.9 g
(NH,) ,50, 1.3 ¢ -
Urea - 2.14 ¢
JMgClz;éHé 'i;o_g 1.0 g
CaCl,*2H,0 0.15 g 0.15 g
FeSO, - 6H,0 1.25 ng 1.25 mg
cysteine-HC1 l.d'g 1.0 g
yeast extract 2.0 g 6.0 g
Resaiurin | 2.0 mg. 2.0 mg
Cellobiose 10.0 g 10.0 g
mobs - 20.93 g
Final volume 1 liter 1 liter
pH - 7.0 |

6.8
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Growth was measured as absorbance using the“:ed filter in
the Klett instrument.

d. Analysis of Cellulolvtic Activity:

In the supernatant assay, cultures were centrifuged
at 10,000 x g for 10 minutes and-1 ml of this broth’supernatant'
was added to 2 ml of a 1% suspension of TNP-CMC in 0.1 M citrate-
bﬁffer‘(pH 4.5). A zero-time sample was millipore-filtered-
immediately. A control was run in which the brbth cultu:e was
substltuted by buffer. The tubes wefe,incubated at 60°C for.l
hour and mllllpore flltered Absorbance.was read at 344.nm, the
increase in absorbance between 0 and 60 min was celculeteé, and
the control value was substrected from the'experimental'value;
The TNP-CMCase activity is represented'as absorbance units/hr/
ml enzyme.

e. Mutagenesis

We have been worklng with a plate mutatlon system u51ng
ethyl methanesulfonate (EMS) ln 5-100% concentration (ln methanol)
added to 6.35 mm filter paper-dlscs. The disk was placed on CM3
agar medium with 2% avicel and 0.2%.cellobiose seeded with a
suspension of log phase cellslof AS?39; We have.developed'this
method further according to the following procedure. Sandwich
plates are prepared by using 10 ml of CM3 agar medium without
cellobiose or avicel for the top and bottom iayers.. The middle
layer consists of 15 ml of CM3 agar medium with a reduced amount
of cellobiose (0. 05%)'from‘that previeusly used, 2% avicel eﬁd
a suspension of log phase cells of ‘mutant AS- 39 ‘ FtlEef paper
discs (6.35 mm diam.) are dipped in a 100% solutlon of EMS

and are placed on the center surface~of the top agar layer.’
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Plates are then incubated at 60°C)for'7 days. Promising (zone-

size) colonies are removed by a sterile Pasteur pipet and ejected
into Hungate tubes containing CM3 medium (0.5% cellobiose) under

N,. These are then incubated at 60°C for 40 hours, and TNP-CMCase
levels are assayed. Identical;y prééared plates using CM3 medium

(at pH 6.5 and the normal pH 7.Q), and replacing EMS-filter paper
discs with 2-5 mg of crystals of N-methyl-N'-nitro-N-nitrosoguanidine

(NTG)‘havewalso.peen tried.

3. Results and Discussion:

Approximately 50% higher cellulase production wgs observed
in the new GS medium, i.e., when 0.1 M MOPS buffer was used in'
the medium along with 0.6% yeast extract and 0.21% urea, The;
increase in enzyme production was observed with both parent and
mutant. Figure I,E.l. shows the growth and I.E.2. %he cellulase
production by the parent and the mutant AS-39 in CM-3 medium and
the modified GS medium tﬁroughout the growth cycle, fThe AS-39
mutant has repeatedly shown twice the TNP-CMCase activity com~-
pared to the parent strain when CM-3 medium was used. A similar
superibrity is seen in the GS medium.

‘Aqgther important qdestion is the utilization of glucose and

other carbohydrates by this ofganism. C. thermocellum has been

described as a thermophilic anaerobe that ferments cellu- .
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- o | Mutant AS-39 (GS) ,
o | S y Mutant AS-39° (CM-3)

Parent (CM-3 or GS)

1 | 1 1 | i A | A A

10 20 30 4 50 60 70 B0 90 100

Time (hr)

Fig. I.E.1. Growth of C. thermocellum ATCC 27405 (parent) and
mutant AS-39 in CM-3 and GS media.
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\zzi-bMutant AS-39 (GS) .

S Mutant AS=39 (CM-3)

‘ . . . X N
_ Parent (AS)

]
i
<Ez'> Parent (CM-3)
e . L g L l. . l
10 20 30 ko 50 60

Cultures harvested af (hr)

¢ ‘ A

Fig. I.E.2, TNP-CMCase production by strains ATCC 27405 and mutant
AS-39 In CM-3 and GS media. , :

4
H



-77=

lose, hemicellulose and cellobiose but is unable to ferment
glucose, fructose, mannose, mannitol and a number of other
carbohydrates. at low  (0.05 - 0.1%) yeast extract concentrations.
| Figure I.E.3. shows the growth kinetics of the mutant
AS-39 using different carbon sources in the GS medium. It

can be seen that s;gniﬁicant growth of this organism occurs

on glucose when yeast extract concentration of the medium is
elevated.

Similar results were observed when'fructose was used as ‘the
main carbon source. in the Gs medium. Though the growth of the
organism was a little less compared to glucose supplemented medium,
the TNP-CMCase activation of the culture was the same as that of
glucose=grown cultures._ In the medium containing 0.2% yeast:
extract some'gromth on glucose and fructose can.also be seen.

At either low or elevated concentrations of yeast extract,
growth was not observed when mannose and mannitol were used as

the major .source of carbon.

It was interesting to observe that the organism not only SRR

grows on glucose and fructose under the elevated yeast concentra-=

tions but also produces cellulase, Table I. E 2 shows the enzyme'

activity obtained from different sugars. About 50% as much

cellulase activity was observed from the cultures grown on

glucose and fructose compared to the cultures grown on hellobiose.'
--In this study, we have thus confirmed the findings ob-

tained by others (with other strains) that cC. thermocellum. ferments

glucose and fructose when a high yeast extract concentration is
included in the medium. Under these conditions, 'it also produces

a significant amount of ceiluiase. 'Our'data fail to confirm the
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- _ SRR cellobiose (0.6% Y.E.)
300 S 4 ‘fE;, .
200 —— |
- ﬁ‘
: ;Elycellobipse
§ (0.2% Y.E.)
100
SOI
8o
70p- 4 .
6ok - : | C:ES- Glucose (0;6% Y.E.)
ok 1 ‘ i L
' e
Lol D : ZZq.Fructose
. v/ -2 P = : (0.6 % Y.E.)
3op £/ | ~ - —3
: Glucose; (0.2% Y.E.)
/ ) Fructose (0. 2% Y.E.)
201 V. ' , no sugar (0.2 or 0.6% Y. E. )
yd = 0:2 o7 0.4
¥ ‘ ’?" ‘f - 3
.v‘-_—é‘ ' éMannose (0,2 or 0.6% Y.E.)
‘ ~—>»Mannitol (0.2 or 0.6% Y.E.)
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Fige I.E.3. Growth of C. thermocellum AS-39 on carbon sources at two
levels of yeast extract, :



Table I,E.Z;

TNP-CMCase activity'dedulturésfgr0wn on cellobiose, élucose4and~fructose as the

carbon source in GS medium containing different amounts of yeast- extract

- TNP-CMCase Activity

Carbon Source 'Cellobiosef(l%) . Glucose (1%) Fructose (1%)-
Yeast extract (%) 0.2 0.6 0.2 0.6 0.2 0.6
|cultures harvested at
48 hr | 0.245 | ~0.297 0.150| 0.140 0.108 | 0.121
72 hr- 0.284 | 0.281 0.114| 0.107 0.125| o0.125
96 hr 0.282 0.280 0.140] 0.157 0.114} 0.135

-6L~-
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reported ability of C. thermocellum to grow on mannose and
mannitol. |

The growth media, hoth CM-3 and the modified GS medium,
contain cysteéine-HCl, a strong reducing agent. - It was of interest
to study the effects of cysteine-HCl on enzyme activity in’ Z£E£2°
Table I.E. 3 shows the effects of various concentrations of K
cysteine-HCl on cellulase actiVity. It was noted that cysteine

.at a concentration as low as ZOPq/ml stimulated TNP-CMCase
activity by 45%. Maximum stimulation (65%) was observed when
lmg of cysteine was included per ml of reaction mixture. This
is- the same concentration of cysteine which is used in the
fermentation medium (1 gm/liter). |

After establishing the optimum concentration of cysteine-

" HC1 for maximum stimulation of TNP-CMCase activity, ‘a time curve;of
the enzyme assay Wlth this amount of cysteine-HCl was studied
(FiqureI.E.4). A linear relationship between the. TNP- CMCase ’
activity and the incubation time (at 60°C) was .observed up to
60 minutes in the presence of the cysteine-HCl in the reaction
mixture. |

‘ In the plate mutagenesis procedure, during incubation, the
mutagen diffuses from the disk down and outwards into the agar
medium forming -a concentration gradient .and a zone of no growth
(100% ki?& or inhibition). Colonies growing at the edge of the

--Zone are smaller, w1th smaller Avicel hydrolysis zones, while

W N

colonies further out aﬁe bigger with correspondingly larger
hydrolySis zones. Furthermore, the colonies are generally more

uniform in size and appearance than those from plates prepared

(

in the p;eV1ous way. The sandwich plate method eliminates spreading
BT A .



=8l

Table I.E.3.
Effect of cysteine~HCl on TNP-cellulase activity 'in vitro

. .
' H

Cysteine=-HCl édded to . TNP-CMCase. % increase
the reaction mixture* activity . .
' . (mg/ml) - units/hr/ml
0 (control) ' 0}293.".: . B control
0.1 0.443 | s1
0.5 |  o0.456 55
1.0 " ' 0.484 65
1.s | o0.aa8. | - 53
2.0 | | 0.4a70 Y

i
t

*cysteineiHCl was added before the incubation at 60°C for 1 hr. .



TNP-CMCase activity (units/hr/ml)
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Fig. 1.5?4. Effect of 1 mg/ml cystelnefHCl on TNP-CMCase actiVity

-Z8~=
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colonies at the air/agar and agar/plastic interfaces. Use
of 2-5 mg of NTG crystale produces a smaller zone 6f no growth
than does EMS,.while in previous experiments NTG concentration
of 100-200 pg/6.35 mm filter paper disc showed no‘inhibitory
.effect. There is about a 50% inhibition of cell growth‘cn con=
trol plates at pH 6.5 (at which NTG is more stable) than at the
usual pH 7.0. |

Thus far, over 65,000 colonies from sandwich plates treated
with EMS have been screened using mutant AS-39 ae the patent culture.
One poessible mutant, CM-17-3, on first assay showed a 100% in-
Crease. in TNP-CMCase activity, and this is bheing tested further.
From sandwich plates treated with.NTG, about 6,000 colonies have
bee? screened.with none so far indicating higher cellulase enzyme

levels than the parent AS-39.

-4, Future Work

Future studies on this segment of the research will

lnclude.
.. a study of possible glucose repression of cellulase
- synthesis during growth on cellulose and cellobiose
at high yeast extract concentrations; :

.+ a study of the abilltv of glucose to support cellulase
- productlon after repeated transfers in glucose medium
in: the absence of cellulose and celloblose,

. a study of the ability of vitamins to replace the low : _
" (0.1%) yeast extract requlrement of growth on cellobiose;

« & study of the nature of the factor in yeast extract
allowing growth on glucose;

. a study of the effect of surface active . agents on cellu-
lase productlon. : .
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~.Chemical mutagenesrs in llquld cultures in anaerobic
flasks and Hungate tubes, usxng ‘different. concentra-
tions of EMS and NTG for varying times of exposure.
Mutagen concentratlon/exposure time values giving 50%
.and greater inhibition of growth will be tested and
‘survivors will be vlated out on higher Avicel concen-
trations (3-5%) and with less cellobiose (0.01% or 0%).
In addition, mutagenized suspensions of cells or possible
cellulase overproducing mutants will be subjected to
serial transfer into fresh Avicel medium over several
weeks, in hope of selecting for the fastest grower and
producer of cellulase..
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F. ' Other Enzyme Studies on C. ‘thermocellum

a. I

Purification studies,of;xhé énzyme(s) responsible

for cellulolytic activity in,g? thermbcéilum"réquire an
implicit faith‘in the cellulase assay procedure. Prior to
further attempts at purification, a series of experiments
designed to optimize this aésay were conducted.

b. Materials and Methods

All experiments were carried out on 48-hr cultures

of C. thermocellum ATCC, grown at 60°C from a 10% inoculum

of stationary phase cells. The growth medium in each case
was CM-4 witﬁ 5% cellobiose as carbon source.

After incubation cells were harvested by chilling at
0°C for 15 min then centrifuged at 12,000‘R.P.M. for 15 min.in a
cold Beckman JA-14 Rotor. The supernatant was decanted, then
spun again. The clarified broth was made 40% in ethanol and
incﬁbated at 4°C for 24 hr, followed by centiifugation at 12,000
R.P.M. for 15 min. The pellet was resuspended in 1/10 the
original broth volume of 0.0SBdNﬁcitiaté, PH 4.8,‘and sﬁored
frozen at -16°C. This ethanol-preéipitatea enzyme preparation
was used in all subsequent assays. |

~c;‘Standard'AssayiPrbcedures

Exoglucanase as filtér paper activity was méasured
by incubation of 0.5 ml of enzyme with a 1 x 2 cm strip of
Whatman #1 paper at 60°C for 60 min.  Blanks for this reaction

include citrate buffer, containing the substrate only, and .
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enzyme containing no substrate. Actiyity was measured against
a blank containing buffer only. ‘After incubation, the reaction
was stopped by addition of 1.0 ml DNS reagent, then boiled,
‘and the absorbance measured at 550 nm. Liberation of reducing
sugars was expressed in nnits of m moles glucose liberated
per hour. Endoglucanase as CMC,activity waslmeasured by
‘ﬁl.xncubation of 0.05 ml enzyme w1th 1.0 ml 2.01 CMC in citrate
buffer, w1th addltlon of 1.15 ml buffer to a final volume
"of 1.2 ml. The reaction is lncubated at 60°C for 60 min
then stopped by addition of 3.0 ml DNS reagent. The saméiesﬂﬂ
are quantitated'as above.

 Both assays are linear to 60 min; as illustrated in
Figures I.F.i,gz. These and all subsequent assays were
conducted in replicate tubes.

d. Klnetlc Studies-

Cellulase act1v1ty with respect to time was measured
as a functlon of enzyme concentratlon as follows: various
amounts of an enzyme preparatlon were assayed under standard
condltlons, the total reactlon volume maintained at 0.5 and
1.2 ml for the filter paper and CMC assays, respectlvely
by the addition of buffer. The time course of release of

‘reducing sugars is illustrated in Figures I.F.3 and I.F.4.
Initial rates are proportienal to protein concentration
. (Figure I.F.5). These data are presented in TanleS‘I,?.l"

f L raT e

and I.F.2.

_ Activity was assessed as a function of temperature

by incubation of the standard reaction mixture for 60 minutes
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Figure I.F.1 Standafd Filter PaperZAsséy
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CMCase Activity vs. Enzyme Concentration Over Time
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Figure I.F.5 Reaction Rate vs. Enzyme'ConcenF:ation
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" Filter Paper: Activity vs. Enzyme Concentration

Table I.F.Ll.

Vol. Enzyme - Initial Rate . . Relative Relative
Cml) T (V/ml) " Volume Activity
0.080 0.00035 0.16 0.152
0.10 0.00047 0.20 0.204
0.30 0.00137 0.60 0.443
0.50" 1.0 1.00

Table I.F.2

0.00230

Vol. Enzyme
(ml)

0.020
'0.050

0.080

0.10

Initial Réte

(v/ml)

0.0188
0.0500
0.0744
0.1056

Relative
Volume

0.20
0.50
0.80
1.0

Relative
Activity

0.178
0.473
0.704
1.00
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. at temperatures ranging from 50°C to 80°d in 5° increments.
lThe.results as plotted in Figure I.F;G and I.Ft? indicate
a tem?erature optimum of 65-70°C for both filtér papér.and
CMC degradation. | -

f. pH Studles

Prellmlnary data indicate optlmum for ‘both reactlons
at some pH above the bufferlng range of sodium citrate (3.8- 6 2).
" Optimization will requlre development of a sultable gufferlng-
system. '

g. Future Experiments

~ Separation of endo~ and eXoglucanase actiyities
'with subseqﬁent purification of the*lattér, will continue
via traditional enzymological methods;;~Simultanéousiy,
the search continues for an endoglucanase mutant, 1e. one
with no activity toward CMC. This straln should yleld ,
exoglucanase activity unmasked by the larger quantities

of endoglucanase synthesized by the wild-type cell.
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“and Cellulase Activities

a. Introduction

We have previously reported enzymatic activities.

of C. thermocellum strains ATCC~27405 and. LQ8 growing on.

different carbon SOurdes. Isoiate HG-é has also been tested.
HG-2 seems to have the three activities, although'in contrast
w{th the activities in ATCC-27405 and LQ8, in this or"génism~
the activities seem td be induced by the-presenée.of .xYIan.

At this point we are able to detect filter paper, carboxymethyl-
cellulose, and xylanase ac;ivies on the culture supernatants

of ATCC-27405, LQ8 and HG-2. |

Preliminary evidence indicates that xylose inhibits the |

growth of C. the:mocellum strain ATCC 27405 on cellobiose.

‘Po check the efficiency of ethanol precipitation for
the recovery of enzymatic activities, Diaflo~ultrafiitrati6n
membranes frbm Amicon Corp. Qere employed. PM-10 membraﬁgs—
seem‘to yield the highest specific enzymati¢ activitieé and
an écceptabie flow rate, so it will be'employed from no& on
in the characterizétion of the cellﬁlaseaand‘kylanase enz;més.

SDS and native préparative polyécrylamide gel electro-

phoresis have been done on culture supernatants of C. thermocellum

strains. ‘Using this technique, it ié'possible'to see that
the patterns of extracellular proteins are alike for the ATCC-
127405 and LQ8 strains:when these are grown on cellobiose, .

while the pattern obtained from isolate HG-2 is different.
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'This éuggests that this isolate is a different species.
Electrophoresis will also serve to monitor enzyme recovery
during the course of their purification by gel filtration and

ion exchange column chromatography.

1. Experiments were either performed in test tube cultures
or 300 ml cuitureAflasks with CM-4 medium containing 6 gr/liter
of carbohydrate. | | | |

| 2. ATCC- 27405 and HG-2 strains were evaluated for
filter paper activity (FPase) CMC activity (CMCase) and
xylanase activity (XLase). Activities were measured following
the concentration of extracellular proteinc by precipitation
or'ultrafiltration, Ethanol at 40% (V/V) was chosen to
precipitate the proteins. Ultrafiltration was performed
with Diaflo membranes from Amicon Corp. Ethanol was added to
culture supernatants and the samples were maintained overnlght
in an ice bath. After precipitation,the samples were centrlfugated,-
the éuperﬁatants were discarded,and the pellet was suspended
in 0.05M citrate buffer pH.4.8 to determine enzyme activities.
Ultrafiltration was performed throuch an Amicon Model 52
ultrafiltration cell under a constant N, pressure of 45 1b/in2.
Ultrafiltration membranes used were: Aﬁchn‘XM—IOOA, XM-50,
PM-30 and PM-10 (The numbers refer to the molecular weight
cut-off,in thousands) .
»'3. Protein méasuraﬁents: Because of the interference

of reducing sugars in the LcyryAasSay, the Bio=-Rad protein aSSay

was émployed. The Bio-Rad assay is a dye-binding assay based



on the differential change of dye in response to various concen-
trations of proﬁein (Bradfoxd, 1976). ~0Q2 ml of éample and
0.2 ml of a blank (citrate buffer) wefe pépﬁetted into Separate
test tubes. 5 ml dye reagent was added and‘the absorbance WAS'
read at 595 nm. The protein concentration was'determined
from a standard cﬁrve.' A

4. Sodium dodecylsulfate polyacrylamide (9%) gel |
eléectrophoresis was carried out as described by Laemki (1970).
Native polyacryl&mide.(Q%) gel electrophroésis was an a@aptation
of the former method in which 10% SDS and 2-@ercaptoethanol
were eliminated from the gels and sémplé buffer. Gels were
stained with 0.25% Coomasie Blue in 50% methanol, 7% acé?ic_
acid and diffusion deétained in 5% methanbi‘and 7% acetic
acid. Gels were preserved by drying under vacuum. fenffold
concentrated samples containing 0.45mg/ml of proteiﬁ were diluted
in half with sample buffer (final concentration 20% éljcerol,
20% SDS, and 2.5% 2~mercaptoethanol$, and f;om this qixture

a 40 ml sample used;fér electrophoresis. Electrophofesis was

3oy
=

done at 40V, constant voltage for about 1l hours. P

i

c. Results and Discussion - N

The enzYmatic activies of HG-2 were assayed during its
growth on a variety of cellulosic and non-celiulosicf;arbohydrates.
Expériments were done with CM-4 medium and the results were
obtained at the end of the exponenﬁial'phase of growth.

Ehzymes were ethanol precipitated.

As can be seen from Table I.F.2.1 enzymatic activities,



Table I.F.2.1 Effect of Carbon Source on the Expression Of‘Extracellular'Enzyﬁatic

 Activities in HG2 Isolate

Stain Activity Solka Floc  MN300 ‘Xylan"'cellohibse‘ Y.E. Glucose

t

Xylose

HG2 FPase MM NM . 0.004  0.002 NM NM 0.004
' CMCase - 0.05 0.045  0.32 0.085 NM 0.035 0.050
Xylanase 0.04  .0.035  1.45 0.005 NM  0.015 0.035

* NM: No Measurable activity at‘suﬁernatant concentration 1/10

mg Glucose
ml-HR

* FPase and CMCase expressed as

mg xylose

* Xylanase as : —Jy_HR.

-LLG—
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although low, are present in every carbon sourde tested. This
is consistent with the'hypothééis that the weak growth of HG-2
obsexved'on Solka floc and MN~300 is supported by the hemi-
cellulose present in these. But because activities increase
when thé culture is growing on xylan compared with those
obtained when the c@tlﬁré is growing on xylései celidbiose

or glﬁcose, an expe;iment-was performed to détermine the rate
of developmeht ofvenzymayic activities ovef,time,"

From Table I.F.2.2 it can be inferred that,thé HG-2 isolate,
when grown on-xylose develops very iittle énzymatic actiﬁity
compared with that obtéinéd when grown on xflan. This observation

could be accounted for if these eﬁzyme(g) are induc;d in the
| presencé of xylan. | |

In the last progfess report it was ieported that no colonies
of'strains ATCC=27405 or LQ8 arise when plated on'¢M4-xylose.

A possible explanation is that xylose coulé‘be|a nbn:metabolizable
substrate as well as an inhibitory substance. To tésg these
hypotheses an experiment'was perfo:med in which Ach-é7405 was
grown on a CM-4-¢eilobiosé medium (6 gr/liter) withitﬁe addition
of variable quantities o% xylose. When 6 gr/liter of xylose
were added an inhibition index of 0;29lwasvobserved (Table
I.F.2.3). The experiment is not conclusive as the osmotic‘
pressure of the ﬁedium.due to thevhigh-qoncent:ation of
substrate can explain;this inhibition. Alﬁernate explanations
could be that substrate competition for the écfive site of the
transport enzyme.occurs or that Xylose exérts its inhibition

intracellularly.



Table I.F.2.2 Rate of Development of Enzymatic Activities Over

Time in Strain HG2 Growing on Xylan and Xylose

7hrs.  12hrs.

Strain Activities " 18hrs. 24hrs. -

HG2 FPase NM - NM NM NM

Xylose CMCase 0.012 0.020 0.025 0.075 -
Xylanase 0.010 . 0.020 0.030 0.080

Strain ~  Activities 12hrs.  24hrs. ~ 48hrs.  72hrs.

HG2 FPase ‘NM 0.004 - 0.001 NM

Xylan . CMCase 0.06 0.22 0.40 0.17
Xylanase 1.50

0.27 1.05

0.50
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Table I.F.2,3 Inhibition Iﬁdek of Different-Concentrations
of Xylose on ATCC-27405 Forming on CM=4
Cellobiose at 6 grs/Liter.

Substrate - ' : | Inhibition Index
Control Cm=4~-Cb - ' 0

CM-4-Cb + 1 gr/L xylose — 0.05
CM=-4-Cb + 2 gr/L xylose — 0.08
CM-4-Cb + 3 gr/L xylose — 0.16
CM-4-Cb + 4 gr/L xylose - — 0.18
CM-4=Cb + 5 gr/L xylose : — 0.29
Cm-4-Cb + 6 gr/L xylose B — 0.29

Control Cm-4~-xylose only ‘ — >>1 (no growth)

* Values obtained at the end of logarithmic rate of growth
* Inhibition index as:

660 sample with variable gquantity of,iylose_

669 control (CM4-Cb‘alone)

1 = Absorbance OD
Absorbance 0D

* When inhibition index is 0 = no inhibition
>>1 = complete inhibition
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At this point one.doubt, however, arises: does ethanol
'preci§iﬁation in.some,way alter fhé‘epzyﬁé(sjjwith an accompany-
ing losé of éétivitf?. It'waﬁ.thqughtgthét uiﬁrafiltration of
culture made'through non-cellulosic filters (Diaflo filters
fiom Amicon Corp.) would provide a control to check the recovery
of activities. ‘Differénces in activities would mean .that
ethanol cou;d produce some damage to the enzyme(s) ihvolved
in the degradation of cellulose and xylan. Ultrafiltratioh
might also be uséful for separating the enzyméé of interest
from each othér;on the basis of molecular wéight. However
as seen in Table I.F.2.4 to I.F.2.7 this method was
unsuccessful. Consistently the highestvactivi;ies‘fo:‘every
activity tested were obtained with the PM-10 filters. XM-SO
and PM-30 membranesvdid.ndt yield adequate recoveries perhaps
somé qﬁantity of enzfme remained trapped on the membrane.
Activities were also retained by XM=-100A filters, which indiéate
thaﬁaﬁhe‘enzyme(s),Which wefgrejlgoking,for;have a molecular .
weight of more than 100,000. '

SDS and native preparative eléctrophoresis»have als6

been done. It was evident that in native gels patterns of

strains ATCC-27405 and LQ8 grown on cellobiose, however

banding patterns for the HG2 isolate growing on xylose or xyisn
are quite different.  This could mean that HG2 and ATCC-27405
aré véry different microorganisms. These patterns will élso

be useful in identifying the péaks from gel filtration and

ion-exchange chromatography.



Table I.F.2.4 Recovery of Activities for C. ‘thermocellum ATCC-27405
Growing on Cellobiose . '

Specific Activities

for
Method of :
Concentration . Protein FPase CMCase XLase CMCase Xlase
Ethahgl 0.46 0.020 ‘1.55 1.25 3 37 2.7%,
XM-50 0.48 0.046 2.35 1.50 4.90 3.12
PM-30 ) 0.42 0.038 2.10 1.20 5.00 2.85

PM-10 . 0.46 0.046 2.70 1.55 5.87 3.36

-20T-

Table I.F.2.5 Recovery of Activitiy From HG2 Growing on Xylan

Specific Activities

Method of _ o : for
Concent;ation Protein FPase =~ CMCase - Xlase ‘ CMCase ‘Xlas%
Ethanol 0.39 NM 0.42  1.35 1.08  3.46
XN-50 0.81 0.010 0.025  2.20 1.23 2,71
PM-30 0.64 S NM 0.80 1.7 1.25  2.73
PM-10 0.64 .  0.005 -  0.87 2.30 1.36 ° 3.59
. _ | |
* Protein: as mg/ml liquid supernatant concentrated 1/10 '

mg glucose or xylose :
ml-HR

* Specific activities as : &I g;gsg;e or xylose / mg/ml protein.

* FPase, C(CMCase, Xlase as




Table I1.F.2.6

Method of

Specific Activities

for
Concentration Protein FPase CMCase XLase " CMCase. Xlase
Ethanol 0.68 0.036 3.5 2.01 5.14  2.95
XM-100A - 0.53 0.0444v 2.95 1.85 5.56 . 3.49
PM-10 0.73 0.040 4.0 2.80

Table I.F.2.7

5.47  3.83

‘Recovery of Activities From HG2 Growing on Xylose

Specific Activities

0.34

0.35

Method of for

Concentration Protein FPase " CMCase XLase CMCase XLase
' Ethanol . 0.22 NM 0.035 .. . 0.055 0.15 0.25
XM-100A ~0.20 - NM 0.12 0.25 .0.60 1.25
PM-10 . - 0.33 0,008 1.03 1.06

-g0T-
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d. Future Work

We are_able to detect enzymatic activities on the
supernatant of ATCC~27405'aﬁd,HGZ cultures. How many enzymes
are responsible for these activities? Gel filtration and
ion exchange chromatography will be -employed to separate .

these activities.

‘with a high content of hemicellulose to.grow, the phenomenon
of non—utilization, and perhaps xylose inhibition should

.bé studied.
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G. EVALUATION OF SUBSTRATES FOR USE BY CLOSTRIDIUM THERMO-
- CELLUM v — ‘ .

1. Introduction

. The screening of different cellulosic biomasses

with respect to degradation by C. thermoceilum was continued.

. The basic properties 6f*thé-substrateS-cénsidered to'beAdesif-_
able for the process are abundant availabilities, "low cost and
suitability for continuous feeding. |

‘Earlier work wiﬁh agricultural residues (see Prog-
ress Report CO0-4198-6) had suggested corn stover £0jbé‘a bet-
ter substrate - than sugar}éane bagasse. It was theh‘speculated
that this better performance could be explained by the 50%
higher specific surface area (cmz/g) of the corn stover‘Sample :

used. To check the validity of this hypothesis, C.’thermocél—

lum was now grown on these two substrates using defined particle
‘sizes ranging from 20 to 100 mesh.

One of the problems often mentioned in the ligera-
ture concernihg the degradation of cellulogicvsubstrates is
their fairly high content of hemi-cellulose and<lignih; Most
materials that are agriculturél wastes or Sy-pfoducts contain
20-50% cellulose and 50-80% hemicellulose and lignin.' A com-
mon way to overcome this problem is‘to effect an alkaline pré-
treatment of the substrate in order to remove most of the
hemicellulose and some of the lignin. This preliminary step
in a commercial proces§ would‘considerably raise. the total

production cost. The'idea of utilizing-a by-pfoduct of a process
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that inherently included a favorable pretreatment was consid-
ered to be ideal. Since most wood bulping processes for paper
production involve an alkaline'treatment and an Na,S treatment
(to increase the rate of delignification), the use.of paper ¢
mill primary sludge as a C-source for C. thermocellum was in-
vestigated. -

Another substrate tested was cotton shearings, which
are by-prdducts‘df the textile industry. Shearing is a finish-
ing'operétion in which uneven threads are mechanically cut or
trimmed from the face of a fabric resulting in extremely-short
fibers thch have;presently no end-use in the'textile industry.

Besides this search for new substrates, a majér
effért:was devéted to the construction and set-up of a contin-
uous culﬁurg‘éystem usingga'soiids feeder. The obﬁéctive\of
such a sysgem would be £o obtain process data that would be
later utilized in process design and cost analysis.

' It has been shown previously that for some mate-=
rials the substraté particle. size has a majdr impact on cel-
. lulose degradation and reducing sugar accumulation. Yet a-
detailed picture.of the spatial arrangement of substrate par-

~ ticles and microbial cells during the growth of C. thermocellum

is still not available. 'In order to obtain such knowledge,
this work dealt also with the observation of the growth of

this organism using Scanning Electron Microscopy (SEM).
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2. Material and Methods

: , - g. New Substrates .

The hammer milled corn stover and the Wilgyv
milled sugar cane bagasse samples used were part of the same
lot previouslf employed (see ProgreSS~Re§ort C00~4198-6) . |
Samples:of the two materials were sifted fof 2 minutes through
a set of Mesh Tyler series screens and the fractions-iQAthe _

. range of 20-28 (589-833 u), 28-35 (417-489 u).and 35-100 (147-

417 u) mesh were used as C-sources for C. thermocellum. The |

experiment was conducted in Hungate tubes containing 1 ml of
Sélkaifloc-inocuium plus CM3 medium up to a final volume of -
10 - ml. Tubes were prepared in duplicate for.eachlsubstrate/.
particle size combination. Controls consisted of both Solka
floc tubes and uninoculated tubes. 'The time course of the
60°C fermentation was followed by exaﬁining sets of tubes af-
ter 25 and 72 h. . - |
'A ‘ ‘The cultures wefe ﬁiltered through Whatman Pa-
per No. 1 for determination of'residual solids. ; The pH was .
measured in the filtrate which was then'centrifugéd»at S
20,000 x g for 15 minutes. A reducing sugar DNS assay was per-
formed on the supernatant. This same procedure waé followed in
. -later.reducing..sugar determinations. |
Another experiment was performed to test'the
possibility of using paper mill primary sludge és a substrate. -

The sample was obtained from Crown Zellerbach (Central Research

t
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- Caruas, Washington 98607). The moisture content of the sam-
ple WAS determined to be 80% on a weight basis. The pH of a
lO%lsuspensionAis 8.0. According to the information provided
by the manufacturer, 50% of the tbtai;solids is cellulose from
kraft; magnefite and mechanical pﬁlping processes, while ash
represent'31%. The experiment was run at 60°C in anaerobic
shake flasks containing 300 ml of CM3 medium with 1% dry sludge.
A Solka floc flask was used as a control. A 3% inoculum of

C. thermocellum grown on cellobiose was utilized. The. reduc-

ing sugar production was determined by the DNS assay. The
residual solids pattern was noﬁ followed since the naﬁuré'df
the substrate made sampliﬁgyiﬁéééﬁrate.

| | This experiment was repeated using washed sludge
as ‘a subétrate. 'The wash was done by centrifuging a 5% sludge
slurry;at 3,500 x g for 15 minutes and resuspending the prééip-
itaté in distilled watér.‘ Duplicate 10 ml samples taken before
and after the wash were dried to assess eventual solid losses.
Conditions were the same as in previous experiment éxcept that.
sludgé concentration in CM3 medium was 0.8% solids.

Samples of bleached and green dyed cotton shear-
ings were obtained from West Point Pepperell (West Point,
Georgia 31833).. The experiment was conducted at 60°C in anaero-
1bié shake flasks containing 300 ml of CM3 medium (1% shearings).
A Solka floc flask was again used. as a contro;. A 3% inoculum

'0f C.' thermocellum grown on cellobiose was utilized. Reducing
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sugar production was followed by the DNS assay. Again, it was

nOt possible to assay for residual solids due to the nature of

the'substtate,.

b. Continuous Culture Set-Up

The fundamental problem with the continuous

culture set-up for cellulose degradation is the feeding of the

insoluble cellulosic substrates. The approach chosen here was

the use of a sollds feeder connected to the fermentatlon vessel

by means of a funnel attached to a 59 em long duct Both funnel

and duct were made out of glass in order to minimize accumula-
"tion of particles on the walls. Several designs of ducts were

tried. The most syccessful design (see Figure I.G.l) is based

on the same principle as a Venturi flowmeter. A flow of nitro-

x'gen is forced through the constricted length of tgbing and car-
ries the substrate particles. 'The seteup was tested with corn
cob granules SGRIT'O-COBS-GOQ‘The Andersons, Cob Divieiogﬁ‘P.o.
Box 119, Maumee, NH 43537) . of maximum. diameter 300 u. |

c. Scanning Electron Microscopy

C. thermocellum was grown'at 60°C in anaerobic

shake flasks containing 300 ml CM3 medium with 1% ball millec
corn stover (Dow Chemical Co., Midland, Michigan). A 10 ml
(3%) inoculum grown on Solka floc was used; 10 ml sterile
distilled water were added to the uninoculated control. At

43 h, these broths were used to inoculate (3%) media in similar

.. £lasks. When the fermentation in these second transfer flasks

P
e fig' B £
'
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reached 45 h, 2 ml aliquots were centrifuged at 13,009 x g for
10 miputes and the precipitate was resuspended in distilled
. water and recentrifuged. The dehydration of the precipitate
was done by the method of Kuﬁtzman et al. (Appl. Microbiol.
28: 708-712) which consists of resuspending the precipitate in
- progressively higher concentrations of ethanol (10, 30, 50, 95
. and 100% ethanol were used). The final suspension was air
dried in a desiccator for 24 h prior to gold coating. The sam-
jéles were examined with a Cambridge Stereoscan Mark II SEM at
magnifications ranging from 800 to 8000.
To verify whether this sample preparation pro-

ceduré was washing.the cells off the substrate particlés, cul-

ture broths of C. thermocellum grown on ball-milled corn stover

and Solka floc were examined under the light microscope after
each step of'the procedure in both supernatant‘and precipitates.
Alwet mount technique was used to prevent the raﬁid_evaporation

qf‘ethanollfrom the mic:bscope slides at the final stages of
thé dehydration process.

3. Results and Discussion

a. New Substrates
The residual sugar accumulation profile for
corn stover and suéar cane bagasse of defined particle sizes
is shown in Figure I.G.2. The final pH in the Hungate tubes
‘was 6.3 for the corn stover,‘6.8 for the bagasse and 6.2 for.

thé,Solka floc control. When analyzing these figures, it should
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be kept in mind that experiments performed‘in Hungéte tubeé
usually show less intense cellulose degradation. and sﬁgar~
production bompared to shake flask or fermentor performance.
From Figure I.G.Z('it can be‘seen that for this particle siie
range no definite correlation can/be found between sugar ac- )
‘ cumulation and particle size. 'One can also conclude that for -
the same particle sizg or for‘the.samé'specific area (taking
into account the difference in densitiés) corn st@ver is still -.°
a better substrate than suga: cane bagaése; The‘resulté ob-
tained with this hammer milled corn stoverAare~ar6unﬁ 60-50%

of the reducing.sugar production'dbtained previously for

corn cob granules of similar size, but. the iowervcost~6f stover
could compensate for the lower production yields.

o No growth was detected when the paper mill‘ o v
érimary sludge was used as a substrate while the Solka floc
control feached’8Q% substréte consumption and a reducing sugar
éoncentfation around 5 g/1 at a final PH of 5.6. 'rhis féét was
rather surprising since it was hoped that the alkaline pretreat-
ment would have left an eaéily degradable ceilulosic material.
Khan and Trottier (Appl. Env. Micrbbipl. 35: 1027-1034Y'£ave'
reporﬁed that sulfides are toxic to hany énaerobes'ét fairly

.low concentrations so one seemingly plausible explanation for

the inability'of.growth of C. thermocellum.was.that the sﬁlfide
used in the pulp treatment was toxic to this organism.
' Hence, a water wash pretreatment was. conducted

with the objective of solubilizing the sulfidé,salts. The
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solubility of Nazs at 10°C, for instance, is 15.4 g/100 g so
thé treatment employed should have been effective in reducing
sulfide salts. No significant weight losses were detected as
a result of the washing procedure, but still no growth was ob-
served along 15 dafs of ;ncubation. |

The results obtained with the cotton shearings
are much more encouraging. The reducing sugar production is
shown in Figure I.G.3. For both substrates (bleacﬁed and
dyed | shearings), the reducing- sugar accumulation is higher
- than 4'g/l. An interesting feature of these substrates is the
long lag phase for both bleached shearings (around 5 days)  and
dyed shearings (around 7 days). A lag phase of 8-9 days had

been previously observed in this laboratory for C. therquél-

luh grown on surgical cotton. A final pH of 5.8 was observed
for'boﬁh tfpes of cotton shearing while Solka floc had a final
pH of 5.6. When the culture containing dyed sﬁeariﬁgs-entered
log phase, the medium became reddish and the longer lag phase
observed for this substrate may be related to the green dye or
prodﬁéts generated from it. This experiment will be repeated
using inodulum grown on cotton shearings to shorten the lag
_phase. This fermentation process might be of interest to ‘the
textile industfy;since'the color variations and the short ‘
staple length of these fibers have so far prevented their use
in many suggésted end-uses including the viscose process for‘

.

rayon.
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b. Continuous Culture Set-Up

. The main‘problem found in the equipment set-up.
has been the connection between the feeder and the fermentation
kVessel. At room temperature, the use of a plain vertical glass
tube is effective but, at 60°C, mOisture condensation occurs
_onto- the walls of the lower portion of the glass tube, causing
accumulation of particles and finally clogging the tube. .

The Venturi principle used in the designfsh0wn
in'Figure I.G.1l has proved to be quite successful. Sincelthe

.+ flow of N2 is constant, the gas reaches a higher velocity at.

. the constricted length of tubing, which creates a depression'

.‘zone. ' This allows the flow of particles into the fermentor.
l:The length of constricted tubing upstream from the funnel con-
nection is around 20 times larger than the tubing diameter,
this was deSLgned in order to assure laminar flow at the fun-"
._nel.connection; |

At room temperature);this apparatus &as>shown
,hto;h; able to deliver corn cob granules at rates -above 0.50
. g/min with a precision of a hundredth of a-gran.. The perform- .
ance,of”this_set up remains to be.tested during loncer periods

..of time.at 60°C which will be needed for continuous culture.

c. Scanning Electron Microscopy
The examination of the cornvstover cultures .
with SEM did not provide any conclusive evidenCe.aboutfthe ,
morphology of substrate particles. It was not possibleﬁteﬁp#

L
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delineéﬁe.thé'éresehcequ C. thermocellum cells, nor the type
of cdlonization occurfing; Both inoculated and unihoculaééd :
samples indicated the presence of fairlyAlaﬁéé structures
~which appeared to be érystélé'éf:salt pfeéipitaté.‘ For fﬁturé
work, the salts added .to the medium shall be filter steriliied
4to'avoid pfecipitate formation during autoclaving.

The idea of checking the sample preparation
téchniqﬁe'by light microscopy could not be done successfully
with corn stover cultures since the shade formed at the edge
of‘the particlés made impossible the observation of cell at-
téchmeht. Such a check was dohe with Solka floc grown cul-

. tures. It was found that, during ethanol dehydration, although
. the supernatants showed a very small cell concentration (indi-
cating that centrifugation procedure was appropriate), the re-
suspénded precipitates showed the major portion of thé cells
in arfree form. When finalAsamples corresponding to resuspen-
sion in pure ethanol were examined, most cells appeared in solu-
tion, but some still seemed to be attached to the Solka floc
particles. Other techniques for sample preparation for SEM
shall be tried, possibly by the use of a liquid nitrogen freez-l

ing process.

. 4, Future Work
o Operation of the continuous culture system us-
ing a-solids feeder to obtain process data for Cellulose degra-

dation by C. thermocellum.
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e Further study'of performanoé of cotton shear-

ings as substrate for ¢. thermocellum.

o Study of colonization pattern of C. thermo-

cellum on substrate particle by means of SEM.
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1 Solids
Feeder

;1"°"I--- §j7IDme .D.=14 mm

. R N 2

L--

l
{ 8.5 cm

y

i

20 cm

;¥;£

Fermentoq

FIGURE I.G.l: DESIGN OF SOLIDS FEEDING APPARATUS FOR
' CONTINUOUS CULTURE SET- UP
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FIGURE I.G.2: REDUCING SUGAR ACCUMULATION PROFILE FOR

C.THERMOCELLUM GROWN ON CORN STOVER AND
. SUGAR CANE BAGASSE OF DEFINED PARTICLE
SIZE IN THE RANGE OF 20 TO 100 MESH

2=

O Solka floc : " SRS SF

A sugar cane bagasse 20~ 28 Mesh
[ Sugar cane bagasge 28~ 35 Mesh
A Sugar cane bagasse 135-100. M

S (20- 28
BAG (28- 35
o (35-100

~
-

24 48 ) 72 TIME (hr)

Q solka floc

A corn stover 20~ 28 Mesh
J corn stover 28- 35 Mesh
A Corn stover 35-100 Mesh

CS - 28-35
—7C—CS - 34-100
. %— CS - 20-28

24 - A . 7 TIME (hr) .
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REDUCING SUGAR ACCUMULATION FOR CULTURE OF

C. THERMOCELLUM GROWN ON BLEACHED AND DYED

COTTON. SHEARINGS AND ON SOLKA FLOC

DYED  COT'TON
~ SHEARINGS

BLEACHED
COTTON SHEARINGS

1 Y " "
100 - 150 TIME (h)
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II. PRODUCTION OF CHEMICAL FEEDSTOCKS .

1. Introduction .-

During the course 6f'this'pr6jé¢t; a micro-
bial process for the'pro&uétibn'bf'ééfyiic acid has been

developed. This represents the first microbial produc-

tion of this commodity chemical. ' Production of acrylic

i

&
-
il
3
,J v

acid ffom cellulosic biomass as part bf‘ahzinfegrated
process for fuels aﬁd chemicals production could greatly
enhance the economics of ethanol production'beCausé of
the high value (e.g. 35-40¢/1lb.) for acrylic acid.

In the most recent report period, we have
achievéd a conceﬁtratiOn of 1.2 g acrylic acid/liter |
and have demonstrated the stimulating effect of lactate
and methylene blue on its formation. In addition, cells of

Clostridium propionicum have been immobilized and shown

to retain a major portion of their biological activity.
At this point, we have decided to cease our
efforts on the development of a process for conversion of

propionate to"acrylate with g.'coli and focus only on

c. propionicum.
| Studies on the direct production of lactate,
a precursor to acrylate, from cellulose'héve proceeded

well. Using mixed cultures of C. thermocellum and a recently isolated

thermophilic, homo-lactate forming organism, the direct
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conversion route has been explored. Efforts to improve
this step towards a complete process for acrylate are

,continuing.

2. gxlic Acid Production bx Clostridium propionicum

a. Introduction

Continuing efforts‘have'been made to opti-'

mize the reaction conditions for the production of ecrylate

from propionate with C. propionicum. There are several
important variables that need to be optimized. Tnese;in-
clude: - ‘~ ’

(1.) propionate concentration

(2.) lactate concentration

(3;) methylene blue concentration

(4.) hydrogen ion concentration (pH)

(5.) temperature A

(6.) phase of‘growth

(7.) oxygen availability

(8.) cell concentration
In this report, results from an optimization of some of the
above variables for the maximum production of acrylate from
propionate is presented. Since our last progress report
it should be noted that when both lactate and methylene
blue are present, as much as‘l7 mM (1.2 g/1) acrylate is
prodtced from propionate. | |

' We have also pursued the use. of immobilized

whole cells for acrylate production. Results to date_are

quite successful in the use of this technique.
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b. Materials and Methods

' Clostridium propionicum was grown in complex

.medium containing peptone and yeast extracts (see previous

>

R

phase and washed With 0. 03% Nazs solution. “Washed cells
were suspended in 50 mM triethanolamine-HCl (10 mM, pH 7.5)
buffer. These suspended cells were used for experiments.
All experiments were carried out in a test tube (13 x lOOmm)
with magnetic stirring at 37°C. cCell concentrations were
0.1 g wet weight cells/.ml of reaction mixture (approximately
20 mg/ml dry weight). 200 pl of reaction mixture.were
withdrawn and 40 ul of'SO%AH?_SO4 was added to stop the
reaction, Volatile acids were extracted with ether (200 ul)
andAassayed by gas chromatography with valeric acid as an
internal standard.

Cell Immobilization

Cell suspensions were prepared as preViously
described for resting cell experiments except that the-
washed cell pellet was suspended in triethanolamine buffer
(10 mM, pH 7.5) containing ImM MgSO4(TEA-Mg buffer)- ‘To
9 ml of cell suspension (2 g wet cell weight) were added _
1.5 g acrylamide and 0. 080 g N, N'-methylene-bis-acrylamide
| with stirring under a nitrogen atmosphere at 40C. Then
0.25 ml 10% ammonium persulfate solution was added to the

mixture followed by 0.5 ml of a 10% tetramethylethylene~
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diamine (TEMED) solution. The mixture polymerized after
about 5 minutes at 4°C. The gel was then homogenized in

50 ml TEA-Mg buffer for 90 sec in a Waring blender maintained
atj4°C. The gel particles were washed three times w1th

100 ml TE@1Mg buffer. With thlS procedure the concentration
oficells was approximately 0.2 g/g gel. The eff1c1ency

of entrapment was 85-90% as judged by measuring the amount |
of:protein in the combined gel washings.

The gel suspension was assayed for acrylic
acid production in tubes in a manner 1dent1cal to the resting
cell assay procedure (200 mM propionate, 50 mM 'TEA buffer,
pH}7.5, aerobic). In addition, the use of an immobilized
cell column reactor was investigated. A substrate mixture
containing 0.2 M sodium propionate, 0.025 M sodium (acetate,
0.1 M triethanolamine buffer (pH 8.0), 0.2% methylene
blue and 0.001 M MgSO4 was pumped at a rate of 7. ? ml/hr o
through a column (2 5 x 7 cm) of gel particles (10 g packed
gel weight). Effluent samples were assayed for acrylic acid.

'g. Results and Discussion

(l) Effect of Lactate Concentration
In the previous report, the stimulatory
effect of lactate on the production of acrylate from pro-
pionate was shown. We have now determined the optimum -
concentration of lactate. It was observed that low concen-

tration of lactate.increased the final yield of acrylate,
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but high concentration of lactate did not. It is important
to note that the initial rate'of'acrylate production was
decreased as lactate concentration increased (Figures II.’
A.z.l.and 2)._ After 8 hour incubation the reaction went
tc “completionQA'Using an 8 hour'incubaticn the final yield.
of acryiate from proprionate was investigated as a func-
tion of proprionate and lactate COncentration.‘ The results
are shown in Figures II.A.2, 3 and 4. Increasing amounts
of propionate resulted in increased amount of acrylate.
Lactate had its maximum effect at a concentration of 20 mM.
These same resuits are replotted in Figure II.A.2.4. 1In
andadditicnal experiment shown in Figure II.A.2.5. the |
optimum occurred at 30 mM lactate.
| (2,) Effect of pH

Three buffer systems were used to in-
vestlgate the effect of pH in the range from 4 0 to 10 5 v
25 mM of lactate was also added to the reactlon mixture to
stlmulate acrylate productlon. The optlmum pH value was
8.0 - 8.5 as seen in Figure II.A.2.6.
| ' - (3.) Effect of Methylene Blue

Methylene'biue is’an electron acceptor;
on‘reduction, the-Coior,changes"frcm blue to colorless.
The rednced compound is readily recxidized in air. We
investigated the effect of methyiene blue on-acrylic;acid

production under both.anaerobic and aerobic conditions.
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" FIGURE II.A.2.1: EFFECT OF LACTATE.ON THE PRODUCTION OF
o . ACRYLATE FROM PROPIONATE

© Reaction mixture (total volume 2 ml) contained:

' triethanolamine;HCl buffer (pH 7.5) . . 50 mM
propionate. : o s 200 mM

lactate : 0~5 mM

® Incubated at-37°C(under air atmosphere with meclianical -
agitatibn |

) Samples (200 ul) were taken at each tlme lnterval and

transferred to a tube containing 40 ul of 50% HZSO4

— ) e 0 mM lactate )
—e— 10 mM lactate
—-—pAee 20 MM lactate

~—A-— 50 mM lactate
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FIGURE II.A.2.2.: EFFECT OF LACTATE ON THE PRODUCTION OF
ACRYLATE FROM PROPIONATE ' ~ o

® Reaction mixture (total volume 2 ml)_qontained:

triethanolamine-HCl puffer (pH 7.5) - 50 mM

propionate ‘ 3 . 200mM’
lacﬁate - i- 0 ~ 100 mM;

‘@ Incubated at 379C under air atmosphere with ﬁedhanical‘
'agitation
® Samples (2004ul) were taken at each time interval and

. transferred to a tube containing. 40 ul of 50% H,SO

2774

—Q=— 0 mM lactate (contfol)
, +—A—7‘ 10 mM lactate

—e— 20 mM lagfate

—fE}— 30 mM lactaﬁe

—A— 5o mM'1acta£é;~

—&—.100 ‘mM._i-actate_

LN



(mM) |

Acrylic Acid produced

2.0

-127-

Figure 1A 2.2, .

30

Incubation Time (min)

0
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FIGURE II.A.2.3: EFFECT OF LACTATE CONTRATION ON THE PRO-
' . DUCTION OF ACRYLATE AS A FUNCTION OF
PROPIONATE CONCENTRATION

e Reaction mixture (total volume 200 pl) contained:

triethanolamine~HCl buffer (pH 7.5) 50 mM
propionate . 4 0 ~ 200 mM
lactate | o 0 ~ 100 mu

® Incubated at 37°c for 8 hours under air atmosphere with.
_mechanical agitation
® reactions were stopped with the addition of 40 ul sto4 (50%)
S —0— 0 mM propionate '

—a— 25 \
—{— 50
—&— 75
—A— 100

&

LU
"
L -

. —e— 150

2 B 2 2 B

—0— 200



(mM)

-129-

Acrylic Acid

Figure 11.A,2.3

i ) _ : S |
75 . 10 . . " 150 .

‘Congentration bf3?ropidnate (mM)
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3

FIGURE II.A.2.4: EFFECT OF PROPIONATE CONCENTRATION ON THE

PRODUCTION OF ACRYLATE AS A FUNCTION OF
LACTATE CONCENTRATION

!

Reaction mixture (total volume 200 ul) contained:

+

triethanolamine~HCl buffer (pH 7.5) ° . 50 mM
propionate ' | £ 0 ~ 200 MM
lactate . 0 ~ 100 mM

Incubated at‘37°c for 8 hours under air atmosphere with

-

mechanical agitation . BN

'\’\

Reactions were stopped with the addition of 40 Wl 32804(50%)
- —— 0 mM lactate ‘ o

. —f8— - 10 lactate

L —— | 20 lactate

—a&— 50

mM
mM

—O— 30 mM lactate
mM lactate
mM

—8— 100 lactate
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FIGURE II.A.2.5: EFFECT OF LACTATE ON THE PRODUCTION OF
S 'ACRYLATE FROM PROPIONATE

o Reaction mixture (total volume 2 ml) contained:

triethanolamine-HCl buffer (pH 7.5) = 50 mM~
propionate - . 200 mM
lactate , 0 ~ 100 mM

o Incubated at 37° for 8 hours under air atmosphere with’
mechanical agitation
o Samples (200 ul) were drawn after 8 hour incubation

and placed in a tube containing 40 ul of 50% sto4
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FIGURE II.A.2.6: EFFECT OF pH ON THE OXIDATION OF PROPIONATE
R - TO -ACRYLATE N -

o Reaction mixture (total volume 200 ul) contained:

*
pH buffer 50 mM
. propionate - - 200 mM
lactate 25 mM

o Incubated at 37°C under air atmosphere with mechanical
agitation for 8 hours

o Reactions were stopped with the addition of 40 ul
H

SO, (50%) after 8 hour incubation

2774

B
t

* 'The‘following buffer systems were used: /
éitric acid - NAZHPO4 for LpH 4.0 ~ 6.5 ”
triethanélamine hydrbéhloride'— NaOH for pH 7.0 ~ 8.5
spdium'carbonate (ﬁa2C03) - sodium biéérbonate’(NaHCOé)

B for pH 9.0 ~ 10.5

N



ACRYLIC ACID (mM)

_13.5_

EFFECT OF pH ON THE OXIDATION OF PROPIONATE TO ACRYLATE

gy

Figure 11.A.2.6
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Under anaerobic condition (Pigure II.A.2.7), there was no
acrylete production'without methylene blue.‘.Increasing the
amount of methylene blue (up to 0.2%) resulted ln an 1ncrease
in the lnltlal rate of acrylateﬁproductlon and in a high
final acrylate concentratlon. However, once the methylene
blue is reduced (as observed by the color change), the
acrylate was readlly metabollzed and dzsappeared

" Under aerobic condition.as shown'in
Figure Ii.AL2.8'the inltial rate of acrylate production was
increased as methylene blue increased, but-the final amount
of acrylate was not as great as these control when 0.1%
or less methylene blue was used. |

| (4.) Combined effect of lactate and methylene

blue

In the abovelexperiments, the effect
of lactate or methylene blue was investigated independently.
Here the production of acrylate was examined in the presence
'of both lactate and methylehe blue.. It was observed that
'acrylate production wasigreatly stimulated only when both
lactate'and methylene blue were present .in the reaction
mixture as seen in Figure II.A.2.9. If we removed either
of these; no accelerated production of acrylate was
observed. '

The presence of air (or oxygen) was
found to be essential for the stable accumulation of acrylate

(Figure II.A.2.10).
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FIGURE II.A.2.7: EFFECT OF METHYLENE BLUE ON ’I‘HE OXIDATION\\
OF PROPIONATE TO  ACRYLATE UNDER ANAEROBIC
CONDITION :

© Reaction mixture (total 2 ml) contained:

triethanolamine-HCl buffer (pH 8.5) 50 mM
propionate , - 200 mM
. methylene blue 0 ~0.2%

e Incubated at 37°C under N, atmosphere witthechanica;
-agitation - |
e Samples (200 ui) were taken at each time interval ands
reactioﬁ was stopped with 40 ui of 50%‘sto4
| —— 0% 'methylene blue (control)
-—CF; 0.05,%. methylene biue
i—-b—- 0.1 & methylene blue | 3
—e— 0.2.% methylene blue |

—h— 0.2 % methylene,blue (Under aerobic condition)

errow,(i').indicates the color change of methylene

blue from blue to colorless
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FIGURE II.A.2.8: EFFECT OF METHYLENE BLUE ON THE OXIDATION

OF PROPIONATE TO ACRYLATE UNDER AEROBIC
CONDITION :

3

‘e Reaction mixture (total 2 ml) contained:

.triethanolaminé-HCl buffer (pH 8.5) 50 mM
propionate , ' E 200 mM
methylene blue * 0 ~0.28%

e Incubated at 37°¢ under air atmosphere with mechanical
agitation L |
e Samples (200 ul) were d;awn ét each time interval and

transferred to a tube containing 40 ul of 50% H,S0,

e 6A % methylene blue (control)
—0— 0.05 % methyleng blue
—Ly ;6.1 $ methylene blue
——o—-f 0.2 % methylene blue



Acrylic Acid produced (mM)
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Figure IT.A.2.8

o
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?IGURE'II.A.Z.Q:' PRODUCTION OF ACRYLIC ACID FROM PROPIONATE :
IN THE PRESENCE OP METHYLENE BLUE. AND LACTATE

® Reaction mixture (total volume 2 ml) contained:

. triethanolamine~HCl buffer (pH 8.5) -~ 50 mM

- propionate ‘ . . 200 mM

amethylene blue ‘ - . . 0.2 %
lactate - | 25 mM

( .
‘e Incubated at 37°C under air atmosphere with mechanical

.agitation .
e Samples (200 ul) were taken at each time lnterval and
| transferred to a tube'containing 40 ul of 50% sto4
propionate + methylene blue + lactcte
'propionate,+ methylene blue ( - lactate) ;f

-
o i-‘%l; v
1 ~»,"5‘r,

—O—

——

—O&—  propionate ( - methylene blue) + 1actate
| —0O— propionate ( - methylene blue) ( = lactate)
—h—

( - propionate) + methylene blue + lactate
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.. FIGURE II.A.2.10: -EPFECT OF AIR- (OR-OXYGEN) ON THE.PRODUCTION

OF ACRYLATE FROM PROPIONATE

® Reaction mixture (total 2 ml) contained:

triethaholaﬁiné*Hlebuffef QPH 8.5). . " ' 50 mM~ 
'prépioha#e‘ | | - IR - 200 mM
lactate ' - , . . 25 mM
methylené biue» L ' : »O.2 $

Incubated at 37°C under either. anaerobic or aerobié¢ condi-
tion with mechanical agitatidn

‘Samples (200 ul) were taken at each‘time‘interval and

S04

transferred to a tube containing 40 ul of 50% H
in order to stop reactions '
—o— under aerobic goﬁdition

—{—  under anaerobic condition

‘ j‘ indicates the color change of methylene

”blue‘froﬁ blue to colorless
,{}indicates the’atmosphére-shift from
| ',‘anaerobig to-aerobic condition. At
this moment, methylene blue turned

back to'bluefcolo:

"
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(5.) Cell. Immobilization
' Since the production of acryllc acid

by resting cell. Preparations of C. propionicum is in effect

i

a bloconversion process rather than a fermentatlon process,
an investigation into the use of immobilized Whole‘cells
"has been initiated. éecause the oxidation of propionate to
‘acrylate requires prior'activation of propionate.to propiohyl-
~coenzyme A (CoA), the use of the purified,,immobiiized.'
-enzymes is not practical. However, as with immobilized enzymes,
‘thehfixation‘of whole cells on or within an. inert support
;offers severaf’advantages‘over the use of freegceils as in a
,convehtiohal fermehtation process. These include the facili-
tated removal ahd reuse of cells, the possibility of eliminat-
- ing product inhibition'or COnsumption‘of product by the use
of novel column reactor designs‘which allow the manipulation
of reaction conditions and.swift‘removal of products, the "
~operation of the process in a continuous fashion and the'potené
.tial stabilization of enzyme activity In thls section we.

report preliminary experiments on the lmmoblllzatlon of

-C. propionicum cells by entrapment in polyacrylamide gel.

‘The immobilized cell preparatlon retained good act1v1ty for
the productlon of acryllc acld.' “

Prellmlnary results based on tube
reactlons in which approx1mately equal amounts of free and

1mmoblllzed cells were compared, lndlcate that polyacrylamlde

gel-entrapped g. propionicum cells retaln about 50% of the _



=146~

'activity of free‘cells with respect-to acrylic acid produc-
tion:(Table II.A.Z.l); This result is encouraging for a
‘"firsr attémptﬁ,and iS‘compara?le_tofmaﬁgjlmmobilized cell’
'systems. There is, however, room for improvement by opti-
.mizing the many parameters involved in immobilization. Also,
as noted above, immobilizatioh'apﬁears to result in some=-
wﬁat increased,stabiiity”Of cells during:storage.'

| . In a separate experiment, polymerlza-'
‘tion was allowed to proceed in .a glass petr1 dish such that
a thin layer of gel-entrapped cells was formed. After'
washing the surface, 5 ml of substrate soldtion'was added
~.and the dish incubated statically at room temperature for ”f
48 hours. At that time, 10.06 mM acrylic acid was observed
in'the clear overlayer. Incubation of a suspension of free
cells of approximarely the same cell conceprration-for.48 o
hours resulted in 9. 42 mMBaor¥l}c ac1d. ;;d ‘ _“Z”L%;;é

| An investigation of the use of an:
dimmobilized cell column reactor has just been initiated.
To date teohnical problems with equipment and reactor design
have prevented'an‘exrended‘continuous flow experiement.
Bowever;'one'run mas.been'performed in which a‘sgbstratej
buffer mixture (50 ml)lwas pumped through a column of gel
:particles in a recycle loop. After 18 hours (about 3 cycles),
the gel column was washed by pumping TEA-Mg buffer without

substrates for 18 hours (without recycle). This was:

followed by pumping fresh substrate-huffer mixture (50 ml)
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COMPARISON OF ACRYLIC ACID PRODUCTION IN

*

FREE AND POLYACRYLAMIDE GEL-ENTRAEPED CELLS
ACRYLIC ACID (mMoles/l-hr) |
Experiment Free Cells Immobilized Cells %
A 2.68 1.15 43
B 2.07 1.02 49
2.48

1.36

55

* Reactlon mlxtures contained 200 mM sodium propionate,

50 mM TEA buffer (pH 7.5) and approximately 20 mg/ml dry

cell weight.

Incubatlon was for 2 hours at 37°0cC.
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in recycle again for 18 hours. At the end of the first

18 hour period the acrylic aCid concentration was 1l.26 mM,
'and at the end of the second ‘18 hour reaction the concentra-
tion was 1, 09 mM, There was no acrylic acid detectable at
the end of the buffer "wash" | Although the amount of acrylic
acid produced was small, these results ‘do indicate that a
continuous-£flow immobilized cell column reactor may be l
useful in determining certain characteristics of immobilized
cells such as stability and also indicate the potential for
continuous production of acrylic acid. '
(6.) Storage Stability

' The ability to store cell suspensions
with minimal loss of activity would eliminate the time con-
sumi;g process of growing and harvesting'cells prior to
every set of experiments. Several. storage conditions were
investigated with the aim of achieVing maximum retention of
actiVity. A fresh cell suspension of known activity was
‘divided into three portions{ All three portions'were.
'stored for 48 hours under a nitrogen atmosphere in 10 mM
triethanolamine buffer (pH 7.5). All assays were performed
in the standard manner with propionate as the substrate.
One portion was stored at 4°C, another at =20°C and the
. final portion at -20°C in the presence of 10% glycerol
and 10 mM cysteine. In addition, cells immobilized in

polyacrylamide gel (see section on Cell Immobilization)
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were stored at ~-4°¢ for 48 hours and their activity com~
pared to that of the freshly immobilized cells, The results
are shown in Table II.A.2.2. FreeZing of cells,‘even in
the presence of glycerol'results in extensive loss of acti-
vity, The results do indicate that a cell suspension stored
at 4°C could be used for l or 2 days.‘ Other storage methods~
should be investigated for longer storage periods. These
methods could include lyophilization and other drying
‘methods as well as investigation of other cryoprotective
agents such as DMSO (dimethylsulfoxide) The increased
stability of immobilized cells is encouraging and should be

pursued.

(7.) Nutrient Requirements of Clostridium

Prbpionate.

Clostridium propionicum grows to an

optical density of about 0. 50 in yeast-extract, peptone

broth. It is desired, however, to: create a defined medium

RN

which supports similar growth.» Experiments.were done to
determine amino acid and vitamin requirements. |

| _Through a process of elimination c:
the twenty amino acids, we determined that)methionine is
a requirement, tyrosine suppresses growth when added withA‘
methionine, tryptophan and possibly serine have stimulatory
effects when added with methionine.

Since C. propionicum can grow on yeast-

extract, peptone broth which does,not'contain glycine,
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TABLE II.A.2,2: STABILITY OF . PROPIONATE-OXIDIZING ACTIVITY
‘ . (ACRYLIC ACID PRODUCTION) OF CELL SUSPENSIONS
STORED UNDER VARIOUS CONDITIONS

CONDITION OF STORAGE o "PER" CENT OF ORIGINAL ACTIVITY
4%¢ | a ‘ 75
. ‘ . . \
-20°C . { 50.5
~20°C/10% glycerol/lo mM - 1
cysteine ‘ '
Polyacrylamide gel-entrapped - " 90 ,
. cells ‘ ) ) P o S B

* See text fqr details
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" aspartate, glutamate, or proline, we eliminated these

'as requirements, Forvthe rest of the experiments,<welpre-
pared a stock medium containing the same vitamins and miner-
als as in the complex medium. Various combinations.of

amino écids were added to Hungate tubes and relative g:qq;%jn
was compafed by optical density to negétive (no AA's) and
positive . (all AA's) controls. The buffer mediﬁm to which

the amino acids were added contained:

Final conc. o Use
Yeast Nitrogen Base (YNB) ,‘6;7‘9/1 Vitamins & miherals
a-alanine o . 8.0 g/1 C-sourcé
Resazurin ' o . ' Oxygeﬁ ind%catpf
Cysteine | T o 0.3 g/1 Reducing agéﬁt
. Amino acid stock soiution 0.05 g/1

'-The procedure followed for these
studies was to prépare a culture from the seed and incubate

adjusted to pHZ7;O. ' The amino acid solutions at double

strength were also adjusted to pH 7.0. Into each Hungate
tube was added: S.O"ml'a;ala;YNB”étdék"(z x strength);

0.5 ml each amino. acid (2O'kY‘and”4.S‘ml‘H20 to give a

final volume of 10 ml. The tubes were flushed with nitrogén,
autéclaved, and flushed with)hi£r¢géh‘ggain. Then 0.1 ml

of KH,PO,/K,HPO, buffer was added to the tubes and they

were innoculated with 3 ml of seed ‘culture and incubated at

37%c.
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The 17 amino acids were seéa;ated:into
6 groups accordiné to their chemical stfucture.‘ The. sulfur
group. (#4), containing cysteine, méthionine, and cystine SR
was required since itiwasApxeséﬁt in all tubes with most
growth and was absent from tubes with no.growth; The "amide ‘
group" containing asparagine and glutaﬁine could not support
growth, -and showea no stimulatory effects. - THe necessity .of
the other 4 groups was not clead® but they appeared-to be
stimulatory. ' ' T e

To determine which of. the remainihg-.
15 amino acids were required, tubes with combinations- of ‘amino
acids eliminating one amino acid per tube were exéminedJ There
was no growtﬁ without methionine or tryptophan, so-these’
appeared to beirequirements;' Valine and “tyrosine were possi-
bly spimulatory since there was growth, but'less‘than‘with.v_
all the amino acids..

. Growth was examined with combinations
of ‘these 4 amino acids to detremine if .each'is-a requirement
or a stimulatory. Methionine is required - there is no growth
when it is.absentzi-Tryptophan.isustimulatory when added to
methionine, but.cannot support -growth alone.. Valine is non-
essential.  Tyrosine Suppresses_growth with methionine prgsent;

TOfcheck the stimulatory effect.of-';;
each.of the ' four amino acids, they were added to ¥YNB and.

methionine: Our controls were amino acids, methionine..alone
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and all amino acids. Cysteiné and phenylalanine had the same
growth as methionine alone and therefore were not stimulatory.
Serine was perhéps stimulatory. Tryptophan had the same growth
as all amino acids and.was definiﬁely stimulatory with meth-
ionine. |
. ' The maximum growth on yeast extract -
and peptone wésnOb eﬁb.Sp and the maximum growth on ¥NB +
@ - alanine + amino acid solutions and cysteine was OD ~ 0.20.
Therefore, something was lacking from the second medium. Either
the amino acia solutions Qere not éufficiently supportive of
growth or a—-alanine was a poor carbon source. We tested.
g:o&;h on YNB and vitamin-free casaminp acids to éee if the
?miff acid solutions were deficient. Next we -added NH4HCO,
to the a~ala-YNB medium as a source of COzwv Growth was the 
same on vitamin—frée casamino acids as on our amino acid
solutions and growth on vitamin-free casamino acids was the
same with or without bicarbonate. So, we conclude that the
amino .acid solutions are éuffidient and that bicarbonate has
no effect on growth.

To.specify the vitamins required by -

C. propionicum we made a vitamin-medium containing the

nutrients of the complex medium and .to.it we added vitamins
gnd compared growth to negative'.(no vitamins) and positive
(all vitamins) controls. The composition:of Vitamin-Free

Medium was
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~NaZHPO4
KH,PO,
NH,C1 .

Mgso4ejnéo’:
FeSO4- 7H20
o-aia nine

Cysteine:

Resazurin -

Vitamin-free casamino acids

The vitamin solutions were:

Biotin

Ca Pantathenate
Folic Acid
p-Aminobehzoic Acid
Pyr1dox1ne ‘HC1
fRiboflaVLn

Thiamine HC1l

" Final conc.

7 9/1
3 g/l

1.0 g/1°

10.25 g/}

-01 8/t

2.5 ml/1

8.0 g/1
0.3 g/1

1.0 ml of 0.2% .

“solution
10 g/l

.0
.4
.0
.0
4

.4

{4

20%)

1 g/100 ml
:g/}OO hl
2 g/100 ml
ii&/ioo ml
1§/1oo ml
' g/100 ml
g/loolhi

Buffer

" Reason -

Buffer

N for
amino acid
blosyntheSLS \

" Mineral

Mineral
Mineral

C-source.

AReducing agent

0, indicator

Amino acid

Our flrst experlment was to eliminate

one v1tam1n per tube and compare growth by optlcal denSLty.

Because of the color of the v1tam1ns and some mlneral prec1-

pitate, the background was too great to clearly detect growth
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differences. Ho&ever, possibly folic acid may be required.
| ‘We next tried agar plates with each
plate lacking one vitamin. Again the difference in the
célor of the plate$ and the rough agar made precise com-

parison of growth difficult, .This work will be continued.

~d. Future Work

e Complete the optimization of acrylate

prodﬁctiqn with cell suépenSion of C. propionicum by examin-

e, =

3

ing the effects of teméeréthré,.growth phase, and cell
concentration. o

e Examine iﬁ'more deta;l the role of lactate
in sﬁihulating acrylate production for propionate.

. Compléte the nutritional study on
vitamin requireméhts. SURNE

@ Determine conditions for immobilization

of C. Qggpidnicum cells ;n polyacrylahide‘gel which yield -
optimum specific actiyity aﬁd stabilify of acrylic aéid
production. | “ |
ka) ‘E;éminé effect of the conceﬁtra~
tioﬂuof acrylamide'monomer and‘the
dééreg of cross-linking. o
(b)’VExami%e effect of cell conéentratibn,
| ,tehpeféture, pH, ionic strength;
divalent’cations.‘
o-'Perform avéfolonged continuous—flow
immobilized cell column run to'aetermine tﬁé‘haif-life(fbr

“acrylic acid'productipn.
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e Examine various parameters for the con-
tinuous production of acrylic acid such as flow rate, sub~-

strate concentrations, etc.
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3. Aerobic Oxidation of Propionic Acid to Acrylic
Acid by Escherichia Colil

a. Introduction

This report summarizes results of attempts
to produce acrylic acia from propionic acid using E. coli
ATCC 9637-2.

Results obtained by others with a
pseudomohas enzyme extract demonstrated the hydration of
acrylyl~pantetheine to lactyl-pantetheine. Radiofespiro-
‘metric analysis of labelled propionate oxidation by E. coli
strengthenéd the suggestion that propionate was metabolised
via acrylyl-CoA to lactate. Further work by various inves-

tigators with (Monerella buoffi, A. glaucus, P. digitatum,

P. aenerginosa, amongst)other microorganisms supported this
hypothesis.
(1) Choice of the Organism

Characteristics desirable for a suitable
‘organismvwere (a) One in which acflel-CoA had been strongly
suggested as an intermediate of propionate oxidation, (b, in
which propionate could be metabolized solely via acrylyl-CoA,
maximizing the conversion yield (c) and in which efficient
mutation could be attempted.

E. coli w (ATCC 9637-2) was selected.
It’métabolized propionate Qia lactate and a-hyd?oxy glutérate.
C4 compound synthesis, essential for growth on propionate

" ~ould be achieved via lactate by the glyoxylate cycle,
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phospho (enol) pyruvate carboxyiase or via a-hydrony gluta-
rate. An‘aceA (isocitrate lyase) mutation in this organism
would‘block a-hydroxyglutarate sfﬁthesis owing to laék_éf A
glyoxlate syntheSis; Hence, all the propionate could bé
metabolized solely through the l&gtafe paﬁhway.” Such mu-
t;hés‘in E. coli w have been reported to grow on proﬁioﬁéte'
comparably with the wild type cells. Ace? mutaﬁﬁs in'séfains
K-12 and E-26 are unable to grow oﬁﬁgggglonate, since they
obtain C4'compounds, unlike strain w, primarily from

o hydroxyglutaraté .

(2) Line of Approach
Central to this project was the objec-

tive to create appropriate mutations resulting in acrylate
» b

TN

accumulation from propionéte oxidation. Two enzyme lesions
‘were aimed for (a5 an isocitrate lyaée mutation and (b) ‘a
second mutatlon that would result in the phenotype proplonate
negatlve - lactate positive. Restlng cell suspen31ons of
“the above muéant would have to be used to effect the bio-
conversion.

b. Materials and Methods

The analytical procedures and conditions:
for growth, mutagenisis, enrichment and selection have
been given in earlier pfogress reports.

c. Results and Discussion

(1) Growth Kinetics

Growth kinetic experiments were performed

on a range of carbon sources at 0.2% concentration and in
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M9 medium. Acrylate and isobutarate did not 'support growth.

However, the cells could grow on glucose and propionate in
the presence of 0.1% acrylate. Growth on propionate was
preceeded by a long lag of between 48 and 72 ‘hours when
inoculated from a slant or stationary phase culture. This
llag could be reduced significantly, to 12 hours, by addition
of a sparking quantity (0.5 mM) glucose, to propionate.
Diauxic growth was observed . The doubling time of E. coli w
on propionate was 510 minutes. HCO3 added in equimolar‘
concentration to propionate.deCreased.the doubling time.
The presence of 0.l% acrylate increased the doubling time
on both glucose and propionate, the former from 90 minutes
to 360 minutesr

| (2) To study propionate metabolism in
these cells, their maximum'cell concentrations were com-
‘pared when grown on equimolar concentrations of succ1nate;
'propionate and acetate (refer to prev1ous two progress re-
ports). At concentrations below 20 mM the maXimum cell
growth on propionate closely followed that on succrinate,
suggesting a common metabolism follow1ng propionate carboxy-_
lation. At concentrations above 20 mM however, the trend
. reversed and-propionateAgrowth levels7were intermediate
between the two. The cell yield dropped continuously,
from 1.25 times that on.succinate and acetate to an equal

value. An increase in isocitrate lyase levels with a

decrease in yield suggested_a:shiftvfrom'phospho enol
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pyruvéte carbox&lase mediated carboxylation to glyoxylate
cycle mediated C4 compound production.

' The results obtained were not by them-
selves conclusive evidence for a shift in matabolism, but
confirmed results obtained elsewhere. AN

(3) Resting Cell Suspensions
Wild type resting cellfsuspensibnS'
were stﬁdied for their ébiliﬁ? to oxidize propionate.
Potentiél chemical inhibitors of the enzymes involved were
ﬁééd (progress'report March to May 31, 1978). No volatile
fatty acids could be detected in ether extracts of the
: cellAsuspension despite propionate uptake. Propionate
uptake was less in the presence of lactate, propiolic
acid, ‘acrylate, cyclopropane carboxylate and oxamate.
However, acrylate accumulation could not be detected.
With lactate as substrate 5 major
peak;appeared, that could be oxalacetate. The presence
'of acrylate with lactate inhibited the formation of
oxa;acetate, and lactate uptake. Arsenite did not cause
pyruvate accumulation, despite lactate uptake. Undér
these conditions of growth, lactate was possibly not
metabolized significantly by pyruvate dehydrogenase, but -
., ilnstead via'phéspho enol pyruvate carboxylase. The role °

of a hydroxy glutarate synthase pathway could not be

determined.
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(4) Cell Free Extracts

Both frem the point'of view as e
method to characterize propionate negative mutents and to

‘ﬂglaestify acrylyl-CoA as an intermediate in propionate
- oxidatien,_it was necessary to standardize a cell free
system capable of ‘oxidizing propionate. |

Oxidation was fo}lowed spectrophoto-
metrically by moniﬁoring NaDt reduction. Undialysed
samples had a very high rate of endogenous reductioniof
NAD+ ‘and dialysed’sampies were inactive eveh in the:
presence of 0.5 mM Nap®, o. 4va CoA, 0.5 mM propionate,.

1 mM ATP. Mg and 4 mg protein/ ml lample at pH 7.0.

The samples, however, retained lactate
dehydrogenase, succinate dehydrogenase and isocitrate ;yase
activity. Nitrogen sparging of samples to inactivate
NADH oxidase did not influence the observed rates.

_(5) Mutetion

The rational for this approach has
beeh diseussed previously. Acetate negative, propionate
negative~-lactate positive cells were.isolated.‘ However,

from amongst tﬁe acetate negative mutants a stable aceA
mutant could not. be isolated, From amongst propionate
negative - lactate positive mutants, not one was able to

oxidize propionate when it was added to lactate grown,

resting cell suspensions.
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The problem appeared. to be the inability
to achieve satisfactory enrichment, permitting the screening

of a large enough population of potential mutants.

Lt

T

The protocol for mutation with EMS
haéhbéen discussed in the progress report for Dec. 1 to Feb. 28,
1978. Roughly, a 70% inactivatiqn of viable cells was obtained.
A control for mutagenisiS»Qés pérformed by enriching the cells
in trypticase soy prdth and comparigg”;he number of auxotrophic
cells unable £o grow on glucose synthetic medium. -16-20%
of the cells :ecovered<on tr¥pticase soy were unable to grow
on'glucosé-MQ; indicating the extent of mutagenisis. _

_ Enrichment of mutagenised cells was
'carried.out by groQing cells to the stétionary phasg in.
glucose. A 15% Sﬁspension of these:cells in-acetate synthetic
mediﬁm was allowed to double once before being treatedA
'with penicillin A or ampicillin. Antibiotic enrichment was
performed both in hyperéonié medium and . in normal medium.
the latter method was also modified. Every half generation
time ﬁhévceLls were centfifuged, washed and ;esuspended.
This ﬁgs dqne to prévent crossAféeding“of mutants by lysing
_cells.

Maximum gg;ighmgnt of acetate negative 

Cells‘was'obtaihed.usiﬁg 500 gg/@l ampicillin in normal

5 cells survived the treatment. This

‘ﬁedium. 1 x 107
corresponded to a'turbidity decrease of 60-70%. 80% of

thig'decrease occurred within 1 doubling period, while the
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remeinder occurred over a total of 3-4 generations. Sur-
vivingxcells‘were tested for antibiotic resistance end were
found sensitive. Surviving cells were selected as described in
the progress :eport for March to May 31, 1978.

| The acetate negative cells were assaYed
for the isocitrate lyase lesion as previously described. B
_The‘metabolic phenotjpe was determined by replica plating
on lactate, propighete, ‘EMB, isobutarate, acrylate, glucose,
acetate and glyoxylate.

A : | In the absence of an aceA mutant, a
propionate negative - lactate positive mutant was searched
for, directly‘ffom the wild type cells. This was despite
. the fact that any.prbpionate negative cell obteined would
be eiﬁher a doublé mutant with’a lesion in both branches
after proplonyl CoA,’ or before propionyl CoA.

’ ' The difficulty faced was agaln one ,
of enrléhment. Amp1c1llln resulted in surv1val of 1 x 10 -3

to 1 x 10°¢

cells. To increase the enrlchment, cells were’
washed after centrifugation, reCOVered in glucose and re-'
ensiched with ampicillin. However,.éluéose recovered cells:
had a lag of 72-96-hours. Mutants‘lsolated that were

oxldlze propionate. The lesion was probably in the activa-

tion step.
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d. Conclusions

As a consequence of the lack of success
for acrylate production with E. coli it has been decided to
‘terminaie ;his approach to acrylate production. While
the results'df thé studies continue to be consistent. °°
with:ﬁhe postulated pathway with acrylate as an intermeaiate;
'the altefnativelﬁetabolid paths available point to the”
:difficulty iﬂ this approach. <Futﬁ§e“§tudieg will therefore

focus on acrylate production from Clostridium.

4. Microbial Degrédatibn of Cellulose and Accumula-
tion of Lactic Acid

a. Introduction

Thé main objective of this portion of the
study is the bioconversion of crude cellulosic materials
intéglactic acid.which will be used as a key intermediate
for acrylic acid production. A system of two microorganisms
was selected to accomplish this objective. In the first stage,

C. thermocellum should degréde cellulose with the accumula-

tion of reducing sugars that -are used by a thermolactate
bacterium which accumulates lactic acid as final product.

The characterization of the second microorgéni;m ip tﬁe\system
has to be done to dgfine.its.prope;ties as a single culture
and to apply this information to study the intefactions in

a mixgd culture. This report deals with the study of ther-
molactic bacterium with the immediate objective of identifi-

cation of the strain. We expect that this information will
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simplify the analysis of the mixed culture interactions.
The results of some ﬁixed culture studies are also pre-"
sented. . These mixed culture experiments confirmed the

-+ earlier results where no hegative interactions were found(.
while each microorganism was able to grow on a différent.‘u
substyate.' All the results obtained so far are encouraging>
with respect to the possibilities of a mixed culture sistem
for the bioconversion of cellulose to lactic acid;

b. Materials and Methods

. o (1) Microorganisms:

(a) Closﬁridium thermocellum ATCC-27405

See report C00-4198-1. Page 2-3.

(b) "Thermolactic bacterium" (trivial
‘' name: |
A. Homofermentative, thermophilic
and facultative microorganism,
Gram(+) and non-sporulating.
. (2) “culture media

'Thé'media'fdr‘gfowth of C. thermoceéllum

and "T. bacterium"have been described previously (see ‘reports

C00-4198-1, page 2-3; and COO~4198-6, respectively).
’ ' 'For the growth of the mixed culture
population a combined medium was used and is described as

follows:
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TABLE II.A.4.1: MIXED MEDIUM COMPOSITION (MIXME)

INGREDIENT L  CONCENTRATION (gm/1)

Glucose S ‘ ' . Variable

Cellobiose S Variable

Yeast exfract . - ‘}‘Sfb

Trypticase ,.‘ o 5.0 - .

Tryptone | o .7 1.5

Cystxeine | | _ ':0.1.

Thioglycollate 0.5

KHPO, “ 4

(NH,) 50, - 1.3

MgCl2 ‘ o 1.0

caCl, | S 0.15

FeSO4-7H20 ’ ' | ; ‘1.25 mg/1l

(NH,) ; Citrate | | 1.0

Tween 80 - 0.5 ml

Resazurin (1% solution) ,~ ‘vl.O-mI /’Salt Solution: gm/1
Antifoam FG10 ' 0.2 ﬁl. ?gggzjzggg B3
"Salt Solution | © 2.5 ml §ZSO4-2H20 105:3 m .

H,O to 1.0 liter
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(3) Inoculum.preparation | A
Ne

The standard procedure for inoculum

preparatlon was followed (see report COO-4198 4, pages 108-

109). Handllng and growth of c. thermocellum was done

followxngvthe methodology and growth conditions descrlbed
in previous reports (see report.COO—4l§8, pages.2—3).
| | (4) Fermentor - |
A 5.0 liter Magnaferm ‘bench scale

(New Brunsw1ck Sc1ent1f1c) fermentor was used with 2.0 liter
working volume. pH and temperature were contrblled-at
Alconstant.values noted in the text. -
- (5) Assays .

. During the fermentation, the following
. kinetic parameters were followed: cell concentration,
lactic acid, acetic acid,gethanol,Areducing Sugars‘and
glucose. . In all cases, we used the standard methodology
described in previous reports.’ B

c. Results and Discussion

(1) Growth of T. hacterium‘in‘the presence
-.of oxygen . |

‘ In order to study the metabollc proper—
‘ties offg.xbacteriumb its re51stance to oxygen was evaluated,
Mixed medium was used with 2,0 gm/l glucose; Samples were
treated differently with respeot to oxygen availability.“
. The results are.shown in Table Ii A.4. 2. Oxygen is seen.to
have a stlmulatory effect on growth. The ablllty to grow

with oxygen is conflrmed by the catalase test.
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(2) Temperaﬁuré range for.grbwth of

. bacterium“.

This experiment was designed to evalu-
ateAthe'température range for grqwth of "T. bacterium" using.
mixed medium. The resulﬁs are shown.in-Figure'II;A,é.l.

Cell growth is observed at 30°C but not at 25°C¢ therefore,
cell growth is seen at 60°C but not at 65°C; therefore the
maximum growth temperature is someﬁhere between‘60-65°C.
_With respect to optimum temperature no conclﬁsion can be
drawn since it is apparent that it will be between 45 and
- 60°C and data are ndt yet available. _

(3) Adaptation of "T. bagterium" for growth
on xylose.

This experiment was performed to adapt
", bacterium" to grow on xylose as a carbon source. The

importance of these results is evident from an examination

of the composition of redﬁcing‘suéars produced ffomjcellu-
lose degradatibn: xylose, cellobiose andlélucose. The
experimental procedure was as described in Figure II.A.4.2.
'From a typical batch fermentation of "T. bacterium" on glucose,

four samples were removed during logarithmic growth. Each

sample was transferéd to a series of 3 tubes containing:
xylose (3.0 gm/1), xylose-glucose (3.0-0.1 gm/1) and
medium with no sugar added. Samples were incubated for 12
hours and thé'bestjgrown sample. was trahsférred t6 tubes
wifh the same medium and aéain incubated. ‘The fransfer

operation was repeated 6 to 7 times. The results of those:
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TABLE II.A.4.2: EFFECT OF OXYGEN ON THE GROWTH OF

"T. BACTERIUM"

Incubation Growth(l)
~Sample Conditions = (K.U)

“Lactic Acid Catalase(zx

pH (gm/1) (Units/ml)
1 Anaerobic 108 4.68 2.5 550
2 Microaerophilic 130 4.70 2.6 500
3 Aerobic 140 4.60 2.7 620
Notes:

*

(1) Incubation time 16 hours.

(2) Method Beers & Sizer (1952)

Tubes with cotton plugs to allow gas exchange

1l unit = 1 micromole of H202'per minute of 25°C
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serial transfers are shown in Figure II.A.4.3. It can be
"éeeufthat “g; bacterium" was able to. grow on xyloseaalthough ‘
:the optiéalzdensity-was‘uot increased uarkedlyuafter u
 series.of Gltransfers.A'
| (4) Fermentatién produdts'of'"g. bacterium"

qn,kyloée, |
B | iu.pre&ious batch culture experiments,
'thé_fermeutation~products from xylose were studiéd. The
results are shown in Table II.A.4.3. After 24 hours ubout
50% df the sugar was converted tb lactic acid as the major~
‘product,'as.well«as some ethanol and acéticjacid;/?hese
prbducté were in low concentration.  No ca:bon'diquidefwaé
.fofmed during the:fermentation. _

- (5) .Adaptaﬁion of "T. bacterium" for growth

" on Cellobiose. ' | | |
Since cellobiose is a uajor'product of
'cellulose degradatlon, it is imgprtant to develop the ability
of "T. bacterlum" to grow on celloblose. The experimental prb—
cedure followed‘was the same as the one used for xylose adap-
tatioh, uescribeu in Figure II'A.4 2. Results from trans-
ferring the culture into a series of tubes and contlnulng the
serlal transfer every . 12 hours are shown in Flgure ITIA.4.
'There was a contlnulng 1mprovement after each transfer until even-'
~.tually the optlcal density was maintained constant after each .
transfer at whiéh innt:the culture was’considered to be .

adapted to'grow on cellbbiose.
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FERMENTATION PRODUCTS FROM"T. BACTERIUM"
GROWING ON XYLOSE AS CARBON SOURCE

Lactic

' ) Cell Acetic Res.
Sample Age Growth Acid Acid Ethanol Xylose
No (Hrs)  (gm/1)  (gm/1)  (gm/1)  (gm/1) (gm/1)
1 23 0.30 9.3 0.75 0.82 8.2
2 38 1.60 -16.4 0.95  0.92 1.5
NOTES:

(1)
(2)

Mixed Medium with 20 gm/1 xylosé.

40 hrs fermentation
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TABLE II,A.4.4: KINETICS OF SUGAR UTILIZATION (GLUCOSE AND
oo ' : CELLOBIOSE) BY"T. BACTERIUM". -

: , ‘Lactic
Sample Age Glucose Red. Sugars Cellobiose Acid
No . (Hrs) (gm/1) ~ __ (gm/1) (gm/1) (gm/1)
1 0 10.0 20.5 10.5 b.69
2 .2 8.2 .18.7 10.5 1.3
3 4 7.45 ‘ 17.3 9.85 ‘2.3
4 5 | 2.40 13.1 10.1 4.4
5 6 0.56 8.9 8.34 9.6
6 7 - 5.7 5.70 12.6
7 8 - 3.3 , 3.3 16.1-
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(6) Mixed substrate utilization by "T.

bacterium". | - |
The composition of'mixed,medium in-
cludes both glucose and cellobloose as carbon sources be-

cause it was assumed that C. thermocellum can grow on cello-

‘giose preferentlally and "T. bacterium" can grow on glucose.'
However, since "T bacterlum" can’ utlllze both sugars, an -
experiment was designed to evaluate the preferential utiliza-
tion of sugars by "T. bacterium" in mixed medium. A batch
fermentatlon was designed and the klnetlcs of sugar utili-
zation was followed.l The results of thls ‘ecperiment can be
observed in Table II.A.4.4 and also Figure II;A.4.5. It can
be seen tnat glucose was used preferentially with-respect to
cellobiose under the condltlons studled.

(7) Mlxed culture growth on soluble sugars.

This experlment«was designed to evalu-

ate the potential interactions of the mixed population of

C. thermocellum and "T. bacterium™ when growing together on

a mixture of sugars. The experlment was de51gned as a batch
culture system with glucose and cellobiose as carbon sources. -
The results-obtained are shown in Figure IIA.4.6. The ex-

periment was started as a batch culture. of C. thermocellum.

After 10 hours "T. bacterium" was inoculated to start the mixed
culture experiment. Total cell growth, lactic acid, ethanol

and acetic acid productions were followed as criteria for
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growth. of the two strains. - The results obtained showed that
lactic‘acid éccumulated up to 10.0 gm/l. This demonstrated i:
the growth of "T. bacterium". Acetic acid and ethanol accu--

mulated in a pattern similar to a normal single culture of

C. thermocellum. From these results, we can conclude that
the-growth'of‘a;miXed écpulaﬁion'is possible where each |
microorganism is éble.té‘QrOW iﬁdependehtlf with no abpar~
ent negative~intera¢tioﬁé under the experimehtal cbnditions
studied. | | | |

1 d. Future Work

. @ Future experiments will focus onAthe;
deéfadation of crude éeliulosic hateriéls such as corn
stovers using the mixed culture population. |

® In order to better undérsténd'the‘syéfeﬁ,'
specific measurements for éell‘gréwth énd substrate concen-
tration in the broth are required.v Therefore, analytical

techniques will be developed to measure glucose, cellobiose,

xylose, C. thermocellum and "g; bacterium" concentrations,

as well aé'all the normal fermentation products.



FIGURE II.A.4.1: TEMPERATURE RANGE FOR GROWTH OF“T. BACTERIUM"
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FIGURE II.A.4.2: SCHEMATIC PROCEDURE FOR ADAPTATION OF
*7, BACTERIUM'TO GROW ON XYLOSE
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FIGURE II.A.4.3:

-

ADAPTATION OF"T. BACTERIUM' TO GROWTH ON XYLOSE AT 60°C.
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II.A.4.5: MIXED SUBSTRATE UTILIZATION BY "T'. BACTERIUM"

(GLUCOSE~-CELLOBIOSE) IN BATCH CULTURE AT 60°C

E -
L -
- \J . -
L CELL GROWTH =
' ' -
-
! <110.0
LACTIC ACID
q
A
-
9 4 1.0
- REDUCING SUGAR
o .
= -
E GLUCOSE 4
» -
- ; - :
- -
Lo 1 | 1 | A ]

2.0 4.0 6.0 8.0 10.0 12.0  14.0
TIME (HRS) '

“LACTIC ACID (gm/1)

SUGAR -(gm/1)



100

CELL GROWTH (K.U.)

- 10

FIGURE II.A.4.6:

-180-

MIXED CULTURE OF C. THERMOCELLUM AND"T. BACTERIUMU

ON GLUCOSE AND CELLOBIOSE IN BATCH CULTURE
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~

B. Production of Acetone and n-Butanol by Fermentation

1. Introduction
> It has been shown previously that washed C. acef
tobutxlicum cells harvested from a batch fermentation retaiﬁéd
the cap§bilities'to ferment glucqse to proﬁuce acetone and n-
butahol; The concentration of n-butano{ obtained.was 6 g/1
and ﬁhe ;qetone concentration was 3 é/lh(Progress Report COO~

4198-5). These concentrations wére lower than those obtained

in a growing cell fefméntation of C. acetobutylicum. Also, in

. the last Progress Report (CO0O-4198-6), we reported the resis-

tance of C. acetobutylicum towards n-butanol on growth tempera-

ture. It was shown that C. acetobutylicum had a higher resis-

tance to n-bu;anol when grown at 30°C as compared to 37°C. In
this report,’we wi;l pregqu results of a detail study of C.
acetobutzlicum.grown a£ §0°C ahd?;o'compare the performanceé
of resting cells at 30°C and 37°C. |

2. Materials and Methods

a. pH Controlled Fermentation

" The pHAcontrolled ferhéntations were carried
dut in'a 5.liter fermentor with 3 liter working volume. The
érocedures for the fermentations at 30°C (Run 13) and 37°C
(Run 12) were identical and were described in éngreés Report

CO0-4198-4.

i

" b. Resting Cell Experiments
Two temperatureé were used for the resting

cells experiment, 30°C and 37°C. These experiments were



-182-

numbered as Run R2 (37°C) and Run R3‘(30°C). The procedures
for both experiments were the same. The cells for Run R2 K
(37°C) were harvested at the 22nd hour of fermentation, Run
12, which were grown at 37°C. The cells for Run R3 (30°C) .
were harvested at the ‘28th houi of'férmentatioh, Run 13,
which were grown at 30°C. The harveSting'times reflected the
maximum cell densities of the respective fermentations. 1In
both of the résting‘cell experiments}'fhe PH was éontrolled
above 5.0 by titration with 2.0 N NaOH.

The cell harvest .was achieved by placing 1.5
. liters of fermentation bro;y on ice at the specified ﬁime. L
- The cells were centrifuged at.3000 X g for 15 mins. at 4°C; .

The cell pellets were washed once with 900 mliof the following

solution: ,
o a1
KH‘2PO4 .0.75
KzHPQ4 " ‘0.75
‘NaCl 1.0

Cysteine 0.5
Glucose ~ 10.0
The purpose of the wash waé to réméve the excess yeast extract
‘froﬁ'tﬁe fermentation broth. TNééE“wés added to theAwashiﬁén'?
solution to maintain the tanicity of the soiution: Thé ceifg
were then resuspended into‘SOO ml of cell free féactioﬁ mikture

which contained the following ingredienté:
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g/

KH,PO, - 0.75

K,HPO, - 0.75

MgSO, 0.20

’ﬁgso4.7azo 0.01
FeSQ4.7H20 | 0.01

NacCl : 1.00

Cyéteine \ - 0.50

Glucose 100.00

This mixture was essentially ‘the-same as the original fermen-
'tation'medium'mihus the yeast extract and asparagine .

These reactions were carried out in a l-liter
férmentor”agitated:by a magnetic stirrer. The gaseous atmos-
phere of the fermentor was maintained anaerobiq using nitrogen;
Samples were taken at different intervals of time. After cen-
trifugation to separate the cells, the supernatants were frozen
until analyses for substrate and products.

3. Results and Discussiqn'

a. PpH Controlled Fermentations

The results of the batch fermentation per-
formgd at 375C (Run No. 12) were similar to those of the pre-
viops runs reported. The results of the batch fermentation
performed at 30°C (Run No. 13) are shown in Figure II.B.l.‘
Since the operating temperature was lowered, the rate of the

'fermentation was expected to be lower. The final cohcentrations
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of n—butanol and acetone reached 15 and 6 g/l respectively. The
concentration of n-butanol was slightly higher than that obtained
at 37°c (12 g/l) This value, however, is considerably lower
than what was. expected (21 g/1) based on the inhibitory studies
reported in last progress report. The product yields at 30 and
37°C are listed in_Table II.B.1l. From this table, we can con-
clude‘that a'fermentationvtemperature of 30°C did not contribute
significantly to increase.the product yield or'final concentra?
tion improvements. | | A

-b. Resting Cell Experiments

The results.of the resting cell experiment us-
ing cells grown at 37°C are shown in Figure II.B.2. The incu-
bation te@perature of the resting_cells was. also 37°C. The
pattern of the products using resting cells was similar to a
norﬁai growing cell fermentation. There was a lag time.of‘about
10 hours before the production of butyric acid was detected.

The production of acetone and n-butanol began at about the 20th
hour - and continued until their concentrations reached 6 g/lpand
12 g/l respectively after 40 hours of reaction . However, dur-
ing the course of the experiment, the optical density as an
indicator of cell concentration decreased steadily. However,

the optical density decrease at about the 20th hour ceased and
up to the 35th hour one observes an increase in optical density.
This may have been caused by the "cryptic growth" of the culture
and also appears to reflect the product formation during the -

same period of time.
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TABLE II.B.1l: A SUMMARY OF THE RESULTS OF FERMENTATION AT
o 37°C (RUN NO. 12) AND 30°C (RUN NO. 13)

g/l=hr.

©0.29

. L 30°C 37°C
Growth Temperature . (No. 13) (No. 12)
Length of time to achieve max. 80 25
solvent conc. (hr). ~ ST
Max. growth rate (hr'l) 0.30 0.53
{ Final n-butanol conc. g/l - 15.70 8.90
Final acetone conc. g/l 5.95° 3.30
Total glucose consumed g/l 81.0 50.3
Yield of n~butanol g/g 0.19 0.18
| Yield of acetone g/9 0.07 0.07
Productivity of mixed solvent
(butanol, acetone, ethanol)

0.50
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The results of the resting-cell‘experiment
performed at 30°C (Run R3) are shown in Ficure II.B.3. The
cellsAweretalso harvested from a430°C fermentation. There
was ﬂo lag period as seen from the accuﬁulations of butyric
acid, butahol, acetone and ethanol, which occurred lmmedlately.
The concentratlon of butyrlc acid leveled'off at about the 20th
hour.’ The flnal concentratlon of n-butanol and acetone were
lZQSpg/l‘and 5.8 g/1 respect;vely at the end of the .experiment
after 56 hours of reaction. The final concentration of ethanol
was 1.4 g/1.

The cell density decrease of the resting cells
was also observed in Run R3 (Figure II. B.4). However,'the de- .
crease was steady and when plotted in a semi-log fashion indi-
catlng a first order decay (see Flgure II.B.4). The re-growth
phase in Run. R2 became quite obvious as seen in the figqure.
AThe‘half-llfe at the 30°C.was about 43 hours and the half-life
at the 37°C was about>27 hours: the re-growth periodiwas not | §
taken into account at 37°C;' _

The product yields from Run R2 and Run R3 are
summarized in Table II.B.2. When these results were comparedv
tolthe results in Table II.B.l, we found that they were very
similar.

4. Future Work

o Define theffactors that affect the stabili-

ties of the resting cells.
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'FIGURE II.B.4: THE DECAY OF THE CELL DENSITIES IN THE RESTING
CELL EXPERIMENTS (RUN'NO. R2 AND RUN NO. R3)
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solvent (g/l-hr)

.TABLE II .“B.Z‘: SUMMARY OF RESULTS .USING RESTI‘NG‘ CELtS
B o . OF C. ACETOBUTYLICUM
Reaction'Teﬁperature 30‘C;(R25 437°C (ﬁ3)
'Fermfntation.time (hr.) 57. 56
Fiﬁa; butanol cc.mc.:..v (a/1) 12.79 12.52
‘Fina; acetoneiqonc; ég/l) 15;86 6.24.
Final ethanol conc. (g/1) 1.44 1.48
Totai glucpsé consumed (g/1) 6?:5~‘ © 76.5
.¥ielg’of'n-bﬁtanol (g/g) 0.18 ‘Q.16
Yield of acetone (9/9) 0.08 0.08
Yield of e‘thanoi‘. (9/9) 0.02 o.‘oz'
Productivity of mixed 0.35 0.34
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of‘ Stablllzatlon of the resting cells through
.env1ronmental manlpulatlon.

‘e  Stabilization of the resting cells by immob-~
ilization. |

_3 Study of the kinetics of the immobilized :cells

for further process design and development.
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C.. Production of Acetic Acid By Fermentation ‘

1. Introduction

In the last progress .report (CO0-4198-6), we

reported a new strain of Clostridium thermoaceticum (S$3) that
ycaneérow,on»higherwacetateAcohoentrations. The properties of
§3 is further studied usihg pH-controlled fermentations..

' .It was also ehown that non~-growing ceils can pro-
duce acetic acid. Additional studies on noh-growth aseociatedl
-acetic acid production will be reported.‘

2. Materials and Methods

The fermentation was performed in 5 1. New Brune- %;
wick fermentor with working volume of 3.5 1. The temperature
was controlled at 59.59 C and pH controiled at 7.0 u51ng ‘NaOH
and with CO2 overlay. The other.analytical:methods»have‘ |
‘already been presented 'in the previous reports;

4 For the resting cell experiments, cells were
lharvested from the fermentor, centrlfuged, washed thce w1th
phoSphate buffer and<resuspended into glucose-mlneral salt
medium with.differeht,conoentrations of"sodium‘acetate; Thea-
'composition of glucose-mineral4salt_medium.is,shown.in
Table II.C.l.

3. Results'and DisoUSsiOns

The relatlonshlp of the spec1f1c growth rate of the
new strain, §=3, and the parent at different sodlum acetate
concentrations,is shown in Figure II;C.l.-<Tota; 1nhxh1t1on of

growth of §3 occurs at 70 g/l of sodium acetate (51 g/1 of
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TABLE II.C.l: COMPOSITION OF GLUCOSE-MINERAL SALTS MEDIUM

i

Glucose - : | | 18 ‘ g/l
.Sodium bicarbonate - o 16.8 g/l
Potassium bhosphate.(mxcfobasic) : - 5.1»'jg(l
 Potassium phosphate‘(dibasic)l | 7.0 g/1 -
Sodium thioglycoilatef | 0.5 g/1 ;,
Magnesium sulfate : : 0.25 g/1 :
Cobalt nitrate 4029 g/1 |
Calcium chloride . +016 g/1

Sodium molybdate . .12 g/l
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acetlc acld) as compared to 40 g/l of sodlum acetate (30 g/l
of acetlc acidy ‘for the present.. | q |
| The‘fermeutation profile of S3 under pH control:

at 7.0 is shown.in Figure IILcJZ.' The~patterns'of cell growth
and acetic acid production are similar to those5reported

earlier (C0O0-4198-4). Cell mass, measured by optlcal density,
-lncreased exponentlally for the first 30 hours, and decreased -
from then on to the end of the fermentatlon. Thls,decrease=of'
cell mass is thought to be caused by lysis of cells due to 3

hlgh ionic strength. Acetlc acid 1ncreased exponentlally for

the flrst 50 hours, and reached 40 g/1, then the productlon

rate decreased and reached 56 g/1 by 125 hours. A summary of
.the results from Flgure 'II.C.2 is shown in Table II.C.Z A total
of 108.2 g/1 of glucose was added Wlth'38.6 g/l remained arter N
125 hours. The conversion yield.(gm‘acetic acid per gm,glucose)i;

is 0.81 which is in agreement with the previous results.

TABLE II.C.2: SUMMARY OF pH-CONTROLLED FERMENTATION OF S3.

Total,glucose added R . 108.2 g/l;
Toral'feast,ertract..‘. . - f“i - L | 8.5 g/1
lforal tryptone ; . : - _ o ‘j8.5”g/l
Total glucose remalned ‘,f.'..:'d R ' 33;6'5/1
Total acetic acld formed | ' 56.0.g/l
”.Coaverslou'yield " I | 0.81

(g. acetic acid/g. glucose)
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: Upon a more detailed. examination of the data, the

relationship of volumetric productiv1ty (qm acetic acid/1l=hr}
and specific productivity (gm acetic ac1d/ 'gm cell/ h.), versusl
~acetic»acid_concentration is shown in Figure II.C.3. The
'voiumetric productivity is highest (1.4 g/1l/h) when acetic
acid. concentration is between 12-22 g/l, corresponding to

the period when cell mass is highest at about. 6 -7 g/l. The‘
speclflc productLVity decreases with increasing acetic acid
concentration.: This is in aéreement with theobservation
thatispecific growth rate decreases with increasing acetic
,acid concentration. If we assume that acetic acid is pro-
duced following the mathematical model proposed in an earlier -

‘progress report (COO-4198 4):

9% = a ut+ B

-qb. = specific productivity

a = ~growth associated acetate formation constant

h = 'specific growth rate

B = nonfgrowth associated acetate formation
constant | |

Since a and B are constants, decrease of u (speCific growth
rate) Wlll also cause a decrease of qp (spec1fic productivity).
Using this model, a plot of spec1fic growth rate
(u) versus Spelelc productiv1ty (qp) is shown in Figure II.C.4.
The growth associated acetate formation constant (a) is 1.4 gm |
acetate/ gm cell and the nonfcrowth associated constant ()

is 0.1 gm acetate/ gm cell-hr.



VOLUMETRIC PRODUCTIVITY, Q;r (g/1-hr.)

FIGURE II.C.3:

RELATIONSHIPS OF VOLUMETRIC AND SPECIFIC PRODUCTIVITIES OF
C. THERMOACETICUM TO ACETIC ACID CONCENTRATION
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SPECIFIC PRODUCTIVITY
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FIGURE II.C.4: RELATIONSHIP BETWEEN SPECIFIC GROWTH RATE
TO SPECIFIC PRODUCTIVITY
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A typical fermentation profile of non-growing

cells of Clostrldlum thermoacetlcum is- shown in Flgure II. C 5.

:AThe typlcal conversion yleld of acetlc ac1d from glucose is
between .85 - .92. The rate of_acetlc,ag;d;production is -
hlghest at the beginning, and'levels,offvwith time. The 4
production rate is 0.52‘g/l/h‘for the first lo-hours, 0.29 g/1/h
for the second 10 hours, and only 0.09 g/1/h from Zoth to

4bth hours.: This decrease of production rate‘could be due to
(1) lnstablllty of cells or (2) lnhlbltlon effect due to

- low pH. L |

The effect of dlfferent concentratlons of sodlum
ﬁ.acetate (converted to equlvalents of acetic acid) on acetic

‘i ac1d productlon of non-growrng cells is shown in Figure II.C,G,
’ and Fzgure II.C.7. Rate of acld formatlon is determined by

the rate of glucose consumed. A notlceable xnhlbltlon effect

of ‘acid production is observed with increasing acetate con-

" centration.. However, during the experiment massive lysis of
cells vas observed for all cultures,when sodium acetate was

- added. However, in the calculation of.speclfic rate of non-
growth ‘associated acetate productlon, the cell concentration
used was the lnltlal cell concentratlon, without taking into
account the,effect of ly519. It is therefore possible that

the decrease<of¥acid'production rate,could be duefto the

indirect effect of cell lysis.



GLUCOSE OR ACETIC ACID (g/1)
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‘ FIGURE II.C.5: PRODUCTION OF ACETIC ACID BY C. THERMOACE-~
TICUM USING RESTING CELLS
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FIGURE II.C.6: KINETICS OF GLUCOSE UTILIZATION BY RESTING
i CELLS OF C. THERMOACETICUM AT DIFFERENT
: ACETIC ACID CONCENTRATIONS
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NON-GROWTH ASSOCIATED 'PRODUCT FORMAQIQN R%TE 
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‘FIGURE

I1.C.7; RELATIONSHIP BETWEEN ACETIC ACID CONCENTRATION

AND NON-GROWTH ASSOCIATED PRODUCT FORMATION
RATE -USING RESTING CELLS OF C.. THERMOACETICUM
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4. Puture Work

e Further selection of strains that ‘can tolerate

higher acetate concentration.

® Determine the cause of-lysis, and find the
the appropriate means to eliminate it.
e The use of immobilized whole cells' to increase
e productivity énd.to increase sﬁability.
; ® Design higp'productivity Sioreactors to.effect;.é

product formation.
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