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ABSTRACT
’In the biological conversion of cellulosic biomass to ethanol, a
ﬁignificant fractioh of the available carbohydrates are not fermentable
by common brewing &east. Xylose, a five carbén sugar which'is not
metabolized by brewing yeasts, represents approximately 25% of the total
carbohydrate content of cellulosic biomass.

In this study, the fermentation of xylose\to ethanol with a
thermophilic, strictly anaerobic bacterium, ngsx;idinm thermohydro-
sulfuricum, was examined. The focus of this investigation was on the
physiological parameters which most strongly affect the economic
feasibility of using this bacterium for industrial ethanol production.

In rich medium (containing economically impractical concen-
trations of yeast extract) yields as high as 0.43 gm ethanol/gm xylose
and. growth rates of 0.l+-t:ov0.5.hr-l were observed. The predominant
by-products of the fermentation were acetate and lactate. Nutritional
studies indicated that the cost of the growth medium could be
dramatically reduced by replacihg most of the yeast extract used with
nicotinic acid and vitamin B12'

Ethanol was found to be very inhibitory to growth and ethanol
formation. The low ethanol concentrations produced by this organism,
typically less than 0.6%, do not allow economical recovery of the
ethanol. T; overcome the problem of inhibition, cells were gradually
adapted to high concentrations (up to 4.2%7) of ethanol. However, the
ethanol yield of adapted cells was typically 30 to 40%Z less than the
yield of non-adapted cells;

Envirommental parameters such as pH and by-product concen-



frations had only a slight effect on the ethanol yield produced by
toleranﬁ cells. A mutant, selected from an adapted strain, was found to
produce 607 less lactate than its parent. This low-lactate producing
mutant had a slightly improved ethanol yield.

The results obtained with the tolerant, low-lactate producing

mutant were used in the design of an industrial-scale fermentation

process. An economic evaluation of the process indicates that ethanol
production with this bactgrium ié currently uneconomical. Further
increasing the yield and concentration of ethanol pfoduced'will
significantly improve the economic feasibility of using this bacterium

for ethanol production.

.
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I.. INTRODUCTION

An ever-increasing awareness that petroleum reserves are not
limitless has led to a recent surge in‘interest in alternative
feedstocks for liquid fuel production. Cellulosic biomass is an
attractive alternative feedstock since it is abundant and penewable, and
can be converted by microorganisms to clean burning fuels, such as
ethanol fl)}

Cellulosic biomass is primarily composed of cellulose (a glucosev
polymer), hemicellulose (a heteropolymer containing mostly xylose), and
lignin (a non-ﬁarbohydtate). Many processes for the biological
conversion of biomass carbohydrates to ethanol have been proposed.
Because glucose is the most abundant carbohydrate in cellulosic biomass,
most schemes have focused on the hydrolysis of cellulose to glucose (2).
The subsequent fermentation of glucose to ethaﬁol can be readily
accomplished with common brewing yeasts. However, efficient conversion
of cellulbsic biomass vill necessarily include the fermentation of
xylose which represents ;pproximately 25%Z of the available carbohydrates
(3). Unfortunately, common yeasts do not have the metabolic capability
to ferment xylose (4). |

In this study, the ferment;tioh of xylose to ethanol with a
thermophilic, obligate anaerobe, Clostridium thermohydrosulfuricim, was
investigated. Important physiological characteristics, such as nutrient
requirements and end-product tolerance, were examined since they may
limit the economic feasibility of using this organism in an industrial
biomass conversion process. Various alternative approaches to improving
the yield of ethanol from xylose were also studied.

The experimental results obtained were used to design a xylose



fermentation process, intended to extend a biomass conversion scheme
developed at the University of Californi#. Berkeley (3). Previously,
the xylose fraction of cellulosic biomass was left unused in this
process.

A preliminary economic evaluation for the xylose fermentation
process is presented at the end of this work. Based on'ﬁhe evaluation,
suggestions for further research aré given which may improve the

economic feasibility of converting xylose to ethanol.

P



-II., GENERAL BACKGROUND
2.1, Description of the Proposed Process

Sources of cellulosic biomass include agricultural wastes (e.g.
corn stover, wheat straw, and sugar cane bagasse), forest residues, and
municipal waétes (e;g. newsprint). Corn stover Vés selected as a
representative source of cellulosic biomass (3).‘ The composition of
corn stover is presented in Table 2.1. Most of the glucose present in
untreated corm stover exisis as cellulose, which is a/8. 1-4 linked
D-glucose polymer. The other sugars, D-xylose. L-arabinose, D-mannose,
and D-galactose, élong with some D-glucose. are linked together in a
branched heteropolymer: hemicellulose. The other organic compounds
listed, lignin and extractives, are generally non-fermentable (5).

A flow diagram for the process is given in Figure 2.1.
Initially..corn stover is hammer milled and pretreated with dilute
sulfuric acid to remove most of the hemicellulose. Tﬁe pretreatment is
necessary to make the cellulose fraction more accessible for the
subsequent hydrolysis. Cellulose is hydrolyzed by enzymes called
cellulases in a series of stirred tank reactors. Cellulase enzymes used
for the hydrolysis are produced by the fungus Irichoderma reesei Rut
C-30. The enzyme is produced continuously in a two stage fermentation
process. |

After hydrolysis, the enzyme-containing sugar solutiomn is
contacted couhtercurren;ly with fresh incoming solids. Solids
contacting is a useful means for recovering much of the cellulase
leaving hydrolysis. Cellulase adsorbs onto the solids in the adsorption

vessels and returns to the hydrolysis tanks with the fresh solids. The



Table 2.1

Corn Stover Composition¥

-
b

)4 Carbohydrate 4 Sugar Equivalent -
HeXosans:
Glucan 35.1 ‘ Glucose 39.0
Mannan 0.25 T Mannose 0.28
Galactan 0.75 Galactose 0.83
Bentosans |
Xylan 13.0 Xylose 14.8
Arabinan 2.98 Arabinose . 3.39
" Total Carbohydrate 52.1 Total Sugar Equivalent 58.3

15.12 Lignin
4.32 Ash
5452 Azeotropic Benzene/Ethanol extractives
1(+1)Z Acid insoluble material
4.02 Protein
Note that total is less than 100Z since not all components were assayed.

*Adapted from Wilke, et al. (3). -
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dilute glucose solution is concentrated in a multiple effect evaporator
and fermented by the yeast Sagcharomyces cerevisiae in a continuous,
cell"recycle fermentor. Beer leaving the fermentation section contains
4.9% ethanol (by weight). Ethanol is recovered by distillation while
by-product yeast cells are recovered by drying. to Ibe-sold as a protein
supplement. The overall process ethanol yield, based on the total
'carbohydtates initially present in corn‘stover, is 12%.

One possible way to increase the yield of ethanol from corm
stover would be to ferment sugars formed during acid pretreatment.
Dilgte sulfuric acid used in the pretreatment hydrolyzes hemicellulose
to form a solution‘ containing 1.52 xXylose and small amounts of other
sugars. Efficient conversion of xylose to ethanol could increase the
overall yield of ethanol by 70Z (3). Hence xylose fermentation may have
a very signifiéant effect oh the economic feasibility of converting
cellulosic biomass to. ethanol.

2.2. Zylose Metabolism
2.2.1. Absence of Xvlose Fermepting Capability in Common Yeasts
| Yeasts commonly used for industrial ethanol production s.uch as

s ] . - - ’s ] ]l - ,andsl- -

saccharomyces pombe are unable to metabolize D-xylose (6). Other yeasts

including Candida albicans, Candida utilis., Kluyveromyces lactis, and
Saccharomyces amurcae can utilize xylose but only for aerobic growth
(4,6). The pathway for aerobic xylose metabolism is shown in Figure
2.2.

Wang, et al. (6) have attempted to identify why common yeasts
can not ferment xylose. They showed that D-xylulose, the first

intermediate in aerobic xylose metabolism, can be converted to ethanol

hiad

3]

i



D - xylose

D-xylose CNADPH
reductosve» nappt

xylitol
| +
xylitol NAD (P) '
dehydrogenase| NAD(P)H

D- xylulose

. D-xylulose CATP

kmasev ADP
D-xylulose -5~ phosphate
Pentose
Phosphate
y Pathway
Glycolysis
Tricarboxylic Acid Cycle

v Oxidative Phosphorylation
CO,+ H,0

XBL 821i- 6846

Figure 2.2. Pathway for Aerobic Xylose Metabolism in Yeast:
Adapted from Flickinger (4) and Barnett (7).



by S. gcexrvisiae, S. carlsbergensis., S. pombe, €. utilis, K. lactis and

S. amurcae. This result suggests that all of the above yeasts possess

both a xylulose kinase and‘ the pentoée phosphate pathway under anaerobic
conditions. In addit_ion. S. Lem;.u.a.e and §. pombe have some xylose
permease activity; however; the rate of xylose uptake by these yeasts is
extremely slow (7,8). Hence, the lack of xylose fermenting ability in
S. cerevisiae, S. carlsbergensis and S. pombe is due to either the
absence of enzymes necessary to isomerize xylose to xylulpse or
inadequate xylose transpor‘t.

For C. utilis, K. lactis, and S. amurcae, which grow aerobically
on xylose and anaerobically on xylulose, some intracellular regulatory
mechanism m.ust pfevent the conversion of xylose to xylulose in the
absence of oxygen. The level of regulation for this phenomenon is not
known (6). _ R :

2.2.2. Possible Alternatives for Xylose Conversion with Common Yeast

Several alternatives have been proposed for con§erting xylose to
ethanol with the above meptioned yeasts.

I . .

Some researchers have suggested converting xylose to xylulose by

some chemical or biological means and then fermenting the xylulose with

yeast (9.10311).

D-xylose isomerase (glucose isomerase) has been used for the

conversion of xylose to xylulose. The enzyme is usually uséd in
heat-treated, whole-cell form. Species of Bacillus, Streptomycess and
Actinoplapnes have all been used as sources for this enzyme. Xylose is
usually isomerized in columns packed with immobilized enzyme.

Unfortunately, the conversion to xylulose is limited by the equilibrium

R
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xylulose/xylose ratio which is only 28/72 at 70°C. The equilib:iumvcan
be shifted to favor xylulose formation by using sodium tétréborate'in
the sugar solution. With 0.1 M sodium tetraborate and 1M xylose
initially, the equilibrium xylulose/xylose ratio is 70/30. However, 0.1
M tetraborate decreases enzyme activity by 40% and also causes a 60%
reduction in the rate of the subsequent yeast xylulése fermentation (9).

Alternatively, xylose isbmerase ﬁas been addéd directly to éhe
yeast fermentation (10). 1In this ways, xylulose is continuously

converted to ethanol, hence equilibrium limitations are no longer a

problem.

Another difficulty with this scheme is that xylulose -
fermentation by yeast is relatively slow (10,12). For Saggha;gm;gga‘
cexevisiae, the rate of ethanol formation from xylulose is one-third the
rate from glucose. In addition, the overall yield of ethanol from
xyloée via xylulose is 0;3,gm/gm. which is 30%Z lower than yields
normally obtained from glucose (9,13). Other important factors such as
the stability and cost of xylose isomerase have not been investigatéd.
A realistic assessment of the economic feasibility of this proposed
process will not be possible until more information is available on the
enzyme.

c ic Manipulati

The direct conversion of xylose to ethanol may be possible with
genetically altered yeasts. For yeasts that are able to metabolize
xylose aerobically, it may be possible to mutate these organisms so as
to eliminate regulatory mechanisms which prevent the anoxic conversion
of xylose to xylulose (6). This would eliminaﬁe the need for an

extracellular xylose isomerase.
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It may also be possible to splice the genes required for the
xylose to xylulose conversion into yeasts using recombinant DNA
techniques. Research in this area is currently underway at the Solar

Energy Research Institute in Golden, Colorado (14).

2.3. Organisms Capable of Fermenting Xylose to Fthanol
2.3.1. Desired Properties for Prospective Xylose Fermenters

Recently. many microorganisms capable of producing ethanol
directly from xylose have been described (4,15,16,17). However, most of
these organisms are not well suited for industrial ethanol production
for a number of reasons. Some xylose fermenters produce by-products
along with ethanol. Ideallj. iylbse'vould Se fermented to only ethanol
and carbon dioxide:

C.H 0.21—13»5/3cnoa+5/300

571075 25 2
Given the above stoichiometry, the maximum theoretical yield of ethanol
from xylose is 0.51 gm/gm. Since some carbohydrate will necessarily be
consumed in the production of microbial cells, aétual yie1d§ wiil be
slightly less.

Other proposed xylose fermenters have low tolerances of ethanol
or require expensi§e nutrients (e.g., amino acids, nucleic acids, and
vitamins). High ethanol tolerance is desirable since it allows the
production of high alcohol content beer, hence reducing subsequent
product recovery costs. Costly nutrients are clearly undesirable, since
they are essentially raw materials for ethanol production and will have
a very significant effect on production costs. Finally, some organisms

capable of fermenting xylose have very slow growth rates, and
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consequently, low specific ethanol productivities (i.e., low produc-
tivity per cell). Capital costs for fermentation are inversely related
ﬁo specific productivity making the use of slow growing organisms
undesirable.

The advantages and disadvantages of using some of the recently
described xylose fermenters are discussed below.
2.3.2. Newly Identified Yeasts Capable of Semi-aerobic

Zylose Fermentation

Recently, several yeasts capable of converting xylose to ethanol

in the presence of oxygen have been described.

Rachysolen tammophilus can produce ethanol from xylose at a

"yield of 0.30 gm/gm (18.19). Batch fermentation of 50 gm/L xylose

produces 15 gm/L ethanol in the presence of oxygen; muéh less ethaﬁol is
formed in the absence of oxygen. Neither the by-products formed nor the
metabolic role of oxygen have been identified. The formatioﬁ of ethanol
is slow and not strongly growth associated. Average volumetric
productivities of 0.16 to 0.19 gm/L-hr have been measured in batch
culture (19). 1In comparison, brewiﬁg yeasts grown on glucose have
average batch productivities of 1.8-2.5 gm/L-hr (11). One promising
characteristic of P. tapnophilus is that it is fairly ethanol tolerant.
Concentrations as high as 40 gm/L have been produced (19). (Common
yeast are able to produce up to 110 gm/L ethanol (13).)

To overcome the problem of low fermentation rates, high
densities of P. tanpophilus cells have been used to ferment kylose
(20,21). The use of high cell densities has been shown to increase
fermentation rates dramatically (13). P. tanpnophilys, immobilized in

calcium alginate beads, was used at a concentration of 43 gm of cells/L
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in a constant-flow stirred-tank fermentor. From a feed concentration
of 50 gm/L xylose, 14 gm/L of ethanol was produced at a productivity of
1.5 gm/L-hr. This represents approximately an eight-fold improvement
over simple batch fermentation.

Other advantages of using immobilized P, tapnnophilus are that
the cells require no nutrients (other than salts) or aeration to produce
ethanol. Nutrients and aeratipn normally used in batch fermentation are
only necessary for cell reproduction (20). A major disadvantage in
using immobilized cells is that they are not extremely stable;
Slininger et al. (20) observed that after 6 days of continuous
fermentation, the ethanol productivity began to decline. Further
research is needed to improve immobilized cell stability.

Another yeast capable of producing ethanol from xylose is
‘Candida sp. (22). A high ethanol yielding mutant of.this ofganism.
Candida sp. XF 217, has recently been isolatedvby Gong and co-workers
(22). Oxygen has been found to enhance growth and possibly ethanol

‘production for XF 217. Aerobic-batch fermentation of 50 gm/L xylose

produces 20 gm/L of ethanol (yield = 0.40 gm/gm) at an average

volumetric productivity of 0.33 gm/L hr. Both the yield and
productivity are higher than the corresponding vaiues for R.
tannophilus. However, the results for XF 217 were obtained with very
rich medium so an accurate comparison of the two yeasts will require
additional data.

Within the last year, many other yeasts capable of converting
xylose to ethanol have been described (16,23,24). However, none of
‘these appear to be nearly as promising as P. tannophilus or Candida sp.

XF 217.

-~
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2.3.3._ Conversion of Xylose to Ethanol with Fungi

Many species of the genera Fusarium and Mucor ére able to
ferment xylose to ethanol (11,17,25,26). Fusarium oxysporum f.sp. lini
has been studied extensively (11,26). This organism is capable of
producing ethanol at a yield of 0.41 gm/gm from an initial xylose

concentration of 10 gm/L. Ethanol concentrations as high as 15 gm/L

- have been produced by F. lini. Small amounts of complex nutrients

(e;g.. yeast extract) are required for growth. Like most fungi, the
growth rate of this organism is very slow and cell mass increases
linearly, rather than expoﬁentially with timé. Tﬁe batch~volumetric
productivity of ethanol is also very low; a value 6f 0.05 gm/L-hf has
been measured (26). |
.Other xylose fermenting species of Fusaria with highér ethanol
tolerances and prodﬁctivities-have ‘Tecently been isolated (17,25). The
best of these appears to be F. oxysporum VIT-D-80134 (17). This
organism has simple nutritional requirements and can tolerate up to 6%
(w/v) ethanol. A yield of 0.50 gm/gm and a batch productivity of 0.17
gm/L-hr result when of 50 gm/L xylo'se is fermented. The high yield and
ethanol tolerance are promising characteristics of this fungus. The
problem of low productivity may be at least partially overcome by the
use of high cell densities; however, this awaits further inveétigation.
Mucor sp. 105 has properties similar to many Fusaria. It is
slow growing, produces ethanol at a yield of 0.3 gm/gm and can produce

concentrations of ethanol as high as 20 gm/L (11,25). Unlike Fusaria.

it requires no.nutrients other than mineral salts. Again, research

using high cell densities is necessary before this fungus can be



14

realistically evaluated for use in an industrial process.

2.3.4. ZXylose Fermenting Bacteria

Many bacteria are able to catabolize xylose to ethanol. Xylose
fermenting species of Aerobacter, Aeromopas, Bacillus, Clostridia,
Escherichia, Bnhingsnnsnio Thermoanaerobacter, and others have been
described (4,15,27,28,29,30). However, bacterial ethanologens generally
produce significant quantities of by-products such as organic acids and
higher alcohols. H;nce. economical xylose conversion with bacteria will
require either suppression of by-product formation via mutation (or some
other means) or by-product recovery (assuming the by-products'have
significant value). _

Aexobacter indologens, Aeromonas hydrophilia, and Bacillus
polymyxa all produce 2,3-butanediol along with ethamol (4,15). Total
alcohol yields (ethanol + butanediol) are aproximately 0.40 gm/gm of
xylose for these bacteria. Bﬁtanediol can be used as a liquid fuel
along with ethanol, however it is difficult to separate from the
fermentation broth because it boils at 180°C (15). Recovery by
distillation would not be pfactical due to the tremendoﬁs amount of
energy required to remove all the water from a dilute butanediol
solution. Hence, these bacteria will have little, if any, industrial
applications in fuel production until an acceptable butanediol recovery
scheme is developed.

Xylose conversion with Bacillus macerans has been studied
extensively (31,32). In batch fermentation, ethanol is produced at a
yield of 0.27 gm/gm along with acetate 0.22 gm/gm and acetone 0.01 gm/gm
(31). Unfortunately, B. macerans is .strongly inhibited by ethanol; the

rate of growth.is 507 inhibited at only 3 gm/L. In addition, continuous

~
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culture studies have revealed that growth on xylose by B. magg;agg‘is

unstable, probably due to poor metabolic regulation (32). Low ethanol

tolerancé and unstable behavior make this bacterium industrially
impréctiéal.

Researchefs at the University of Georgia at Athens have isolated
an.ethanol producing bacterium, Ihgimganagxghag;gx ethanolicus, from hot
springs in Yellowstone Nationmal Park (28). T. ethapmolicus, an obligate
anaerobe and an extreme thermophile, has an optimum growth temperature

of 69°cC. Thermophilic bacteria are particularly well suited for

continuous ethanol production in vacuum fermentation processes. In

vacuum fermentation, ethanol is removed from the fermentation broth
c§ntinuously by boiling unde: reduced pressure, at metabﬁlically
tolerable temperatures. Since ethanol is generally a growth inhibifor.
continuous, selective ethanol removal by boiling allows increased rates
df“fermentétion. ‘Préssufes as low as 50 mmHg are used in vacuum
ferﬁéﬁtéﬁion with yeast»such as S. cerevisiae which is grown at 35°C

(13). At 69°C, the vapor pressure of the growth medium is much higher

'(approximately 220 mmHg) than at 35°C; hence, capital and energy costs

for subsequent product vapor récompression are greatly reduced (33).
Vacuum fermentation will be discussed further in Chapter VI.
When grown on glucose, the specific growth rate (0.3 hr_l) and

ethanol yield (0.45 gm/gm) for I. ethapnolicus are comparable to the

'corresponding values for brewing yeasts (28,34). Xylose is fermented by

I. ethanolicus; however, quantitative results obtained with this
substrate have not been published.
A major limitation in using this organism is that it does not

produce ethanol at concentrations greater than 4 gm/L, despite the fact
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that it can tolerate up to 60 gm/L ethanol. Apparently, some form of
feedback regulation exists in I. ethanolicus that prevenﬁs the formation
of high alcohol concentrations. Attempts to overcome this regulation
via mutation have been successful. Mutants capable of producing 18 gm/L
ethanol ha&e been isolaﬁed. Furthef improvements may be possible (35).
Data for xylose metabolism are obviously neceséary before the potential
for this bacterium in practical applications cén be determined.
Clostridium ;hgxﬁgﬁagghgxglxgiggm is another thermophilic

anaerobe capable of converting xylose to ethanol. Extensive research

- with C. thermosaccharolyticum has been conducted at the Massachusetts

Institute of Technology (29,36). A typical profile for batch gowth of
strain HG-2 is shown in Figure 2.3. The maximum specific growth rate

1 2nd 0.18 gm/gm,

énd-yield of ethanol from xylose are 0.25 hr_
respectively. Lactaté (not shown) and acetate are also produced as
by-products. These results were. obtained with medium containing 15 gﬁ/L
xylose and Slgm/L yeast extract. |

Ethanol inhibition studies have demonstrated that cell growth is
slightly inhibited by 10 gm/L ethanol and 50% inhibited by 20 gm/L.
(29). Clearly, both the ethanol yield and tolerance of strain HG-2 are
unacceptably low.

To overcome these problems, Wang et al. (29) adapted C. thermo-
saccharolyticum HG-2 to high ethanol concentrations, which resulted in
ethanol tolerant strain HG-3. A low acid producing mutant, HG-4, was
isolated from a nitrosoguanidine-treated culture of HG-3. HG-4 was
further adapted to higher alcohol concentrations until it grew in up to

48 gm/L ethanol. Ethanol tolerant HG-4 (renamed HG-6) is able to

produce 39 gm/L of ethanol at a yield of 0.40 gm/gm, in a fed-batch

P
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xylose fermentation (see Figure 2.4). The average volumetric pro-
ductivity for HG-6 in batch culture is 0.78 gm/L-hr. Further muta-
genesis and adaptation has produced strain HG-8, which can produce 65

gm/L ethanol at a yield of 0.37 gm/gm (37).

In most laboratory studies done with C. thermosaccharolyticum,

high concentrations of yeast extract, which would be economically

impractical for industrial ethanol production, have been used. This .

prompted the researchers at M.I.T. to quantify the nutritional
requirements of this bacterium. Biotin, nicoﬁinic acid, riboflavin,
methionine, and histidine have been detemined_to be essential for rapid
growth and a high ethanol yield (38). 'However. their nutritional
studies were done gxclusively with an initial xylose concentration of
only 15 gm/L. At higher substrate concentrations and consequently
higher alcohol concentrations, the inhibitory effects of ethanol may
alter the nutritional requirements of C. thermosaccharolyticum (39).
Further work is needed to determine the.requirement.‘s of C. thermo-
saccharolyticum in the presence of high ethanol concentrations and to
find an economical source of the required nutrients.

In general, because of its high tolerance, high yield, and h'igh

productivity, C. thermosaccharolyticum HG-8 appears to be the best
organism presently available for f.ermenting xylose.

Finally, Clostridium thermobydrosulfuricum is also a thermo-
philic, strictly anaerobic, xylose fermenting ethanologen (40). Strain
39E, isolated by J.G. Zeikus and co-workers, has the highest yield of
ethanol from glucose (0.48 gm/gm) of any thermophile yet described (41).

1

Growth rates as high as 0.55 hr ~ on glucose have been reported. This

organism ferments xylose, however, very few results for growth on this

-l
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substrate have been published. Thg yield of 'lethal-lol from xylose is 0.4
gm/ gm (v42). | |

Zeikus et al. (42) have stated that ethanol concentrations in
excess of 1% are not producéd. However, they did not extensively study
the inhibitory ef‘fect.s,‘of ethanol on this organism.

In general, little work has been done to detenﬁine the economic
feasibility of fermenting xylose to ethanol with C. thermohydro-
sulfuricum strain 39E. In addition, Secause 39E has a highér growth
rate and yield than Q_; WBG-Z (the parent of high
ethanol yielding and toierant HG-8), the potential for improved strains
from 39E s.hould'be very high. For these reasons C. _ch_amg_hx_dm;

sulfuricum 39E was chosen for this study.

P
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III. PREVIOUS WORK WITH CLOSTRIDIUM mmmm
3.1. Species History o |

Clostridium ;h_e_nmhy_dmnlfmm was originally isolated from
extraction juices in an Austrian beet factory by Parrkinen and
Klausshofer in 1964> (40). They described the organism as a strict
anaerobe capable of: degrading saccharides, producing hydrogen sulfide
gas, and growing at temperatures in excess 6f 75°C. They subsequently
designated the organism as a new species and proﬁosed the name C.
thermohydrosulfuricum (43). However, they did not provide a complete
description for the new species }nor did they maintain the original
culture (1;0).‘

In.1972. Hollaus and Sleytr examined 13 new strains of C.
thermobydrosulfuricum and .provided a full taxonomic description for this
species (40). Their description, aiong with a la_ter report on its DNA
composition (44), clearly distinguished C. themohydrosulfuricum from
similar bacteria, . thermosaccharolyticum and C. tartarivorum.

Most of the characteristics of C. thermohydrosulfuricum listed

by Hollaus and Slgytr were morphological, although some of the more
important physiological properties were also included. Cells are
peritrichously-flagellated, gram-variable rods, capable of forming
endospores. A double outer cell wall, revealed by electron microscopy,
accounts for the cells gram-variable nature. Q.vzhﬁmhy.d:mlfn:i.cm
grows at tempefatures ranging from 37 to 76°C and can metabolize a wide
variety of carbohydrates including xylose. This bacterium produces
hydrogen sulfide gas in small amounts from peptone, tryptone, and yeast

extract and in large amounts from sulfite or thiosulfate. Hydrogen
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sulfide formation will be discussed in more detail in section 3.3.3.

3.2. General Physiology

Ljungdahl et al. (45) have studied the physiological charac-
teristics of thirteen strains of C. ;hgxmghxﬂxgﬁnlfuzignm isolated from
thermophilic (e.g., hot springs) and mesophilic enviromments. Strain
JWwio02, which was studied extensivglf, has an optimum growth temperature
of 69°c. At 80° vegetative cells are killed rapidly. Spores are much
more heat resistant; they can survive in boiling water for 20 hours.
Spore formatioh can be induced by slow cooling of growing cells.

_The optimum pH'fof,growth ranges from 6.9 to 7.5 for strain
JW102; however, cells can be grown at pH's fanging from 5.0 to 9.2. The
maximum specific growth rate in medium containing 5 gm/L glucose and 2
gm/L yeast extract at optimal pH and temperature is 0.6 hrhl. Reducing
the initial yéast exract concentration from-2.0 to 0.5 gm/L haé no
significant effect on the initial growth rate but it does decrease the
final cell yield from glucope.

Many hexoses and pentoses, including xylose, support the growth

of all strains tested by Ljungdahl and co-workers (45). Fermentation

products from glucose include ethanol, L-lactate, acetate, hydrogen gas |

and carbon dioxide. Typical ethanol yields are approximately 0.25 gm/gm
glucose, although yields as high as 0.33 gm/gm have been reported.
Growth at a low (controlled) pH does mot favor ethanol production over
acid production. The ethanol yield is highest (0.33 gm/gm) when the
starting pH is 7.5 and is allowed to fall (due to acid formation) to
6.8.

Total inhibition of growth occurs in the presence of any oxygen

in the growth medium. However, cells exposed to oxygen resume growing

-
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when they are returned to a strictly anaerobic enviromment. The effects
of oxygen on cell viability have not been quantified.r
3.3. Properties of Strain 39E
3.3.1, Growth Characteristics |
C. themmohyvdrosulfuricum strain 39E, which was isolated from a

hot spring in Yellowstone National Park by J.G. Zeikus (46) (University
of Wisconsin) was chosen for this work (see section 2.3.4). This
bacterium grows at teﬁperatures ranging from 40 to 70°C. The optimum
temperaturerfor growth is 65°C. The maximum specific growth rate of
strain 39E is 0.55 hr-l,in medium cbﬁtaining 5 gn/L glucose, 3 gm/L
yeast extract, and 10 gm/L tfyptone (46). A typical batch-growth curve
is shown in Figure 3.1. Note that thé,growth rate drops slightly (from
0.55 to 0.34 hr-l) after 3.5 hours of'growth. Zeikus and co-workers
gave no explanétioﬁ‘for the décrease in the growth rate but it may have
been.due to:the depletion of some limiting nutrient ih the growth
medium.

Strain 39E produces ethanol, L-lactate, acetate, hydrogen and
carbon dioxide from various carbohydrates including: cellobiose,
glucose, pyruvate, sucrose, starch, xylobiose, and xylbse (42,47).
Hence in addition to being used as a xylose fermenter, this organism
potentially has a wide range of applications. Carbon sources which do
not support growth'are: cellodextrins, cellulose, xylan, and mannan.
The distributioﬁ of fermentation products formed from cellobiose,
glucose, and xylose (as gréwth limiting substrates) is shown in Table
3.1. As can be seen from the table, the principal product formed is
ethanol. From an initial concéntration of 5 gn/L xylose, 1.95 gm/L

ethanol isvﬁfoduced (yield = 0.4 gm/gm).
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Batch Growth Curve for Clostridium thermohydro-
sulfuricum strain 39E. Cells were grown on glucose
without agitation.

Adapted from Zeikus et al. (46).




Table 3.1

Fermentation Products from Cellobiose, Glucose, and

Xylose for C. thermobydrosulfuricum

Concentrations (mM)
Cellobiose Glucose | ‘Xylose
Ethanol 48.2. 54.9 ‘ :42.4
Acetate 6.7 3 6.0
L-lactate .,’5.1 o 5.0 4.4
co, 55.2 58.0 47.0
B, 6.4 3.1 5.0

Results were obtained with medium containing 0.5% substrate,
0.3%Z yeast extract, 1.07 tryptome. Cultures were grown at
65°C without PH control in phosphate-buffered medium. Adapted

from Zeikus, et al. (42).
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Zeikus et al. (42) also noted that C. themmohydrosulfuricum is-

unable to produce. high concentrations of ethanol. Ethanol concen-
trations in fermentation broths nf strnin 39E do not exceed 1%Z. The
exact reason for this limitation is not known (47).

3.3.2. Metabolic Pathway of C, thermohydrosulfuricum 39F

Researchers at the University of Wisconsin have elucidated most
of the catabolic pathways -in strain 39E (41,47,48). Key intermediates
and enzymes present in the: xylose fermentation pathways»ére shown in
Figure 3.2. |

Xylose is converted to xylulose which is phnsphorylated to
xylulose-5-phosphate. The enzymes transaldolase and transketqlase of
the pentose phosphate pathway convert xylulose-5-phosphate to
‘fructose-1.6-diphosphate and glyceraldehyde-3-phosphate. These two
intermediates feed into the Embden-Meyerhof-Parnas pathway nnd are
converted to pyruvane. 1.2 moles of xylose are consumed for every 2
moles of pyruvate produced. Along'with each mole of pyruvate, a net of
one mole of adenosine triphosphate (ATP) and one mole of-reduced
nicotinamide adenine dinucleotide (NADH) are formed.

Pyruvate can be reduced by NADH to lactate via lactate
dehydrogenase. Alternatively, pyruvate can be oxidatively
decarboxylated to acetyl-CoA (via pyruvate dehydrogenase) with the
concomitant formation of reduced fefredoxin.. Reduced ferredoxin is used
to form eithenuhydrogen.gas from hydronium ions or additional reduced
nucleotides (NADH and NADPH).

Acetyl-CoA can be phonphorylated to acetyl-phosphate and
subsequently converted to acetate with acetate kinase. The formation of

acetate from acetyl-CoA is advantageous for the cell since additional



27

xylose

®©
Y

xylulose

ATP @

ADP Y

xylulose-@ ‘

s
osphate
Pathway / %\

fructos e-6-phosphate glyceraidehyde - 3- phosphate

ADP-
Embden-Meyerhof- Parnas Cm-p

Pathway NAD"
'C NADH @
pyruvate -—71‘

| NADH Nap*
@'\‘T\ :
@ |© ®
NAD(P)Hy »Fd )( Fd vx Hp [dex HyS :l
NAD(P)*XFdH Y FAH 7N H* | FdH-\S03, S,03
acetyl-CoA NADH
KNAD"' NAD(PH NaDPY

(2 acetyl{P) [Coa acetaldehyde __LJ
y . @

ATP ADP

XBLB2II-6849
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~Table 3.2

Enzymes for Xylose Fermentation Pathways of

X

10.

11.

12.

13.

. thermohydrosulfuricum strain 39E.

xylose isomerase

xylulose kinase

transketolase

transaldolase

lactate dehydrogenase

pyruvate dehydrogenase

bisulfate reductase, thiosulfate reductase
hydrogenase

ferredoxin NAD(P). oxidoreductase-
acetaldehyde dehydrogenase
phosphotransacetylase

acetate kinase

alcohol dehydrogenase
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ATP is froduced; hence increasing the amount of energy available for
biosynthesis. Alternatively, acetyl-CoA can be reduced with NADE to
acetaldehyde and further reduced with NAD(P)H to ethanol. Both NADH and
NADPH-1linked alcohol dehydrogenases have been detected in cell ektracts
of C. thermohydrosulfuricum.
3.3.3. Metabolic Control and End-Product Formation

The distribution of end products formed by C. thermobydro-
sulfuricum is determined by intracellular regulatory mechanisms that are
strongly affected by the growth enviromment. '

Lactate dehydrogenase is an allosteric enzyme which requires
fructose-l,6~diphosphate (FDP) as an activator (48). The rate of
lactate formation by this organism depends on the intracellular FDP

concentration. To illustrate the importance of FDP in regulating

‘lactate production, Zeikus et al. (47) grew C. thermohvdrosulfuricum in

continuous culture under carbon and nitrogen-limited conditions. Figure
3.3 shows the relative amounts of lactate, acetate, and ethanol produced
at various dilution rates. Under carbon-limited conditions, the lactate
yield is low at all dilution rates and ethanol is the predominant end
product. Because nitrogen sources (yeast extract and tryptone) are
present in large excess, xylose is rapidly metabolized. The
concentration of intracellular FDP is low whereby little lactate is
produced. When nitrogen is limiting. excess xylose is available which
leads to a build-up of FDP. This effect is pronounced at high dilution
rates (greater than 0.1 hr-;) where very high levels of intracellular
FDP result in high lactate yields. These results indicate that for
rapid industrial ethanol production, which necessitates the use of high

dilution rates, xylose must be maintained as the limiting nutrient.



Under Carbon and Nitrogen-Limiting Conditionms.
Adapted from Zeikus et al. 47).
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As stated in section 3.3.2, C. thermohydrosulfuricum 39E pos-

sesses both NAD and NADP-linked alcohol dehydrogenases. The NADP-linked
enzyme has been studied extensively by Zeikus et al. (49). The activity
of this enzyme is reversible ﬁherebybethanol can be metabolized by 39E
(50). A wide range of substrates can be reduced by this enzyme
including many aldehydés and ketones. The enzyme is also very solvent
stable; it is active at 2-propanol concentrations as high as 45% Q/v.
In additiom, at alcohol_concentratiéns of 100 to 150 mM no inhibition of
activity was observed. 150 mM efhaﬁol corresponds to 0.87 v/v ethanol.
Given these properties for alcohol dehydrogenase and the fact that
growth is inhibited by less than 1% ethanol, it appears that ethanol
inhibition iﬁ this bacterium is not the result of inactivation of this
enzyme. A proposed mechanism for ethanol inhibition will be given in
Chapter V.

Zeikus et al} (485 have alsoistudied the regulation of
reducing-electron‘flow in C. thermohydrosulfuricum. Electron donors and
“acceptors added to the growth medium have been found to alter the
distribution of end products formed. Both‘sulfite and tﬁiosulfate can
act as electron acceptors in the medium. vThéy are reduced to hydrogen
sulfide gas via bisulfate reductase and thiosulfate reductase (refer to
Figure 3.2). A corresponding decrease in ethanol, hydrogen, and lactate
yie;ds are observed when electron acceptors are added to the growth'
medium. Apparently, electrons are diverted from NAD(P)H (which would
have been used in the formation of ethanol, hydrogen and lactate) and
are used to reduce sulfite and thiosulfate.

Electron donors (e.g. hydrogen) have the opposite effect. High

partial pressures of hydrogen (0.5 atm) enhance the formation of reduced
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end products (ethanol and lactate). Eléctrons from exogenous hydrogen
are transferred to ferredoxin via reversible hydrogenase. These
electrons are transferred from ferredoxin t;\NAD(P) and are used to
reduce acetaidehyde and pyruvate to ethanol and lactate, respeétively.
However, high partial pressures of hydrogen also inhibit growth since
nucleotides which would normally be used in glycolysis are tied up in
the formation of excess reduced end products. Converselyf the rate of
growth is increased by the addition of electron acceptors.'thi§su1fate
and sulfite, which rapidly regenerate.reduced nucleotiedes.

These findings may be useful in’thg design of én industrial
ethanol prbcess. Electron acceptors should be excluded from the
fermentation bfoth to maintain a high yield of eéhénol.‘ The use of

sulfur dioxide, which has been proposed for pretreating various forms of

biomass, probably would not be well suited for processes using C.

thermohydrosulfuricum. Dissolved SOZY(SO3=) wouid be reduced to HZS
' thus lowering the ethamol yield (48). 1In addition, the use of slow
fermentor agitation rates may be advantageous. With élow agitation, the
fermentation broth becomes super saturated with hydrogen gas.ﬁroduced by
the bacterium (51). The high dissolved-hydrogen concentration should
supreésﬂﬂz formation in favor of ethanol production (48).

In summafy. maintaining xylose as the 1imiting substrate,
excluding electron acceptors from the fermentation broth, and using slow

agitation rates should enhance the yield of ethanol.
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IV. 'MATERIALS AND METHODS

4.1, G.mth_ﬁm.eium
4.%1. Organism and Culture Media

Clostridivm thermohydrosulfuricum strain 39E was obtained from
the American Type Culture Collection (ATCC 33223). Cultures were
maintained in soft agér as suggested by Hollaus and Sleytr (40). The
composition o'f~t.he agar medium 1is given in Table 4.1. All medium
components (except xylose) were combined and sterilized at 121°C for 30
minutes. After the sterile medium was cooled to 65°C, 2.m1 of a filter
sterilized xylose syrup (50_0 gm xylose/L) were added to the medium.
Xylose was not autoclaved with the rest of the medium components to
prevent caramelization. The molten agar medium waé dispensed in 8 ml
port:i;ons to sterile 125 x 16 mn screw-cap cuiture tubes (VWR Scientific;
Honolulu, HI). A few drops _of;the liquid suspension culture from ATCC
‘were used to inoculate.the molten.agar. .The tubes were sealed with
plastic screw caps, inverted to disperse the inoculum, and cooled to
allow the agar to solidify. - No special precautions to exclude oxygen
from the growth en&ironment were necessary. The reducing enviromment
created by the tryptone in tt;e hardened agar was adequate for growth.
Cultures were incubated for 2 to 3 days at 65°C. Growth was apparent
when the medium blackened due to the reaction of st produced by the
organism with FeSO, included in the medium (which formed FeS). After
most of the agar had turned black, the cultures were stored at 4°C.
Stock cultures were subcultured monthly; a core of soft agar, obtained
by. inserting a sterile Pasteur pipette into a stock culture, was used to
inoculate fresh molten agar.

Alternatively, cells could be stored for up to one year at -80°C



Component
Tryptone
Xylose

FeSO4‘7HZO

Na28203'5320

NaZSO3

Agar

Table 4.1

Composition of Soft Agar Medium

dmount Per Liter of Water
10 gm
1 gm
1200 mg
80 mg
200 mg

7 gm
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in suspension culture. Cells grown to mid-exponenti‘al phase in
pre-reduced liquid medium were mixed aerobically with sterile glycerol
(507 medium with cells, 50%Z glycerol). Glycerol treated cells were
frozen immediately at -80°C.

4.1.2. Medium Composition

The growth medium used in most experiments was similar to that
suggested by Ljuﬁgdahl (45,52). The composition of the medium is given
in Tables 4.2A to 4.2C. Any changes in composition made for specific
experiments are clearly indicated in the discussion of results (see
chapter - 5).

The medium was pfepared by adding yeast extract, phosphate
buffer salts, amménium chloride, and resazurin (a redox indicator) to
950 ml. This solution was sterilized at 121°C f‘or 30 minutes.

| The higﬁ phosphate concentration, 100 mM, was necessary to
prevent the pE of the growth medium from dropping significantly during
batch growth experiments conducted without pH control. In most
expe:iments. this level of buffering was sufficient to keep the pH above
6.0. With lower concentrations of buffer, acid produced by the organism
reduced the pH to less than 5, resulting in the cessation of growth. In
experiments where pH was controlled by base addition, 11 mM phosphate
was used. |

Trace mineral and vitamin solutions were added after the medium
had'cooled to room temperature. Xylose was also added after autoclaving
as a concentrated (500 gm/L) syrup. Trace mineral solution was prepared
by mixing 1.5 gm of nitrilotriacetic acid (NTA) in a liter of water.
The pH of the solutiom was adjusted to 6.5 with 14 N potassium hydroxide

to allow the NTA to dissolve. The use of NTA (a chelating agent) was



‘Table 4.2A

YEX1 Medium
Component dmount Per Liter
Xylose . 10 gm
Yeast Extract 2 gm
N323P0437HZO _ 20 gm
KHZPO4 4 gm
NH,C1 500 mg
Resazurin 2 mg
Vitamin Solution%* 5 ml
‘Mineral Solution** ' 10 m1 -
Cysteine-HCl- H

20" ' : 400 mg

Initial pH = 7.2. All medium components were
reagent grade. Yeast extract was obtained from

Difco Laboratories, Detroit, Michigan.

*see Table 4.2B

**gee Table 4.2C



Table 4.2B

Vitamin Solution (53)

. Milli Per Li
Biotin 2
Folic Acid - 2
Pyridoxine Hydrdchloride : 10
Riboflavin 5
Thiamine | 5
Nicotinic Acid 5
Pantotheni§ Acid A 5
Vitamin B12 | 1
P-aminobenzoic Acid . 5

Lipoic Acid 5
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Table 4.2C

Mineral Solution (52)

Nitrilotriacetic Acid - 1.5 gm
Mgsoaomzo | 3.0 gnm
NaCl 1.0 gm
FeS0,+ 7H,0 | 100 mg
Co(N03)2'6H20 100 mg
ZnSO4~7HZO ‘ . 100 mg
CuS0,°* 5H,0 10 mg
A1,(50,), 10 mg
-H3BO4 V 10 mg
NaéMoO4'2H20 : : 10 mg
NaZSeO3 ‘ ' 10 mg
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necessary to prevent precipitation of the mineral solution. Each salt
was added in the order given in Table 4;20 and was allowed to dissolve
before the next salt was added. Careless preparation of the mineral
solution lead to precipitation of some salts.

The vitamin solution was prepared by adding the components
listed in Table 4.2B to a liter of water. Lipoi§ acid, the last
component added, required up to two hours to dissolve. Both the mineral
and tﬁe vitamin solutions were filter sterilized.

4.1.3. Medium Redyction

Growth of stfictly anaefobic bacteria is possible only in the
absence of oxygen and all other oxidizing compounds (54). Hence, before
the growth medium can be inoculated, it must be reduced to a low redox
potential. Many technique; for cﬁltufing strictly anaerobic bacteria
have been described'(54-62). The technique used in this study is a
" modification of that suggested by.Hungate (54).

Growth in Culture Tubes

For all experiments where the time course of substrate
utilizaton and end-product formation were not followed, the organism was
grown in 125 x 16 mm screw-cap culture tubes. These tubes were used
since they could be directly inserted into a spectrophotometer to allow
optical density measurements without sampling (see section 4.2.1). All
experiments employing culture tubes‘were performed in duplicate.

Culture tubes were aseptically filled with 8 ml of medium and
sealed with#14 serum caps (Bittner Corporation, Norcross, GA.). Oxygen
was removed from the air space by flushing the tubes with a minimum of
20 volumes of oxygen-free (less than 1.5 ppm 0,) nitrogen (Pacific

Oxygen Co., Oakland, CA). Nitrogen entered and exited the tubes through
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-20-gauge needles that easily pierced .the.serum caps. .The nitrogen line

ek,

was butyl rubber tubing, which is less permeable to oxygen than any
other autoclavable, flexible tubing. A 0.5-ml glass syringe barrel,
with the flange removed, was used to connect the rubber nitrogen line to
the needle. To femove potential contaminants from the nitrogen, it was
passed through a glass wool filﬁef before it enteréd the culture tubes.

After nitrogen gasing, the tubes were heated in a boiling water
bath to remove dissolved oxygen from the liquid and to reduce oxidized
compounds present . in yeast extraét. After the color of the‘redox
indicator changed from pink to colorless (approximately 5 minutes) fhe
tubes were removed from the boiling water bath and flushed with nitrogen
as they cooled to room temperature.

After boiling, the redox potential of the medium may be
sufficie#tly low ﬁo allow the growth of strictly anaerobic micro-
organisms (63). However, introduction-of tr%ces of oxygen, perhaps
during iﬁoculatién. would dramatically increase the potential of the
pedium. Hence, it is necessary to poise the medium with a strongly
reducing substance (e.g. cysteine or sodium sulfide) that will scavenge
traces of oxygen entering the system (64).

Using a gastight syringe fitted with a 20-gauge needle, 0.1 ml
of an anoxically prepared reducing agent (either 32 gm/L cysteine
hydrochloride monohydrate or 8 gm/L sodium sulfidé) were added to each
culture tube. A 1-ml glass syringe sealed with silicon grease was used
as a gastight syringe. The syringe was thoroughly flushed with sterile
nitrogen immediately before use. Any exposure of the reducing 3gent to
oxygen decreased its reductive capacity. In addition, oxidized reducing

agents (either cystine or sodium sulfite) have adverse effects; high
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- concentrations.of cystine are ‘inhibitory to growth for most micro-

orgéniSms (62) and sulfite tends to lower ethanol yields (see section
3.3.3).

Reducing agent solutions were prepared by adding the reducing
compound to boiling water. (Boiling water contains essentiallf no
dissolve& oxygen.) The hot solution was immediately filter sterilized
ian-a culture tube which was subsequentiy sealed with a serum cap. The
air space in the' tube was flushed with 20 volumes of nitrogen while the
solution cooled.

In experiments where ethanol was included in the medium, oxygen
free ethanol was added to tubes confaining pre-reduced medium. Oxygen
was removed from ethanol'by boiling under vigorous nitrogen gasing.

All- anoxic solutioﬁs not uéed iﬁmediately after preparation were
stored iﬁ'an.anaerobic glove box (see Appendix I).
G'Imw i ;

In experiments where multiple samples were withdrawn to follow
the time course of end-product formation (without pH control), cells
were grown in 250-ml side arm flasks (Bellco Glass Inc., Vineland, NJ).
Side arm flasks were useful because they could be directly inserted into
a spectrophotometer to permit simple and rapid optical demnsity
de;erminations. Glue was used to seal the large screw cap at the top of
the flasks to prevent air from leaking in; The side arﬁ opening waé

sealed with a serum cap through which nitrogen flushing and sample

‘withdrawal were performed. Flasks were filled with 50 ml of medium

which was reduced in a manner analogous to that used for culture tubes.
Samples were aseptically withdrawn with an airtight syringe through the

serum cap which was ethanol sterilized before sampling. Experiments
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conducted in shake flasks were duplicated..

-

~4.1.4. Preparation of Inocula

In allAexperiﬁents. cells takeﬁ from stock deep-agar cultures
were first grown in liquid medium before being used as an inoculum. A
core of ce11-containing‘agar was removed from a stock tube with a
nitrogeﬁ flushed pasteur pipette. The cap of a tube containing
pre~reduced medium was removed and the agar core was dispensed from the
pipette into the liquid. During this procedure, the tube air space was
flushed vigorously with nitrogen to prevent oxygen from entering the
tube. Nitrogen was introduced just above the gas-liquid interface with
a 2 1/2-inch 20-gauge needle. The tube was resealed by sliding the
serum cap on while siﬁultaneously.removing the needle.

The inoculated tube was incubated in a shake bath at 65°C
overnight; 'Aftet'approximateiy 24 hours, the late exponential phase
culture was used as an inoculun. Cells were transferred to tubes to be
‘inoculated with a nitrogen-flushed, gas-tight syringe. Unless.otherwise
“stated a 1% inoculum was uéed in all experiments.

"4.1.5. Incubation

Both culturé tubes and shake flasks were incubaﬁed in a covered
water bath at 65°C. Unless otherwise specified, cultures were agitated
in the bath at a rate of 160 rpm.

4.1.6. pH Controlled Experiments

Apparatus

All pH cntrolled experiments were conducted in a 5-liter New
Brunswick Micro-Ferm® fermentor. The fermentor was sparged with a 95:5
nitrogen/hydrogen mixture at a rate of 10 cc/min and was maintained at a

slightly positive pressure to prevent inward air leaks. Hydrogen was
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‘used with the nitrogen to facilitate the removal of trace oxygen from

.the sparging gas.  .The nitrogen/hydrogen mixture was passed through a

catalytic oxygen remover (Engelhard Industries, Union, New Jersey) where
traces of oxygen reacted with hydrogen to form w;ter. Spatging lines
cafrying nitrogen to the fermentof were eiﬁber stainless steel or butyl
rubber vacuum»tubing_(3/16-inchvwa11) both being essentially impermeable
to oxygen. The fermentor agitation rate was 140 rpm. The temperature
of the fermentor was controlled to 65°C (+ 0.5°C). |

The off-gas condenser was cooled with a refrigerated (5°C) 50:50

efhylene glycol/water mixture. Ethanol loss from the ferﬁentor was

‘measured and found to be negligible (less than 1%Z per day). pH was

controlled (+ 0.1 pH units) by the automatic addition (PEC fermenter pH

controller, Chemapec,onodbury,‘NY) of oxygen-free 2N potassidm

 hydroxide. Anaerobisis in the base feed jar was maintained by constant

nitrogen sparging.

Most types of fléxible rubber tubing are somewhat permeable to
oxygen. _Tygo'nR has the lowest oxygen permeability of any rubber tubing
(65). However in tests where fre-reduced medium was pumped through
nitrogen-washed Tygon, the resazurin changed from colorless to pink
indicating that significant amounts of oxygen diffused through the
tubing wall. Henée. stainless-steel tubing was used for all base feed
lines except for a small section éf Tygon that fit into the head of a
peristaltic pump. The oxygen permeable tubing in the pump head (as well
as the pump itself) were enclosed in a plexiglass nitrogen-filled
container. In this way, oxygen was completely excluded from base added
to the fermentor for pH control. All fittings and connectors used were

airtight stainless—steel.Swage-loksR.
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. Samples were withdrawn through a siphon-flow 1/8-inch stainless
steel sampling line. |
p l c 5 C lled E .

The 5-liter fermentor jar was initially filled with two lii:ers
of medium (less xylose, vitamins, minerals and reducing agent) and
autoclaved for 40 minutes at 125°C. After the medium cooled, heat
labile compvonents were aseptically added through a port at the top of
the fermentor.. The fermentor jar was then connected to the rest of the
Mini-FemR apparatus and heated to 75°C (highest temperature possible
with Mini—FermR). Nitrogen was sparged through the fermentor at a rate
of approximately 2 liters per minute. After the medium changed color,
indicating anaerobisis, 25 ml of sterile cysteinve hydrochloride_solution
(32 gm/L) were added through an ethanol sterilized septum at the top of
- the fermentor. A 50-ml glass syringe was used to add the reducing
agent. |

The temperature of the fermentor was adjusted to 65°C before

inoculation. 8 ml of a culture grown to mid-exponential phase were used

to inoculate the fermentor. The culture tube containing the inoculum

was connected to the fermentor by a two-pointed 20-gauge needle which
pierced the septa of both vessels. Because. the culture tube was at a
higher pressure than the fermentor (due to a build-up of CO2 during
growth) the inoculum flowed from the tube to the fermentor. Samples
were withdrawn periodically from the fermentor for the 48 hours

immediately following inoculation.
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472,
4.2.1. Growth Rate and Dry Weight

Growth rate was determined by following the change in culture

optical density at 650 mm with a Fisher Electrophotometer II. Culture
ﬁubes and side arm flasks could be directly inserted into the
electrophotometer, whereby the growth vessel served as the cuvette.
With this technique, optical densities could be rapidly and conveniently
measured. For cells grown in a fermentor, samples were drawn .into
culture tﬁbes which were used as cuveﬁtes in the electrophotometer.

Dry weight determinations were made by centrifuging a known
volume of a cﬁlture at 10,000 rpm for 15 minutes. The pellet was
washed, resuspended in 0.05 M saline, and recentrifuged. Cell pellets
were dried at 65°C for 24 hours, allowed to cool in a desiccator, and
weighed on a MettlerR«balance which was accurate to. + 0.1 mg. For cells
‘grown in medium containing 2 gm/L‘yeast e#ﬁract‘and 10 gm/L xylosé. a
standard dry weight curve was prepared (Figure 4.1). With this curve
‘optical densities could be easily converted into dry weights. Optical
density was a linear function of dry weight up to 0.17 gm/L cells.
4.2.2. Sample Preparation for Xvlose and End-Product Assays

Culture samples were clarified by centrifugation at 10,000 rpm
for 15 minutes. Samples were stored at 4°C and assayed within 2 weeks of
sampling. Samples were not frozen since the stability of lactic acid on
freezing is not known (66). All measurements of xylose and metabolic
producﬁ concentrations were duplicated.

4.2.3. Ethapol

Ethanol was determined with either gas chromatography (for high
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Figure 4.1. Dry Weight Calibration Curve.
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concentrations, i.e. greater than 1 gm/L) or an enzymatic technique (for
low .concentrations).
-
‘SampIes were analyzed with an Aerograph 1520 gas chromatograph
equipped with a.flame ionization detector. The column was a 6-foot by
1/4~-inch stainless steel tube packed with 100/120 mesh Chromosorb® 101.

Either helium or argon was used as the carrier gas and the column was

- maintained at 170°C. With this method, ethanol concentrations greater

than 1 gm/L could be determined + 3Z.

Low concentrations of ethanol were determined as described in
SigmaR Technical Bulletin No. 332-UV (Sigma Chemical Co., St. Louis MO).
Alcohol dehydrogenase (ADﬁ) is used to convert ethanol and ﬁAD to
acetaldehyde and NADH. The'reaction is driven by continuous removal of
acet#ldehyde_by'a trapping agent (which was not disclosed by Sigma).
The change in NADH concentration can be read direcgly since it absorbs
light very strongly at 340 m.

The assaying reagent contained 0.2 mg ADH (Sigma No. A-7011) and
0.44 mg NADH (Sigma No. N—7381) per ml of glycine buffer solution (Sigma
No. 332-9). Any protein left undissolved after the above three
components were mixed was removed by filtration with Whatman #f1 filter
paper.

2.9 ml of the enzyme solution were mixed with 0.1 ml of diluted
sample which contained less than 0.3 gm/L ethanol. After the mixture
was incubated for 20 minutes at 25°C, the absorbance was measured at 340
mn with a Bausch and Lamb Spectronic System 400 (also used for all other

colorimetric asays). Ethanol concentrations were read from a standard
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curve of absorbance versus.concentration. A calibration curve was-
determined for each,baféﬁ of freshly prepared enzyme solution.
Concentrations as low as 0.05 gm/L could be determined accurately

(+ 32).

4.2.4, ZXylose

Xylose was usually detefmined with a standard dinitrosalicylic
acid technique:(67). However when other reducing compounds were present
(e.g. caramelized xylose) whiéh interferred with the assay, high
pressure liquid chromatography was used.

For HPLC analysis, a Partisil-10 PAC column (Whatman, Inc.)
operated at room ;emperature was used. The detector was a Waters
Asséciates refractometer and the carrier solvent was an azeotropic
acetoﬁitrile/water 84:16 migture. The solvent flow rate was 1.
ml/minute.

4.,2.5. Acetate

A modification of the method developed by Rose (68) was used to
determine the concentration of acetate. In this procedure, acetate and
ATP are converted to acetyl-phosphate and ADP by acetyl kinase in the

presence of magnesium.
_ acetyl kinas -
CH,COOH + ATP ——Y———E»ca3coo (® + ApP

Hydroxylamine is used to convert acetyl-phosphate to its hydroxamic acid
which is subsequently converted to a colored ferric-hydroxamate complex
by ferric chloride.

CH,C00-(B)+ NH,OH —> CH,CONCH + H,PO,- .

CH3CONOH + FeCly ——>= colored complex
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The assay solution contained per ml: 2.0 mg Mg012°6H20. 6.0 mg
Tris, 4.6 mg NH,OH*HC1, 6.23 mg ATP (Sigma No. A-2383), and 0.012 m14
acetyl kinase solution (Sigma No. A-2384). 0.1 ml of sample containing
less than 1.5 gm/L acetate were mixed with 0.9 ml of the above reagent
and incubated at 38°C. After one hour, the coior was developed ﬁy the
addition of 3 ml of 1.5% FeC13‘in 1 N HCl. The absorbance at 540 om was
directly porportional to the acetate concentration; however, xylose was
found to interfere with this assay (see Figure 4.2). Hence the acetate
~ concentration measured with.this technique had to be corrected for
xylose interference. Acetate coﬂcentrations as low as 0.3 gm/L could be
determiﬁed accurately (+ 3%).

4.2.6. Lactate

- Lactate was determined enzymatically with lactate dehydrogenase
(Sigma Technical Bulletin No. 826-44). Lactate and NAD react via
lactate dehydrogenase (LDH) tb form pyruvate and NADH. Hydrazine, which
reacts with pyruvaté. is used in the assaying reagent to shift the
equilibrium to favor NADH formation.

The reagent contained per ml of solution: 0.33 ml glycine.buffer
(Sigma No. 826-3), 0.67 ml water, 1.7 mg NAD (Sigma No. 7381), and 0.017
ml LDH équeous suspension (Sigma No. 826-6).

A 2.8 ml portion of assay reagent was mixed with 0.2 ml of
sample (containing less than 0.2 gm/L lactate). The mixture was
iﬁcubated at 37°C for 45 minutes. The absorbance at 340 mm was measured
and the lactate concentration was read from a standard curve. Accurate
measurements (+ 2%Z) could be made on lactate concentrations as low as

0.05 gm/L.



045—

Absorbance (540nm)

50

__{
. Acetate
040 -
0.30- ~
020 =
0.0} -
¢ - ]
_ | |
0 05 10 1.5
Acetate (gm/I)
| | | | J
0 50 10 15
| Xylose (gm/1)
XBL82II-6873
Figure 4.2. Interference by Xylose in Enzymatic Determination

of Acetate.



V. RESULTS AND DISCUSSION
5.1. Batch Fermentation Profile -

A typical batch fermentaﬁion profile for C. thermohydro-
sulfuricum strain 39E is shown in Figute 5.1. Ethanol was produced as
the primary end product; from an initial concentration of 11.7 gm/L
xylose, 3.5 gm/L ethanol was formed (overall yield = 0.33 gm/gm). The
yields of acetate and 1§ctate from xylose were 0.098 and 0.036 gm/gm,

respectively. In calculatiﬁg these yields, xylose consumption had to be

adjusted to account for caramelization of the growth medium which

- occured during incubation at the high growth temperature (see Appendix

11).
Cell growth was not truly exponential; the specific growth rate

1 -1 at 13 hours. The drop in

dropped from 0,8 hr " at 7 hours to 0.10 hr
growth rate was probably due to depletion of nutrients in the medium
(e.g. vitamins, amino acids, or nucleic acids). Sustained exponential
growth ‘occurs only when gl]l nutrients are present in excess. The
specific ethanol productivity also dropped as the fermentation
proceeded. At 10 hours the specific ethanol productivity was 0.6 gm
ethanol/gm cell-hr while at 20 hours it was 0.2 gm/gm-hr.

The total carbon recovery (moles of carbon appeafing as
fermentation products and cells, per mole of carbon consumed as xylose)
for this experiment was 94% (see Appendix II).

These results differ somewhat from those obtéined by Zeikus and
co-workers (see section 3.3.1). They did not observe as large a drop in
specific growth rate and also reported a yield of 0.40 gm e:hanol/gm
xylose. However, they grew the organism in richer medium and without

agitation.
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Figure 5.1. Batch Fermentation Profile for Clostridium.
thermohydrosulfuricum strain 3%E.
Cells were grown in YEX1 medium with sodium
sulfide as the reducing agent.
Carbon Recovered = 94%.
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To see if their results could be duplicated, C. thmmm-
sulfuricum was grown in unshaken flasks on enriched YEX1 medium. (The
yeast extract concentration was doubled.) The results, which are shown
in Figuré_5.2 and Table 5.1, are in fairly good agreement with those
obtained by Zeikus. The specific growth rate was constant for the first
eight hours at 0.35 hr-l; Zeikus observed a sustained rate of 0.34 h_r-l.
Aryield of 0.43 gm ethanol/gm xylo‘se was measured after 4.9 gm/L of
_x_quse had been fermenj:ed. Zeikus reported a yield of 0.40 gm/gm for
the fermenta;tion of 5 gm/L.

Table 5.1 also‘ indicates ﬁhat the yield dropped significantly as
xylose utilization continued. A corresponding increase in lactate yield
is also eiridgnt‘from Figure 5.2. There are tw§ possiBle explanatioﬁs
for the shift in end-pfoduct, yields. Cell growth ceased after
approximately 20 hours while end-product accumulation continued for an
additional 13_ hours. This suggests that yeast extract was growth
limiting and as indicated in section 3.3.3, under nitrogen limiting
cond_itious lactatg is the primary end prbduct. Alternatively, ethanoi
formation may be strongly feed back inhibited; whereby, in the presence
of ethanol, lactate formation is enhanced. These possibilities are

further examined in sections 5.2 and 5.3.
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thermohydrosulfuricum strain 39E.

Cells were grown in medium containing 4 gm/L
yeast extract with cysteine hydrochloride as
the reducing agent. The culture was not
agitated. Carbon recovered = 98%.




Table 5.1

Ethanol Yield During Batch Growth

Xylose Fermented (gm/L) Querall Yield (em/em)

4.9 0.3

9.1 0.34

"~ 9.6 : : 0.34
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5.2. Nutritional Requirements

Laboratory yeast extract is a complex source of nutrients made
from autolysed yeast cells (69). .In an industrial ethanol fermentation
process, thie cost of nutrients must be l;ep't at a minimum. The current
(1982) market price for industrial a'utolysed yeast is $1.78/Kg (70).
Using 2 gm of yeast extract to produce 3.5 gm of ethanol (Figure 5.1)
contributes approximately 79 cents to the cost of producing a liter of
- ethanol. Since the current market price of ethanol is 48 cents/liter,
decreasing or completely eliminating ;he use of yeast extract is clearly
desirable (71). - . |
5.2.1. Effect of Yeast Extract Concentration on Growth and Yields

The effect of yea‘st extract concentration onvthe growth of C.

therpohydrosulfuricum is shown in Figure 5.3. In this experiment,

sodium sulfide was used as the reducing agent since cysteine may have

served as a nutrient, especially at low yeast extract concentrations.

The initial growth rate is rapid in all cases; however, as growth
proceeds and nutrients are depleted the rate slows appreciably. The
decrease in growth rate with time is most marked at low yeast extract
concentrations.

Table 5.2 shows the average specific growth rate (from optical
density 0.1 to 0.2) obtained with the 5 different yeast éxtract
concentrations. Decreasing the yeast extract concentration reduced the
rate of growth significantly. Note that because optical density
measurments were obtained by direct insertion of culture tubes into a
spectrophotometer, they are not directly proportional to cell mass for

optical densities greater than 0.22 (see section 4.2.1). Hence, the
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Figure 5.3, Effect of Yeast Extract Concentration on Growth.



Table 5.2
Effect of Yeast Extract Concentration

on Growth Rate

 Yeast Extract (gm/L) Growth Rate (hr™l)»
0.25 0.18
0.50 , 0.18
.o 0.22
2.0 0.28
4.0 | 0.58

*Rate. of: growth observed between optical density 0.l and 0.2.
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ndn--linearity of the growth curves at optical densities above 0.22 is
due to both a slowing of growth and slightly erroneous optical demsity
measurements.

Figure 5.4 shows the depend'ence of end-product and cell yields,
and extent of xyloée utilization on yeast extract concentration. The
results in this figure were determined from samples withdrawn at the gn’d
of stationmary phase (aﬁproximately 30 hours after inoculation). Over
the range of yeast extract ‘concentration examined, the yield of ethanol
increased from 0.17 to 0.28 gm/gm, while the yield of laétate decreased
from 0.51 to 0.35 gm/gm. This is consistent with the findings of Zeikus
and co-w'or.k'vers (section 3.3.1) who demonstrated that under
nitrogen~limited conditions (low yeast extract concentrations) lactate
formation is greatly enhanced. The yield of acetate was relatively
unaffected by changes in the yeast extract concentration. ‘fhe cell
yield' increased with yeast extract concentration up to 2 gm/L after
which it gradﬁally leveled off. Hence, at 4 gm/L the limiting substrate
for growth was not yeast extract. The slope of the linear. portion of
this curve (0.25 to 2.0 gm/L) gives an approximate value for the yield
of cells from yeast extract (0.15 gm cells/gm yeast extract). This
value is used in Appendix 2 to calculate carbon recovery.

Because both the ethanol yiéld and the extent of xylose
utilization are adversely affected, decrveasing the yeastv extract
concentration is not an effective way to reduce the cost of the growth
medium,

During the course of this work, it was observed that the yield
of ethanol from xylose was also dependent on the lot of yeast extracti

supplied by Difco. Apparently some component of yeast extract, which is
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Extract Concentration.

In all cases carbon recovery was greater
than 907%. '
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not carefully controlled at Difco, strongly affects the end-product
distribution of Q_;h_emghx_dmmlgm. -~ For example, in Figure 5.4
the yield of ethanol with 2 gm/L yeast extract was only 0.24 gm/gm,
while the yield in Figure 5.1 (which was obtained with a different batch

of yeast extract but at the same concentration), was 0.33 gm/gm. In all

14

_experiments where low ethanol yields were measured due to poor quality

yeast extract, the acetate yield was also reduced while bthe yield of
lactate was increased. Wood (72) has reported that a drop in ethanol
and acetate formation with a corresponding increase in lactate -
production was observed with Q_]._Q_aj;n_dj.m mf;mggns_ (a mixed a‘cid and
ethanol producing bacterium) grown in jron deficient medium.
Examinat:iovn of the metabolic pathways shown in Figure 3.2 indicates that
ferredoxin, an iron containing electron carrier (73), is important for

acetate and ethanol formation. In addition, in studies on the

nutritional requirements of C. thermohydrosulfuricum (see section 5.2.3)

growth appeared to be enhanced by the addition of iron and magnesium.

Given the above information, it was hypothesized that low
ethanol yields observed with some batches of yeast extract were due to a
lack of iron. To examine this idea, cells were grown in YEX1l with and
without 2 mg/L FeSO,* 7H,0 added. The results, shown >in Table 5.3,
clearly demonstrate that iron is important for ethanol and acetate

formation. In future work with C. thermohydrosulfuricum it is recom-

mended that ferrous sulfate (2 mg/L) be included in the medium.

5.2.2. Corn Steep Liquor as a Source of Nutrients

‘A potentially economical alternative to yeast extract is corn
steep liquor (CSL). CSL is a by-product of corn wet milling and is used

frequently in the fermentation industry as a source of nutrients (74).
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Table 5.3

Effect of Adding Iron to YEX1 Medium

FeS0, 7H,0 (mg/L) o 0 . 2

Extent of Xylose Utilization (gm/L) 8.9 » 9.1
Final Cell Mass (gm/L) | 0.74 0.74
Growth Rate (hr 1) 0.49 0.53

Yields (gm/gm)

Ethanol ' 0.28 0.31
Acetate ’ 0.054 0.071
Lactate » » : 0.34 0.18

% Carbon Recovered . 105 v 98
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It is a thick black slurry cont'aining approxiﬁxatély 502 v.vater by weight
and has a crude protein content (non-dialyzable proteins, polypeptides,
and amino acids) of 47% (dry basis). In addition, small amoux.n:s'of
vitamins, minerals, and nucleic acids are also present in CSL (74).

The composition of the medium used to examine the growth

characteristics of C. thermohydrosulfuricum on corn steep liquor is

shown in Tablé 5.4. When CSL was combined with the other medium
components, it did not dissolve completely. The insolubles, which
appeared to be mostly ceilulosic materials, were removed from the medium
by filtration with Whaman #1 paper. Solids removal was necessary to
facilitate cell mass optical density determinations. Subsequent tests
revealed that including the insolubles in the growth medium did not
vsig'niv.ficav_t‘xtlyv affect carbohydrate utilizaton or ethanol formation during

batch growth. Even without the insolubles, obtaining accurate optical

density measurements at low:cell densities was difficult due to the

deep-brown color of the medium. All heat-stable components of the
medium were sterilized by heat; xylose and cysteine were added after the
medium cooled. |

Figure 5.5 shows the effect of CSL concentration on the growth
of C, themmohydrosulfuricum. The initial rate of growth increased with
increasing CSL concentration. This effect is shown more clearly in
Figure 5.6 which also shows the dependence of the final ethanol yield
and extent of xylose utilization on the CSL concentration after 55 hours
of incubation. Both increase with the amount of CSL used in the medium.
These trends are similar to those observed with yeast extract (Figure
5.4); thus some component of corn steep liquor was the limiting nutrient

in the medium.
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Table 5.4

Corn Steep Liquor Medium

Component - Amount_per liter

~ Na,HPO, * 78,0 15.0 gm
KFZPO4 3.0 gm
FeSO4f7HZO . ‘ » 2.0 mg
Resazurin 2.0 mg
Cystéine°BCI-Hzo | 400 mg
*Corn Steep Liquor - 142455 or 10 gm

*Obtéined‘from Corn Products (75).

CSL concentrations given are based on wet weight.
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The present market price of CSL is a'12.i cents/Kg (74). 1If 10
gm of CSL are required to produce 2.8 gm of ethanol, then the use of CSL
will contribute 34 cents to the cost of each liter of ethamol produced.
Clearly, this cost is unacceptably high. ~

If corn steep liquor is deficient in gome inexpensive trace
factor, it may be economicallyvpractical to use low concentrations of
CSL with some supplemental nutrients. Alternatively.'groﬁth in CSL
- medium may have been poor due to a lack of ammonium ions.

To examine these possibilities, a base medium containing 1 gm/L
CSL, 0.5 gm/L (NH,),S0,, and all the other components listed in Table
5.4 was prepared. Table 5.5 summarizes the results obtained after 48
hours of growth on ﬁhe base medum with and without supplements. Both
small amoﬁnts of yeast extract, aﬁd vitamins and minerals in the medium
produced improvements over the base case. However, in neither case does
the extent of xylose fermentation proceed nearly to completion (10
gm/L). Even when yeast extract, vitamins, and minerals are all used as
supplements, oqu half the available xylose is fermented. Therefore, it
appears that corn steep liquor is not a good source of of all required
nutrients for C. thermohvdrosulfuricum.

5.2.3. GCrowth in Defined Media

Another possible way to reduce the cost of the growth medium is
to replace yeast extract with a synthetic Combination of amino acids,
vitamins, and minerals. To develop an econoﬁical. defined medium, it is-
necessary to determine which nutrients are essential for rapid growth
and high ethanol yield.

The synthetic medium used for examining the nutritional

requirements of C. thermohvdrosulfuricum is shown in Table 5.6. It



Table 5.5

Supplemented Corn Steep Liquor*
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None 1.8
0.2 gm/L Yeast Extract 2.7

5 ml Vitamin Solution + 3.4
5 ml Mineral Solution :

5 ml Vitamin Solution + 5.2
5 ml Mineral Solution +
0.2 gm/L Yeast Extract

*Base medium same ‘as Table 5.4 with 1 gm/L CSL and 0.5 gm/L (NH

Vitamin and mineral solutions were the same as those used in YEXI.

0.15
0.20

0.22

0.26



Component
Arginine
Histidine
Isoleucine
Léucine
Lysine
Methionine
Phenylalanine
- Threonine
fryptophane:
Véline'.
Biotin
Folic Acid
Pyridoxine
Riboflavine
Thiamine

Nicotinic Acid

Pantothenic Acid

Table 506

Defined Medium I (DMI)

Para-aminobenzoic Acid

KH2P04

NaZHP04 7H20

(NHA)2804

‘ Nazs

75
75
75
75
75
75
75
75
75
75
100
100
100
100
100
100
100
100

2.0

10.0

Trace Mineral Solution

Resazurin

0.5

0.1

10

2.0

mg

mg

mg

mg

mg

mg

mg

.mg .

mg
pem
pgn
pem
pem
pem
pen

pem
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includes many of the amino acids and vitamins normally found in yeast -

extract (76,77).
E {21 Ami cid

To determine which amino acids are essential, C. thermo-

hydrosulfuricum was cultured in 10 different media, each deficient in a

single amino acid. (A1l solutions prepared for defined media studies
were filtered sterilized since many amino acids and vitamins are heat
labile (78).) The effect of omitting each amino acid from the growth
medium is shown vin Table 5.7. To ensure that any nutrients introduced
with the inoculum were insignificant, these results were verified by
subculturing. Fo; example, cells grown in the " absence” of arginine
were transfeffed to argi.nine deficient medium and re-grown. In all
cases, the data shown in Table 5.7 were found to be accurate. .

The re.sult's indicate that methionine is an important aminb acid
for C. ;hgmgﬂdms_ulfm. ‘In addition, the maximum optical demnsity
obtainéd with DM1 (all 10 amino acids present) was much less tﬁan that
normally obtained with YEX1 medium.- The maximum specific growth rate in
the defined media was also slow (approximately 0.13 h;‘-l); growth rates
in YEX1 typically r:.a.nge from 0.4 to 0.5 hr-l. The poor growth in DM1
may have been due to several factors. DMl may have been deficient in
some nutrients such as other amino acids or vitamins, or an unidentified
trace factor present in yeast extract. Alternatively, some of the
vitamin concentrations may have been too high. Low concentrations
(approximately 100 Pgm/L) of biotin, folic acid, and péra-aminobenzoic
acid (PABA) have all been found to be inhibitory in some species of
bacteria (78).

To examine these possibilities, a new base medium (DM2) was



Effect of Omitting Individual Amino Acids

Control (DM1)

YEX1 Medium

Table 5.7

From DMl on Growth

*Appears to be essential

Defici \mi cid Maxi _Optical I .
Arginine 0.16
Histidine 0.19
Isoleucine 0.18
Leucine 0.19
»Lysinev 0.18
Methioniner 0.10*
Phenylalanine 0.19
Threonine 0.19
Tryptophane 0.18
Valine 0.18

0.20

0.60
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prepared (see Table 5.8). The vitamin concentrations used were intended
to be approximately equal to those in YEX1l. These concentrations were
calculated from an approximate compositional analysis of Difco yeast
extract (77). Vitamin B,, and lipoic acid. which are not normally found
in yeast extract but were used in the YEX1 vitamin solution, were added
to DM2. 1In addition, BBL yeast extract (Becton, Dickinson, and Co.;
Cockeysville.»MD) typicallf'contains significant amounts of iron and
magnesium (76); hence, the concentrations of these two metals were also
increased in DM2 (Mineral ﬁomposition analyses of Difco yeast -extract

are not supplied by Difco).

C. thermohydrosulfuricum was grown in DM2 with and without

supplgnenté. The supplements tested were: additional biotin, PABA, and
folic acid to see if high concentrations of these vitamins were
inhibitory, 10 additional aminO»acids_(other than those used in DM2) to
" determine whether or not .they were importanf for growth, and 100 mg/L
yeast extract which may supply important unidentified trace nutrients.
The growth curves obtained with these four media are shown in Figure
5.7.

In all cases, growth was significantly better thén wiﬁh DM1.
With all four media, there was an initial, short phase of rapid growth
followed by sustained exponential growth lasting for approximately 10
hours. The growth rates during exponential phase are shown in Table 5.9
along with the maximum optical density, the total amount of xylose
fermented, and the yield of ethanol. In DM2, 6.7 gm/L of xylose was
consumed and ethanol was produced at a yield of 0.28 gm/gm. The final
optical demsity, 0.46, was more than twice that observed with DM1.

Addition of the 10 amino acids to the medium improved growth and



Table 5.8

Vitamins and Minerals Used in DM2*

Component
Biotin

Folic Acid

Pyridoxine

Riboflavin

Pantothenic Acid
Thiamine

Nicotinic Acid
-Para-aminobenzoic- Acid
Viatmin B12

Lipoic Acid

?e804‘7HZQ

MgSO,- TH,0

All 10 amino acids in Table 5.5

Amount_per liter
10 pgm
10 pgm
100 pem
100 pgm
100 pgm
30 pgm
500 pgm
25 pem
1.0 pgm

25 pgm

2.0 mg

50 mg

100 mg

*Concentrations of phosphates, ammonium sulfate,

sodium sulfide, and trace minerals were the same

as in DM1.,.
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Growth in Defined Medium DM2 with supplements.
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Table 5.9

Growth on Defined Medium II With Supplements

Growth Rate Xylose - Yield

-1 Fermented* (gm etoh/
Addition © Max. 0.D.* ~ (hr %) (gm/L) gm xylose)
None 0.46 0.18 6.7 0.28
All Other ~0.58 0.22 8.9 0.24
Amino Acids '
(75 mg/L)
Biotin ‘
(90 pgm/L) 0.48 0.18 7.0 . 0.29
Folic Acid
(90 pgm/L)
PABA
(75 pgm/L)
Yeast Extract - 0.63 0.17 8.9 . 0.29
(100 mg/L)

*After 29 hours of fermentation
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xylose utilization; however, the ethanol yield was significantly
reduced. Hence, these amino acids do not appear to be necessary for
ethanol producfion with C. thgxmﬂhxdxgﬁnlinzisgm. Results with
ﬁdditional biotin, folic acid, and PABA were not significantly different
fofm those obtained with DM2 alone. Thus, 100 Fgm/L of ail three
vitamins does not inhibit the gowth of C. thermohydrosulfuricum. The
above results indicate that DMl was deficient in either nicotinic acid,
vitamin Bio» lipoic acid, ferrous sulfate,vor magnesium sulfate.

With 100 mg/L yeast extract in DM2, growth was rapid up to an
optical density of 0.1 but then slowed to about the same rate observed
with the other media. Xylose utilization was significantly improved
with thg addition of yeast extract while the yield was approximétely the
same as with.DMZ alone. Thus, it appears that yeast extract supplies
some nutrients, other than the amino acids and vitamins tested, that are
beneficial for ethanol production. Since using 100 mg/L of yeast
extract in DMZ contributes only 7.5 cents to the cost of producing a
liter of ethanol, it was used in all subsequent nutritional studies.

Data shown in Table 5.7 indicate that, of the amino acids
tested, only methionine was essential. To confirm that the other amino
acidé are non-essential, cells were grown in medium (DM3) containing
vitamins, minerals, 100 mg/L yeast extract, and only methionine (see
Table 5.10). The maximum optical density obtained during batch growth
in this medium (shown in Table 5.11), was 0.41. This value is one-third
less than the maximum optical density obtained with methionine and the
nine non-essential” amino acids. Although none of these amino acids
appeared to be essential, omitting all of them from the medium adversely

affected growth.



Table 5.10

Defined Medium III*

Methionine 75 mg
Bidtin : 25 pgm
Folic Acid 25 pgm
Pyridoxine 100 pgm
Riboflavin 100 pgm
Pantothenic Acid 100 pgm
Thiamine '_ 30 pgm
Nicotinic Acid _ . 500 pgm
PABA 25 pgm
Lipoi; Acid ‘ 25 pgm
Vitamin 312 | 1.0 pgm
FeSO4'7H20 - 2,0 mg
MgSO4°7HZO 50 mg

*Buffer, trace minerals, ammonium sulfate, and reducing agent
same as in DM1,



Table 5.11

Growth on Defined Medium III

ient C nen Max, O0.D.* Specific Growth Ba;g(h;-ll
None. ’ 04l 0.23
Methionine | 0.36 0.20
All Vitamins 0.23 0.23

*Obtained after 35 hours of growth.
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Apparently, in the absence of a single amino acid, C. thermo-

hydrosulfuricum can synthesize the deficient compound from other amino

acids. Inter-substitution of amino acids is common in many micro-
organisms (79).

| Also shown in Table 5.11 is the effect of deleting methionine
from DM3. The results indicate that in this medium, mett;ionine was not
as ifnport_an_t as it was in DMl. Hence, some of the nutrients included in
DM3. that were not used in DM1 havev decreased the methionine requirement.

Finally, cells grew poorly in DM3 containing no vitamins (Table
5.11). Thus, some of the vitamins listed in Table 5.10 are important
for gfowth.

3l. o B : .

To determine which vitamins of DM3 are important growth factors:
for C. thermohydrosulfuricum, cells were grown in 10 différent media,
each deficient in a single vitamin. The composition of the base ﬁledium
u#ed was the same DM3. The effect of omitting each vitamin from DM3 on
growth is shown in Table 5.12. The data shown were verified by repeaf:ed
subcuiturin,g fo ensure that nutrients introduced with the original
inoculum were insignificant.

Nicotinic acid, pantothenic acid, and péra-aﬁinobenzoic acid
(PABA) all appé.ar to be important vitamins for C. thermohvdrosulfuricum.
In all media used in this experiment, the maximum specific gr'owth rate
was approximately 0.2 hr—l. except in medium deficient in vitamin 312‘
The growth curve obtained in the absence of vitamin B12 was atypical.
When cells grown in the presence of B12 were transferred to 312
deficient DM3, growth slowed (for a period of approximately 3 hours) in

the middle of the exponmential phase. However, cells repeatedly



Table 5.12

80

Effect of Omitting Individual Vitamins

From DM3 on Growth

D E..'. SE. . ' ]! 3 Q . ] D .

None 0.39
Biotin 0.38
Folic Acid 0.38
Lipoic Acid 0.40
Nicotinic Acid 0.17%
Pantothenic Acid 0.32%
PABA 0.32%
" Pyridoxine 0.41
Riboflavin 0.44
Thiamine 0,46
Vitamin By '0.39**

*Important. for.growth

**Unusual growth curve

All cultures were incubated for 38 hours.
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subcultured i:n the absence of vitamin 312 grew as well as cells with
' .312. These findings suggest th;t vitamin B12 may bé an impoftant growth
factor for C. thermohydrosulfuricum. Vitamin BlZ is known to be a
‘co-vfactor in the_ synthesis of methionine in many organisms (79). This
fact supports the idea that B,, may be ‘importa.mt. since methionine was
found to enhance the growth of (. thmghxﬂmmfm.
| If the requirement for methio.ﬁine_‘c-ou.ld be met with BlZ’ the
cost of the growth medium may be substant;ially reduced. Unlike amino
acids which are consumed in the synthesis of cellular materials, only
minute quantities of vitamins are necessary for microbial metabolism
since they normally have only catalytic roles. |

The importance of nicotinic acid, pantothenic acid, PABA,
vitamin 312 and methionine waé .fvurtherA examined with the base medium
shown in Table 5.13. v"'l‘his medium (DM4) contained no vitamins except
nicotinic acid and those supplied by 100 mg/L yeast extract. The
effects of various additions to and deletions from DM4 on growth, xylose
utilization, and ethanol yield are shown in Table 5.14. The extent and
rate of growth with DM4 was approximately the same as with DM3. Thus,
vitamins other than nicotinic acid were not needed for growth with 100
mg/L yeast extract in the medium. Reducing the nicotinic acid
concentration to 200 'xgm/L did not affect growﬁh or ethanol formation.
Additional PABA, pantothenic acid, and vitamin 812 also had no
significant effect.

When methionine was deleted from the medium, growth was very
poor. However, with just 2.0 Pgm/L vitamin B, ,» the requirement for
methionine is essentially eliminated. No benefit resulted Ey including

PABA and pantothenic acid in the methionine deficient medium. These



Table 5.13

Defined Medium IV

Component : - Admount_per liter

Yeast Extract
Nicotinic Acid
FeSO4'7HZO
MgSO4- 7H20
Methionine

KHZPO4
NaZHPOA' 71120
(NH4)2804
2

Trace mineral solution.

Na,S

Resazurin

100

500 pgm
- 2.0

50

75
2.0
10
0.5
0.1
10

2.0

mg

ml

mg
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Table 5.14

Growth in Defined Medium IV

Pantothenic acid, 100 pgm/L
' Vitamin B,,, 2 pgn/L
Delete: Methionine ‘

*Contained 200 pgm/L nicotinic acid

All cultures were incubated for 35 hours. Ma§imum specific growth

rates in all cases were approximately 0.20 hr .
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Xylose Ethanol
: Fermented Yield
Changed Component - » ; Max. 0.D. (gm/L) (gm/gm)
- None 0.44 6.2 0.28
Reduced: Nicotinic Acid 0.39 6.0 0.29
200 pgm/L
*Add: PABA, 25 Pgm/L 0.42 6.1 0.27
Pantothenic acid, 100 pgm/L
Vitamin Bi,s 2 pegm/L
*Delete: methionine © 0.08 2.8 0.09
~ *Add: Vitamin By,, 2 pem/L 0.41 5.6 0.30
- Delete: Methionine '
*Add: PABA, 25 pgm/L 0.40 5.5 0.28
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results clearly indicate that vitamin B12 is a co-factor in methionine

synthesis in C. thermohydrosulfuricum.

To determine wether or not growth in DM4 (with B12 substituted

for methionine) was stable, cells were subcultured in this medium 6

times. The growth characteriStiés measured after the last transfer are
summarized in Table 5.15. The cells appeared to have.  adapted somewhat
to thisimedium;‘the-growth rate increased 50% over the rate initially
measured with cells fransferred directiy from YEX1. The ethanol field
measured was slightly lower than the 0.30 gm/gm yield originally
observed with this medium; however this may have been the result of
inadequate compensation fqr caramelization that occured during
incubation. This possibility is supported by the fact that the carbon
recovery was only 84%.

The cost of nutrients used in the growth medium per liter of
ethanol‘produced is summarized in Table 5.16. Using B12 instead of
methionine results in a significant savings in production costs.
Recommendations

Attemptsvto further reduce nutrient costs should focus on
decreasing the amount of yeast extract used. In addition. most of the
results presented have been: fairly qualigative. Improved economics will
probably result if nutrient concentrations are optimized. Data on
mineral requirements (e.g. ammonia and phosphate) may also be important
for optimizing the growth medium. Finally, the results presented above
were all obtained at low substrate and end-product concentrations. At
higher, more inhibitory concentrations (especially of ethanol)

additional nutrients may be necessary (39).
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Table 5.15
Growth in DM4 with Vitamin BlZ*
Maximum-optical Density
Maximum Specific Growth Ratwe

Total Xylose Fermented
Yields (gm/gm)
Ethanol
Acetate
Lactafe

Cells

% Carbon Recovered

*Medium contained 2.0 pgm/L of vitamin B, and
no methionine.

0.37

0.30 hr

7.2 gn/L

0.26
0.068
0.18
0.04
84

1
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Table 5016

Cost of Nutrients in Growth Medium

86

100 mg/L Yeast Extract ($1.78/Kg)
200 pgm/L Nicotinic Acid ($6.82/Kg)
2 pgm/L Vitamin B,, ($10.75/Rg)*

75 mg/L Methionine ($6.80/Kg)**

*Price is for crude extract containing 1% 312'
**Price is for D,L racemic mixture.

 All prices are for October, 1982 (71).

7.5

0.05

0.1
46.0
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5.3. Ethanol TInhibition and Tolerance
5.3.1. Ethapol Inhibition

Another important economic parameter in the production of
fementativ.e ethanol is the cost of fecovering the ethanoi from the
fermentation broth. To minimize this cost, it is hecessary to produce
etbano_l at a high concentration. Therefore, the inhibitive effect of
ethanol on the. growth of C. thmghxdzgmfgugm 39E was examined.

Figure 5.8 shows the effect of including 6 gm/L ethanol in YEX1
medium on the growth of strain 39E. 1Initially, cells were not
significantly affected by the ethanol. However, 3 hours after
inoculation.' growth ceased. After an 8 ',hour lag, growth resumed but at
an inhibited rate. The final extent of growth was also decreased in the
presence. of ethanol.

Similar growth patterns were observed at initial ethanol
concentrations ranging from approximately 2 to 15 gm/L. The rate of
growth after the lag phase was found to be dependent on the amount of
alcohol added to the medium (see Figufe 5.9). 'Inhibition was severe at
very low concentrations; the rate of growth was reduced by 80% in only
10 gm/L ethanol. At concen;rations greater than 20 gm/L very little
growth was observed. In fact, the culture optical density often
decreased at greater than 20 gm/L ethanol, suggesting that high alcohol
concentrations caused the cells to lyse.

In addition to inhibiting growth, exposing cells to ethamol also
decreased the ethanol yield. The effe.ct of ethanol on end-product
distribution is shown in Table 5;17. At 6.2 gm/L, the ethanol yield was

reduced by approximately 50% while the yields of lactate and acetate



Figure 5.8.
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Table 5.17

Effect of Initial Ethanol Concentration
on the Yield of Strain 39E

?

Initial Ethanol :
Concentration (gm/L) 0 6.2 10.0

Total Xylose 9.1 6.7 6.0
Fermented (gm/L)

Length of 30 , 55 ' 55
Fermentation (hrs)

Yields (gm/gm)

Ethanol 0.31 0415 0.03
Acetate ’ 0.071 0.22 0.25
Lactate 0.18 0.43 » 0.46

Z Carbon Recovered 97 110 95
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were incréased. At 10 gm/L even less ethanol and more acetate and
lactate were formé.d.’ Apparently, the metabolic pathway leading to
ethanol fbrmat:ion is feedback inhibited. Zeikus ‘ha’s demonstrated that
NADP-linkéd alcohol dehydrogenase (ADH) is not strongly inhibited by
ethanol in strain 39E (section 3.3.3). Hence, the reduced yield may be
the result of reduced NAD-linked»ADH activity, inhibition of
acetéldehyde reductase, or repressibn of formation of any of these
enzymes. _

Ethanol inhibition has been shown to be related to changes in
the cell membrane (80.81.82.83.84). Dﬁring the initial phase of growth
(Figure 5.8), the freshly inoculated cells were probably not in
equillibrium with their enviromment. How‘ever.‘ after 3 to 4 hours, the
ethanol had sufficient time to diffuse into the membrane and caused a
total cessation of growth. °

Ethanol is an .,afnphj.pathic molecule and can interact with polar
and non-polar molecules. In the membrane, it disrupts the non-polar
interactions between phospholipids which results in decreased membrane
fluidity. Membrane-bound ehzymes can not function propei‘ly in the
“stiff” membrane; hence, growth is inhibited. (80,82).

During an ethanol induced lag phase, which has been observed
with other bacteria (80), cells are believed to undergo an adaptation
process where the structure of the membrane is altered to compensate for
the ethanol. Unsat'ur;ted fatty acids are substituted for saturated
fatty acids, whereby the fluidity of the membrane is increased and

growth resumes (79,80,83). This phenomenon probably also occurs in C.

thermohydrosulfuricum.
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Ag inhibited rate <.>f growth, which was observed with - strain 39E
following the adaptation' i)ériod. has also been reported for other
bacteria (80,82). This reéult is believed tol be due to a direct
inhibition of .glycolysis, which reduces the rate of ATP generation and
subsequently, the rate of growth (85). Recent evidence indicates that
some of the enzymes of the glycolytic pathway are bound to the membrane
(86‘.87). Hence, changes in membrane structure and inhibition of
glycolysis may be closely related (84).

At high ethanol concentrations (20 gm/L), strain 39E grew only
slightly and lysis was often observed. Lysis by ethanol is believed to
be due to inhibition of peptidoglycan cross-linking in the cell wall
(81). Enzymes on the outside of the cell membrane, necessary for
cross-linking, can not function at high ethanol concentrations. The
weak uncross-linked cell wall formed in the presence of ethanol.
eventually fails and the cells lyse.

5.3.2. Adaptation

To alleviate the problem of inhibition, strain 39E was slowly
.adapted to high concentrations of ethanol. Cells exposed to ethanol for
extended periods of time eventually were able to grow rapidly at high
alcohol concentrations.

Adaptation Procedure

| Initially, cells were grown batch-wise in 5 gm/L ethanol for 48
hours. This late exponent.ial-phase culture was used to inoculate (5%
v/v inoculum) medium containing 10 gm/L ethanol. Subculturing in this
manner was repeated with the ethanol concentration being increased by 5
gm/L between each tr#ﬁsfer. Cells transferred from 25 gm/L ethanol were

unable to grow at 30 gm/L, hence the change in ethanol concentration
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between transfers had to be reduced to 2 gin/L. To continue adaptation
above 35 gm/L, the change had to be further reduced to 0.5 gm/L. After
more than one month of repeated subculturing, adapted cells were able to
grow in 40 gm/L ethanol. The adapted culture was purified by isolation
in deep agar containing 30 gm/L ethanol (see Appendix I for deep-agar
isolation procedure)_. |

5.3.3. De-adaptation and Maintenance of Tolerance

Adapted cells could be grown in the absénce of ethanol for many
generations without de-adapting significantly. For exa:ixple, cells able
to tolerate 40 gm/L ethanol were grown in YEX]l medium with no alcohol
for 30 generations. When these cells were returned to medium containing
ethanol, they were able to grow at concentrations as high as 35 gm/L.
Apparently, regulatory mechanisms responsible for controlling tolerance
are slow to reséond when stress. by e;hanol is removed.

Some dé-adaptation was apparent when cells were stored for long
periods of time'(approximately'one month) in tﬂe absence of ethanol.
Tolerance was best maintained by storing cultures in medium containing
ethanol (35 to 40 gm/L) at room temperature. Stock cultures of tolerant
cells were subcultured monthly.

5.3.4. Comparison of Parent and Adapted Strains

V To aésess the degree of tolerance of the new strain (de.signat:_ed
UC-BS). it was grown in YEX]l medium containing various concentrations of
ethanol. The results summarized in Figures 5.10 and 5.11 compare the
inhibitive effects of ethanol on UC-35 and 39E. UC-35 grew much faster
and to a far greater extent than the parent strain (39E) in the presence
of ethanol. The growth rate of UC-35 at 35 gm/L was 0.30 he™l. It is

interesting to note that the adapted strain grew at an optimum
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rate at 20 gm/L. Apparently, the cell membrane of UC-35, which probably
contains a high degree of unsaturated fatty acids, is too fluid to
function optimally in tﬁe absence of ethanol.

The end-product yields froh xylose for strains 39E and UC-35 in.
medium containing 0 and 10 gm/L ethanol are compared in Table 5.18. The‘
results shown'wére obtained with YEX2 medium (same as YEX1, with 20 gm/L
xylose and 5 gm/L yeast extract). The purpose of increasing the initial
xylose concentration was to see if ethanol tolerant UC-35 is able to
produce a higher final ethamol concentration than 39E. With no ethanol
initially, the yields of strain 39E and UC-35 were 0.36 and 0.23 gm/gm,
‘respectively. Both acetate and lactate yields were higher with ﬁC-SS.
Theée results are fairly surprising since it was expected that the
ethanol tolerant strain would produce a higher yield of ethanol than the
parent, which is strongly feedback inhibited by ethanol. At 10 gm/L
-ethanol initially, the yield of 39E was reduced significantly to 0.17 .
gm/gm while the yield of UC-35 dropped only slightly. Hence, although
it has a lower yield than the parent, ethanol formation by UC-35 is not
strongly feedback inhibited. Carbon utilization waé incomplete with
UC-35 because excessive acid formation decreased the pH to 5.0 which
caused growth and end-product formation to stop..

A second adapted strain was developed independently of UC-35 to
see if decreased ethanol yield with increased tolerance is truly
characteristic of this bacterium. This strain also had a reduced yield
of ethanol.

The shift in the distribution of fermentation products with
adapted strains may be related to changes ig membrane structure.

Membrane-bound enzymes may be affected by the highly unsaturated



Table 5.18

Comparison of Yields for Strains 39E and UC-35%

Strain 39E UCc-35
Initial Ethanol
Concentration (gm/L) 0 10 0 10
Total Xylose |
. Fermented (gm/L) 18.3 2.9 12.4 11.7
Final Culture pH 6.1 6.7 5.0 5.1
Yields (gm/gm)
Ethanol 0.36  0.17 0.23 0.19
Acetate 0.048  0.34 0.15 0.11
Lactate . 0.13 0.01 0.37 0.37
%2 Carbon Recovered 91 85 105 91

*Cells were grown in YEX2 which contained 20 gm/L xylose and 5 gm/L

yeast extract. Cultures were incubated for 28 hours.

97
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membrane in such a way that ethanol formation is decreased in favor of
organic acid formation. v'
'5.3.5. Eurthér Adaptation

UC-35 was further adapted to produce a strain able to tolerant
42 gm/L ethanol. This strain (UC-42) bad a maximum specific growth rate

of 0.29 hr-1

in 40 gm/L ethanol. After re-isolation, the ethanol yield
of UC-42 in YEX2 was 0.20 gm/gm, ﬁot significantly different from that
of UC-35.

Further adaptation of this bacterium may be possible. However,
the practicality of further adaptation is queétionable given the low
yield. Although product purificétion costs are significan.t. the low
ethanol yield is economically very unattractive and it will have a much
stronger bearing on the economic feasibility of using this bacterium in
a large scale process than increased tolerance. Hence further
experimentation' was directed toward examining parameters which affect.
Fhe yield of ethanol.

5.4. Effect of pH on Straipn UC-42

The effect of pH on ethanol yield, growth rate, and specific.
ethanol productivity of UC-42 was examined in batch culture. Figures
5.12 through 5.16 show the fermentation profiles obtained at pH's
ranging from 7.9 to 6.0 in YEX1 medium. The.dépendence of growth rate
and specific ethanol pfoductivity on pH is shown in Figure 5.17. Since
the pH of the inoculum was approximately 6.7 in all cases, cells were
allowed to adapt at each pH for 5 generations before growth rate and
ethanol productivity were determined. The growth rate was highest at pH

7.2 but 6.8 appears to be the true optimum for growth since exponential

growth was more sustained. At 6.0, growth stopped abruptly when the
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cell mass concentration reached 0.33 gm/L; at all other pH's the final
cell mass concentration was about 0.6 gm/L. In a duplicate ekperiment
at pH 6;0. fhe abrupt stop was again observed. During the stationary
phase at pH 6.0, foaming was apparent in the fermentor suggesting that
cells‘were lysing. The reason for the cessation of grﬁwth and cellular
lysis was not apparent. The high specific ethanol productivity at pH
6.0 reflects the poor cell growth; ethanol accumulated at about the same
rate as at §ther pE's. In addition, lactate formation lagged
significantly behind growfh at pH 6.0. At pH's 6.8 and 7.2, similar
lags were observed (although they were not as pronounced) while at pH

7.9, lactate formation was strongly growth associated. Data at pH 6.5

~were insufficient to determine whether or not a similar lag occurred.

The yields of ethanol, acetate, and lactate at the end of the
growth phase are summarized in Table 5.19. Tﬁe ethanol yield was
highést at pH 6.0, due tovthe lack of growth associated lactate
fbrmation.. At pH 7.9;_lactate was the predominant end product.

The overall yields for the entire batch fermentaton are listed
in Table 5.20. In general, the overall ethénol yield did not change
significantly with pH. Hence, the optimum'pH for batch ethanol
production is between 6.5 and 6.8 where growth was rapid and sustained.

For continuous culture, it appears that pH 6.0 would be optimal,
since specific ethanol productivity and growth associated ethanol yield
were highest at this pi. Whether or not sustained growth at pH 6.0 is
possible will have to be determined in continuous culture. |

Total carbon recoveries in pH controlled experiments were
consistently low (see Tables 5.19 and 5.20); This may be related to the

low yields of lactate (approximately 0.18 gm/gm) also observed in all pH



Table 5.19

Effect of pH on Growth Associated Yields

pH 6.0 6.5 6.8 7.2 7.9
iXylose’fermented

before stationary :

phase (gm/L) 3.3 5.0 4.1 6.1 5.25
Yields (gm/gm)

Ethanol 0.27 0.20 0.21 0.21 0.18
Acetate 0.12 0.098 0.10 0.10 0.10
Lactate 0.078 | 0.17 0.18 0.17 0.24
#ZCarbon Recovered’i . 84 81 87 - 83 85

106
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Table 5.20

Effect of pH on Overall Batch Yields

pH 6.0 6.5 6.8 7.2 7.9

Yields (gm/gm)

Ethanol . 0.22  0.22 0.20 0.23 0.22
Acetate » 0.11 0.095 0.074 0.10 0.10

Lactate 0.18  0.18 0.21  0.16  0.17

Z Carbon Recovered | - 82 82 79 84 82
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controlled fermentations. Lactate yields in non-pH controlled
experiments with UC-42 were typically 0.4 gm/gm (see Tables 5.18 and
5.21). The exact reason for the low carbon recoveries and low lactate
yields is not apparent.
5.5. Effect of Acetate, Lactate., and Xylose on Growth Rate and Yields

The inhibitive effects of high concentrations of acetate,
lactate, and xylose on growth were examined. The results obtained may
be useful in designing fermentation plants where high concentrations of
these compounds'are often necessary. The effect of acetate and lactate
on the ethanol yield was also studied. If either by-product is feedback
inhibited, an enhancemenﬁ of ethanol yield may result at high
concentrations of these organic acids.

The effect of xylose, acetate, and lactate on the growth of
UC-42 is shown in Figures 5.18, 5.19, and 5.20. The maximum specific
growth rates measured are summarized in Figure 5.21. For xylose, tﬁe
rates-of-grbwth were approximately equal at 10 and 20 gm/L. ﬁowever.
the extent of growth at 20 gm/L was less than at 10 gm/L, possibly &ue
to inhibitory caramelization products which formed during incubation at
the high growth temperature (88). Inhibition was severe at 60 gm/L and
extensive caramelization was observed during the fermentation. The
reduced initial rate of growth was probably due to inhibition by xylose
and not by caramelized xylose since growth was slow even before
significant caramelization was observed. In addition, acetate and
lactate yields were increased when caramelization was extensive.

These results indicate that this organism is not well suited for
industrial batch fermentation where initial sugar concentrations are

typically very high.
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Results in Figure 5.21 indicate that acetafe ﬁas-mo:e inhibitofy
than lactate; 50% inhibition of growth occu:red'at 40 and 27 gm/L for
lactate and acetate, respectively. In a continuous process where
ethanol is removed selectively to increase the fermentation rate (e.g.
vacuum fermentafion). inhibition by acetate or lactate may limit the
rate of ethanol‘production. | |
| The effects of acetate and lactaté on end-product yields are
shown in Table 5.21. In tﬁe presence of 13 gm/L acetaﬁe. the yield of
ethanol is increased by 17% while the yield of acetate is suppressed.
At 26 gm/L. similar results were obtained. Hence, acetate formation
appears to be feedback inhibited at fairly low concentrations. It
should be noted that the yields of acetate shown are probably not
extremely accurate. The amount of acetate produced at~13 gm/L was only
0.32 gm/L; hence, the change in acetate concentration was 3%Z. The
accuracf of the acetate assay is only 3%, whereby precisely determining
the small change was not possible. |

Lactate formation did not appear to be strongly feedback
inhibited. 10 gm/L lactate did not affect the yields of lactate and
ethanol significantly but may have caused a slight increase in acetate
yield. A corresponding decrease.in cell yield (30%) was also observed.
At 20 gm/L lactate, it was difficult to accurately measure the lactate
yield, but the acetate yield was furthgr enhanced. The poor carbon
balance (80% carbon recovered) indicates that the lactate yield shown
may be erroneously low. Thus, lactéte formation may be slightly
feedback inhibited: however, the inhibition is not advantageous since
the ethanol yield is unaffected.

These results suggest that in processes employing selective



Table 5.21
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Effect of Acetate and Lactate on End-Product Yields of UC-42.

- *Results were not accurately determined (see text).

Control Acetate Lactate
Initial
Concentration (gm/L) 13 26 10 20
Xylose - | | |
Consumed (gm/L) 8.5 7.9 5.0 7.9 7.2
Yields (gm/gm)
Ethanol 0.18 0.21 0.21 0.18 0.19
Acetate. 0.068 0.04* 0.0* 0.082 0.10
Lactate 0.43 0.46 0.40 0.45 | 0.23*
ZCarbon Recovered 95 96 90 97 80
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ethanol removal, where.high concentrations of by-product organic acids
may develop, a slight increase invethanol yield may result. However,
this advantage will be offset, at least in part, by the reduced rate of
growth caused by these compounds.
5.6. Improving Ethamol Yield by Mutation
5.6.1. Selection of Mutapnts |

The yield of ethanol can be increased by devéloping-mutants
unable to produce acetate and lacﬁate. Thislﬁype of mutation was found

to be very successful with C. thermosaccharolvticum (see section 2.3.4).

Ethyl methane sulfonate, a chemical mutagen, was used to induce
mutations in C. thermohvdrosulfuricum UC-42. The desired mu;ants were
seleéted with plating techniques which employed colorometric methods to
detect acid formation.

| Dgfailéd procedures;for treating éultures with ethyl methane
sulfonate and.isolating mutants are givenvin Appendix I. Of the
different stainsbexamined.'pﬂ indicators were found to be the most
useful for selecting low-acid producing mutants.

Using methyl red to detect acid formation, 2,500 colonies were
screened., Eight of these.‘yhich appeared to produce little or no acid,
were selected for further evaluation. These clones were grown in_YEXB
medium (same as YEX] but with 4 gm/L yeast extract) and the distribution
of end products formed is given in Table 5.22. Isolate E produced more
ethanol and much less lactate than any of the others selected. This
isolate, designated UC-42-L1, did not de-adapt significantly during the
selection process; the growth rate in 35 gm/L ethanol was found to be
0.25 hrl, »'

Ib compare the ethanol yields of UC-42 and UC-42-L1, both
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Table 5.22

Fermentation Products for Methyl Red Isolates

Isolate Ethanol Acetate Lactate
A 1.83 0.61 3.04
B o 2.21 0.53 1.97
c E 1.81 0.73 3.63
D 2.09 0.4 2.96
E 2.46 0.73 1.7
F 2.22 | 0.60 2.88
G 2.01 0.64 2.89

H . 1l.65 . 0.64 2.29

All concentrations are in gm/L. Results were determined

after 28 hours of growth in YEX3 medium.
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strains were grown in YEX]l medium. UC-42-L1 produced a 25% higher yield.
of ethanol than UC-42. Unfortunately, after a two week storage period |
and an additional 30 genérations of growth, the yield of UC-42-L1 was
identical to that of UC-42. Apparently, the mutation causing a
feduction in lactate formation was unstable and UC-42-L1 reverted back
to the original genotype.

Further screening (approximately 2,000 colonies) with another pH
indicator, 2-(2.A-dinitrophenylazo)-1?napthél-3.6—disu1fonic acid (DND),
was conducted and 9 new isolates were selected. The fermentation
products formed by these new clones in YEX1 medium are shown in.Téble
5.23. Note that in all cases (incluﬁing the control) ethanol formationm
 was low, probably due to a lack of irom in the ﬁedium (see section
5.2.1). Nevertheless, isolate J produced significantly more ethanol and
isolate N p;oduced significantly less lactate than UC-40. Isolates J
and N wvere re-isolated and grown in YEX1 containing additional iron (2.0
mg/L Fe504~7320). The results are shown in Table 5.24. The yield of
isolate J was the same as that of'UC-42.vindicating that the resuits
shoyn in Table 5.23 for this clone were probably in error. The ethanol
‘yield of isolate N (designated UC-42-L2) was 13% higher than UC-42.
When transferred to the ethanol containing medium, UC-42-L2 was able to
grow in concentrations uf to 38 gm/L; the rate of growth at 35 gm/L was
0.26 hr-l.‘ Again, only slight de-adéptation occurred during the
éelection.process.

5.6.2 Evaluatiopn of Strain UC-42-12

UC-42-L2 was grown in a fed-batch fermentation to determine the

maximum concentration of ethanol that can be produced by this strain.

Xylose was fed periodically to the fermentation broth to maintain the
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Table 5.23

Fermentation Products for DND Isolates

Isolate Ethanol, Acetate Lactate

J 1.83 0.72 3.31
K 1.32 0.68 2.46
L 1.34 0.67 . 3.16
M : 1.40 0.66 2.01

N 1.29 0.72 1.31
0 ' 1.11 - 0.77 2.45

P ’ ©1.09 0.79 3.29
Q 1.06 0.79 3.21
R © 1.29 0.69 | 3.00

UC-42 1.36 0.62 - 3.08

All concentrations are in gm/L.
Results were determined after 36 hours of growth in YEX1

medium.



Table 5.24

Comparison of Isolates J and N to UC-42

Ethanol (gm/L)
Lactate (gm/L)
Ethanol Yield (gm/gm)

Ethanol/Lactate (gm/gm)

Te-42
1.80
2.5
0.23

0.72

g4

1.90
2.8

0.22

0.69

0.26

1.15

119
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sugar concentration between 4 and 10 gm/L. If all of the sugar had been .
added at the beginning of the fermentation, extensive caramelization
would have resulted. |

Xylose was fed to the fermentor as a concventravted syrup (500
| gm/L). Forievery 5 grams of sugar added, 1 gram of yeast extract, 50 mg
of ammonium chloride, 1 mg of ferrous sulfate and 1.25 ml of vitamin
solution were also added. Initially the fermentor was filled with 2
literé of YEX1 (0.011 M phosphate) medium containing 4 gm/L yeast
extract so that a high cell dénsity would build up quickly. After
inoculation, xylose and other.nutrients were added when the cells
redﬁced thevresidual sugar concentration to less than abouﬁ 4 gm/L. The
pH was .controlvled at 6.5.

The results for the fed-batch growth of strain UC-42—£2 are
shown in Figure ‘5‘.22. initially. growth was fairly rapid at 0.43 hr_l.
However, after 12 hours, the fermentor pH dropped to 6.4 and the cells
began to”lyse.  Since lysis w#s generally observed at low pH, the pH was
~increased to 6.7, after which growth resumed.

The specific ethanol productivity reached a maximum of 0.25
gm/gm-hr 20 hours éfter inoculation and dropped steadiiy for the
duration of the fermentation. The time courses of specific ethanol
productivity and ethanol yield are shown in Figure 5.23. The ethanol
yield remained fairly high at 0.25 gm/gm for 30 hours during the middle
of the fermentation but dropped rapidly for the last 20 hours. As the
ethanol yield dropped, a corresponding increase in lactate formation was
observed. The final end-product concentrations were 8.8 gm/L ethanol,

4.6 gm/L acetate, and 13 gm/L lactate. The total carbon recovery

dropped from 88Z at 56 hours, to 82% at 82 hours possibly due to.
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caramelization of xylose.

The reason for the cessation of growth at 60 hours is not

obvious. Neither ethamol, acetate, nor lactate were present at

inhibitory concentratidns. However, groﬁth may have stopped because the
ﬁhree by-products are more inhibitory together than they are alone.
Alternatively, growth may have ceased due to inhibition by caramel-
ization products, which accuﬁulated as the fermentation proceeded. This
may also explain‘the drop in ethanol yield at the end of the
fermentation since acetate and lactate yields are generally higher in
ﬁhe presence of caramelized sugar (see section 5.5). The full potential
of tolerant mutants may be better demonstrated in continuous culture
where residual sugar concentrations are low and hence, the rate .of
caramelization will be slow.
5.6.3 Recommendations

High ethanol yielding mutants appear to be selectable. Future
work with this organism should focus on further decreasing acetate and
lactate yields. More efficient mutant selection may be possible with

optimized mutant induction and improved selection techniques.
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VI. PROCESS DESIGN AND ECONOMIC EVALUATION

The results obtained for the fed-batch growth of C. themohydro-
sulfuricum UC-42-L2 were used to construct a preliminary design for a
xylose fermentation plant. Based on an economic evaluation of this
plant, an ethanol production cost from xylose was calcuiated. In this
evaluation, batch~culture data were used to design a complex, continuous
fermentation plant; hence, the calculated ethanol cost is only
approximate. Nevertheless, this evaluétion should provide useful
information for determining the emphasis of future research.
6.1. Plant Design

The design for the proposed xylose fermentation p:ocessvis based
on designs developed by Maiorella (89) and Waid (90). A flow diagram
for the process is shown in Figure 6.1. The individual pieces of
equipment are_described‘in Table 6.2 (see section 6.2). - The design
basis for the material balance will be discussed later in this chapter.
6.1.1. Raw Material

The feed for the proposed plant is the dilute xylose stream
generated during corn stover pretreatment in the process shown in Figure
2.1. This stream contains 1.5Z xylose (by wéight) as well as other
carbohydrates, soluble lignin compounds, and sulfuric acid. The effects
of carbohydrates other than xylose and soluble lignin on the growth of
C. themmohydrosulfuricum were assumed to be negligible in this design.
Further research is necessary to determine whether or not this:
assumption is realistic. In newer pretreatment processes, such as steam
explosion of cellulosic materials (which appear to be superior to dilute
acid pretreatment), sulfuric acid is not present in the xylose stream

(2). Therefore, in this design, an acid neutralization step will not be
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. included.

Tﬁe basis for the design shown in Figure 2.1 was 1,376 tons/day
(52,120 Kg/hr) of dry cornm stover. Results shown in the diagramv
indicate that a plant of this capacity will generate 126 tons/day (4,750
Kg/br) of xylose. Hence, the design basis for the xylose fermentation
plant is 4,750 Kg/hr.

6.1.2. Process Description

The dilute xylose feed is initiallj fed to a five-effect
evaporator for concentration. 50 psig steam fed to the evaporator is
used five times, which results in a significant energy savings. The
concentrated sugar solution is mixed with nutrients and sterilized by
direct steam injection. Thebsuper—heated‘médium is cooled by
cbuntercurrgnt heat exchange with the sterilizer feed to about 85°C. At
this temperature, the;eqdilibrium dissolved oxygen concentration in‘the.
medium is very small. Most of the oxygen origiﬁally dissolved iﬁ,the
feed is allowed to bubble out of the medium in a small degasser. Steam
is used tb sweep the head space of the degasser to prevent evolved
oxygen from redissolving in the medium. The high xylose concentration
of the feed (9.82) should make the use of a reducing agent unnecessary
(63). Before entering the fermentor, the feed is cooled to 65°C.

As mentioned in section 2.3.3, thermophilic ethanologens are
particularly well suited for use in vacuum fermentation processes.
Because the growth temperature is high (and consequently the vapor
pressure of the medium is high) only a moderate vacuum has to be drawn
on the fermentor to continuously boil fhe fermentation broth. Boiling
the broth . is an effective way to “selectively” remove ethanol. since it

is much more volatile than water (The relative volatility at 65°C is 2.3
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for dilute-ethanol solutions (91)). With selective ethanol removel. ;he
beer alcohol content is kept at a low level; thus, the fermentation rate
is not limited by the inhibitive effect of ethanol.

In ﬁhe process shown in Figure 6.1, vacuum is not drawn on the
fermentor itself but on a flash vessel, through which, the beer is
coﬁtinuouély cycled. With the use of a flash vessel; carbon dioxide
generated in the fermentorv;an be directly vented to the atmosphere
without being compressed; ‘Because compression costs are generally very
high, minimizing the volume of vapor to be compressed is essential

(89,91). To recover any ethanol leaving the fermentor with the carbon

- dioxide, the fermentor off-gas is scrubbed with water in a packed-column

absorber.

" The fermentor is a simple, stirred tank equipped with a small
cooling coii’for temperature control. Most of the metabolic heat
produced by the cells is eemoved during medium vaporization in the flash
vessel. The pH of the fermentor is controiled (at pH 6.7) by the

addition of 10N sodium hydroxide. In this high ionic strength solution,

‘the dissolved oxygen concentration is negligible and hence no provision

ie made for oxygen degassing of the added base(92). Lime (hydrated
calcium oxide), a less expensive base, is normally used in industrial
fermentations for pﬁ control. Because the effect of high calcium
concentrationsvbn C. thermohvdrosulfuricum is not known, lime was not
used in this design.

The flash vessel is a vertical tube evaporator, designed so»that
the exiting vapors are in equilibrium with the incoming beer. Most of
the spent beer is recycled to the fermenter while some is bled off and

sent to a continuous centrifuge. The bleed is necesssary to prevent the
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~accumulation of toxic, non-voiatile compounds in the fermentation broth,

such as acetate and lactété; Approximately 88% of the cells in the
bleed are recovered in the centrifuge and recycled to the fermentor as a
concentrated (180 gm/L) paste. In this way, it is possible to maintain
a high cell density in the férmentor. resultingAin a high ethanol
production rate per unit volume. The cell density in the fermentor is
controlled -with a small bleed from the concentrated cell recycle stream.
Ethanol in the clarified bléed is recovered in a steam stripper and is
sent to the distillation section. The stripper-bottoms (stillage) is
sent to an anaerobic digestor where unused carbohydrate and cell protein
are used to produced methane for‘steam genefation;

Maintenance of anaerobisis in the entire recycle loop may’
present a significant engineering. problem. Since information on
large-scale, strictly anaerobic fermentations was not readily available,
this.ﬁroblem was not . addressed in this work.

Vapor removed iﬁ the flash vessel.is recompressed in a steam
driven compressor. By passing the compressed vapor through the
‘shell-side of the flash vessel, heat generated during compression is
used to provide the heat of vaporization required for flashing. Most of
the compfessed vapor 1is ﬁondensed on the shell side of the flash vessel.
Uncondensed vapor and carbon dioxide (which enters the flash vessel ‘as
dissolved carbon dioxide) are removed from.the condensed liquid in a
gas-liquid separator. Liquid from the separator is pumped up to
atmospheric pressure and sent to the distillation section.

The vapor phase from the separator is compressed and cooled a

second time to remove ethanol and water from the carbon dioxide. Any

traces of ethanol in the vapor phase of the second gas-liquid separator

~x
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are recovered in the off-gas absorber. The liquid phase from the second
separator is also sént to the diétillation section.

Final ethanol purification is acéomplished with a dual
distillation column system. Most of the water in the distillaton feed
is removed in an atmospheric, SCeém stripping column. The hot bot:toxﬁs'
product (which contains less than 0.15% ethanol) is used to ‘preheat the
stripper feed. The second column is operated under vacuum at a bottoms
pressure of ‘170 mm Hg. Vacuum operation is advantageous because it
shifts the ethanol/water equilibrimﬁ in >Such a way that the relative
volatility (ethanol/water) is increased. Hence, the energy required for
reduced pressure distillation is significantly less than for atmospheric
distillation (93). The heat evolved during condensation of the
stipping-éolumn overhead product is» used in the vacuum column reboiler.
The final éroduct. removed from the top of the vacuum column c‘ontains
95% ethanol and 5% water. (by weight).

6.1.3. Material Balance and Design Basis

Most of the flow rates shown in Figure 6.1 were calculated with
a computer package developed at the University.of California, Berkeley
'by Maiorella and co-workers (94). The package was intended to be used
for yeast fermentation of glu;ose. hence some modifications had to be
made. Because cells of C. thermohydrosulfuricum have a much slower
settling velocity than do yeast, the centrifuge residence time and
velocity had to be increased. Assumptions made in the centrifuge design
were based on the recommendations of an industrial centrifuge
manufacturer (95). In addition, the amount of carbon dioxide formed per

mole of ethanol produced is higher in C. thermohydrosulfuricum than in

yeast since carbon dioxide is formed concomitantly with acetate.
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(Equimolar amounts of carbon dioxide and ethanol are formed by both
organisms.) Hence, the size of the off-gas absorber had to be
increased.

The physiological parameters for C. ;hgjmghxdxnjnljuzignn used
in the design are listed in Table 6.1. These values were based on

results shown in Figures 5.21, 5.22, and 5.23. The bleed to feed ratio

(weight of beer bleed/weight of water in feed) was determined from

results on the inhibitive effects of the noﬁ-volatile by-products,
acetate and lactaté. A thorough discussion of by-product inhibition in
selective ethanol removal process is presented by Maiorella (96).

6.2. Economic Evaluation

6.2.1. Purchased Fquipment Costs

The purchased costs of all major pieces of equipment are summar-

ized in Tablé.6.2. These results were obtained from cosﬁ equations
presented by Maiorella (94) and Perez (2). All prices listed are for
the third quarter of 1982 (MSI = 750). The most costly pieces of
equipment are the evaporator, the main compressor, and the centrifuges.
The total purchased equipment cost, 7.2 million dollars, is very high
for a fermentative ethanol plant of this capacity (89).

The evaporator cost may Be unrealistically high since it is
likely that the‘iyloserconcentration leaving corn stover pretreatment
can be increased (97). 1If the feed contained 5% xylose rather than
1.5%Z, the purchased cost of the evaporator would be reduced from
$2,400,000 to $600,000.

The high cost for the centrifuges reflects the difficulty in
recovering slow-settling bacteria. Other techniques for cell recovery

such as membrane separation may be very useful in this system; however,



Table 6.1

Design Basis

Yields (gm/em Xylose Consumed)

Ethanol | o 0.25

Acetate _ : | 0.13

Lactate . . ' 0.21

Cell ' | 0.02

Xylose Lost to Caramelization o 0.05

(during fermentation) ‘

Specific Growth Rate | 0.011 hr !
Specifié Ethanol Productivity v » 0.13 gm/gm-hr
.Eermentér Ethénol,Concentration ’ ' 6 gm/L
. Bleed to Feed Ratio ' , _ 0.75 Rg/Kg*

(wt of water and ethanol in bleed/
wt of water in feed)

*Based on data presented in section 5.5 on acetate and lactate
inhibition. '
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Table 6.2

Purchased Equipment Summary
(A1l capacities are per unit)

Equipment Description

132

Total Cost($)

EP-3

EP-4

EP-5

EP-6.

EP-7

EP-8

EP-9

EP-10

EP-11

EP-12

EP-13

EP-14

Xylose Feed Egaporator. 5 Effects
CS. 37’600 ft 'Y 2 units

Feed Mixing Tank with Agitator
Cs, 58,600 L

SterilizerzPre—heat Exchanger
SS, 720 ft

Steam Injection Sterilizer
SS, length=7.6 m, dia=0.31 m, temp=140°C

Oxygen Degasser
SS, 4,500 L

Feed CooleE
§S, 110 ft*°

Fermentor with Agitator and Eooling Coil -
Ss, 188,000 L, 150 Hp, 50 ft“, 3 units

Flash Expansion Vessel
SS, 1,480 ft“

Primary Compressor (Steam Driven)
SS, gas flow rate = 55,500 cf/hr, 861 Hp
suction = 166 mm Hg, discharge = 320 mm Hg

Beer Circulating Pump
SS, 7,900 L/min. 14 Hp

Centrifuge
Ss. 72 L/min. 392 Hp) 10 Units

Stillage Stripper ‘
CS, ht = 20 my, dia = 0.96 m, 29 trays

Gas-Liquid Separator

§S, 1,200 L

Secondary Compressor (Steam Driven)
SS, 2,290 cf/hr, 91 Hp
suction = 320 mm Hg, discharge = 760 mm Hg

2,239,000
8,200
36,400
3,300
5,000
12,400
506,000
140,000

1,130,000

6,300

2,500,000

30,000

6,000

296,000



Table 6.2 (continued)

EP-15 Ccmpressorlescharge Condenser/Cooler
S5, 166 ft

EP-16 Gas-Liquid Separator
SS, 110 L

EP-17 Fermentor Off-Gas Scrubber
packed column, ht = 10.6 m, dia = 0.70 m

EP-18 Primary Stripper
CS, ht = 11 m, dia = 0.77 m, 16 trays

EP-19 Vacuum Colymn Reboiler
CS, 200 ft '

EP-20 Vacuum Distillation Column
CS, ht = 11 m, dia = 1.4 m 28 trays
Column pressure (bottom) 170 mmHg

Storage (two weeks): Ethanol (CS)
Xylose Feed (CS)

Total Purchased Equipment Cost

Fixed Capital Investment (FCI)
(4.13 x Purchased Equipment Cost). . .

Total Capital Investment
(4.89 x Purchased Equipment Cost)

bt .. Used
CS - Carbon Steel
SS - Stainless Steel

Hp - Horse Power
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15,500
1,600
39,300
24,100
8,160

39,000

35,000
124,000

75,205,000

29,758,000

35,232,000
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these methods have not yet been demonstrated commercially. The
COmpressor cést can be reduced by increésing the fermentor ethanol
concentration. Thig will be discussed in section 6.2.5.

6.2.2. Operating Costs

The operating costs for the xyloée fermentation process are
listed in Table 6.3. Sodium hydroxide for neutralization and steam for
evaporation comprise mére than 407 of the total product cost. The high
costs for maintenance and all indirect charges refleét the large capital
investment reqﬁired for the plant. The total cost of producing 95 wtZ
ethanol isb$1.35/L. much higher than the current mafkef price of 45
cents/L.

If the feed to the process contained 5.0Z xylose instead of
1.5Z, steam costs would be reduced by 20 cents/L._ The cost of producing.
ethanol from a 5% xyiose;feed (including the effect of reduced capital
costs) would be $1.01/L. Further reductions in costs would result with
a higher fe;méntor ethanol concentration and a higher yield of ethanol
(see section 6.2.5).

6.2.3. Haste Treatment

In most ethanol fermentation processes, the yeast cells produced
are dried and sold as a protein supplement for cattle. Since the
nutritional value of dried cells of C. thermohydrosulfuricum is not
known, it is assumed that they will be fed, along with acetate, lactate
and unused xylose, to an anaerobic digestor for conversion to methane.
Based on estimates by Maiorella (98) and Wilke (99), the anaerobic
digestor will increase the fixed capital investment for the xylose
fermentation plant by 1.6 million dollars. If the methane produced in

the digestor is used to generate some of the steam required in the



o | Table 6.3
_ | Operating Costs
**Nutrients
: Water - » _
Sodium hydroxide ($0.53/Kg (71))
Utiliti

Steam: Evaporation
Distillation
Compressors

Electricity

Cooling Water

Operating Labor and Supervision
Maintenance, Operating Supplies, Lab Charges (7.92 of FCI)

DIRECT PRODUCTIONS COSTS

Depreciation (Linear, 18 year life)
Property Taxes (3% of FCI)
Insurance (0.7Z of FCI)
] Plant Overhead (60Z op. labor, super, maint.)
Administration Expenses (15% op. labor)

TOTAL PRODUCTION COSTS

*Costs are per liter of 95 wtZ ethanol.
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10.00
0.20

29.49

24 .45
2.44
3.11
3.78

0.52

5.46

18.51

97.76

13.65
7.03
1.64

14.38

0.87

135.33

**Based on results in section 5.2 and estimates for mineral costs for

yeast ethanol fermentation as determined by Wong (39).
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process, the ethanol cost per liter is reduced by 2.0 cents. Hence, the
net effect of waste treatment on the ethanol cost is only a 1.3 cent/L

increase.

6.2.4, memln&lhemmlu_ﬂmm
for Ethanol Production

In sections 2.3.2 and 6.1.2, it was stated that thermophilic
microorganisms are well suited for ethanol production in vacuum
fermentation processes. To demonstrate the advantage of a high growth
temperature, an ethanol production coét from xylose was calculated
assuming that the fermentor was operated'at 35°C rather than'65O (with
‘all other parameters left unchanged). Because the vapor pressufe of the
fermentation broth is reduced at the lower temperature, the capital and
energy costs for recompression are both increased. The net effect is an
11.4 cenﬁ/L increase in production cost..

6.2.5. Further Reductions ip Production Costs

This wo;k has focused on decreasing the cost of producing
ethanol from xyiose by decreasing nutrient costs, and increasing ethanol
tolerance and yield. As stated in section 5.2, further feductions in
nutrient costs may be possible by decreasing the yeast extract
concentration used.

If the concentration of ethanol in the fermentor could be
doubléd to 12 gm/L, a significant savings would result. A higher beer
alcohol content would decrease the amount of water processed in the
compressors and all separation equipment, whereby, both capital and
energy costs would be decreased. The net effect of doubling the ethanol
concentration in the fermentor would be a 7.5 cent/L reduction in

production cost.
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- Iﬁéreasing the ethanol yield has a dramatic-effect on production
costs, Bécausé-less-acids are formed, neutralizaton costs are reduced.
Decreased acid formation also allows a smaller bleed stream since
inhibitory By-products (acetate and lactate) accumulate much more
slovly. If the ethanol yield was increased to 0.43 gm/gm (highest yield
observed in this work), with acetate and lactate yields reduced to 0.04:
and 0.08, respectively, a bleed to feed ratio of 0;4 is possible. With
this low ratio (i.e.; a smaller bleed), costs for centrifugation would
be reduced by more thanvSOZ. In addition, with a high yield, less
xylose is wasted, thus the plant capital is‘used more efficiently. The
net effect of increasing the yield of ethanol from 0.25 gm/gm to 0.43
gm/gm would be a 46 cgnt/L savings in pro&uc:ion cost. Clearly, further

improving the ethanol yield of UC-42-L2 will substantially improve the

economics of fermenting xylose to ethanol with this bacterium.
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VII. CONCLUSIONS AND RECOMMENDATIONS

In this study, the economic feasibility of converting xylose to
~ethanol with Clostridium ;hgxmghxdzgﬁnlﬁnziggm was egamined. In rich
medium (contaiﬁing a high concentration of yeast extract) and in the
absence of ethaﬁol‘inhibition. yields as high as 0.43 gm ethanol/gm
xylose were measured; |

The cost of the growth medium could be significantly reduéed by
replacing some of the complex nutrients used with nicotinic acid and

vitamin»B Low concentrations of ethanol were found to be very

12°
inhibitory for growth and ethanol formation. Inhibition could be
substantially teduﬁed by gradual adaptation; however, the ethanol yield
Aof adapted ﬁells was only 0.20 gm/gm. Low acid yielding mutants
(developed froq adapted cultures), wefe found to be selectable; however
only slight improvements were obtained.

' Thé’economic evaluation indicates that ethanol production with
ghis organism is currently uneconomical. To decrease the cost of
producing ethanol from xylose, further research with this bacterium
should focus on increasing the ethanol yield and the concentration of
ethanol produced in the fermentation broth. Process development studies
aimed at increasing the xylose concentration formed during pretreatment

and finding economical alternatives to centrifugation for cell recycle

should also significantly reduce production costs.
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~ APPENDIX I.

 ISOLATING LOW ACID PRODUCING MUTANTS
AI.l. Background .

One possible way of increasing the ethanol yield of C. thermo-
hydrosulfuricum strain UC-42 is to dev‘elop mutants which are unable to
produce acetate and lactate. The pathways for producing thesev
by-prodﬁcts are shown in Figure 3.2 in Chapter 3. To eliminate organic
acid formation, the genes which code for the enzymes of these pathways
must be altered.

There are many different ways to induce mutations in bacteria.
The advantages and disadvantag'es of‘the different techniques are
discussed by Hopwood (100) and Miller (101). For this work, a 'chemical
mutagen, : ethyl methane sulfonate (EMS) was chosen because it produces a
high ‘yield of‘mut‘ants in a culture without extensive killing and it is
relatively easy to handle (100).

The mechanism for mutation by ethyl methane sulfonate has been
described by Auerbach (102). Experimental evidence indicates that EMS
usually alkylates ring nitrogeﬁs of guanine, although it may also react
with adenine or cytosine. The ethyl group attached to a nucleic acid by
EMS causes it to. Be misread during replication. For example, guanine
normally pairs with cytosine; however, ethylated guanine pairs with
thymine. Hence, the progeny of the altered cell will possess an
adenine:  thymine (A:T) pair instead of the original guanine: cytosine
(G:C) pair of the parent. This type of mutation is called a point
mutation since only one pair is affected. | |

Individual amino acids in proteins are specified by triplets of

nucleotides. Hence changing a G:C pair to an A:T pair will affect one
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amino acid in a single enzyme. There are several possible outcomes that _

may result when a base pair is changed. If the new triplet does not
code for any amino acid (a nonsense mutation) the affected protein will
be only partially synthesized. The incomplete protein will most likely
be a tot;ally inactive enzyme, whereby a blocked metabolic pathway
results. Unfortunately, nonsense mutations frequently cause
undesirable, adverse effects in adjacent genes v(100).

Alternatively, if a base pair change results in the spec-
ification of a new amino acid (a missense mutation) a new enzyme is syn-
~ thesized. The activity of the new enzyme will dvependb on how closely

related the new amino acid is to the original. If the new and original

amino acids are similar in structure (e.g. glycine and alanine) the

enzyme is probably not significan}:lj affected. However, if a totally
different amino acid is substituted into the enzyme (e.g. substituting
phenylalanine‘ for serine) then its activity may be substantially
“decreased. Hence, missense mutations which change an amino acid to a
very different one, are the most desirable for' destroying enzymatic
vactivity.

Mutagens react with DNA randomly, whereby, the probability of
affecting a specific gene is very small (79,103). The probability of
inducing two _dg_s_;m mutations in the same cell would be extremely small
(approximately the product of the two individual probabilites). Hence
in selecting low acid producers, it is impractical to try to block both

acid forming pathways simultaneously. Therefore, cells will be treated

with a dose of EMS which is designed to produce a large number of cells -

containing only single mutations.
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Death Curve

Most mutations in bacteria are lethal. Therefore, in order to
produée»arsignificant number of viable mutants in a culture, it is
nécessary to kill a large fraction of the population (100). However, if
the kill is too high, a significan£ fraction~of the surviving clones
will contain multiple mutations. No information on mutagenic treatments
for C. thermohydrosulfuricum has been published.' Hence, the optimal
level of killing must be inferred from results with other organisms.
She;man. et al. (104) recommended a 99% kill for mutating S. cerevisiae
with EMS. Van Tassell and Wilkins (105) induced mutations in
Bacteriodes ﬁ;agilig with EMS at a death rate of 90-95%Z. As a
conservative estimate for the optimal level of killing, a 90% death rate
was»chosen." 7
AL.2. Procedure for Obtainiug a Death Gurve

The dose of EMS required to give a 90% death rate in (.
thermohydrosulfuricum was determined by exposing resting cells to
several concentrations of EMS (for a fixed amount of time) and counting’
the number of viable cells remaining aftér the treatment. Resting cells
were used because some researchers have found that variable death rates
result when replicating cells are used (100).

EMS Treatment

Cells were grown to mid-exponential phase (optical demsity =
0.30) in a culture tube containing 8 ml of fEXl medium. They were
centrifuged in the sealed culture tﬁbe (whereby exposure to oxygen was
avoided) and the pellet was transferred anoxically to 8 ml of

pre-reduced buffer solution (25 gm/L xylose and 0.6 gm/L cysteine
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hydrochloridé in 0.2 M phosphate buffer, pE = 7.4). In this buffer
solution, cells remained viable without reproducing. 1.0 ml of the
resuspended culture was added to several tubes contaiﬁing 9 ml of buffer
solution. The final optical density of the diluted suspensions was
0.036. A 0.5-ml syringe was used to add the EMS (Sigma Chem. Co., St.
Louiss MO.), which is a liquid, to the cell suspensions at concen-
trations ranging from 0 to 1.0Z (v/v). Safety piocedures for handling
EMS are described by Ehrenberg  and Wachmeister (106,107). The tubes
were vortexed to dissolve the EMS and incubated in é shake bath at 65°C
for 20 minutes. (No significant kill resulted when cultures were
treated at room temperature.) |
. . {00 of S ival

To determine the number of cells that survived the EMS
treatment, viablercounts of each tube were made. Viability was
determined using a deep-agar technique as suggested by Postgate (108).
The' agar-medium used (AM1) had the same composition as YEX1 medium
except: the phosphaﬁe concentration was reduced to 30 mM, 10 gm/L agar
'was added, and resazurin was not used.

Heat-stable components of the agar medium were combined and
autoclaved. After the medium cooled to 65°C, xylose, vitamins, and
minerals were added. Culture tubes were filled with 9.9 ml of molten
AM1 and maintained at 65°C wuntil they were inoculated. Cells were

4, 1073,

withdrawn from EMS treated cultures and diluted by 10-3. 10~
10h6. and 10-7 with pre-reduced medium. Molten agar tubes were
inoculated with 0.1 ml of tﬁe diluted cultures and inverted several

times to disperse the cells. After allowing the agar to solidify, the

tubes were incubated.at 65°C. "Removal of oxygen from the head space
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~above the cysteine-containing agar was not necessary for growth to
occur. After two days of incubation, distinct round colonies,
approximately 2-3 mm in diameter, were visible. The total number of
viable cells in the original 'EMS treated culture was calculated based on
the assumption that eaéh colony arose from a single cell. The results
on the effect of EMS on culture viability are' shown in Figure AI.l.
After an initial lag where little killing Qas produced, the number of
survivors decreased exponentially with increasing EMS concentration.
The scatter ini this ‘gr.aph reflects the difficulty in obtéining accurate
viable cell counts with strict anaerobes. A 90% kill resulted with an
.EMS concentration of approximately 0.5Z (v/v). Hencé.,this
concentration was chosen for inducing mutations in (. thermohydro-
sulfuricum.
AI.3. Procedure for Mutagepesis
The procedure for producing mutants was similar to ﬁhe procedure

used for determining death rates. 0.05 ml of EMS was added to 10 mls of
a suspension of cells (0.D. = 0.036) in phosphate buffer and incubated
at 65°C for 20 minutes. After EMS treatment.‘ the culture was
centrifuged and resuspended in pre-reduced medium twice to remove the
EMS. The treated cells were allowed to grow overnight in YEX1 medium to
aﬁ opticél density of approximately 0.20. This allowed expression of
newly induced mutations, which may have been recessive immediately
following mutagenesis (101). The recovered cells were isolated with
plating techniques described in the next section.
AI.4. Plating Procedures.

-.Because the fraction of desired low acid producing clones in the

recovered culture was very small, it was necessary to screen a large
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Figure AI.1. Death Curve for Ethyl Methane Sulfonate
Mutagenesis.

The different symbols represent the results
of independent experiments.
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number of pr.ospective mutants for acid formation. The most efficient
way to 'scree.n large numbers of cells is to plate the:h -on agar-containing
petri dishes. Colomnies at_'ising from individual ceils are of a single
genotypie; hence, a low acid producing mutant will result in a low acid
- producing colony. Visual screening of prospective mutants is possible
if an appropriate.acid indicator‘is sprayed onto the colonies or
included in the agar. Indicators are discussed in seétion AIl.5.
Anaerobic Glove Box

Q. _Lhmg_m_g_sg_ljgnm cells flat‘ed in air were frequently
found to be non-viable. Hence, all plating was performed in an
anaerobic glove box. A well-sealed glove box, filled with a 95:5
(volume ratio) nitrogen/hydrogen mixture, was maintained at a pressure
slightly higher ﬁhan the surrounding air. With positive pressure inside
the box, the 6n1'y possible way for oxygen to enter was by diffusion
through the gloves (58). Oxygen in the glove box was scavenged by .
reaction with hydrogen on palladium catalyst pellets. (Becton,
Dickinson and Co., Cockeysville, MD). The pellets were packed in a
moﬁo-layer between two wire-mesh screens which were secured to the face
of a 4-inch pancake fan. The fan circulated the atmosphere within the
box so that any traces of oxygen diffusing in were eventually cénverted
to water on the pellets. A methylene-blue indicator strip (Becton, |
Dickinson and Co., Cockeysville; MD) was placed in the box to monitor
the oxygen content. Small amouﬁts of‘oxygen in the box.turned the
indicator blue. In the absence of oxygen the strip remained white.
Plati Techni

Agar medium used for plating (AM2) was the same as AM1 except

for the agar .concentration, which was increased to 2.5Z. Plates were
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poured in a laminar flow hood, cooled, and stored in the anaerobic glove
boxvﬁhere medium reduction occurred within approximately 30 hours.

In initial plate tests, Q; thermohydrosulfuricum cells, which
are flagellated, rapidly spread over the surface of the plates and aid
not produce distinct_colonies. One way to prevent the cells from moving
across the surface of the agar was to dry it by leaving the plates
ouﬁsi&e the glove box for 2 dais. (Thevinside of the glove box was
'usuglly very humid.) ﬁhen 0.1 ml of diluted cells were spread onto the
surface during inoculation, the water introduced with the inoculum was
v quickly absorbed by the agar. Distinct and well-formed colonies wefe
consistently obt#ined with pre-dryed plates. |

Alternatively, cells could be plated in a layer of softvagar on
top of the hard agaf plates.. Cells: were mixed with molten AM1 agar and

3 to 4 ml of the mixture were poured onto the hard agar surface. To

prevenf colonies which grew to the top of the soft agar layer from.

spreading, a second layer of soft agar containing no cells was applied
to the plates. With thiS'teéhnique. flagella were immobilized and
distinct colonies resulted.
Incubation of Plates

Inoculated plates were incubated inside sealed vessels
containing a nitrogen, hydrogen, and carbon dioxide atmosphere (an
anaerobic jar). '2-liter reaction kettles (VWR Scientific, San
Francisco, CA.) sealed with butyl-rubbef stoppers were used as anaerobic
jars. These kéttles were chosen because they were small enought to fit
inside the glove box air lock. Plates could be transferred to the
anaerobic jars inside the glove box, whereby the cells were never

exposed to oxygen. A hydrogen/carbon dioxide generator packet (Becton,
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Dickinson and Co., Cockeysville, MD) was included in each jar during
incubation. The hydrogen was necessary for establishing an anaerobic
enviromment. It reacted with traces of oxygen in the jafsvon palladium
catalyst pellets (contained in a wire mesh enclosure). The:carbon
dioxide produced, although not essential, helped to stimulate growth
(62). _Methylene blue strips were used in the jars to indicate
anaerobisis. Plates were generally incubated for 3 days at 65°C.
AL.5. Indicators Used for Selectiop

Several techniques were examined for use in selecting low acid
producing colonies.
AI.5.1. pH Indicators

The pH of .an ;cid forming colony is lower than the pH of the
surrounding’;gar. Cplony pH is'a function of the agar pH and buffer
concenﬁration. pH indicators, with color changes between 5 and 8 were
exapined for their possible use in the agar to permit rapid visual
oﬁservatioﬁ of acid formation. The indicators shown in Table AI.l were
all tested in AM2.
2henol Red

Phenol red has been used succeséfully at the Massachusetts
Institute of Technology in the selection of low acid producing mutants
(199).

Phenol red agar was prepared by ;dding 25 mg of the indicator to
a liter of AM2. (Because it is heat-stable, the phenol red was added to
the medium before autoclaving.) Both soft-agar and surface plating
techniques were used with phenol red. Colonies which formed acid on the
orange-red gplored agar were stained yellow.

A total of 3,500 prospective mutants were screened on phenol red
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| Table AI.1l

pH Indicators

' ' _ Concentration
Indicator Color Change Used ip Agar
Phenol Red pH=6.5. yellow pH=7.5, red 25 mg/L
Bromothymol Blue pH=6.0, yellow pH=7.6, blue 100 mg/L
*DND | . pH=5.6, yellow pH=7.0, blue 20 mg/L
Methyl Réd pH=4.9, red pH=6.5, yellow 40 mg/L

*2-(2,4-Dinitrophenylazo)-1- Napthol-3,6-Disulfonic acid, disodium salt

S
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plates (approximately 30 to 100 colonies per plate.). Unfortuﬁately' this
indicator was generally too sensitive for examining relative acid
formation. Frequently, large areas on the plates turned yellow due to
diffusion of acids away from the colonies. Increasing the initial agar
pE to 7.5 (effectively increasing the buffering capacity of the
surrounding agar) helpéd limit the size of y'ellow zones somewhat but
selection was still difficult. With higher concentrations of phosphate

buffer (100 mM) and high pH (7.5), the plates turned brown-orange due to

caramelization of xylose which drowned out the color of the indicator

(see Appendix II). 1In general, this method was not well suited for
isolating low acid yielding mutantsv of strain UC-42.
Bromothymol Blue

| Screening with bromothymol blue was not successful because the
color change froﬁ blue to yellow was very gradual. Both the colonies
and thé agar turned from blue to greem with little, if any, color
differential. between the two.
Methyl Red and DND

Both methyl red and DND turned colorless -in AM]1 medium after
oxygen removal. Apparently, both indicators were inactivated by the
strongly reducing conditions.

However, these indicators could be used by applying them to the
surface of the plates after they were removed from the anaerobic jars.
1.0 ml of avmethyl red solution (prepared by disolving 20 mg of methyl
red in 20 ml ethanol and adding 80 ml of 0.01 M potassium hydroxide) was
used to flood the surface of soft-agar plates containing approximately
100 colonies each. Surface-plated colonies were not used because they

were frequently washed off during indicator application. The indicator
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solution was allowed to soak into the agar for 10 minutes before any
excess was poured off. Colonies producing acid were stained pink by
methyl red while the color of the agar background was yellow.

Approximately, 2,500 clones were screened with this technique.
Of these, 8 formed large (2-3 mm diameter), non-pink colonies which were
picked and cﬁltured in liquid medium. Large colonies were chosenvsince
they are usually formed by faster growing clones. The distribution of
end products formed from xylose for these 11 isolates is summarized and
discussed in section 5.5.

A solufion of DND (i gmn/L DND in 0.01 N potassium hydroxide) was
also used to flood plates of soft-agar colonies. DND chanées from
blue-green to yelloﬁ at a pH of aﬁproxima;ely 5.6. With 30 mM P04=. the
average agar pH-waS'typicallf less than 5.9 making differential
coloration with DND difficult. Hence, when DND was used, the phosphate
concentration was increased to 60 mM to increase the average pH of the
.agar. With this technique, a yellow-green halo formed around acid
Aproducing colonies while the colonie; themselves remained blue-green.
From approximatgly 2,000 prospective mutants screened, 9 clones which
formed large colonies without halos were isolated. The colonies were
picked and characterized in YEXl medium. The end-product yields of
these isolates are summarized in section 5.5.

AI.5.2. Iriphenyltetrazolium Chloride

Triphenyltetrazolium chloride. (TTC) is a pﬁ sensitive redox
indicator (101). It has been used by Lederberg (110) to select non-acid
forming colonies of E. coli. Dehydrogenase-active cells reduce TTC to a
deep-red insoluble formazan provided that the colony is not too acidic;

low pH colonies remain unstained.
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'One problem in using TTC with. C. .:h_emghx_dzg_s_ulf.nx_;_c_m is that
it is éonverted to formazan by reaction with reducing compounds normally
used in the agar (109). To prevent non-biologicanl formazan formation,
the concentration of:reduci.ng compounds in the medium had to be
decreased. Both vcysteipe and yeast extract can reduce TTC at 65°C.
Therefore, it was necessary to use agar containing no cysteine and not
more than 0.3 gm/L yeast extract. Because 0.3 gm/L yeast extract may be
insufficient for rapid colony growth, the agar was supplemented with 10
amino acids. 50 mg/L of each of the following wére used: arginine,
histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophane, and valine. Growth in aﬁino acid supplemented
agar (AASA) was fairly rapid; 2 mm colonies formed in less than 3 dayé.
In working with AASA, which was very poorly poised, exposure to oxygen
had to be carefully avoided (see section 4.1.3).

Despite the fact that AASA did not contain significant amounts
of strongly reducing compounds, plates containing 25 mg/L TTC turned
slightly red after three days of incubation at 65°C. Some formazan
formation was also observed in agar containing only xylose (which is a
reducing sugar) and TTC. To overcome this problem, xylose was spacially
separated from TTC in the agar with‘multiple-layer plating. Cells were
plated in soft agar as described in section AI.4. AASA medium was used
for all three layers. . Xylose (10 gm/L) was included only in the bottom
hard >agar layer: The top soft agar layer icontained 50 mg/L TTC while
xylose and TTC were both omitted from the middle cell-containing layer.
Layered plates incubated at 65°C for three days, showed little, if any,

formazan formation.
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. To determine if C. thermohydrosulfuricum colonies could be stained

by TTC, colonies were grown on soft-~agar plates containing no xylose in-
any of the three layers. Small colonies were able to form from the

yeast extract and'thé amino aﬁids. However, in the absence of a

fermentable carbohydrate, little acid was formed. The resulting

colonies were stained a very deep-red ﬁolor. indicating that TTC was

. reducible by C. :hgxmghxﬂ;gﬁnlﬁuxlggm and that it could diffuse from the:
top soft-agar layer to the colonies.

When xylose was included in the bottom agar layer, colonies were
not stained, indicéting that they had fermented>some of the sugar and
become acidic. Hence, xylose supplied in the bottom‘hard-agar layer
diffused readily to colonies in the middle soft-agar layer.

To determine the critical pH for formazan formation, tubes
containing complete AMl (with reducing compounds) and 25 mg/L TTC were
incubated at 65°C. The pH of the tubes ranged from 6.0 to 7.0. 1In
tubes at pH 6.4 to 7.0, formazan formation was extensive. At pH 6.2 and
6.3, very little formazan was formed and at 6.1 the agar remained
colorless., Hence, only colonies #t pH 6.4 or greater would be
definiti§e1y stained with TTC,

As with phenol red (pH change-at approximately 6.6) ﬁhis method
is too sensitive for selecting low acid producing clones of UC-42
because the critical pH for differential staining is too high.
Increasing the agar pH and buffer concentration to decrease the high
sensitivity (to acid formation) was not possible since these changes

produced excessive caramelization.
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Another possible approach to decreasing the semsitivity is to
feduce the' xylose concentration. A low xylose concentration (less than
oﬁe gram per liter) may decrease the rate of growth enough so that acid
formation is slow. This would allow more time fbr buffer to diffuse
into a coloﬁy. thus maintaining it at a higher pH. Determination of
optimal xylose and 'phosphate. concentration, and pH may make this
technique useful in selecting the desired mutants.

AI.5.3. Selecti -L Producing Cl

As an alternative to pH sensitive indicators which were
.non-specific-. a reagent ﬁhich reacted wi;h lactate was use& to screen
_colonies; Plates were sprayed with av solution normally used for the
colorimetric determination of lactate (111). This method of mutant
selection has Seen used successfully by other researchers (36).

The reagent contained lactate dehydrogenase and NAD which
Ct.mver‘ted lactate to pyruvate and NADH. NADH subsequently reduced
phenazine methosulfate (PMS) which in turn reduced tetranitro blue
tetrazolium (TNBT) to an insoluble formazan. The reactions are
summarized below.

Lactate + NAD —LIJ—B+Pyru§ate + NADH
NADH + PMS(ox) —— NAD' + PMS (red)
PMS(red) + TNBT —» PMS(ox) + Formazan

The formazan, which formed as a deep-purple precipitate, stained
lactate producing colonies. Table AI.2 shows the exact composition of
the reagent.

To prepare the reagent, the components were mixed in the order

given in the table. TNBT is hydrophobic and required a long time to
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Table AI.2

Lactate Detection Reagent

Component . Amount per liter

Na2HPO£7ﬁ20 | 20 gm
*Tris (Sigma No. T 1378) 12 gm
_ *NAD (Sigma No. N 7381) 8 gm
*LDH (Sigma No. 826.6) _ | 2.0 ml
*INBT (Sigma No. T 4000) 0.5 gm
- *PMS  (Sigma No. P 9625) : 10 mg

*All obtained from Sigma Chemical-Co., St. Louis, MO.
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dissolve. Any residual, insoluble lumps of TNBT were removed from the
solution by filtration bhefore the PMS was added.

.The phosphate and tris buffers in the reagent were needed to
neutralize t;he acidic colonies because the reageﬁt was found to be
inactive at low pH (less than 6.0). Higher buffer concentrations led to
pregipifation of the tetrazolium. In addition, the initial pH of the
agar was increased .to 7.5, and 60 mM phosphate was 'used so that final
colony pH's would_ also be higher.

Soft-égar plates were sprayed with 1.0 ml of the feagent.
Surface colonies wére not used sj.nce they were often washed from the
plate during spraying. 7,000 prospective mutants were examined using
this method. From these, 20 unstained, apparentiy non-lactate forming

colonies were selected. Subsequent characterization of these clones

~indicated that nonme produced significantly less laCtic acid than strain

UC-42. 1In addition to the twenty colonies picked for further
examination, many others appeared to be non-lactate formers. Most of
the unstained colonies were located deep below the soft-agar surface.
There was generally a faint formazan precipitate that formed
throughout most of the soft-agar (p;obably due to reaction with lactate
which diffused away from colonvies). These unstained, deep colonies
frequently were surréunded by clear zones where the faint precipitate
was absent. The above observations suggest that the pH of the unstained
colofxies was too low for thev reagent to work and they were falsely left
unstained. As the reagent diffused into the agar, it was acidified by
the acid ;bove the deep colonies. Colonies very near or actually
touching the surface were readily stained, since in diffusing only a

short distance, the reagent was not appreciably acidified.
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Successful screening with this technique may be possible with

improved plating techniques that allow most colonies to be readily

neutralized or by altering the reagent so that it remains active at low

pH .

s
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APPENDIX II
DETERMINATION OF CARBON RECOVERY

Carbon balances were performed to determine whether or not all
of the xylose consumed could be aécoﬁntéd for in the fermentation
products. In calculating the total carbon recovery, it was assumed that
one mole of carbon dioxide was formed for each mole of ethanol or
acetate produced (see figure 3.2). To calculate the amount of carbon
from Xylose converted to cells, the composition of the cells was
approximated as Cﬂl.900;3N0.23P0.023 (79), and the yield of cells from
yeast extract was assumed to be 0.15 gm/gm (see sectiqn 5.2.1).

c 1i .

At the high growth temperature (65°C) some of the sugar
caramelized during the course of fermentation. Figure AIIL.1 shows the
time course of xylose loss due to carmelization. The rate of the
reaction appears to slow with time in all cases. Phosphates increase
the rate of the reaction; the initigl rate in 0.1M phosphate is
approximately 3 1/2 times faster than the rate in 0.011M. These results
are consistent with observations made by Bridson and Brecker (88).

In addition, the loss of xylose measured with the
dinitrosalysilic acid method (DNS) was much less than with liquid
chromatography (LC). Hence, caramelized sugars appear to react, to some -
extent, with DNS. These results were used to correct calculated values
for xylose consumption during fermentations. In general, correcting for

caramelization improved carbon balances.
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Caramelization of the Growth Medium at 65°C.
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