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\ . INTRODUCTION

Organic materials are derived mainly from three natural sources: fossil
fuels, plants, and animals. Food for man has been supplied practically only,
bv the latter two: Nowadays, single-cell protein production from paraffins is
gaining in importance; and after its introduction as animal feed, there are
now certain expectations that this protein may also be added to the list of
human foods. . . --

"lne great shortage of food—especially of protein—in many parts of the
world has led to investigations as to how far other resources can be utilized.
The large amount of uneconomical^; employed and totally unused plant ma-
terial has attracted much thought and research work.

The annual above-ground world production of plant matter1 is 45X1012 kg
dry weight in woodland and 47 X 1012 kg dry weight in nonwoodland areas.
This gives a total of 92 X 1012 kg dry weight of plant matter, which is only
20% of the maximum potential in the global land ecosystem but nevertheless
over 35 times the weight of the petroleum production in the year 1972.

The utilization of the plant matter is not very efficient. Nearly 30% of the
cut wood in an industrial country (U.S.A.) is lost as logging, veneer, or sawlog
residue.2 The straw of the major cereals is often unused or constitutes a pol-
lution hazard by open field burning. The weight of the straw may amount to
as muck as 100% to 400% of the grain harvest, depending on the type of crop.
The world cereal crop3 was 1.2XlOl2.kg in the year 1972 (wheat, barley, oats,
rye, rice, and maize). Lesser crops, such as sorghum, millet, etc., would in-
crease this amount somewhat (by approximately 7%).

Several other cellulosic wastes are burned or buried; for example, the mu-
nicipal residues in me U.S.A. contain nearly 0.1X1012 kg used paper.2

The first extensive process where waste wood coula be used, with the aim
of obtaining glucose and corresponding fermentation products, was acid hy-
drolysis. In Germany, the Bergius process (concentrated acids at normal
temperature) and the Scholler process (dilute acids at 160° to 1SO°C) were in
use, but were discontinued after World War II as uneconomical. In the
U-SS.R., large factories using these processes are still in operation, and an
output of 0.9X109 kg yeast obtained by fermentation of the sugar solutions is
envisaged.*

Another method for the utilization of plant matter is the application of cel-
lulase, an enzyme which can degrade cellulose directly to glucose. Some mi-
croorganisms (fungi and bacteria) possess cellulase activity to transform the
native cellulose into reactive cellulose. In a second step, this reactive cellu-
lose can then be transformed to monomère sugars by the cellulase of a larger
number of fungal and bacterial species. Very fine or hot grinding of wood
enables the cellulase, which normally degrades only reactive cellulose, to con-
vert this material directly to glucose. The energy required for the grinding,
however, makes its economical applicability questionable.4
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We have concentrated out efforts on the purely thermal degradation of cel-
lulosic and hemicellulosic matter, with water as extraction medium ("hy---'"-
drothermal process"). In earlier, mainly static experiments,5 it was shown
that a significant amount of the degradation products was recovered as sug-
ars. At the same time, the further degradation of glucose at the relevant
temperatures was determined.6 In this way, several important parameters
for the process were obtained, so that an apparatus could be constructed '
where the extraction medium, water, was continuously passed through the re-
action vessel, as described in the following.point 2. . : -

Due to the small size of the reaction vessel (0.5 ml), the amount of reaction
products was not enough for experiments to obtain growth curves for the cul-
tivation process with the original hydrothermal solutions. The analysis of
the fermentation parameters (point 3), using the yeast Candida utilis, was
therefore cnrried out with larger quantities of the three main sugars which
occur in the reaction solutions.

The degradation products always contain to a certain extent

furfural and hydroxymethylfurfural as subsequent compounds origi-

nating from xylose and glucose. Therefore selected Candida utilis

cells of larger size were tested for their resistance to furfural

(point 4). The possibility of increasing the furfural resistance

by radiation-induced mutation was analyzed.

The normal, smaller cell Candida utilis had to be tested afterwards

(point 5) in a similar way. Because these cells have a natural

higher resistance to furfural, the possibility of increasing

this ability through irradiation-induced mutation was of special

interest. How far Candida utilis can use furfural as carbon source

had also to be investigated.
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2. Hydrothermal Degradation of Cellulosic Matter

2.1 APPARATUS FOtt.IIYDIlOTIIEIlMAL DF.GUADATION

A stainless steel apparatus was developed7 able to withstand the equilihri-
um pressure of water up to 300°C. In Figure 1, the scheme of this device is
reproduced. A piston pump (1) presses water from a container (2), by-pass-
ing à safety valve (3), through a pressure compensation vessel (4) to the pre-
heating system (5). With a thermocouple in (6), the preheating controller (7)
controls the temperature in (5) at a level somewhat below the desired reac-
tion temperature. -

The reaction temperature is reached at the entrance of the pressure vessel
(8). The main heat controller (9) adjusts the temperature to the selected
value through a signal from a thermocouple which is mounted in the pressure

' .vessel (10). In this vessel, the waterflow is split into two streams. The outer
stream ascertains that the walls of the reaction vessel (11) are at the proper
temperature and then leaves the pressure vessel through the heat exchanger.
(12) and the valves (13) and (14). The other part of the stream flows through
reaction vessel (11). a heat exchanger (15), and two valves (16) and (17) into a
fraction collector (IS;

The temperatures ir. the pressure vessel and in the main stream Timedi-
ately after the reaction vessel are recorded (19,20). The pressure at the exits
of both water streams can be controlled manually with the valves (13) and
(16), or automatically (21) between an upper and lower pressure level by op-
erating the valves (14) and (17).

The reaction vessel (11) has a volume of approximately 0.5 ml. Therefore,
only up to 0.15 g straw or cellulose can be introduced for hydrothermal treat-
ment. ;

*7Qu i

Fig. 1. Apparaît» for hydrolhcrnuil drcmHnlinn: PiMnn pump (I), water cnnlniner (2), Mifety
valve |3). prcuuie compemntinn vrrarl (41. pirhr.ilinc syilfni (5). Irmpeinlurr nnil prrcxurc
control paint ICI. iirtfcnuinc rnntiullri (Tl. pit-mute « « « I mtr.nrr (81. msin hralini; eiintt nlliT
(9), prêsûrVmssel (101. reaction vessel (II). heat'eichanger (12), manually controlled valve (13).
automatically controlled valve (14). heat «changer (IS), manually controlled valve (16). auto-
matically controlled valve (17), fraction collector (18), temperature recorders (19) and (20), and
automatic pressure control (21).
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2 2 DEGRADATION OF CELLULOSIC MATTER7

Three different materials were analyzed: pure cellulose (filter paper), nat-
ural straw, and l4C-labeled straw. Characteristic results of the different se-
ries of experiments are given, as follows.

Degradation and Yields of Pure Cellulose .

Filter paper (Schleicher u. Schûll Nr. 5892) was introduced into the reac-
tion vessel and water passed through at temperatures between 203° and
275°C at a flow rate of approximately 1 ml/min. The reaction time was be-
tween 22 and 45 min. The glucose content of the effluent solution was deter-
mined enzymatically.8 .---_-_•

Figure 2 gives the degradation of cellulose and the yield of glucose, both as
percentage of the total cellulose; It is obvious that the optimum conditions
are at 264°C, where over 40% of the degraded cellulose are recovered as glu-
cose. _

200 210 no no nc 2so

Fig. 2. Dégradation of cellulose (X) and yield or glucose (O). Reaction period was 22 to 45
min at indicated temperatures

In Table I, the reaction products analyzed for the experiment at 264°C are
given. In addition to the 42.6% glucose, 11% are obtained as cellobiose, fruc-
tose, and xylose. Including the hydroxymethylfurfural and the residue, the
sum of the analyzed substances amounts to 78.5% of the original cellulose.
The missing 21.5% vas at first a problem, but was then explained as de-
scribed in a later section.

TABLE I
Hydrolhermal D-grndaUon of Pure Cellulose at 264°C for 22 Minutes

"•' Hydroxy-
Sample Cello- methyl- Sum of
weight. Residue, f.li,.-<,se. biose. Fructose, Xylose, furfural, anal.

"g * S, % % % % subst.,%
149 12.8 42.6 4.8 5.2 1.0 12.1 78.5
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Degradation and Yields of Natural Straw

After a series of experiments, it was found that the degradation can be se-
lectively carried out, so that first.the hemicellulose and then the cellulose is
converted. This can be achieved by conducting the hydrothermal process at
two diffèrent temperatures. Figure 3 shows' an example of such an experi-
ment At first, the temperature was set at 218°C and then raised to 260°C.
The reaction solution at the lower température contained only xylose and
arabinose (from hemicellulnse) and at the higher temperature, glucose and
cellobiose (from cellulose). The flow rale was 1.23 ml/min. : ;

: Although the separation of the cellulose component!! was successful, there
etiU remained a problem, because only 15% of the converted straw was recov-
ered as sugars (glucose, cellobiose, xylose, and arabinose). The undeter-
mined part of the reaction solution was considerable. ..The following experi-
ments with l4C-Iabeled straw answered this question to a large extent.

300

10 no SO ISO niumtlmll

Fig. 3. Degradation products of natural straw in the reaction solution. At 218°C, the hemicel-
lulose is degraded (xylose and arabinose), and at 260=C, the conversion products of cellulose
(glucose and cellobiose) are determined in the effluent solution.

Degradation and Yield of "C-Labclcd Straw
14C-Lobeled wheat straw with a specific activity of 185.5 |iCi/g carbon nnd

a carbon content of 40.45% was hydrothermally treated in the same way as
described above: Up to fraction 6, the temperature was 219°C and later,
259°C. The flow rate was first 0.91 and later 1.11 ml/min; 4.694 of the origi-
nal sample was found as residue after the reaction.

T.-orn each fraction, 5 ml was carefully evaporated to dryness (in a vacuum
desiccator at 40°C) and the total dry matter of the reaction determined. The
sum amounted to slightly over 100% of the original sample weight. At the
same time, the activity of 1 ml of each fraction was measured by the liquid

. scintillation method (Packard-Tri-Carb 33S0).
In Figure 4, the results of these experiments are shown. The dry weight

and activity percentages of each fraction in relation to the sum of all ten frac-
tions are given in dependence of the fraction number. The fraction numbers
are marked in the middle of each fraction volume.
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Fie. 4. Distribution of the substance weights (dry substance) (X) and activity (O) after hy-
droinermal degradation of "C-labeled straw. Weight and activity of each fraction are given as
percentage of the sum of all ten fractions. Temperature rise.belween both peaks from 219" to
259°C.

Certain features were characteristic for the experiments with l4C-labeled
straw. The total weight and activity of the fractions were in good agreement
with the corresponding values of the original sample. In the individual frac-
tions, however, there were distinct differences: the weight percentages at the
beginning and end of the experiments were higher than the percentage of the
activity. As compensation, the activity percentage was higher in the region
of the peaks where the main sugar Content occurred.

Two points can mainly be made responsible for this discrepancy. First, a
certain amount of inorganic salts and certain low molecular products (for in-
stance amino acids) will appear at the beginning of the degradation process,
and with their lower specific activity reduce the relation of activity to dry
weight. Second, part of the sugars formed is further degraded to furfural
compounds, which have a. higher specific activity (loss of water) and so tend
to increase the above relation in the fraction with the main sugar content

In Figure 5, two scanning diagrams of thin-layer chromatogr^ms are repro-
duced. In Figure 5a, the hemicellulose fraction is analyzed. Thé first peak
after the start is not yet definitely determined but consists most probably of

. uronic acids. This relatively large peak accounts for a substantial part of the
nonanaiyzed substances in the natural straw experiments. The other three
peaks are xylose (X), arabinose (A), and furfural (F). In addition, it was
found that even with especially careful application of the reaction solution on
the thin-layer chromatograms, considerable losses of furfural compounds oc-
curred.

The scanning diagram of a cellulose fraction thin-layer chromatogram is re-
produced in Figure 5b. Here, the main peaks of glucose (G) and hydroxym-
ethylfurfural (HMF) appear in the middle and at the end of the chromato-
gram. The higher molecular substances, as, for instance, cellobiose, are here
not yei resolved-as single peaks. Using other solvents, good separation, of
these compounds was obtained, as will be shown in a further publication.

The unknown substance of the hemicellulose fraction (Fig. 5a) and the
losses of the furfural compounds on the thin-layer chromatograms accounted
to a large extent for the difference between the original sample weight and
the sum of the determined products in the experiments with the inactive ma-
terial (pure cellulose and natural straw).
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Activity

\
Start

b)

T
Front

I
Start

Fig. 5. Scanning of thin-layer chromatogranu (hydrothennal degradation of "C-labeled
•traw). 100 ill of the reaction solution was applied to DC PIastikJ[olien Kieselgel (Merck) and a
mixture of isopropanol, ethylacetate, and water (1.7:3.3:1) washed to develop the chromato-
grain.1* (a) Fraction from the hemicellulose part; first peak unknown substance. A = arabinose,

: furfural, (b) Fraction from the cellulose part; G — gluco'se, HMF « hydrox-
graraJ
X = xylose, and F
ymethylfurfural.

The experiments showed certain differences between natural and uC-la-
beled straw. The high yield of furfural compounds indicated that the active
straw can be more easily degraded by the hydrothermal process.

The results demonstrate at the same time that the apparatus developed
can be used successfully for the analytical and structural studies of natural
and synthetic high-polymer substances.

2.3 DISCUSSION

In the case of pure cellulose, it was shown that 65.7% of the introduced
matter could be recovered as sugars and hydroxymethylfurfural when the op-

. timum reaction temperature was chosen. In addition to the 12.8% residue,
the remaining part of 21.5% were not analyzed substances. A portion of the
latter percentage will be higher molecular products as, for instance, cello-
triose. The recoverable amount in a larger scale apparatus should, therefore,
be higher than 65.7%. .

As regards straw, it was demonstrated by the experiments with 14C-labeled
straw that, within experimental error, the degradation products added up to
100% of the original sample weight. It can be assumed that the larger part of
these products can be used either as chemical raw material, direct food re-
serves, or carbon sources for microorganisms.
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0.GROWTH BEHAVIOI' OF YEAST (Candida utilis) ON THE ,-
SELECTED DEGRADATION COMPOUNDS

- As already mentioned, the amount of the reaction products was too small
to obtain growth curves of the microorganism. It was, however, of special in-
terest to compare the growth behavior of the chosen microorganism, a typical
fodder yeast, Candida utilis (strain Weissenbach), using the four main sugars
of the hydrolhcrmal process (glucose, cellobiosc, xylose, and arabinose) as
carbon source. , "'- '

In a preliminary series of tests,5 it was demonstrated that, after a 30-hr in-
cubation period, all four sugars were completely consumed, so that practically
no traces could be detected on the thin-layer chroniatogrums.

Growth curve measurements hnd to be made in order to determine the dif-
ference in the growth behavior of the yeast on theivarious nutrition media.
For this purpose, a fermentation apparatus with, a special automatic analysis
system, as described in the next point, was used.

3:l Fermentation Apparatus and Automatic Analysis System

' In Figure G, the scheme of the fermentation apparatus and the adjoining
analytical system is shown. A modified laboratory fermentation vessel (New
Brunswick Scientific Co.) with 5-liter content was employed (F). The lower
flat blade turbine (Mi) was replaced by a miniaturized aeration device of the
Vogelbusch system. The rotation speed of the impeller was adjusted to 715
rpm, which could be measured with a photoelectric rotation meter.

The air flow was kept at 2S0 Iiters/hr. Foaming in the fermentation vessel
was controlled by adding Glanapon 2000 F. The fermentation vessel was
placed in a water container where a thermostat and cooling coils kept the
water at 29°C. The temperature in the fermentation vessel was maintained
precisely at30"C(T).

1*
i—

I
li r

o
r

Fig. 6. Fermentation apparatus and automatic analysis system. Fermentation vessel (F)
™ " ! M l ) - *«"«>"«*« CT). glass electrode (G). pH meter (pH), recorder <R>. «ygen monitor
A "WVl %*!'roUmet" ( R o 1- P"-!» <pi> ™* <P»>. hypochlorite (H), phenol (PI), an-
throne (An). d.sUlltd water (dW). dialyar (D). miring «ni (M), reactor «Re), cooling coils (C)
photometer for total carbohydrate content (Ph-C). photometer for ammonium nitrogen content
IFn-JJ), photometer for dry yeast content (Ph-DY). and waste (W).
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Five reaction parameters were continuously determined and recorded (R)
by an automatic analysis system, as shown in Figure 6:

pH -Value.. The pH value Avasmeasured with a glass electrode (G), using
the instrument PHM 256, Radiometer Copenhagen.

Dissolved Oxygen (O»)- The dissolved oxygen concentration in the fer-
mentation fluid was determined pôlarographicàlly (Yellow Springs Instru-
ments Co., Mod. 53, Biological oxygen monitor).

Ammonia Nitrogen. The determination was carried out according to
Hoffman and Teicher10 by applying ihe Berthelot reaction

KaOH

. _ _. indophenolblue

The hypochlorite (H) and phenol (PI) reagents were introduced by the peri-
staltic pump (Pi). The dye developed in the reactor (Re) at 90°C was mea-
sured in the photometer (Ph-N) at 600 nm.

Total Carbohydrates. The hexoses and pentoses were determined con-
tinuously after, their transformation into the corresponding furfural com-
pounds (with sulfuric acid) and reaction with the anthrone (An) reagent11-12

at 635 nm in a filter photometer (Ph-C).
Dry Yeast (DY). Yeast dry matter was determined13 continuously, using a

filter photometer Ph-DY (Carlo Erba Mod FF 27).

3.2 Growth Curves of Candida utilis

Candida utilis (strain Weissenbach) was precultured in shake flasks in two
stages. These cultures were used to inoculate the 5-liter fermentation vessel
in order to obtain larger amounts of yeast. When portions of 60-85 g were
available, growth curve "experiments were carried out, using 2.5 liters of cul-
ture medium of ihe following composition: D(+)-glucose or D(+)-cellobiose
or D(+)-iylose, 75 g; KHaPO*. 2.5 g; KC1,2 g; MgS04-7H20,1 g; ZnSO4-7H2O,
0.5g. ApHof4.9wassetwithH3PO4(20%).

For the 2.5 liters of thé medium described above, an initial volume of 3 ml
(NH«)2SO4 solution and the precultivated yeast were added. The further ni-
trogen requirement was covered by the same (NH'4)2SO4 or an NH4OH solu-
tion, containing in both cases 1 g N/10 ml. The experiment was conducted
over a 7.5-hr fermentation period.

The growth curves of cellobiose were surprisingly similar to those of glu-
cose. Only xylose had a clearly lower productivity than the hexoses exam-
ined (see Table H). The yields were in all cases close to 50%.

TABLE II
Yields and Productivity ,,r Candida utilis Cultured on Different Carbon Sources

Carbon source

Yeast
production,

gDY
Glu
Cdlobiose
Xylose

36.5
39.8
34.8

Productivity,
gDY/l.hr

2.0
2.16
1.57



1
In Figure ? the growth behavior of Candida utilis, using ccilobiose as car-

bon source, is given. Because cellohiose in une uf the main components of the
degradation products and at the same time characteristic for another class of
sugars (higher molecular dissolvable carbohydrates), the following results
have special relevance.

In Figure 7a, the reaction rates and the oxygen concentrations nre given.
After a relatively slow start, yeast extract (2.5 g indicated by nrrow.s) was
added. This caused n sharp «Irop in the oxygen concentration and an in-
crease in the consumption of cL-IInbiosc and ;inimonin, a3 well a» an nccclcro-
tian of the dry yrnst HW) prmlurticm. Figure 71» uives the volumetric rates
o f Hit* ittMm**tiï:t ntttl r«*ll.»l»i*i*;i% «'««•tntimpi tun nn wi-U us tlmt nf llii* ciry yi»n';t

production per liter and minute. . •
: The results show that the main compounds obtained by the hydrothermal
degradation process are efficiently used as carbon source by the yeast Candi-
da utilis.

gDY/l V.O. gN/l g Cell/1

wg Cetl/Lmh

Tune (b)

Fig. 7. Growth behavior of Candida utilis on cellobiose as carbon source, (a) Oj = oxygen
content (%), consumption of ammonia and cellobiose (in g N/L and g cellobiose/U and the forma-
tion of dry yeast (g DY/L). (bl Growth curves (volumetric rates) in milligram] per liter and min-
ute (mg/Lmin).
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3.3 DISCUSSION

The fermentation experiments proved that the applied hexoses and pen-
toses (glucose, cellobiose, and xylose) are valuable carbon sources for Candi-
da utilis, with growth yields of approximately 50%. (Even if wood substances
are included, it should be possible to convert by the hydrothermal process
60% of the plant matter into usable sugars and furfural compounds. Taking
only 50% of the reaction compounds as fermentable products.jCanciicfa utilis
would yield 25% of the introduced plant matter as yeast.
- Assuming that the world annual cereal crop produces twice the weight of
straw as of grain, a 2.4X1Q12 kg straw harvest would be available. The 25%
transformation by the hydrothermal process and microorganism Candida ut-
ilis would amount to 0.GX1012 kg yeast per year. This yeast would contain
approximately 0.3X1012 kg protein, which is three times the protein value of
the whole world cereal crop.

Ten per cent of the annual above-ground plant matter production could
yield 4.6X1012 kg fermentable sugars. When transformed to yeast, this
would constitute ten times the protein content of the world cereal crop.
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4. Radiation induced mutations of the large sized Candida utilis

cells

Candida utilis from the German firm Weissenbach shows cells of

two different sizes. The major part are smaller cells (5x4 pm).

The larger cells are much easier'to handle from a technological

point of view, but show higher sensitivity against furfural. In

this part of the work the larger sized cells were used, with the

aim of ascertaining how far the furfural resistance can be in-

creased.

The culture medium (4/1) used for these experiments consisted

of:

7 g yeast extract

1 g KH2PO4

o.5 g MgSO4
o.1 g NaCl

o.i g CaCl-

5 g (NH4)2SO4
1o g glucose dissolved in one litre water.

In the experiments where furfural was used this was separately

sterilized and then added to the medium.

4.1. Resistance to furfural

In Table 4.1 the growth behaviour of Candida utilis on medium

4/1 with increasing amounts of furfural is given.

Table 4.1; Growth behaviour of large-sized Candida utilis cells
at different furfural concentrations

g furfural

o.i o.2 o.7 o.8 I.o
growth, of
yeast

It was shown that the growth of yeast ceased at concentrations

above o.7 g furfural/litre medium.
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In a similar experiment the yeast growth was measured nephe-

lometrically (Table '4.2).

Table 4.2: Nephelometric measurement of yeast growth at
different furfural concentrations

Furfural cone. Extinction after hours incubation

initial

0.8

o.9

I.o

after 36 h
incubation

O.53

6

o -
o

o

21

o
o
o

22

o
o
o

23

o.o3

o

o

36

strong

strong

o

growth

growth

In the case of the o.8 g/1 initial furfural concentration, the

measurement was repeated after the 36 hour incubation period,

and a remaining O.53 g/l were found. o.27 g/1 of the furfural

was obviously immobilised during the fermentation. In this

experiment a somewhat higher resistance against furfural was

found than in those described in Table 4.1.

4.2. Irradiation facility and radiation stability of the yeast

As irradiation equipment a Cobalt 6o installation with a dose rate

of o.85 Mrad/h was available (Osterreichische Studiengesellschaft

fur Atomenergie, Seibersdorf).

To test the radiation stability of the yeast, the large-celled

Candida ntilis was chosen when in the logarithmic phase of its

growth. The irradiation was carried out with the yeast in a

physiological Nad solution. Afterwards the medium (4/1) was in-

oculated with the thus treated yeast, to see whether growth oc-

curred (Table 4.3).
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Table 4.3: Growth behaviour of large-celled Candida utili?
at different radiation doses

5o 1oo 15o 2oo 25o 3oo 35oDose in
krad

growth of
yeast

Applying radiation doses of 3oo krad and more, the growth was

completely inhibited.

4.3. Irradiation mutation experiments

In these experiments 1oo ml 6f an overnight culture of Candida

utilis was centrifugea and twice washed with sterile physio-

logical NaCl solution, in which it was exposed to 28o krad

of the Co-60 radiation. After the irradiation the yeast sus-

pension was distributed into fifteen Erlenmeyer flasks, each

containing 4oo ml of medium with a furfural concentration of

1 g per litre. With these experiments prescreening was attemp-

ted because the furfural concentration was so high that the

original yeast could not grow.

One out of the fifteen flasks showed growth after a thirty-

hour incubation period at 37°C. This was obviously an indica-

tion that positive mutants were obtained. The content of this

flask was centrifugea, washed and again irradiated with

28o krad in a sterile physiological NaCl solution. As before,

fifteen flasks, containing the medium with a furfural concen-

tration of 1.3 g per litre, were inoculated. After 48 hours'

incubation time yeast growth occurred in one of the flasks

' (SGAI-M-1 mutant). In the following experiments the resistance

against furfural was measured nephelometrically. In the fol-

lowing Table 4.4 the growth behaviour was determined with

media (4/1) containing different concentrations of furfural.

f •
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Table 4.4: Growth behaviour of the mutant SGAI-M-1 at different
furfural concentrations

Furfural
(g/1)

initial

0 . 8

o . 9

1 . O

1.1

1 . 2

1 . 3

cone.

after 36h
incubation

1.12

-

6

o.o2

o.o2

o
o

o
o

21

2 .

2 .

o .

o.
o.
o

Extinction

22

o
o
67

28

o 3

str.gr

str.gr

1.81

o.43

o.o4

o

after hours incubation

23 36

. str.gr.

. str.gr.
1.o5
o.6o
o.o9
o

strong growth
strong growth
strong growth
strong growth
strong growth
strong growth

It was shown that the above mutant (SGAI-M-1 ) could withstand

1.3 g furfural per litre, compared with o.7 or o.9 of the un-

irradiated species. Also in the experiments given in Table 4.4

part of the furfural was immobilized after the 36 hour incubation

period (difference = o.18 g/1).

In further experiments it was examined whether or not the mutant

SGAI-M-1 uses furfural as carbon source. For this purpose two

different samples of yeast were allowed to incubate for ten

minutes at 21 °C. The medium contained 5 mg yeast per ml and had

a furfural content of 1.35 g/1-The first sample contained yeast

which was grown before inoculation without furfural (yeast with-

out F) ; and the second was grown in a solution with 1 g furfural/

litre medium (yeast with 1 g F/1),

Table 4.5 Take up of furfural by the yeast cultures (SGAI-M-1)

yeast
without F

yeast with
1 g F/l

initial
furfural
cone, g/1

1.35

1.35

final
furfural
cone.g/1

o.9o

1.23

difference
of furfural
cone.g/1

O.45

o.12
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The above Table 4.5 shows that most probably the decrease of

furfural is due to an adsorption phenomenon. The yeast with

an earlier furfural treatment can bind a lower amount of

furfural than the other sample. A utilization of furfural

by this strain would most probably show an equivalent uptake

of the furfural compound.
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5. Radiation-induced mutation of the unselected Candida utilis

A 5o % increase in the furfural resistance of the large-celled

Candida utilis through irradiation mutation (Section 4) was an

incentive for equivalent experiments with the normal unselected

Candida utilis strains. For this work the following culture

media were used (Table 5.1.).

Table 5.1: Culture media. Substances in g dissolved to 1 litre
with distilled water

Substance

yeast ex-
tract

KH2PO4

MgSO4
NaCl

(NH4)2SO4
CaCl2
Glucose

Agar

Furfural

4/1

7

1

o.5

O.I

5

O.1

1o

-

_

5/1

7

o.4

o.4

O.I

5

-

1o

-

5/2

7

1

o.5

O.1

5

-

1o

-

_

Medium
5/3

7

1

o.5

O.1

5

-

1o

15
_

5/4

1

1

O.I

5

-

5

15

3.5

5/5

1

1

1

O.1

5

-

-

15

3.5

5.1. Resistance to furfural and prescreening

Several experiments indicated that Candida utilis withstood

higher furfural concentrations when inoculated into half-synthetic

agar media in Petri dishes than into agar free half-synthetic

media kept in flasks. Therefore a special set of experiments was

undertaken to examine this question.

A flask with 4o ml of the medium 5/2 was inoculated with Candida

utilis, incubated at room temperature and shaken for 36 hours.

After this time the medium was turbid, indicating growth. From

this suspension portions of o.1 ml were transferred to flasks
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and 5>etri dishes containing media 5/2 and 5/3 respectively.

The flasks were shaken at room temperature and the dishes

kept in the incubator at 3o°C, both for five days. Table 5.2

shows the growth behaviour at different furfural concentrations.

Table 5.2: Growth behaviour of Candida utilis at different fur-
fural concentrations

furfural
concentration

g/i

O.58

1.16

2.32

3.48

4.64

5.8o

It can be seen

flask
medium 5/2

growth

growth

no growth

no growth

no growth

no growth

from this Table

Petri dish 1
medium 5/3

growth

growth

slight growth

no growth

no growth

no growth

Petri dish 2
medium 5/3

growth

growth

slight growth

no growth

no growth

no growth

that the unselected Candida

utilis grew in the flask media with furfural concentrations

(1.16 g/1) which the large-sized cell type could only endure

as xadiation-induced mutant (SGAI-M-1 ). In the dishes slight

growth was detected up to 2.3 g furfural per litre.

Two possible explanations for this can be given: firstly, if

the explanation for the furfural decrease in Table 4.5 as an

adsorption phenomenon is correct, then in the case of the Petri

dishes (Table 5.2) a corresponding decrease in furfural is to

be expected compared to the flasks, due to the higher amount of

organic matter (agar) in the medium of the dishes. Secondly,

the losses of furfural could be higher in the dishes than in

the flasks due to the larger surface area of the former.

With the following prescreening experiments Candida utilis

strains of higher resistance to furfural were induced. In an

Erlenmeyer flask 2o ml of the half-synthetic medium 5/2 was

inoculated with Candida utilis and incubated for 24 hours in
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a shaker. With 1 ml of. the yeast suspension thus obtained a

further flask with the medium 5/2, but containing 1.16 g fur-

fural per litre, was inoculated and incubated for 36 hours under

shaking. In the same manner the experiments proceeded to

higher furfural concentrations. The results are given in

Table 5.3 ,

Table 5.3 Prescreening experiments for the induction of
Candida utilis-strains with higher resistance to
furfural

Furfural content of medium 5/2 in g/1

1.16 1.74 2.3 3.5 4.6 5.8

Incubation
time /h/ 36 36 36 36 12o 12o
Visible growth
in flasks + + +
Growth after
inoculation into
agar medium 5/3 + - -

The solutions with the higher furfural concentration were plated

on agar media (5/3) to test if any growth occurred in these flasks.

As also shown in Table 5.3 the 3.5 g per litre furfural culture

had still some living cells which developed well on the agar me-

dium. With these screening experiments no strains with higher

resistance to furfural could be obtained.

5.2. Radiation facility and irradiation stability of the yeast

As radiation installation a 1ooo Curie Cobalt source (A) as

shown in Fig. 8 was employed. A movable carriage (B) served

as support for the -test-tubes (C) containing the Candida utilis

samples. By means of precise distance positioning (D) the dose

values which were first calibrated with thermoluminescence

dosimeters could be reproduced accurately.
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Dose rates of up to I0.8 krad/h were obtained.

For the irradiation experiments a culture of Candida utilis

was prepared in 1oo ml Erlenmeyer flasks. The half synthetic

medium had the composition of 5/1 (Table 5.1) and was,

after sterilisation in the autoclave (2o min, 121°C) , distri-

buted in the Erlenmeyer flasks in 2o ml portions. The flasks

were then inoculated with Candida utilis and incubated for

17 hours at 25°C under continuous shaking.

10 JO

Fig. 8 s Irradiation facility

Cobalt source (A), Movable carriage (B), Support for
test tubes (C), distance positioning (D)
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After-incubation the contents of the flasks were transferred

into appropriate sterile tubes, centrifuged for 2o minutes

at 6000 rpm and the supernatant liquid discarded. The sediment

was whirled up in 4o ml NaCl-solution and then again centri-

fuged under the above circumstances. This treatment was

repeated twice. The last sediment was again stirred up in

4o ml physiological NaCl-solution and distributed in 5 ml

portions into sterile test-tubes.. These samples were then

irradiated with different gamma doses.

Prom the irradiation tubes portions of o.1 ml Candida utilis

stirred up in the physiological NaCl solution were applied

to the agar medium, which contained in the first case no

furfural, in the second case o. 11 and in the third case O.57 g

per litre. In Table 5.4 the results of these experiments are

given.

Table 5.4: Irradiation and plating of Candida utilis

Sample No. krad agar medium (5/3) agar medium
(5/3) + o.11g/l

furfural

agar medium
(5/3 + o.58gA

furfural

I

II

III

IV

V

VI

VII

0

1oo

2oo

3oo

3oo

4oo

4oo

strong growth

strong growth

46 colonies

2 colonies

. -

-

strong growth

slighter growth

66 colonies

4 colonies
- -

-

strong growth

strong growth

17 colonies
-

-

-

There is only a slight difference in the growth behaviour between

that with the relatively low furfural concentrations (o.11 and

O.57 g/1) and without furfural. At higher doses (3oo and 4oo krad)

the growth was totally or almost totally inhibited.

These results are very similar to those obtained by using the

large cell type Candida utilis: at 3oo krad the growth of the

yeast ceases.
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Very similar results were obtained with dilution experiments.

In these 4 ml of a washed cell culture were irradiated ±n a

O.9 normal NaCl solution. These suspensionswere diluted and

o. 1 ml plated on hâ Lf synthetic media with agar (5/3) containing

O.58 g furfural perf,litre. The results are given in Table 5.5.

Table 5.5: Irradiation of Candida utilis. Determination of cell
'•' concentration by plating on medium 5/3 containing

O.58 g furfural per litre

Irrad. Dilution No. of colonies on plates No of cells per ml
dose

/krad/

LO
 

IO
0 

0 
0

5o

1oo

15o

2oo

3oo

4oo

Ïo"4

le"4

1o~4

10-3

1o"2

1o~1

undil.

undil.

1

26

44

1o

22

1o

121

5

60
_

2

18

42

19

13

14

62

22

54
_

3

3o

21

18

23

113

3

35

4

33

29

18

19

11o

2

22

5

26

9

62

71

4

2.2.1o7

3.7.1o6

2.1.1O6

1..6.1O6

2.6.1o5

9.5.1o4

7.2.1o2

4.3.1o2

0

Also in these experiments at radiation doses higher than 3oo krad

no further growth can be observed.

5.3. Selection of mutants with higher resistance to furfural

The samples with loo and 2oo krad irradiation doses which were

cultured on agar medium + o.11 g furfural per litre (sample No.

II and III of Table 5.4) were transferred to new agar media with

higher furfural concentrations andincubated at 25°C (Table 5.6).
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Table 5.6: Growth of irradiated Candida utilis on media with

different furfural concentrations

Furfural concentration Growth behaviour

o.1l g/1

1.16

1.74

2.32

3.48

5.8o

11.6o

growth of all colonies

growth of all colonies

growth of all colonies

growth of all colonies

growth of all colonies

delayed growth

no growth

In this way it was possible to obtain a new mutant which is <

denoted MBRC-P-1 and can withstand furfural concentrations up

to 5.8 g/1. Also in this case an approximately 5o % increase

was achieved compared with the prescreening strains (Table 5.3).

The difference is approximately 1oo % in relation to the un-

screened Candidajotilis (Table 5.2).

The next experiment was to investigate whether lower radiation

levels render better conditions for the selection of suitable

mutants. In addition, the irradiated yeast was allowed to rege-

nerate in a furfural-free medium (5/2), where it was incubated

in 4o ml portions for twenty four hours in the shaker. Afterwards

the cells thus treated were plated on half synthetic agar media

(5/3) with different contents of furfural. In Table 5.7 it is

shown that the growth conditions are relatively good. Growth

was observed at doses of 2o, 3o and 5o krad at the highest fur-

fural concentration used in these experiments of 4.6 g/1. As this

is obviously also a mutant it will be denoted MBRC-P-2.
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Table 5.7: Growth of irradiated Candida utilis cultivated on
a half synthetic medium (5/2) and then plated on agar
media (5/3) with different furfural concentrations

Irradxation
dose /krad/

o

2o

3o

5o

loo

15o

2oo

3oo

4oo

Agar i
o g P/1

growth

growth

growth

growth

growth

growth

growth

growth

growth

>lates (5/J) wxtn
3.5 g F/l

growth

growth

growth

slight growth

slight growth

no growth

no growth

no growth

rurrurai (a)
4.6 g F/1

growth

growth

growth

no growth

no growth

no growth

no growth

no growth

A further experiment was made to investigate whether the irra-

diation had the same effect on the settled down yeast in the test

tubes as on uniformly mixed suspensions. For this purpose a

culture was irradiated in an Erlenmeyer flask under continuous

agitation by a magnetic stirrer. After the application of a
—3 —4

5o krad dose the suspension was diluted to 1o and 1o with

o.9 % NaCl. These solutions were plated on half synthetic agar

media (5/3) containing o.58 g furfuraJ per litre. 1.5 to 1.8.1o

cells/ml were determined. This is a figure of survival similar

to that found in test-tube irradiation experiments without

stirring. It is therefore clear that stirring is not necessary.

Mien the above mentioned irradiation cultures were brought direct-

ly onto half synthetic agar plates with high furfural concen-

trations (3.5, 4.6 and 5.8 g/1) no growth occurred. It was

therefore proved by this experiment that an intermediate culti-

vation of the irradiated yeast on media with low furfural con-

tent is necessary to restore the physiologically weakened cells.

Several experiments were also carried out to test whether Candida

utilis strains could use furfural as direct carbon source.
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After irradiation 1 ml of the suspension was added to 2o ml

of half synthetic medium (5/2) and incubated at room temperature

for 18 hours. From these cultures plates were inoculated. Table

5.8 gives the results of these experiments.

Table 5.8s Growth behaviour of irradiated Candida utilis.
The growth is tested on plates after intermediate
inoculation on medium 5/2.

Irrad.dose

/krad/

o

2o

3o

5o

1oo

15o

2oo

3oo

4oo

Medium 5/3 for
comparison

growth

growth

growth

growth

growth

growth

slight growth

no growth

no growth

Medium 5/4

no growth

no growth

no growth

no growth

no growth

no growth

no growth

no growth

no growth

Medium 5/5

no growth

no growth

no growth

no growth

no growth

no growth

no growth

no growth

no growth

The media 5/4 and 5/5 both contain 3.5 g furfural per litre, but

no yeast extract. It was thought that the yeast, which was inter-

mediately cultured on a medium with a low furfural content, would

show less requirement for yeast extract. This is, however, not

the case because the medium 5/4 contains/glucose (5 g/1) to grow

if yeast extract were present.

In addition to the above explanation that yeast extract is

essential for growth at higher furfural concentrations, also a

second possibility must be considered. It might be possible that

in the experiments given in Table 5.8 no mutated strains were ob-

tained, which could withstand 3.5 g furfural per litre.

To date it has not yet been proved that Candida utilis strains

were obtained through irradiation mutation which can use furfural

as sole carbon source.
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