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production. Inositol, xylitol, galactose, xylose, arabinose,
lactose, and raffinose show no growth. Mannitol, glycerol,
and erythritol support good growth of the organism but no
erythritol production. Glucose, fructose, mannose, maltose,
and sucrose all showed good growth and erythritol pro-
duction.

Effect of yeast extract and urea concentrations. In the
standard medium, the ingredients, aside from the glucose,
are yeast extract and urea. The effect of changes in yeast
extract concentration on the yield of erythritol is shown in
Table 4. Yeast extract concentrations were varied from 2.0
to 0.25 %. At the highest level of yeast extract concentra-
tion, yeast growth was excessive, and erythritol yields were
very low. At the lowest level of yeast extract concentra-
tion, erythritol yields, based on sugar consumed, were

TABLE 4. Effect of yeast extract and urea concentration upon yield
of erythritol*

Yteastt - n Tim Glucose Yeast Er.y%‘tiritl(l)l
n It
Comeneone me Initial  Final @ry wt) gidcose used
% % hr % % mg/ml %
2.0 0.0 48 9.8 0.2 29.8 9.1
2.0 0.1 48 9.8 0.2 34.0 5.9
1.0 0.0 48 9.8 0.2 18.0 33.1
1.0 0.1 48 9.8 0.1 24.0 17.9
0.5 0.0 96 9.8 0.1 10.6 38.7
0.5 0.1 72 9.8 0.1 14.8 39.0
0.25 0.0 96 9.8 3.6 7.4 37.5
0.25 0.1 96 9.8 0.2 14.0 35.7

* Temperature: 30 C. Aeration: 42 mmoles of oxygen per liter
per hr.
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good, but sugar utilization was very slow as a result of low
cell concentrations. When urea was added to the medium,
increased yeast growth took place at every level of yeast.
extract concentration. At the higher levels of yeast extract,
yeast growth again was excessive, with the result that eryth-
ritol yields were low. At yeast extract concentrations of 0.5
and 0.25 %, the added urea and resulting increase in yeast.
growth resulted in fast sugar utilization and excellent
erythritol yields. A medium containing 0.5 % yeast extract.
and 0.1 % urea appeared to be best for erythritol yield and
fermentation time. The results indicate that, for a 10%
glucose medium, yeast growth should be limited to between
10 and 15 mg/ml for best erythritol yields.

A series of 19 fermentations was made with a medium
containing 10% glucose, 0.5 % yeast extract, and 0.1 %
urea at 30 C, and with an oxygen availability as deter-
mined by the sulfite method of 42 mmole of oxygen per
liter per hr. The average yield from 10 g of glucose was
3.83 g of erythritol, with a standard deviation of 0.15 g.

Nutrient sources. Although yeast extract has been proven
to be an excellent source of nutrients, because of cost it
could not be considered for use in large-scale fermentations
of this type. A survey was therefore made of natural prod-
ucts that might prove useful as nutrient sources. The re-
sults of these fermentations are shown in Table 5. The malt
sprouts, malt, and distillers’ dried solubles were suspended
in tap water and autoclaved at 15 psi for 15 min. A sample
of the filtered extract was then added to each flask. The
concentration of these nutrients (Table 5) is the quantity
of solid product whose extract was added to the fermenta-
tion.

TABLE 5. Nutrient sources for the erythritol fermentation*

Glucose . -
. . Erythritol yield
Nutrient Amt Urea Time Toicial p— Yeast (dry wt) rygtlurcl;ge ﬂlseed on
% % % % mg/mi %
Yeast extract 0.5 0.1 72 9.8 0.1 14.8 39.0
Corn steep liquor 2.5 0.0 48 8.3 0.1 22.4 20.8
1.25 0.0 72 8.3 0.4 15.0 36.3
1.0 0.1 72 10.3 0.3 16.0 38.5
Blackstrap molasses 10.0 0.0 60 6.8 2.7 7.0 25.6
2.5 0.05 60 6.8 2.2 7.0 36.7
5.0 0.22 115 19.3 4.3 23.0 32.4
Malt sprout extract 2.0 0.0 120 8.3 0.9 10.0 4.3
2.0 0.1 115 19.2 2.2 16.6 26.8
1.0 0.1 72 8.3 0.3 16.0 35.3
Malt extract 6.7 0.0 60 6.9 2.0 10.6 42.5
6.7 0.1 115 19.7 1.9 18.3 30.8
3.3 0.05 60 6.7 0.7 10.6 43.5
Distillers’ dried solubles 3.3 0.0 60 6.5 1.2 11.6 40.9
1.7 0.05 60 6.9 0.5 13.2 39.1
2.0 0.13 115 18.7 2.5 19.3 29.3

* Temperature: 30 C. Aeration: 42 mmoles of oxygen per liter per hr.
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Corn steep liquor, blackstrap molasses, malt sprouts,
malt, and distillers’ dried solubles all proved to be capable
of supplying the necessary nutrients for yeast growth and
erythritol production. Supplementing the nutrient sources
with nitrogen in the form of urea allowed the natural prod-
ucts to be used in smaller concentrations with comparable
yields of erythritol. The results of these fermentations
again show that excessive yeast growth tends to lower
erythritol yields.

Although all of the products tested proved to be capable
of producing excellent yields of erythritol, corn steep liquor
was chosen for further study because, at low concentra-
tions, it produced good yields of erythritol and appeared to
give a somewhat faster fermentation than did the other
products. In Table 6 are recorded the results of fermenta-
tions in which corn steep liquor and urea were the source
of nutrients and nitrogen, and in which the glucose con-
centration ranged from 6 to 35 %.

The nitrogen content of the various media ranged from
0.04 to 0.122 %. The standard 0.5 % yeast extract and 0.1 %
urea medium contains 0.086 % nitrogen. The corn steep
medium at this level of nitrogen is satisfactory for a me-
dium of 10% glucose concentration. At the 6 % level of
glucose, 0.05% nitrogen in the medium resulted in fast
fermentations with low yields of erythritol. At the 35%
glucose concentration, 0.12% nitrogen resulted in good
yields of erythritol. At this high level of glucose concentra-
tion, the proportion of the total nitrogen added, due to
corn steep liquor, was varied from about 16 to 65 %. At the
highest level of corn steep used, glucose utilization was also
at the highest level. It is obvious that, at this high glucose
level, nitrogen is not limiting for growth of yeast, because
the highest level of corn steep produced twice the yeast
growth of the lowest level, although total nitrogen in the
media was essentially the same.

It is evident that corn steep liquor contains some nu-
trients such as vitamins, potassium, phosphorus, or trace
elements that become limiting at low levels of corn steep.
Owing to this fact, as well as to the fact that excessive
yeast growth results in low yields of erythritol, it is neces-
sary to adjust carefully the total nitrogen in the medium,
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as well as the proportion supplied by the corn steep to the
concentration of glucose used in the medium, to obtain
maximal yields of erythritol. One of the most interesting
facts brought out in Table 6 is that high concentrations of
erythritol can be obtained in the fermented beer. Thus, for
a medium containing 35 % glucose, 13.3 % erythritol was
found in the fermented medium. High concentrations such
as this would be especially useful in recovery of the
erythritol.

Effect of aeration. In this fermentation, aeration is neces-
sary for the production of high yields of erythritol. To
determine the effects of aeration, a series of fermentations
at different levels of oxygen availability was made in which
the medium contained 10 % glucose, and the yeast growth
was held at 13 mg/ml. Oxygen availability, as determined
by the sulfite oxidation method, ranged from 0 mmole of
oxygen per liter per hr in an anaerobic fermentation to
200 mmoles of oxygen per liter per hr. The various levels of
aeration were obtained by using smooth and indented flasks
and by varying the speed of the rotary shaker.

In the anaerobic fermentation, substantial quantities of
ethyl alcohol were produced, but only trace amounts of
erythritol. As the aeration level increased, erythritol yield
increased, with a maximal yield between 40 and 60 mmoles
of oxygen per liter per hr. Above 60 mmoles of oxygen per
liter per hr, yields of erythritol decreased slightly.

It was of interest to determine whether sugar concen-
tration or yeast concentration had an effect upon the aera-
tion necessary for good erythritol yields. In Table 7, the
results of fermentations are given in which two levels of
aeration, three levels of glucose concentration, and two
levels of yeast concentration are used. The limiting nu-
trient for yeast growth in the medium used is the nitrogen,
so that dried yeast levels of 13 and 25 mg/ml were achieved
by adjusting the nitrogen content of the media.

In the series of fermentations in which the yeast growth
was held at 13 mg/ml, an aeration level of 42 mmoles of
oxygen per liter per hr resulted in slightly higher yields of
erythritol than did the level of 200 mmoles of oxygen per
liter per hr. This was true at the three concentrations of 10,
15, and 20 % glucose. When the dry yeast concentration

TABLE 6. Effect of sugar concentration and nutrient composition upon yields of erythritol*

Medium — - Glucose Fermentation Yeast Erythritol in beer Er};;h;ilt:clo)s'ie]d

((.I;Il‘ll.ltcl:?g Colri?] :otiep Urea N g;?i%:; in (final) time (dry wt) (w/v) used

% % % % % hr mg/ml % %

5.96 1.0 0.03 0.054 0.26 42 14 1.88 33.0

5.70 0.5 0.07 0.053 0.46 42 13 1.60 30.5
10.53 1.0 0.0 0.04 1.05 86 13 3.65 38.5
10.25 1.0 0.1 0.086 0.28 72 16 3.84 38.5
17.68 1.0 0.17 0.119 0.48 115 25 5.61 32.6
26.00 1.0 0.17 0.119 1.0 112 26 8.65 34.6
35.70 0.5 0.21 0.118 13.80 168 15 8.7 39.7
35.70 1.0 0.17 0.119 7.20 168 24 13.0 45.6
35.70 2.0 0.09 0.122 4.80 168 30 13.3 43.0

* Temperature: 30 C. Aeration: 42 mmoles of oxygen per liter per hr.
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TABLE 7. Effect of aeration upon erythritol production*

AppL. MICROBIOL.

TABLE 8. Effect of potassium chloride on erythritol production*

. ) Glucose Erythritol . Glucose Erythritol Glycerol
Aerati Fermentation Dry yeast ; Potassium  Yeast i o
eration ratef time wt Initial Final s:glzlrdu:l;d chloride  (dry wt) Initial Final gll):(l:glsctla (:ll;ed gllﬁgg Tsled
hr mg/ml % % % ¥ mg/mlj . % % % %
Series 1 0.0 15 10.0 0.1 38.7 0.0
42 86 13 10.53 1.05 38.5 1 18 9.80 0.06 22.2 13.0
200 86 13 10.53 1.08 32.6 2 17 9.80 0.75 15.8 28.0
42 130 13 15.01 2.72 38.4 3 13 9.80 6.64 17.7 31.6
200 130 12 15.01 2.99 36.9
42 170 13 20.77 5.31 37.6 * Medium: 0.5%, yeast extract and 0.19; urea. Temperature:
200 ) 170 12 20.77 4.93 33.1 30 C. Aeration: 42 mmoles of oxygen per liter per hr.
Series 2
42 44 20 10.21 0.14 2.8 TABLE 9. Synthetic medium
200 44 20 10.21  0.10 23.8 P— Concn
42 60 23 15.40 0.90 25.1
200 60 25 15.40 0.41 33.4 GIUCOBE . . ..o 100 g
42 86 26 20.60 1.09 30.8 Ammonium lactate. ....................... 3.82¢
200 86 28 20.60 0.69 39.0 Salts
N - KHoPOy. oo .
* Media: series 1, glucose plus 19, corn steep; series 2, glucose K012 0. g glgg
plus 1%, corn steep plus 0.2% urea. Temperature: 30 C. M SO7HO """""""""""""""" 0' 4
t Expressed as mmoles of oxygen per liter per hr BV FEE - e e
: Trace minerals
. . . InSO4-THO. . ... 1.75 mg
was raised to approximately 25 mg/ml, the best erythritol FeSO4(NH):804-6H:0.............,..... 1.05 mg
yields were obtained at the higher level of aeration for the CuSO4-5H0. .. 0.096 mg
15 and 20 % glucose levels. Yields of erythritol from the V.MnS_O“HzQ ~~~~~~~~~~~~~~~~~~~~~ 0.005 mg
10 % glucose medium were low at both aeration levels, due, 1;33;3?1113 0.01 mg
perhaps, to the excessive yeast growth for the amount of Calcmmpantothenate o 0.5 mg
glucose present. The aeration level necessary for good Inositol. ........ooooouiii 10.0 mg
erythritol yields thus must be adjusted to the concentra- Nicotinic acid. ........................ .. 2.0 mg
tion of the yeast in the medium rather than to the sugar Pyridoxamine-HCL....................... 1.0 mg
Thiamine-HCl............. ... ... . .... 1.0 mg

concentration.

Effect of high potassium chloride concentration. Onishi
(1959) showed that, if high concentrations of potassium or
sodium chloride are used in his media, the yields of glyc-
erol produced by a strain of Saccharomyces rouxii are
increased spectacularly. For example, in the basal medium,
the glycerol yield was 10.9% of the glucose consumed.
When 18 % sodium chloride was added to the basal me-
dium, the yields increased to 43.1 %. With 22 % potassium
chloride, the yields increased to 43.5 %.

It was of interest, then, to determine whether high con-
centrations of potassium or sodium chloride would increase
the yield of erythritol in our fermentations. Sodium chlo-
ride had no effect on the fermentation at a concentration of
1 M in the standard medium, and there was no yeast growth
at the higher concentrations. Potassium chloride had a
strong effect on the fermentations (Table 8). In contrast
to the basal medium, all media containing potassium
chloride produced glycerol. As the concentration of potas-
sium chloride increased, the yield of glycerol increased and
the yield of erythritol decreased. The reason for this result
is not known. Onishi (1959) also offered no explanation for
his results. Because the objective of this work was to obtain
as high yields of erythritol as possible, the subject was not
pursued further.

Synthetic medium. Although the work with varying
quantities of yeast extract and urea in the medium indi-
cated that the amount of nitrogen in the medium was the

* Expressed as weight per liter.

controlling factor on the erythritol yield, a synthetic me-
dium would answer this question unequivocally. A syn-
thetic medium which was based on that of Hendershot
(1959), which in turn was based on those of Atkin et al.
(1944) and Olson and Johnson (1949), was designed
(Table 9). The key ingredients in this medium, which
would have the greatest effect on yeast growth and eryth-
ritol yield, were assumed to be the source and concen-
tration of the nitrogen, the concentration of inorganic
phosphorus, and one or more of the vitamins.

The nitrogen sources surveyed with the synthetic me-
dium were ammonium carbonate, ammonium chloride,
ammonium lactate, ammonium sulfate, diammonium ci-
trate, L-glutamic acid, urea, and vitamin-free casein hy-
drolysate. The nitrogen content of the medium from all
sources was held at the level of 0.1 %. These fermentations
were compared to one with the yeast extract-urea medium
run at the same time. The erythritol yields from the vari-
ous media were as follows: yeast extract control, 34 %;
casein hydrolysate, 33 %; L-glutamic acid, 27 %; ammo-
nium lactate, 27 %; urea, 17 %; ammonium carbonate,
21 %; diammonium citrate, 10; % and zero yields from the
ammonium chloride and ammonium sulfate media. The
ammonium chloride and ammonium sulfate allowed some
slight yeast growth. However, because the synthetic me-
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dium is not buffered, when some of the ammonium ion was
used, the remaining chloride ion or sulfate ion reduced the
pH of the media to 2.2, which was too low to allow further
yeast growth.

With the use of both ammonium lactate and L-glutamic
acid, several levels of nitrogen in the medium were run,
ranging from 0.05 to 0.125%. The fermentations with
both sources of nitrogen were comparable. At the
lowest level of nitrogen, 0.05 %, the erythritol yield was
32 % in each case. As the nitrogen content of the media was
increased, the erythritol yield dropped gradually until, at
the 0.125% nitrogen level, the yield from ammonium
lactate was 21 % and from L-glutamic acid was 22 %.
Yeast growth, likewise, was similar with the two nitrogen
sources. At the 0.05 % nitrogen level, dry yeast weight was
15 mg/ml from both nitrogen sources. As the nitrogen
content of the media increased, yeast growth increased to
23 mg/ml from ammonium lactate and 22 mg/ml from L-
glutamic acid in the media containing 0.125 % nitrogen. In
the synthetic medium, ammonium nitrogen is the equiva-
lent of amino nitrogen for yeast growth and erythritol
yields. As in the case of natural media, yeast growth must
be limited by proper adjustment of the medium to obtain
maximal yields of erythritol. This is most conveniently
done by limiting the nitrogen content of the medium,
although, presumably, other constituents such as growth
factors may be used to control yeast growth.

Hajny et al. (1960) showed that an excess of inorganic
phosphate has a detrimental effect upon the yields of glyc-
erol produced by Torulopsis magnoliae. The effect of
phosphate concentration on erythritol yields was studied
with the synthetic medium shown in Table 9. The phos-
phate content of the media, as phosphorus, was varied from
0 to 800 mg of phosphorus per liter. The inocula for these
fermentations were grown in the yeast extract-urea me-
dium and washed twice in distilled water. Thus, the me-
dium to which no phosphate was added contained only
that phosphorus which was contained in the cells used in
the inoculum. At the zero level of added phosphorus, yeast
growth was only 3 mg/ml, so that sugar utilization was
very slow. Erythritol yield was 14 % of the glucose con-
sumed. With increasing concentrations of phosphorus, the
yield of erythritol increased until a peak of 34.9% was
reached at a phosphorus level of 70 mg per liter. At 100
mg of phosphorus per liter, the erythritol yield had dropped
to 19 %, and this yield was maintained up to 800 mg of
phosphorus per liter, the highest level used. From 25 to
800 mg of phosphorus per liter, yeast growth was constant
at 12 to 15 mg/ml. Thus, concentrations of phosphate
greater than that required for growth greatly influenced
the yield of erythritol.

Yeast species have widely varying requirements for
vitamins. Some strains require as many as six of the vita-
mins of the “B’’ group, whereas others require none. Be-
tween these extremes, many single and multiple require-
ments are found.

The synthetic medium used in this work contained six
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TABLE 10. Vitamin requirements for culture I,A*

Glucose Erythritol

Vitamin omitted pH ‘{:lar;t ygiflllgoz:
wt) Initial | Final used

mg/ml % % %

Nonme....................... 3 16 |9.69 | 0.36 | 34.9
Al 2 5 [9.69 | 7.84 0.0
Thiamine................... 2 5 |9.69 | 8.66 0.0
Biotin....................... 3 16 | 9.69 | 0.28 | 33.6

w

Pyridoxamine-HCl........ ..
Calcium pantothenate... ... .
Nicotinic acid...............
Inositol.....................
Yeast extract (control)......

w

16 | 9.69 | 0.40 | 33.9
16 | 9.69 | 0.50 | 36.1
16 | 9.69 | 0.50 | 33.7
18 | 9.60 | 0.22 | 37.8

W w

1
.2
.3
1
1] 16 |9.69|0.70 | 33.8
.0
.1
.0
.5

w

* Synthetic medium; temperature, 30 C; aeration, 42 mmoles
of oxygen per liter per hr.

vitamins. Fermentations using the complete synthetic
medium were satisfactory. Further studies were made to
determine which of the vitamins were essential. Inocula
were grown in yeast extract-urea medium, and the cen-
trifuged cells were washed twice in sterile distilled water
and were resuspended in sterile distilled water for use as
the inoculum. The inoculum was of such size that the
fermentation medium contained 1 mg/ml of dry yeast
when inoculated. Fermentations were made in which the
synthetic medium contained all the vitamins, none of them,
and in which the vitamins were omitted one by one (Table
10). Erythritol yields and yeast growth were only slightly
lower from the synthetic medium containing all the vitamins
than from the yeast extract control medium. When all the
vitamins or thiamine alone were omitted from the synthetic
medium, yeast growth was poor, sugar utilization was low,
and erythritol yields were nil. Omission of each of the other
vitamins from the medium had substantially no effect upon
the fermentation. Further fermentations were made in
which thiamine was the only vitamin in the synthetic
medium. These fermentations were comparable in all re-
spects to fermentations in which all the vitamins were
present. Three serial transfers were made in which the cells
from a fermentation in the synthetic medium were used as
inoculum, after being washed in sterile distilled water, for
further fermentation in the synthetic medium. The last
fermentation in the series was comparable to the first, so
it may be concluded that the synthetic medium is com-
plete in all respects for this organism for erythritol pro-
duction.
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