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ABSTRACT 

The results of this study confirm the enhanced production of 
L-lysine by Saccharomyces cerevisiae during the fermentation of glucose 
at a 0.6M concentration of NaC1 previously observed (8). Changes in 
NaC1 concentration above or below 0.6M caused a drop in the maxi- 
mum production of lysine. Fermentations run at 1.0, 1.4, and 1.8 
VVM aeration rates and at 0.0, 0.3, 0.6, 0.9, and 1.2M NaCI concentra- 
tions gave the highest intracellular lysine yield at 0.6M and 1.4 VVM. 

Index Entries: Baker's yeast, effects of lysine, aeration rate, and 
NaC1 on growth rate; yeast, effects of lysine, aeration rate, and NaC1 
on Baker's yeast; lysine, effect on growth rate of Baker's yeast; aera- 
tion rate, effect on growth rate of Baker's yeast; sodium chloride, ef- 
fect on growth rate of Baker's yeast; Saccharomyces cerevisiae, produc- 
tion of L-lysine from; glucose, production of lysine by fermentation 
of. 
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INTRODUCTION 

During a study of the metabolic pathway of lysine synthesis by Sac- 
charomyces cerevisiae, Jensen and Shu (3) observed that the aeration rate of 
the fermentation greatly affected the lysine content of the yeast cells. The 
highest and lowest aeration rates they used produced cells with rela- 
tively low lysine levels, whereas intermediate rates yielded the highest 
lysine content. The aeration rates used by Jensen and Shu cannot be de- 
termined from their paper, although the authors stated that the airflow 
usually employed was 1.0 volume of air per volume of growth medium 
per minute, i.e., 1.0 VVM. 

In 1981 Tanner et al. (8) reported that, when a culture of Baker's 
yeast (S. cerevisiae) producing ethanol in a glucose (5% wt/vol) culture 
medium was supplemented -with 0.6M sodium chloride and was moder- 
ately aerated (1.4 VVM), the maximum concentration of intracellular 
L-lysine formed per gram of yeast cell mass was approximately four 
times as large as in the absence of such exogenously added NaC1 under 
the same conditions. Negligible lysine enhancement was observed when 
the culture was not aerated, even in the presence of NaC1 (9). 

Since 0.6M is the salt level found in most sea waters, this observa- 
tion suggests that marine or brackish water may prove useful in the pro- 
duction of byproduct lysine-enriched yeast food for human or animal 
consumption, along with ethanol, the primary fermentation product, 
widely used for chemical feed stock or fuel. 

This is a report of the study of the effect of variations in the aeration 
rate upon the yield of L-lysine in S. cerevisiae growing in a fermentation 
mash containing 10% (wt/vol) glucose and 0.0-1.2M NaC1. 

MATERIALS AND METHODS 

Fermentation Organism 
The fermentation organism was S. cerevisiae purchased at a local gro- 

cery in the form of Fleischmann's brand active dry yeast. 

Growth Medium 

The culture medium was the Synthetic Medium C of Maxon and 
Johnson (M.-J. medium) (5) supplemented with 0.0-1.2M NaC1. The glu- 
cose concentration was 10% wt/vol. 

Fermentation Setup 

Fermentation was initiated by inoculating an 800 mL volume of ster- 
ile M. J. medium with 2 g dry yeast. The fermentations were carried out 
in stirred and aerated fermentors, which were 1.0 L beakers (tall-type) 
fitted with a sterilizable elastomer headplate. The fermentor contents 
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were stirred by means of a magnetic stirring bar 1 in. in size and revolv- 
ing at 400 rpm. 

The headplate permitted the entry to the fermenting mash of acces- 
sories for the following controls: 

1. The airflow into the mash through the air inlet was intermit- 
tently adjusted to the desired aeration rate by means of an in- 
line rotameter. This was necessary since the volume of the 
growth medium decreased with each sampling. (Note: The 02 
was monitored by means of a Beckman Dissolved Oxygen (D. 
O.) Analyzer, Model 777. For all runs, the dissolved oxygen of 
the fermenting mash dropped from 5.0 to 7.0 ppm at the begin- 
ning of the fermentation to ca. 1.0 ppm within 20 min.) 
2. The pH of the fermentation was controlled at pH 5.0 by 
means of a pH probe connected to a Fisher Model 36 Automatic 
Titrimeter charged with a neutralizing solution of 10% NH4OH. 
3. The temperature of the fermentation was controlled at 32~ 
by immersion of the fermentor in a constant temperature water 
bath. 
4. The composition of the fermenting mash was partially 
controlled by the installation of an ice-cooled water condenser 
on the fermentor effluent air port. The condenser captured most 
of the moisture and ethanol in the evolved gas mixture and re- 
turned them to the fermentor. 

When necessary to maintain conditions of practical sterility, the pH 
and 02 probes and the thermometer were sanitized with absolute etha- 
nol. All other equipment and media were sterilized in a steam pressure 
sterilizer at 120-125~ for 15 min. 

Sampling Protocol 
At 0 h, as soon as the yeast cells were well mixed with the growth 

medium, i.e., when clumps of yeast cells were no longer seen floating on 
the surface of the growth medium, 5.0 mL samples of the inoculated 
growth medium were removed by means of a measuring pipet with a 
large orifice. The samples were handled as follows: 

1. Sample No. 1 was pipetted into a test tube capped with foil, 
and frozen for storage. Just prior to the lysine analysis, this 
sample was thawed and the sample test tube was held in a boil- 
ing water bath for 20 min, to extract the lysine in the amino acid 
pool of the yeast cells. After cooling, the sample was centri- 
fuged to remove cells and debris. The supernatant was used for 
the assay of total (extracellular plus intracellular) L-lysine. 
2. Sample No. 2 was centrifuged immediately. The supernatant 
liquid was transferred to a test tube capped with foil and frozen 
for storage. The pellet was discarded. The supernatant was 
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thawed prior to the lysine assay and used to determine the con- 
centration of extracellular L-lysine, i.e., lysine released into the 
growth medium by the yeast cells. 

At the same time the 5.0 mL samples were collected, a 1.0 mL sample of 
inoculated growth medium was taken for determination of yeast cell 
mass concentration. 

Sampling was repeated, in general, every hour for the first 4 h, then 
at 6, 8, 10, 12, and 24 h. 

Determination of Yeast Cell Mass Concentrations 

A standard curve for yeast cell mass, g/L vs absorbance (optical den- 
sity at 595 nm) was prepared by suspending weighed amounts of dried 
yeast in 25 mL volumes of water to give suspensions in the range 
0.0-10.0 g/L. The absorbance was measured in a Fisher Electro- 
photometer II spectrophotometer at 595 nm. Deionized water was used 
as the blank. 

The absorbance of the inoculated growth medium or an appropriate 
dilution of the fermenting mash was read on the spectrophotometer and 
was interpolated on the standard curve to determine dry yeast cell mass. 

Assay of L-Lysine Concentration 

A 2.0 or 3.0 mL volume of the total lysine or extracellular lysine 
sample was analyzed for L-lysine by the microbiological method de- 
scribed in the Difco Manual (1). The assay bacterium was Pediococcus 
acidilactici (formerly P. cerevisiae P-60) (NRRL B-1116). The endpoint was 
measured at 650 nm absorbance. The Difco method was modified by 
adding to the lysine assay medium used in the standard curve tubes the 
same concentration of NaC1 as contained in the fermentation mash being 
analyzed. It was also necessary to increase the incubation period beyond 
the standard time of 20 h to produce adequate growth of the organism in 
the presence of high NaC1. 

RESULTS 

At  1.4 W M  

The concentrations of intracellular and extracellular L-lysine pro- 
duced during the fermentation of glucose by S. cerevisiae at aeration rate 
1.4 VVM and varying levels of NaC1 are summarized in Figs. 1 and 2. At 
0.0M NaC1, the maximum intracellular lysine of 2.2 mg/g dry weight was 
produced at 12 h. Following the peak, the concentration of intracellular 
lysine slowly diminished, presumably via yeast metabolism. During the 
first few hours a small amount of extracellular lysine was observed. This 
was depleted by 8 h. 
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Fig. 1. Production of intraceltular i,-lysine by S. cerevisiae during fermen- 

tation of 10% glucose at 1.4 VVM and 0.0-1.2M NaCI. 

When the NaC1 content was increased to 0.3M, the concentrations of 
lysine synthesized were increased slightly over those given at 0.0M 
NaC1. The maximum intracellular lysine was 3.1 mg/g dry cell mass at 12 
h. Again, after the peak concentration, the level of intracellular lysine 
slowly dropped. During the early hours of fermentation there was a 
significant level of extracellular lysine that then slowly fell. 

When the NaC1 level was raised to 0.6M, the production of intracel- 
lular lysine was dramatically increased, with a maximum of 5.8 mg/g re- 
corded at 10 h. Very little extracellular lysine was released. 

An increase in the concentration of NaCI to 0.9M caused a sharp 
drop in the amount of intracellular lysine produced. The peak was only 
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Fig. 2. Production of extracellular L-lysine by S. cerevisiae during fermen- 
tation of 10% glucose at 1.4 VVM and 0.0-1.2M NaC1. 

2.1 mg/g at 12 h. On the other hand, the amount  of extracellular lysine 
observed was much larger than at lower NaCI levels. 

A further increase in NaC1 to 1.2M caused an interesting change in 
pattern. There was an unusually high level of intracellular lysine at 1 h. 
This was followed by a drop, then a rise to a secondary peak of 2.6 mg/g 
at 12 h, an incubation time that showed the highest lysine levels in the 
other NaC1 concentrations. The production of extracellular lysine 
significantly exceeded that at the other NaC1 levels and was still high at 
24 h. 

The growth of the yeast cells was inhibited as the concentration of 
NaC1 increased. In a 24-h period, the maximum dry yeast cell mass for a 
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0.0M NaC1 run was 12.2 g/L, compared to 4.6 g/L at 1.2M NaC1 (see Table 
2). Thus the high salt concentration retarded cell growth by nearly 3 
times over the no salt fermentation. 

It might appear that the higher yield of lysine per gram of yeast cells 
at 0.6M NaC1 is caused by the lowered cell reproduction caused by the 
high NaC1 content. This hypothesis is eliminated by the observation that 
at 10 hr the total lysine content for the 0.6M NaC1 is almost 40 mg/L fer- 
mentation mash, while the lysine content for the 0.0M NaC1 is just over 
20 mg/L (interpolated at 10 h). Thus, the lysine content for the 0.6M NaC1 
fermentation is nearly twice that of the no salt batch, despite having a 
smaller yeast cell mass. This caused an increase of nearly three times in 
the intracellular lysine in mg/g cells. 

At 1.0 Will  

When the aeration rate was reduced to 1.0 VVM (Fig. 3), intracellular 
lysine production was lowered, except for 0.9M NaC1 (see Tables 1 and 
2). The values for the two different 0.9M NaC1 runs were averaged to 
give the curve shown in Fig. 3. The maximum production of intracellular 
lysine occurred at 8-12 h in the presence of 0.6 and 0.9M NaC1 and at 24 h 
at 0.3M NaC1. At the latter concentration of salt, the lysine level was ap- 
parently still rising at 24 h. 

The extracellular lysine curves in Fig. 4 show the same general pat- 
tern as at 1.4 VVM, i.e., significant production of lysine in the early 
hours, followed by a slow reduction during the rest of the run. The 
highest level of extracellular lysine was given at 1.2M NaC1, as was the 
case at 1.4 VVM. AT 24 h the extracellular lysine at 1.2M NaC1 was higher 
than at the other NaC1 concentrations, as it was at 1.4 VVM. 

At 1.8 W M  

When the aeration rate was increased from 1.4 to 1.8 VVM, the maxi- 
mum intracellular lysine production (Fig. 5) for the various salt levels 
was again reduced from that at 1.4 VVM, except for 0.9M NaC1 (see Ta- 
bles 1 and 2). The highest lysine content at this aeration rate occurred at 
0.6M NaC1. 

The general pattern of extracellular lysine production at all NaC1 lev- 
els at 1.8 VVM was the same as for the other two aeration rates (Fig. 6). 
At 1.8 VVM the maximum production of extracellular lysine came at 
0.6M NaC1, since the extracellular lysine at 1.2M NaC1 was unable to be 
determined. This was caused by a darkening of the lysine samples as 
they were boiled (see Sampling protocol). This "browning" effect affected 
the photometric scan and made a quantitative determination impossible. 

Comparison of 1.0, 1.4, 1.8 VVM 

By comparing Figs. 1-6, several general conclusions can be made. 
For intracellular lysine, the peak is reached between 8 and 12 h, with the 
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Fig. 3. Production of intracellular L-lysine by S. cerevisiae during fermen- 
tation of 10% glucose at 1.0 VVM and 0.0-1.2M NaC1. 

maximum point at 0.6M NaC1 (with the exception of 1.0 VVM, where the 
maximum point is at 0.9M NaC1). The extracellular lysine starts out (rela- 
tively) high and steadily drops as the fermentation proceeds. Extracellu- 
lar lysine is a maximum for 1.2M NaC1 (except at 1.8 VVM, where the 
absence of data for 1.2M NaC1 for extracellular lysine makes it impossible 
to determine). Higher levels of NaC1 tend to inhibit the growth of the 
yeast cells during the fermentation at all aeration rates. Despite this lack 
of growth, the cells produce more intracellular lysine than without any 
salt. An overall summary of the data in Fig. 7 clearly shows that the maxi- 
mum point for intracellular lysine production in yeast cells occurs at 
0.6M NaC1 and 1.4 VVM air. 
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Fig. 4. Production of extracellular L-lysine by S. cerevisiae during fermen- 
tation of 10% glucose at 1.0 VVM and 0.0-1.2M NaC1. 

Lag Times in Growth 

Ross and Morris (7) and Norkranz (6) have s h o w n  that increasing 
the NaC1 content of the growth m e d i u m  proportionately lengthens  the 
lag period of the yeast growth curve in liquid culture. Wei et al. (9) re- 
ported similar inhibition in unaerated semisolid cultures without  pH 
control. It can be seen in Fig. 8 that the lag phase- lengthening  effect of 
salt was confirmed, but that the aeration rate markedly inf luenced the 
effect exerted by NaC1. 
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Fig. 5. Production of intracellular L-lysine by S. cerevisiae during fermen- 
tation of 10% glucose at 1.8 VVM and 0.0-1.2M NaC1. 

Determination of the length of the lag phase of the growth curve is 
carried out to help elucidate the behavior of yeast cells during fermenta- 
tion. The lag period might be defined as the time necesssary for cells to 
adapt to a changed environment. It is postulated that the lag phase 
would be shortened by favorable conditions, such as high aeration rates 
and low NaC1 concentrations. 

The calculation of lag time is demonstrated in Fig. 9. The straight 
line ab is drawn parallel to the x-axis at the initial cell concentration, i.e., 
the amount of dry yeast initially weighed and added to the growth me- 
dium, about 2.5 g/L yeast cell mass. A second straight line cd parallel to 
the x-axis is drawn through the lowest yeast cell concentration actually 
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observed during the first few hours of fermentation, in this case 2.3 g/L. 
The line cd is needed only when the lowest observed cell concentration 
differs significantly from the initial inoculum. The line ef represents the 
average of the two values, e.g., 2.4 g/L. 

Next, the line gh is drawn representing the early growth curve devel- 
oped by a linear least-squares fit of the growth data. The growth curve 
oscillates about the least-squares line. Finally, the line ij is drawn parallel 
to the least-squares line and tangent to the trough of the second oscilla- 
tion at about the 4-h point. This tangent is extended to intersect line ef at 
point k, which locates the lag time. 

Lag times shown by varying growth conditions are plotted in Fig. 8. 
Although the values in Fig. 8 are no more accurate than 25%, the paths of 
the curves confirm the supposition previously made that lag time is de- 
creased by lowering the NaC1 concentration and by increasing the aera- 
tion rate. 

Oscillations 

The related phenomena of biological rhythms and physiobiological 
oscillations have been of great interest in recent years. For example, 
Kraepelin (4) described the oscillations shown in populations of starving 
S. cerevisiae. The curve in Fig. 9 is representative of the oscillations in 
yeast cell mass concentration observed in most of the fermentations in 
the present study. In general, the period of the oscillations lengthened as 
the fermentation proceeded, while the amplitude decreased during the 
first few hours and increased later. 

TABLE 1 
The Effect of Aeration Rate on the Highest 

Concentration of Intracellular Lysine, mg/g Dry 
Yeast Cell Mass, at 8-12 h Fermentation Time 

and at Various Concentrations of NaCI" 

Aeration rate, VVM 

NaC1, M 1.0 1.4 1.8 

0.0 1.5 ~' 2.2 2.1 
0.3 1.4' 3.1 2.0 
0.6 3.7 5.8 4.8 
0.9 3.7 2.1 2.6 

4.8" 
1.2 2.3 2.@ 0.8 

"In most runs the maximum production was re- 
corded during this incubation time. 

~Milligrams of intracellular lysine/g dry yeast cells. 
'Actually the maximum was 3.8 mg/g at 24 h. 
'~fwo runs were made. 
"Actually the maximum was 3.2 mg/g at 1 h. 
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Fig. 6. Production of extracellular L-lysine by S. cerevisiae during fermen- 
tation of 10% glucose at 1.8 VVM and 0.0-0.9M NaC1. 

DISCUSSION 

The results of the search for the local opt imum in the lysine per cell 
response surface as a function of NaC1 concentration and aeration rate 
are summarized in Fig. 7. With an approximate variance in the data for 
lysine/cell mass of + / -  1.0 mg/g, it appears that the optimum is at 0.6M 
NaC1 (roughly the concentration of NaC1 in sea water). The opt imum aer- 
ation rate then lies in the range 1.4-1.8 VVM. 

Eroshin et al. (2) used a simple quadratic expansion with two inde- 
pendent  variables to describe the yield coefficient of Baker's yeast under 
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the influence of temperature and pH. Following this procedure, a quad- 
ratic relationship for the maximum specific lysine content as a function of 
salt concentration and aeration rate was determined. 

The basic form of the regression equation used was: 

y = ao + a l x l  + a2x2 q- aBXlX2 -4- a4 x2  + a5 X2 (1) 

where y = maximum specific lysine yield in rag/g, Xl = aeration rate in 
VVM, and x2 = concentration of NaC1 in mol/L. 
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A regression fit using the packaged program MINITAB on the 
DEC-10 digital computer  gave the model: 

y = -3 .74 + 8.32xl + 9.47x2 + 1.66xlx2 - 2.93Xl 2 - 5.82x22 (2) 

over the range: 

1.0 < xl -< 1.8 VVM 

0.0 < x2 -< 1.2M NaC1 

The standard deviation of y about the regression line was 1.06 mg 
lysine/g yeast cells. An analysis of the T-ratios of the coefficients 
confirmed that the salt concentration had a greater impact than the aera- 
tion rate in yield. 

In an effort to simplify Eq. (1), forms with fewer coefficients were 
also fitted to the data. The equation with the highest degree of 
confidence was: 

y = 1.85 + 9.19x2 - 1.50xlx2 - 5.82x 2 (3) 

This model  gave the smallest standard deviation of any form tried, 0.995 
mg lysine/g yeast cells. In addition, of all curve fits, the T-ratios for the 
coefficients in Eq. (3) gave the highest confidence levels. 

Using Eq. (3) in the noted range of the variables, the relative impor- 
tance of the two variables was indicated. The "salt terms" all had much 
more influence than the aeration terms. 

When the cross product term, xlx2, of Eq. (3) was omitted, the equa- 
tion did not change significantly: 

y = 1.82 + 7.30x2 - 5.95x22 (4) 

The standard deviation of y about the regression line was 1.04 mg 
lysine/g yeast cells. 

Further analysis shows that Eq. (4) gives a parabolic curve with the 
maximum inflection point at 0.61M NaC1, which was essentially the max- 
imum found experimentally (see Table 1). 

Although no aeration term is explicitly present in Eq. (4), the aera- 
tion rate is embedded  in the constant, 1.82. A min imum aeration rate is 
required, otherwise there is a negligible response in lysine production, as 
shown by Jensen and Shu (3). 

By taking the partial derivative of y with respect to x2 [in Eq. (3)], 
while holding xl constant, a similar analysis can be performed, showing 
that for the aeration rates of 1.0, 1.4, and 1.8 VVM, the maximum peaks 
of lysine production occur at 0.66, 0.61, and 0.57M NaC1. These results 
indicated the nature of the polynomial fit in order to describe the experi- 
mental  data. 

To measure the relative importance of the polynomial coefficients, a 
closer look at the T-ratios was taken. For Eq. (2), only the two "salt 
terms" showed high T-ratios--about 3.0. The other four terms had 
T-ratios under  1.0. In Eq. (3), the air-salt cross product term had a T-ratio 
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of 1.50 while the T-ratios of the other terms were about 3.5. For Eq. (4), 
the removal of the cross product term produced T-ratios for all terms of 
about 3.33. The high values for the T-ratios for every term in Eq. (4) indi- 
cate that each of the three terms is important. 

In summary, in the range of interest, the effect of NaC1 upon the 
maximum specific lysine yield of Baker's yeast was of much greater mag- 
nitude than that of the aeration rate in batch fermentation. Results for 
two independent variables and a six constant equation are essentially 
equivalent to results given by the truncated three constant equation 
using one independent variable. The latter only served to indicate more 
strongly the effect of salt concentration over aeration rate. It should be 
emphasized, however, that some air is needed for the lysine effect to be 
observed. For a moderate range of aeration rates, the point of maximum 
specific lysine production occurred at about 0.6M NaC1, the approximate 
concentration of seawater. 
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