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The fermentation of Streptomyces griseus for the pro- 
duction of cycloheximide is similar to other antibiotic 
fermentations in that product synthesis is subject to 
feedback regulation and the desired product is degraded 
in the fermentation broth. The productivity of this fer- 
mentation can thus be dramatically increased by remov- 
ing the antibiotic from the whole broth as it is produced. 
One means for effecting this on-line product removal is 
to contact the whole fermentation broth with neutral 
polymeric resin immobilized in hydrogel beads. The anti- 
biotic adsorbs to the immobilized resin via hydrophobic 
interactions. In this work, the adsorption of the anti- 
biotic onto the immobilized resin was characterized. A 
biochemical model of the fermentation was then used 
to describe the time profiles of biomass, substrate, and 
antibiotic in a fermentation system in which whole 
broth is circulated from the fermentor through a continu- 
ously stirred extractor containing the adsorbent beads. 
Various operating conditions were examined to opti- 
mize the productivity of the fermentation. 

INTRODUCTION 

The fermentation of Streptomyces griseus for the pro- 
duction of cycloheximide is typical of many antibiotic fer- 
mentations. Significant cell growth occurs only in the early 
part of the fermentation, and product synthesis commences 
only after growth stops. In addition, the desired product is 
subject to degradation in the fermentation broth, and its 
synthesis is feedback regulated. ' Product synthesis halts 
after glucose is exhausted in the medium. In previous work 
with this system,2x3 it has been shown that addition of neu- 
tral polymeric resin, to which the antibiotic adsorbs via hy- 
drophobic interaction, greatly enhances both the rate of 
production and the overall amount produced. A fermentor- 
extractor system was designed by Payne4 in which the 
whole broth is circulated from the fermentor through an 
extractor vessel where it is contacted with immobilized 
resin and has been shown to be an efficient means of re- 
moving the antibiotic from the fermentation broth as it is 
produced. Computer modeling of the batch fermentation 
has suggested that feedback repression may be the mecha- 
nism for feedback regulation in this ~ y s t e r n . ~  
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In this work, the biochemical model for the production 
of cycloheximide was combined with a mathematical model 
of the extraction process. This complete model of the fer- 
mentation system was then used as a tool to evaluate the 
effects of various operating conditions and to look for ways 
of maximizing the production of cycloheximide. 

THEORY 

Biochemical Model 

The feedback repression model for the cycloheximide 
fermentation is discussed in detail elsewhere' and thus will 
only be summarized here. In this model, the state variables 
include the concentrations of biomass, carbon substrate 
(glucose), cycloheximide, and an intracellular, rate limiting 
enzyme that controls the synthesis rate of cycloheximide. 

Because the cell growth characteristics of this system 
are poorly characterized and difficult to determine, a simple 
logistic growth model,6 given by 

was used to describe cell growth. 
The desired product, cycloheximide, was taken to be 

subject to both synthesis and degradation while in the fer- 
mentation broth. Following an initial time lag due to an 
observed delay in the onset of antibiotic synthesis, the rate 
of product synthesis is proportional to the concentration of 
rate-limiting enzyme inside the cells: 

R, = QwEX ( 2 )  

The degradation of cycloheximide has been shown4 to fol- 
low first-order kinetics with respect to the antibiotic con- 
centration; thus, 

R D P  = k,,P (3) 

The rate-limiting enzyme was also taken to be subject to 
synthesis and degradation. However, its rate of synthesis is 
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affected by the presence of cycloheximide via feedback re- 
pression of the gene coding for the protein: 

QEO RE = 
1 + P / K ,  ( 4 )  

Proteolysis of the rate-limiting enzyme was taken as a 
first-order process: 

RD, = kDEE ( 5 )  

Finally, the utilization of glucose was taken to be due to 
cell growth, cycloheximide synthesis, and cell maintenance: 

Adsorption Model 

The adsorber for this system consists of a well-stirred 
vessel containing neutral polymeric resin immobilized in 
hydrogel beads. The fermentation broth is circulated from 
the main fermentor vessel to the adsorber. In the adsorber 
model, the product removal rate was found by simulating 
the adsorption of cycloheximide in a single hydrogel bead. 

A schematic diagram of the immobilized adsorbent bead 
is shown in Figure 1. In considering the hydrogel bead, it 
was assumed that the resin particles were infinitely crushed 
and uniformly distributed throughout the bead. The pro- 
cesses occurring within the bead include (1) mass transfer 
of cycloheximide from the bulk extractor liquid across a 
boundary layer, (2) diffusion through the hydrogel matrix, 
and (3) adsorption onto the resin particles. It was assumed 
that the kinetics of adsorption are rapid compared with the 
diffusion rate, so that the resin could be assumed to be at 
equilibrium with the local concentration in the bead. The 
adsorption of cycloheximide onto crushed resin was found 
to follow a Freundlich-type isotherm': 

P, = k , P p  (7) 

The nonlinear, partial differential equation describing the 
diffusion and adsorption of the product into the bead is thus 

across the bead-liquid interface, and (3) completely un- 
loaded beads at time t = 0: 

(9) 

t = 0: P, = 0 

The solution to this equation was approximated for a dis- 
crete time interval using a fully implicit finite-difference 
algorithm and an average surface flux calculated from the 
change in the net cycloheximide loading in the bead. From 
a knowledge of the total volume of beads in the extractor, 
Vb, and the average bead size v,, , the volumetric rate of 
product removal from the extractor could be calculated: 

A / 47rr2(&Pr + C,k, P f ' ) d r  ,, 
' 0  

(10) 
J O  " b .  tot 

At b'b va 
RADS = 

Combination of Models for Fermentor and 
Adsorber 

A schematic diagram of the fermentor-adsorber system 
is shown in Figure 2. Both vessels are well stirred, and 
whole fermentation broth is circulated from the fermentor 
to the extractor where it is contacted with the immobilized 
resin beads. In the experimental system the fermentor holds 
roughly 10 L working volume and it agitated using a flat- 
blade turbine. The adsorber contained 2 L working volume 
and was stirred with a marine propellor to avoid shear dam- 
age to the immobilized adsorbent beads. The nonlinear, 
differential mass balance equations describing the system 
are given in Table I. Each of the rates was calculated using 
the fermentation state at a particular time, and the solution 
to the system was approximated using a fourth-order Ham- 
mings variable-step-size predictor-corrector algorithm.' 

MODEL VERIFICATION 

The estimation of parameters for the feedback repression 
model has been previously d i ~ c u s s e d . ~  This model must 
account for three distinct fermentation cases: (1) the nor- 
mal batch fermentation with no product removal, (2) the 
case where enough glucose is present for complete feed- 
back regulation to occur (no product removal), and (3) the 
fermentation where enough resin is added to the batch fer- 
mentation to essentially completely remove the antibiotic 
from the broth. Data for each of these three cases are shown 

The boundary and initial conditions were as follows: (1) no 
flux across the center of the bead; (2) continuity of flux 

in Figure 3. In the normal batch case,' cells were culti- 
vated in a 3-L fermentor and samples withdrawn at the in- 
dicated times. The maximum cycloheximide concentration 
corresponds to the exhaustion of glucose in the medium. In 
the supplemental glucose case,4 excess glucose was ini- 
tially present in a shake flask fermentation (50 mL in a 
250-mL flask; loo g l L  glucose). Cycloheximide 
thus accumulate to its maximum feedback regulated level. 

Figure 1. Schematic diagram of immobilized adsorbent bead Adsor- 
bent IS Rohm and Haas XAD-4 neutral polymeric resin. Adsorbent as- 
sumed to be infinitely crushed and uniformly distnbuted throughout bead 
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Adsorber, V, Fermentor, Vf 

Figure 2. Schematic diagram of fermentor-adsorber system. Whole 
broth is circulated from fermentor through adsorber, where it is contacted 
with immobilized adsorbent beads. 

For the fermentation with product removal,' the cells were 
grown in the 3-L fermentor in the presence of 3.3% XAD-4 
neutral resin, which allowed essentially no cycloheximide 
to accumulate in the broth. It is easily seen that the total 
production is substantially higher than in either of the two 
previous cases. The curves in Figure 3 are the simulated 
cycloheximide concentration profiles for each of the three 
fermentations obtained using the feedback repression model. 

In characterizing the adsorption kinetics, the first task 
was to define the physical characteristics of the adsorbent 
bead. The beads were prepared by first soaking 20 g crushed 
resin (Rohm and Haas, XAD-4, D, < 0.15 mm) in 95% 

Table I. Differential equations describing fermentor-adsorber system. 

ethanol overnight. The resin was then thoroughly washed 
in distilled water and mixed with alginate solution to give 
a slurry containing 12.5% (w/v) resin and 0.5% (w/v) al- 
ginate. The slurry was added dropwise to a gently stirred 
2% CaC1, solution and allowed to harden 8-10 h. The vol- 
ume of the beads was found by measuring the amount of 
water displaced by a given number of beads (vb = 0.0395 ? 

0.003 mL/bead at the 95% confidence level), and the 
porosity was found by weighing the amount of water lost 
upon drying ( E  = 0.84 & 0.035). 

The adsorption isotherm was measured at 25°C by mea- 
suring the amount of cycloheximide adsorbed from 50 mL 
solution with varying starting concentrations. Cycloheximide 
was measured using the photometric assay of Takeshita 
et al." The curve of resin loading vs. supernatant concen- 
tration, shown in Figure 4, conformed closely to a Fre- 
undlich isotherm: 

P, = k,Pa' (7) 

0 50 100 150 200 250 300 350 
Time (hr) 

Figure 3. Experimental cycloheximide profiles for typical batch fer- 
mentations vs. simulated profiles using model with feedback repression. 
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Figure 4. 
resin at 25°C. 

Adsorption isotherm for cycloheximide on crushed XAD-4 

Linear regression of the log-log plot of P, vs. Pa gave ad- 
sorption parameters k ,  = 206 mg/g resin and k,  = 0.182. 

In order to estimate the mass transfer coefficient k, , the 
initial rate of product removal was observed in batch ad- 
sorption experiments in the adsorber vessel. Using the data 
shown in Figure 5 from two different kinetic adsorption 
studies and assuming the initial interfacial cycloheximide 
concentration P, to be zero, the mass transfer equation 

was solved for k , .  This procedure yielded an average 
value of k, = 4.67 +- 0.16 X cm/s in water at 25°C 
with an agitation rate in the adsorber of roughly 120 rpm. 

An effective diffusion coefficient in the hydrogel was fit 
using the preceding calculated parameter values and data 
from a batch adsorption experiment. Figure 6 shows the 
experimental and simulated concentration profiles using a 
diffusion coefficient D,, = 7.0 X cm2/s. This value 
compares well with the diffusion coefficient for cyclohex- 
imide found in studies of immobilized, uncrushed resin' 
and for other molecules of similar size." 

Finally, Figure 7 shows the results of a batch adsorption 
run using the fermentor-extractor system and a cyclohex- 
imide-water solution. The fermentor was initially loaded 
with 10 L cycloheximide solution (1 .O g/L), while the ad- 
sorber contained 0.33 L beads in 1.67 L distilled water. At 
time t = 0 the circulating pump was turned on, and the cy- 
cloheximide concentration in both vessels was measured as 
a function of time. It can be seen that the computer model 
does a good job of predicting the concentration profiles in 
both the fermentor and the adsorber vessels. 

SIM U LATlO N RESULTS 

In the next portion of this work, various operating con- 
ditions were evaluated using the complete model in order 
to determine the best way to run the fermentor-adsorber 
system. Here, the adsorber working volume was taken as 

1-0. 

Legend 
Tot. B e o d V d  = 0.11 

0 Vb = 0.05 I 
0 

_----- 
0.80 

0 2 4 6 8 
Time (min) 

Figure 5. 
from adsorber bulk to bead interface. 

Initial rate experiments used to find mass transfer coefficient 

1 4  

r o 0.5- 

0.4 I I I I 

0 20 40 60 80 1 

Time (min) 
D 

Figure 6. Batch adsorption time profile used to find effective diffusion 
coefficient of cycloheximide in immobilized adsorbent bead. Effective 
diffusion coefficient of 7.0 X cm'/s gave best fit with experimen- 
tal data 

0 30 60 90 120 150 180 210 XO 270 3 
Time (mm) 

0 

Figure 7. 
simulated profiles for fermentor and adsorber vessels. 

Adsorption experiment in fermentor-adsorber system vs. 
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one-tenth the fermentor working volume, corresponding to 
the relative sizes of industrially used fermentor and inocu- 
lum vessels. Kinetic parameter values found in the preced- 
ing and in ref. 5 were used, and the batch mode of operation 
was examined exclusively. The objective function used to 
evaluate the system performance was the fermentor pro- 
ductivity, defined as 

where PI,, is the total antibiotic produced per fermentor 
volume and tflnal is the time required to reach the maximum 
total antibiotic production. 

The first operating parameter to be evaluated was the re- 
cycle flow rate. It might be expected that the productivity 
of the fermentation should depend strongly on the recycle 
flow rate as low flow rates and should approach a maximum 
when the mean residence time in the adsorber (V, /F, )  is 
significantly longer than the time required to adsorb the 
product from the broth. From Figure 8, it can be seen that 
this is indeed the case and that relatively low recycle rates 
(F, > 0.2 fermentor volumes/h, V,/F,  > 0.5) give com- 
pletely adequate product removal. 

The dependence of productivity on adsorption capacity 
was next examined. Again, it would be expected that the 
productivity should approach an asymptotic value when 
enough adsorbent is present so that there is essentially no 
cycloheximide in the broth. This was the situation used to 
gather the data for the “extracted” fermentation in Fig- 
ure 3, where the productivity was roughly 13 mg/L h.  
However, it should be pointed out here that there are some 
limitations to the amount of adsorbent resin that can be 
loaded into the bead and on how many beads can be placed 
in the extractor. Figure 9 shows the results for a simulation 
using beads that are 19% by weight resin. At this resin 
content, the immobilized beads have good mechanical 
strength; with higher resin content, they tend to disinte- 

0 0.2 0.4 0.6 0.8 1 

Recycle flow (Fern Vd/hr) 
Figure 8. 
tween fermentor and adsorber. 

Dependence of fermentation productivity on recycle flow be- 

grate due to shear forces in the adsorber. In addition, the 
total amount of beads in the adsorber is limited to less than 
30% of the total adsorber volume due to mixing consider- 
ations. Thus, it is clearly seen from Figure 9 that the pro- 
ductivity is a strong function of the adsorbent capacity for 
the simulated fermentor-adsorber configuration. 

Figures 10a and 10b show simulated time profiles of 
total cycloheximide production and the concentration of the 
rate-limiting enzyme in the fermentor for the normal batch 
fermentation and the fermentation with continuous product 
extraction. It is interesting to note that while the actual 
antibiotic concentration is low early in the production 
phase of the fermentation, the synthetic enzyme concen- 
tration is a substantial portion of its final value and goes 
through a maximum value. This type of behavior is experi- 
mentally observed in other antibiotic producing systems, 
for example, in the production of mycophenolic acid,I3 
puromycin, l4 and tetracycline. 

The early appearance of the enzyme implies that product 
extraction is most important early in the fermentation. The 
effect of delaying extraction varying times after the initia- 
tion of antibiotic synthesis is shown in Figure l la .  It can 
be easily seen that the later the extraction process is begun, 
the lower the productivity of the fermentation. In contrast, 
Figure l l b  shows the effect of running the extractor for 
varying lengths of time, starting at the initiation of antibiotic 
synthesis. Again, it can be seen that the most important 
time for product extraction is early in the fermentation. 
The increase in fermentation productivity occurs in the 
first 70-80 h product extraction; there is little additional 
productivity to be gained after that. 

CONCLUSIONS 

In this work, the product adsorption process has been 
characterized for cycloheximide in an immobilized adsor- 
bent bead. The biochemical model of the synthetic process 
was combined with the adsorption model to give a complete 

I 

Totd Vdume Beads (Z Ext. Vd.) 

Figure 9. Dependence of productivity on amount of adsorbent in adsorber. 
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Figure 10. (a) Simulated total cycloheximide production profiles for nor- 
mal batch fermentation and fermentation in fermentor-adsorber system. 
(b) Simulated concentration profiles for intracellular rate-limiting enzyme. 

model of the fermentation process with on-line product re- 
moval. The complete model of the fermentor-adsorber 
system was then used to evaluate various methods of opera- 
tion for the system. It was shown that a relatively low re- 
cycle flow rate is completely adequate for product removal 
and that within the limits of the adsorber vessel productiv- 
ity of the fermentation is a strong function of the amount 
of adsorbent present. Finally, it was suggested that for a 
feedback repressed system the early part of the fermenta- 
tion is most crucial for product removal. Product synthesis 
is limited by the intracellular enzyme concentration, and 
these enzymes are produced early in production phase. 

NOMENCLATURE 

State variables 
X biomass concentration (g DCW/L) 
S glucose concentration (g/L) 
P cycloheximide concentration (g CH/L) 
E 
V liquid volume (L) 

intracellular enzyme concentration (g protein/g DCW) 

10 3 1 9.5 
2 9  
W 

t 
8.5 

8 

v 7.5 

.- > 3 
€! 
0 - 7  
3 
‘E .- 6.5 
3 6  

Q 5.5 
6 5  

L 

Starting Time (hr) 
(a) 

V - 

- 

- 

I I I I I 
0 25 50 75 100 125 1 
I 
I I I I I I 
0 25 50 75 100 125 1 

Time of Extraction (hr) 
(b) 

Figure 11. (a) Effect of delaying extraction on fermentation productiv- 
ity. (b) Effect of duration of extraction following onset of antibiotic 
synthesis. 

Rates 

R, cell growth (g DCW/L h) 
R, substrate utilization (g glucose/L h) 
R, antibiotic synthesis (g CH/L h) 
RDp product degradation (g CH/L h) 
RE intracellular enzyme (g protein/g DCW h) 
RDE enzyme degradation rate (g protein/& DCW h) 
R,,, product removal by adsorption (g CH/L h) 

Parameters 

pmar 
X,, 
Qm 
kDp 
QEO 

K ,  
kD, 
Y,,, 
Y,,, 
m 
C, 
k ,  

maximum specific growth rate (h-I) 
maximum attainable biomass concentration (g DCW/L) 
specific productivity of intracellular enzyme (g CH/g protein h) 
degradation rate constant for cycloheximide (h-I) 
maximum rate of intracellular enzyme synthesis (g protein/g 
DCW h) 
feedback repression constant (g CH/L) 
degradation rate constant for intracellular enzyme (h- I) 
yield of biomass on glucose (g DCW/g glucose) 
yield of cycloheximide on glucose (g CH/g glucose) 
basal metabolic substrate utilization (g glucose/g DCW h) 
resin content of hydrogel bead (g resin/mL bead) 
“capacity” of XAD-4 resin for cycloheximide (mg CH/g 
resin)/(g CH/L)’* 
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kz 
D,, 
E 

k, 

FR recycle flow rate (L/h) 
Fo 
So 

Subscripts: 
f fermentor 
a adsorber 
r adsorbent bead 
i liquid bead interface 

intensity of adsorption onto XAD-4 resin (dimensionless) 
effective diffusion coefficient in hydrogel (cm2/s) 
porosity of immobilized adsorbent beads (fraction voids) 
mass transfer coefficient between adsorber bulk and bead inter- 
face (cm/s) 

feed rate for substrate addition (L/h) 
concentration of substrate in feed (g glucose/L) 
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