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The effect of increased (100, 200 and 300 gl-‘) initial sorbitol concentrations (S,) was investi- 
gated in the sorbitol to sorbose bioconversion process. Batch cultivations with a S, of 100,200 and 
300 gt’ were completed at 10, 14 and 24 h with a corresponding overall sorbose productivity of 
10.1,14.3 and 12.4 gt’ h-l respectively. The decrease in sorbose productivity at So=300 gt’ was at- 
tributed to the inhibition by sorbitol of culture growth and product formation. In order to elimi- 
nate substrate inhibition, two identical fed-batch cultivations were performed in which a highly 
concentrated (500 gt’) sorbitol solution was added at a constant feed rate (0.2 I h-‘) in the expo- 
nential phase of growth. The Fed-batch culture initiated with So=225 gt’ exhibited an enhanced 
accumulation of sorbose (336.2 gt’) but with a processing time of 24 h, and a productivity of 
14.0 gt’ h-‘. While, the fed-batch culture initiated with S,,= 100 gt’ accumulated 279.7 gt’ of sor- 
bose with an increase in productivity of 17.6 gt’ h-’ in 16 h. 
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L-Sorbose biosynthesis is an intermediate process in the 
manufacture of vitamin C (L-ascorbic acid) by Reichstein 
synthesis (1, 2). It involves the microbial oxidation of D- 
sorbitol to L-sorbose by Gluconobacter oxydans and is the 
only biochemical step in the entire vitamin C manufacturing 
process. Chemical oxidation of D-sorbitol produces both the 
‘D’ and ‘L’ isomers of sorbose. Microbial oxidation yields 
only the ‘L’ isomer which is used in the production of vita- 
min C. As microbial oxidation is a slow process with low 
sorbose yields compared to chemical oxidation, any im- 
provement will eventually result in an increase in the over- 
all efficiency of vitamin C synthesis (2). 

Norbose fermentation is severely inhibited by D-sorbi- 
to1 (3-6). The rate of oxidation declines markedly when 
higher initial concentrations (>200 gr’) of sorbitol are used 
for batch cultivation (3). Since the initial concentration of 
sorbitol is restricted in batch cultivation due to its inhibition, 
it is impossible to obtain a higher concentration of sorbose. 
A high concentration of L-sorbose in the product stream 
would make the recovery of sorbose easy and the overall 
process economically attractive. 

In order to obtain a high concentration of L-sorbose, it is 
necessary to achieve a faster oxidation of D-sorbitol which 
also results in high productivity of sorbose. This is possible 
only if large quantities of sorbitol are processed, keeping its 
concentration below inhibitory levels. Fed-batch processing 
wherein sorbitol at higher concentrations along with other 
nutrients is slowly added at a later stage of cultivation, 
maintains the sorbitol concentration well below inhibitory 
levels (4). As the negative effect of the higher initial sorbitol 
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concentration (substrate) is reduced, faster growth can be 
expected. Further a high biomass concentration in the biore- 
actor could convert more sorbitol to sorbose and improve 
the productivity. High-density cultivation in fed-batch sys- 
tems has been reported for substrate-inhibited kinetics for 
good growth and productivity (7, 8). A maximum specific 
growth rate can be maintained during cultivation, since the 
substrate concentration in the medium can be kept at a suit- 
able level by controlling the inlet substrate concentration, 
feed rate and feeding time in a fed-batch culture. 

A high sorbose concentration is also known to reduce the 
rate of sorbitol oxidation. It has been reported that the proc- 
ess is autocatalytic in nature, i.e., the rate of oxidation is 
accelerated by an increase in the sorbose concentration in 
the medium (7, 9, lo), however, the growth is appreciably 
inhibited when the sorbose concentration is more than 628 
gP (7). The inhibitory effect of sorbose can be reduced by 
continuously removing the product from the medium as in a 
continuous cultivation but problems like culture instability, 
culture washout and contamination are often encountered. 
Since the sorbitol to sorbose bioconversion is not a severely 
product inhibited system, fed batch process which can be 
easily adopted to existing industrial conditions are better 
option to eliminate substrate inhibition and improve produc- 
tivity. 

The present study is aimed at establishing the relative 
magnitude of substrate inhibition and optimizing a fed-batch 
process for sorbose biosynthesis in order to improve yield 
and volumetric productivity. 
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MATERIALS AND METHODS 

Chemicals A 70% (w/w) D-sorbitol solution was supplied 
by M/s Anil starch products, Ahmedabad, India. The yeast extract 
powder, ammonium dihydrogen phosphate and magnesium sulfate 
were obtained from M/s Qualigens tine chemicals, Mumbai, India. 
All chemicals were of Analytical Reagent (AR) grade. 

Microorganism Strain NRRL B-72 of Gluconbacter oxy- 
dans was used in this study. 

Culture media 
Standard liquid medium The composition (in gt’) of the 

standard liquid medium used was as follows: D-sorbitol, 5.0; yeast 
extract powder, 5.0; ammonium dihydrogen phosphate, 3.0; mag- 
nesium sulfate, 1 .O; the pH of the medium was adjusted to 6.0 by 
the addition of 3N aq. NaOH/HCI. 

Culture maintenance media The culture was maintained on 
agar slants prepared by adding 2% (w/v) agar to the standard liquid 
medium. A 48-h growth at 30°C was preserved at 4°C. 

Inoculum development A loop of microorganism from the 
slant was transferred to 10 ml of liquid medium in test tubes. The 
test-tubes were incubated at 30°C for 72 h. The growth was char- 
acterized by the appearance of a thick pellicle on the surface and 
uniform turbidity. The sample was then transferred into I .0-Z ca- 
pacity flasks containing 100 ml of liquid medium. The flasks were 
incubated in a rotary shaker (Adolf Kuhner, Germany) at 30°C and 
250 rpm. Subsequent transfer into the bioreactor was done when 
the biomass concentration in the flasks was about 2.5 to 3.0 gk’. 

Batch cultivation Batch cultivation was carried out in a 7.0- 
1 capacity bioreactor (Bioengineering AC, Switzerland) equipped 
with 2 sets of flat blade-turbine impellers under the following 
conditions: working volume, 4.5 1; aeration rate, 2.2 vvm; agitation 
speed, 700 rpm; temperature, 30°C. pH was adjusted to 6.0 by the 
automatic addition of 3N aq. NaOH/HCl. The cultivation medium 
was the standard liquid medium described above except that the 
initial sorbitol concentration was either 100, 200 or 300 gt’. The 
amount of inoculum used was 10% (v/v). 

Fed-batch cultivation Fed-batch cultivation was initiated as 
batch cultures with a working volume of 2.5 1. lnitial sorbitol con- 
centrations were 100 and 225 gt’. For fed-batch cultivation, a me- 
dium containing 500 gt’ sorbitol was fed at a constant feed-rate of 
0.2 I h-’ (at appropriate times during the fermentation) till the total 
volume reached 4.5 I (full working capacity of the fermentor). The 
concentrations of other nutrients were also increased proportion- 
ately in the feed, so as to be non-limiting. The fermentation was 
continued as a batch after the addition of sorbitol to consume the 
residual sorbitol till completion as indicated by the abrupt increase 
in dissolved oxygen in the reactor. The dissolved oxygen concen- 
tration was measured with a dissolved oxygen probe (Ingold, 
Lemexa, KS, USA). 

Analytical techniques 
Biomass estimation The optical density (OD) of a suitably 

diluted sample was measured at 600 nm in a UVIKON 930 spec- 
trophotometer (Kontron Instruments, Zurich, Switzerland). Bio- 
mass was estimated from an OD vs. concentration (gt’) correlation 
which was determined a priori as follows. 

The biomass concentration of a known volume of the sample 
was determined gravimetrically after measuring the OD at 600 nm. 
A standard curve was plotted using the OD of the samples and 
their respective biomass concentrations to arrive at the following 
correlation. 

Biomass (gt’)=0.73 xOD, 

Sorbitol and sorbose concentrations Sorbitol and sorbose 
concentrations were estimated by HPLC (Waters Associates, Mil- 
ford, MA, USA) using a Supelcosil LC-NH, column (25 x4.6 mm 
i.d.; Supelco, Bellefonte, PA, USA) equipped with RI detector and 

using acetonitrile-water (75 : 25) as eluent with a flow rate of 1 
ml min’ at ambient temperature. 

Productivity calculations in fed-batch fermentation 
Calculation of the dynamic sorbose productivity The pro- 

ductivity of the two fed-batch fermentations was calculated based 
on the mass balance around the bioreactor as follows: 

!L!G= _ 
& R, DQ 

where R, is the actual rate at which component Q (X and P) is 
formed, D (=feed rate/reactor volume) is the dilution rate (h-l) and 
‘e’ is the concentration of component (in gl-‘). The actual fed- 
batch productivity ‘R,’ was calculated from the above formula for 
the fed-batch fermentation and plotted in Figs. 2 (for fed-batch cul- 
ture started with S,= 100 gl-‘) and 3 (for fed-batch culture started 
with S,=225 gt’). 

Calculation of overall sorbose productivity The overall sor- 
bose productivity was calculated as follows: 

Sorbose produced (gb’) 

Total Fermentation time (h) 

after the completion of fermentation. 

RESULTS AND DISCUSSION 

The batch kinetics of the biosynthesis of sorbose by Glu- 

conobacter oxyduns for initial sorbitol concentrations (S,) 
of 100, 200 and 300 gl-’ are shown in Fig. 1. The batch cul- 
tivation with S,= 100 gl-’ demonstrated 98.6% conversion 
with an overall sorbose productivity of 10.10 gl-’ h-’ in 10 h. 
An overall sorbose productivity of 14.3 gt’ h-’ was obtained 
in 14 h with 98.7% conversion when S,=200 gt’ was used. 
Whereas, the productivity decreased to 12.4 gl-’ h-’ at S,= 
300 gP. It was observed that 99.3% of the sorbitol fed into 
the bioreactor could be converted to sorbose, however the 
processing time increased to 24 h in the case of S,=300 gt’, 
indicating a severe inhibition by sorbitol (substrate) of mi- 
crobial growth. 

The effect of increasing the initial sorbitol (substrate) 
concentration and sorbose (product) concentration on the 
culture-specific growth rate (,Q had also been studied by 
Giridhar and Srivastava (11). It was observed that the cul- 
tures exhibited a high specific growth rate (0.2 h-l) only at 
low sorbitol concentrations (up to 150 gt’). When the sorbi- 
to1 concentration in the fermentation broth was greater than 
150 gl-‘, it led to a decrease in p values indicating substrate 
(sorbitol) inhibition. By extrapolation (and also by indepen- 
dent experiments) it was concluded that the culture growth 
was totally inhibited (p=O) when the maximum initial sorb- 
itol concentration (S,) was 5 10 gt’. A decrease in the p val- 
ues was also observed upon a gradual increase in the prod- 
uct (sorbose) concentration in the fermentation broth. How- 
ever, the decrease was not as significant as that of sorbitol. 
For example, by increasing the sorbose concentration to 400 
gl-‘, the specific growth rate decreased to 0.1 h-’ only. The 
specific growth rate almost remained constant with any fur- 
ther increase in the sorbose concentration thereafter. This 
established a less inhibitory effect of the product (sorbose) 
on ,u. By extrapolation, the maximum sorbose concentration 
for total growth inhibition (p=O) was found to be 700 gt’. 

Mori et al. (7) also indicated that up to 628 gP of sorbose 
can be accumulated without appreciable inhibition of sor- 
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FIG. 1. Kinetics of L-sorbose biosynthesis by G oxydan.s in batch 
cultivation. Symbols: open circles, S,= 100 gl~‘; filled circles, S,=200 
gl ‘; open squares, S,=300 gP. 

bose. From the above reports it can be concluded that the 
fermentation of sorbose by Gluconobacter oxydans is not a 
product-inhibited system. 

To further confirm the relative magnitude of substrate 
(sorbitol) inhibition, the variation in the volumetric rates of 
biomass (r,,) and sorbose (r,J production with the time 
course of batch cultivation was estimated and plotted in 
Figs. 2 and 3. A volumetric rate of biomass formation of 
1.2 gl-’ h-’ was obtained at 6 h when S,= 100 gl-’ was used. 
Thereafter it decreased essentially due to lack of availability 
of sorbitol (as shown in Fig. 1). While, the maximum volu- 
metric biomass formation rate was only 0.7 gZP h-’ at 8 h for 
S,=200 gl-‘. The decrease in the maximum volumetric rate 
of biomass formation at 8 h (as shown in Fig. 3) when 
enough sorbitol was available (as reflected in Fig. 1) at 
Z&=200 gt-’ indicated that the growth was severely sub- 
strate-inhibited. 

The maximum volumetric rate of sorbose production was 
found to be 16.2 gl-’ h-’ at 6 h (for S,= 100 gl-‘) and 22.5 
gl-’ h-’ at 8 h (for S&=200 gl-‘) of the batch cultures. The 
decrease in the volumetric rates for both cases after the 
maximum value could be attributed to decreased substrate 
availability (for S,= 100 gt’) in the medium or due to inhib- 
ited biomass formation rates (for S&=200 g/-l), respectively. 

6 8 

Time (h) 

Fed-batch 

Batch 

t I 1 I 

2 4 6 8 10 12 14 

Time (h) 

FIG. 2. Variation in the volumetric rates of sorbose production 
(r,J and biomass production (r,,) for batch (with S,= 100 gl ‘) and fed- 
batch (started with batch S,= 100 gl~‘) cultures. 

However, in order to take advantage of the relatively high 
rates of biomass production at 6 h and 8 h for S,= 100 g/P 
and 200 gt’ respectively, and to eliminate the corresponding 
decline in maximum volumetric sorbose production rates 
due to the reduced substrate availability, addition of concen- 
trated sorbitol (with nutrients) was added at 6 and 8 h for 
fed-batch cultivation initiated with S,= 100 gt’ and S,=200 
gl-’ . 

Fed-batch fermentation (no. 1) with an initial substrate 
concentration of S,= 100 gl-’ was completed in 16 h (as 
shown in Fig. 4) and yielded an ultimate sorbose concen- 
tration of 279.7 gl-’ with an overall productivity of 17.6 
gl-’ h-‘. The fed-batch (no. 2) culture initiated with So=225 
gl-’ was completed in 24 h (as shown in Fig. 5) with an ac- 
cumulated sorbose concentration of 336.2 gl-’ (as compared 
to an accumulation of 199.9 gl-’ when the batch with S,= 
200 gl-’ was processed). It was observed that the accumula- 
tion was greater in the latter case, but the overall volumetric 
productivity of sorbose decreased to 14.0 86’ h-l. It is im- 
portant to note that the total sorbitol accumulation during 
the cultivation period (6-15 h) with S,= 100 gl-’ was in the 
range of 4060 gl-’ (Fig. 4) as compared to 125-175 gl ’ for 
the fed-batch culture (period 8-18 h) initiated with S,=225 
gl-’ (Fig. 5). This excess accumulation of substrate (sorbi- 
tol) in the medium might have contributed significantly to 
culture inhibition and thereby resulted in the observed in- 
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FIG. 3. Variation in the volumetric rates of sorbose production 
(r,J and biomass production (r,,) for batch (with So=200 gt’) and fed- 
batch (started with batch So=225 gt~‘) cultures. 

Fermentation time (h) 

FIG. 4. Time courses of biomass (filled circles), sorbose (open cir- 
cles) and sorbitol (open squares) production for fed-batch fermentation 
using an S, of 100 gl-‘. 

crease in process time and decrease in productivity for fed- 
batch cultivation initiated with S,=225 gl-‘. 

A comparison of the variation in volumetric rates of bio- 
mass (rVX) and sorbose (r,J production with the time course 
of fed-batch cultivation (initiated with S,= 100 gt’ and S,= 
225 g/P) is also shown in Figs. 2 and 3. The trend toward 
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FIG. 5. Time course of biomass (filled circles), sorbose (open cir- 
cles) and sorbitol (open squares) production for fed-batch fermentation 
using 225 g/k’ of sorbitol. 

a decrease in the batch volumetric rates of biomass and 
sorbose production for S,= 100 gt’ (Fig. 2) and So=225 gt’ 
(Fig. 3) were reversed in fed-batch cultivation when fresh 
feed was added at 6 h for S,= 100 gl-’ and 8 h for So=225 
gl-‘, respectively. The highest volumetric rates for biomass 
and sorbose production were 1.8 gl-’ h-’ and 46.0 gt’ h-‘, 
respectively, for fed batch no. 1 with S,= 100 gl-’ (Fig. 3). 
The corresponding rates for the fed-batch culture initiated 
with So=225 gl-’ were 1.3 gt’ h-’ and 43.50 gt’ h-l, respec- 
tively (Fig. 4). The higher volumetric rates of biomass and 
sorbose formation observed in fermentation no. 1 (initiated 
with a batch having S,= 100 gt’) could have been main- 
tained for a longer period of time if the fresh nutrient feed- 
ing had continued. But due to the limitation of the bioreac- 
tor volume, this was not possible. 

The overall sorbose productivity of 17.6 gt’ h-’ obtained 
in this investigation was higher than previously reported 
values. By gradient fed-batch cultivation, Bosjnak et al. (4), 
obtained a productivity of 11.6 gt’ h-’ while Srivastava and 
Lasrado (12) obtained a productivity of 12.6 gl-’ h-’ using 
exponential fed-batch cultivation. Mori et al. (7) enhanced 
the productivity to 44.8 gl-’ h-’ using sorbitol powder and a 
pure oxygen supply to the bioreactor. However, the use of 
sorbitol powder and a pure oxygen supply may not be eco- 
nomically feasible for the industrial production of sorbose 
and therefore, is not the best option. The results obtained in 
the present study were also compared with those for con- 
tinuous culture sorbose fermentation with or without cell 
recycling. Continuous L-sorbose fermentation with (100% 
cell recycling) or without cell recycling using a inlet sorbi- 
to1 concentration of 200 gl-‘, was investigated (13) at differ- 
ent dilution rates from D=O.O5 h-l to D=O.3 h-‘. A maxi- 
mum biomass concentration of 8.44 gl-’ and sorbose con- 
centration of 177 gl-’ (with a sorbose productivity of 17.7 
gl-’ h-l) was obtained at a dilution rate of 0.1 h-’ without 
cell recycling. However, for D=O.l h-’ with cell recycling 
(using an inlet sorbitol concentration of 200 gt’), a biomass 
concentration of 19.5 gl-’ and sorbose concentration of 18 1.4 
gl-’ h-’ was accumulated in the bioreactor which resulted 
in an increase in sorbose productivity of 18.1 gt’ h-‘. It was 
observed that on increasing the rate of dilution from 0.1 h-’ 
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to 0.3 h-‘, there was a significant effect on the extracellular 
fermentation products, e.g., biomass, sorbose and sorbitol. 

The present study indicates that feeding a highly concen- 
trated sorbitol solution (500 gl-‘) at a constant rate (0.2 1 h-‘) 
into a partially converted sorbitol medium (batch, S,= 100 
gl-‘) yields a greater concentration of sorbose (279.7 gl-‘) in 
16 h leading to high overall volumetric sorbose productivity 
(17.6 gl-’ h-‘) which otherwise is not possible in batch proc- 
essing. 

Conclusions The substrate inhibition at higher initial 
sorbitol concentrations in batch L-sorbose biosynthesis was 
prominently due to by the decrease in sorbose productivity 
as the initial concentration of sorbitol in the nutrient me- 
dium was varied from 100 gt’ to 200 gt’. The decrease in 
the volumetric rates of biomass and sorbose production with 
the time course of batch fermentation fkther confirmed the 
inhibitory effect of sorbitol. The inherent substrate inhibi- 
tion was eliminated by adopting a constant fed-batch fer- 
mentation strategy to process higher quantitites of sorbitol 
and improve sorbose productivity. 

The higher sorbose productivity of 17.6 gt’ h-’ and sor- 
bose accumulation of 280 gt’ obtained by initiating the fed- 
batch fermentation with a sorbitol concentration of 100 gl-’ 
indicated the improved processing technique as compared to 
fed-batch fermentation initiated with a higher sorbitol con- 
centration, of 225 gt’. It was possible to accumulate sor- 
bose at 336.2 gl-’ but with a decreased productivity of 14 
gt’ h-’ with a fed-batch fermentation initiated with a sorbi- 
to1 concentration of 225 gt’. A high level of sorbose was 
also obtained by batch fermentation with an initial sorbitol 
concentration of 300 gt’ but with significantly a lower pro- 
ductivity, 12.4 gl-’ h-‘. Therefore, it is worthwhile initiating 
fed-batch fermentation with 100 gt’ and maintaining the 
same non-inhibitory sorbitol concentration throughout for 
better yields and productivity. 
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