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Introduction

Clostridia belong to firmicutes which is a vast phylum 
of saprophytes with the ability to produce endospore, resist 
desiccation and survive in extreme environments [1]. Their 
exceptional properties are exemplified by their versatility in 
substrates utilization and their diversity in product formation. 
Heterofermentative Clostridium species are known to produce 
a mixture of organic acids in the first phase of growth 
(acidogenesis) and a mixture of solvents in the second phase 
(solventogenesis). As depicted in Figure 1, butyric acid, acetic 
acid, lactic acid, formic acid, etc. are the major organic acids 
produced by species of Clostridium during acidogenesis [2]. 
The potential to produce organic acids as intermediates makes 
clostridia a bacterium of great importance for the commercial 
production of organic acids. These organic acids are then used 
as precursors to various essential commodity chemicals (Table 
1) (Figure 1).

Figure 1: Mixed acid fermentation by clostridia.
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Abstract

Microbial organic acids production is being extensively studied to achieve success at industrial scale. Commercial organic acid production 
employs homofermentative microbes while the use of heterofermentative organisms has been restricted due to expensive downstream processes. 
With development on appropriate inexpensive separation technology for separation of a mixture of organic acids, heterofermentative organic 
acid fermentation may soon become feasible at large scale. Present work aims at enhancing organic acid production by the degenerated strain of 
Clostridium acetobutylicum ATCC4259. At batch mode, pH 6 resulted in the highest total organic acid concentration of 10.22g.L-1 and total organic 
acid productivity of 0.58g.L-1.h-1. The constant specific productivity of 1.1g.g-1.h-1 obtained for total organic acid at different pH values proved that 
total organic acid productivity is not governed by pH of the medium but is dependent on cell growth. However, the metabolic shifts in the cell 
were proved to be subject to external pH values. Substrate kinetics revealed 30-50g.L-1 of glucose concentration as optimum for acidogenesis. 
The optimization of continuous cell recycle fermentations at different dilution rates and different glucose concentrations positively impacted the 
total organic acid productivity and complete glucose utilization and resulted in the highest total organic acid productivity of 3.6±0.05g.L-1.h-1 at 
an optimum dilution rate of 0.16h-1.
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Table 1: Uses of organic acids.

Organic Acid Uses

Butyric acid Anti cancerous pro-drugs production; biopolymers production; as flavoring agent in food; and butanol, ‘a drop-in fuel’ 
production [3]

Acetic acid
Derivatives of acetic acid like acid anhydride, acetate esters, etc are used in detergent and dyeing industry, pharmaceutical 

industry, flavors and fragrance industry MC [4]

Food grade acetic acid is used as flavoring agent and as preservative MC [4]

Lactic acid As a flavoring agent, as preservatives, as monomers in commercial chemistry and also in the production of cosmetics and 
pharmaceuticals [5,6]

Formic acid as an antibacterial agent in livestock feed Griggs and Jacob [7] and has been investigated for its use as a fuel [8]

Propionic acid As preservative and flavoring agent, as solvent, as intermediate for pharmaceuticals and pesticides, as a precursor for vitamin 
B12 production

Succinic acid As a precursor to polymers, resins, and solvents, as food and dietary supplement

For a bioprocess, diversion of significant carbon sources 
towards product formation is a major challenge for any bio-
based technology. Reports are available for the vast research 
done using clostridial strains in terms of the study of factors 
affecting the production of organic acids, strain improvement, 
process optimizations, in situ product removal, etc. for organic 
acid production at the industrial scale [9,10]. These reports 
target independent objectives like ‘butyric acid production’ 
or ‘acetic acid production’ while lack a detailed investigation 
on by-products formed eg. The maximum butyric acid yield of 
0.49g.g-1 of glucose consumed by Clostridium thermobutyricum 
has been reported by Liang Wang et al. [10] while total product 
(organic acid) yield is 0.52g.g-1 of glucose consumed [10]. This 
figure for the yield of total organic acids proves loss of nearly 
48% of available carbon during product formation. For organic 
acids production with a market price slightly higher than 
sugar, to become economically viable, an efficient conversion 
of the maximum amount of available carbon to organic acids 
is a prerequisite. Apart from the yield of the organic acid, the 
expense of downstream processes too dictates the feasibility 
of the bioprocess at industrial scale. Clostridial species 
being heterofermentors have never been encouraged for use 
at industrial scale. However, development of appropriate 
inexpensive separation technology for separation of a mixture of 
organic acids, heterofermentative organic acid fermentation may 
soon become feasible at large scale. This kind of development 
may demand research on mixed-acid fermentations by clostridial 
strains to achieve maximum yield and productivity.

The interdependency of acidogenesis with physicochemical 
conditions like pH of the medium and glucose concentration 
opens up new strategies for redesigning clostridial fermentations 
and thereby improving the overall productivities. The influence 
of pH on growth and product profile of the bacteria has been 
signified by the decrease in specific growth rate from 0.86h-1 
to 0.20h-1 along with three times decrease in total organic acid 
content for Clostridium sporogenes 3121 when transferred from 
pH value of 6.50 to 5.00 [11]. Moreover, Clostridium propionicum 
has been reported to exhibit a change in propionic acid to 
acetic acid ratio from 0.45: 1 to 1.8: 1 when grown at pH values 

of 7 and 6 respectively [12]. Besides pH values, the medium 
constituents and substrate concentration have a noteworthy 
effect on organism’s behavior in a controlled environment as 
well as on economy of the bioprocess [13]. With higher initial 
concentrations of substrate, higher titers of products are formed 
that aid in downstream processing. However, for every microbe, 
a threshold of substrate concentration exists, beyond which the 
substrate itself becomes inhibitory due to osmotic dehydration 
of the microbe. This phenomenon has been well illustrated 
during fermentation by C. tyrobutyricum CNRZ 596 wherein, 
the titers of organic acids produced increased with increasing 
initial glucose concentration but the productivity of organic 
acids decreased beyond 80g.L-1 of glucose concentrations used 
due to longer initial lag [14]. On similar lines, the increase in the 
doubling time for Clostridium thermobutyricum with the use of 
glucoseconcentration more than 100g.L-1 [15] supports the fact 
of substrate inhibition.

An industrially viable process demands sufficiently high 
productivity. Reports on the use of higher cell density at batch 
[15], fed-batch [16] and continuous mode [17] to increase the 
productivity of organic acids at near neutral pH values are 
available. Apart from the traditional continuous fermentation 
approach where cell wash out limits productivity, strategies 
with continuous cell recycle and cell immobilization have shown 
increased organic acids productivities. At pH 6.5, Clostridium 
tyrobutyricum fermentation on the biofilm based fibrous bed 
bioreactor was reported to have a maximum productivity of 
4.13g.L-1.h-1 of butyric acid which is four times more as compared 
to that achieved with low cell density batch fermentation [18]. 
High cell density fermentation by C. tyrobutyricum on cell-recycle 
mode using hollow fiber membranes has also been reported and 
an increase in productivity (six-fold) with maximum butyric 
acid productivity of 1.13g.L-1.h-1 at pH 6.8 when compared to 
low cell density batch fermentations [17]. Additionally, with 
the use of these techniques, problems associated with product 
related inhibitions have also been addressed as the increase 
in productivity has been achieved at comparatively lower 
concentrations of organic acids.
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In this work, we present an investigation of pH values and 
glucose concentrations that influence acidogenesis and can 
affect improved productivities of organic acids. The work also 
illustrates the use of continuous cell recycle to achieve an 
increase in total organic acid productivity.

Materials and Methods

Bacterial strain and inoculum development

Clostridium acetobutylicum NRRL B 527 and Clostridium 
butyricum NRRL B 1024 were obtained from Northern Regional 
Research Lab, USA. Clostridium acetobutylicum ATCC 4259 was 
obtained from the American Type Culture Collection which 
eventually got degenerated in the lab. The cultures were 
sub-cultured in Reinforced Clostridial Broth (RCB) (HiMedia 
Laboratories Pvt. Ltd, Mumbai) at 30 °C. All cultures were 
preserved at 4 °C as clean/pure spore preparations in RCB.

For inoculum development, spores were activated by heat 
shock at 80 °C for 10 minutes followed by cooling on ice followed 
by inoculation into sterile RCB. 10% of developed inoculums from 
RCB were used for inoculation in all the sterile semi-synthetic 
media. 10% of culture grown in the semi-synthetic medium was 
used as inoculum for a sterile semi-synthetic medium which was 
considered for experimental purpose. All incubations were done 
under stringent anaerobic conditions in an anaerobic chamber 
(Model Bug Box Plus, Ruskinn Technology Ltd., UK.) supplied 
with anaerobic gas (10% H2, 10% CO2 and 80% N2).

Media components

Medium components used included glucose, Yeast Extract, 
1g.L-1 of NH4(SO4)2, 0.2g.L-1 of NaHCO3, 0.2g.L-1 of MgSO4.7H2O, 
0.1g.L-1 of MnSO4.H2O and 0.01g.L-1 CaCl2. These medium 
components were selected by referring the semi-synthetic 
medium composition reported in the literature [16]. All above-
mentioned chemicals were obtained from Sisco Research 
Laboratories Pvt. Ltd., Mumbai.

Bioreactor operation

Batch and continuous runs were carried out in 3L glass 
reactors (Biostat® B plus, Sartorius Stedim biotech, Pvt. Ltd.) 
equipped with turbidity probe (Fundalux II, Sartorius Stedim 
biotech, Pvt. Ltd.), temperature probe and pH probe (Easyferm 
Plus K8 200, Hamilton Pvt. Ltd.) for continuous monitoring of 
temperature, pH and turbidity as well as automated controlling 
of temperature and pH. pH was controlled by automated addition 
of 3N NH4OH wherever required. Reactors were sterilized by 
autoclaving at 121 °C for 20min. All fermentation runs were 
carried out at 1L working volume. During fermentation, the 
temperature and agitation were maintained at 30 °C and 150rpm 
respectively and the anaerobicity was maintained by sparging 
sterile N2 gas. N2 gas was filter sterilized by using 0.2µm pore 
sized PTFE filters (Midistart® 2000, Sartorius Stedim biotech, 
Pvt. Ltd.).

Cell recycle operation

The bioreactor was integrated with a hollow fiber 
microfiltration membrane of 850cm2 of 0.2µm pore size and 
0.7mm lumen I.D. (Model no CFP-2-2E-4X2MA, GE Healthcare 
Bio-sciences Corp). Fermentation broth from the bioreactor 
was pumped through the hollow fiber membrane using a 
Watson Marlow 520 S pump. Two pressure gauges (Tipco) 
were connected at the two ends of the membrane to monitor 
trans-membrane pressure. Permeate was collected in separate 
2L product collection vessel while the cells were recycled back 
to the bioreactor vessel. Sterile medium was pumped in the 
bioreactor continuously at a constant flow rate.

Analytical methods

Samples were filtered through 0.2µm pore sized nylon filters 
(AxivaSichem Biotech, Delhi) to separate cells. Glucose utilized 
and OA produced were determined using HPLC (Agilent 1100 
series, Agilent Technologies, New Castle DE), with an Aminex 
87H column (Bio-Rad, Richmond, CA) at 50 °C and RI detector 
(G1362A) at 35 °C with 5mM H2SO4 as mobile phase at the flow 
rate of 0.6ml/min; ChemStation software was used for data 
processing.

Optical measurements were done using spectrophotometer 
at 600nm (Multiscan, Thermoscientific). Scanit 2.4.2 software 
was used for data processing.

Calculation

Yield = g of organic acids produced/ g of glucose utilized

Volumetric productivity = g of organic acids produced/ L of 
fermentation broth/hour 

Specific productivity = g of organic acids produced/ g of dry 
cell biomass/hour

For cell recycle experiments-

Productivity (g.L-1.h-1) = organic acids concentration (g.L-1) × 
Dilution rate (h-1)

Dilution rate (h-1) = Feed flow rate (L.h-1)/ Working volume 
of the bioreactor (L)

Hydraulic Retention Time (HRT) = 1/Dilution rate (h-1)

Results

Acidogenesis at various pH values

Fermentation was performed by the degenerated ATCC 
4259 in batch mode maintained at various pH values in semi-
synthetic medium with 20g.L-1 glucose as carbon source. Runs 
were performed in triplicates. In the case of the fermentation 
run without pH control, glucose utilization was seen to stop 
within 24 hours due to cell sporulation resulting in a final total 
organic acid titer and yield of 3.5g.L-1 and 0.51g.g-1 respectively 
at the rate of 0.17g.L-1.h-1. No complete glucose utilization was 
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observed. This limitation on complete glucose utilization was not 
observed in the fermentations carried out at various pH values 
above pH 5. It was observed that runs above pH 5 continued with 
no sporulation until complete utilization of glucose occurred.

Differences in doubling time of the bacterium (growth rates) 
were observed with differences in the pH value of the medium 
Table 2. It was noticed that productivity of the total organic acids 
varied with differences in pH values while no major differences 
in specific productivity of the total organic acids at various pH 
values were observed (Table 2) (Figure 2).

Table 2: Productivity* and doubling time* of C.a ATCC 4259 at 
different pH values.

pH Uncontrolled 
(pH 6 at 0h) 5.5 6 6.5

Doubling time (h) 12.00 3.20 1.90 3.33

Productivity of 
TOA** (g.L-1.h-1) 0.16 0.54 0.6 0.41

Specific Productivity 
of TOA** (g.g-1.h-1) 1.04 1.20 1.1 1.07

*Results are indicated as the mean of three independent fermentation 
runs. ** Total Organic Acid.

Figure 2: Yield of organic acids at various pH values; ( ) butyric 
acid, ( ) acetic acid, ( ) lactic acid, ( ) Formic acid, ( ) total 
organic acid.

Figure 3: Concentration of organic acids at various pH values; 
( ) butyric acid, ( ) acetic acid, ( ) lactic acid, ( ) Formic acid, 
( ) total organic acid.

It is evident from Figure 2 that no major differences in yields 
of the total organic acids were observed but yields of individual 

organic acids varied significantly at various pH values studied. 
In this case, it was observed that for runs without pH control, 
butyric acid and acetic acid were formed. Lactic acid was found 
to be co-produced with butyric acid and acetic acid in the case 
of fermentation runs maintained at pH 5 while formic acid was 
another product detected along with the other three at pH 6 and 
pH 6.5 (Figure 2 & 3). Variation titers as well as in volumetric 
productivities were observed at different pH values (Figure 3 & 
4).

Figure 4: Productivity of organic acids at various pH values; (
) butyric acid, ( ) acetic acid, ( ) lactic acid, ( ) Formic acid, (
) total organic acid.

Organic acid production at various glucose 
concentrations

Prevention of sporulation of the degenerated strain during 
fermentation in semi-synthetic medium resulted in complete 
utilization of 20g.L-1 glucose and made possible use of increased 
glucose concentrations for fermentation (Figure 5).

Figure 5: Growth kinetics of Clostridium acetobutylicum ATCC 
4259.

Figure 5 explains the kinetics of clostridial growth under 
different glucose concentrations ranging from 5g.L-1 to 80g.L-1 in 
the semi-synthetic medium at pH 6. Specific growth rates declined 
at 70g.L-1 and 80g.L-1 of glucose concentrations. Compilation of 
specific growth rates for various glucose concentrations resulted 
in derivation of the maximum specific growth rate value as well 
as the Ks value (Figure 5) that can form the basis of a model for 
clostridial growth during evaluation of its potentials at large 
scale. It was predictable from Figure 5 that for this system at any 
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given time, decrease in glucose concentration below the Ks value 
(0.5g.L-1) or increase in glucose concentration beyond 60g.L-1 will 
impede the growth of the bacteria. Similarly, for any continuous 
runs, dilution rates more than maximum specific growth rate 
(0.5h-1) will result in washout of the cells. An examination of 

growth curve with respect to organic acid production profile 
provided evidence for total organic acid inhibition beyond 20g.L-

1 at controlled pH of 6 (Figure 6). Additionally, utilization of 
lactic acid as carbon source was detected after glucose depletion 
(Figure 6 & 7).

Figure 6: End-product inhibition by organic acid on ATCC 4259.

Figure 7: Uptake of lactic acid after glucose depletion by ATCC 4259.

The study of clostridial growth kinetics resulted in derivation 
of the Ks value and maximum specific growth rate value as well 
as offered the MIC values for glucose and total organic acids.

Fermentation on continuous cell recycle mode 

It was considered that fermentation runs with high cell 

density and total cell recycle could increase the productivity 
of total organic acids. Hence, continuous runs with cell recycle 
were operated with various glucose concentrations at various 
dilution rates at pH value of 6, results of which are depicted in 
(Table 3).
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Table 3: Fermentation* by C. acetobutylicum ATCC 4259 on continuous cell recycle mode.

Glucose 
Concentration 

g.L-1

HRT 
(h)

Dilution 
rate 
(h-1)

Butyric Acid Acetic Acid Lactic Acid Formic Acid Total Organic Acids

A B C A B C A B C A B C A B C

20 8.33 0.12 5.11 0.25 0.61 1.21 0.06 0.14 1.3 0.07 0.16 2.6 0.13 0.31 10.22 0.51 1.22

30

6.25 0.16 7.60 0.25 1.22 3.00 0.1 0.48 6.6 0.22 1.06 5.40 0.18 0.86 22.60 0.75 3.62

8.33 0.12 8.70 0.29 1.04 2.60 0.08 0.31 5.8 0.19 0.70 5.00 0.16 0.60 22.10 0.73 2.65

12.5 0.08 10.90 0.36 0.87 1.90 0.06 0.15 2.5 0.08 0.20 4.40 0.14 0.35 19.70 0.65 1.58

40

6.25 0.16 10.00 0.30 1.60 2.50 0.07 0.40 7.1 0.21 1.12 5.40 0.16 0.86 24.90 0.75 3.90

8.33 0.12 10.80 0.31 1.29 2.90 0.08 0.34 7.5 0.21 0.90 6.20 0.17 0.74 27.41 0.78 3.29

12.5 0.08 12.00 0.32 0.96 2.70 0.07 0.21 10.1 0.25 0.8 6.20 0.16 0.50 31.0 0.77 2.48

*Results are indicated as mean of four independent samples withdrawn 
during steady state of fermentation
Key:
A=concentration g.L-1 
B=Yield g.g-1 
C=productivity g.L-1.h-1

Each run was extended up to 168 hours of steady state 
operation. The experiment was observed to take almost three 
hydraulic retention times (HRT) to achieve steady stage at 
a cell density of 100g.L-1 (wet cell mass) after every change 
incorporated in the experimental conditions. No data of the 
initial HRTs was incorporated in any of the measurements. At 
the dilution rate of 0.12h-1, the glucose concentration of 20g.L-1 
and 30g.L-1 in feed resulted in complete glucose utilization while 
glucose concentrations of 40g.L-1 in feed resulted in residual 
glucose in the permeate stream. It was observed that increase in 
feed glucose concentration not only increased productivity but 
also increased the yield of total organic acids.

 For 30g.L-1 feed glucose concentrations, all the dilution rates 
resulted in complete glucose utilization. The lowest dilution 
rate of 0.08h-1 was seen to result in a total organic acid yield 
of 0.65g.g-1 which was lower than the total organic acid yields 
obtained for the dilution rates 0.12h-1 and 0.16h-1. For 40g.L-1 
feed glucose concentration, the lowest dilution rate of 0.08h-1 
exhibited complete utilization of glucose. However, the runs with 
higher dilution rates were ended with the incomplete utilization 
of glucose indicating that 40g.L-1 of feed glucose concentration 
was more than enough at dilution rates of 0.12h-1 and 0.16h-1 for 
organic acid production. It was observed that the yields of total 
organic acids as well as for lactic acid were maintained almost 
constant for all the dilution rates examined which proved that 
no cell death or no lactic acid uptake had occurred. Moreover, 
similar to the runs with feed concentrations of 30g.L-1, in this 
case, increase in productivity observed for dilution rate of 0.16h-

1 as compared to that with a dilution rate of 0.12h-1 indicated 
that the productivity was a function of dilution rates under 
conditions at constant biomass wherein glucose starvation had 

not occurred. The maximum total organic acid concentration 
under optimum conditions obtained using this organism with 
the batch mode of fermentation was 10g.L-1 with productivity of 
0.55g.L-1.h-1.

Discussion

Acidogenesis at various pH values

Supplementary S1: PCR amplification of adc gene and 16S 
rRNA.

To confirm degeneration of Clostridium acetobutylicum ATCC 
4259, plasmid isolation and PCR analysis of solvent specific genes 
like ‘adc’ was performed. Unsuccessful plasmid isolation and no 
amplification of ‘adc’ gene (Figure S1) proved that the strain was a 
degenerated strain of Clostridium acetobutylicum ATCC 4259 which 
had undergone a plasmid loss and its DNA contained no genes specific 
for solventogenesis. Amplification of adc gene of solventogenic 
ATCC 824 was done and was used as a positive control (lane1); 
Amplification of 16S rRNA of the sample strain was done and used as 
a positive control for sample DNA as template (Lane 2). Degeneracy 
of strains has been reported to occur due to curing of plasmid while 
performing several serial passages of solventogenic cells. The sol 
plasmid which gets cured has been known to carry the majority of the 
solventogenesis specific genes like ‘ctf B’, ‘adc’ and ‘adhE’.

Clostridium acetobutylicum is biphasic in nature that 
performs acidogenesis followed by solventogenesis and 
simultaneous sporulation to overcome the end product 
inhibition incurred due to the accumulation of organic acids at 
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lower in pH values. However, the strain under this study was a 
degenerated strain (supplementary material 1) and hence did 
not perform solventogenesis. Unlike other solventogenic wild 
type clostridial strains, this strain underwent only sporulation 
as a stress response against the accumulation of the organic 
acids in un-dissociated form or due to the accumulation of H+ 
ions.

It has been well established that pH of the medium plays 
a detrimental role during growth and biosynthesis of organic 
acids by Clostridial strains. Variations have been observed in 
the growth of Clostridium thermocellum when grown at different 
pH values [19]. Such variations can be attributed to the fact that 
different pH values correspond to different anion specific effects. 
It has been reported that anion specific effect dictates metabolic 
reactions like decarboxylation (consumption of protons), ion 
transportation (removal of protons), changing membrane 
composition, expression of stress genes etc. [20]. In the case of 
the degenerated clostridial strain under this study, a successful 
extension of fermentation runs beyond the inhibitory organic 
acid concentration of 3.5g.L-1 at pH values above 5 indicated that 
the accumulation of dissociated form of organic acids produced 
was not inhibitory to the bacterium. Above pH 5, the organic 
acids produced by clostridia have been known to be present in 
the non protonated form or in the dissociated form (pKa value of 
butyric acid 4.82; pKa value of acetic acid 4.75).

Organic acids have been known to be primary products 
or exponential phase products and their production has been 
linearly proportional to the cell growth. Thus it appeared that 
productivity of the total organic acids was subject to the growth 
rate of the bacterium and not directly to the pH values of the 
medium. This was further supported by the values of the specific 
productivity of the total organic acids Table 2. Similar total 
organic acid yield for all pH values suggested that the ratio of 
the carbon directed towards biomass generation to the carbon 
directed towards product formation was independent of the 
pH value of the medium. Differences in yields of individual 
organic acids obtained Figure 2 at different pH values proved 
that the ratio of carbon fluxes diverted to individual organic 
acids differed with differences in pH values. Similar variation 
in product profile has been observed in the case of Clostridium 
thermocellum where pH of the medium has been proved to 
govern the metabolic flux shifts the bacterium Rydzak et al. [19] 
and Sparling et al. [21]. A constant specific productivity for total 
organic acid for all the Ph studied proved that the total organic 
acid production per unit cell was independent of pH values and 
changes in volumetric productivity of the total organic acids are 
due to changes in growth rate of the cells.

The production of lactic acid at pH values higher than 5.5 
can be attributed to the need of the cell to balance the NADH 
to NAD+ ratio. Excess glycolysis has been reported to result in 
increased intercellular NADH concentration which if not directed 
towards solvent production becomes toxic to the cell. It has been 

known that lactate dehydrogenase utilizes NADH for lactic acid 
production [2]. Hence the cell has been reported to divert carbon 
fluxes towards lactic acid production while continuing glycolysis 
at a higher rate. Formate production by Clostridium at near 
neutral pH has been reported by various researchers Sparling 
et al. and Rydzak et al. [19,21] but the reason underlying its 
production being induced only at higher pH values has not been 
justified. An explanation of formate hydrogen lyase activity as 
shown in Figure 8 may give a justification for detection of formate 
production at higher pH values. There is a possibility of formate 
formation at lower pH values. However, the formate thus formed 
must have gone undetected. Formate hydrogen lyase which has 
been reported to convert formate to CO2 and H2 as soon as it is 
formed is active only at lower pH values [22]. Thus detection of 
formate produced at lower pH becomes practically impossible. 
At higher pH values, formate hydrogen lyase has been reported 
to remain inactive and hence production of formate was detected 
in this work (Figure 8).

Figure 8: Activity of formate hydrogen lyase.

The metabolic shifts in individual organic acid production 
observed in the cell due to pH changes Figure 3 notify that the 
specific productivity of individual organic acids was different 
at different pH values. This proved that individual organic 
acid production per unit cell was subject to pH values. Unlike 
volumetric productivity of total organic acids, the differences 
in volumetric productivity of individual organic acids Figure 4 
at different pH values were subject to pH values as well as to 
the microbial growth rate. Of all the pH values studied, pH 6 
supported maximum metabolic activities with the maximum 
total organic acid of 10.22 ±0.033g.L-1.h-1, the total organic acid 
productivity of 0.58±0.036g.L-1.h-1 as well as the least doubling 
time of 1.9h-1. Hence, pH 6 was used for further experiments.

Organic acid production at various glucose 
concentrations

The decline of specific growth rate beyond 60g.L-1 of glucose 
concentration indicated substrate inhibition beyond 60g.L-1. 
Such inhibitions have been widely studied for various microbes 
and have been always associated to osmotic dehydrations. 
Substrate inhibition observed in this system is common with C. 
tyrobutyricum CNRZ 596 [9], C. acetobutylicum ATCC 824 [23] 
and C. thermobutyricum [5].
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It was predictable from Figure 5 that for this system at any 
given time, decrease in glucose concentration below the Ks value 
(0.5g.L-1) or increase in glucose concentration beyond 60g.L-1 will 
impede the growth of the bacteria. Similarly, for any continuous 
runs, dilution rates more than maximum specific growth rate 
(0.5h-1) will result in washout of the cells.

The concept of end product inhibition observed in our case 
beyond 20g.L-1 of total organic acid concentration results was 
in agreement with previous reports on clostridial fermentation 
controlled at near neutral values of pH where the ionized forms 
of organic acids has been mentioned as end product inhibitors 
of growth [24,25]. Though the present study did not generate 
any novelty regarding the concept of end product inhibition, 
the study was essential because the minimum inhibitory 
concentration (MIC) values determined have been known to be 
different for different strains. Nevertheless, the MIC values for 
this strain have practical significance while considering its use 
for large-scale production.

An unusual phenomenon of uptake of lactic acid after 
depletion of glucose by the strain was observed in this case. Uptake 
of lactic acid in presence of glucose during stationary phase 
has been a known phenomenon of solventogenic (Clostridium 
acetobutylicum) [25]. No reports have been available for lactic 
acid uptake after glucose depletion. In this case, increase in 
butyric acid concentrations after glucose depletion Figure 7 
was indicative of diversion of lactic acid carbon towards butyric 
acid. Reverse action of lactate dehydrogenase has been known 
to generate reducing power in form of NADH. Butyric acid 
production has been known to require NADH. An inference can 
be drawn that lactic acid uptake along with continued butyric 
acid formation balances the reducing power.

Fermentation on continuous cell recycle mode 

For all the glucose concentrations studied at continuous cell 
recycle mode, increased productivity as well as yield of total 
organic acids observed with increase in dilution rate indicated 
a possibility that depletion of glucose as C-source resulted in 
uptake of organic acids thus decreasing the total organic acids 
yield and productivity. The ratios of organic acids obtained in 
this case at various glucose concentrations cannot be attributed 
to the ‘selectivity of production’ by the organism due to 
difference in growth rates as in case of other clostridial strains 
[26] but were due to the amount of medium nutrients or glucose 
available for fermentation.

At 30g.L-1 of glucose concentration in the feed, the dilution 
rate of 0.08h-1 was too low for the complete substrate conversion. 
The low dilution rate resulted in death due to glucose depletion 
as well as the uptake of lactic acid after glucose depletion 
ultimately decreasing the yield of total organic acids. This 
can also be supported with the data of lactic acid yield for the 
different dilution rates. It was observed that the yield of lactic 
acid was lowest for the dilution rate of 0.08h-1 while it increased 
with increase in dilution rates. For dilution rates 0.12h-1 and 

0.16h-1, no major differences in yield of total organic acid were 
observed indicating no cell death and no uptake of organic acid 
upon glucose depletion. The increase in productivity observed 
for dilution rate of 0.16h-1 as compared to that with a dilution 
rate of 0.12h-1 indicated that the productivity was a function of 
dilution rates at constant biomass under conditions wherein 
glucose starvation had not occurred.

Considering the total organic acid concentrations and 
yields for the dilution rate of 0.08h-1 with 40g.L-1 feed 
glucose concentrations, it can be stated that these conditions 
were optimum for organic acid production. However, the 
productivity obtained under these conditions was exceptionally 
low as compared to that obtained for other dilution rates. This 
behavior can be the consequence of inhibitory effects due to the 
accumulation of total organic acids at concentrations higher 
than 20g.L-1.

This pattern of increase in productivity observed is in general 
agreement with results obtained by various researchers not only 
for clostridial species [12,26] but also for (Enterococcus) Lee et 
al. [27] and (Lactobacillus) Wee & Ryu [28] species which have 
been used for continuous lactic acid production. Continuous 
cell recycle at higher dilution rates resulted in almost two times 
increase in the total organic acid concentration (22.60g.L-1) and 
almost seven times increase in the productivity of total organic 
acids (3.62g.L-1.h-1) was observed. This proved that continuous 
fermentation with cell recycle at higher dilution rates increases 
productivity even at lower organic acid concentrations. The total 
organic acid concentration obtained in this work is lower than the 
reported high organic acid concentrations obtained by various 
researchers with batch or fed-batch mode, but the productivity 
obtained in this work is higher than the corresponding reported 
productivities (Table 4).

Table 4: Reported concentrations and productivities of organic acids.

Mode of 
Fermentation

Organic Acid 
Concentration g/L

Productivity 
g.L-1.h-1 References

Batch 44.0 (butyric acid) 1.45 (butyric 
acid)

Wang et 
al.[5]

Batch 52.5 (butyric acid) 1.45 (butyric 
acid)

Jiang et 
al.[13]

Batch 52.6 (butyric acid + 
acetic acid)

0.71 (butyric 
acid + acetic 

acid)

Michel-
Savin et 

al.[9]

Fed batch 24.74 (butyric acid + 
acetic acid)

0.77 (butyric 
acid + acetic 

acid)

He et al. 
[11]

Fed batch 44.00 (butyric acid) 2.4 (butyric 
acid)

Sjöblom et 
al. [29]

Fed batch 73.37 (butyric acid) 1.41 (butyric 
acid)

Song et al. 
[30]

Continuous 
cell recycle

22.6 (butyric acid + 
acetic acid + lactic 
acid + formic acid)

3.6 ± 
0.05(butyric 
acid + acetic 
acid + lactic 

acid + formic 
acid)

This work
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The maximum productivity of total organic acids obtained in 
this work was 3.6±0.05g.L-1.h-1 at the dilution rate of 0.16h-1 with 
30g.L-1 feed glucose concentration is better than the reported 
productivities* of 2.13 g.L-1.h-1 obtained at the dilution rate of 
0.21h-1 [12] and 2.94g.L-1.h-1 obtained at the dilution rate of 0.2 
h-1 [31]. However, productivity, in this case, is lesser as compared 
to the productivity of 10.11g.L-1.h-1 Michel-Savin et al. [21] that 
has been obtained using Clostridium tyrobutyricum wherein 
the concept of cell bleeding and cell growth along with cell 
recycle has been employed. The volumetric productivity can be 
increased with continuous cell bleeding and cell growth because 
it is a function of the growth rate of the cell.

*The total organic acid concentration was calculated from 
the concentrations of organic acids mentioned in the graphs 
(for productivity of 2.13g.L-1.h-1, total organic acids = 10.65g.L-

1 considering butyric acid =3.76g.L-1, acetic acid =4.3g.L-1, lactic 
acid =2.57g.L-1 and for productivity of 2.94g.L-1.h-1, total organic 
acids =14.7 considering butyric acid =9.7g.L-1 and acetic acid 
=5g.L-1). Mass balances arrived from the experimental data 
for the complete cell recycle runs with dilution rate of 0.16h-1 
and 30g.L-1 feed glucose concentrations considering 2 moles 
of CO2 formed per mole of butyric acid [9] gave the following 
stoichiometry 

 0.16 C6H12O6 → 0.086 C4H8O2 + 0.05 C2H4O2 + 0.073 C3H6O3 + 
0.11 CH2O2 + 0.172 CO2 + BIOMASS (corresponding to 0.04mol 
of C) 

The mass balances reflected diversion of significant carbon 
flux towards organic acids synthesis under given operating 
conditions.

At continuous recycle mode, the physiology of organism 
was seen to be changed in terms of autolysin activity as well as 
tolerance to organic acid concentration as compared to the batch 
mode. No autolysis was observed at cell recycle mode. This can be 
attributed to the dilution of broth occurring at continuous mode. 
Unlike at batch mode, no decrease in productivity was observed 
with organic acid concentrations slightly higher than 20g.L-1 at 
continuous cell recycle mode at pH value of 6. A possible reason 
for this tolerance can be an increase in cell density at cell recycle 
mode. Similar results on tolerance to higher concentrations of 
end products with increase in cell density at continuous mode 
have been reported by various reporter [32-34], but reports 
on entire product profile for fermentation by clostridial strains 
on cell recycle mode have not been available. With the recent 
development of appropriate inexpensive separation technology 
for separation of a mixture of ammonium salts of organic acids 
[35], heterofermentative organic acid fermentation of this 
kind may soon become feasible at large scale. To summarize, 
fermentation runs on continuous cell recycle mode by the 
degenerate strain of Clostridium acetobutylicum ATCC 4259 
resulted in a maximum productivity of 3.6±0.05g.L-1.h-1 at pH 6. 
Continuous dilution of broth resulted in fermentation without 

autolysis and increased cell mass rendered an advantage of 
increased tolerance to higher concentrations of organic acids.

Conclusion

The work proved that variations in product profile can 
be achieved by variations in pH of the medium. A saturation 
curve for growth and organic acid production obtained with 
increasing glucose concentration concluded that maintenance 
of an optimum concentration of glucose is essential to achieve 
maximum possible growth without end product inhibitions. 
Continuous fermentation runs at high cell density with 
cell recycle have the potentials to increase productivity at 
comparatively lower total organic acid titers as compared to 
the batch fermentation runs. The continuous runs render an 
additional advantage of increased organic acid tolerance without 
detectable autolysis of cells.
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