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Abstract 
 
Butanol, butyric acid and butyraldehyde are important 4-carbon oxychemicals typically generated 
from petro-chemical sources. All have significant markets in the food industry either for direct use as 
flavorings or as chemical feedstocks for generating butyric acid and butyraldehyde derived flavour 
compounds. Strong consumer sentiment against the consumption of petro-chemical derived products 
yields a demand for butyrate and butyraldehyde generated through all-natural methods. The bacterial 
fermentation production of butyric acid as well as bioconversion of butanol to butyraldehyde by yeast 
is presented in this work as a means of producing these products naturally.  
 
This thesis demonstrates the fermentation production of butyric acid with the Gram-positive anaerobic 
bacteria Clostridia tyrobutyricum. The organism consumes monomeric hexoses and pentoses to 
generate the carboxylic acids lactate, acetate and butyrate. The fermentations undertaken in this thesis 
were performed with either glucose or xylose as the primary carbon source in minimal media. Butyric 
acid studies were performed under anaerobic conditions as batch fermentations with lag, log and 
stationary phase growth being monitored by the optical density of the fermentation broth. Samples 
were drawn throughout the fermentations and HPLC analysis was performed to determine sugar 
consumption and butyric acid production over time.  
 
Another element expounded in this thesis is the potential use of the economical and renewable 
resource hot water extracted (HWE) hemicellose as a substrate for Clostridial fermentation. HWE 
hemicellose is produced as a waste stream from the pulp and paper industry and is converted to 
fermentable xylose with the concomitant release of acetic acid from the acetyl groups on the xylan 
backbone. With the presence of such a high concentration of acetic acid, microbial inhibition occurs 
and the productivity of xylose fermentation to butyric acid is diminished with the increased lag phase. 
C. tyrobutyricum xylose fermentation studies were performed with synthetic media challenging the 
fermentation with up to 26.3 g/L acetic acid to gain an understanding of the effects of acetic acid 
inhibition.  Once the acetic acid induced lag phase growth was characterized this work was furthered 
by adapting a strain of C. tyrobutyricum to 26.3 g/L acetic acid conditions and demonstrating that this 
pre-adaptation could drastically reduce the acetic acid induced lag phase of a batch fermentation. From 
this set of studies, it is noted that the presence of acetic acid in the media increases carbon efficiency 
of the fermentation as during stationary growth C. tyrobutyricum re-uptakes free acetic acid from the 
environment and converts it into butyric acid.  
 

This thesis also demonstrates the bioconversion of butanol to butyraldehyde by the methylotrophic 
yeast Pichia pastoris. P. pastoris were grown to high cell densities under glycerol feed and then 
induced to produce the endogenous alcohol oxidase (AOX) enzyme by beginning the culture on 
methanol consumption after a short starvation period. AOX converts short chain aliphatic alcohols to 
the corresponding aldehyde with the utilization of oxygen. The AOX enzyme is inhibited by the final 
product butyraldehyde so studies were performed utilizing alternative amine based pH buffering 
systems which also aid the bioconversion by binding free butyraldehyde as a Schiff-base. By binding 
the butyraldehyde longer bioconversions were observed. For these conversions, AOX activity was 
monitored with an absorbance based enzyme assay and the butanol substrate and butyraldehyde 
product were determined by gas chromatography.  





Acknowledgements 
 

I would like to thank my supervisor Associate Professor Ulrika Rova for the constant support she has 
provided throughout this work. Dr. Rova has always had time to help guide my research and the 
resourcefulness to provide me with relevant scientific literature and information to understand any 
problems I came across. Her unvarying efforts have not only deepened my knowledge of microbial 
metabolism and fermentation production but developed my writing skills as well through our work on 
posters, manuscripts and this thesis. Dr. Rova is an excellent supervisor and I am lucky to have been able 
to work with her. 

I would also like to thank my co-supervisor Professor Kris A Berglund for providing me with the 
motivation and opportunity to undertake graduate research at the Division of Sustainable Resource 
Engineering. Dr. Berglund has enthusiastically inspired me to explore many interesting research concepts 
from chemical production to beverage fermentation and ensured that I had the means to follow them. I 
thank him for granting me the ability to broaden my cultural horizons by pursuing research in both the 
United States and Sweden and his uncanny confidence that everything will turn out fine.  

Thanks to my academic mentor, Dr. Magnus Sjöblom for paving the way for my work with Pichia 
pastoris. Dr. Sjöblom and Jonas Helmerius have helped me with difficulties in research as well as with 
studying abroad. Thank you both for all of the help you have given and making me feel welcome.  

I appreciate the time I have spent with my lab-mates from the Berglund lab including Dr. Tim Petrik and 
John Jeffery. When I first began, Dr. Petrik spent many hours in the lab teaching me the basics of 
Clostridial fermentation while John Jeffery helped transition me into study mode for that first academic 
year. Conversations with the two of them were always inspiring and led to some interesting 
experimentation, especially in beverage distillation.  

My parents, Squire Jaros and Dr. Christel Marschall have always inspired and supported me to pursue my 
dreams. I thank them for exposing me to science at such a young age as it has influenced my life. I love 
you both.  

I am grateful for my friends, especially John Baer III for being an unrelenting source of stability through 
the challenges I have faced in life. Nick and Lauren Noel, Christopher Singleton and Dr. (soon to be) Lisa 
Harlow are always there for me in my times of need and I thank you for it.   





List of papers 
 

I Effect of Acetate on Fermentation Production of Butyrate 

 Adam Jaros, Ulrika Rova and Kris A. Berglund 

 Cellulose Chemistry and Technology 2012, 46(5-6): 341-347 

II Acetate Adaptation of Clostridia tyrobutyricum for Improved Fermentation Production of 
Butyrate 

 Adam Jaros, Ulrika Rova and Kris A. Berglund 

 Manuscript submitted to SpringerPlus July 11th, 2012 

III The Application of Induced Whole-Cell Pichia pastoris in a Natural Bioconversion of 
Butanol to Butyraldehyde 

 Adam M. Jaros, Ulrika Rova and Kris A. Berglund 

 Manuscript submitted to Brazilian Journal of Chemical Engineering July 16th, 2012 





TABLE OF CONTENTS 

INTRODUCTION ........................................................................................................................................ 1 

MOTIVATION........................................................................................................................................... 1 
GENERAL AIMS ....................................................................................................................................... 2 
BIOREFINERY .......................................................................................................................................... 2 
LIGNOCELLULOSIC CHEMISTRY AND PRETREATMENTS ............................................................ 3 
MICROBIAL INHIBITION ....................................................................................................................... 4 
CLOSTRIDIAL FERMENTATION ............................................................................................................ 6 
PRODUCTION OF BUTYRIC ACID BY CLOSTRIDIA TYROBUTYRICUM FERMENTATION .......... 8 
BUTANOL PRODUCTION BY CLOSTRIDIA FERMENTATION ......................................................... 9 
BIOCONVERSION OF BUTANOL TO BUTYRALDEHYDE THROUGH OXIDATION BY PICHIA 
PASTORIS .................................................................................................................................................10 
 

PRESENT INVESTIGATION ...................................................................................................................14 

 

SUMMARIES OF PAPERS .......................................................................................................................15 

PAPER I ....................................................................................................................................................15 
PAPER II ...................................................................................................................................................16 
PAPER III ..................................................................................................................................................17 
 

CONCLUSIONS ..........................................................................................................................................19 

REFERENCES ............................................................................................................................................21 

 

 

 





1 
 

Introduction 

Motivation:  
Each year, the global chemical industry observes increased market demand for n-butanol, n-
butyraldehyde, butyric acid and other 4 carbon oxychemicals (Figure 1). The increased application of 4 
carbon oxychemicals is not only limited to direct use but often for utilization as chemical feedstocks to 
generate other commercially important compounds (1-3). For example, the period between 1988 and 1991 
saw the commercial production of 24,000 tons of butyric and isobutyric acid in the U.S. alone, with most 
of the material applied to the production of the plasticizer cellulose acetate butyrate (3, 4). While n-
butanol is added as a solvent to commercial paint and surface coatings such as lacquers, substantial 
volumes of n-butanol derivatives n-butyl acrylate and methacrylate are used in emulsion polymers and 
latex paints (2). Furthermore, 90% of butyraldehyde synthesized commercially is used to produce 2-
ethylhexanol, principally used to manufacture acrylic polymers for adhesives and surface coatings (1).  

The mainstream commercial production of butyric acid and n-butanol occurs by the air-oxidation of 
butyraldehyde, synthetically produced from the oxo reaction of propylene, carbon monoxide and 
hydrogen (1, 3). The oxo reaction, also known as hydroformylation, is the addition of a hydrogen atom 
and carbon monoxide to the double bond of an alkene with heat and pressure and the aid of a metal 
catalyst (1, 5). For decades, the industrial process of the oxo reaction has been the predominant method 
for the production of both n-butyraldehyde and the isomer isobutyraldehyde (1). Oxidation of n- 
butyraldehyde is the common method for generating butyric acid while hydrogenation of n-butyraldehyde 
yields n-butyl alcohol, also known as n-butanol (1).  

As industrial synthesis of these chemicals increases world-wide, several issues begin to develop. The 
foremost is that while the production volume is increasing the originating building block molecule, 
propylene, is generated from non-renewable sources. The bulk of global propylene feedstock results from 
the steam-cracking of hydrocarbons in the refining of gas oil by the petro-chemical industry (6). Other 
sources of propylene exist such as that extracted from natural gas refining and during coke production as 
coal is carbonized, both sources as non-renewable as petroleum (6). Given that commercial synthesis of 
n-butanol, butyric acid and butyraldehyde and compounds derived from these building blocks is 
dependent on the oxo reaction of propylene, the production of these chemicals is based on a non-
sustainable source. Increasing demand for n-butanol, butyric acid and butyraldehyde for generating 
modern materials, requires that alternative and sustainable processes for producing these chemicals be 
developed.  

Another issue that the n-butanol, butyric acid and butyraldehyde market faces is that the strong “all-
natural” market for food products has generated an incentive to produce flavor additives derived from 
these compounds without utilizing petro-chemical sources or genetically modified organisms. In terms of 
food use, butyric acid is approved by the Food and Drug Administration (US) for use as a flavor additive 
and imparts a butter quality to a product. Butanol, while not directly used as a flavor additive, can be 
oxidized non-synthetically to butyraldehyde by the methylotrophic yeast Pichia pastoris (7). 
Butyraldehyde is a useful flavor compound as it directly imparts buttery or cheesy characteristics to a 
product and can be processed into 2-ethyl butyraldehyde found in chocolate and cocoa (8, 9). As such, a 
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market exists for n-butanol, butyric acid and butyraldehyde produced non-synthetically, requiring that 
alternative process designs undergo development to generate these chemicals from non-petro-chemical 
means.  

           

Figure 1. n-butanol, n-butyraldehyde and butyric acid.    

 

General Aims: 
 Develop methods for the production of n-butanol, butyric acid and butyraldehyde from 

sustainable sources.  
o Utilize hydrolysed lignocellulosic material as the renewable carbon source for the 

fermentation production of these compounds. 
o Examine the effects of microbial inhibitors found within lignocellulosic material on 

fermentation production. 
 Exploit fermentation strategies such as strain adaptation to overcome known 

inhibitors to enhance the fermentation production of these chemicals using a 
lignocellulosic carbon source. 

Biorefinery: 
The generation of heat and electricity by burning biomass is a common industrial practice and there are 
also several processes for the manufacture of bio-based chemical building blocks from plant biomass (i.e, 
starch, cellulose, hemi-cellulose) (10). Biorefineries are similar to petroleum refineries in that they are 
able generate a diverse spectrum of products and energy but unlike petroleum refineries, are able to 
produce these products from biomass rather than petrochemical sources (10). Of the multiple conversion 
platforms that exist in biorefineries, thermochemical processing transforms biomass through gasification 
and the subsequent conditioning of break-down products to generate fuels and chemicals (11). 
Alternatively, biomass can be converted into fuels and chemicals by hydrolysing fermentatable sugars 
from the material for use as a fermentation substrate.  
 
The research examined here is based upon conversion of plant material to fermentable sugar through 
enzymatic hydrolysis for bio-processing. Depending on the process and the biomass source, different 
fermentable sugars are released. While starch and cellulose hydrolyse into sucrose, glucose and fructose, 
hemi-cellulose (xylan) mainly degrades into xylose. The type of sugar available determines the 
fermentation method and resulting chemical product. Fermentation of sucrose, glucose and fructose by 
Saccharomyces cerevisiae is a common industrial means of producing bio-ethanol (12). Biodiesel, bio-
ethanol and bio-butanol are examples of fuels currently being produced industrially in biorefineries both 
through thermochemical and biochemical means (10). Currently, yeast fermentation of food-grade sugar 
and enzymatic treated starch is the most common industrial method producing bio-ethanol (10). Bacterial 
fermentations utilize many types of sugar including xylose and other pentose sugars which non-modified 
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S. cerevisiae is incapable of consuming (12). Thus, bacterial fermentation platforms can generate a wide 
array of final products ranging from organic acids to long chain alcohols diversifying the final product 
profile of a bio-process.  

The Swedish forestry industry exports major fractions of the world’s paper, timber and pulp. With a large 
amount of wood material being processed, the traditional Swedish mill is in a unique position to branch 
out into biorefinery production, converting lignocellulosic biomass into fuels and chemicals. On the 
American side, abundant domestic agricultural waste and forest resources provide a sustainable source of 
lignocellulosic biomass for biorefinery use (13). Lignocellulosic material is the most abundant renewable 
resource on the planet and is considered a waste stream from both the agricultural and pulp and paper 
industries (14). The conversion of this type of biomass to a fermentable substrate of monomeric sugars 
requires hydrolysis of the tough plant structural carbohydrates (cellulose, hemicellulose and lignin). 
Typically the cellulose fraction of wood material is utilized in the production of pulp and paper and the 
leftover hemicelluloses and lignin are burned for energy (15). The alternative to burning the 
hemicellulose fraction is to convert this fraction into fermentable monomeric sugars either enzymatically 
or chemically (16).  As with chemical production, the cost of fermentation substrate is a critical factor for 
practical application (17). Due to the abundance and sustainable sources of lignocellulose, it has the 
potential to become a cost effective source of fermentation substrate.  

Lignocellulosic chemistry and pretreatments: 
Depending on the source of biomass, the dry weight percentage of fermentable carbohydrate ranges from 
56 to 72% (18). The main constituent of biomass is cellulose, ranging from 35-48% by dry weight 
depending on the source (i.e, softwood, hardwood, farm or agricultural waste) (18). Cellulose is a 
polysaccharide of glucose monomers linked in a chain by β-1, 4 glycosidic linkages. Unlike starch or 
glycogen which are polysaccharides of glucose in α-1,4 glycosidic linkages, β-1,4 glycosidic bonds are 
not easily hydrolyzed thus making it significantly more difficult to convert cellulose to fermentable sugars 
as is done commercially with starch (19). Within plant cells, cellulose forms a tight crystalline structure as 
microfibrils embedded in the lignin-hemicellulose matrix. While this complex provides the plant cell with 
a tough rigid structure, it imbues biomass with recalcitrance to hydrolysis.  

After cellulose, the second major component of lignocellulosic biomass is hemicellulose, a more complex 
polysaccharide consisting of a heterogeneous mix of hexose (glucose, galactose) and pentose (xylose, 
arabinose) monosaccharides residues (18, 20). Of the polysaccharides constituting hemicellulose, the 
main component is xylan, an acetylated xylose heteropolysaccharide consisting of a backbone of β-1,4-
linked β-D-xylopyranosyl residues (21). Depending on the source, xylan displays varied branching and 
backbone composition, such a structure makes xylan more flexible than cellulose (21). The xylan 
backbone from grass sources has α-1,3-linked L-arabinofuranosyl residue substitutions and is thus an 
arabinoxylan (21). However, xylan from wood sources is quite different. Hardwood xylan such as from 
birch and beech contains a xylan backbone with 4-O-methylglucuronic substituent’s for every 15 xylose 
residues and 0.4 to 0.7 degrees of acetylation for every xylose (22). The hardwood xylan acetylation ratio 
of acetyl:xylose units of 0.7:1, facilitates the release of xylose in hot water by autohydrolysis (22). 
Softwood xylan on the other hand has little to no acetylation, limiting the solubility of hemicellulose 
derived from softwood sources as increased acetylation and side chains leads to increased solubility in 
water (21, 22).  
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Multiple biomass pretreatment methods are currently being evaluated for both efficient and cost effective 
conversion of cellulose and hemicelluose into saccharifiable residues. Lignin-carbohydrate ester/ether 
linkages within plant cell walls provide a tough structural complex inhibiting enzymatic degradation of 
hemicellulose and cellulose (20). Pretreatment methods including the ones described below destroy or 
degrade such lignin-carbohydrate linkages opening up hemicelluose and cellulose to saccharafication 
enzymes, allowing for greater efficiency and activity of enzymatic hydrolysis (23).  

Alkaline hydrogen peroxide pretreatment involves adding H2O2 (~4 % v/v) to milled biomass and then 
increasing the pH of the slurry to over 11.5 for a delignification reaction to occur, exposing cellulose and 
hemicelluose to saccharification enzymes (12, 24, 25). The mechanism behind this method for degrading 
lignin is that at such a high pH, H2O2 dissociates into H+ and HOO-. H2O2 decomposition products OH 
and O2

-· then oxidize lignin, releasing lignin from the lignin-carbohydrate complex and hydrating the 
cellulose polymer (24). Other pretreatments include dilute sulfuric acid steam treatment and ammonia 
fiber expansion to increase the efficiency of biomass hydrolysis also by degrading the lignin-
hemicellulose ester/ether linkages (26).  

Integration of pretreatment and fermentation processes into current industrial operations is imperative for 
the economic viability of the conversion of sustainable biomass to useful fuels and chemicals. 
Pretreatment accounts for 30% of the cost associated with processing biomass (18). Auto-hydrolysis or 
hot water extraction is an alternative and milder process design compared with harsh chemical 
pretreatment (20, 27). The mechanism behind hot water extraction/autohydrolysis works as the 
hydronium ions from protonated H2O depolymerize the hemicellulose chain, releasing bound acetic acid 
and which further depolymerizing the xylan (27).  Hot water extraction of wood chips and other biomass 
solubilizes hemicelluloses and thus allows for the fractionation of hemi-cellulose (xylan) from plant 
material, leaving a purer fraction of cellulose for industrial processes such as pulp and paper production 
(20). As hemicellulose is a heterogeneous polysaccharide, it is more readily hydrolysable into component 
monosaccharides than cellulose (18). Due to this nature of xylan, autohydrolysis, the simple treatment of 
lignocellulosic material or a hemicellulose fraction with heat and water, is an appropriate method for 
hydrolyzing the polysaccharide to shorter xylose chains allowing for enzymatic hydrolysis to xylose 
monomers (20).  

Microbial Inhibition: 
A drawback to the use of lignocellulosic derived hydrolysates in the production of fermentation media is 
that many microbial inhibitors exist naturally in biomass and are formed as well in the chemical 
pretreatment and degradation process. One of the main sources of inhibitors comes from the degradation 
products of lignin, a biopolymer found in plant cell walls constituting 15-27% of the dry weight of 
lignocellulosic biomass (18). Lignin is a heterogeneous polymer of methoxylated monolignols (coniferyl 
alcohol, ρ-coumaryl alcohol and sinapyl alcohol) which pretreatment degrades into constituent 
monomers. Pretreatment degradation products of plant cell walls includes syringic acid, syringaldehyde, 
ρ-coumaric acid, ferulic acid, sinapic acid as well as organic acids such as lactate, formate and acetate, all 
microbial inhibitors to varying degrees (26). Pretreatment and hydrolysis of biomass can also lead to the 
release or generation of furfural and hydroxymethyl furfural (HMF) along with toxic phenolics (14).  

Different plant sources contain varying amounts of lignin or nascent anti-microbials. Corn fiber from wet-
milling operations may contain less than 8% lignin and thus generate far less monolignols from 
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pretreatment than other sources of biomass (28). Alkaline hydrogen peroxide (AHP) pretreated and 
enzymatically hydrolysed wheat straw contains no detectable level of the inhibitors furfural or 
hydroxymethyl furfural (12). AHP wheat straw does contain inhibitory levels of salts, enough to 
necessitate an electrodialytic removal of salt from the hydrolysate before fermentation (29). 

Organic acids, especially acetic acid are common microbial inhibitors released through the hydrolysis of 
hemicellulose due to the heavy acetylation of the xylan polysaccharide (22, 30, 31). While concentrations 
of acetic acid of up to 40 g/L may be released through the complete hydrolysis of hemicellulose to obtain 
fermentable xylose, concentrations as low as 9.0 g/L acetic acid cause 50% growth inhibition in bacteria 
(16, 30). The toxicity of organic acids is pH and hydrophobicity dependent leading to the current theory 
as to the mechanism of inhibition given that the undissociated form of the acid is able to diffuse through 
the cellular plasma membrane and into the cell where the higher internal pH allows for dissociation (30). 
The uncoupling of the acid into the anion and proton forms lowers the pH within the cytosol collapsing 
the pH gradient and thus inhibiting the cellular transport functions dependent upon the pH gradient across 
the plasma membrane (30). With a decrease of pH gradient dependent cellular transport function, the cell 
looses the ability to import essential nutrients and cofactors needed to sustain it and produce energy. Not 
only does an acetic acid inhibited cell starve for nutrients, but as the internal proton concentration 
increases the cell expends ATP energy to drive out the excess protons with the plasma membrane ATPase 
pump (31). The expenditure of ATP to rid the cytosol of protons and the inability to internalize nutrients 
inhibits cell growth causing for lowered productivity for bacterial fermentations exposed to high levels of 
acetic acid. Acetic acid inhibition is a significant factor in utilizing hemicellulose derived xylose due to 
the cost associated with physical treatments for the removal of the acid from the hydrolysate.  

Fortunately, acetic acid is a natural metabolic product of many bacteria which commonly exhibit 
mechanisms of tolerance to the inhibitory effects of the acid as well as consume it as a carbon source (30, 
32). Native systems for acetic acid tolerance must exist as acetic acid is less inhibitory to cellular growth 
than is expected from the relationship of organic acid hydrophobicity to toxicity (30). In addition to 
inherent tolerance, multiple tolerance enhancing strategies exists including the use of alternative 
fermentation strategies, genetic engineering of the organism and strain adaptation by evolutionary 
selection (31, 33, 34). The simplest method for reducing inhibition is to dilute the hydrolysate feed stream 
in a fermentation so that exposure to the inhibitor is below that of the cells inherent capacity for 
detoxification (31). This is often impractical from an economic point of view as diluting the fermentation 
feed stream to lower inhibition also dilutes the carbon source and subsequently the production yield. 
Direct genetic modification is also impractical in many industrial settings as alterations in the natural 
metabolic pathway of an organism often require external maintenance to prevent reversion. Genetic 
modification often weakens the organisms ability to compete against non-modified contaminants as a 
common outcome is mutants with lowered growth rates (32).  

The directed selection of a strain to acetic acid tolerance through adaptation, also known as evolutionary 
engineering, requires none of the external maintenance of genetic modification while generating a strain 
with increased tolerance to the inhibitor (33, 34). The approach to evolutionary engineering is to increase 
exposure of a culture of a microorganism to an inhibitor through multiple passages given the theory that 
each surviving culture passage is more tolerant to the inhibitor than the previous one (31, 35) This method  
is able to imbue a strain with a desired adaptation while maintaining the endogenous enzyme systems 
necessary for metabolism and healthy cellular growth.   
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Clostridial fermentation: 
Species of the anaerobic bacteria Clostridium ferment glucose, xylose, fructose, maltose and ribose to 
useful chemical products but cannot utilize dimeric, oligomeric or polymeric sugars (23). In order to 
efficiently utilize the carbon in lignocellulosic material the full hydrolysis of lignocellulosic feedstock to 
monomeric sugars is required prior to fermentation. As discussed earlier, hydrolysis of lignocellulosic 
material generates a wide variety of monosaccharides thus the capability of Clostridia to consume a 
divierse array of sugars makes it a candidate for fermenting hydrolysates. Clostridium tyrobutyricum, 
Clostridium beijerinckii and Clostridium acetobutylicum are species which have been studied in particular 
for fermentation production of butanol and butyric acid (10, 23, 30). 

Anaerobic, butyrate producing bacteria such as Clostridia metabolize glucose to pyruvate through the 
Embden-Meyerhof-Parnas (EMP) pathway and concomitantly generate acetate, butyrate, H2 and CO2 as 
major metabolic end-products (32). Bacteria within the genus Clostridium are considered butyric acid 
bacteria but many of the Clostridium sensu stricto species produce mixtures of acids and alcohols during 
fermentation (36). The acid-producing (acidogenic) and solvent-producing (solventogenic) stages of 
Clostridial fermentation are dependent upon the growth stage of the fermentation (37). During both batch 
and fed-batch fermentations of solventogenic Clostridia, the exponential growth stage generates the 
majority of the acid products while during the stationary growth phase solvents are produced (37, 38). 
However, between species the Clostridia have diverged in their evolution of metabolic pathways with 
several completely unable to produce solvent (acetone, butanol and ethanol) of any kind. Species such as 
C. tyrobutyricum are useful in this regard as the carbon efficiency of butyric acid production is increased 
with the lack of concomitant solventogenic metabolism. On the other hand, butanol is an important 
chemical commodity which may be produced by other species such as C. beijerinckii or C. 
acetobutylicum given the appropriate pH control (14, 35). 
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Figure 2. Schematic of the metabolic production of butyric acid in Clostridia. 

 

 

Figure 3. Schematic of xylose metabolism and production of butyric acid in Clostridia. 



8 
 

Production of butyric acid by Clostridia tyrobutyricum fermentation: 
As seen in Figure 2, C. tyrobutyricum is able to generate 4 adenosine triphosphates (ATPs) from the 
fermentation production of 2 acetate molecules from a single glucose molecule while only 3 ATP are 
received by fermenting glucose to a butyrate (32). These differing energy outputs effect the acid 
production during cellular growth stages of batch fermentation. As more ATP is generated from acetic 
acid production, this is the main product made during logarithmic growth phase due to the higher 
energetic costs of cellular division and biomass generation (39). Once the C. tyrobutyricum culture 
reaches stationary phase growth, the high energy demands are no longer required and the entire culture 
switches over to mainly butyric acid production which generates less of a pH drop.   

Figure 3 demonstrates the outcome of xylose metabolism with production of either acid generating fewer 
ATP than with glucose consumption (34). Transport of xylose across the cell membrane and into the 
cytoplasm consumes energy and is the responsibility of an alternative transport system than the glucose 
transport system, thus the net gain of ATP from xylose consumption is reduced (40). Due to this, the 
presence of glucose represses the mechanism of xylose metabolism in Clostridia which exhibits diauxic 
growth, consuming glucose prior to the consumption of other carbon sources with an extended lag period 
as the proper metabolic transport machinery is activated (41). One advantage of utilizing a hemicellulose 
derived substrate stream is that the monomeric sugar is all xylose, rather than a mixture of sugar 
monomers common to other types of hydrolysate. This feature reduces fermentation time by avoiding the 
lag period caused by diauxic growth. 

Although acetate is a known inhibitor of microbial fermentations, many studies have found the presence 
of externally added acetate to be beneficial in terms of final product yields for bacterial fermentations, 
specifically in fermentations utilizing Clostridia (37, 38, 42-44). External pH is one major factor 
regulating the metabolic pathways of fermenting organisms, especially for Clostridia (34). In C. 
tyrobutyricum, pH changes in the external media induce metabolic shifts in terms of acid end-products. 
pH 5.0 leads to predominantly hetero-fermentive production of lactic and acetic acid while at pH 6.0 the 
same fermentation generates primarily butyric acid (34). It has been reported that pH induced metabolic 
shift is ultimately the result of pH effects on the expression levels of acid-forming enzymes in the 
Clostridial metabolic pathway rather than the effect of pH on acid-forming enzyme activities (34). An 
external pH of 5.3 generates a higher level of expression of phosphotransacetylase (PTA), one of the 
enzymes responsible for the acetate formation metabolic pathway, than a pH 6.3 (34). Butyrate forming 
enzymes such as phosphotransbutyrylase (PTB) have higher expression at pH 6.3 than at 5.3(34). The 
correlation between pH and metabolism is an important aspect to examine for optimizing the production 
of specific acids from Clostridial fermentation.  

Another advantage of using a high acetate substrate such as hemicellulose derived xylose for butyric acid 
production is that C. tyrobutyricum and several other Clostridia can assimilate acetate from the media to 
generate even higher levels of butyric acid (32, 45). The mechanism of acetate re-utilization involves the 
free acetate in the media being internalized and exchanging into the acetyl-CoA pool to result in butyrate 
production. The culture mainly generates acetate as a product during logarithmic phase growth, yet the 
energetic cost of cellular maintenance given a high external acetate environment provides a reason behind 
the evolution of an acetate re-utilization mechanism (39). Hot-water extraction and other methods of 
deriving xylose from hemicellulose cause for the release of up to 40 g/L free acetate in the hydrolysate 
increasing butyrate production carbon efficiency due to the re-utilization mechanism (16).  
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Butanol production by Clostridia fermentation: 
Butanol is a well-known product of clostridial fermentation in the solventogenic ABE (Acetone-Butanol-
Ethanol) fermentation. While ABE utilizes the same initial metabolic pathway as acidogenic producers, 
the acids are used as electron acceptors and that moiety is reduced to the pH neutral alcohol (36). 
Research involving the use of solventogenic members of the Clostridia to be used for butanol production 
has led to the development of solvent-hyperproducing mutants of C. beijerinckii as well as the full 
genomic sequencing of C. acetobutylicum (44, 46).  

Analogous to butyric acid fermentation production, hydrolysed agricultural wastes and residues 
containing hemicellulosic material are an economic and renewable source of substrate for the 
fermentation production of butanol (14, 47). An interesting process design in this regard is the potential 
use of native endo-xylanase enzymes in C. acetobutylicum to break down residual xylan in hemicellulose 
hydrolysates to xylose for fermentation to butanol. While C. acetobutylicum cultures in the correct media 
do exhibit xylanolytic activity it has not yet been proven feasible to ferment butanol directly from a 
xylan-only substrate (47, 48). Despite this, the endogenous production of xylanases in Clostridia makes 
hemicellulose hydrolysate an exceptional candidate as a substrate for butanol fermentation as any residual 
un-hydrolysed xylan can still be utilized.  

Clostridial fermentation for butanol generates acetate during logarithmic growth phase and the secondary 
solvent fermentation is enhanced by the presence of these weak organic acids (both acetic and butyric) 
generated during the primary fermentation stage (37). As with butyric acid production, despite acetate 
being a microbial inhibitor the presence of externally added acetate to the media enhances and stabilizes 
solvent production (37, 38, 44). The acetate uptake mechanism assimilates the external acetate into 
solvent products including acetone, butanol and ethanol (38). In C. acetobutylicum fermentations, the 
external additions of 4 to 5 g/L acetate and/or butyrate demonstrated a 4 to 6 fold increases in solvent 
production in a 5 g/L/day glucose fed-batch fermentation system (37). External additions of 4 to 5 g/L 
acetate and/or butyrate also increased the solvent produced: sugar fermented ratio 3 fold in the same 5 
g/L/day glucose fed batch C. acetobutylicum fermentations (37). A similar fed-batch fermentation 
utilizing xylose as the sugar source also increased solvent production by a factor of 6 fold with the 
external addition of 4 g/L acetate and 4 g/L butyrate as well as increasing xylose consumption and the 
solvent produced: sugar fermented ratio by 3.3 (37). External acetate in Clostridial fermentations while 
inhibiting microbial growth, increases product formation and efficiency.   

Hemicellulose derived xylose is a carbon efficient substrate for butanol production due to the acetyl 
groups becoming free acetate during hydrolysis and thus providing the Clostridia a carbon source on top 
of xylose to generate butanol. Such butanol is generated through an all-natural fermentation process and is 
thus a natural product. Further derivatization of butanol produced in such a manner can also be performed 
non-synthetically and render all-natural final products, a boon to the flavour and scent compound 
industry. 

Historically, industrial Clostridium spp. fermentation for ABE (acetone, butanol and ethanol) production 
was second only to yeast based ethanol fermentation in terms of worldwide production scale (46, 49). 
Industrially adapted strains of C. acetobutylicum were utilized for large scale (>90,000 L) fermentations 
of grain and molasses at a 30% w/w conversion of sugar to solvent (49). After World War 2, the 
fluctuating price of carbohydrate feedstock and the economic advantages of petrochemical based solvent 
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synthesis ended Western industrial use of Clostridial fermentation for solvent production (46, 49). 
However, contemporary industrial application of C. acetobutylicum fermentation for ABE production 
exists and is being developed in China with the current production capacity at 210,000 tons of bio-butanol 
per year (50). The resurgence in Clostridial ABE fermentation is based on high petroleum prices and 
technological advances in fermentation strategy, engineering and adaptation of the bacteria and advances 
in product recovery (50). As the cost of substrate is a main consideration in the operational costs of an 
ABE plant, the development of a process for utilizing hydrolysed lignocellulosic waste streams from 
other industries is vital for reducing the operational cost of an ABE plant.     

Bioconversion of butanol to butyraldehyde through oxidation by Pichia pastoris: 
The non-fermenting, methylotrophic yeast Pichia pastoris is able to generate cellular energy through the 
controlled oxidation of methanol to formaldehyde by the alcohol oxidase (AOX) enzyme (51). There are 
two forms of AOX with the main form of the alcohol oxidase enzyme in P. pastoris coded from the 
AOX1 gene with repression/de-repression regulation of the AOX1 promoter and induction regulation of 
the AOX1 gene itself (52). Due to the carbon-source specific induction mechanism, transcription of the P. 
pastoris AOX1 gene requires the presence of methanol and absence of any other carbon sources (i.e., 
glycerol, glucose or ethanol) (53, 54). Fortunately, once induced, AOX may account for up to 30% of 
cellular protein and the enzymes relative non-specificity allows it to convert ethanol and higher chain 
alcohols to aldehyde products (7, 55, 56). This is one of the most important aspects of utilizing P. pastoris 
in the industrial production of aldehyde products and for other biotechnological applications. Although 
the activity of AOX decreases with increased chain length, oxidative conversions have been performed 
with P. pastoris AOX on primary alcohols as long as n-butanol, branched chain compounds such as 
isoamyl alcohol and even alcohols with alkyne functional groups, for instance propargyl alcohol (7). The 
lack of specificity of the P. pastoris AOX endows the enzyme with the potential for the oxidative 
conversion of dilute, multi-component alcohol streams such as those generated from ABE fermentations.  
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Figure 4. Schematic of induced methanol metabolism in Pichia pastoris. AOX, alcohol oxidase; CAT, 
catalase.  

 

Figure 4 demonstrates the metabolic pathway of methanol consumption in the whole-cell P. pastoris and 
outlines a strong advantage of the whole-cell processing system, that oxidation can be contained to the 
peroxisome where catalase can immediately degrade the toxic H2O2 by-product (52). The design of a 
whole-cell bioconversion system includes the use of living and fully AOX induced P. pastoris as 
compared to a system with the enzyme removed from the induced cells to perform oxidations. The 
peroxisome microbody of a fully methanol induced methylotrophic yeast sequesters the AOX enzyme 
which, in order to produce energy, oxidizes methanol to H2O2 and formaldeyhyde (CH2O) (57). This 
oxidation is the first step of the dissimilatory pathway, the metabolic pathway responsible for the 
catabolism of methanol and longer chain alcohols (56, 58). In the whole-cell system, this reaction and 
subsequent degradation of H2O2 to H2O and oxygen by catalase all takes place in the peroxisome, where a 
far larger amount of catalase is present than the amount of alcohol oxidase (59). Thus, although the 
enzymatic inhibitor H2O2 is generated by the alcohol oxidase, the H2O2 is readily degraded as it is 
produced so there is reduced inhibition of AOX activity in the whole-cell system due to the entire reaction 
occurring within the peroxisome. Without the protection of peroxisomal catalase, purified AOX enzyme 
suffers reduced activity in the presence of H2O2 (60, 61). Previous research has discovered a 50% 
reduction in the activity of purified P. pastoris AOX when only a 0.8 mM solution of H2O2 was added 
(60). The H2O2 inhibition of AOX activity is prevented in the whole-cell system due to the close presence 
of catalase in the peroxisome of the cell. In fact, one study found that not only is there enough catalase in 
the induced P. pastoris peroxisome to degrade the destructive H2O2  by-product of AOX activity but even 
the addition of exogenous H2O2 was degraded by the catalase fast enough to prevent AOX inhibition (62).  
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While a purified and immobilized AOX bio-oxidation system has been proven to work on the small scale, 
there are still many advantages to utilizing whole-cell living P.pastoris for oxidative processing over 
removing the enzyme from induced cells (7). The whole-cell system provides an efficient alternative in 
terms of process design over non-cellular AOX enzyme bioconversion systems which require cellular 
disruption as well as purification of the enzyme (62). Within the peroxisome of the yeast, not only are 
cofactors and coenzyme available but the optimal pH, ionic strength as well as hydrophilic to lipophilic 
ratio conditions are met and maintained by the cell (62). For extracted AOX to be used in a bioconversion 
system, these conditions would have to be managed by the operators, adding a level of complexity to an 
already overtly complex process.  

Since the beginning of research into the topic of AOX being used for industrial bioconversions, the 
problem of product inhibition has been an issue. As aldehyde concentrations increase in the media, the 
product eventually inhibits AOX activity and limits the total of amount of aldehyde that can be produced 
(55, 59, 63, 64). Past researchers have tested a series of ethanol to acetaldehyde bioconversions for 
product inhibition and found that a relatively small amount of acetaldehyde present in the media (4 g/L) 
can cause up to 50% AOX inhibition, a detrimental condition for producing aldehyde products from batch 
bioconversions (64).  

Most designs of the whole-cell system include a continuous stirred-tank reactor as the bioconversion 
vessel; such a vessel is then sparged with either air or purified oxygen in order to provide enough oxygen 
substrate for the AOX to continue converting (59, 63). An obvious solution for both product recovery and 
end-product inhibition is to collect the volatile aldehyde products in the sparging air as they leave the 
vessel (59, 63). The bioconversions are typically run between 30°C and 40°C as the pure AOX enzyme 
has optimal activity at 37°C and whole-cell conversions show maximal activity at 40°C (55, 60). The 
aldehyde products typically have lower boiling points than this temperature range, i.e. the boiling-point of 
acetaldehyde is 21°C thus it leaves the bioconversion in the sparging air much more readily than the un-
reacted alcohol substrate or the P. pastoris broth in the vessel (59, 63). The sparging air is then sent 
through a cold trap to condense and reclaim the aldehyde. This feature works well if the aldehyde can be 
carried out by the air/oxygen stream fast enough to remove it from the media where the bioconversion is 
taking place.  

Any bioconversion system, whether using whole P. pastoris cells or a purified form of the AOX enzyme, 
requires a buffering media in order to maintain the cellular or enzymatic function. The typical P. pastoris 
growth and induction media is mainly made up of a basal salts medium consisting of sulfate and 
phosphate salts adjusted to a pH of 5.0 with ammonium hydroxide acting as both a base and a nitrogen 
source (65). More than likely, such a buffer system would become too costly at the large volumes needed 
for an economic bioconversion, thus some researchers have attempted whole-cell conversions using only 
a potassium phosphate pH buffering system and product recovery through sparging (59). While this 
conversion was able to yield 3.9 g/L/h acetaldehyde from a 10% (v/v) ethanol solution for the first hour, 
this design had major issues with product inhibition caused by rapid acetaldehyde build up (59). Quickly 
the concentration reached over 4 g/L and AOX became deactivated thus much work has focused on 
oxygen limitation as a means to prolong AOX activity with a reduction in the presence of the substrate 
oxygen (59).  
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Rather than rely strictly on gas sparging to remove the aldehdye, using an aldehyde binding buffer system 
as the media can greatly increase AOX activity by binding free aldehyde as it is released from the cell 
(64). A simple solution is to utilize a buffering system that binds the free aldehyde product away from the 
cells or enzyme while maintaining an adequate pH. Utilizing a primary amine buffer to readily chelate an 
aldehyde product during formation is a proven means of extending the enzyme activity while maintaining 
a physiological pH of 8.0 (55, 66). Tris (2-amino-2-hydroxymethylpropane-1,3-diol) has been used 
historically as an inexpensive pH buffer which maintains physiological pH range in the media and 
blockades aldehydes (67). The mechanism of Tris blocking aldehydes is not fully understood but is likely 
due to the formation of Schiff-bases between the amine groups of the Tris and the aldehyde (67). This 
bond formation generates imino-acetals as seen in Figure 5 and can be formed between the amine of the 
Tris and acetaldehyde, propionaldehyde, isobutyraldehyde or benzaldehyde (67). Alkaline Tris buffer 
stoichiometrically binds acetaldehyde and this method of pH buffering has been reported to prevent end-
product inhibition of ethanol to acetaldehyde bioconversions (55, 63).   

 

Figure 5: Imino-acetal formed from aldehyde and TRIS complex. 

 Once the Tris buffer is saturated and has bound as much aldehyde as is stoichiometrically possible, free 
aldehyde begins to accumulate in the media, causing AOX product inhibition. At the end of the reaction, 
breaking the aldehyde free of the imino-acetal bond is done by dropping the pH of the spent media to pH 
6.0 and then product recovery can be performed (63). Another advantage to this system is that once the 
aldehyde is removed, the Tris buffer can be re-used repeatedly to bind aldehyde product in the next round 
of bioconversion (55, 63, 68).  
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Present Investigation 
Green chemical fermentation production offers a sustainable alternative to petro-chemical synthesis yet 
substantial research into this field is required for the development of economically feasible processes. 
Fermentable xylose from a hot water extracted hemicellulose pulp and paper waste stream is an 
economical and sustainable carbon source but challenges subsequent fermentation production with the 
microbial inhibitor acetic acid. Likewise, the natural butanol to butyraldehyde bioconversion process is 
hampered by the formation of the butyraldehyde product, lowering the productivity of the bioconversion. 

Aim 1 of these studies was to fully characterize the acetic acid inhibition on butyric acid fermentation 
production by C. tyrobutyricum in order to understand the impact of inhibition that could be expected 
from hot water extraction derived xylose.  

Aim 2 was a continuation of Aim 1 in that despite an extended lag phase in growth, a 26.3 g/L acetic acid 
challenged C. tyrobutyricum culture could adapt to the high initial acetate during the course of the batch 
fermentation. The objective of this aim is to increase overall productivity of butyric acid fermentation in 
the presence of acetic acid by adapting a tolerant culture.  

Aim 3 was to enhance natural butanol to butyraldehyde bioconversion of the yeast Pichia pastoris 
through the use of an amine based pH buffer, binding the butyraldehyde into a Schiff base. The objective 
of utilizing Schiff base formation during the bioconversion is to sequester free butyraldehyde from the 
media as it forms thus limiting the interaction of butyraldehyde with the alcohol oxidase enzyme which 
inhibits the enzymes activity. Such a result would extend the period in which the induced whole-cell P. 
pastoris system could be used to generate butyraldehyde from butanol.   
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Summaries of Papers 

Paper I 
This study examines the effects of acetic acid on the fermentation production of butyric acid by the 
anaerobic bacteria Clostridium tyrobutyricum. C. tyrobutyricum consumes both five and six carbon 
monomeric sugars and unlike other members of the genus, does not generate solvent metabolic by-
products, thus increasing the carbon efficiency of butyric acid production (32, 36). Butyric acid is the 
main metabolic product of C. tyrobutyricum fermentation with acetic and lactic acid being lesser 
produced co-products (32). Developing a natural process for butyric acid production is important, as 
many of the applications associated with either butyrate or butyric acid derivatives are related to the food 
and flavor industry with strong consumer sentiment against petro-chemical synthesized materials.  

An economic and renewable source of fermentable xylose comes from the hot water extraction of the 
hemicellulose waste stream of the pulp and paper industry. Depending on processing, hardwood derived 
xylose is found in the hydrolysate in concentrations of up to 70 g/L (16). A concern is that the auto-
hydrolysis of this low-cost substrate generates high levels of acetic acid in the range of 40 g/L, inhibitory 
to subsequent microbial fermentations (16). The work in Paper I focuses on the impact of high levels of 
acetic acid on C. tyrobutyricum fermentation in order develop a process for using xylose extracted from 
hemicellulose as a fermentative substrate without requiring the removal of acetic acid from the feedstock.  

The studies performed challenged C. tyrobutyricum batch fermentations with acetic acid in order to 
characterize the effects of acetic acid inhibition on lag and log phase culture growth, butyric acid and 
acetic acid production rates as well as final yields. These effects were demonstrated on 1-liter batch 
fermentations of minimal media with inoculums of C. tyrobutyricum conditioned to either glucose or 
xylose consumption. The inoculum culture had to be conditioned to one specific carbon source for 
fermentation as C. tyrobutyricum exhibits diauxic growth (69). The presence of a more utilizable carbon 
source, in this case glucose, represses the metabolic activities associated with the consumption of the 
lesser utilizable carbon, xylose. As the purpose of this study was to examine the effects of acetic acid 
inhibition and metabolic switching would have generated inhibition, each culture was exposed to only one 
sole carbon source for the duration of the fermentations.  

1-liter batch fermentations were performed with 950 mL minimal media (6 g/L yeast extract, 5 ppm 
FeSO4 7 H2O, and 200 mL xylose or glucose at 300 g/L autoclaved separately and added later) and 
variable amounts of acetic acid equivalents in the form of sodium acetate (0, 4.4, 8.8, 17.6 or 26.3 g/L). 
Log phase 50 mL inoculumn C. tyrobutyricum cultures conditioned to either xylose or glucose were used 
once the optical density of the inoculums reached an absorbance of 2.0 at 600 nm. Batches were run at 
36°C, 250 rpm agitation with pH adjusted to 6.0 with automatic addition of 5 M NaOH. Anaerobiosis was 
achieved by sparging the vessel with nitrogen gas. Samples were withdrawn aseptically and analyzed by 
HPLC for sugar and acid quantities as well as optical density for dry cellular weight determination.  

The most obvious effect of the initial acetic acid inhibition was an extended lag phase of the culture, 
preventing sugar consumption and butyric acid production. Xylose consuming batches demonstrated 
significant lag phase extensions when challenged with 17.6 and 26.3 g/L acetic acid (Table 1). The 17.6 
g/L acetic acid challenged culture required 45 hours to adapt to the inhibitory level of acetate and begin 
log phase growth while the 26.3 g/L challenged culture required 118 hours. These extended lag phase 
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periods is also reflected in the delay of sugar consumption and butyric acid production in these batches. 
Of note is the significant drop in the overall production rate of butyric acid in the 26.3 g/L acetic acid 
challenged culture (Table 1). The control xylose consuming culture generated butyric acid at 0.23 g/L/h 
and the 26.3 g/L challenged culture only generated 0.14 g/L/h. 

Glucose consuming cultures challenged with lower concentrations of acetic acid (i.e., 4.4 and 8.8 g/L) 
were less effected by the inhibition and demonstrated no lag phase in growth. Glucose batches with 
higher levels of initial acetic acid (17.6 and 26.3 g/L) were similar to xylose batches in exhibiting 
extended lag phases as well as lowered productivity (0.12 g/L/h butyric acid with 26.3 g/L initial acetic 
acid).  

The results of this work generate interest for further studies of adapting or selecting C. tyrobutyricum 
cultures to acetic acid tolerance. Despite extended lag phases in growth and lowered butyric acid 
production rates, C. tyrobutyricum eventually overcame even the highest levels of acetic acid inhibition 
and fully utilized all available sugar. Once the cultures had adapted to the challenge they functioned 
similar to the controls in sugar consumption and then performed exceptionally in terms of butyric acid 
production given the activation of the acetic acid re-uptake mechanism. Acetic acid re-uptake is a 
metabolic mechanism that converts acetic acid from the media into butyric acid. These factors make C. 
tyrobutyricum an interesting candidate for further adaptation studies as is the focus of Paper II.  

Paper II 
A characterization of the impact of high concentrations of initial acetic acid on C. tyrobutyricum 
fermentation for butyric acid production was carried out in Paper I. Paper II continues upon the 
conclusions reached in Paper I by examining the effects of challenging acetic acid adapted cultures with 
high concentrations of acetic acid. The overall purpose is similar, in that by determining the impacts of 
acetic acid on butyric acid fermentation, these studies evaluate the use of xylose extracted from 
hemicellulose as a fermentative substrate without requiring the removal of acetate from the feedstock.  

Currently, hemicellulose streams from the pulp and paper industry are burned for energy; such streams 
could be hydrolyzed to generate a low-cost source of xylose feedstock for microbial fermentation 
production. Hot water extracted techniques are an inexpensive method for hydrolyzing xylose monomers 
from the xylan chains, but such techniques not only yield the fermentable sugar but levels of acetic acid 
inhibitory for microbial growth (16). This is due to the auto-hydrolysis of the xylan backbone which 
occurs during hot-water-extraction increasing the techniques effectiveness as a hydrolysis method but 
releasing the inhibitor. Hardwood xylan contains up to 7 acetyl groups for every 10 xylose units, 
facilitating the release of xylose by auto-hydrolysis as well as acetic acid (22). 

Paper I discovered that while initial acetic acid concentrations of 17.6 and 26.3 g/L caused extended lag 
phase growth in C. tyrobutyricum cultures and lowered overall butyric acid productivity rates, these 
challenging levels of acetic acid were eventually overcome by the culture and the fermentations ran to 
completeness. Due to the acetic acid re-uptake mechanism of C. tyrobutyricum, acetic acid in the media 
can be recycled into the metabolic pathway for butyrate production by converting the free acetic acid to 
acetyl-CoA within the cell and then feeding the butyryl-CoA to the butyrate end-product branch (32, 39). 
The uptake phenomenon was observed in the previous studies resulting in higher final yields of butyric 
acid in cultures challenged with acetic acid than controls (Paper I).  
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Previous research has selectively adapted Clostridial strains for increased tolerance to butanol and ethanol 
enhancing the strains fermentative productivity (35, 70). Challenging organisms with such toxic products 
complicates the adaptive selection process while adapting a culture for organic acid tolerance requires 
only simple selection also known as evolutionary engineering. As C. tyrobutyricum has no solvent 
producing metabolic pathways, it is an excellent strain for our work producing butyric acid as there is no 
carbon lost to solvents when fermenting with this strain. C. tyrobutyricum has been selectively adapted 
for organic acid tolerance utilizing an immobilized fibrous-bed bio-reactor leading to increases in butyric 
acid yields (43). The immobilized bed bio-reactor method requires a substantial (72 hours) lag phase of 
growth similar to the high acetic acid challenged batch fermentation Overcoming the extended lag phase 
in growth is simple for batch fermentations as the inoculation culture can be pre-adapted to acetic acid 
tolerance, shortening the lag phase significantly.  

The metabolic pathways of butyrate, acetate and lactate production in Clostridia have been fully 
elucidated allowing for an examination of enzymatic activities to understand factors influencing butyric 
acid production. Glucose enters the Embden-Meyerhof-Parnas pathway generating pyruvate while xylose 
is catabolised to pyruvate in the Hexose Monophosphate pathway (71, 72). Pyruvate is co-oxidized with 
cellular CoA to acetyl-CoA, the branch point node of the acetate and butyrate end-product pathways (34, 
72). Acetate kinase is the final enzyme in the metabolic pathway responsible for acetate production. The 
activity of this enzyme was examined in acetate challenged versus control batch fermentations. The data 
indicates that acetate kinase is inhibited by the presence of acetate whether or not the culture has been 
evolutionarily engineered for acetate tolerance.  

This study demonstrated that an evolutionarily engineered culture of C. tyrobutyricum adapted for acetic 
acid tolerance was able to drastically reduce the lag growth phase caused by an initial concentration of 
26.3 g/L acetic acid during batch fermentation. The use of an adapted culture increased the overall 
productivity of butyric acid production compared to control cultures challenged with acetic acid. In 
xylose batch fermentations, external acetate is ultimately consumed and converted to butyric acid, further 
increasing the yield of the fermentation.   

Paper III 
Pichia pastoris and other methylotrophs are facultative in that they not only utilize glucose and glycerol 
as a carbon source but can survive solely on methanol consumption as well (56). The first step in the 
metabolic pathway for methanol consumption involves oxidation of methanol by the AOX enzyme to 
formaldehyde and H2O2 (56). Due to the H2O2 formation, this oxidative step must occur in the 
peroxisomal microbody of the cell where the presence of the enzyme catalase immediately breaks down 
the toxic H2O2 as it forms (56). This leads to the use of whole-cell living P. pastoris in the bioconversion 
system as the peroxisome of a whole cell protects the AOX enzyme from H2O2 and maintains pH, ionic 
strength and cofactors necessary for optimal AOX activity (62). 

An important feature of the P. pastoris AOX enzyme from an industrial perspective is that the enzyme 
activity is not specific only to methanol as it can be exploited to convert longer chain alcohols to their 
corresponding aldehydes (7). In the past, the practical conversion of an alcohol to a higher value aldehyde 
using P. pastoris has been limited by product inhibition as very low concentrations of an aldehyde 
product demonstrates an inhibitory effect on AOX (55, 59, 63, 64). During ethanol to acetaldehyde 
conversion, product concentrations as low as 4 g/L demonstrates 50% inhibition of AOX activity (64). 
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One solution to this problem is to make use of a amine based pH buffering media which can bind free 
aldehyde by forming a Schiff base thus preventing the aldehyde from interacting with AOX and causing 
inhibition (55, 66). The purpose of this work is to examine fermentation strategies to prevent product 
inhibition, specifically in the bioconversion of butanol to butyraldehyde by whole-cell P. pastoris by 
using a Tris-amine buffer to bind free butyraldehyde as it forms.    

AOX activity was monitored during the course of a whole-cell bioconversion of n-butanol to 
butyraldehyde which utilized a 0.1 M Potassium phosphate pH buffer. The set-up of this whole-cell 
bioconversion utilized a bioreactor vessel with 1L starting volume and a sparging rate of 10 L/min.  In 
this conversion, 2.08% (w/w) of 4.86 g butanol was oxidized to butyraldehyde. After 100 minutes of 
reaction, the AOX activity of the potassium phosphate buffered bioconversion dropped below detectable 
levels. It was surmised that this drop in activity was due to product inhibition from free butyraldehyde 
build-up in the media.  

A similar bioconversion set-up used a 0.5 M Tris-Borate buffer to maintain the physiological pH of the 
media for the conversion. With the Tris-Borate buffer chelating butyraldehyde as it formed, 20.85% 
(w/w) of the 5.67 g butanol added to the system was converted to butyraldehyde. Remarkably, AOX 
activity never fully dropped below detectable limits even after 120 minutes of bioconversion. 
Butyraldehyde formation did plateau after 80 minutes, indicating that the 0.5M Tris-Borate buffer did 
become saturated and could no longer bind free butyraldehyde after that point.  

The amine based Tris-borate pH buffer did extend the period of AOX activity in the butanol to 
butyraldehyde bioconversion by P. pastoris. AOX activity was preserved, increasing the total amount of 
oxidation the enzyme was able to perform. Such a result has practical applications, particularly in the food 
and flavor industry where a chemical conversion carried out by non-genetically modified yeast can 
generate all natural butyraldehyde.  
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Conclusions 
The phenomenon examined in Paper I was that the presence of an initial concentration of acetic acid 
during the batch fermentation production of butyric acid by C. tyrobutyricum inhibits the culture and 
causes an extended growth-lag phase lowering the overall productivity rate. One of the main issues of 
utilizing a hemicellulose extracted xylose is the high levels of residual acetate, causing microbial 
inhibition in subsequent fermentations (Paper I). Despite lowered productivity, xylose consuming C. 
tyrobutyricum cultures challenged with high concentrations of acetic acid (17.6 g/L and 26.3 g/L) 
demonstrated higher butyric acid yields than unchallenged cultures due to the bacteria’s acetic acid re-
uptake metabolic mechanism. Also, given similar concentrations of either carbon source, C. 
tyrobutyricum generates more butyric acid by the fermentation of xylose under acetic acid challenged 
conditions than by fermenting glucose. 

These results lead to the conclusion that hot water extracted hemicellulose from hardwood, a waste stream 
from the pulp and paper industry, is a cost-effective source of fermentable sugars as the majority of the 
monomeric sugar from this source is xylose. The experimental data presented in Paper I demonstrated 
that at every concentration of acetic acid inhibition (0, 4.4, 8.8, 17.6, 26.3 g/L), C. tyrobutyricum was able 
to eventually adapt to the acetic acid and after the lag-phase completely ferment all available sugar. 

Paper II concluded that the directed evolution of a C. tyrobutyricum culture to acetic acid tolerance is a 
means of reducing the lag-growth phase generated by a high concentration (26.3 g/L) of acetic acid in 
batch fermentation. Acetate is a microbial inhibitor and high concentrations of initial acetate induce 
extended lag periods in cellular growth as the non-tolerant culture adapts to the presence of free acetate in 
the media. The reduced lag-growth phase of the acetic acid tolerant culture increases the overall rate of 
butyric acid production. The acetic acid tolerant culture fermenting glucose saw a complete negation of 
the high acetate induced lag-phase while the acetic acid tolerant xylose fermenting culture decreased lag-
phase time by 75% compared with a common wild-type inoculumn. The metabolic enzyme acetate kinase 
(AK) responsible for the acetyl-CoA conversion to acetic acid showed decreased activity in the presence 
of high concentrations of acetic acid whether or not the culture had been adapted to acetic acid or not. 
Decreased AK activity theoretically indicates that carbon is being fluxed into butyric acid production 
rather than through the acetic acid generating branch of C. tyrobutyricum metabolism and this was 
demonstrated with acetic acid challenged batches generating higher butyric acid yields than the un-
challenged controls. Also, under high acetic acid conditions the evolutionarily directed acetic acid tolerant 
culture has a greatly reduced specific-growth rate compared to the non-tolerant culture.  This data is 
interesting in that with the lower specific-growth rate the acetic acid tolerant culture has a much faster 
overall butyric acid production rate, demonstrating the importance of a reduced lag-phase over specific 
growth rates for increasing productivity. Fortunately, drastic reduction of the extended lag phase caused 
by external acetate is achievable through selective adaptation of the C. tyrobutyricum inoculation culture 
allowing for faster activation of the uptake mechanism (Paper II). Overall, the experimental data from 
both Paper I and Paper II lead to the conclusion that hemicellulose from pulp and paper industrial waste 
undergoing hot water extraction would be a suitable and cost-effective substrate for the fermentation 
production of butyric acid. 

Paper III examined the bioconversion of n-butanol to butyraldehyde by whole-cell P. pastoris. The study 
examined product inhibition which occurs as free butyraldehyde builds up in the media, interacting with 
and inhibiting AOX activity. Premature inactivation of AOX through product inhibition limits the 
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practical application of this conversion and thus a method for preventing inactivation was examined. A 
primary amine based pH buffer binds free aldehyde to form a Schiff base preventing the interaction of the 
aldehyde and AOX. The results of the study demonstrate that the amine based buffer, 0.5 M Tris-borate, 
was able to maintain AOX activity during conversion for a longer period of time than 0.1 M Potassium 
phosphate buffer. The use of the Tris-borate buffer also resulted in a higher % conversion of butanol to 
butyraldehyde than the Potassium phosphate buffer.  

The world’s demand for n-butanol, butyraldehyde and butyric acid is increasing necessitating the 
development of methods for producing these chemicals using sustainable methods from renewable 
resources. While the industrial world currently depends on the oxo reaction of propylene to supply the 
needs of modern manufacturers, an economically feasible method of production of these chemicals 
utilizing agricultural or pulp and paper industry wastes provides a sustainable alternative. Xylose from 
hydrolyzed hemicellulose is a fermentable sugar utilized in the fermentation production of butyric acid 
and butanol by members of Clostridia spp. The high levels of acetate typically released by hemicellulose 
hydrolysis are overcome through evolutionary engineering techniques to further increase fermentation 
productivity by the acetate up-take mechanism. Bio-butanol is oxidized to butyraldehyde by the all 
natural bioconversion of P. pastoris providing a means to generate all three 4 carbon oxy-chemicals 
discussed here by non-synthetic processes. The use of alternative production methods not only allows 
manufacturers to market their products as non-synthetic for foods or flavors but also provides a 
sustainable means of producing n-butanol, butyraldehyde and butyric acid for future generations.  
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A carbon source for the fermentation production of butyrate is xylose extracted from ligno-cellulosic material by hot 
water extraction. Although this auto-hydrolysis of hemicellulose can provide a low-cost source of xylose, the process 
generates a high level of acetic acid that might inhibit subsequent fermentations. This study focuses on the effects of 
acetate on the production of butyrate from xylose by batch fermentations with a selected strain Clostridium 
tyrobutyricum.
At initial acetate concentrations of 17.6 g L-1 and 26.3 g L-1 in the media, C. tyrobutyricum cultures exhibited a lag 
phase (45 and 118 hours, respectively) in terms of sugar consumption, butyrate production and cell biomass growth, 
lowering the overall production rate. Butyrate fermentations performed with high concentrations of acetate in the media 
demonstrated a re-uptake of acetate into the butyrate production pathway and after the lag phase, all cultures adapted to 
the inhibitory acetate, which increased the final butyrate yields by 12.6% (32.6 g L-1 compared to 28.5 g L-1).  

Keywords: Clostridium tyrobutyricum, butyrate, xylose fermentation, hemicellulose utilization, acetate inhibition 

INTRODUCTION
Economically feasible fermentation processes, 

involving low-cost renewable substrates, have 
potential applications in manufacturing butyrate 
as a food additive or as a bulk organic commodity 
for further refinement into biodegradable 
plastics.1 In terms of a food product, butyrate is 
listed by the Food and Drug Administration (US) 
as a flavoring substance generally recognized as 
safe (GRAS). As a flavor additive, butyrate has a 
wide array of uses, from enhancing the sensorial 
quality of cattle feed to acting as a chemical 
feedstock in the production of flavor esters.  

Butyrate is mainly produced industrially from 
petrochemical sources, but can also be made by 
fermentation of sugar or other starch sources by 
anaerobic bacteria. Most of these bacteria are 
obligate anaerobes, meaning that they require 
oxygen-free conditions for them to perform their 
metabolism, typical of the conditions in the 
gastrointestinal tracts of mammals from which 
many of these bacteria are isolated. 
Microorganisms from the genus Clostridium are 
the most studied in terms of butyrate fermentation 
and within this group, the Gram-positive 
anaerobic spore-former Clostridium 
tyrobutyricum can produce butyrate utilizing 
either glucose or xylose as a carbon source.1,2 

Using xylose as a carbon source, yields of up 
to 0.4 g g-1 have been obtained with immobilized 
C. tyrobutyricum in a fibrous bed reactor.3   

Hemicellulose is a valuable biomass resource 
and its extraction could be integrated into current 
industrial pulp and paper processes, yielding 
hemicellulosic sugars for fermentation, while 
retaining the cellulose fraction to be used in 
subsequent pulp production.4 One of the main 
issues concerning an integration is that near-
neutral pre-extraction of hemicellulose from 
hardwood releases not only xylose, but also acetic 
acid, a microbial growth inhibitor influencing 
energy generation and intracellular pH 
homeostasis. Depending on process constraints, a 
hydrolysate of hardwood extracted xylose, 
conceivable for fermentation, typically contains 
up to 70 g L-1 xylose and 40 g L-1 acetic acid.4

Butyric acid production by C. tyrobutyricum is
an attractive potential industrial approach for 
ligno-cellulosic based fermentations, but for 
hemicellulose derived xylose to be competitive as 
a low-cost substrate, either the inhibiting acetic 
acid must be removed from the hydrolysate or the 
fermentation strain should be adapted to tolerate 
such high levels. Previous research has shown 
Clostridia to be tolerant to high levels of initial 
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acetate and butyrate, and that the presence of 
these organic acids results in increased product 
yields not only for butyrate fermentation, but 
butanol fermentation as well.2,5  The addition of 
8.9 g L-1 sodium acetate (6.518 g L-1 acetic acid 
equivalents) to a Clostridium beijerinckii BA101 
fermentation increased the final butanol yield by 
14%.5 Clostridium thermobutyricum fermen-
tations challenged with 30 to 360 mM acetate (1.8 
to 21.6 g L-1) exhibited a 2-to-4 fold increase in 
butyric acid formation.6 Furthermore, the 
reinforcement of a cassava based medium with 30 
mM ammonium acetate (1.8 g L-1 acetic acid 
equivalent) increased 2.6 fold Clostridium 
acetobutylicum strain EA 2018 butyric acid 
fermentation.7 As C. tyrobutyricum is from the 
same genus as these bacteria and share analogous 
metabolic pathways, one can expect an increase in 
butyric acid yield when challenging C.
tyrobutyricum with acetic acid.  

As Clostridia are prone to tolerance adaptation 
regarding toxic fermentation products, C.
tyrobutyricum is a candidate for selective 
enrichment towards acetate tolerance. The present 
work focuses on the impact of high levels of 
acetate/acetic acid on C. tyrobutyricum
fermentation growth kinetics and product yields 
in order to use xylose extracted from 
hemicellulose as a fermentative substrate without 
requiring the removal of the acetate from the 
feedstock.   

EXPERIMENTAL 
Bacterial strain, media and growth 

A lyophilized stock culture of C. tyrobutyricum
(ATCC 25755) was re-hydrated under sterile anaerobic 
conditions in Reinforced Clostridial Media (RCM; 
Difco) broth. Stock cultures were maintained at -70 °C 
in CRYOBANKTM vials. To prepare cultures for 
glucose fermentations, RCM containing 5 g L-1 glucose 
was used, while for the xylose batches a medium was 
prepared with the following composition per liter: 10 g 
peptone, 10 g beef extract, 3 g yeast extract, 5 g 
sodium chloride, 0.5 g L cysteine, 3 g sodium acetate 
anhydrous, 0.5 g agar and 900 mL distilled water. The
medium was sterilized at 121 °C for 20 min; thereafter 
10 mL of a separately sterilized xylose solution (50 g 
L-1) were aseptically added to bring the xylose 
concentration to 5 g L-1. The inoculum for each batch 
fermentation in these studies was prepared by 
anaerobically inoculating 50 mL Screw Cap Corning 
tubes containing 35 mL sterile glucose or xylose based 
RCM with 5 mL of the stock culture. The inoculated 
tubes were cultivated under anaerobic conditions at 36 
°C, 80 rpm, until log phase, approximately when the 
optical density at 600 nm had reached a value of 2. The 

reason behind two types of reinforced inoculate media 
is to avoid any substrate based growth lag. C.
tyrobutyricum inocula were pre-conditioned to the 
correct sugar substrate in the inoculation media prior 
the batch fermentation.  

Fermentations 
One liter batch fermentations were conducted in 

New Brunswick Bioflo 310 reactors of 2.5 L working 
volume at 36 °C. For each batch, 950 mL minimal 
media of the following composition was used: 6 g L-1

yeast extract, 5 ppm FeSO4·7H2O, and 200 mL xylose 
or glucose at 300 g L-1 sterilized separately. To 
examine the effect of acetate on butyrate production by
C. tyrobutyricum various amounts of sodium acetate 
(4.4, 8.8, 17.6 or 26.3 g L-1) were added to the media 
before sterilization. Fermentations without acetate are 
referred to as controls. Anaerobiosis was reached by 
sparging the vessel with nitrogen prior to inoculation. 
The batches were inoculated with 50 mL log phase C.
tyrobutyricum cultures. Agitation was kept at 250 rpm 
and the nitrogen sparging was maintained until 
logarithmic growth was observed.  

In order to maintain the C. tyrobutyricum cultures 
in the acidogenic phase, pH 6.0 was sustained by 
automatic addition of 5 M NaOH throughout the 
fermentation. Samples (10 mL) were withdrawn 
aseptically at regular intervals for analytical 
measurements. The batch fermentations were 
conducted until all sugar had been consumed.  

Analytical methods 
Organic acids and residual sugar were analyzed by 

HPLC (LC-20AT dual pump and 10A RI detector, 
Shimadzu) equipped with an ion exchange column 
(Aminex HPX-87H, 9 um, 7.8 mm x 300 mm, Bio-
Rad) and a cation-H guard column (Micro-guard, 30 
mm x 4.6 mm) using 50 mM sulfuric acid as the 
mobile phase. The flow rate of the mobile phase was 
maintained at 1 mL min-1 during analysis with 20 L of 
sample injected into the system with an auto-injector 
(SIL-20AHT, Shimadzu) with the column and guard 
maintained at 65 °C in a column oven (CT0-20A, 
Shimadzu). To remove cellular debris, the samples 
were centrifuged at 10000 rpm for 5 min in a micro-
centrifuge prior to the analyses. Data for each sample 
was acquired and analyzed with Shimadzu EZ Start 7.4 
SP1 chromatography software, using standards with 
known concentrations of glucose, xylose, butyrate, 
acetate and lactate.   

Cell biomass determination 
Cell growth was monitored during fermentation by 

measuring the optical density at 600 nm. The biomass 
from 40 mL cell suspension, removed in triplicate, was 
dried in a 80 °C drier for 48 hours and and the dry cell 
weight (DCW, g L-1) was determined. The optical 
densities were then converted to dry cell weight using 
the following equation: DCW = 0.38 (OD600). 
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RESULTS AND DISCUSSION 
Acetate increases final butyrate yield, but 

results in an extended lag phase. 
Although Clostridia prefer glucose as a sugar 

source, other metabolic pathways enable the 
utilization of alternate sugar sources, such as 
xylose. Once glucose is either completely 
consumed or lacking in the fermentation media, 
these alternate pathways are activated.8
Repression of xylose metabolism by the presence 
of glucose is a common trait of these strains and 
causes a significant lag phase in substrate uptake 
during diauxic fermentations between glucose 
depletion and the xylose being consumed. 
Previous studies conclude this xylose 
consumption lag is caused by the requirement of 
the new metabolic system to be activated by the 
Clostridia in addition to an alternate xylose 
transport system.9 C. tyrobutyricum activation of 
the xylose metabolism systems requires 48 hours 
to overcome. 10 

By avoiding the growth lag of C.
tyrobutyricum caused by altered metabolic 
pathways for the carbon source, a direct study of 
the growth lag generated by inhibitory acetate was 
done using xylose as sugar source. C.
tyrobutyricum cultures inoculated into media with 
8.8 g L-1 initial acetate or less began log phase 
growth and thus sugar consumption at roughly the 
same time (Fig. 1). Cultures grown in 17.6 g L-1

acetate required 45 hours to adapt to the acetate 
environment before the consumption of xylose 
started. The lag phase for the 26.3 g L-1 initial 
acetate batch was even longer, stretching over 118 
hours as the culture adapted to the acid. For all of 
the trials performed in this study, once the lag 
phase had passed, the xylose consumption 
occurred at nearly similar rates (Fig. 1). Other 
than the inhibitory acetate, the conditions were 
ideal for the C. tyrobutyricum fermentation as the 
control, 4.4 g L-1 and 8.8 g L-1 acetate initial 
concentration batches all entered log phase within 
the first 24 hours. The extended lag phase for the 
26.3 g L-1 initial acetate concentration is one of 
the main drawbacks of utilizing a xylose feed 
derived from hardwood hemicellulose, as the 
acetate level, similar to those found in the 
hydrolyzate, is so inhibitorial to cellular growth 
that the extended lag phase lowers productivity. 
Although it took over 100 hours to enter the 
logarithmic growth phase, the 26.3 g L-1 initial 
acetate concentration batch did eventually reach 
the same biomass levels as the control and lower 

initial acetate concentrations batches, as well as 
surpassed them in final butyrate yield (Figs. 2 and 
3). When xylose was used as carbon source, the 
26.3 g L-1 initial acetate concentration batch 
resulted in 32.6 g L-1 butyric acid, compared to 
the control batches – 28.5 g L-1 butyric acid, 
which means a 12.6% increase. Given previous 
reports of the tolerance adaptability of C.
tyrobutyricum, it appears that, given a long 
exposure time, even at 26.3 g L-1 acetate, the 
culture adapts and then carries out a butyric acid 
fermentation fully utilizing the xylose present. 
The glucose fermentations with additional acetate 
did not show any increase in yield and were also 
less sensitive according to the response in lag 
time.  

Slower cell-mass generation and sugar uptake 
result in reduced overall productivity as 
fermentations with higher initial acetate 
concentrations exhibited periods of limited xylose 
consumption (Figs. 1 and 3). Control batches on 
glucose and xylose generated butyrate at a 
productivity of 0.24 and 0.23 g L-1 h-1

respectively, while the presence of 26.3 g L-1 

acetate in the media resulted in a productivity 
decrease to 0.12 and 0.14 g L-1 h-1 (Table 1). The 
controls or fermentations with lower initial 
acetate concentration (i.e., 8.8 g L-1 or less) 
required 100 hours for consumption of nearly all 
sugar, and most of the butyrate was produced 
within this time (Figs. 1 and 2). However, the 
fermentation with initial 26.3 g L-1 acetate took 
over 100 hours to begin consuming xylose or 
producing butyric acid at detectable levels and 
more than 200 hours were required before all 
xylose was converted. As stated above, 
inoculation cultures were pre-conditioned with the 
appropriate sugar source prior to inoculation, so 
adjustment to a new sugar source was not the 
cause of the lag. 

Unfortunately, the lengthy lag phase presents 
an issue for the large-scale feedstock potential of 
hemicellulose derived xylose, as such long 
periods of cellular non-growth leaves 
fermentation tanks open to acetate tolerant 
contaminating micro-organisms. The issue of 
lowered equipment turnover due to the low 0.14 
L-1 h-1 overall production rate increases the 
economic burden on plant design. Also, operating 
tanks must be held at anaerobic conditions until 
the culture enters log phase and starts generating 
CO2 requiring a much longer period of nitrogen 
sparging due to inhibitory acetate. 
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Figure 1: Effect of acetate inhibition on xylose consumption in C. tyrobutyricum batch fermentation system 
(fermentations performed as 1 liter batches in 2.5 liter working volume vessels under anaerobic conditions; 
temperature was maintained at 36 °C, agitation at 250 rpm, and pH at 6.0 with 5M NaOH; the media contained 60 g 
L-1 xylose, 6 g L-1 yeast extract and 5 ppm FeSO4·7H2O; 10 mL samples were withdrawn from the fermentation and 
analyzed by HPLC)

Figure 2: Effect of acetate inhibition on butyrate 
production in C. tyrobutyricum batch fermentation 
system (fermentations performed as 1 liter batches in 2.5 
liter working volume vessels under anaerobic conditions; 
temperature was maintained at 36 °C, agitation at 250 
rpm, and pH at 6.0 with 5M NaOH; the media contained 
60 g L-1 xylose, 6 g L-1 yeast extract and 5 ppm 
FeSO4·7H2O; 10 mL samples were withdrawn from the 
fermentation and analyzed by HPLC) 

Figure 3: Effect of acetate inhibition on cell biomass 
production in C. tyrobutyricum batch fermentation 
system (fermentations performed as 1 liter batches in 2.5 
liter working volume vessels under anaerobic conditions; 
temperature was maintained at 36 °C, agitation at 250 
rpm, and pH at 6.0 with 5M NaOH; the media contained 
60 g L-1 xylose, 6 g L-1 yeast extract and 5 ppm 
FeSO4·7H2O; 10 mL samples were withdrawn from the 
fermentation and analyzed for OD by spectrophotometer 
at a wavelength of 600 nm)

Acetate re-utilization 
Of note is the increased final butyrate 

concentration at high acetate concentrations with 
xylose as compared to glucose as a feedstock, 
32.6 g L-1 and 22.3 g L-1 butyric acid, respectively 
(Table 1). In fact, all of the xylose feedstock 
batches performed better in terms of butyric acid 
production than the comparable glucose batches 
(Table 1). Glucose is preferred over xylose as a 
carbon source for C. tyrobutyricum, yet our 
findings demonstrate that there are no adverse 
affects on acid product selectivity or final butyric 
acid concentration with a xylose feedstock batch 
fermentation. In contrast, C. tyrobutyricum
immobilized onto a fibrous bed bioreactor exhibit 
higher productivity on glucose feeds, compared to 
xylose, as the lower energy efficiency of 
metabolizing xylose lowered butyric acid yields.3
To the best of our knowledge, this is the first 
report challenging C. tyrobutyricum with such 
high concentrations of initial acetic acid (17.6 and  

26.3 g L-1) in batch fermentations. Research has 
been performed on similar C. tyrobutyricum
fermentations in a glucose fed batch style with the 
dilution rate of D = 0.1 h-1 and an acetate input of 
10 g L-1 leading to the utilization of acetate and 
conversion into butyric acid.11 As discussed 
below, providing C. tyrobutyricum with a high 
initial acetic acid equivalent not only challenges 
the fermentation, but has been reported to 
increase butyric acid yields as re-utilization of 
acetate for conversion to the 4 carbon product 
might be energy favorable for the 
microorganism.12,13 

In the fermentations with the xylose feed, there 
is a correlation between the initial acetate 
concentration and the butyrate production with 
the highest butyrate yield of 0.9 (mol butyrate 
mol-1 xylose) occurring with the highest initial 
acetate concentration, 26.3 g L-1 (Table 1 and Fig. 
2). This result indicates that the acetate end-
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product pathway in the organism is being 
inhibited by the acetate and less of the carbon is 
entering this metabolic pathway. This result is a 
beneficial aspect of using xylose derived from a 
hemicellulose substrate streams, since the high 
concentration of acetate found in these streams 
will push the fermentation towards butyrate and 
away from generating more acetate.  

The experiments with 17.6 and 26.3 g L-1

initial acetate concentrations and xylose as the 
carbon source show reduced levels of acetate at 
the end of the fermentation (14.8 and 22.0 g L-1

respectively), suggesting re-utilization of acetate. 
The utilization of acetate is also evident in the 
26.3 g L-1 acetate batches of both feedstocks, 
which have lower sugar consumption rates than 
the batches with lower acetate concentrations, as 
acetate is being used as an additional carbon 
source. The control batches demonstrated sugar 
consumption rates of 1.09 and 1.12 g L-1 h-1 for 
glucose and xylose feedstocks, respectively, while 
the 26.3 g L-1 acetate batch rates were of 0.72 and 
0.86 g L-1 h-1 (Table 1).  

Table 1 
Effect of acetate inhibition on butyrate, acetate and biomass production in C. tyrobutyricum cultures 

Final concentration 
(g L-1)

Sugar Acetate 
(g L-1)

Lag
time2

(h)

Sugar 
consump.3
(g L-1 h-1)

Butyrate 
yield4

(mol/mol) Butyrate Acetate Biomass5

Overall 
prod.6

(g L-1 h-1)
Glu1 0 0 1.09 0.72 23.6 5.3 3.3 0.24
Glu 4.4 0 0.97 0.80 23.0 11.3 2.4 0.32
Glu 8.8 0 0.77 0.80 22.0 11.0 3.1 0.30
Glu 17.6 26 1.68 0.85 24.4 21.4 3.2 0.34
Glu 26.3 118 0.72 0.76 22.3 27.7 3.0 0.12

Xyl1 0 0 1.12 0.62 28.5 2.0 3.3 0.23
Xyl 4.4 24 1.71 0.56 24.8 8.6 2.6 0.33
Xyl 8.8 20 1.07 0.60 26.0 11.6 2.6 0.26
Xyl 17.6 45 1.10 0.73 32.3 14.8 3.2 0.28
Xyl 26.3 118 0.86 0.90 32.6 22.0 3.6 0.14

1Glucose and xylose respectively; 2Calculated as time until sugar consumption started; 3Calculated for the linear sugar 
consumption phase; 4Yield was calculated as mol butyrate per mol glucose or xylose consumed during fermentation; 
5Calculated as DCW g L-1; 6Overall productivity calculated from the start of the fermentation until the sugar source was 
completed 

Re-utilization of acetate is a known 
phenomenon for Clostridium strains being used 
for acetone-butanol-ethanol (ABE) fermentations, 
where free acetate present in the media exchanges 
with the acetyl-CoA pool obtained from 
glycolysis and results in higher butyrate 
production.14 C. tyrobutyricum utilizes the 
Embden-Meyerhof-Parnas metabolic pathway 
after glycolysis to generate ATP with butyrate, 
acetate and lactate as end-products.6 The main 
metabolic pathway generates butyrate, but the 
presence of acetate or lactate in the media induces 
an even higher use of this pathway and the 
production of butyrate.15 The hypothetical 
evolutionary function of this mechanism is in 
uncoupling the cellular membrane pH gradient 
from undissociated acids in the environment.11

The butyrate pathway generates less ATP than the 

one producing acetate, but this energy sacrifice is 
made by the cell to maintain a functional pH 
gradient.11 An important factor determining acid 
product selectivity is that during log phase growth 
the cell requires more ATP than during stationary 
phase, leading to the necessity of acetate 
production during log phase but mainly butyrate 
production during stationary phase.3 Nevertheless, 
the acetate uptake pathway provides another 
positive aspect of xylose substrate stream derived 
from hemicellulose as some of the inhibitory 
acetate is converted into the butyrate product.  

While the xylose fed 17.6 and 26.3 g L-1 initial 
acetic acid concentration batches demonstrated 
acetate uptake, this phenomenon was not seen in 
glucose fed batches at the same initial acetic acid 
concentrations (Table 1). Glucose fed 17.6 and 
26.3 g L-1 initial acetic acid batches generated a 
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net gain of acetic acid, of 3.8 g L-1 and 1.4 g L-1,
respectively. An interpretation of these results 
stems from the lower energy gains of xylose 
metabolism compared to that of glucose. Cells 
consuming xylose rather than glucose thus have 
less free energy to devote to maintaining the pH 
gradient across the cell wall and in turn must 
activate the acetate uptake mechanism to partially 
nullify the external acetic acid. It is possible that 
our glucose metabolizing batches with high initial 
acetic acid had enough energy throughout the 
fermentation to carry out maintenance of the pH 
gradient and thus continued generating acetic 
acid. Future work would test this theory by 
exposing glucose metabolizing cultures to even 
higher initial acetic acid concentrations than those 
presented in this study and noting acetate uptake.  

Coinciding as to the acetate uptake results, 
acetic acid had less of an effect on extending lag 
phase in growth on glucose fed cultures, 
compared to C. tyrobutyricum consuming xylose 
(Table 1). Only at the 26.3 g L-1 initial acetic acid 
concentration did the glucose batch match the 
xylose batch in sustaining a 118 h long lag phase. 
It required 17.6 g L-1 acetic acid before the 
glucose consuming C. tyrobutyricum even 
demonstrated a lag phase, while some lag phase 
was noticed in xylose fed cultures with only 4.4 g 
L-1 acetic acid present. Such a marked difference 
in response to acetic acid inhibition likely 
emanates from the lowered energetic value of 
metabolizing xylose. Xylose consumption leads to 
less free energy for cellular maintenance than 
glucose. In the case of lag phase, the lower free 
energy from xylose causes an extension of the lag 
as the cells take longer to adapt to the high acetate 
environment. Further studies regarding the issue 
of lag phase both with glucose and xylose 
consuming C. tyrobutyricum will be conducted in 
order to determine if an adaptation technique can 
overcome the lag phase altogether. 

CONCLUSIONS 
Xylose derived from hardwood by near-neutral 

pre-extraction results in a feedstock stream that 
contains up to 40 g L-1 acetic acid.4 The work 
presented here evaluates the challenges to design 
a butyric acid fermentation based on a xylose 
stream with similar inhibitory levels of acetic 
acid. Xylose is an excellent alternative to glucose 
as a feedstock for batch fermentation as a higher 
final butyric acid concentration was obtained 
compared to the glucose batches.  

High initial acetic acid concentrations proved 

inhibitory to the C. tyrobutyricum and generated 
an extended growth lag phase before the culture 
could begin fermentation. Despite lowered 
production rates caused by the lag, the acetic acid 
challenged cultures all eventually adapted to the 
acid environment and fully consumed the xylose 
substrate. A benefit of the presence of acetate in 
the media was the acetate re-utilization 
mechanism, which induced higher final butyric 
acid concentrations. The re-utilization of acetate 
from the media back into the acidogenic pathway 
increased product yield up to 45%. Increased 
product yield is of economic importance in an 
acetic acid containing feedstock as C. 
tyrobutyricum will ferment carbon from the acid 
as well as the xylose, increasing the butyric acid 
yields in batch production.  

The adaptive ability of C. tyrobutyricum 
makes hemicellulose derived xylose a feasible 
and attractive substrate for fermentations, as 
acetate present in the hydrolyzate can be used as a 
carbon source, thus saving the requirements of 
detoxification. Future work will focus on 
maintaining pre-adapted cultures to overcome the 
production inhibiting lag phase. In addition, 
examining the xylose metabolism at a molecular 
level will reveal insight into metabolic pathways 
affected by the acetic acid, which might 
illuminate a potential solution to overcome the 
inhibition. A further exploration of fermentation 
kinetics on acetic acid tolerant pre-adapted strains 
will provide a better understanding of 
hemicellulose derived xylose as a production 
feedstock.   
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ABSTRACT 

 Clostridium tyrobutyricum ATCC 
25755 is an acidogenic bacterium capable of 
utilizing xylose for the fermentation 
production of butyrate. Hot water extraction 
of hardwood lingocellulose is an efficient 
method of producing xylose where 
autohydrolysis of xylan is catalysed by acetate 
originating from acetyl groups present in 
hemicellulose. The presence of acetic acid in 
the hydrolysate might have a severe impact 
on the subsequent fermentations. In this 
study the fermentation kinetics of C. 
tyrobutyricum cultures after being classically 
adapted for growth at 26.3 g/L acetate 
equivalents were studied. Analysis of xylose 
batch fermentations found that even in the 
presence of high levels of acetate, acetate 
adapted strains had similar fermentation 
kinetics as the parental strain cultivated 
without acetate. The parental strain exposed 
to acetate at inhibitory conditions 
demonstrated a pronounced lag phase (over 
100 hours) in growth and butyrate 
production as compared to the adapted strain 
(25 hour lag) or non-inhibited controls (0 lag).  

Additional insight into the metabolic 
pathway of xylose consumption was gained by 
determining the specific activity of the acetate 

kinase (AK) enzyme in adapted versus 
control batches. AK activity was reduced by 
63% in the presence of inhibitory levels of 
acetate, whether or not the culture had been 
adapted. 

Key words: Clostridium tyrobutyricum, butyrate, 
xylose fermentation, hemicellulose utilization, 
acetate inhibition 

INTRODUCTION 

Butyric acid is approved by the Food 
and Drug Administration (US) as a flavor 
enhancer and several flavor esters used in the 
food industry are derived from butyric acid. 
There is a well established market for all-natural 
foods, where the components are not 
synthetically derived from petro-chemicals as 
well as a strong consumer bias against using 
genetically modified organisms (GMOs) in food 
production. Due to this, butyric acid fermented 
from biomass by wild type anaerobic bacteria 
can be developed as a saleable commodity.  

 Un-utilized hemicellulose streams from 
the pulp and paper industry can potentially, after 
hydrolysis, provide a low-cost source of xylose 
feedstock for organic acid fermentation. 
Hardwood xylan is extensively acetylated, i.e. 
up to seven acetyl groups per ten xylose units 
which facilitate xylose release by autohydrolysis  
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[15][16][29][12][11]. The resulting 
hemicellulose hydrolysate contains levels of 
acetate of up to 40 g/L acetic acid, inhibitory to 
microbial growth [6][7][16][3] [2]. When used 
in fermentation media, the inhibitory acetate 
generates a long lag period before log phase 
growth and butyric acid production 
[8][10][20][5][4]. Previous work has shown that 
addition of 17.6 g/L and 26.3 g/L acetate in the 
media generates a lag phase of 45 and 118 hours 
respectively while un-inhibited controls begin 
fermentation and subsequently production 
almost immediately upon inoculation  
[8][10][20][5][4].  

Multiple Clostridial strains have been 
classically selected for increased tolerance to 
both butanol and ethanol which successfully 
lead to higher solvent yields and higher overall 
productivity [7, 9][8, 11][17, 22][4, 6][3, 5]. Due 
to the toxicity of these compounds, each step of 
the selection requires a short unchallenged 
incubation period, an exigency removed when 
challenging the organism with acetate.  

For organic acid production, non-
solventogenic Clostridia such a C. 
tyrobutyricum are used in fermentation 
processes where none of the typical toxic by-
products such as butanol and ethanol are 
produced. C. tyrobutyricum cultures have been 
selectively adapted to tolerate the presence of 
inhibitory organic acids in order to increase acid 
product yields [18][19][32][15][14]. Despite 
their success, these selections have been 
performed on immobilized C. tyrobutyricum 
cultures in fibrous-bed bioreactors requiring a 3 
day cell growth period followed by a 36 to 48 
hour cell immobilization period in order for a 
continuous feed fermentation to begin 
[18][19][32][15][14]. Such a process allows for 
the eventual in-line adaptation of a C. 
tyrobutyricum culture to inhibitory acid products 
while simple adaptation techniques produce a 
tolerant culture ready to inoculate immediately 
into batch fermentation. 

Through our work we have detected that 
C. tyrobutyricum demonstrates diauxic growth, 
the phenomena of a metabolic shift occurring in 
the middle of the growth cycle when the two 

carbon sources glucose and xylose are present 
(data not shown). The presence of a more 
utilizable carbon source, in this case, glucose, 
prevents activation of the metabolic machinery 
required for the cells to consume the secondary 
substrate, xylose. Fortunately, C. tyrobutyricum 
readily consumes xylose if the culture has been 
pre-conditioned to xylose metabolism and no 
other sugar sources are available.  

 Anaerobic, butyrate producing bacteria 
such as Clostridia metabolize glucose to 
pyruvate through the Embden-Meyerhof-Parnas 
(EMP) pathway and concomitantly generate 
acetate, butyrate, H2 and CO2 as major metabolic 
end-products  [16][17][30][13][12]. Xylose is 
specifically catabolised in the Hexose 
Monophosphate Pathway to pyruvate which is 
enzymatically (pyruvate-ferredoxin 
oxidoreductase) co-oxidized with cellular 
coenzyme-A to acetyl coenzyme A (acetyl-CoA) 
[11, 19][13, 20][24, 33][8, 16][7, 15]. Acetyl-
CoA is the branch-point node of the acetate and 
butyrate end-product pathways where the 
enzymes phosphotransacetylase (PTA) and 
acetate kinase (AK) are responsible for the 
metabolism of acetyl-CoA to acetate if the 
branch-point does not follow the butyrate 
pathway [19][20][33][16][15]. In attempts to 
force the carbon flux from the acetate to butyrate 
metabolic branch in C. tyrobutyricum, mutants 
have been developed with inactivation’s in the 
pta and ack genes coding for PTA and AK 
respectively [10, 17][12, 18][23, 31][7, 14][6, 
13]. Fermentations with the mutants yielded 
more butyric acid compared to wild type C. 
tyrobutyricum, but both mutant strains 
demonstrated significantly slower growth 
kinetics than wild type and in both cases resulted 
in higher final acetic acid concentrations with 
increased acid tolerance [10, 17][12, 18][23, 
31][7, 14][6, 13]. These results exhibit a 
common issue of genetic engineering in that 
GMO’s are typically less robust than wild type 
(slower growth) and the complexity of most 
metabolic pathways allows for the re-routing of 
inactivated processes due to homeostasis. The 
presence of 17.6 g/L to 26.3 g/L initial acetate in 
the media has the similar effect of lowering 
acetate production in xylose fermenting wild 
type cultures  [8][10][20][5][4]. This simple 
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means of directing carbon flux towards butyric 
acid production is an added benefit of working 
with high acetate media and is especially 
important in light of evidence that such levels of 
acetate are present in potential xylose feedstock 
streams [6, 8][7, 10][16, 20][3, 5][2, 4].    

C. tyrobutyricum batch fermentations 
under high acetate challenged conditions 
perform better with xylose as a carbon source 
than glucose. Fermentations with 26.3 g/L initial 
acetate generated 32.6 g/L butyric acid on 
xylose, while the comparable batch with glucose 
feed produced 22.3 g/L  [10][20][5][4]. Similar 
results were received with all initial acetate 
concentrations (0, 4.4, 8.8, 17.6 g/L).  However 
batch fermentations utilizing high acetate (26.3 
g/L initial acetate) xylose synthetic media 
resulted in an extended lag phase of 118 hours, 
lowering productivity  [8][10][20][5][4]. The 
extended lag phase generated by acetate is 
economically detrimental for batch fermentation 
of butyrate as it leads to a long period of reactor 
inactivity and potential exposure to microbial 
contamination. On the other hand, after lag 
phase the 26.3 g/L initial acetate challenged 
batch obtained a similar biomass concentration 
as the lower acetate and control batches and 
surpassed them in final butyrate yield 
[8][10][20][5][4]. The focus of this work is to 
adapt a strain of C. tyrobutyricum to increase 
acetate tolerance, thus decreasing the extended 
lag phase while maintaining the acetate re-
utilization metabolic mechanism to deliver 
increased yields of butyric acid. As hardwood 
derived hemicellulose hydrolysate feedstock 
gives rise to high levels of both xylose and 
acetate, a xylose consuming strain capable of 
overcoming the acetate induced lag and yet re-
utilizing acetate to generate even more butyric 
acid would be of commercial value.  

METHODS 

Microorganism and Adaptation 

 A lyophilized stock culture of C. 
tyrobutyricum (ATCC 25755) was re-hydrated 
under sterile anaerobic conditions in Reinforced 
Clostridial Media (RCM; Difco). Once the 
culture entered log phase, when the optical 

density (OD) at 600 nm was approximately 2.0, 
transfers were made to glycerol stock vials 
(CRYOBANKTM) and the culture was 
maintained at -70°C. C. tyrobutyricum was 
classically adapted to 26.3 g/L inhibitory acetate 
equivalents by serially passaging log phase 
cultures into serum bottles with RCM containing 
subsequently higher concentrations of sodium 
acetate (starting at 0 g/L then, 6 g/L, 12 g/L, 24 
g/L and 36 g/L sequentially) at each passage. As 
the molar mass of sodium acetate is 82.03 g/mol, 
these concentrations correspond with 0 g/L, 4.4 
g/L, 8.8 g/L, 17.6 g/L, and 26.3 g/L acetic acid 
equivalents respectively.  

The adaptation was performed on two 
sets of C. tyrobutyricum cultures, each culture 
solely conditioned to consuming either xylose or 
glucose so that the actual batch fermentations 
could be performed without a lag phase due to 
an altered sugar source. The glucose conditioned 
culture was maintained with RCM from Difco 
with the appropriate additions of acetate 
equivalents in the form of sodium acetate. The 
xylose conditioned culture bottles also received 
the appropriate amount of acetate equivalent 
from a media consisting of: 10 g peptone 
(Fisher), 10 g beef extract (Teknova), 3 g yeast 
extract (Bacto), 5 g sodium chloride (J.T. 
Baker), 0.5g L-cysteine (Sigma-Aldrich), 3g 
sodium acetate anhydrous (J.T. Baker), 0.5 g 
agar (Bacto) and 900 mL distilled water. For the 
xylose feed, 5 g of xylose (Acros) in 10 mL 
distilled water, separately autoclaved at 121 °C 
for 20 min was added to the culture media. Prior 
to autoclaving all serum bottles were sparged 
with nitrogen to maintain an anaerobic 
atmosphere. Each serum bottle contained a total 
volume of 100 mL RCM (initial pH 6.5) with 5 
mL from the previous stage used to inoculate the 
next higher acetate stage. During adaptation, 
serum bottles were incubated at 36°C in an 
incubator-shaker (New Brunswick Scientific 
Innova 40) with shaking at 80 rpm.  

 The cultures required 24 hours to adapt 
and reach log phase growth before passaging to 
the next level of selection with the exception of 
the last transfer of the 17.6 g/L acetate adapted 
cultures to the final 26.3 g/L. Glucose 
conditioned cultures required 48 hours to reach 
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log phase when challenged with 26.3 g/L acetic 
acid and xylose conditioned required 96 hours of 
incubation to reach log phase. 

C. tyrobutyricum inoculum for each 
batch fermentation were pre-conditioned to the 
correct sugar substrate in the inoculation media 
prior the batch fermentation by anaerobically 
inoculating 50 mL Screw Cap Corning tubes 
containing 35 mL sterile glucose or xylose based 
RCM with 5 mL of the stock culture. The 
inoculated tubes were cultivated under anaerobic 
conditions at 36°C, 80 rpm, until log phase, 
approximately when OD600 had reached a value 
of 2.  

Fermentations 

One liter batch fermentations were 
conducted in New Brunswick Bioflo 310 2.5 L 
working volume reactors under anaerobic 
conditions at 36°C. For each batch, 950 mL 
media of the following composition was used; 6 
g/L yeast extract, 5 ppm FeSO4 7 H2O, and 200 
mL xylose or glucose at 300 g/L sterilized 
separately. Anaerobiosis was reached by 
sparging the vessel with nitrogen prior to 
inoculation. The batches were inoculated with 
50mL log phase C. tyrobutyricum cultures. The 
nitrogen sparging was maintained until 
logarithmic growth in the vessel was observed.  

Agitation was kept at 250 rpm and in 
order to maintain the C. tyrobutyricum cultures 
in acidogenic production, pH 6.0 was sustained 
with 5 M NaOH throughout the fermentation. 
Sodium acetate (0 – 36 g/L) was added to the 
initial media prior inoculation for studies 
assessing acetate inhibition. Fermentations 
without acetate are referred to as controls. 
Samples (10 mL) were withdrawn at regular 
intervals for analytical measurements.  

Analytical Methods 

Organic acids and residual sugar were 
analyzed by HPLC (LC-20AT dual pump and 
10A RI detector, Shimadzu) equipped with an 
ion exchange column (Aminex HPX-87H, 9 um, 
7.8mm x 300mm, Bio-Rad) and a cation-H 
guard column (Micro-guard, 30mm x 4.6 mm) 
using 50 mM sulfuric acid as a mobile phase. 

The flow rate of the mobile phase was 
maintained at 1 mL/min during analysis with 20 

L of sample injected into the system with an 
auto-injector (SIL-20AHT, Shimadzu) with the 
column and guard maintained at 65°C in a 
column oven (CT0-20A, Shimadzu). Prior to 
analyses, samples were centrifuged at 10 000 
rpm for 5 min in a micro-centrifuge (Microfuge 
18, Beckman Coulter). Data for each sample was 
acquired with Shimadzu EZ Start 7.4 SP1 
chromatography software using standards for 
glucose, xylose, butyrate, acetate and lactate.   

Dry Cellular Weight  

Cell growth was monitored during 
fermentation by measuring the optical density at 
600 nm. The biomass from 40 mL cell 
suspension, removed in triplicate, was dried in a 
80°C drier for 48 hours and and the dry cell 
weight (DCW, g/L) determined. The optical 
densities were then converted to dry cell weight 
using the following equation: DCW = 
0.38(OD600). 

 
Specific Growth Rate (μnet) 
 

 DCW was used to determine the specific 
growth rate as described by Shuler et al 
[14][11][10]. The DCW data points from the 
logarithmic growth phase were plotted on a 
semi-log graph to locate the period during that 
phase in which the culture experienced the 
fastest growth. These points were then used in 
the following equation: μnet (1/h) = 
(ln(DCWx/DCW0))/(Timex-Time0), where DCW 
was measured in g/L and time in hours. DCWx is 
the last point during the fasted logarithmic 
growth period and DCW0 is the first point. 
Timex and Time0 are described similarly.   

 
Acetate Kinase Assay 

 The xylose conditioned batches were 
analyzed for acetate kinase activity during log 
phase growth using a method adapted from the 
Rose protocol [13][10][9]. In summary, the 
enzyme activity was measured using UV/VIS 
spectroscopy where the absorbance of a 4 mL 
reaction mixture at 540nm and a molar 
extinction coefficient of 0.169 mM-1 cm-1 was 
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used to calculate the enzyme activity 
[18][15][14]. Acetate kinase activity was 
standardized to the total protein content of each 
sample, determined separately by Bradford (Bio-
rad protein assay) using bovine serum albumin. 
One unit of acetate kinase is defined as the 
amount of enzyme producing 1 μmol of 
hydroxamic acid per minute at 29ºC and the 
specific activity calculated as units of 
activity/mg cellular protein. The results reported 
here are averages of enzyme assays run in 
triplicate.  

RESULTS 

Fermentation Kinetics 

The non-adapted (control) C. 
tyrobutyricum culture inoculated into xylose-
minimal media begins sugar consumption almost 
immediately with butyric acid production 
beginning 15 hours later (Fig. 1a and 1b). The 
same culture inoculated into xylose-minimal 
media containing 26.3 g/L acetate equivalents 
required over 100 hours to acclimate to the 
acetate despite both fermentations operating 
under the same conditions. The extended period 
of minimal metabolism and productivity is due 
to the acetate causing a delay in log phase 
cellular growth (Fig. 1c). Once the C. 
tyrobutyricum culture had adapted to the 26.3 
g/L acetate media the culture performed like the 
control, resulting in complete xylose utilisation 
and production of over 25 g/L of butyric acid 
and similar levels of cell mass.  

The acetate adapted culture maintained 
tolerance to the 26.3 g/L acetate in the media 
and after a 22 hour lag in xylose consumption 
following inoculation, subsequently began 
producing butyric acid (Fig. 1a and 1b). The 
acetate tolerant culture running under acetate 
inhibition conditions performed similar to the 
control fermentation in that the xylose was fully 
utilized in 175 hours from inoculation and 
produced 28 g/L butyric acid compared to the 
controls production of 25.8 g/L butyric acid. 
Despite the increased product yield, the net 
specific growth rate (μnet) of the acetate tolerant 
culture was reduced by 28.7% compared to the 
control. The specific growth rate of the control 

fermentation was 0.093 1/h while the acetate 
selected culture showed a log phase growth of 
0.067 1/h (Table 1). This observation is not 
surprising as a similar yield increase 
corresponding with a growth rate reduction was 
seen in genetically modified C. tyrobutyricum 
where the pta gene had been deleted [7, 14][6, 
13].  

The effectiveness of selective adaptation 
to generate an acetate tolerant C. tyrobutyricum 
culture is even more evident in glucose 
consuming fermentations. The adapted inoculum 
under 26.3 g/L acetate conditions experienced 
no lag in growth and tracked almost exactly with 
the uninhibited control in terms of glucose 
consumption and butyric acid production (Fig. 
2a and 2b). Unlike the xylose batches, the 
glucose consuming cultures (control, non-
adapted-inhibited and adapted-inhibited) 
generated very similar levels of butyric acid 
between batches (25.61, 26.22 and 25.86 g/L 
respectively) (Table 1). Analogous to the xylose 
batches, the acetate inhibited non-adapted 
culture experienced approximately 94 hours of 
lag phase before beginning to consume glucose, 
produce butyric acid or generate DCW biomass 
(Fig. 2a-c, Table 1). Acetate adaptation allows 
the culture to overcome inhibition caused by 
26.3 g/L acetate and the 94 hours of lag phase.  

Similar to the xylose batches, the acetate 
tolerant culture consuming glucose also 
exhibited a 32.7% reduction in specific growth 
rate compared with the glucose control culture 
(Table 1). The glucose control batch 
demonstrated a 0.306 1/h specific growth rate 
and the adapted culture dropped to 0.206 1/h 

during acetate inhibition (26.3 g/L). The non-
adapted culture under acetate inhibition (26.3 
g/L) dropped to 0.274 1/h, only a 10.5% 
reduction compared to the glucose control batch.   

The specific growth rates of glucose 
consuming batches were two to three times 
higher than those of the xylose consuming C. 
tyrobutyricum batches (Table 1). Lowered 
specific growth rates are a consequence of 
xylose consumption due to the lowered energetic 
value of xylose metabolism over glucose. With 
less free energy from sugar consumption, the 
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xylose consuming batches have less energy to 
perform cellular maintenance and growth thus, 
in general have lower specific growth rates than 
glucose consuming batches. 

The xylose consuming acetate-inhibited 
batches exhibited higher final yields of butyric 
acid than the control culture (Table 2). Both the 
acetate tolerant and non-adapted cultures yielded 
0.48 g/g butyric acid from the initial 60 g/L 
xylose compared to the control cultures 0.43 g/g. 
Glucose consuming cultures demonstrated no 
significant change in butyric acid yield between 
the 3 batches (Table 2). 

Acetate Kinase Activity 

 The metabolic selectivity in C. 
tyrobutyricum is influenced by growth stage, 
with exponentially growing cultures producing 
both butyric and acetic acids, while slower 
stationary growth rates tend towards butyric acid 
[9][8]. As such, during log phase growth of each 
batch, culture samples were removed and 
analyzed for acetate kinase activity. Acetate 
kinase (AK) is the last enzyme on the metabolic 
arm converting acetyl-CoA to acetate, thus AK 
activity under particular fermentation conditions 
is related to acetate production [7][6]. Table 3 
presents the specific activity in relation to 
cellular protein. The presence of inhibitory 
acetate (26.3 g/L) in the media reduced the AK 
activity to 3.15 U/mg in both the adapted and 
non-adapted cultures as the control culture 
exhibited 8.42 U/mg (Table 3). In both cases of 
acetate inhibition, whether the culture was 
acetate tolerant or not, the acetate kinase activity 
was reduced leading to the inhibition of 
metabolic acetate production (Fig. 3, Table 1).  

The AK specific activity results 
correlate strongly to the production data in Fig. 
3, where the control culture with the highest AK 
activity also generated the most acetic acid 
equivalents, 4.24 g/L. The non-adapted batch 
with 26.3 g/L initial acetic acid equivalents and 
the lowered AK activity generated only an 
additional 2.65 g/L acetic acid by the time the 
xylose had been completely utilized (Fig. 3). 
The selected batch run under the same initial 
acetic acid conditions performed with even 

higher carbon flux away from the acetate branch 
as acetate re-uptake mechanisms allowed the 
culture to consume 2.47 g/L of the initial acetate 
from the media (Fig. 3).  

DISCUSSION  

Acetate tolerant C. tyrobutyricum 
cultures consuming xylose overcame the acetate 
induced lag growth phase four times faster than 
the comparable non-selected cultures under the 
same acetate inhibition conditions (26.3 g/L) 
(Fig. 1a-c, Table 1). The selected culture also 
maintained lowered utilization of the acetate 
metabolic pathway under challenged conditions 
(Fig. 3 and Table 3). The acetate producing 
metabolic pathway yields more ATP than the 
butyrate pathway, so an inhibition of acetate 
kinase (AK) or phosphotransacetylase (PTA) 
leads to increased carbon flux towards 
phosphotransbutyrylase (PTB) and butyrate 
kinase (BK) as the butyrate pathway must 
compensate for the energy loss [9, 16][8, 15]. 
Rather than lower energy consumption and less 
biomass generated, the acetate inhibited C. 
tyrobutyricum cultures generated a similar 
amount of biomass as the control by increasing 
butyrate production to overcome the energy 
inefficiency (Fig. 1c, 2c). Similar to our results, 
C.tyrobutyricum fermentations with genetic 
inactivation of pta also had higher butyric yields 
and inactivated (or in our case, inhibited) acetate 
producers still developed similar levels of 
biomass as controls (Fig. 1c, 2c) [14][13]. 

Both acetate kinase and 
phosphotransacetylase are more sensitive to 
product inhibition by butyrate than the enzymes 
responsible for the butyrate pathway, butyrate 
kinase and phosphotransbutyrylase [15][14]. 
This natural inhibition is beneficial from an 
industrial standpoint as shortly after the culture 
enters the exponential growth phase C. 
tyrobutyricum stops co-producing both acid 
products and singularly forms butyrate [9][8]. 
The metabolic selectivity towards butyrate is 
further increased with the presence of acetate in 
the media as the acetate pre-adapted culture 
produced negligible quantities of acetic acid 
even during the beginning log phase stage (Fig. 
3).        
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Other than AK inhibition, another innate 
mechanism pushing the carbon flux of the 
Clostridial metabolism towards butyrate and 
away from acetate is the re-uptake of acetate 
from the media back into the usable acetyl-CoA 
pool by the CoA transferase enzyme [9][8]. This 
re-utilization mechanism of acetate provides no 
energy benefits to the cell but allows for the 
control of environmental acetate and utilizes 
protons in the acetate-to-butyrate conversion 
process [9][8]. Acetate re-uptake can be 
exploited under the conditions pertaining to a 
microbial inhibiting level of acetate present in 
the feed stream since the supposed contaminant 
in this case can potentially be used as a carbon 
source [3, 5][2, 4]. Some of the re-assimilated 
acetyl-CoA enters the butyrate pathway and thus 
this mechanism contributes to carbon efficiency 
[1]. Acetate re-uptake occurred in the xylose 
consuming pre-adapted fermentation, not only is 
the final butyric concentration (28.92 g/L) 
higher than the control (25.8 g/L) but the initial 
acetate concentration decreases during the 
course of the study (Fig. 1b and 3). 
Unfortunately, CoA transferase is also 
implicated in a redundant pathway leading to 
acetate generation directly from acetyl-CoA, so 
information concerning this enzymes specific 
activity may not provide useful information 
concerning the acetate re-uptake mechanism 
[7][6]. 

The selective adaptation of acetate 
tolerant glucose consuming cultures completely 
eliminated the acetate induced lag phase in 
growth under inhibitory conditions (Fig. 2a-c, 
Table 1). The higher energetic value of glucose 
consumption over that of xylose appears to 
allow acetate selected cultures consuming 
glucose to begin fermentation immediately even 
under 26.3 g/L acetate inhibition (Fig. 2a). This 
is remarkable given that the non-selected 
glucose consuming batch still required a 94 hour 
lag-phase to overcome acetate inhibition, similar 
to the 102 hours seen in the xylose consuming 
non-selected culture under the same conditions 
(Table 1). The selective adaptation of C. 
tyrobutyricum for acetate tolerance is more 
effective for glucose consuming cultures than 
xylose consumers.  

The overall higher specific growth rates 
of glucose batches compared to the xylose 
batches is another result of the higher energetic 
value of glucose metabolism (Table 1). Due to 
this, the specific growth rates of the glucose 
batches are all two-to-three times faster than the 
corresponding xylose batches. As would be 
expected, acetate inhibition slows the specific 
growth rates in glucose batches but surprisingly, 
the non-adapted acetate inhibited xylose batch 
had a faster specific growth rate (0.121 1/h) than 
the control 0.093 1/h (Table 1). This can be 
explained by the long 102 hours of lag-phase 
that the non-adapted xylose batch had to adapt to 
the high level of acetate.  

The overall butyric acid productivity of 
the non-adapted acetate inhibited xylose batch 
was only 0.12 g/L/h despite the faster specific 
growth rate. For industrial practices, the 102 
hour lag-phase of the non-adapted xylose batch 
to start consumption is far too long a period of 
inactivity. The week of non-growth as the non-
selected culture undergoes lag-phase would tie 
up fermentation capacity and potentially allow 
for contamination of the batch with other acetate 
tolerant microbes. The acetate adapted C. 
tyrobutyricum culture required only a 25 hour 
lag-phase until xylose consumption began, 
greatly reducing the time involved in complete 
batch fermentation.   

The final yield of the selected acetate- 
challenged culture is 0.48 g/g (butyric 
acid/xylose), 0.05 g/g higher than control (0.43 
g/g) (Table 2). This indicates the power of a 
simple selection method to adapt a culture which 
increases yield without the use of genetic 
modification. As one of the markets for 
bacterially fermented butyrate is as an all-natural 
food enhancer, a production process not utilizing 
genetically modified organisms might be a 
requirement.   

CONCLUSION 

 A simple selective adaptation for acetate 
tolerance generated a C. tyrobutyricum culture 
capable of reducing the acetate induced lag-
phase by 75% for a xylose consuming 
fermentation and completely negated lag-phase 
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in a glucose batch. Specific growth rates for 
acetate inhibited (26.3 g/L) batches of adapted 
cultures  were reduced compared to non-
inhibited control batches but despite this, the 
adapted cultures demonstrated greater overall 
butyric acid production than controls for either 
carbon source.  Enzymatic data collected on 
acetate kinase demonstrated reduced activity in 
cultures fermenting xylose in the presence of 
acetate whether or not the culture had been 
selected for acetate tolerance. As selective 
adaption is a simpler technique to perform than 
genetic modification, the work here presents the 
potential for industrially producing all-natural 
butyric acid for consumer use.  

ACKNOWLEDGMENTS  

The authors gratefully acknowledge the support 
by the Swedish Energy Agency (STEM), 
Swedish Governmental Agency for Innovation 
Systems (VINNOVA), the United States 
Defense Logistics Agency, and Bio4Energy, a 
strategic research environment appointed by the 
Swedish government. 

REFERECES 

1. Canganella F., Kuk S.-U., Morgan H.Wiegel 
J. (2002) Clostridium thermobutyricum: growth 
studies and stimulation of butyrate formation by 
acetate supplementation. Microbiological 
Research 157: 149-156. 

 
2. Helmerius J. (2010) Integration of a 
Hemicelluloses Extraction Step into a Forest 
Biorefinery for Production of Green Chemicals 
Lulea University of Technology 34 
 
3. Helmerius J., Walter J. V. v., Rova U., 
Berglund K. A.Hodge D. B. (2010) Impact of 
hemicellulose pre-extraction for bioconversion 
on birch Kraft pulp properties. Bioresource 
Technology 101: 5996-6005. 

 
4. Herrero A. A.Gomez R. F. (1980) 
Development of Ethanol Tolerance in 
Clostridium thermocellum: Effect of Growth 

Temperature. Applied and Environmental 
Microbiology 40: 571-577. 

 
5. Jaros A. M., Rova U.Berglund K. A. (2012) 
The Effect of Acetate on the Fermentation 
Production of Butyrate. Cellulose Chemistry and 
Technology 46: 341-347. 

 
6. Lin Y.-L.Blaschek H. P. (1983) Butanol 
Production by a Butanol-Tolerant Strain of 
Clostridium acetobutylicum in Extruded Corn 
Broth. Applied and Environmental Microbiology 
45: 966-973. 

 
7. Liu X., Zhu Y.Yang S.-T. (2006) Butyric acid 
and hydrogen production by Clostridium 
tyrobutyricum ATCC 25755 and mutants. 
Enzyme and Microbial Technology 38: 521-528. 

 
8. Madigan M. T., Martinko J. M., Dunlap P. 
V.Clark D. P. (2009) Metabolic Diversity: 
Catabolism of Organic Compounds In: T. D. 
Brock Biology of Microorganisms,  12th 
Edition. Pearson Education, San Francisco, CA, 
pp 612-651 

 
9. Michel-Savin D., Marchal R.Vandecasteele J. 
P. (1990) Control of the selectivity of butyric 
acid production and improvement of 
fermentation performance with Clostridium 
tyrobutyricum. Applied Microbiology and 
Biotechnology 32: 387-392. 

 
10. Rose I. A. (1955) Acetate Kinase of Bacteria 
(Acetokinase). Methods in Enzymology 1: 591-
595. 

 
11. Shuler M. L.Kargi F. (2002) How Cells 
Grow In: N. R. Amundson Bioprocess 
Engineering Basic Concepts,  2nd. Prentice Hall 
PTR, Upper Saddle River, New Jersey, pp 155-
200 

 



SpringerPlus, 2012 
Submitted: July, 11th 2012 
 
12. Teleman A., Tenkanen M., Jacobs 
A.Dahlman O. (2002) Characterization of O-
acetyl-(4-O-methylglucurono)xylan isolated 
from birch and beech. Carbohydrate Research 
337: 373-377. 

 
13. Zhang C., Yang H., Yang F.Ma Y. (2009) 
Current Progress on Butyric Acid Production by 
Fermentation. Current Microbiology 59: 656-
663. 

 
14. Zhu Y., Liu X.Yang S.-T. (2005) 
Construction and Characterization of pta Gene-
Deleted Mutant of Clostridium tyrobutyricum 
for Enhanced Butyric Acid Fermentation. 
Biotechnology and Bioengineering 90: 154-166. 

 
15. Zhu Y.Yang S.-T. (2003) Adaptation of 
Clostridium tyrobutyricum for Enhanced 
Tolerance to Butyric Acid in a Fibrous-Bed 
Bioreactor. Biotechnology Progress 19: 365-
372. 

 
16. Zhu Y.Yang S.-T. (2004) Effect of pH on 
metabolic pathway shift in fermentation of 
xylose by Clostridium tyrobutyricum. Journal of 
Biotechnology 110: 143-157. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SpringerPlus, 2012 
Submitted: July, 11th 2012 
 
TABLES 

Table 1. Fermentation kinetics of C. tyrobutyricum cultures run in batch with or without selection for 
acetate tolerance and with or without acetate inhibition.  

Sugar Acetate C. tyrobutyricum2   Lag 
time3 

Complete 
utilization 
of carbon 

Sugar 
cons4 

Butyrate 
yield5 

Final concentration Specific 
growth 

rate  
(μnet)7 

Overall 
produc.8 

(g/L)   (h) (h) (g/L/h) (mol/mol) (g/L) (1/h) (g/L/h) 

             Butyrate Acetate Bio- 
mass6  

   

    
Glc1 0 non-adapted 0 77 1.07 0.85 25.61 8.38 3.40 0.306 0.28 

Glc 26.3 non-adapted 94 171 1.09 0.89 26.22 27.85 3.59 0.274 0.15 

Glc 26.3 adapted 0 75 1.21 0.87 25.86 32.03 2.77 0.206 0.32 

                      

Xyl1 0 non-adapted 0 166 0.56 0.74 25.80 4.24 2.72 0.093 0.16 

Xyl 26.3 non-adapted 102 167 1.22 0.79 29.00 27.76 3.04 0.121 0.12 

Xyl 26.3 adapted 25 174 0.60 0.81 28.92 24.46 2.30 0.067 0.17 

1 Glucose and xylose respectively 
 

2 Whether or not the inoculum had been selectively adapted to 26.3 g/L  

3 Calculated as time until sugar consumption started 
 

4 Calculated for the linear sugar consumption phase 
 

5 Yield was calculated as mol butyrate per mol glucose or xylose consumed during 
fermentation  

 

6 Calculated as DCW g/L 
7 As determined by the formula μnet (1/h) = (ln(DCWx/DCW0))/(Timex-Time0) 

 

8 Overall productivity calculated from the start of the fermentation until the sugar source 
were completed 

 

 

Table 2. The effect of acetate inhibition on butyric acid yield in batch fermentations of C. tyrobutyricum 
with an initial 60 g/L glucose or xylose and run until completion.  

 Butyric acid yield (g/g) 

Carbon source 
No external acetate with 
non-adapted culture 

26.3 g/L external acetate 
with non-adapted culture 

26.3 g/L external acetate 
with adapted culture 

Glucose 0.43 0.44 0.43 
Xylose  0.43 0.48 0.48 
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Table 3. The impact of the presence of acetate on enzymatic Acetate Kinase activity in C. tyrobutyricum 
fermentations.  

 
No external acetate with 
non-adapted culture 

26.3 g/L external 
acetate with non-
adapted culture 

26.3 g/L external 
acetate with 
adapted culture 

Acetate Kinase activity 
(units/mg cellular protein) 

8.42 3.15 3.15 

 

Results reported here are averages of enzymes assays run in triplicate as described in the methods. 
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FIGURES 

a 

 

b                                                                                     c 

  

 

Fig. 1-a, b,c Effect of acetate inhibition on xylose consumption, butyrate production and biomass 
generation in C. tyrobutyricum fermentations using non-adapted or acetate adapted cultures. 
Fermentations performed as 1 L batches in 2.5 L working volume vessels under anaerobic conditions. 
Temperature was maintained at 36°C, agitation at 250 rpm, and pH at 6.0 with 5M NaOH. The media 
contained 60 g/L xylose, 6 g/L yeast extract and 5 ppm FeSO4 ·  7H2O and except for the control 26.3 g/L 
acetate 
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a 

 

b                                                                                     c 

  

Fig. 2-a, b, c Effect of acetate inhibition on glucose consumption, butyrate production and biomass 
generation in C. tyrobutyricum fermentations using non-adapted or acetate adapted cultures. 
Fermentations performed as 1 L batches in 2.5 L working volume vessels under anaerobic conditions. 
Temperature was maintained at 36°C, agitation at 250 rpm, and pH at 6.0 with 5M NaOH. The media 
contained 60 g/L glucose, 6 g/L yeast extract and 5 ppm FeSO4 ·  7H2O and except for the control 26.3 
g/L acetate 
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Fig. 3 Effect of acetate inhibition on relative acetic acid fermentation kinetics of C. tyrobutyricum xylose 
batches. Fermentations performed as described in Fig. 1  
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ABSTRACT 

There is a demand for all-natural 
butyraldehyde and butyraldehyde derived 
flavor compounds creating a manufacturing 
potential for using bioconversion methods to 
generate butyraldehyde from butanol. In this 
study, the methylotrophic yeast Pichia 
pastoris was induced to generate alcohol 
oxidase enzyme (AOX) for the oxidation of 
butanol to butyraldehyde using a 1 L whole-
cell bioconversion system. A typical buffer for 
maintaining physiological pH (0.1M 
potassium phosphate) was compared against 
a 0.5M Tris-borate chelating buffer as the 
amine is known to complex with the free 
aldehyde in the media and it was found that 
the amine buffer did prolong AOX activity 
(120 min compared to 96 min). Alternative 
product recovery methods were evaluated as 
well. An O2 pressurized system maintained 
AOX activity for an extended period of time 
(966 min) and generated the most 
butyraldehyde compared to the other set-ups 
with 2.047 g.   

Key words: Pichia pastoris, butyraldehyde, 
bioconversion, alcohol oxidase 

 

 

 

INTRODUCTION 

There is a strong market for all-natural 
food products with a labeling requirement that 
non-artificial flavor additives be used. Thus, 
flavor additives for such products must be 
generated through natural processes rather than 
be chemically synthesized. Bioconversion 
methods generating aldehydes utilizing the AOX 
enzyme of Pichia pastoris are of potential use as 
food additives for manufacturers developing 
natural products (Chiang et al., 1991, Duff et al., 
1989). A major example of such an application 
is in the manufacture of orange essence and 
fresh fruit flavor, the primary aldehyde of which 
is acetaldehyde (Raymond, 1984). Another 
practical bioconversion product from AOX is n-
butyraldehyde, primarily used industrially as a 
starting material for preparing plasticizer 
alcohols; it also is used to impart a butter or 
cheese flavor to a product (Kanand et al., 1999, 
Yolles, 1974). Butyraldehyde can be used as a 
starting component to produce flavor 
compounds such as 2-ethyl butyraldehyde found 
in chocolate and cocoa or 2-methyl 
butyraldehyde indentified in swiss cheese flavor 
(Ronzio, 2003). With many applications in food, 
the development of an all-natural bioconversion 
process to obtain butyraldehyde is important to 
flavor manufacturers.  

 The AOX enzyme of the non-
fermenting methylotrophic yeast, Pichia pastoris 
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functions by performing a controlled oxidation 
of methanol to formaldehyde in order to 
generate energy (Cregg, 2007). The P. pastoris 
culture must be induced with methanol to 
produce active AOX, once induction occurs; the 
AOX enzyme is able to oxidize the alcohol 
group on short chain (1-8 carbons) aliphatic 
alcohols to the corresponding aldehyde. This 
study examines the applicability of naturally 
synthesizing butyraldehyde using a whole-cell 
bioconversion method driven by the AOX 
enzyme of P. pastoris. There is a large body of 
work focusing on developing a process design 
for acetaldehyde production utilizing similar 
methods as those presented here but techniques 
for the specific production of butyraldehyde are 
less known. It is the goal of this work to 
elucidate the efficiencies and problems 
associated with different aspects of a butanol to 
butyraldehyde oxidation process design utilizing 
whole-cell P. pastoris. The specific methods 
evaluated here are the use of an alternate amine 
based buffering system, cell wall disruption and 
pressurization. 

BACKGROUND 

Pichia pastoris AOX enzyme: 

Candida, Hansenula,and Torulopsis are 
the other genera of methylotrophic yeasts 
mentioned alongside Pichia in patents 
concerning a practical source of the AOX 
enzyme (Giuseppin, 1987, Hartner et al., 2008, 
Murray(A) et al., 1989).  Although species 
within these genera do produce AOX enzymes, 
these versions have less of the enzymes 
desirable qualities relating to industrial 
application when compared with P.pastoris 
AOX. The AOX enzyme derived from P. 
pastoris has the widest substrate specificity of 
the AOX enzymes from any of the 
methylotrophic yeasts (Dienys et al., 2003). This 
allows for the greatest range of potential 
aldehyde products to be produced from the non-
specific enzyme, making it adaptable to many 
different product streams. An even more 
important feature for practical use is the fact that 
P.pastoris derived AOX has the highest alcohol 
to aldehyde conversion factor of the 

methylotrophic yeasts including other species of 
Pichia (Murray(B) et al., 1989).   

The main form of the alcohol oxidase 
enzyme in P.pastoris is coded from the AOX1 
gene with repression/de-repression regulation of 
the AOX1 promoter and induction regulation of 
the AOX1 gene itself (Cereghino et al., 2000). 
Due to the carbon-source specific induction 
mechanism, transcription of the P. pastoris 
AOX1 gene requires the presence of methanol 
and absence of any other carbon sources (i.e., 
glycerol, glucose or ethanol) (Cregg et al., 1993, 
Inan et al., 2001). These genetic factors 
necessitate that cultures of Pichia pastoris be 
induced to produce the AOX enzyme in a dilute 
methanol fed vessel, and then once the cells are 
induced, they are transferred to a separate vessel 
for the butanol to butyraldehyde bioconversion 
to take place. Pichia pastoris is incapable of 
anaerobic fermentation, so as sparged air or pure 
oxygen is used to recover volatile aldehyde 
products it is also obligatory to maintain the 
dissolved oxygen at aerobic levels.  

The whole-cell bioconversion system: 

The whole-cell system also provides an 
efficient alternative in terms of process design 
over non-cellular AOX enzyme bioconversion 
systems requiring cellular disruption as well as 
purification of the enzyme (Duff et al., 1989). 
Within the peroxisome of the yeast, not only are 
cofactors and coenzymes available but the 
optimal pH, ionic strength as well as hydrophilic 
to lipophilic ratio conditions are met and 
maintained by the cell (Duff et al., 1989). For 
extracted AOX to be used in a bioconversion 
system, these conditions would have to be 
managed by the operators, adding a level of 
complexity to an already overtly complex 
process. 

In the whole-cell system, the 
peroxisome microbody of a fully methanol 
induced methylotrophic yeast sequesters the 
AOX enzyme which, in order to produce energy, 
oxidizes methanol to H2O2 and formaldeyhyde 
(CH2O) in the first step of the dissimilatory 
pathway (Ellis et al., 1985). This reaction and 
subsequent degradation of H2O2 to H2O and 
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oxygen by catalase all takes place in the 
peroxisome, where a far larger amount of 
catalase is present than the amount of alcohol 
oxidase (Chiang et al., 1991). Thus, although the 
enzymatic inhibitor H2O2 is generated by the 
alcohol oxidase, the H2O2 is readily degraded as 
it is produced so there is reduced inhibition of 
AOX activity in the whole-cell system due to the 
entire reaction occurring within the peroxisome. 
Without the protection of peroxisomal catalase, 
purified AOX enzyme suffers reduced activity in 
the presence of H2O2 (Couderc et al., 1980, Kato 
et al., 1976). For these reasons, the subsequent 
analysis of butanol to butyraldehyde 
bioconversion was carried out with a whole-cell 
system except for one of the conversions which 
utilized a continuous cell-lyser to determine the 
effect of cellular disruption on the 
bioconversion.  

One of the main causes of inhibition of 
AOX activity is the presence of aldehyde 
products generated during the bioconversion as 
small concentrations of aldehyde product present 
in the media can cause significant inhibition of 
AOX activity (Duff et al., 1988). Concentrations 
as low as 1 g/L acetaldehyde will generate an 
inhibitory effect on AOX while only 4 g/L may 
result in 50% inhibition (Duff et al., 1988). 
Rather than simply sparging out the volatile 
aldehyde products as they form, using a Tris pH 
buffering system which binds up free aldehyde 
as it is released from the cell can greatly increase 
AOX activity (Murray(A) et al., 1989). Utilizing 
a primary amine (Tris) buffer to readily chelate 
an aldehyde product during formation is a 
proven means of extending the enzyme activity 
while maintaining a physiological pH of 8.0 
(Murray(A) et al., 1989, Murray(B) et al., 1989). 
Lowering the pH to 6.0 then releases the 
aldehyde product from the complex and once 
removed allows for the re-use of the Tris buffer 
(Raymond, 1984). The mechanism behind 
aldehyde-amine binding is not fully understood. 
Given the ease at which the complex is broken at 
a slightly neutral pH, the association was 
assumed to be hydrogen-bonding between the 
hydroxyl and amino groups of the Tris and the 
hydrated form of the aldehyde (Raymond, 
1984). More recent nuclear magnetic resonance 
spectroscopy studies indicate Tris and the 

aldehyde possibly undergo chemical bonding to 
form an imino-acetal although this may not 
occur until higher than physiological 
temperatures are reached (i.e., 130°C) (Bubb et 
al., 1995). 

Oxygen limitation and pressure 
elevation are other simple process design 
attributes which can be modified to increase 
oxygen transfer rate (OTR) and thus increase 
AOX activity (Charoenrat et al., 2006). Higher 
pressure bioconversions increase the force of 
diffusion from the air bubble to the medium 
although the elevated pressure compresses the 
air bubbles reducing the volumetric oxygen 
transfer coefficient (Charoenrat et al., 2006). 
The effect of high pressure is an overall increase 
in the OTR. Oxygen limitation by increasing 
methanol feed to an induced culture has also 
been shown to increase OTR but puts stress on 
the cells lowering productivity (Charoenrat et 
al., 2006). 

MATERIALS AND METHODS 

Preparation of induced Pichia pastoris cells: 

All of the P. pastoris cells used in these 
studies were wild-type, ATCC 28485. The 
media and induction method were followed from 
the Invitrogen Pichia Fermentation Process 
Guidelines (Invitrogen, 2002). Inoculation 
cultures were grown up in Minimal Glycerol 
Medium (13.4 g Yeast Nitrogen Base, 10 g 
glycerol, 2 ml 500x Biotin in 1000 ml ddH2O). 
The MGM was filter sterilized once all of the 
ingredients were in solution. 250 ml shake flasks 
containing 100ml MGM were inoculated with P. 
pastoris and vigorously shaken at 100 rpm at 
30°C. Once the culture had an OD600>2.0 it was 
ready for transfer to the induction fermentor. 

Inductions and bioconversions were 
carried out in 2 liter working volume vessels of 
New Brunswick Bioflo 310’s maintaining a 
temperature of 30°C and agitation at 900 rpm. 
The media used at the beginning of induction 
(glycerol batch phase) was 1 liter of 4% glycerol 
Fermentation Basal Salts (0.93 g Calcium 
sulfate, 18.2 g Potassium sulfate, 14.9 g 
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Magnesium sulfate septa hydrate, 4.13 g 
Potassium Hydroxide, 40.0 g glycerol, 26.7 ml 
85% Phosphoric acid to a total volume of 1 liter 
with ddH2O).  After autoclaving, the pH of the 
media was adjusted to 5.0 with 28% ammonium 
hydroxide and 4.35 ml of PTM (see Invitrogen 
recipe) trace salts were added (Invitrogen, 
2002). Glycerol fed-batch and methanol fed-
batch phases were carried out as described in the 
Invitrogen Pichia Fermentation Process 
Guidelines with the exception that once the 
highest glycerol feed rate was established (18.5 
ml/hr/L) the culture was left without a carbon 
source for 12-18 hours (Invitrogen, 2002). This 
starvation period was found to greatly increase 
methanol consumption the next day when the 
methanol fed-batch phase was initiated. Induced 
P. pastoris were removed from the vessel and 
refrigerated at 4°C until use in the 
bioconversions.   

Each bioconversion began with 100 ml 
of induced P. pastoris and 900 ml of the 
specified buffer. Bioconversions of induced P. 
pastoris were run at 30°C with 900 rpm 
agitation. For bioconversions requiring sparging, 
the condenser exhaust was attached to a 2 liter 
cold trap filled with a dry ice/ acetone mixture 
maintaining the temperature of the trap at less 
than -70°C. Cell extract for bioconversion was 
received with an in-line peristaltic pump passing 
whole-cell broth through a sterile micro-bead 
grinder. The pressurized bioconversion batch 
was not sparged as any resulting overpressure in 
the vessel would have then caused for backflow 
up the sparging line. Instead, the sealed vessel 
was brought to 8 psi with pure O2 by 
pressurizing the headspace above the liquid 
volume of the bioconversion. 

Analytical methods 

Solvent substrates and aldehyde 
products were analyzed by HPLC (LC-20AT 
dual pump and 10A RI detector, Shimadzu) 
equipped with an ion exchange column (Aminex 
HPX-87H, 9 um, 7.8mm x 300mm, Bio-Rad) 
and a cation-H guard column (Micro-guard, 
30mm x 4.6 mm) using 50 mM sulfuric acid as a 
mobile phase. The flow rate of the mobile phase 
was maintained at 1 mL/min during analysis 

with 20 L of sample injected into the system 
with an auto-injector (SIL-20AHT, Shimadzu) 
with the column and guard maintained at 65°C 
in a column oven (CT0-20A, Shimadzu). Prior 
to analyses, samples were centrifuged at 10 000 
rpm for 5 min in a micro-centrifuge (Microfuge 
18, Beckman Coulter). Data for each sample was 
acquired with Shimadzu EZ Start 7.4 SP1 
chromatography software using standards for 
glycerol, methanol, ethanol, butanol, 
formaldehyde, acetaldehyde and butyraldehyde.   

AOX assay 

 The colorimetric assay used to measure 
units of AOX activity is described by Prencipe 
et. al (Prencipe et al., 1987). 1 liter of an AOX  
buffered reagent was made containing 0.1M 
KPO4, 0.7mM 4-aminophenazone, 1.7 mM 
Chromotropic acid di-sodium salt, 50 mg/L 
EDTA and 500 ml/L Triton X-100 and stored at 
4°C until use. A volume of Horseradish 
peroxidase (HRPD) equivalent to 9 units of 
peroxidase activity (10 μL of 100x ddH2O 
diluted stock) was added to 3 ml aliquots of 
AOX buffered reagent along with 10 μl of 4% 
ethanol (v/v) for substrate to create the final 
AOX solution with a limited stability of less 
than 8 hours. A standard curve of AOX activity 
for each sample set was generated by adding a 
100 μl volume of diluted AOX enzyme of a 
known activity at 5 different concentrations (0, 
3.75, 7.5, 11.25, 15 Units AOX activity) to each 
3.02 ml tube of the final AOX solution. These 
were vortexed and incubated at room 
temperature for 30 minutes until measuring 
absorbance at 600nm. Samples were measured 
by adding 100 μl of sample to the 3.02 ml final 
AOX solution and mixing, incubating and 
reading with the same method as the standards. 
The definition of a unit of AOX activity is that 
one unit will oxidize 1.0 μmole of methanol to 
formaldehyde per minute at pH 7.5 at 25°C.  

Catalase Assay 

 Catalase activity was determined using 
the Cayman Chemical Catalase Assay Kit (Item 
# 707002) following the procedure in the kits 
instruction manual (Cayman, 2009). A standard 
curve was generated using the formaldehyde 
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standards in the kit and measuring the 
absorbance at 540 nm. Samples were monitored 
for catalase activity using the same method. The 
definition of a unit of catalase activity is the 
decomposition of 1.0 μmole of H2O2 to oxygen 
and water per minute at pH 7.0 at 25°C with a 
substrate composition of 50 mM H2O2. 

RESULTS AND DISCUSSION 

As a control, induced P. pastoris were 
used to run a whole-cell bioconversion with a 
75:25 ratio of air to pure oxygen in the sparging 
stream. Having a lower level of the oxygen in 
the sparging line is known to trigger the effects 
of oxygen limitation in the induced cells which 
causes a release of more of the AOX1 enzyme 
and increases the alcohol substrate consumption 
rates (Charoenrat et al., 2005). The 10 L/min 
sparging line of 75:25 air-O2 never reached 
oxygen limitation and the dissolved oxygen 
remained high enough during the course of the 
study to make this bioconversion comparable to 
the other experimental setups (Fig. 1).   

The control bioconversion was buffered 
with 0.1M potassium phosphate in order to 
maintain the whole-cells as well as the AOX 
enzyme.  By weight, 2.08% of the 4.86 g of 
butanol added to the system was converted to 
butyraldehyde (Table 1). The live: dead ratio of 
induced Pichia pastoris cells were monitored 
and did not change over the course of the 
reaction. On the other hand, AOX activity did 
fall precipitously during the first 100 minutes of 
the conversion and this phenomenon was 
potentially caused by the effects of product 
inhibition on the AOX enzyme (Fig. 1). 20 
minutes after AOX activity reached lower than 
detectable levels (around 100 minutes), butanol 
began to accumulate significantly in the reaction 
vessel (Fig. 1).  

A bioconversion was attempted utilizing 
a continuous cell lysing system as physical 
degradation of the yeast cellular membrane 
allows the activated AOX enzyme to directly 
contact the butanol and oxygen substrates to 
generate butyraldehyde. The use of a continuous 
micro-bead cell-lyser system resulted in 4.86 g 
of butanol converting to a total of 1.07 g 

butyraldehyde, 22.02% by weight (Table 1). 
After 100 minutes the induced P. pastoris 
showed lowered oxidative conversion ability as 
can be seen with the DO% responding less 
readily to the additions of butanol (Fig. 2). Also 
at 100 minutes, butanol began to more rapidly 
accumulate in the vessel with the protective 
catalase levels decreasing only after 115 minutes 
(Fig. 2). With the cell-lyser running at 25°C and 
the bioconversion vessel at 30°C, once the cells 
were lysed the proteolytic enzymes were 
released from the cytoplasm and allowed to 
degrade the peroxisomal proteins including 
AOX and catalase since they were no longer 
protected within the microbody. Although the 
cell-lysing technique converted more butanol to 
butyraldehyde than the whole-cell system, the 
reduced DO% spikes after 115 minutes and 
rapidly increasing presence of butanol in the 
vessel indicate that the AOX activity quickly 
degenerated before 115 minutes of conversion 
(Fig. 2).  

The next examination determined if 
product inhibition could be reduced and 
conversion time extended by preventing the 
interaction of the aldehyde product with the 
AOX enzyme. As the published data on product 
inhibition concerns acetaldehyde as the inhibitor 
and this study is based on producing 
butyraldehyde, the authors conducted a similar 
AOX activity study as Murray et. al but to 
determine the effects of butyraldehyde (Duff et 
al., 1988). A 4% ethanol solution was used as 
the substrate in a 2M Tris-borate buffer and 
these tests demonstrated that 1.6 g/L 
butyraldehyde concentration in the reaction 
could inhibit AOX activity from 10 to 32%. 8.3 
g/L butyraldehyde inhibited AOX activity from 
20 to 61% (data not shown). These tests 
concluded that, similar to acetaldehyde, low 
levels of butyraldehyde in the reaction broth is 
responsible for product inhibition in AOX 
bioconversions.  

The bioconversion utilizing a 0.5 M 
Tris-Borate pH buffer was able to provide a 
steady chelation of butyraldehyde as it was 
produced in the broth until the saturation level 
was reached around 80 minutes (Fig. 3). 
Comparing Fig. 3 to Fig. 1, the Tris-borate 
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buffering system was most likely the cause of 
the reduced product inhibition and the much 
higher overall AOX activity in the 0.5M Tris-
borate buffered bioconversion as compared to 
the 0.1M potassium phosphate buffer. The AOX 
activity in the 0.5M Tris-borate buffered 
conversion stayed above 0 for the entire 
bioconversion rather than dropping to 0 after 
100 minutes as occurred in the potassium 
phosphate buffered conversion (Fig. 1).  In terms 
of overall conversion the effects of reduced 
AOX inhibition due to sequestering 
butyraldehyde were positive as a 20.85% (g/g) 
conversion was seen in the 0.5M Tris-borate 
buffered reaction (Table 1). The pH was 
maintained at 8.3-8.4 for the duration of the 
reaction, higher than the potassium phosphate 
buffered conversion which maintained the pH at 
7.25-7.4 (Table 1). Although the change in pH 
may cause for some difference in cellular health 
and thus effect the whole-cell conversion it is 
still within physiological limits and was 
necessary to demonstrate the differences 
between the buffering systems.   

Our own AOX production inhibition 
data and that presented by Murray et al. provide 
evidence that even higher stoichiometric 
saturation limits of Tris-borate buffer to chelated 
aldehyde product are attainable, thus a 2M Tris-
borate buffer was used in the next bioconversion 
(Fig. 4) (Murray(B) et al., 1989). Most previous 
reports of product chelation as a means of 
reducing AOX inhibition are demonstrated on 
ethanol to acetaldehyde bioconversions yet seem 
applicable to our work focused on butanol 
bioconversion to butyraldehyde. 

Another interesting method employed to 
increase productivity was demonstrated by 
Charoenrat et al. where using a pressurized 
system had increased the oxygen transfer rate 
into an active Pichia pastoris culture more than 
was found with oxygen limitation (Charoenrat et 
al., 2006). For the next bioconversion, instead of 
a sparging line, the vessel of the reaction was 
sealed and pure O2 was used to pressurize the 
vessel to 8psi (Fig. 4). As the dissolved oxygen 
probe was calibrated to 0 and 100% oxygen 
saturation of the media at normal atmosphere, 
the probe gave some readings significantly 

higher than 100% DO during the pressurized 
bioconversion. The work reported here focuses 
on the bioconversion of butanol to 
butyraldehdye while reports from the literature 
concerning pressurization systems are usually 
applied to recombinant protein production 
(Charoenrat et al., 2006). 

The first 100 minutes of the 2M Tris-
borate buffered pressurized bioconversion 
showed exceedingly high levels of AOX activity 
(over 0.1 units) compared that of the potassium 
phosphate buffered sparged conversion 
(maximum 0.058 units AOX activity) or the 
0.5M Tris-borate sparged conversion (maximum 
0.05 units AOX activity) (Fig. 1, 3, 4). Not 
shown here, the AOX activity dropped to almost 
nothing (0.004 units of activity for the next 846 
minutes), but the bioconversion kept slowly 
taking place the entire time. In the pressurized 
vessel, of the 16.2 g of butanol added, 91.42% 
was converted to butyraldehyde in terms of the 
level of butanol remaining in the broth after the 
bioconversion.  

The actual amount of butyraldehyde 
reclaimed from the pressurized bioconversion 
was 12.6% g/g (Table 1). This illustrates a 
common difficulty found in the production of 
aldehydes, the high volatility and low boiling 
point allows much of the product to pass through 
the exhaust of a cold trap or, as presumably 
occurred in this case, saturate the headspace of a 
pressurized vessel.  Chiang et al. came across 
the same issue when they attempted to develop a 
method for large scale acetaldehyde production 
(Chiang et al., 1991). In their work, they 
eventually switched to a liquid-nitrogen cold 
trap producing a condenser temperature of -75°C 
similar to the temperature of the cold trap in the 
bioconversions presented here. Even after the 
switch, Chiang et al. still found much of their 
product being lost due to its high volatility. 
Butyraldehyde has a much higher boiling point, 
74.8°C compared to acetaldehyde 20.2°C but 
from the strong scent given off by the 
bioconversion exhaust, much of it is still leaving 
the system un-reclaimed. Although oxygen 
pressurized design provides less of a recoverable 
% of converted butyraldehyde than either the 
cell-lyser or 0.5M Tris-borate buffered sparged 
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set-ups, it provided for the largest amount of 
recovered butyraldehyde, 2.047 g from a 1L 
conversion volume.    

CONCLUSION 

 A control whole-cell P.pastoris 
bioconversion using a 0.1M potassium 
phosphate buffer converted 2.08% of 4.86 g 
butanol to butyraldehyde. With the addition of 
cellular disruption to the same system, the 
conversion increased to 22.02%. The cell-lyser 
caused a rapid decrease in the catalase activity 
of the system after 120 minutes, reducing the 
ability of this system to degrade H2O2, a by-
product of the conversion which inhibits AOX 
activity.  

 0.5 M Tris-borate chelating buffer in 
the whole-cell system lowered product inhibition 
and allowed for greater maintained AOX 
activity than the non-chelating buffer control. In 
this system, the butyraldehyde was bound in the 

buffer as it was formed allowing for 20.85% of 
the 5.67 g butanol added to be converted to 
butyraldehyde. 

Sparging the active bioconversion with 
either air or oxygen is necessary to provide the 
AOX enzyme with oxygen substrate but the 
volatile nature of butyraldehyde makes it 
difficult to condense and collect in a cold trap. 
The recovery issue is partially solved by using 
an 8 psi pressurized vessel to provide the AOX 
with oxygen while preventing product inhibition 
with a strong chelator (2M Tris-borate) 
buffering the system and binding the 
butyraldehyde after conversion. Such a set-up 
resulted in a much longer conversion time (966 
minutes of continued AOX activity) and of the 
16.2 g of butanol fed into the vessel, 12.64% 
was recovered in the conversion broth. Given 
the small amount of unconverted butanol which 
was recovered from the broth, 91.42% must 
have been converted with much of it lost in the 
headspace of the pressurized vessel.  
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Figure 1.  Butanol to Butyraldehyde Bioconversion using a whole-cell system. Induced P. pastoris 1 
liter bioconversion took place at pH 7.25 to 7.4 using a 0.1 M potassium phosphate buffer and a 10 L/ min 
75:25 air:O2 sparging stream. The definition of a unit of AOX activity is that one unit will oxidize 1.0 
μmole of methanol to formaldehyde per minute at pH 7.5 at 25°C.  
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 Figure 2. Butanol to Butyraldehyde Bioconversion using a continuous cell lysing system.  Induced 
P. pastoris 1L bioconversion took place in pH 6.5 potassium phosphate buffer using a 10 L/min 50:50 
air:O2 sparging system. Cell-extraction and catalase assay described in the methods section. The definition 
of a unit of catalase activity is the decomposition of 1.0 μmole of H2O2 to oxygen and water per minute at 
pH 7.0 at 25°C with a substrate composition of 50 mM H2O2.  
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 Figure 3. Effect of 0.5M Tris-Borate buffer binding butyraldehyde product during bioconversion. 
The 0.5 M Tris-Borate buffer maintained the pH at 8.4 during induced P. pastoris 1L bioconversion using 
a 10 L min-1 50:50 air:O2 sparging system. The definition of a unit of AOX activity is that one unit will 
oxidize 1.0 μmole of methanol to formaldehyde per minute at pH 7.5 at 25°C. 
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 Figure 4: Butanol to Buytraldehyde bioconversion pressurized to 8psi with pure O2. 
Induced P.pastoris 1L bioconversion. This batch has no sparging occurring and is run with a 2M 
Tris-Borate buffer keeping the pH at 8.3. Agitation at 900 rpm. The definition of a unit of AOX 
activity is that one unit will oxidize 1.0 μmole of methanol to formaldehyde per minute at pH 7.5 at 25°C. 
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Table 1: Summarization of data on Butyraldehyde production from 4 separate bioconversions.  

 Trap Air:O2 Buffer pH Time 

(min) 

BuOH 

added 

(g) 

BA in 

trap 

(g) 

BA in 

broth 

(g) 

% 

conversion 

(g/g) 

Whole-cell Dry ice-

acetone 

75:25 0.1M 

Potassium 

Phosphate 

7.25

-7.4 

192 4.86 0.03 0.066 2.08 

Cell-Extract Dry ice-

acetone 

50:50 0.1M 

Potassium 

Phosphate 

6.5 158 4.86 0.85 0.18 22.02 

Whole-cell Dry ice-

acetone 

50:50 0.5 M 

Tris-

Borate 

8.3-

8.4 

120 5.67 0.41 0.78 20.85 

Whole-cell 

Pressurized 

None 0:100 2 M Tris- 

Borate 

8.3 966 16.2 NA 2.047 12.64* 

*  based on Butanol (g) added as a substrate and Butanol (g recovered) in broth, the % conversion (g/g) was 91.42% to butyraldehyde but this was  

lost in the headspace of the pressurized vessel.   

 

 

 








