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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department



Preface

Tremendous advances have been made in fermentation biotech-
nology for the production of a wide variety of commodity chemi-
cals and pharmaceuticals. It is timely to provide a book that can
assist practicing scientists, engineers, and graduate students with
effective tools for tackling the future challenges in fermentation
biotechnology.

This book was developed from a symposium titled Advances in
Fermentation Process Development, presented at the 224th Nation-
al Meeting of the American Chemical Society (ACS) in Boston,
Massachusetts, August 18-22, 2002 and sponsored by the ACS
Division of Biochemical Technology. It presents a compilation of
seven symposium manuscripts and eight solicited manuscripts
representing recent advances in fermentation biotechnology re-
search. The chapters in the book have been organized in five sec-
tions: Production of Specialty Chemicals, Production of Pharma-
ceuticals, Environmental Bioremediation, Metabolic Engineering,
and Process Validation. An overview chapter on commodity chem-
icals production by fermentation has been included.

I am fortunate to have contributions from world-class research-
ers in the field of fermentation biotechnology. I am taking this
opportunity to express my sincere appreciation to the contributing
authors, the reviewers who provided excellent comments to the
editor, the ACS Division of Biochemical Technology, and the ACS
Books Department for making possible the publication of this
book.



I hope that this book will actively serve as a valuable multi-
disciplinary (biochemistry, microbiology, molecular biology, and
biochemical engineering) contribution to the continually expanding
field of fermentation biotechnology.

Badal C. Saha
Fermentation Biotechnology Research Unit
National Center for Agricultural Utilization Research
Agricultural Research Service
U.S. Department of Agriculture
1815 North University Street
Peoria, IL 61604
(309) 681-6276 (telephone)
(309) 6816427 (fax)
sahabc@ncaur.usda.gov (email)
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Chapter 1

Commodity Chemicals Production by Fermentation:
An Overview

Badal C. Saha

Fermentation Biotechnology Research Unit, National Center
for Agricultural Utilization Research, Agricultural Research Service,
U.S. Department of Agriculture, Peoria, IL 61604

Various commodity chemicals such as alcohols, polyols, organic
acids, amino acids, polysaccharides, biodegradable plastic
components, and industrial enzymes can be produced by
fermentation. This overview focuses on recent research progress
in the production of a few chemicals: ethanol, 1,3-propanediol,
lactic acid, polyhydroxyalkanoates, exopolysaccharides and
vanillin. The problems and prospects of cost-effective
commodity chemical production by fermentation and future
directions of research are presented.

During the last two decades, tremendous improvements have been made in
fermentation technology for the production of commodity chemicals and high value
pharmaceuticals. In addition to classical mutation, selection, media design, and
process optimization, metabolic engineering plays a significant role in the
improvement of microbial strains and fermentation processes. Classical mutation
includes random screening and rationalized selection. Rationalized selection can be
based on developing auxotropic strains, deregulated mutants, mutants resistant to
feedback inhibition and mutants resistant to repression (/). In addition to the
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classical approach to media design and statistical experimental design, evolutionary
computational methods and agtificial neural networks have been employed for
media design and process optimization (/). Important regulatory mechanisms
involved in the biosynthesis of fermentation products by a microorganism include
substrate induction, feedback regulation, and nutritional regulation by sources of
carbon, nitrogen, and phosphorus (2). Various metabolic engineering approaches
have been taken to produce or improve the production of a metabolite by
fermentation (3). These are: (i) heterologous protein production, (ii) extension of
substrate range, (iii) pathway leading to new products, (iv) pathways for
degradation of xenobiotics, (v) engineering of cellular physiology for process
improvement, (vi) elimination or reduction of by-product formation, and
(vii) improvement of yield or productivity.

As the demand for bio-based products is increasing, attempts have been made
to replace more and more traditional chemical processes with faster, cheaper, and
better enzymatic or fermentation methods. Significant progress has been made for
fermentative production of numerous compounds such as ethanol, organic acids,
calcium magnesium acetate (CMA), butanol, amino acids, exopolysaccharides,
surfactants, biodegradable polymers, antibiotics, vitamins, carotenoids, industrial
enzymes, biopesticides, and biopharmaceuticals. Fermentation biotechnology
contributes a lot to the pollution control and waste management. This chapter gives
an overview ofthe recent research and developments in fermentation biotechnology
for production of certain common commodity chemicals by fermentation.

Ethanol

Ethanol has widespread application as an industrial chemical, gasoline additive, or
straight liquid motor fuel. In 2002, over 2 billion gallons of ethanol were produced
in the USA. The demand for ethanol is expected to rise very sharply as a safer
alternative to methyl tertiary butyl ether (MTBE), the most common additive to
gasoline used to provide cleaner combustion. MTBE has been found to
contaminate ground water. Also, there is increased interest to replace foreign fossil
fuel with a much cleaner domestic alternative fuel derived from renewable
resources.

Currently, more than 95% of fuel ethanol is produced in the USA by
fermenting glucose derived from corn starch. In the USA, ethanol is made from
corn by using both wet milling and dry milling. In corn wet milling, protein, oil,
and fiber components are separated before starch is liquefied and saccharified to
glucose which is then fermented to ethanol by the conventional yeast
Saccharomyces cerevisiae. In dry milling, ethanol is made from steam cooked
whole ground corn by using simultaneous saccharification and fermentation (SSF)
process. Ethanol is generally recovered from fermentation broth by distillation.



Both processes are mature and have become state of the art technology. However,
various waste and underutilized lignocellulosic agricultural residues can be sources
of low-cost carbohydrate feedstocks for production of fuel ethanol. Lignocellulosic
biomass generates a mixture of sugars upon pretreatment itself or in combination
with enzymatic hydrolysis. S. cerevisiae cannot ferment other sugars such as xylose
and arabinose to ethanol. Some yeasts such as Pachysolen tannophilus, Pichia
stipitis, and Candida shehatae ferment xylose to ethanol (4, 5). These yeasts are
slow in xylose fermentation and also have low ethanol tolerance (6, 7). It is not
cost-effective to convert xylose to xylulose using the enzyme xylose-isomerase
which can be fermented by S. cerevisiae (8, 9). Only a few yeast strains can hardly
ferment arabinose to ethanol (/0, 17). Yeasts are inefficient in the regeneration of
the co-factor required for conversion of arabinose to xylulose. Thus, no naturally
occurring yeast can ferment all these sugars to ethanol.

Some bacteria such as Escherichia coli, Klebsiella , Erwinia, Lactobacillus,
Bacillus, and Clostridia can utilize mixed sugars but produce no or limited quantity
of ethanol. These bacteria generally produce mixed acids (acetate, lactate,
propionate, succinate, etc.) and solvents (acetone, butanol, 2,3-butanediol, etc.).
Several microorganisms have been genetically engineered to produce ethanol from
mixed sugar substrates by using two different approaches: (a) divert carbon flow
from native fermentation products to ethanol in efficient mixed sugar utilizing
microorganisms such as Escherichia, Erwinia, and Klebsiella and (b) introduce the
pentose utilizing capability in the efficient ethanol producing organisms such as
Saccharomyces and Zymomonas (12-15). Various recombinant strains such as
E. coli KO11, E. coli SLAO, E. coli FBR3, Zymomonas CP4 (pZBS), and
Saccharomyces 1400 (pPLNH32) fermented corn fiber hydrolyzates to ethanol in the
range of 21-34 g/L with yields ranging from 0.41-0.50 g of ethanol per gram of
sugar consumed (/6). Martinez et al. (/7) reported that increasing gene expression
through the replacement of promoters and the use of a higher gene dosage
(plasmids) substantially eliminated the apparent requirement for large amounts of
complex nutrients of ethanologenic recombinant E. coli strain. Ethanol tolerant
mutants of recombinant E. coli have been developed that can produce up to 6%
ethanol (/8). The recombinant Z. mobilis, in which four genes from E. coli, xylA
(xylose isomerase), xy/B (xylulokinase), tal (transaldolase), and zkt4 (transketolase)
were inserted, grew on xylose as the sole carbon source and produced ethanol at
86% of the theoretical yield (/9). Deng and Ho (20) demonstrated that
phosphorylation is a vital step for metabolism of xylose through the pentose
phosphate pathway. The gene XK (encoding xylulokinase) from S. cerevisiae and
the heterologous genes XYL I and XYL2 from P. stipitis were inserted into a hybrid
host, obtained by classical breeding of S. uvarum and S. diastaticus, which resulted
in Saccharomyces strain pLNH32, capable of growing on xylose alone. Eliasson
et al. (27) reported that chromosomal integration of a single copy of the XYL!-
XYL2-XYLSIcassettee in S. cerevisiae resulted in strain TMB3001. This strain



attained specific uptake rates (g/g.h) of 0.47 and 0.21 for glucose and xylose,
respectively, in continuous culture using a minimal medium. Recently, Sedlak and
Ho (22) expressed the genes [arab (L-ribulokinase), ara4 (L-arabinose isomerase),
and araD (L-ribulose-5-phosphate 4-epimerase)] from the araBAD operon
encoding the arabinose metabolizing genes from E. coli in S. cerevisiae, but the
transformed strain was not able to produce any detectable amount of ethanol from
arabinose. Zhang et al. (23) constructed one strain of Z. mobilis (PZB301) with
seven plasmid borne genes encoding xylose- and arabinose metabolizing genes and
pentose phosphate pathway (PPP) genes. This recombinant strain was capable of
fermenting both xylose and arabinose in a mixture of sugars with 82-84%
theoretical yield in 80-100 h at 30 °C. Richard et al. (24) reported that
overexpression of all five enzymes (aldose reductase, L-arabinitol 4-dehydrogenase,
L-xylulose reductase, xylitol dehydrogenase, and xylulokinase) of the L-arabinose
catabolic pathway in S. cerevisiae led to growth of S. cerevisiae on L-arabinose.

Softwoods such as pine and spruce contain around 43-45% cellulose, 20-23%
hemicellulose, and 28% lignin. The hemicellulose contains mainly mannose and
6-7% pentose. S. cerevisiae can ferment mannose to ethanol. In Sweden, a fully
integrated pilot plant for ethanol production from softwood, comprising both
two-stage dilute acid hydrolysis and the enzymatic saccharification process is under
construction (25).

Research efforts are directed towards the development of highly efficientand
cost-effective cellulase enzymes for use in lignocellulosic biomass saccharification.
Also, there is a need for a stable, high ethanol tolerant, and robust recombinant
ethanologenic organism capable of utilizing more broad sugar substrates and
tolerating common fermentation inhibitors such as furfural, hydroxymethyl furfural,
and unknown aromatic acids generated during dilute acid pretreatment.

1,3-Propanediol

1,3-Propanediol (1,3-PD) is a valuable chemical intermediate which is suitable as
a monomer for polycondensations to produce polyesters, polyethers, and
polyurethanes. It can be produced by fermentation from glycerol by a number of
bacterium such as Klebsiella pneumoniae, Citrobacter freundii, and Clostridium
pastwureunum (26). 1t is first dehydrated to 3-hydroxypropionaldehyde which is
then reduced to 1,3-PD using NADH,. The NADH, is generated in the oxidative
metabolism of glycerol through glycolysis reactions and results in the formation of
by-products such as acetate, lactate, succinate, butyrate, ethanol, butanol, and
2,3-butanediol. Some of the by-products such as ethanol and butanol do not
contribute to the NADH, pool at all. The maximum yield of 1,3-PD (67%, mol/mol)
can be obtained with acetic acid as the sole by-product of the oxidative pathway
(26). Thus the yield of 1,3-PD depends on the combination and stoichiometry of the



reductive and oxidative pathways. Generally, a lower yield is obtained due to
conversion of a part of glycerol to cell mass. A variety of culture techniques such
as batch culture, fed-batch culture, and continuous cultivation with cell recycle or
with immobilized cells have been evaluated for production of 1,3-PD. 1,3-PD
concentrations of 70.4 g/L for product tolerant mutant of C. butyricum and 70-
78g/L for K. pneummoniae have been achieved with productivity of 1.5-3.0 g/L.h
in fed batch culture with pH control and growth adapted glycerol supply (26).

Attempts have been made to produce 1,3-PD from glucose by using two
approaches: (i) fermentations of glucose to glycerol and glycerol to 1,3-PD by using
a two stage process with two different organisms and (ii) the genes responsible for
converting glucose to glycerol and glycerol to 1,3-PD can be combined in one
organism (27, 28). S. cerevisiae produces glycerol from the glycolytic intermediate
dihydroxyacetone 3-phosphate using two enzymes - dihydroxyacetone 3-phosphate
dehydrogenase and glycerol-3-phosphate phosphatase. Conversion of glycerol to
1,3-PD requires two enzymes - glycerol dehydratase and 1,3-propanediol
dehydrogenase. An E. coli strain has been constructed containing the genes from S.
cerevisiae for glycerol production and the genes from K pneumoniae for 1,3-PD
production (29). The performance of this recombinant strain to convert glucose to
1,3-PD equals or surpasses that of any glycerol to 1,3-PD converting natural
organism.

Lactic Acid

Lactic acid (2-hydroxypropionic acid) is used in the food, pharmaceutical, and
cosmetic industries. It has the potential of becoming a very large volume,
commodity chemical intermediate produced from renewable carbohydrates for use
as feedstocks for biodegradable polymers, oxygenated chemicals, environmentally
friendly green solvents, plant growth regulators, and specialty chemical
intermediates (30). A specific stereoisomer of lactic acid (D- or L-form) can be
produced by using fermentation technology. Many lactic acid bacteria (LAB) such
as Lactobacillus fermentum, Lb. buchneri, and Lb. fructovorans produce a mixture
of D- and L-lactic acid (3/). Some LAB such as Lb. bulgaricus, Lb. coryniformis
subsp. torquens, and Lueconostoc mesenteroides subsp. mesenteroides produce
highly pure D-lactic acid and LAB such as Lb. casei, Lb. rhamnosus, and Lb. mali
produce mainly L-Lactic acid. The existing commercial production processes use
homolactic acid bacteriasuch as Lb. delbrueckii, Lb. bulgaricus, and Lb. leichmonii
(30). A wide variety of carbohydrate sources such as molasses, corn syrup, whey,
glucose, and sucrose can be used for production of lactic acid. Lactic acid
fermentation is product inhibited (32). Hujanen et al. (33) optimized process
variables and concentration of carbon in media for lactic acid production by Lb.
casei NRRL B-441. The highest lactic acid concentration (118.6 g/L) in batch



fermentation was obtained with 160 g glucose per L. Resting Lb. casei cells
converted 120 g glucose to lactic acid with 100% yield (per L) and a maximum
productivity of 3.5 g/L.h. LAB generally require complex rich nutrient sources for
growth (34). Altematively, Rhizopus oryzae produces optically pure L(+)-lactic acid
and can be grown in a defined medium with only mineral salts and carbon sources
(35). However, low production rate, low yield, and production of significant
amounts of other metabolites such as glycerol, ethanol, and fumaric acid are some
of the disadvantages of using R. oryzae for lactic acid production in comparison
with LAB. Recently, Park et al. (36) reported efficient production of L(+)-lactic
acid using mycelial cotton-like flocs of R. oryzae in an air-lift bioreactor. The lactic
acid concentration produced by the mycelial flocs in the air-lift bioreactor was
104.6 g/L with a yield of 0.87 g/g substrate using 120 g glucose per L.

Garde et al. (37) used enzyme and acid treated hemicellulose hydrolyzate from
wet-oxidized wheat straw as substrate for lactic acid production with ayield of 95%
and complete substrate utilization by a mixed culture of Lb. brevis and Lb. pentosus
without inhibition. Nakasaki and Adachi (38) studied L-lactic acid production from
wastewater sludge from a paper manufacturing industry by SSF using a newly
isolated Lb. paracesei with intermittent addition of cellulase enzyme. The L-lactic
acid concentration attained was 16.9 g/L which is 72.2% yield based on the glucose
content of the sludge under optimal conditions (at pH 5.0 and 40 °C). Tango and
Ghaly (39) studied a continuous factic acid production system using an immobilized
packed bed of Lb. helveticus and achieved a production rate of 3.9 g/L.h with an
initial lactose concentration of 100 g/L and hydraulic retention time of 18 h.

Chang et al. (40) used an E. coli RR1 pta mutant as the host for production of
D- or L-lactic acid. A pta ppc mutant was able to metabolize glucose exclusively
to D-lactate (62.2 g/L in 60 h) under anaerobic conditions and a pta /dh mutant
harboring the L-Idh gene from Lb. casei produced L-lactate (45 g/L in 67 h) as the
major fermentation product. Dequin and Barre (47) reported lactic acid and ethanol
production from glucose by a recombinant S. cerevisiae expressing the Lb. casei
L(+)-LDH with 20% of utilized glucose conversion to lactic acid. Porro et al. (42)
reported the accumulation of lactic acid (20g/L) with productivities up to 11 g/L.h
by metabolically engineered S. cserevisiae expressing a mammalian /dH gene (/dh-
A). Skory (43) showed that at least three different /dh enzymes are produced by R.
oryzae. Two of these enzymes, /dhA and /dhB, require the cofactor NAD', while
the third enzyme is probably a mitochondrial NAD'- an independent /dA used for
oxidative utilization of lactate. Recently, Skory (¢4) studied lactic acid production
by S. cerevisiae expressing the R. oyzae Idh gene and reported that the best
recombinant strain was able to accumulate up to 38 g lactic acid per L with a yield
of 0.44 g/g glucose in 30 h. Dien et al. (45) constructed recombinant E. coli
carrying the Idh gene from Streptococcus bovis on a low copy number plasmid for
production of L-lactate. The recombinant strains (FBR 9 and FBR 11) produced
56-63 g L-lactic acid from 100 g xylose per L at pH 6.7 and 35 °C. The catabolic



repression mutants (ptsG") of the recombinant E. coli strains have the ability to
simultaneously ferment glucose and xylose (46). The ptsG™ strain FBR19
fermented 100 g sugar (glucose and xylose, 1:1) to 77 g lactic acid per L. Recently,
Zhou et al. (47) constructed derivatives of E. coli W3110 (prototype) as new
biocatalysts for production of D-lactic acid. These strains (SZ40, SZ58, and SZ63)
require only mineral salts as nutrients and lack all plasmids and antibiotic resistance
genes used during construction. D-Lactic acid production by the strains approached
the theoretical maximum yield of two molecules per glucose molecule with
chemical purity of 98% and optical purity exceeding 99%.

Vaccari et al. (48) described a novel system for lactic acid recovery based on
the utilization of ion-exchange resins. Lactic acid can be obtained with more than
99% purity by passing the ammonium lactate solution through a cation-exchanger
in hydrogen form. Madzingaidzo et al. (49) developed a process for sodium lactate
purification based on mono-polar and bi-polar electrodialysis at which lactate
concentration reached to 150 g/L.

Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) such as poly 3-hydroxybutyric acid (PHB) and
related copolymers such as poly 3-hydroxybutyric-co-3-hydroxyvaleric acid
(PHB-V) are natural homo- or heteropolyesters (MW 50,000-1,000,000)

synthesized by a wide variety of microorganisms such as Ralstonia eutropha,
Alcaligenes latus, Azotobacter vinelandii, Chromobacteruium violaceum,

methylotrophs, and pseudomonads (50). These renewable and biodegradable
polymers are also sources of chiral synthons since monomers are chirals. PHAs are
totally and rapidly degraded to CO, and water by microorganisms. They are
synthesized when one of the nutritional elements such as N, P, S, O,, or Mg is
limiting in the presence of excess carbon source and accumulated intracellularly to
levels as high as 90% of the cell dry weight and act as carbon and energy reserve
(50, 51). Typically, the strains such as R. eutropha and Bhurkolderia cepacia are
grown aerobically to a high cell density in a medium containing cane sugar and
inorganic nutrients (52). The cell growth is then shifted to PHB synthesis by
limiting nutrients other than carbon source, which is continuously fed at high
concentration. After 45-50 h, the dry cell mass contains about 125-150 kg/m’
containing about 65-70% PHB. The cost of PHB production from sucrose has been

estimated at $2.65/kg for a 10,000 tons per year plant (5/). Chen et al. (53)
developed a simple fermentation strategy for large scale production of
poly(3-hydroxy-butyrate-co-3-hydroxyhexanoate) by an Aeromonas hydrophila
strain in a 20,000 L fermentor using glucose and lauric acid as carbon sources. The
bacterium was first grown in a medium containing 50 g glucose per L, and the
polyhydroxyalkanoate (PHA) biosynthesis was triggered by the addition of lauric
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acid (50 g/L) under limited nitrogen or phosphorus condition. After 46 h, the final
cell concentration, PHA concentration, PHA content, and PHA productivity were
50g/L, 25 g/L, 50%, and 0.54 g/Lh, respectively. Lee and Yu (54) produced PHAs
from municipal sludge in a two-stage bioprocess - anaerobic digestion of sludge by
thermophilic bacteria in the first stage and production of PHAs from soluble organic
compounds in the supernatant of digested sludge by A. eutrophus under aerobic and
nitrogen-limited conditions. The PHAs produced accounted for 34% of cell mass,
and about 78% of total organic carbon in the supernatant was consumed by the
bacterium.

Two approaches can be taken to create recombinant organisms for production
of PHAs: (a) the substrate utilization genes can be introduced into the PHA
producers and (b) PHA biosynthesis genes can be introduced into a non-PHA
producer. Many different recombinant bacteria were developed for enhancing PHA
production capacity, for broadening the utilizable substrate ranges, and for
producing novel PHAs (55). Homologous or heterologous overexpression of the
PHA biosynthetic enzymes in various organisms has been attempted. Recombinant
E. coli strains harboring the A. eutrophus PHA biosynthesis genes in a stable
high-copy number plasmid have been developed and used for high PHA
productivity (56, 57). Eschenlauer et al. (58) constructed a working model for
conversion of glucose to PHBV via acetyl- and propionyl-coenzyme A by
expressing the PHA biosynthesis genes from A. eutrophus in E. coli strain K-12
under novel growth conditions. It is possible to produce PHA from inexpensive
carbon sources, such as whey, hemicellulose, and molasses by recombinant E. coli
(55). Liu et al. (59) studied the production of PHB from beet molasses by
recombinant E. coli strain containing the plasmid pTZ18u-PHB carrying
A. eutroplus PHB biosynthesis genes (phbA, phbB, and phbC) and amphicillin
resistance. The final dry cell weight, PHB content, and PHB productivity ina 5 L
stirred tank fermentor after 31.5 h fed batch fermentation with constant pH and
dissolved O, content were 39.5 g/L, 80% (w/w), and 1 g/L.h, respectively.
Solaiman et al. (60) constructed recombinant P. putida and P. oleovorans that can
utilize triacylglycerols as substrates for growth and PHA synthesis. These organisms
produced PHA with a crude yield of 0.9-1.6 g/L with lard or coconut oil as
substrate.

Several methods have been developed for the recovery of PHAs (67). The most
often used method involves extraction of the polymer from the cell biomass with
solvents such as chloroform, methylene chloride, propylene carbonate, and
dichloroethane. In a non-solvent method, cells were first exposed to a temperature
of 80 °C and then treated with a cocktail of various hydrolytic enzymes such as
lysozyme, phospholipase, lecithinase, and proteinase. Most of the cellular
components were hydrolyzed by these enzymes. The intact polymer was finally
recovered as a white powder. High production cost is still a2 major problem in
developing a fermentation process for commercial production of PHA.
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Exopolysaccharides

Microbial exopolysaccharides (EPS) can be divided intro two groups:
homopolysaccharides such as dextran (Leu. mesenteroides subsp. mesenteroides),
altenan (Leu. mesenteroides), pullulan (Aureobasidium pullulans), levan
(Z. mobilis), and B-D-glucans (Streptococcus sp.) and heteropolysaccharides such
as alginate (opportunistic pathogen Pseudomonasaeruginosa), gellan
(Sphingomonas paucimobilis), and xanthan (Xanthomonas campestris). Many
species of LAB produce a great variety of EPS with different chemical camposition
and structure. These EPS contribute to the consistency, texture, and rheology of
fermented milk products. The biosynthesis of EPS is complex and requires the
concerted action of a number of gene products. Generally, four separaté reaction
sequences are involved: sugar transport into the cytoplasm, the synthesis of sugar-1-
phosphates, activation of and coupling of sugars, and processes involved in the
export of the EPS (62). EPS production by a LAB is greatly influenced by
fermentation conditions such as pH, temperature, oxygen tension, and medium
composition. The yields of heteropolysaccharides can vary from 0.150 to 0.600 g/L.
depending on the strain under optimized culture conditions (63). S. thermophilus
LYO03 produced 1.5 g/L heteropolysaccharides when an optimal carbon/nitrogen
ratio was used in both milk and MRS media (64).

Xanthan gum, which has a wide range of application in several industries, is
produced by the bacterium X. campestris with a production level as highas 13.5 g/L
(65). Alginate is a linear copolymer of f-D-mannuronic acid and &-D-guluronic
acid linked together by 1,4 linkages. It is widely used as thickeners, stabilizers,
gelling agents, and emulsifiers in food, textile, paper making, and pharmaceutical
industries. Several bacteria such as Azofobacter vinelandii and P. aeruginosa
produce alginate (66, 67). Cheze-Lange et al. (68) studied the continuous
production of alginate from sucrose by A. vinelandii in a membrane reactor. A total
of 7.55 g of alginate was recovered from the permeate with a production rate of
0.09g/h, yield of 0.21 g/g sucrose, and specific productivity of 0.022 g/g cell.h.

Vanillin

Vanillin (3-methoxy-4-hydroxybenzaldehyde) is one of the most widely used aroma
chemicals in the food industry. It is currently prepared in two ways. Vanillin (US
$3200/kg) is extracted from vanilla beans (Vanilla planifolia) which contains 2%
by weight of it. Pure vanillin (US $13.5/kg) is synthesized from guaiacol. The high
price of natural vanillin has stimulated research on developing a bio-based method
for production of vanillin.

Ferulic acid [3-(4-hydroxy-3-methoxyphenyl)-propenoic acid] is the major
cinnamic acid found in a variety of plant cell walls. Corn fiber contains about 3%



Table 1. Production of some other commodity chemicals by fermentation

Metabolite Microorganism Substrate (g/L) Bioreactor Time Yield
Type ® %
Sorbitol* Zymomonas mobilis (75) Fructose (325) plus Batch 8 91
Glucose (325)
Erythritol Moniliella sp. (76) Glucose (300) Batch 144 37
Candiada magnoliae (77) Glucose (400) Fed batch - 41
Torula sp. (78) Glucose (300) Fed-batch 88 54
Xylitol Candida peltata (79) Xylose (50) Shake-flask 78 56
Glycerol Candida glycerinogenes (80) Glucose (220) Batch 72 114 g/L
2,3-Butanediol Enterobacter clocae (81) Fructose (50) Shake-flask 39 43
Citric acid Candida oleophila (82) Glucose Fed-batch 192 80 g/
Itaconic acid Aspergillus terreus (83) Glucose (100) Shake-flask 225 52
Succinic acid Actinobacillus succinogenes (84)  Glucose 110 g/L
Propionic acid Prapionibacterium Glycerol (20) Batch 54 12 g/L
acidipropionici (85)
Gluconic acid Aureobasidium pullulans (86) Glucose (350) Continuous 26 74
stirred tank
2-Phenylethanol Pichia fermentans (87) L-Phenylalanine (1) 16 45
Vitamin B,, Propionibacterium Glucose Anaerobic 206 g/L.
freudenreichii (88)

*The yield is based on fructose present. In addition, the bacterium produces gluconic acid with a yield of 91% based on glucose
content.

a
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ferulic acid. Wheat bran is another source of ferulic acid (0.5-1%). Faulds et al.
(69) developed a laboratory scale procedure to produce free ferulic acid (5.7 g)
from wheat bran (1 kg) by using a Trichoderma xylanase preparation and
Aspergillus niger ferulic acid esterase. Using filamentous fungi, a two-stage
process for vanillin formation was developed in which a strain of 4. niger was first
used to convert ferulic acid to vanillic acid, which was then reduced to vanillin by
a laccase-deficient strain of Pycnoporus cinnabarinus (70). Shimoni et al. (77)
isolated a Bacillus sp. capable of transforming isoeugenol to vanillin. In the
presence of isoeugenol, a growing culture of the bacterium produced 0.61 g/L.
vanillin (molar yield of 12.4%) and the cell free extract resulted in 0.9 g/L vanillin
(molar yield of 14%). Ferulic acid can be converted to isoeugenol by Nocardia
autotrophica DSM 43100 (72). Muheim and Lerch (73) found that Streptomyces
setonii produced vanillin as a metabolic overflow product up to 6.4 g/L with a
molar yield of 68% from ferulic acid in shake flask experiments using fed-batch
approach,

Lee and Frost (74) attempted to generate vanillin from glucose via the
shikimate pathway using genetically engineered E. coli in a fed-batch fermentation.
Strain E. coli KL7 with plasmid pKL5.26A or pKL5.97A was used to convert
glucose to vanillic acid, which was recovered from the medium and reduced to
vanillin by using the enzyme aryl aldehyde dehydrogenase isolated from
Neurospora.crassa.

Concluding Remarks

Table 1 lists production of some other commodity chemicals by fermentation.
Fermentation biotechnology, along with improved downstream processing, has
played a great role in the production of bulk chemicals as well as high value
pharmaceuticals. It will continue to grow tremendously as more and more pathways
have been introduced in microbial hosts. The combination of genetic and process
approaches will provide enabling technologies for the production of complex and
unexplored chemicals by fermentation in the next decades.
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Chapter 2

Advanced Continuous Fermentation for Anaerobic
Microorganism

Ayaaki Ishizaki

New Century Fermentation Research Ltd., Fukuoka 819-0002, Japan

Production of economical and high quality L-lactic acid
production for polymer synthesis and cheap ethanol for new
formula of gasohol is currently focused with great attention.
However, anaerobic microorganisms such as L-lactic acid
bacteria and ethanol producing bacteria are unlike common
aerobic industrial microorganisms such as yeast for ethanol
fermentation and bacteria for glutamic acid fermentation. In
many publications, it has been described that chemostat with
high cell density accomplished high flux productivity but very
high and unstable residual substrate concentration in the spent
medium. The author has developed an advanced continuous
fermentation system for Lactococcus, an L-Lactic acid producer,
and Zymomonas, an ethanol producer, that can attain very high
productivity greater than 3 g/g h of the specific productivity with
low residual substrate concentration and fine control. The
productivity of this system is more than ten times that of usual
aerobic batch and fed batch cultures.

© 2004 American Chemical Society



22

Introduction

For biodegradable polymer, PLA (Poly Lactic Acid) synthesis, it is
essential to produce L-Lactic acid of very high stereochemical purity at cheap
cost by large scale production process However, the technology for anaerobic
fermentation is still in the development stages. Production of lactic acid as
chemical industry has not yet been established. Lactic acid microorganisms are
anaerobic (although they sometime grow in microaerophilic) growth kinetics of
lactic acid bacteria are completely different from those of aerobic
microorganism such as the bacteria produce glutamic acid. Development of
modern lactic acid fermentation is still in its infancy. Many years of research on
our isolate microorganism, Lactococcus lactis 10-1, homo-L-lactic acid
bacterium (1), its growth kinetics has been characterized. The author has
developed the high efficient continuous L-Lactic acid fermentation employing
this strain.

Kinetic model of anaerobic fermentation

First, the anaerobic growth characterized by serious end-product inhibition;
and sterile cell formation. Therefore, to develop a modern lactic acid
fermentation that is for the large scale industrial operation of PLA production
likely to petrochemical plastic process, we first must study detail kinetic
parameters of the growth of the microorganism and then design an improved
L-Lactic acid continuous fermentation system.

End product inhibition

End product inhibition is widely acknowledged in all enzymatic reactions
and many metabolic pathways. Serious end product (L-Lactic acid) inhibition
was observed in our microorganism as described in the previous report (2). It
is known that there are different types of inhibition kinetics, un-competitive,
non-competitive, and mixed. However, regardless of these types of inhibition,
when Ks value is very small, these three kinetic formulas can be approximated
to equation 1,
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where 1 is specific growth rate, 1z max is maximum specific growth rate, LB is
lactate concentration in broth, and X1 is inhibitory coefficient. In the previous
work, Ks for strain 10-1 was very small (2). When inhibitor (L-Lactic acid)
concentration is within 10 g//, a linear relationship was obtained between
reciprocal of the specific growth rate (1/ . ) and the inhibitor concentration (LB).
From this plot, kinetic constants of product inhibition for strain I0-1 were
determined as u max=1.25 1/h, and Ki=5 g/} respectively at 37°C, pH=6.0.
However, this linear relationship was lost when the inhibitor concentration
became high. A parabola was observed in place of the linear relationship line at
L-Lactic acid concentration up ta 50 g/f (3). From this result, the growth kineties
of this strain can not be fitted by a simple end product inhibition equation.

O

Sterile cell formation

To express parabola curve observed, the following relationship was
introduced.
X =Xo(l-a)exp(udt) ()
and  in above equation is approximated by

fom o)

where X is the viable cell population at time passed dt from time 0, X0 is the
viable cell population at time 0, « is sterile cell formation rate and dt is 1/100 h.
An algorithm based on these equations was constructed to calculate the cell
population, residual substrate concentration, and product concentration
(inhibitor concentration) for every 1/100 h. This computer simulation can draw
L-Lactic acid batch fermentation time course (4) with represented « value. A
term K, cell decreasing rate, which is the same dimension to z can be written
by using a termax .
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Thus the apparent specific growth rate can be expressed,
Ha=pu+k ®)

so that equation (1) can be rewritten as

1. L ©
U
! +k
M Is |
H+—
Ki
=
\5. v 4. omx
= Lpgves py=k
0 Le(g))
k

Fip. 1. Kinetic Model for anaerobic cell growth with
end product inhibition.
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In general, anaerobic cell growth is written by
X=Xoexp(iat). (M

The maximum cell concentration calculated by computer simulation using
different wand the maximum cell concentration determined by turbidity for
strain 10-lwere compared (3). From this work, o was estimated as 0.0022
(#=0.220 1/h). In the same work, the maximum cell concentration was reached
when EB=23.4 g/l (1 =0.220 YAh). Whenu >0.220 t/h, cell concentration
increased and it decreased when u <0.220 1/h (4). Therefore, to overcome low
cell concentration due to sterile cell formation, cell recycling to increase celt
concentration in the continuous culture was introduced.

To avoid product inhibition, lower product concentration with high dilution
rates was effective (5). To make minitoumn product inhibition, culture pH i3 also
very important because lactic acid inhibition was only developed by non-
dissociated acid (6) so that high culture pHs, its effect becomes reduced. Culture
pH of 6.25 gave almost half level inhibition of the culture at pH 6.0

Sterile cell is not a dead cell but that which has weak metabolic activity and
has lost its regeneration ability. Although, some enzyme activity still remains, it
decreases proportionally (7, B). This activity decreasing rate can be expressed as

E = Eoexp{-0.03610-1) } (8)
where E0 is enzyme activity at maximum cell concentration (time= 70).

Cell immobilization has often been studied as a strategy to enhance the
efficiency of many anaerobic fermentation processes. However, this strategy has
not succeeded, because sterile cell formation is difficult to eradicate from the
immobilization bed. Nonetheless, high activity bioreactor can only be achieved
if sterile cells are continuously removed and replaced with fresh (viable) cells.

Substrate feeding strategy

Since aerobic fermentation differs from anaerobic fermentation, dissolved
oxygen (DO) level cannot be used as a signal to detect substrate feed in lactic
acid fermentation. Moreover, as shown in Fig. 2, during lactic production, there
is no ewablished correlation between pH drop and substrate consumption
Therefore, decreasing pH is not a factor for coltecting the information for
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substrate feed. This is because as acid production first decreases, pH goes down
according to and then it slowly increases when glucose is almost consumed.
However, substrate consumption is still continues after residual glucose
concentration exceeds a critical level (Fig. 2). At this point, the cells are
almost dead and have lost their viability and no recovery. Therefore, the
fermentation is discontinued.

PH ligh

Hgher § nit fer subsirate feed

lovar | nit tar dkallne teed
pHiow
Guccse Hgh
\
Qifod teve l
Quocse low

Fig. 2. pH-auxostat can not work for substrate feeding

However, as shown in Fig. 3, if glucose is fed before its residual concentration
reaches this critical level, cell activity remains high and the fermentation rate is
unaffected. This feeding system is a kind of chemostat although substrate
concentration must be maintained above the critical level. Previous works
reported very high volumetric productivities using simple chemostat with cell
recycling (9). However, in such system, the residual glucose concentration in
the spent medium was not controlied and this led to high substrate loss (that is,
low product yield) resulting in high production cost, and high residual glucose
in the product stream causes poor product quality. Nonetheless, in order to meet
the specification of lactic acid for PLA production, the residual glucose in the
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finished product stream must be lower than 5% of that of L-Lactic acid. To meet
this requirement, a strategy for substrate feeding that greatly reduces the
residual glucose concentration in the product stream to be the barest minimum
must be devised.
PH Hgh
tHgher il nit for substrate feed

pHiow

{ower il nit for eikeline feed

Gucase Hgh

Qiticdl leve

Gucose low

Fig.3. Cell Activity can be maintained when substrate is fed above
the crisical point.

New coneept continuous bioreactor

The author’s concept for designing an efficient continuous bioreactor for
L-Lactic acid fermentation employing Lactococcus lactis 10-1, is as follows:
1. Ease of replacement of sterile cell with fresh cell without using immobilized
cells process should be employed;
2 To ensure high cell density, cell recycling process with turbidostat is
introduced;
3. Employ high dilution effect to avoid end-product inhibition;
4. Special system for precise control of residual glucose concentration; and
5. Contamination protection tool to facilitate long-time continuous operation.
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Fig. 4. pH-dependent subsirate feed coupled with computer coniral using
cumulative alkali feed and buils-in turbidostat.

A: Fermentor, B: Cross Flow Filtration for Cell Separation, C: pH Indicator and
Controller, D: Computer, E: Turbidity Controller, F1: Alkaline Flow-in, F2:
Substrate Flow-in, F3: Dilute Flow-in F4 and F's: Cell Free Broth Exit, F6: Broth
Exit, P1, P2, and P3: Peristaltic Pump

The newly developed high efficient continuous fermentation system has
been shown in Fig.4. Since the system operates in continuous mode, to maintain
a constant working volume in the fermentor (d¥7df=0), the following balance is
employed

Fi=FyFa=FsandFa=Fs (9)

where F1 is alkaline feed rate (mi/h), /2; substrate feed rate (ml/h), F3; dilute
feed rate (mi/h), Fa; cell free exit rate balanced for F1 (mi/h), FS; cell free exit
rate balanced for 72 (ml/h), Fo; broth bleeding rate (ml/h). This fermentation
system consists of & pH-dependent substrate feed system (modified chemostat)
coupled with computer-mediated sequence control using cumulative amount of
atkali feed to neutralize L-Lactic acid produced and a built-in turbidostat which
makes high cell density st the same time works 38 activity stabilizer (10).
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pH-stat works for neutralizing pH caused by L-Lactic acid production. The
amount of alkali consumed in pH-stat is equivalent to glucose consumed
provided the cell activity in the fermentor is no changed. The amount of glucose
required to maintain a constant glucose concentration is therefore given by
equation 10.

(Fi1x N x90)+ (-’%“-“'—) +SR(Fa+ Fs+ Fs)
X

Sa

where N, is normality of alkaline feed solution, YX is cell mass yield from
glucose (3/g), SG; glucose concentration of the feed medium (/7). and SB;
residual glucose concentration in the exit solution (g/f). Thus, glucose demand
to refill the consumed glucose (GD g/h) is given by,
Go=8exFa+Cae (11)
where CG is the correction factor for offset of glucose control level monitored
by an on-line glucose analyzer.
In the turbidostat, the cell bleeding rate can be expressed by equation 12,
Fs

ﬂnXV=F6X,thUSﬂn=DB=7 (12)

Fa= (10)

where V is working volume (/) and DB; s cell bleeding rate (1/h). The total
dilution rate of this fermentation system is given by the following equation,

F1+F1+F3= Fa+Fs+ Fe
Vv 14 '

Thus productivity of this system is given by equation 14,
P=vX=Dils (14
where P is the volumetric product productivity (g// h) and vis the specific
produet productivity (g/g h).
The above equations suggest that the total dilution rate DT depends on the
volume of the feed solution so that diluted alkali solution and diluted substrate
solution can make high dilution effect resulting smaller end product inhibition

(11).

Dr=

(13)
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Contamination proof system

For polymer synthesis, it is necessary that the L-lactic acid used should be
high stereochemical purity. In addition, the levels of residual glucose and
contaminated organic acid (that is, fermentation byproduct) in the product
stream should be low. Among these technical tasks, stereochemical purity is &
major interest because while contaminated organic acids are easily separated by
distiliation, D-Lactic acid is difficult to remove during the refining process.
DL-lactic acid is sometimes produced by foreign microorganisms possess
lactate racemase that penetrate into the culture system and converts L-Lactic
acid o the DL form. This problem can be preventad if foreign microorganisms
kept from the cultivation, refining and recovery steps.

Lactacoccus lactis 10-1, homo-L-Lactic acid microorganism is produces
nisin Z, a lantibiotic which is bactericidal to gram positive microorganism. Both
lactic acid and nisin Z accumulates simultaneously in the broth and therefore
potential contamingnt microorganisms such as Bacilfus do not survive in the
culture.

In the continuous foermentation system described in the previous section,
nisin Z concentration in the culture broth is estimated by;

79, ¢
Ce= D (15

where C, is nisin Z concentration in broth (TU/) and v, is specific nisin Z
productivity (TU/g h). Our fermentation run gave v , = 400-500 IU/g h and Dy=
0.3-0.5 1/h, at cell concentration X= about 10 g/i. Thus nisin Z concentration in
broth (C,) is estimated as 8,000= 15,000 IU/ (12). Under such high nisin Z
concentration, this fermentation system can last for more than 1,500 h
continuous operation without contamination. Such a system can proceed for a
long time until mechanical failure occurs. The stereochemical purity (L-Lactic
acid of the finishing good was above 99.9%. This special contamination proof
system can be applied to the other lactic acid bacterium which produces
bacteriocin other than nisin Z.
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Summary of continuous fermentation

The results of fermentation run using the system developed are shown in
Table 1. As well as Lactococeus lactis 10-1, Zymomonas mobilis is anaerobic
microorganism. and kinetics of cell growth and parameters for fermentation
rates are almost the same as strain 1O-1. Therefore the system developed for
L-Lactic acid production was the same way adapted to ethanol production using
Zymomonas mobilis. . As shown in Table 1, very efficient continuous process for
L-Lactic acid production was confirmed. Volumetric productivity of L-Lactic
acid was about 30 g// h. with lactic acid concentration of 60 g/ and total
dilution rate of 0.57 1/h. Specific L-Lactic acid productivity was about 3 g/g h

Table . Kinetic parameters of continuous L-Lactic acid fermentation and
bacterial ethanol fermentation new continuous culture system

L~Lactic acid Ethanol
" . . _ . Z. nobilis NRRL
Operation condition Microorganism | L. lactis 10-1 B14023
pH 6.2§ 55
Temperature (°C) 3 30
AX(7) 98 120
Alkaline conc. (N). 2
Resulis Xgh 10.5 8
Ls (&) 59.1 (EtOH) 39.2
Dy (/M) 6.57 0.725
v(g/gh) 3.21 3.58
P(g/th) 33.71 28.4
Sa (g/) 25 0.5
Dy (1) 0.025 0.02
Product Yield (%) 95 48
v, (IU/g h) 400
G (U 7,500
 Tmewswm | twe | we
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(13) so far as turbidostat was operating well as an activity stabilizer. The
substrate required for refresh of the biomass to replace sterile cell was about 5%
of the total substrate feed so that the cost of cell maintenance should be lower
than the immobilization cost. Nisin Z concentration was about 7,500 FU// and no
contamination was observed during 1,500 h of continuous operation of the
bioreactor.

From the behavior of the alkali feed to Zymomonas mobilis in continuous
substrate feed, the same reasoning can be adopted to bacterial ethanol
production (14, 15). Our previous works show that substrate consumption of this
microorganism accompanies pH drop due to proton pump for glucose intake
(16). As seen in Table 1, the respective votumetric (3@ g// h) and specific (3 g/g
h) productivities of ethanol were almost the same as that obtained for lactic acid.
These productivities were higher than those obtained for a whole cell
immobilized system of the same microorganism (17).

From this result, this fermentation system can produce about 30 g/l h of the
product. For L-Lactic acid production, one short ton of L-Lactic acid per year
can be produced by one gallon size fermentor. In the same way, this system can
produce 300,000 gation ethanol per year by 1,000 galion size fermentor.

Sago Industry

Sago palm is very efficient in photosynthesizing biomass from carbon
dioxide, potentially producing 15-20 t of starch per ha per year. This is the
highest productivity so far recorded when compared to cereals such as rice, and
the other starchy crops (18). This is an extremely high yield. In Sarawak,
Malaysia and Riau, Indonesia, sago plantations are under development (19). In
the near future, these plantations will be ready for the starch harvesting.
Photosynthesis is the best process for the recycling of carbon dioxide from the
atmosphere into biomass, and the efficiency of photosynthesis in tropical areas
is higher than in moderate and northern areas of the earth.

If biomass can be used in place of petroleum, it will be reduced petroleum
consumption. At the same time, carbon dioxide is recycled when the product
from biomass decomposes. PLA, biodegradable plastics, must be a good choice
for this purpose (20). The new fermentation system can produce 0.72 metrig ton
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of L-lactic acid per day by 1 Kl fermentor. Therefore, about 25,000 ton of
L-lactic acid can be produced by one 100 Kl size fermentor in a year. Advanced
L-glutamic acid fermentation is possible to accumulate 50-100 g/l of the product
in culture liquid for about 2 days batch or fed-batch culture (21). Therefore
productivity of glutamic acid fermentation is about 900-1,500 ton per year by
one 100 ki size fermentor. Our system is about 20 times of the volumetric
productivity of modern L-glutamic acid fermentation. Process yield of L-lactic
acid from sago starch is about 100% (105 % from starch to glucose and 95%
from glucose to lactic acid so that nearly 100 % for overall process), so that one
100 Kl size fermentor would consume the starch of about 1,000 ha plantation.
Fig. 5 shows the model of sago industry that produces PLA from sago plantation.
In each 1,000 ha of sago plantation, one fermentation plant with one 100 Kt
fermentor of continuous. fermentation system is installed. This is. similar to an
oil palm plantation with an oil milt for crude palm oit extraction.

L-lactic acid fermentation requires nutrition rich organic nitrogen
compound such as yeast extract (brewer’s waste) and corn steep liquor (waste

.'r-
and Goods

Compasting

Fig. 5. Sago Industry: PLA production incorporated with Sago plantation
and natural rubber plantation for fermentation.
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from corn starch process). The author has found that natural rubber waste (waste
from latex is excellent nutrition for lactic acid fermentation (22). Sago
plantation is sometimes located near by rubber plantation.

Conclusion:

A new concept of continuous fermentation system for anaerobic
fermentation has been developed based on the newly established kinetic theory.
This system is consists of a8 modified chemostat coupled to a turbidostat as a cell
activity stabilizer and a computer mediated sequence controller using
cumulative amount of alkali feed. This system attained very high volumetric
productivity as above 30 g of the product per liter hour for L-Lactic acid and
ethanol. This modern fermentation pracess will be introduced to sago palm
plantation, newly developing biomass in tropical area to stimulate carbon
dioxide recycling and reduce petroleum use.

References:

1. Ishizaki A.; Osajima, K.; Nakamura, K.; Kimura, K.; Hara, T.; Ezaki, T.: X
Gen. Appl. Microbiol., 1990, 36, 1-6.

2. Ishizaki, A.; Ohta, T.J Ferment. Biveng., 1989, 67, 46-51.

3. Ishizaki, A.; Ohta, T.; Kobayashi, G J. Ferment. Bioeng., 1989, 68, 123-130.
4. Ishizaki, A.; Ohta, T.; Kobayashi, G J Biotecknol, 1992, 24, 85-107.

5. Ishizaki, A.; Vonktaveesuk, P.: Biotechnol. Letters, 1996, 18. 1113-1118.

6. Yao, P; Toda, R.: J. Gen. Appl. Microbiol., 1990, 36, 111-120.

7. Ishizaki, A.; Kobayashi, G J. Ferment. Bioeng., 1990, 70, 139-140.

8 Ishizaki, A.; Ueda, T.; Tanaka, K.; Stanbury, B E.. Biotechnol. Letters, 1993,
15. 489-494,

9. Ohleyer, E.; Wilke, C. R.; Blanch, H. W.: Appl. Biochem. Biotechnol., 1985,
11, 457-463.

10. Ishizaki, A.: Japanese Patent 2002-087215(not disclosed)

11. Zakpaa, H. D.; Ishizaki, A.: Biotechnol Technigues, 1997, 11,537-541.11. 12.
12. Ishizaki, A.: Japanese Patent 2002-085082 (disclosed)

13. Cirilo, N-H.; Matsunaka, T.; Kobayashi, G.; Sonomato, K.; Ishizaki, A.; J
Biosci. Bioeng., 2002, 93, 281-287,.

14. Ishizaki, A.; Tripetchkul, S; Tonokawa, M; Shimizu, K.: J Ferment. Bioeng.,
1994, 77, 541-547.



35

15. Zakpas, H. D.; Ishizaki, A: Biotechnology Techniques, 1997, 11(8),
537-541,;

16. Zakpaa, H. D.; Ishizaki, A.; Shimizu, K. 1997, (B.C. Saha and J. Woodward
ed.) ACS Symposium Series, American Chemical Society, Washington DC, 666
Chap. 8, 143-153.

17. Iida, T.; Izumida, H.; Akagi, Y.; Sakamoto, M.: J. Ferment. Bioeng., 1993,
75, 32-35.

18. Ishizaki, A.: The Proceedings for 6® International Sago Symposium. C. Jose
et at ed., Riau University, Indonesia, 13.-17. 1996.

19. Jong, F. S.; Sago Palm 9%(2), 36, 2001

20. Ishizaki, A. 1997, (B.C. Saha and J. Woodward ed.) ACS Symposium Series,
American Chemical Society, Washington DC, 666 Chap. 19, 336-344.

21. Kikuchi, M.; Nakao, Y. Production of glutamic acid from sugar. /n
Biotechnology of Amino Acid Production (Aida, K. et al ed.) Elsevier
Publishers, Amsterdam, 1986; p103..

22 Tripetchkul, S; Tonokawa, M.; Ishizaki, A.: J Ferment. Bioeng., 1992, 74,
384-388.



Chapter 3

Controlling Filamentous Fungal Morphology
by Immobilization on a Rotating Fibrous Matrix
to Enhance Oxygen Transfer and L(+)-Lactic Acid
Production by Rhizopus oryzae

Nuttha Thongchul and Shang-Tian Yang*

Department of Chemical Engineering, The Ohio State University, 140
West 19" Avenue, Columbus, OH 43210

Filamentous fungi are widely used in industrial fermentations.
However, the filamentous morphology is usually difficult to
control and often cause problems in conventional submerged
fermentations. The fungal morphology has profound effects on
mass transfer, cell growth, and metabolite -production.
Controlling the filamentous morphology by immobilization on
a rotating fibrous matrix was studied for its effects on oxygen
transfer and lactic acid production in aerobic fermentation by
Rhizopus oryzae. Compared to the conventional stirred tank
fermentor, the fermentation carried out in the rotating fibrous
bed bioreactor (RFBB) resulted in a good control of the
filamentous morphology, and improved oxygen transfer and
lactic acid production from glucose. A high lactic acid
concentration of 137 g/L with a high yield of 0.83 g/g and
reactor productivity of 2.1 g/L’h was obtained with the RFBB
in repeated batch fermentations. The process was stable and
can be used for an extended operation period.

© 2004 American Chemical Society
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Introduction

Lactic acid is commercially produced by either chemical synthesis or
fermentation. In chemical synthesis, lactic acid is generally produced by the
hydrolysis of lactonitrile formed in the reaction of acetaldehyde with hydrogen
cyanide (/). Lactobacillus sp. have been commonly used in lactic acid
fermentation due to their high volumetric productivity and yield (2-4). However,
the racemic mixtures of L(+)- and D(-)-lactic acids produced by most
Lactobacillus sp. are difficult to use in the manufacture of biodegradable
polylactic acid (5). Although some mutants can produce pure L(+)-lactic acid,
they are not commonly available. Furthermore, Lactobacillus requires complex
media for growth (6, 7), which makes the final product recovery and purification
difficult and costly. Recently, there have been increasing interests in fungal
fermentation with Rhizopus oryzae to produce optically pure L(+)-lactic acid
from glucose, pentose sugars and starch directly in a simple medium (8-13).
However, it is cumbersome to control the filamentous morphology in
conventional submerged fermentations (/4-16), which greatly hampers reactor
operation and limits the fungal fermentation process due to lowered product
yield and production rate. Table I compares homolactic Lactobacillus sp. and R.
oryzae in their use for lactic acid production.

Table I. Comparison between bacterial and fungal lactic acid fermentations.

Lactobacillus sp. R. oryzae
Substrates can't use starch and pentoses  can use starch and pentoses
Medium require complex growth simple medium composition
nutrients
Growth conditions anaerobic, pH > 4.5 aerobic, pH >3
Products usually mixtures of L(+) and  pure L(+)-lactic acid, plus
D(-)-lactic acids other byproducts (e.g.,
ethanol, fumarate, CO,)
Product yield from 0.85~0.95 g/g usually less than ~0.85 g/g
glucose
Product up to 150 g/L up to ~130 g/L
concentration
Productivity can be as high as 60 g/Lh usually lower than 6 g/L-h
Reactor operation easy difficult due to the

filamentous cell morphology

Figure 1 shows a generalized catabolic pathway found in R. oryzae. R.
oryzae usually converts glucose to pyruvic acid via the EMP pathway. R. oryzae
can also use pentose phosphate pathway (HMP) in pentose sugar catabolism. In
addition, R. oryzae has amylases and can convert starch to glucose. Oxygen is a
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critical factor affecting lactic acid production from pyruvate (/7). In the presence
of glucose and high dissolved oxygen concentration, pyruvic acid is converted to
lactic acid by an NAD"-dependent lactate dehydrogenase (LDH) (/7). During
glucose depletion or sporulation, the activity of LDH rapidly decreases and the
oxidation of lactic acid to pyruvic acid is usually found. The metabolism of
pyruvic acid in R. oryzae also involves the tricarboxylic acid (TCA) cycle
occurring in mitochondria and the separated cytosolic pathway for fumaric acid
formation involving pyruvate carboxylase, malate dehydrogenase and fumarase.
Although R. oryzae does not grow anaerobically, it possesses alcohol
dehydrogenase (ADH), which allows the fungus to grow in a short period in the
absence of oxygen. Depending on the fermentation conditions, ethanol, CO, and
fumaric acid also can be produced as major byproducts in addition to lactic acid
by R. oryzae.

Starch

‘ Amylases
Nap+~_ Glucose Xylose

NADHU EMP /

HMP
NADH ‘ /

NAD* co,
Pyruvate
LDH l\’ co, Acetaldehyde ADH
Lactate Acetyl-CoA NADH
)\ NAD* Ethanol
Co,
Fumarase
Fumarate

Figure 1. Pathways for production of lactic acid, fumarate, and ethanol in
Rhizopus oryzae. (LDH: lactate dehydrogenase; ADH: alcohol dehydrogenase)

Control of the mycelial morphology and broth rheology is important to the
fungal fermentation. The highly branched fungal mycelia may cause complex
(viscous) broth rheology and difficulty in mixing and aeration in the
conventional agitated tank fermentor (/4-/6). Various cell immobilization
methods to control the cell morphology and to achieve high cell density and high
reaction rate have been studied (/8-23). In general, higher lactic acid yield and
productivity were achieved with immobilized cells than those from free mycelial
cells, partially due to reduced cell growth and increased specific cell
productivity. With the immobilized cells, a high mycelial biomass density also
can be achieved, which can be repeatedly used for lactic acid production over a
long period. Power consumption in mixing and aeration also can be greatly
reduced because the fermentation broth is maintained at a low viscosity (similar
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to water) under cell-free condition, which also facilitates product recovery from
the relatively pure and simple medium by solvent extraction (/0).

In this work, we immobilized fungal spores and mycelia in a rotating fibrous
matrix in a stirred-tank bioreactor, and used the reactor to produce L(+)-lactic
acid from glucose for an extended period of more than 10 days, demonstrating
the feasibility and advantages of the new fungal bioreactor. The effects of cell
immobilization on fungal morphology, oxygen transfer, and lactic acid
production by R. oryzae were studied. The dynamic method of gassing out was
used to evaluate oxygen transfer and uptake during the fermentation. The effects
of aeration rate on the fungal fermentation and RFBB performance were also
studied and the results are discussed in this paper.

Materials and Methods

Microorganism, Media, and Inoculum Preparation

The stock culture of R. oryzae NRRL 395 was maintained on potato
dextrose agar (PDA) plates (/0). For spore germination and initial cell growth, a
growth medium containing 50 g/L glucose and 5 g/L yeast extract was used. For
lactic acid production, the medium consisted of (per liter): 70 g glucose, 0.6 g
KH,PO,, 0.25 g MgSO,, 0.088 g ZnSO,, and 0.3 g urea. Antifoam A was
manually added to prevent foaming during fermentation. The sporangiospores
were collected from PDA petri plates by shaving and extracting the spores with
sterile water. Spore count was done and the number of spores in the suspension
was adjusted to 10%mL by dilution with sterile water, and then used to inoculate
the bioreactor.

Rotating Fibrous Bed Bioreactor (RFBB)

Figure 2 shows a schematic of the RFBB, which was modified from a 5-L
fermentor (Biostat B, B. Braun) by affixing a perforated stainless steel cylinder
covered with a cotton cloth (9 cm x 15 cm x 0.2 cm) to the agitation shaft.
Before use, the bioreactor was sterilized twice at 121°C for 60 minutes with an
overnight interval. The bioreactor containing 4 liters of the growth medium was
then autoclaved at 121°C for 60 minutes. After cooling, the dissolved oxygen
(DO) probe was calibrated with air and nitrogen, and the reactor was then
inoculated with 10 mL of the spore suspension (10° spores/mL). Unless
otherwise noted, the bioreactor was controlled at 30°C and pH 6.0, agitated at 50
rpm, and aerated with filter-sterilized air at 0.5-2.0 vvm.
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To study the fermentation kinetics, the growth medium was replaced with
the production medium after spore germination and cell immobilization on the
fibrous matrix had occurred. To study the long-term stability of the bioreactor,
repeated batch fermentations were conducted by replacing the medium at the end
of each batch when glucose was almost depleted and lactic acid production
stopped. A total of 9 batches were conducted consecutively with each batch
taking about 24 h. Repeated batch fermentations with high-concentration glucose
media were also conducted to evaluate the maximum lactic acid concentration
that can be produced by the fungal cells. About 2 L of the medium in the
bioreactor were replaced with a concentrated medium whenever glucose was
almost depleted, until the fermentation finally stopped due to inhibition of the
cells by high-concentration lactic acid.

21
pH probe Air out

DO probe
Stainless steel support with fibrous

matrix rolled in a cylindrical shape
and mounted on the impeller shaft
in the fermentor

5 - Fibrous
bed BSpETEs

SEM: mycelia
immobilized on
and within the
fibrous matrix

Figure 2. A rotating fibrous bed bioreactor (RFBB) used in this study for
filamentous fungal fermentation. The scanning electron micrograph (SEM)
shows fungal mycelia grew both inside and on the surface of the fibrous matrix.

Oxygen Transfer Experiments

Before the end of each batch fermentation, the oxygen uptake rate (OUR)
and the dynamics of oxygen transfer in the reactor were studied using the
dynamic method of gassing out. In the experiment, aeration was stopped to allow
the dissolved oxygen concentration (C;) in the medium to drop, and aeration was
then resumed. Figure 3 shows a typical oxygen concentration profile during one
experiment. The change in C; with time (dC;/dt) can be expressed by the
following equation:

dC,/dt=OTR - OUR (1)
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where OTR is the oxygen transfer rate in the medium due to aeration and can be
expressed as:

OTR = ka-(C*-Cy) 2)
where C* is the solubility of oxygen in the medium (mM) and ka is the
volumetric mass transfer coefficient (min™'). When there is no aeration, OTR = 0
and OUR (mM/min) can be determined from the slope of the plot of C; versus
time during the period without aeration. Both k;a and C* can then be estimated
from the plot of (dC;/dt + OUR) versus C; during the period with aeration, with
kra equal to the negative slope and C* equal to the Y-intercept divided by k;a.

0.12
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E 0.06
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O 0.04

- no aeration with aeration
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Figure 3. A typical dissolved oxygen profile in the bioreactor obtained using the
dynamic method of gassing out in the oxygen transfer experiment.

Analytical Methods

The fermentation broth sample was centrifuged to remove the suspended
solids and the supernatant was analyzed for glucose and L(+)-lactic acid using a
glucose/lactate analyzer (YSI 2700, Yellow Spring, OH). High performance
liquid chromatography (HPLC) was also used to analyze the organic compounds
(glucose, lactic acid, fumaric acid, and ethanol) present in the fermentation
broth. The HPLC system (Shimadzu Scientific Instruments) was equipped with a
RID-10A reflective index detector and an organic acid analysis column (Aminex
HPX-87H, BioRad). Cell dry weight was determined by drying in an oven at
105°C until constant weight was obtained.
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Results and Discussion

Effect of Immobilization on Fungal Morphology

After spore germination, cells generally grew into large mycelial clumps that
were clinged to surfaces of agitation shaft, probes, and fermentor wall in the
conventional stirred-tank bioreactor (Figure 4A), which made the bioreactor
difficult to operate and control. However, when cotton cloth was present for cell
attachment and immobilization in the RFBB, fungal mycelia were only attached
on the cotton cloth and no cells were found in the fermentation broth or any
other surfaces (Figure 4B). Consequently, the fermentation broth was clear and
the bioreactor was easy to operate and control. It is clear that cotton cloth
provided a preferential surface for cell attachment and the shear acting upon the
rotating mycelial layer helped maintaining its compactness. The different fungal
morphologies found under these two different fermentation conditions also
resulted in significant difference in lactic acid production by the cells. The
fermentation kinetics obtained in these two bioreactor systems are shown in
Figures 5A and 5B, respectively.

Figure 4. Fungal morphology seen in the fermentor without cotton cloth, where
Sfungal mycelia forming large clumps attached everywhere in the fermentor (4),
and in the RFBB, where fungal mycelia forming a sheet layer attached only on
the cotton cloth in the fermentor (B).
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Figure 5. Fermentation kinetics during the growth phase and production phase
by free cells in a stirred-tank fermentor (A) and by immobilized cells in the
RFBB (B) at 50 rpm, 0.5 vwm, 30°C and pH 6.

Fermentation Kinetics

Figure SA shows typical fermentation kinetics with fungal cells in a
conventional stirred-tank fermentor. During the growth phase, the carbon source
(glucose) was mainly used for growth and synthesis of cell biomass, and there
were some ethanol and a smaller amount of lactic acid produced. In the
production phase, cell growth was greatly reduced due to nitrogen limitation and
glucose was mainly used to produce lactic acid with ethanol as a fermentation
byproduct. Similar fermentation kinetics was observed with the RFBB (Figure
5B); however, faster and more lactic acid production was obtained with less
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ethanol produced in the production phase. It is well known that cell growth and
lactic acid production by R. oryzae require oxygen (7, 23). More ethanol would
be produced when there was oxygen limitation because the activity of lactate
dehydrogenase (LDH) declined and alcohol dehydrogenase (ADH) was induced,
resulting in the oxidation of lactic acid to pyruvic acid, which then entered the
ethanol fermentative pathway. The higher lactic acid production rate and yield
obtained in the RFBB were attributed to the better oxygen transfer as indicated
by the higher oxygen uptake rate (OUR) and volumetric oxygen transfer
coefficient (k.a) which were determined from the dynamic gassing out method.

Cell growth could not be easily measured for immobilized cell fermentation
in the RFBB. The mycelial layer was ~0.5 cm thick from the surface of the
cotton cloth at the end of the growth phase, and increased to ~1 cm at the end of
the production phase. The nutrients present in yeast extract were essential to
spore germination, but not critical to mycelial growth. It is also possible that the
residual nutrients left in the fermentation broth from the growth phase were
sufficient to support continued cell growth in the production phase. The cell
density at the end of the production phase was estimated by harvesting the cells
in the bioreactor and measuring the total cell dry weight. More cell biomass was
found in the RFBB than in the free-cell fermentation, indicating faster growth in
the RFBB due to improved aeration (higher C, and kia values). Table II
summarizes and compares the experimental results from the RFBB and the
conventional stirred-tank fermentor. It is clear that the RFBB gave better oxygen
transfer and higher cell growth and lactic acid production, all of which can be
attributed to the better controlled fungal morphology caused by cell
immobilization on the rotating fibrous matrix.

Table II. Comparison of free-cell fermentation in the conventional stirred-
tank fermentor and immobilized cell fermentation in the RFBB.

Free cell RFBB

Product yield (g/g) Lactic acid 0.597 0.686
Ethanol 0.133 0.074
Productivity (g/L-h) Lactic acid 0.82 1.58
Ethanol 0.20 0.14

Total cell dry weight (g) 10.97 18.62
Oxygen uptake rate (mM/min) 0.0086 0.010
C* (mM) 0.17 0.17
C, (mM) 0.09 0.13
k a (min™") 0.13 0.36

Note: fermentation conditions: 50 rpm, 0.5 vvm, 30°C and pH 6.
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It should be noted that the values of k,a and C* during the fermentation
were estimated from the plot of (dC;/dt + OUR) versus C, using the data
obtained in the dynamic gassing out experiments conducted right after the
fermentation was completed. The estimated C* value of 0.17 mM was
significantly lower than the solubility of oxygen in water (~0.24 mM for air at 1
atm) at 30°C (24). The lower C* value could be partially attributed to the
electrolytes present in the medium and CO, production during the fermentation.

Long-Term Lactic Acid Production in the RFBB

The feasibility and stability of the fungal culture immobilized in the RFBB
for long-term production of lactic acid from glucose were evaluated in repeated
batch fermentations operated at 50 rpm, 1.0 vvm, pH 6.0 and 30°C. As shown in
Figure 6A, except for the initial batch for cell growth, all subsequent 9 batches
gave consistent lactic acid production during the 10-day period studied. There
was no ethanol or other byproducts found in the fermentation at the increased
aeration rate of 1 vvm. The lactic acid yield and volumetric productivity from
each batch fermentation are shown in Figure 6B, along with the OUR and k;a
values estimated from the dynamic gassing out experiments performed at the end
of each batch. As can be seen in Figure 6B, the lactic acid yield increased
steadily from 0.53 to 0.74 g/g, while the reactor productivity remained relatively
unchanged at 1.6 + 0.1 g/L-h. In the mean time, the oxygen transfer coefficient
k,a remained almost constant at ~0.44 + 0.03 min™', C; generally increased from
~0.11 mM in the first batch to ~0.15 mM in the 9th batch, while OUR fluctuated
from batch to batch around 0.01 mM/min. The increased product yield could
have been due to the increased dissolved oxygen concentration in the medium.
However, it should be noted that the oxygen transfer experiments had relatively
large experimental errors due to the instability of the dissolved oxygen probe
during the long study period.

The increasing lactic acid yield during the repeated batch fermentations also
could have been due in part to the reduced cell growth. Although there was
continued cell growth as evidenced by the increasing thickness of the mycelial
layer on the rotating fibrous matrix, cell growth reduced significantly in the
successive batch fermentations. The thickness of the mycelial layer on the
rotating fibrous matrix increased from 0.5 cm to 1 cm during the first production
batch, but only increased to ~2 cm at the end of the 9th batch. The reduced cell
growth might have allowed more glucose for lactic acid production.



46

80

Glucose

(=)
[}

Lactic

Concentration (g/L)
S
(e}

20 |
0
0 50 100 150 200 250 300
A Time (h)
2.0 0.015
[ Productivity (g/L-h) & l
D" P s S I, O 1
) 1.6 | Lol @ 4 0.012
3 B fo) -
& [ & i ]
<5 12} i 4 0.009
o [ OUR (mM/min) - 2
5 | 3
208 | . 4 0.006
£ g kpa (min") ]
S 04 [ a—tb a4 a4 10003
oo i C, (mM) 1
L XX X— XX X—X—X—X -
0.0 PSS S VS S S SN S - 0.000
0 2 4 6 8 10
B Batch number

Figure 6. Kinetics of repeated batch fermentations in the RFBB at 50 rpm, 1.0
vvm, 30°C and pH 6. The first batch was for cell growth in the growth medium,
and all subsequent batches were conducted with the production medium. (4)
Glucose and lactate concentration profiles; (B) Yield, productivity and oxygen
transfer data.
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Since oxygen transfer is critical to lactic acid production, further study of
the fermentation was conducted with the RFBB operated at a higher aeration rate
of 2.0 vvim. The fermentation was also operated at repeated batch mode with
partial medium replacement at the end of each production batch. In order to
evaluate the maximum lactic acid concentration that can be produced by the
fermentation, high-concentration glucose media were used in the last three
batches. As shown in Figure 7A, except for the initial batch for cell growth,
lactic acid production was stable during the 11-day period studied and there was
no ethanol or other byproducts formed in the fermentation. The highest lactic
acid concentration reached in the last batch fermentation was 137.3 g/L, which is
the highest ever reported in the literature (23). Figure 7B shows the lactic acid
yield and volumetric productivity from each of the 8 production batches, along
with the estimated OUR and kia values from the dynamic gassing out
experiments. It is clear that with the increased aeration rate of 2 vvm, the
dissolved oxygen concentration (C;) in the fermentor increased to ~0.15 mM due
to improved oxygen transfer with a high k, @ of 0.67 + 0.02 min™'. Consequently,
the fermentation gave a consistently higher lactic acid yield of ~0.83 + 0.06 g/g.
The reactor productivity was also higher, reaching ~2.1 g/L- h in the last four
batches even though the lactic acid concentration was high. OUR was
significantly lower in the last two batches, perhaps due to inhibition by lactic
acid and/or glucose at high concentrations.

Effects of Oxygen on Fermentation

It should be noted that both lactic acid production rate and yield in the
RFBB can be further improved by improving oxygen transfer. Unlike homolactic
acid bacteria, R. oryzae requires oxygen for growth and lactic acid production.
The dissolved oxygen concentration was found to be a critical factor affecting
lactic acid production from glucose (23). A high dissolved oxygen concentration
was desirable for lactic acid production. At low dissolved oxygen
concentrations, the fermentation was not only slower but also produced less
lactic acid with more ethanol as the byproduct due to increased activity of
alcohol dehydrogenase (/7). As can be seen in Table III, the reactor volumetric
productivity and lactic acid yield from glucose increased with increasing the
aeration rate due to increased dissolved oxygen concentration C;, resulted from
more efficient oxygen transfer as indicated by the higher k,a value in the reactor.
Also, the RFBB had better oxygen transfer and lactic acid production than the
free-cell fermentation at the same aeration rate. High dissolved oxygen
concentration was necessary for efficient oxygen diffusion into the relatively
thick mycelial layer in the RFBB or the large mycelial clumps seen in the stirred
tank fermentor.

American Chemical Society
Library

1155 16th St., N.W.
Washington, D.C. 20036
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Figure 7. Kinetics of repeated batch fermentations in the RFBB at 50 rpm, 2.0
vvm, 30°C and pH 6. The first batch was for cell growth in the growth medium,
and all subsequent batches were conducted with the production medium. About
half of the fermentation broth was replaced with fresh media containing high
concentrations of glucose at the end of each batch. (A) Glucose and lactate
concentration profiles; (B) Yield, productivity and oxygen transfer data.
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Table III. Effects of aeration on lactic acid fermentations by free cells and
immobilized cells in the RFBB.

Morphology Aeration kia C Yield Productivity
rate (vvm) (min™") (mM) (g/8) (g/Lh)
Free cells 0.5 0.13 0.09 0.60 0.82
Immobilized 0.5 0.36 0.13 0.69 1.58
cells in RFBB 1.0 0.44+0.03 0.14+0.01 0.72+0.06 1.60+0.10
2.0 0.67+0.02 0.15+0.01 0.83+0.06 2.14+0.05

As already discussed earlier, during the repeated batch fermentations the
fungal cells continued to grow and the mycelial layer on the rotating fibrous
matrix continued to increase to ~2 cm. However, the lactic acid production rate
did not increase with increasing fungal cell biomass. Diffusion limitation and
oxygen starvation must have occurred to the inner fungal cells that were away
from the surface of the mycelial layer, resulting in lower specific productivity for
cells inside the mycelial layer. Diffusion limitation can be alleviated by
increasing the dissolved oxygen concentration in the medium, which can be
achieved by either increasing the oxygen solubility in the medium or increasing
the oxygen transfer rate. The former can be achieved by applying a higher air
pressure or using pure oxygen to increase the partial pressure of oxygen in the
air; the latter can be done by increasing agitation and aeration rates. Lactic acid
yield could be increased to more than 0.9 g/g when the dissolved oxygen
concentration was increased by using oxygen-enriched air (23).

It is well known that filamentous fungi could have different morphologies
under different fermentation conditions, particularly due to differences in oxygen
tension and mechanical force or shear (25, 26). The filamentous fungal
morphology often causes difficulties in agitation and aeration because of its
complicated effects on the rheological property of the fermentation broth and
reactor hydrodynamics. This morphological problem has been alleviated by
controlling fungal growth into small pellets (/3, /6) or immobilization in porous
materials by entrapment (18, 19, 27) or on solid surfaces by attachment (20).
However, long-term performance of these fungal fermentation systems have not
been well studied (27, 28), and further improvements in lactic acid yield and
production rate are needed in order to compete with the commonly used bacterial
fermentation process. With the RFBB, R. oryzae gave relatively stable, high
production rate and yield for an extended period. However, the reactor
productivity would be limited by the available surface area for cell attachment
and oxygen transfer by diffusion into the mycelial layer. Further studies to
increase the surface area in the RFBB and to control mycelial layer thickness are
needed before the reactor can be scaled up for commercial applications.
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Conclusion

This study demonstrated the feasibility and advantage of using the RFBB to
control the filamentous fungal morphology in lactic acid production by R.
oryzae. The cotton cloth used in the RFBB provided a preferential matrix for
immobilizing fungal spores and mycelia, resulting in a cell-free broth that was
better for fermentation operation and control. The improved oxygen transfer in
the RFBB not only increased the fermentation rate and lactic acid production,
but also eliminated undesirable byproduct ethanol and allowed the bioreactor to
be used for long-term production. Since the dissolved oxygen concentration is a
critical factor affecting lactic acid production, methods to enhance oxygen
transfer into the mycelial layer should be further investigated.
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Chapter 4

Enhancing Butyric Acid Production with Mutants
of Clostridium tyrobutyricum Obtained
from Metabolic Engineering and Adaptation
in a Fibrous-Bed Bioreactor

‘ Ying Zhu and Shang-Tian Yang*

Department of Chemical Engineering, The Ohio State University,
140 West 19™ Avenue, Columbus, OH 43210

Butyric acid has wide applications in food and pharmaceutical
industries. Its production by fermentation from natural
resources has become an increasingly attractive alternative to
the petroleum-based production route currently used in the
chemical industry. In this work, novel metabolic engineering
approaches, at both molecular biology and process engineering
levels, were developed for enhanced butyric acid production
by Clostridium tyrobutyricum. Recombinant DNA technology
was used to knock out genes in the acetate formation pathway
and to overexpress genes in the butyrate formation pathway in
mutant strains with improved butyrate production as compared
to the wild-type strain. Also, a novel fibrous bed bioreactor
(FBB) was used for fermentation of xylose to produce butyrate
with enhanced reactor productivity, product concentration and
yield. Cells in the FBB were able to grow into high density and
adapt to tolerate a higher butyrate concentration, which was
not achievable in conventional fermentation systems.

© 2004 American Chemical Society
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Introduction

Plant biomass is the only foreseeable sustainable source of organic fuels,
chemicals, and materials. Recently, increasing concerns about future scarcity,
cost, and environmental impact of fossil fuel have enlarged public interest in the
technologies for using cheap renewable biomass. Biologically based processing
technologies provide an attractive route to develop more energy efficient and
environmentally sustainable methods for producing a wide range of products,
including fuels, chemicals, plastics, pharmaceuticals, and industrial solvents.
Biomass feedstocks include agricultural residues and industrial wastes, which
usually require costly disposal to avoid pollution problems. Successful
conversion of biomass to products requires an efficient bioprocess for
economically viable industrial applications. In this work, we aimed at developing
a novel fermentation process to economically produce butyric acid from low-
value agricultural commodities such as corn and its byproducts which are rich in
both glucose and xylose.

Butyric acid has many applications in the chemical industry as well as food
and pharmaceutical industries. It is used in the form of pure acid to enhance
butter-like notes in food flavors. Esters of butyric acid are used as additives for
increasing fruit fragrance and as aromatic compounds for production of perfumes
(1). Butyric acid is one of the short-chain fatty acids generated by microbial
fermentation of dietary substrates, and is considered to have therapeutic nature
for the treatment of colorectal cancer and hemoglobinopathies (2). Drugs derived
from butyric acid have been widely studied and developed. Butyric acid is
currently produced mainly by oxidation of butyraldehyde obtained from
propylene by oxosynthesis, with a market price of $1.21/kg (3). However, the
demand for butyric acid from microbial fermentation is high due to increasing
health concerns and a strong interest in using biologically produced food
additives preferred by food manufacturers. The potential markets for bio-based
butyric acid and its esters are thus big and awaiting for exploration.

However, current technology for bio-production of butyric acid is not
competitive as compared with petrochemical production because butyric acid-
producing bacteria convert sugars to acetic acid in addition to butyric acid as
their major fermentation products (4) and are inhibited by butyric acid (5).
Conventional fermentation processes usually suffer from low final product
concentration, low reactor productivity, and low product yield. A combination of
classical genetics, bioprocess engineering, and metabolic manipulation can be
used effectively to improve biosynthetic processes (6). In this study, we worked
on both molecular biology and process engineering levels to develop an efficient
bioprocess for butyric acid production from glucose and xylose.

The main objective of this study was to obtain butyrate-producing mutants
of Clostridium tyrobutyricum that are capable of producing butyrate with a high
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yield and tolerating a high butyrate concentration. Genetic improvements in
microbial cultures have been made to channel metabolic intermediates
specifically toward a desired product (7). Since there usually is concomitant
production of acetate in butyric acid fermentation, disruption of the genes ack
and pra involved in the acetate formation pathway should improve the butyrate
yield from sugars fermented. Meanwhile, butyrate production may be further
enhanced by overexpressing genes (buk and ptb genes) in the butyrate formation
pathway. In this work, we have developed mutant strains with improved
characteristics for butyric acid fermentation by gene inactivation and
overexpression techniques. The effects of gene disruption and overexpression on
cell growth and fermentation kinetics of the mutants were studied and are
reported here. To achieve a high butyrate concentration in the fermentation, we
used a fibrous bed bioreactor (FBB) previously developed for organic acid
fermentations (8-12) to adapt the cells to tolerate a higher butyrate concentration.
The feasibility and advantages of the FBB for butyric acid production from
xylose were also evaluated in this study. It was found that with high densities of
cells immobilized in the fibrous matrix, the FBB greatly increased reactor
_productivity, final product concentration, and product yield as compared with
conventional free-cell fermentations.

Materials and Methods

Culture and Media

The bacterium C. tyrobutyricum ATCC 25755 was used for butyric acid
fermentation. It was cultured in a clostridial growth medium (CGM) described
previously (9) with either glucose or xylose as the substrate. The stock culture
was kept in serum bottles under anaerobic conditions at 4°C. In the molecular
biology study, C. tyrobutyricum was grown anaerobically at 37°C in Reinforced
Clostridial Medium (RCM, Difco). Colonies were maintained on RCM plates.
RCM or CGM medium was supplemented, as required, with 40 ug/ml
erythromycin (Em) or 20 pg/ml thiamphenicol (Th). E. coli used in the cloning
work was grown aerobically at 37°C in Luria-Bertani (LB) medium
supplemented with ampicillin (100 pg/ml) and erythromycin (200 pg/ml).

Mutant Development by Genetic Engineering

DNA Isolation and Manipulation. Isolation of plasmid DNA from E. coli
was undertaken using QIAprep Miniprep plasmid purification kit (Qiagen).
Restriction enzymes, T4 ligase, and shrimp alkaline phosphatase were used in
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accordance with the supplier’s instruction (Amersham Pharmacia). Genomic
DNA from C. tyrobutyricum was isolated by using QIAGEN genomic DNA kit.

PCR Amplification. Several synthetic oligonucleotides (Integrated DNA)
were designed and used as primers for PCR. The sequences of the PCR primers
for ack gene were 5°~ GAT AC(A/T) GC(A/T) TT(C/T) CA(C/T) CA(A/G) AC
-3’ and 5’- (G/C)(A/T)(A/G) TT(C/T) TC(A/T) CC(A/T) AT(A/T) CC(A/T)
CC -3’. The sequences of primers for pta gene were 5'— GA(A/G)
(C/T)T(A/T/G) AG(A/G) AA(A/G) CA(T/C) AA(A/G) GG(A/T) ATG AC- 3’
and 5’(A/T)GC CTG (A/T)(G/A)C (A/T)GC(A/T/C) GT(A/T) AT(A/T) GC-
3’. Thermal cycling was performed to carry out the amplification in a DNA
engine (MJ Research), using C. fyrobutyricum genomic DNA as the template.
DNA fragments of ack gene and pta gene with expected sizes of 560 bp and 730
bp respectively, were amplified, and then cloned into PCR vector pCR 2.1 to
form pCR-AK and pCR-PTA using TA cloning (Invitrogen).

Construction of Integrational Plasmids. A 1.5 kb Sph I fragment was
removed from pCR-AK (4.6 kb) and pCR-PTA (4.75 kb), and the vectors were
religated to form pCR-AK1 and pCR-PTAl. A 1.6 kb Hindlll fragment
containing the Em' cassette was removed from pDG 647 (13), and then ligated
into HindIIl digested pCR-AK1 and pCR-PTAIl to form the integrational
plasmids pAK-Em (4.7 kb) and pPTA-Em (4.85 kb).

Construction of Replicative Plasmids. The butyrate operon (pth and buk
genes) from C. acetobutylicum was amplified by PCR using plasmid pJC7 as
template, subcloned into pCR 2.1, and then digested by EcoRI. A 2.2 kb EcoRI
fragment containing butyrate operon was subcloned into pIMPTH to form
pTHBUT (7.1 kb) (14).

Transformation. Plasmid transformation to E. coli was performed
according to the manufacturer’s instruction (Invitrogen). Transformation of
plasmids into C. tyrobutyricum was carried out using a Bio-Rad Gene pulser in
an anaerobic chamber. The competent cells were prepared as follows: mid
exponential-growth phase cells grown in CGM were harvested, washed twice
and suspended in ice-cold electroporation buffer (SMP; 270 mM sucrose, 7 mM
sodium phosphate, pH 7.4, 1 mM MgCl;). Cell suspension (0.5 ml) was chilled
on ice for 5 min in a 0.4 cm electroporation cuvette (Bio-Rad), and plasmid
DNA (1 pg) was added to the suspension and mixed well. After the pulse had
been applied (2.5 kV, 600 Q, 25 pF), cells were transferred to S ml RCM and
incubated for 4 h at 37°C prior to plating on RCM containing 40 pg/ml Em or 20
pug/ml Th. The mutant strains containing pAK-Em, pPTA-Em, and pTHBUT
were selected and are denoted as PAK-EM, PPTA-EM, and WT(pTHBUT),
respectively.

Fermentation Kinetic Study. Fed-batch fermentations were carried out in 5-
L stirred-tank fermentors to study the fermentation kinetics of various mutant
strains and to evaluate the maximum butyric acid concentration achievable in
fermentation.
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Fibrous-Bed Bioreactor

Construction and Operation. The fibrous bed bioreactor was made of a
glass column packed with spiral wound cotton towel and had a working volume
of ~480 ml. Detailed description of the reactor construction has been given
elsewhere (10). The reactor was connected to a 5-L stirred-tank fermentor
(Marubishi MD-300) through a recirculation loop and operated under well-
mixed condition with pH and temperature controls. Anaerobiosis was maintained
by initially sparging the medium in the fermentor with N, and then kept the
fermentor headspace under 5 psig N, during the entire fermentation run. Unless
otherwise noted, the reactor containing 2 L of medium was maintained at 37°C,
agitated at 150 rpm, and pH controlled at 6.0 by adding NH,OH.

Fermentation and Culture Adaptation. To start the fermentation, ~100 ml
of cell suspension in serum bottles were inoculated to the fermentor and allowed
to grow for 3 days until the cell concentration reached an optical density
(ODg20nm) of ~4.0. Cell immobilization was then carried out by circulating the
fermentation broth through the fibrous bed at a pumping rate of ~25 ml/min to
allow cells attach and be immobilized onto the fibrous matrix. After about 36~48
h of continuous circulation, most of the cells were immobilized and no change in
cell density in the medium could be identified. The medium circulation rate was
then increased to ~100 ml/min and the reactor was operated at a repeated batch
mode to increase the cell density in the fibrous bed to a stable, high level (>50
g/L). To adapt the culture to tolerate a higher butyrate concentration, the teactor
was then operated at fed-batch mode by pulse feeding concentrated substrate
solution whenever the sugar level in the fermentation broth was close to zero.
The feeding was continued until the fermentation ceased to produce butyrate due
to product inhibition. Samples were taken at regular intervals for the analysis of
cell, substrate and product concentrations. At the end of the fed-batch
experiment, immobilized cells in the FBB were washed off from the fibrous
matrix and stored at 4°C for further characterization.

Preparation of Cell Extracts and Acid-Forming Enzyme Assays

C. tyrobutyricum was grown in CGM (50 ml) at 37°C to the exponential
phase (ODgyp = ~1.5). Cells were harvested, washed and suspended in 25 mM
Tris/HC] (pH 7.4). The cell suspension was sonicated, and cell debris was
removed by centrifugation. The protein content of extracts was determined by
the method of Bradford with bovine serum albumin as the standard (Bio-Rad
protein assay). The activities of acetate kinase (AK) and butyrate kinase (BK)
were measured in the direction of acyl phosphate formation based on the

_protocol of Rose (15). One unit of activity is defined as the amount of enzyme
that produces 1 pmol of hydroxamic acid per minute under these conditions.
Phosphotransacetylase (PTA) and phosphotransbutyrylase (PTB) were assayed
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by the method of Andersch et al. (16). One unit of enzyme is defined as the
amount of enzyme converting 1 pmol of acyl-CoA or butyryl-CoA per minute
under the reaction conditions. Specific activity of enzymes is defined as the units
of activity per mg of protein.

Butyrate Tolerance Study

Cultures were grown in serum tubes containing 10 ml of media with various
amounts of butyrate (0 — 15 g/L) to evaluate the inhibition effect of butyrate on
cell growth, which was followed by measuring the optical density at 620 nm with
a spectrophotometer. Specific growth rates were calculated from the growth data
in the exponential phase. '

Analytical Methods

Cell density was analyzed by measuring the optical density of cell
suspension at 620 nm (ODg;) with a spectrophotometer. An HPLC system
(Shimadzu) was used to analyze the organic compounds, including butyrate,
acetate, glucose and xylose, present in the fermentation broth. Gas production
was monitored using an on-line respirometer Micro-oxymax system equipped
with both H, and CO, sensors (Columbus Instrument).

Results and Discussion

Gene Inactivation and Overexpression

Selective inactivation of genes on the chromosome using non-replicative
integrational plasmids has emerged as a new genetic engineering technology to
obtain mutants with desirable metabolic properties (17). It has been applied in
the inactivation of several genes in C. acetobutylicum (18-20). The non-
replicative integrational plasmid usually contains a DNA segment from a host in
which they cannot replicate, and a genetic marker for which selection can be
made. After transfer, the plasmid becomes established by inserting into the
homologous regions on the host chromosome from which the DNA segment was
derived. Integration occurs in a Campbell-like fashion (21), and results in
duplicated homologous regions flanking the plasmid DNA. If the homologous
DNA fragments are internal to the transcription unit, it will result in disruption of
the unit and loss of function, possibly producing a mutant phenotype. This is
called integrational mutagenesis. In this work, non-replicative plasmids pAK-Em
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and pPTA-Em were constructed and used to transform C. tyrobutyricum to
disrupt the acetate-forming genes ack and pta (encoding AK and PTA in acetate
formation) on the chromosome. Since the homologous regions in pAK-Em and
pPTA-Em are internal genes of ack and pra, the insertion would be mutagenic
and the original genes on the chromosome would be disrupted.

Exponential-phase cultures of C. tyrobutyricum wild-type, PAK-Em, and
PPTA-Em were harvested and cell extracts were assayed for acetate and
butyrate-producing enzymes (AK, PTA, BK, PTB). Strain PAK-Em displayed
54% lower AK activity and approximately 130% higher PTA activity than the
wild-type. Strain PPTA-Em had only 20~40% of AK and PTA activities
compared to the wild-type strain. These results indicated that ack was inactivated
in mutant PAK-Em and pta was inactivated in mutant PPTA-Em. PPTA-Em also
had reduced AK activity, indicating that the expression of ack was also inhibited.
Similar result has been reported for pta deleted mutant of C. acetobutylicum
(20). It has been reported that the acetate-forming genes ack and pta in C.
acetobutylicum exist in the same operon on the chromosome with pta preceding
ack (22). Likewise, a similar structure of acetate-forming genes with ack lying
downstream from pta in the same operon may be present in C. tyrobutyricum.

Plasmid pTHBUT containing the butyrate operon from C. acetobutylicum
was introduced into the wild-type C. tyrobutyricum. The presence of butyrate
operon in pTHBUT resulted in 2~3 folds increase in the PTB activity and 30%
reduction in AK and 50% reduction in PTA activities as compared with the wild-
type strain. However, the BK activity was not affected at all. In contrast, the
activities of PTB and BK increased by more than 6 folds in C. acetobutylicum
(23, 24) and there was 2-fold increase in PTB and 40-fold increase in BK in the
BK-deleted mutant of C. acetobutylicum (14) after introducing the
overexpression plasmid. Apparently, the buk and pth genes from C.
acetobutylicum did not work as well in C. tyrobutyricum.

Culture Adaptation in FBB

Fed-batch fermentation was performed to adapt the wild-type strain to
higher butyrate concentrations. After several fed-batches, cells in the FBB were
removed and grown as suspension culture to examine their enzyme activities.
The results were compared with those of the original culture used to seed the
bioreactor. Based on the acid-forming enzyme assays, the adapted culture from
the FBB showed ~65% higher PTB and ~50% higher BK activities, both of
which are involved in butyrate production. Also, its PTB was ~18% less
sensitive to butyrate inhibition than that from the original culture. The higher
butyrate-forming enzyme activities must have contributed to faster butyrate
production in the FBB culture observed in the fermentation study. These results
indicate that the adapted culture from the FBB had a different phenotype from
the original culture.
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Fermentation Kinetic Studies

Fermentation studies were carried out in both genetically engineered
mutants and wild-type (Figure 1). Both PAK-Em and PPTA-Em strains grew
exponentially in the first two batches and then entered the stationary phase
(Figure 1b and 1c). Acetate was produced after the lag phase and reached the
maximum value of ~12 g/L after the third fed-batch. Butyrate concentration
continued to increase until at the end of the fermentation due to product
inhibition. The maximum level of butyric acid was 42~43 g/L in both ack and
pta deleted mutant fermentations, which was 33% higher than that obtained in
fermentation with the wild-type strain (Figure la). Table I summarizes the
kinetic data for these fermentations. It is clear that ack and pta deletion gave
lower acetate yield, higher butyrate productivity and final concentration, and
consequently, higher selectivity of butyrate over acetate. The ack deleted mutant
PAK-Em increased butyrate yield to 36% from 31% of the wild-type. The pta
deleted mutant PPTA-Em had a similar butyrate yield as the wild-type but lower
gas production.

Gene integration had a significant effect on cell growth. Both mutant strains,
PAK-Em and PPTA-Em, have reduced growth rate compared to the wild-type,

but reached higher biomass concentrations (Table I). This observation is similar
to that found in pta or buk inactivated C. acetobutylicum (20). Since both acid-
formation pathways are responsible for generating energy (ATP) for cells, a
reduced acetate production may impose a metabolic burden on cells. A feasible
cellular response to this metabolic burden is the elevation of the flux through the
alternate ATP-generation pathway, namely butyrate formation, to avoid any
significant loss in overall cell growth.

Compared to the wild-type strain, the overexpression mutant WT(pTHBUT)
also grew slower with a specific growth rate of 0.196 h™' (see Table I). As
expected, WT(pTHBUT) had a higher butyrate productivity (0.52 vs. 0.48 g/L-h
in wild-type) and higher butyrate yield (0.36 vs. 0.26 g/g glucose in wild-type) in
the first batch. Acetate yield was very similar between WT(pTHBUT) (0.13 g/g
glucose) and wild-type (0.11 g/g glucose). As a result, there was a greater
proportion of C4 versus C2 derived products in WT(pTHBUT), and
consequently, the selectivity of butyrate over acetate was improved. However,
the final concentration of butyrate produced by WT(pTHBUT) was
unexpectedly lower (~12 g/L) than the wild-type. As can be seen in Figure 1d,
after the first batch, the cells stopped producing acids and cell density started to
decrease significantly, indicating severe inhibition by butyrate, which will be
further discussed later. An increase in butyrate production and decrease in
acetate produdtion have been observed for the BK-deleted mutant of C.
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acetobutylicum transformed with the overexpression plasmid in the acidogenic
phase (14); however, the final butyrate concentration in the solventogenic cultue
of wild-type C. acetobutylicum harboring the overexpression plasmid also
decreased (23). Gene overexpression in this case did not improve the butyrate
fermentation, probably because the heterologous genes (enzymes) from C.
acetobutylicum were too sensitive to butyrate inhibition and tended to shift
metabolic pathway towards butyrate reassimilation (23). Further study should be
carried out to overexpress the native buk and ptb genes.

Table I. Fermentation Characteristics of various C. tyrobutyricum strains in
Fed-Batch Cultures Controlled at pH 6.0, 37 °C.

Performance Wild-type =~ PAK-Em  PPTA-Em wT
(pTHBUT)
Cell Max. OD 7.1 7.6 8.8 59
pth 0.2762 0.1941 0.1668 0.196
Yield (g/g) 0.128 0.113 0.147 0.120
Butyrate  Concentration (g/L) 28.6 43.0 42.1 12.2
Yield (g/g) 0.315 0.360 0.310 0.360
Productivity (g/L'h) 0.48~0.63 0.62~1.35 0.61~0.96 0.52
Acetate Concentration (g/L) 9.7 11.9 12.2 4.8
Yield (g/g) 0.106 0.098 0.080 0.132
Gas H, yield (g/g) 0.015 0.032 0.012 0.005
CO, yield (g/g) 0.305 0.494 0.251 0.084

Figure 2 shows the fermentation kinetics for butyric acid production from
xylose by wild-type free cells and immobilized cells in the FBB. As compared to
the free-cell fermentation, the immobilized-cell fermentation not only was faster
but also produced a much higher butyrate concentration. The highest butyric acid
concentration produced in the free-cell fermentation was only ~19 g/L, whereas
butyric acid reached a concentration of ~58 g/L in the immobilized-cell
fermentation with a yield of 0.47 g/g and a reactor productivity of 2.7 g/L-h. In
contrast, the highest butyrate productivity in the free-cell fermentation was only
0.27 g/L-h. So far, the highest concentration of butyric acid obtained in
fermentation was 62.8 g/L with a yield of 0.45 g/g sucrose by C. tyrobutyricum,
but the reactor productivity was only 1.25 g/L-h (25). A much higher reactor

- productivity of 9.5 g/L-h at a butyrate concentration of 29.7 g/L was achieved for
a continuous fermentation system with cell recycle by microfiltration (26).
However, using a membrane filter for cell recycle to achieve a high cell density
and reactor productivity could be a problem for long-term operation and process
scale-up because dead cells would accumulate and foul the membrane, reducing
system performance with time. The FBB used in this study gave good long-term
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performance without suffering from any fouling or other operational problems.
The FBB also can be used to convert corn fiber hydrolysate and corn steep
liquor, the byproducts from the comn-milling industry, to butyrate at a
significantly lower cost (27). It is noted that there was a high density of cells
(~70 g/L) immobilized in the fibrous matrix, which attributed to the higher
fermentation rate, but the immobilized cells probably did not grow as much as
the free cells suspended in the medium, indicated by the lower OD. Therefore,
more substrates were converted to final products in the immobilized-cell
fermentation. These results clearly indicate that the adapted culture immobilized
in the FBB acquired an ability to produce a higher butyrate concentration that
could not be achieved by the original wild-type culture grown in suspension.

Butyrate Tolerance of Mutants

Butyric acid is inhibitory to cell growth. To determine if there were any
phenotypic changes about butyrate tolerance in mutant strains, cells were grown
as suspension cultures at various initial butyrate concentrations (0~15 g/L). The
specific growth rates were measured and shown as the relative growth rate
compared to those obtained without added butyrate in the medium.

As shown in Figure 3, ack and pta deleted mutants had higher butyrate
tolerance than the wild-type. At 15 g/L of butyric acid, both mutants retained ~
30% of their maximum growth rates but less than 10% in the wild-type. The
enhanced butyrate tolerance in these mutants might have contributed to their
higher butyrate productivity and final butyrate concentration obtained in the
fermentation. It should be noted that PTA in C. tyrobutyricum was more strongly
inhibited by butyric acid than PTB (data not shown). It is thus possible that by
disrupting the butyrate-sensitive PTA and acetate-forming pathway, the mutants
became less sensitive to butyrate inhibition since they only used the butyrate-
forming pathway to generate ATP needed for biosynthesis and maintaining a
functional pH gradient across the cell membrane.

For the overexpression mutant WT(pTHBUT), it was more sensitive to
butyrate inhibition than the wild-type. Less than 9% of the maximum growth rate
was retained when butyrate was only 5 g/L and no cell growth was observed in
the medium when butyrate was higher than 15 g/L. This result explains the fact
observed in the fed-batch fermentation that this mutant stopped butyrate
production very early when butyrate concentration only reached ~12 g/L. This
overexpressed butyrate operon originated from the solventogenic C.
acetobutylicum. It was reported that butyrate was more toxic than butanol (28),
and even butyrate-producing enzyme PTB was inhibited by butyric acid in C.
tyrobutyricum. Since C. acetobutylicum was able to shift from acidogenesis to
solventogenesis and reassimilate butyrate under appropriate conditions to
alleviate the butyrate inhibitory effects (29), it is suggested that the enzymes
involved in butyrate production from this bacterium may be less tolerant to
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butyrate than those native ones from C. tyrobutyricum. Therefore, the exogenous
butyrate operon on pTHBUT might be responsible for the reduced butyrate
tolerance in WT(pTHBUT). Another reason for the reduced butyrate tolerance in
WT(pTHBUT) might be the host-plasmid interactions (14). It was reported that
the plasmid-bearing strains of C. acetobutylicum had slower growth rate,
elevated solvent levels and lowered acid levels, possibly due to the induction of
stress proteins in response to plasmid-imposed metabolic stress (14, 23). A
similar stress response might have also occurred in WT(pTHBUT) and resulted
in the decreased butyrate tolerance of cells.

It is also noticed that the adapted culture from the FBB was much less
sensitive to butyrate concentration increase as compared with the wild-type
culture, indicating a much higher tolerance to butyrate (Figure 3). This explains
the higher butyrate concentration level obtained in the immobilized cell
fermentation (Figure 2). The adapted cells retained more than 50% of its growth
ability when the butyrate concentration increased to 30 g/L, whereas the original
culture had lost its ability to grow at a butyrate concentration beyond 20 g/L
(data not shown). Therefore, the ability to produce higher butyrate
concentrations in the FBB can be attributed to the emergence of butyrate-tolerant
mutant in the bioreactor through adaptation and natural selection, which did not
happen in the suspension culture. Clearly, cells grown in fibrous matrices are
more robust and have acquired the ability to tolerate higher butyrate
concentrations. The adapted culture obtained should have a good potential in
industrial butyrate production. It is expected that, by immobilization of
genetically engineered mutants in the fibrous bed, their butyrate tolerance and



65

production ability will be further improved and it will ultimately improve the
process economics.

Conclusion

This study demonstrates that both genetic engineering and culture adaptation
in the FBB can be used to develop mutant strains of C. tyrobutyricum and
improve the process economics for butyrate fermentation. The adapted culture
from the FBB is physiologically different from the original culture used to seed
the bioreactor. This important finding has never been reported in conventional
fermentation systems. The high productivity and high product concentration
obtained in the FBB are either comparable or better than those reported in the
literature. The manipulation of acid-forming pathways by gene inactivation and
overexpression proved to be feasible for obtaining metabolically advantageous
mutants for butyrate production from sugars. The fermentation kinetic studies of
these mutants also provided valuable information about gene function in cellular
metabolism, which can guide future effort to engineer novel super-producing
strains of C. tyrobutyricum for industrial applications. The increased
productivity and selectivity by mutant strains of C. tyrobutyricum immobilized in
the FBB should lower the cost of bio-based butyrate and allow it to compete
favorably in the market.
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Chapter 5

Production of Mannitol by Fermentation

Badal C. Saha
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Mannitol, a naturally occurring polyol or sugar alcohol, is widely
used in the food, pharmaceutical, medicine, and chemical
industries. The production of mannitol by fermentation has
become attractive because of the problems associated with its
production chemically. A number of heterofermentative lactic
acid bacteria, yeasts, and filamentous fungi are known to
produce mannitol. In this article, research dealing with mannitol
production by fermentation using lactic acid bacteria, yeast, and
fungi is presented. Several heterofermentative lactic acid
bacteria are excellent producers of mannitol using fructose as an
electron acceptor. Recent progress in the production of mannitol
by fermentation and using enzyme technology as well as
downstream processing of mannitol are described. The
problems and prospects for mannitol production by fermentation
and enzymatic means and future directions of research are

highlighted.
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Mannitol is a naturally occurring sugar alcohol found in many fruits and
vegetables. It is found in pumpkins, mushrooms, onions, and in marine algae,
especially brown seaweed. Brown algae contains about 10-20% mannitol
depending on the harvesting time (/). Mannitol is present in fresh mushrooms at
about 1%. It is widely used in the food, pharmaceutical, medicine, and chemical
industries (2). Mannitol is used as a sweet-tasting bodying and texturing agent. It
reduces the crystallization tendency of sugars and is used as such to increase the
shelf-life of foodstuffs. Crystalline mannitol exhibits a very low hygroscopicity,
making it useful in products that are stable at high humidity. It is only about half
as sweet as sucrose. Mannitol exhibits reduced physiological calorie value (1.6
kcal/g) compared to sucrose (4 kcal/g). It has a low solubility in water of only 18%
(w/v) at 25°C and 13% (w/v) at 14°C (3). In comparison, the solubility limit of
sorbitol in water is about 70% (w/v) at 25°C. Mannitol is sparingly soluble in
organic solvents such as ethanol and practically insoluble in ether, ketones, and
hydrocarbons (7). It forms orthorhombic crystals and the crystals have melting
point at 165-168°C (/). Mannitol is extensively used in chewing gum. It is
chemically inert and is commonly used in the pharmaceutical formulation of
chewable tablets and granulated powders. Mannitol prevents moisture absorption
from the air, exhibits excellent mechanical compressing properties, does not
interact with the active components, and has a sweet cool taste owing to its high
negative heat of solution (approximately 121 kJ/kg) that masks the unpleasant taste
of many drugs (4). The complex of boric acid with mannitol is used in the
production of dry electrolytic capacitors. It is an extensively used polyol for
production of resins and surfactants (2). Mannitol is used in medicine as a
powerful osmotic diuretic (to increase the formation of urine in order to prevent
and treat acute renal failure and also in the removal of toxic substances from the
body) and in many types of surgery for the prevention of kidney failure (to alter the
osmolarity of the glomerular filtrate) and to reduce dye and brain oedema
(increased brain water content). Mannitol hexanitrate is a well known vasodilator,
used in the treatment of hypertension (5).

Chemical Process for Production of Mannitol

Manna, obtained by heating the bark of tree Fraxinus ornus, can contain up
to 50% mannitol and was the commercial source of mannitol for many years until
the 1920s (6). Mannitol ($3.32 per pound) is currently produced industrially by
high pressure hydrogenation of fructose/glucose mixtures in aqueous solution at
high temperature (120-160°C) with Raney nickel as catalyst and hydrogen gas
(Figure 1) (6). The B-fructose is converted to mannitol and the a-fructose is
converted to sorbitol. The glucose is hydrogenated exclusively to sorbitol.
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Figure 1. Catalytic hydrogenation of fructose.
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Typically, the hydrogenation of a 50/50 fructose/glucose mixture results in an
approximately 25/75 mixture of mannitol and sorbitol ($ 0.73 per pound). This is
due to the poor selectivity of the nickel catalyst used. As a consequence, the
commercial production of mannitol is always accompanied by the production of
sorbitol, thus resulting in a less efficient process (2). Mannitol is less soluble than
sorbitol and is generally recovered by cooling crystallization. According to
Takemura et al. (7), the yield of crystalline mannitol in the chemical process is only
17% (w/w) based on the initial sugar substrates. If sucrose is used as starting
material and the hydrogenation is performed at alkaline pH, mannitol yields up to
31% can be obtained (7). The hydrogenation of pure fructose results in mannitol
yields of 48-50% (8).

Makkee et al. (9) developed a process involving both a bio- and a chemo-
catalyst for the conversion of glucose/fructose mixture into mannitol. Good yields
(62-66%) were obtained by using glucose isomerase immobilized on silica in
combination with a copper-on-silica catalyst (water, pH ~7.0, 70°C, 50 kg/cm’ of
hydrogen, trace amounts of buffer, Mg (II), borate, and EDTA). In another
method, mannitol is produced from mannose by hydrogenation with stoichiometric
yield (100% conversion) (8). Mannose can be obtained from glucose by chemical
epimirization with a yield of about 30-36% (w/w). Thus, the mannitol yield from
initial sugar can be as high as 36%. Pure mannose is expensive. If the
non-epimirized glucose can be enzymatically isomerized to fructose by using
glucose isomerase, the mannitol yields could reach to 50% (w/w) (7). However,
the total cost using the multi-steps process is not economical. Devos (8) suggested
a process in which fructose is first isomerized to mannose using mannose
isomerase. However, mannose isomerase is not yet commercially available for
large scale use.

Microbial Production of Mannitol

In recent years, research efforts have been directed towards production of
polyols by fermentation and enzymatic means (/0). Lactic acid bacteria (LAB),
yeasts and filamentous fungi are known to produce mannitol.

Bacteria

Several heterofermentative LAB belonging to the genera Lactobacillus,
Leuconostoc and Oenococcus have been reported to produce mannitol effectively
(11). In addition to mannitol, these bacteria may produce lactic acid, acetic acid,
carbon dioxide and ethanol. Martinez et al. (/2) reported that Lb. brevis fermented
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1 mol of fructose to 0.67 mol of mannitol and 0.33 mol each of lactate and acetate.
Soetaert et al. (6,/3) reported a fed batch fermentation method with automatic
feeding strategy for very fast and rapid production of mannitol and D-lactic acid
from fructose or glucose/fructose mixture by using Leu. pseudomesenteroides. The
maximal volumetric productivity of mannitol was 11.1 g/L.h with a final
concentration of 150 g/L in 24 h and a conversion efficiency of 94%. Mannitol
was also produced from fructose by Leu. mesenteroides immobilized in
polyurethane foam with a yield of 1.0 and 8.0 g/L.h in batch and continuous
fermentations, respectively (14).

Yun et al. (/5) reported about 4-5 g of mannitol accumulation during
fermentation of kimchi, a Korean pickled vegetable. Yun and Kim (/6) isolated
two different lactic acid bacteria, Lactobacillus sp. Y-107 and Leuconostoc sp.
Y-002 during the fermentation of kimchi. These two strains utilized fructose and
sucrose as substrates for mannitol formation. Under optimal conditions, the final
mannitol concentration produced by Lactobacillus sp. Y-107 (at 35 °C, initial pH
8.0, anaerobic, 100 g fructose/L, 120 h) and Leuconostoc sp. Y-002 (at 35 °C,
initial pH 6.0, anaerobic, 50 g fructose/L, 25 h) were 73 and 26 g/L from 100 g/L
fructose with yields of 86 and 65% based on fructose consumed, respectively. The
volumetric productivities of mannitol by both strains were less than 1.0 g/L.h.
Neither isolate produced other polyols such as glycerol and sorbitol as by-products.
These two bacterial strains were not able to use high concentrations of sugars
above 100 g/L due to low osmotolerance of the isolates.

Erten (I/7) studied the utilization of fructose (5 mmol/L) as an electron
acceptor in two Leu. mesenteroides strains under anaerobic conditions. These
strains produced 0.26 mol mannitol, 0.65-0.67 mol of lactic acid, 0.37-0.57 mol
ethanol and 0.26-0.27 mol acetic acid per mol of fructose at 25 °C. Fermentation
of a mixture of fructose and glucose (1:1) resulted in the production of the same
metabolic end-products. Korakli et al. (/8) reported that mannitol is produced by
sourdough Lactobacilli from fructose with concomitant formation of acetate. They
obtained a 100% yield of mannitol from fructose by Lb. sanfranciscensis (isolated
from sourdough) grown in a fed-batch culture containing fructose-glucose mixture
with a volumetric productivity of 0.5 g/L.h and a final mannitol concentration of
60 g/L. The turnover of fructose was at its optimum at a concentration of
glucose/fructose mixture ranging between 130-140 g/L in batch fermentation.
Higher concentrations of substrate were found to be growth inhibitory for Lb.
sanfranciscensis. After adaptation of the cells in sucrose, the bacterium produced
mannitol to only 65% yield in relation to the fructose content of sucrose. It was
shown that the bacterium synthesizes complex carbohydrates when grown on
sucrose.
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An unidentified Lactobacillus sp., named B001, produced mannitol from
fructose with a volumetric productivity of 6.4 g/L.h (19). Lb. pontis isolated from
sourdough produced mannitol, lactic acid, and ethanol from fructose (20). Salou
etal. (21) reported that O. oenos converted 83 mol% of fructose to mannitol when
grown in a medium containing fructose and glucose (1:1) with volumetric
productivity of about 0.2 g/L.h. Most LAB are able to consume glucose and
fructose simultaneously. Pimentel et al. (22) studied growth and metabolism of
sugars and acids by Lew. oenos under different conditions of temperature and pH.
The bacterium produced mannitol from fructose. The addition of acids,
particularly, citrate, significantly repressed mannitol formation.

von Weymamn et al. (//) studied mannitol production by eight
heterofermentative LAB - Lb. brevis ATCC-8287, Lb. buchneri TKK-1051,
Lb. fermentum NRRL B-1932, Lb. sanfranciscensis E-93491, Lactobacillus sp.
(B001) BP-3158, Leu. mesenteroides ATCC- 9135, Leu. pseudomesenteroides
ATCC-12291, and O. 0eni E-9762. They found that the ability to produce mannitol
from fructose varied markedly among the heterofermentative LAB species. The
effects of growth temperature, pH and nitrogen flushing on mannitol production by
four selected strains were studied in batch bioreactor cultivation. Using Lb.
Sfermentum and with fructose (20 g/L) and glucose (10 g/L) as carbon source,
mannitol yields from fructose were 86.4+0.8, 88.9+2.4 and 93.6+0.6 mol% at 25,
30 and 35 °C, respectively. Mannitol yields but not the volumetric mannitol
productivities were improved with constant nitrogen gas flushing of the growth
medium. Applying the most promising strain (Lb. fermentum), high average and
maximum mannitol productivities (7.6 and 16.0 g/L.h, respectively) were achieved.
von Weymarn et al. (23) then compared the ability to produce mannitol from
fructose by ten heterofermentative bacteria (eight from above, Leu. mesenteroides
ATCC-8086 and ATCC 8293) in resting state. They achieved high mannitol
productivity (26.2 g/L.h) and mannitol yield (97 mol%) in high cell density
membrane cell-recycle culture using the best strain, L. mesenteriodes ATCC-9135.
A stable high-level production of mannitol was maintained for 14 successive
bioconversion batches using the same initial cell biomass. von Weymarn et al. (23)
also reported that increasing the initial fructose concentration from 100 to 120 and
140 g/L resulted in decreased productivities due to both substrate and end-product
inhibition of the key enzyme mannitol dehydrogenase (MDH). The by-products of
this bioprocess were mainly acetate and lactate. QOjamo et al. (24) achieved a
volumetric mannitol productivity of about 20 g/L.h using high cell density
fermentation of Lew. pseudomesenteroides ATCC-12291.

Saha and Nakamura (25) found nine mannitol producing cultures after
screening 72 bacterial cultures from the ARS Culture Collection on fructose. In
addition, these cultures produced lactic acid and acetic acid. These strains are:
Lb brevis NRRL B-1836, Lb. buchneri NRRL B-1860, Lb. cellobiosus
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NRRL B-1840, Lb. fermentum NRRL B-1915, Lb. intermedius B-3693, Leu.
amelilibiosum NRRL B-742, Leu. citrovorum NRRL B-1147, Leu. mesenteroides
subsp. dextranicum NRRL B-1120 and Leu. paramesenteroides B-3471. The
mannitol yields by Lb. intermedius B-3693 were 107.6 0.5, 138.6 £ 6.9, 175.6 +
5.9, and 198.3 + 11.0 g/L at 150, 200, 250, and 300 g/L fructose, respectively in
pH-controlled (pH 5.0) fermentation at 37°C. Small white needle-like crystals of
mannitol appeared upon refrigeration of the cell-free fermentation broth of 300 g/L
fructose at 4°C. The time of maximum mannitol yield varied greatly from 15 h at
150 g/L fructose to 136 h at 300 g/L fructose concentration. The bacterium
transformed fructose to mannitol from the early growth stage. One-third of
fructose can be replaced with other substrates such as glucose, maltose, starch plus
glucoamylase (simultaneous saccharification and fermentation, SSF), mannose, and
galactose. Two-thirds of fructose can also be replaced by sucrose. The bacterium
co-utilized fructose and glucose simultaneously and produced very similar
quantities of mannitol, lactic acid, and acetic acid in comparison with fructose. The
glucose was converted to lactic acid and acetic acid, and fructose was converted
into mannitol. Application of a fed-batch culture technique by feeding equal
amounts of substrate and medium four times decreased the fermentation time from
136 h to 92 h to complete 300 g/L fructose utilization. The yields of mannitol,
lactic acid, and acetic acid were 202.5 + 4.3, 52.6 + 0.96, and 38.5 + 0.7 g/L,
respectively. The bacterium utilized glucose (150 g/L) and produced D- and L-
lactic acids in equal ratios (total, 70.4 + 0.6 g/L) and ethanol (38.0 £ 0.9 g/L) but
no acetic acid.

Several heterofermentative LAB produce mannitol in large amounts, using
fructose as an electron acceptor. Mannitol produced by heterofermentative bacteria
is derived from hexose phosphate pathway (2,15,16,26). The process makes use
of the capability of the bacterium to utilize fructose as an alternative electron
acceptor, thereby reducing it to mannitol with the enzyme MDH. In this process,
the reducing equivalents are generated by conversion of one-third fructose to lactic
acid and acetic acid (Figure 2). The enzyme reaction proceeds according to the
following (theoretical) equation:

3 Fructose =» 2 Mannitol + Lactic acid + Acetic acid + CO,
The net ATP gain is 2 mol of ATP per mol of fructose fermented.
For fructose and glucose (2:1) co-fermentation, the equation becomes
2 Fructose + Glucose =» 2 Mannitol + Lactic acid + Acetic acid + CO,
For sucrose and fructose (1:1) co-fermentation, the equation becomes
Sucrose + Fructose = 2 Fructose + Glucose =# 2 Mannitol + Lactic acid +
Acetic acid + CO,
Busse et al. (27) and Erten (/7) found a lower mannitol yield from fructose in
Leu. mesenteroides. In these cases, the enzyme reaction proceeds by the following
equation:
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Fructose 2 Fructose

6 - Phosphogluconate
/f———"— NADP* —
Co, M NADPH+H' =]
Ribulose - 5P
4/xwu'“<
Giyceraldehyde - 3-P Acetyl -P
NAD* |~ 2ADP ADP
NADH+H* 4 2ATP
Pyruvate
NADH+H’A
NAD* ATP .
Lactate 2 Mannitol

Figure 2. Pathway for production of mannitol from fructose by heterofermentative
lactic acid bacteria.
(Reproduced from reference 25. Copyright 2003.)
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3 Fructose =% 1 Mannitol + 2 Lactic acid + 0.5 Acetic acid +1.5 Ethanol + CO,
The net gain is 1.25 mol of ATP per mol of fructose fermented..

Some homofermentative LAB such as Streptococcus mutants and Lb.
leichmanii produce small amounts of mannitol (28,29). Forain et al. (30) reported
that a strain of Lb. plantarum deficient in both L- and D-lactate dehydrogenase
(LDH) produces mannitol as an end-product of glucose catabolism. LAB uses
several strategies for regeneration of NAD* during metabolism of carbohydrates.
Veigada Cumba et al. (3/) reported that O. oeni produces erythritol to consume the
reduced coenzymes formed in the glycolytic pathway. Hols et al. (32) showed that
disruption of the /dh gene in Lb. lactis strain NZ20076 leads to the conversion of
acetate into ethanol as a rescue pathway for NAD" regeneration. Neves et al. (33)
reported that a LDH-deficient (LDH? ) mutant of Lactococcus lactis transiently
accumulates intracellular mannitol, which was formed from fructose-6-phosphate
(F-6-P) by the combined action of mannitol-1-phosphate dehydrogenase (MPDH)
and phosphatase. They showed that the formation of mannitol-1-phosphate (M-1-
P) by the LDH® strain during glucose catabolism is a consequence of impairment
in NADH oxidation caused by a highly reduced LDH activity, the transient
formation of M-1-P serving as a regeneration pathway for NAD' regeneration.
Grobben et al. (34) reported the spontaneous formation of a mannitol-producing
variant of Leu. pseudomesenteroides grown in the presence of fructose. The
mannitol producing variant differed from the mannitol-negative original strain in
two physiological aspects: the presence of MDH activity and the simultaneous
utilization of fructose and glucose. The presence of MDH is clearly a prerequisite
for mannitol production. Kets et al. (35) found that the accumulation of mannitol
is a typical feature of salt-stressed Pseudomonas putida strains grown in glucose
mineral medium.

Yeasts

Some yeasts are known to produce a variety of sugar alcohols (36). Onishi
and Suzuki (37, 38) studied the production of mannitol from glycerol by Torulopsis
yeasts. T. mannitofaciens produced 31% mannitol from glycerol under optimal
conditions. T. versatilis is also a good producer of mannitol from glycerol. Wako
etal. (39) isolated a yeast strain (T-18) identified as Torulopsis sp. produced 23.7%
mannitol and 42.4% glycerol in a medium (pH 9.0) containing 20% glucose.
Hattori and Suzuki (40) studied the large-sca