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Preface

Already millenniums before the chemical industry invented “white biotechnol-
ogy”, food has been produced in biotechnological ways. Wine, beer, soy sauce,
tempeh, sauerkraut, and many more traditional foods impressively show that bio-
technological processes today are securely controlled and operated on a large scale.
This knowledge, which has already been achieved by executing biotechnological
processes, provides an optimal basis for us to overcome the big challenges involved
in supplying the steadily increasing world population with high-quality food in the
future. These challenges focus on four main aspects.

e Of central importance is to supply people globally with enough nutrients.
In particular, the provision of proteins of high biological value is limiting.
Here new concepts, e.g., approaches based on insects or mycoproteins, are
currently discussed worldwide.

e Even if in the developed states, sufficient amounts of food is available, the
avoidance of loss, e.g., due to spoilage or over-storage, is a central social task.
The “biopreservation” of food can help us use the available food resources in a
more sustainable way.

e The third trend is the enrichment of food with functional ingredients which
improve, e.g., the tolerability or can support digestion. Examples are, among
others, galacto- and fructo-oligosaccharides which can be produced by enzy-
matic synthesis. The tolerability of food can also be improved by degradation of
the proteins which elicit allergies for certain target groups significantly.

e The fourth main focus of research in Food Biotechnology concentrates on
replacing existing chemical processes with more ecologically friendly
biotechnological processes. In comprehensive ecological efficiency analyses,
new processes must definitely show their benefit in comparison to old chemical
processes.

This volume focuses on the biotechnology of food and feed additives to
enhance the production of food and feed while ensuring the quality of ingredients.
Another aim is to improve the properties of food e.g., for a balanced diet, for
natural based preservation, for stable colors and alternative sweeteners.
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Avoidance of Food Loss

According to a recent study of the “Food and Agriculture” organization (FAO) of
the United Nations, only about two thirds of the food produced worldwide is
currently consumed. One third, yearly about 1.3 billion tons, is disposed of by the
consumer directly or is lost either during the agricultural process or on the way
from the producer to the consumer. In the long term, this can lead to a shortage of
food in poorer countries [1]. Modern processes of “biopreservation” offer fasci-
nating possibilities to protect food against spoilage and minimize losses . The
spectrum of possibilities includes the production of bacteriocins by starter cultures
and protective cultures and the addition of so-called “fermentates”. This method
involves employing bacterial diversity and functionality in biotechnological food
processes using specific metabolic qualities of the starter cultures and protective
cultures, e.g., from lactic acid bacteria. This approach supports the discovery of
new molecules which not only suppress undesirable micro-organisms, but also
show functional qualities and contribute to the flavor profile and texture attributes
of the food [2]. The application of bacteriophages, in particular, is efficient and
specific [3]. In the USA, the use of bacteriophages to control e.g., Listeria mon-
ocytogenes, E. coli, Xanthomonas campestris, Pseudomonas syringae and Sal-
monellae is already permitted. Chapter 2 of this volume discusses the production
and the possibilities of “Biopreservatives” and gives definitions and applications.
Furthermore, Chap. 4 “Acidic Organic Compounds in Beverage, Food, and Feed
Production” also deals with this topic.

Food with Functional Ingredients

Prebiotica, which are indigestible food components for humans, have a positive
influence on the balance in the intestine by stimulating growth and the activity of
the bacterial flora. This is due to their role as a substrate for the metabolism of the
so-called “positive” intestinal bacteria. Currently, there are only two substance
groups that fulfill all criteria for prebiotica: (i) fructans (fructo-oligosaccharides,
FOS) including lactulose and the fructo-polysaccharides inulin and (ii) galacto-
oligosaccharides (GOS) [4, 5]. The prebiotica FOS, GOS, inulin, and lactulose are
accredited in Europe as food ingredients and are classified as safe (GRAS—
generally recognized ace safe). Other oligosaccharides will most certainly follow,
as for example xylo-oligosaccharides (XOS), gluco-oligosaccharides (glucoOs),
and isomalto-oligosaccharides (IMO). These substances are also of interest for fat-
reduced and dietary products for the improvement of food texture. Sugar, as an
example, can be substituted by FOS and in combination with e.g., Aspartam or
Acesulfam K, additional synergistic effects can be reached. The bioprocess tech-
nologies on the enzymatic synthesis and recovery of FOS and GOS show con-
siderable similarities. Besides a higher yield of OS and continuous processes,
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research also focusses on the purity of the OS fractions. Today, up to 45 % of GOS
and FOS, depending on the total content of sugar, can be reached with easy
enzymatic systems. This gives high yields regarding time-and-reaction volume in
continuous Enzyme-Membrane-(Bio) reactor systems (EMR). In future, concepts
with mixed enzyme systems and selective fermentations will serve to remove by-
products, which inhibit the reaction, as well as mono and disaccharide from the
OS. However, efficient and well-matched enzyme systems and microorganisms
still have to be found and bioprocesses have to be optimized, especially focusing
on lifetime/standing time of biocatalyzed reactions. Chapter 8 of the book gives an
overview on “Recent Developments in Manufacturing Oligosaccharides with
Prebiotic Functions”

Numerous interesting options for the production of food and feed ingredients
arise by the cultivation of photoautotrophic algae. Algae of the type Chlorella are
valued for their content of proteins and unsaturated fatty acids. In addition, algae
contain a high portion of vitamins of the B group, and various carotenes and
xanthophylls. Prominent examples will be discussed in Chap. 3 “Biotechnological
Production of Colorants”. Food or food ingredients can be generated for special
dietary purposes by precise and very specific decomposition of the proteins which
elicit food allergies or intolerances (as for example coeliac disease). Therefore,
however, suitable peptidases with high substrate specificity are required. Prom-
ising sources for such enzymes are, for example, eatable mushrooms from the
phylum Basidiomycota or insects that, as grain or stock pests, have specialized in
the degradation of herbal storage proteins. In Chap. 7 “Food and Feed Enzymes”
of the present book the degradation of proteins is discussed besides other enzyme
applications for the improvement of resource efficiency, for the biopreservation of
food, and for the treatment of food intolerances.

Substitution of Chemical by Biotechnological Processes

Successful examples of the integration of environmentally friendly and sustainable
biotechnological steps in the synthesis of e.g., sweeteners (Isomalt, Aspartam, Xylit,
Erythrit etc.), amino acids, or vitamins (among others ascorbic acid and rioboflavin)
are manifold. In Chap. 1 “Sweeteners” of the book the biotechnological production
of e.g., polyols, isomalt or intensive sweeteners like Aspartame as a non-cariogenic
alternative to sucrose is discussed for the application in beverages, sugar-free sweets
and confections for dietetic nutrition. Chapter 5 focuses on the bioprocesses for the
“Industrial Production of L-Ascorbic Acid (Vitamin C) and p-Isoascorbic Acid”, and
Chap. 6 is dedicated to the industrial production of amino acids.

Though the biotechnological production of food and feed ingredients may not
be discussed exhaustively, this volume provides numerous interesting insights into
current industrial processes and impressively illustrates the huge potential for
future markets. New options still arise from the discovery of new enzymes and the
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clarification of whole metabolic pathways for the optimization of existing
processes or for the development of alternative processes.

Giessen, August 2013
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Sweeteners

Gert-Wolfhard von Rymon Lipinski

Abstract Polyols as sugar substitutes, intense sweeteners and some new carbo-
hydrates are increasingly used in foods and beverages. Some sweeteners are
produced by fermentation or using enzymatic conversion. Many studies for others
have been published. This chapter reviews the most important sweeteners.

Keywords Aspartame - Erythritol - Fermentation - Isomalt - Maltitol - Mannitol
- Production - Sorbitol - Steviol glycosides - Tagatose - Thaumatin
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1 Summary

Sweeteners, sweet substances other than sugar and related carbohydrates, are
polyols or intense sweeteners. Most of these substances are produced by chemical
synthesis. Among the group of polyols, erythritol and part of mannitol are pro-
duced by fermentation. Immobilized cells or enzymes are used in the production of
isomalt and maltose, an intermediate for maltitol. Many papers on the production
of sorbitol and xylitol by fermentation are available. Among the intense sweet-
eners, the building blocks of aspartame, aspartic acid and phenylalanine, are
produced by fermentation, and enzymatic coupling was used in practice by one
producer. Stevioside and glycyrrhizin can be modified enzymatically, and possi-
bilities to express the genes for thaumatin were reported in several papers. Tag-
atose, a reduced-calorie carbohydrate, can be produced by enzymatic conversion
of galactose. Important papers describing organisms, enzymes, and fermentation
conditions used in practice and in studies are reviewed in this chapter.

2 Introduction

Sweet-tasting substances other than sugar have become increasingly important in
food production in the course of the last decades. In certain areas such as soft
drinks, the quantity of products sweetened with these substances has almost
equalled the conventional, sugar-sweetened products in some countries including
the United States. In others, such as in some European countries, the percentage of
these beverages has increased steadily after a harmonized approval for all Member
States of the European Community in 1995. In other fields of application such as
sugar-free sweets and confections, polyols have been established as a noncario-
genic alternative to sucrose.

Many sweet-tasting substances are known. This chapter focuses on products
used in foods and beverages. Several others can be produced by fermentation, but
are of no practical importance.

3 Definitions and General Aspects

The general field of sweet-tasting substances can be divided in two main sectors.
One comprises sugar (sucrose) and other nutritive carbohydrates including glu-
cose, fructose, and products obtained from hydrolyzed starch such as high-fructose
corn syrup. The other sector covers products generally called sweeteners. They are
noncarbohydrate alternatives such as polyols and intense sweeteners. A third group
of still rather limited commercial importance comprises sweet carbohydrates of
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physiological characteristics different from the standard carbohydrates normally
used in food production.

3.1 Sweetness

All substances covered in this chapter are sweet. They are, however different in
their sweetness intensity and characteristics of their sweetness.

Several substances show sweetness intensity in the same range as the sweetness
of sucrose. These are generally polyols and also the carbohydrates described here.
Others are distinguished by much a higher sweetness intensity and therefore are
normally called intense or high-intensity sweeteners.

In addition to the sweetness intensity, other characteristics are important for the
assessment of sweeteners, such as side-tastes, for example, bitter or licorice-like
aftertastes and delayed or lingering sweetness or cooling effects. Although polyols
normally have a more or less clean sweetness, most of them have a cooling effect
when ingested as the dry substance. Intense sweeteners may have aftertastes, a
bitter aftertaste like saccharin, a licorice-like taste like steviol glycosides, a
delayed sweetness onset like thaumatin or a lasting sweetness like aspartame and
sucralose. They are therefore often used in combinations balancing their taste
properties.

3.2 Physiology

Most polyols are metabolized, but absorbed only slowly. Partial absorption and
fermentation in the intestine result in some contribution to the calorie content of
foods. The European Union uses 2.4 kcal/g or 10 kJ/g for all polyols except for
erythritol which is noncaloric [10]. Other countries use other, mostly similar, but
not always the same, values for polyols. Osmotic effects and microbial metabo-
lization of polyols in the intestine can result in laxative effects causing intestinal
discomfort after ingestion of larger amounts.

Most intense sweeteners are not metabolized in the human body and are
therefore calorie-free. Others such as aspartame are fully metabolized but, owing
to their intense sweetness, are only used in minute quantities that do not make any
significant contribution to the caloric content of foods or beverages.

The caloric values of the carbohydrates covered here vary from zero calories for
tagatose to the full energy value for, as an example, isomaltulose.

Polyols and intense sweeteners are suitable for diabetics within a suitable diet,
whereas for the fully metabolized carbohydrates the rules for the diet should apply,
although they may not be absorbed as quickly as sucrose or glucose and therefore
trigger a lower blood glucose level than sucrose.
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As intense sweeteners and polyols are either not or only very slowly metabo-
lized by the bacteria of the oral cavity to acids, they are generally considered
noncariogenic [89].

3.3 Applications

Polyols have a similar sweetness level to that of sugar and are therefore used in
similar quantities. Important applications are sweets and confections, chewing
gum, tablets, or carriers for sugar-free powders. Owing to the rather low sweetness
of some polyols, they are often combined with intense sweeteners to adjust the
sweetness to the customary sucrose level.

Intense sweeteners are used in too small a quantity to have any of the tech-
nological functions sugar has in many foods. Therefore their main fields of
application are beverages, table-top sweeteners and dairy products, but also
combinations with some polyols, for example, in confectionery products.

3.4 Regulatory Aspects

Several polyols and intense sweeteners are approved as food additives in the
European Union [11]. Change of their manufacturing processes (e.g., replacement of
synthetic production by fermentation) requires an additional approval [9]. The
reduced-calorie and other carbohydrates are normally not food additives in the EU
regulatory framework. New substances would require approval as novel food;
approved substances produced by a new fermentation process would also require
this approval, but could be notified as substantially equivalent to existing substances
if no significant deviation from the existing product could be demonstrated [4].

In the United States, intense sweeteners with the exception of steviol glycosides
are regulated as food additives; polyols are either Generally Recognized As Safe
(GRAS) or approved as food additives (Anonymous). Substances occurring in
nature are GRAS eligible. For these substances, submission of a GRAS notice to
the US Food and Drug Administration (FDA) is possible. They are considered
acceptable unless the FDA objects or asks questions within 90 days after sub-
mission [5].

Generally, a high purity is required for food uses. The specifications laid down
in legislation, are, however, slightly different among the EU, USA, and interna-
tional proposals.
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Fig. 1 Structures of commercially produced polyols

4 Polyols
4.1 Erythritol

4.1.1 General Aspects and Properties

Erythritol (meso-erythritol, meso-1,2,3,4-Tetrahydroxybutan; Fig. 1) has been
known for a long time. Its potential use as a bulk sweetener was, however, rec-
ognized rather late.

Erythritol is a natural constituent of several foods and beverages in levels
sometimes exceeding 1 g/kg. Its solubility in water is approximately 370 g/L at
room temperature and increases with increasing temperature. Erythritol melts at
121 C and is stable up to more than 160 C and in a pH range from 2 to 10.

Depending on the concentration used, erythritol is approximately 60 % as sweet
as sucrose. It is noncariogenic and not metabolized in the human body which
means that it is more or less calorie-free [26].

In the European Union, erythritol is approved as E 968 for a large number of
food applications [11]. It is GRAS in the United States [6, 8, 12] and also approved
in many other countries.
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4.1.2 Microorganisms Producing Erythritol

Microorganisms producing erythritol have been known for many years [140]. Papers
describing microorganisms producing yields of 35-40 % of the sugar used in the
medium were published as early as 1960 and 1964, and the need carefully to control
nitrogen and phosphorus levels in the medium were also highlighted [39, 139].
Further research resulted in the discovery of a variety of organisms. Among these are
Aspergillus niger [102], Aurobasidium sp. [49], Beauveria bassiana [145], Candida
magnoliae [158], Moniliella sp. [87], especially Moniliella pollinis [29], Penicillium
sp. [80], Pseudozyma tsukubaensis [55], Torula corallina [77), Trigonopsis varia-
bilis [65], Trichosporonoides sp. [90], and especially Trichosporonoides megachi-
liensis [131], Ustilagomycetes sp. [44], and Yarrowia lipolytica [122]. Patent
applications specify a number of different species.

4.1.3 Biochemical Pathways

Different types of microorganisms use different pathways for the biosynthesis of
erythritol.

For C. magnoliae, transaldolases and transketolases are involved [139]. For
mutant strains of C. magnoliae, up-regulated enzymes of the citric acid cycle with
resulting higher NADH and ATP formation, down-regulated enolase, and
up-regulated fumarase with improved conversion of erythritol-4-phosphate to
erythritol were held responsible for the higher yields of erythritol [73]. The
enolase, erythrose reductase, is an NAD(P)H-dependent homodimeric aldose
reductase [78, 79]. Reduction of fumarate production resulted in higher yields of
erythritol inasmuch as fumarate is a strong inhibitor of erythrose reductase, the
enzyme converting this substance to erythritol [77].

Trichosporonoides megachiliensis mainly uses the pentose phosphate way for the
production of erythritol. Transketolase activity was correlated with erythritol yields
under various production conditions. It is therefore concluded that transketolase
appears to be a key enzyme for formation of erythritol in this organism [131].

In Y. lipolytica, glucose is supposed to be converted to erythrose-4-phosphate
via the pentose phosphate pathway and reduced by erythrose reductase to eryth-
ritol-4-phosphate with subsequent hydrolysis of the ester bond [121].

4.1.4 Production

The synthesis of erythritol is rather difficult. One of the possibilities is the catalytic
reduction of tartaric acid with Raney nickel, which does, however, also produce
threitol, a diastereomere of erythritol that requires separation of both. Threitol may
be isomerized which increases the yields of erythritol. Another chemical synthesis
starts from butane-2-diol-1.4 which is reacted with chlorine in aqueous alkali to
yield erythritol-2-chlorohydrin and can be hydrolyzed with sodium carbonate
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solution. Synthesis from dialdehyde starch in the presence of a nickel catalyst at
high temperatures is also possible [16].

Owing to the special physiological properties of erythritol, commercial interest
increased with the discovery of an increasing number of microorganisms able to
produce this substance. Today, the commercial production of erythritol is appar-
ently only based on fermentation.

Erythrytitol fermentations mostly use osmophilic yeasts. Based on regulatory
submissions for commercial production, 7. megachiliensis, M. pollinis [7], and
Y. lipolytica [12] are used. It is also claimed that P. tsukubaensis and Aureoba-
sidium sp. are used for commercial production [95].

Erythritol-producing microorganisms often produce other polyols such as
ribitol. Nevertheless, some strains had a rather high yield of erythritol. A two-step
fermentation of C. magnoliae on 400 g/L glucose resulted in a 41 % conversion
rate and a productivity of 2.8 g/Lh [124]. M. pollinis cultivated on glucose and
several nitrogen sources yielded erythritol concentrations up to 175 g/L with a
conversion rate of 43 %. Oxygen limitation resulted in ethanol formation, and
nitrogen limitation in strong foaming. A mutant gave even better yields [17].

Aerobically on glucose cultured P. tsukubaensis KN 75 produced 245 g/L of
erythritol with an especially high yield of 61 %. The productivity was 2.86 g/Lh.
Scale-up from 7-L laboratory fermenter to 50,000-L industrial scale resulted in
productivities similar to the laboratory value [55].

Several factors influence productivity and conversion rates. Investigated were,
among others, supplementation of the medium with Mn>* and Cu®* for Torula sp.
Supplementation with Mn”* resulted in lower intracellular concentrations of
erythritol, whereas Cu®* increased the activity of erythrose reductase [75]. Phytic
acid, inositol, and phosphate also had a positive effect on the yields in Torula sp. by
increasing the cell growth and increasing the activity of erythrose reductase [76].

A further increase in productivity was obtained by using mutant strains.
Examples are an osmophilic mutant strain of C. magnoliae with a yield of 200 g/L,
a conversion rate of glucose of 43 %, and a productivity of 1.2 g/Lh [70]. Among
several mutants of Moniliella sp. 440 fermented in 40 % glucose and 1 % yeast
extract, the highest yields were 237.8 g/L [88].

Many aspects of fermentation of an osmophilic fungus are described in a thesis
by [16]. A survey covers the most important aspects of fermentation [58].

Owing to the commercial importance of erythritol, much information on pro-
duction conditions is laid down in patent applications. They describe new strains
or species producing erythritol and new mutants that have no commercial
importance or none as yet. Also specific compositions of the media, methods to
reduce viscosity of the media and specific processing, purification, and crystalli-
zation conditions are claimed.

Strains not producing polysaccharides eliminate problems caused by increasing
viscosity of the medium such as reduced oxygen transfer rates with increasing for-
mation of ethanol and difficulties in filtration during processing of the medium [147].
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The use of inorganic nitrogen sources, especially nitrates, as the main nitrogen
source for fermentation of M. pollinis was claimed to facilitate the adjustment of
the pH, the purification, and also to increase the erythritol yields [30].

Common isolation and purification steps are filtration or centrifugation to
remove the microorganisms, demineralization with anion exchangers, other types
of chromatographic separation, decolorization with activated carbon, and crys-
tallization and recrystallization [125].

4.2 Isomalt

4.2.1 General Aspects and Properties

Isomalt is a more or less equimolar mixture of 1-O-a-D-glucopyranosy-D-man-
nitol-dihydrate and 6-0-o-D-glucopyranosyl-D-sorbitol. Different production
conditions, however, allow variations in the ratio of the two products. The solu-
bility in water is about 24.5 % (w/w) at room temperature, but varies with the
composition and increases with increasing temperature. In addition to the dry
isomalt, a syrup is available.

Isomalt is, depending on the concentration, approximately 45-60 % as
sweet as sucrose, stable under normal processing conditions of foods, and
noncariogenic [132].

In the European Union, isomalt is approved as E 953 for a large number of food
applications [11]. It is GRAS in the United States and also approved in many other
countries.

Owing to its low glycemic index, isomaltulose, an intermediate of the pro-
duction, has found increasing interest as a food ingredient in recent years.

4.2.2 Microorganisms Transforming Sucrose into Isomaltulose

For commercial production of isomalt, the sucrose starting material has to be
transformed into isomaltulose. The enzyme for this transformation is a glycosyl-
transferase (sucrosemutase). An organism producing this enzyme suitable for
commercial use is commonly named Protaminobacter rubrum. It is, however,
claimed that it should be Serratia plymuthica [36]. Several other organisms have a
similar enzymatic activity. Among these are Erwinia sp D 12 [59], E. rhapontici
[155], and Klebsiella terrigena JCM 1687 [143].

A variety of enzymes from other sources and cloning into other organisms has
been described in the literature. However, they seem to have no commercial
importance or none as yet.
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4.2.3 Production

For the production of isomalt sucrose is converted to isomaltulose which is then
hydrogenated to yield a mixture of the two components of isomalt (Fig. 2). Although
the production of isomalt itself from isomaltulose is a chemical hydrogenation,
transformation of sucrose into isomaltulose requires enzymatic transformation.

The enzyme sucrosemutase is sensitive to glutaraldehyde, therefore cross-
linking is not possible. For industrial use it is, however, not necessary to isolate the
enzyme, as immobilized cells of the organism can be used. Addition of sodium
alginate to the cultivated cells and subsequent addition of calcium acetate
immobilizes the cells. This allows for the use of the cells in a bed reactor, and also
facilitates the separation of the product from the reaction mixture.

The long-term stability of the immobilized organism is high and can exceed
5,000 h, even if high sucrose concentrations of 550 g/L are used. The yields are
about 80-85 % with 9-11 % of trehalulose and small quantities of other saccha-
rides as by-products.

Prior to hydrogenation, free sucrose has to be removed. This is carried out by
nonviable cells of Saccharomyces cerevisiae. Remaining by-products of the
reaction are converted to the respective sugar alcohols.

Although the hydrogenation of isomaltulose theoretically should yield an
equimolar mixture of the two constituents of isomalt, the share of each component
may vary between 43-57 % depending on the conditions of hydrogenation [120].

An alternative possibility is the direct cultivation of suitable microorganisms
such as P. rubrum on sucrose-containing juices obtained during the production of
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beet and cane sugar. It is claimed that glucose and fructose produced during the
transformation are consumed by the microorganisms which results in lower
amounts of by-products [24].

4.3 Maltitol

4.3.1 General Aspects and Properties

Maltitol is a-D-glucopyranosyl-1.4-glucitol. The solubility in water is approxi-
mately 1,750 g/LL at room temperature. Maltitol is stable under the common pro-
cessing conditions of foods. In addition to dry maltitol several types of syrups are
available.

Maltitol is, depending on the concentration, approximately 90 % as sweet as
sucrose and noncariogenic [60].

In the European Union, maltitol is approved as E 965 for a large number of food
applications. It is GRAS in the United States and also approved in many other
countries.

4.3.2 Production

Maltitol is produced by chemical hydrogenation of maltose, which can be obtained
by enzymatic degradation of starch under conditions similar to those used for other
starch hydrolysates such as glucose. The Starting material can be the different
commercially available starches including corn, potato, and others. A partially
degraded starch, which can be obtained by treatment with diluted hydrochloric or
sulphuric acid and subsequent neutralization or with heat-stable z-amylase, is then
subjected to enzyme treatment for further degradation to maltose-rich products.

Enzymes used for maltose production are ff-amylases, fungal a-amylases, o-1.6-
glucosidases, maltogenic amylases, and debranching enzymes, preferably with
high temperature optimum.

Examples can be found in patent applications for processes for production of
maltose and maltitol [33, 34, 41, 97, 109, 141].

4.4 Mannitol

4.4.1 General Aspects and Properties

D-mannitol (D-mannohexan-1.2.3.4.5.6-hexaol) is a constituent of several plants
including the Manna ash, several edible plants, and seaweed. Parts of the latter
contain up to 10 % mannitol by weight. The solubility in water is approximately
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230 g/L at room temperature and it increases with increasing temperature. Man-
nitol is stable under the common processing conditions of foods.

Mannitol is approximately 50 % as sweet as sucrose and non-cariogenic [52].

In the European Union, maltitol is approved as E 421 for a large number of food
applications. In the United States, mannitol produced by hydrogenation of glucose
or fructose solutions or by fermentation by Zygosaccharomyces rouxii or Lacto-
bacillus intermedius is approved for several food applications. It is also approved
in many other countries.

4.4.2 Microorganisms Producing Mannitol

Several microorganisms are able to produce mannitol, some of which have been
known for a long time [105]. Among these are several species of Aspergillus [135],
C. magnoliae [137], several species of Lactobacillus [153], especially L. inter-
medius, [128], Leuconostoc [20], Penicillium [148], or Torulopsis [104] and
Z. rouxii [101].

4.4.3 Biochemical Pathways

Several heterofermentative lactic acid bacteria produce mannitol in large amounts,
using fructose as an electron acceptor. Under anaerobic conditions, acetylphos-
phate produced in the metabolization of glucose would normally be converted to
ethanol. In the presence of fructose it is used as an electron acceptor and converted
to mannitol by mannitol dehydrogenase. The enzyme requires NADH, or
NADPH,, which is regenerated during hydrogenation of fructose. The now pos-
sible conversion of acetylphosphate to acetic acid is energetically advantageous for
the organism [136]. C. magnoliae also uses mannitol dehydrogenase [13].
Aspergillus sp. uses glucose as the starting material and reduces to fructose-
6-phosphate instead of fructose [81].

4.4.4 Production

The by far largest quantity of mannitol is produced by chemical hydrogenation of
fructose which yields a mixture of mannitol and sorbitol. The mixture is subjected
to fractionated crystallization. As direct sorbitol production is less costly, the
processing costs have mostly to be borne by mannitol which makes it more
expensive than sorbitol. Production from seaweed seems to be of limited
importance.

Possibilities to produce mannitol by fermentation were studied using several
organisms. They mostly use fructose as an acceptor for hydrogen and glucose as a
source of carbon. In a fed-batch culture of C. magnoliae with 50 g/L of glucose as
the initial carbon source and increasing levels of fructose up to 300 g/L in 120 h,



12 G.-W. von Rymon Lipinski

248 g/L. of mannitol were obtained from 300 g/L. of fructose equivalent to a
conversion rate of 83 % and a productivity of 2.07 g/Lh [138].

High yields were obtained from Lactobacillus fermentum grown in a batch
reactor. The conversion rates increased from 25 to 35 C to 93.6 % with average
and high productivities of 7.6 and 16.0 g/Lh [153]. A fast mannitol production of
104 g/ within 16 h was obtained from L. intermedius on molasses and fructose
syrups in a concentration of 150 g/L with a fructose-to-glucose rate of 4:1 [126].
High productivity (26.2 g/Lh) and conversion rates (97 mol%) were obtained in a
high cell density membrane cell recycle bioreactor. Increase of the fructose con-
centration above 100 g/L reduced the productivity [154]. A fed-batch process with
L. intermedius yielded 176 g/LL of mannitol from 184 g/L. fructose and 94 g/L
glucose within 30 h. The productivity of 5.6 g/Lh could be increased to more than
40 g/Lh at the expense of reduced mannitol yield and increased residual substrate
concentrations [112].

As mannitol is more expensive than sorbitol, production by fermentation may
become an alternative to hydrogenation of fructose.

4.5 Sorbitol

4.5.1 General Aspects and Properties

The solubility of D-sorbitol (D-glucitol, is D-glucohexan-1.2.3.4.5.6-hexaol) in
water is up to approximately 2,350 g/ at room temperature. Sorbitol is stable
under the common processing conditions of foods. In addition to the dry sorbitol,
syrups are available.

Sorbitol is, depending on the concentration, approximately 60 % as sweet as
sucrose and noncariogenic [52].

In the European Union, sorbitol is approved as E 420 for a large number of food
applications, in the United States as GRAS, and is also approved in many other
countries.

Sorbitol is generally produced by chemical hydrogenation of glucose or,
together with mannitol, by chemical hydrogenation of fructose.

4.5.2 Fermentation

Several microorganisms are known to produce significant amounts of sorbitol,
especially after genetic engineering.

Zymomonas mobilis grown on glucose, fructose, or sucrose produced sorbitol in
addition to the main product, ethanol. Strain ZM31 gave the highest concentrations
of 43 g/LL when grown on 250 g/L of sucrose. As the mechanism, inhibition of
fructokinase by free glucose and reduction of fructose by a dehydrogenase is
assumed [14]. In a hollow fiber membrane reactor, a productivity of 10-20 g/Lh
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was found for Z. mobilis on 100 g/L each of glucose and fructose. Gluconic acid
was produced simultaneously with similar productivities [107]. Immobilized cells
of Z. mobilis in combination with immobilized invertase produced sorbitol with a
productivity of 5.11 g/Lh and gluconic acid with a productivity of 5.1 g/Lh on
20 % sucrose in a recycle packed-bed reactor [117]. Immobilized and permeabi-
lized cells of Z. mobilis reached more than 98 % conversion of equimolar con-
centrations of glucose and fructose to sorbitol and gluconic acid and maximum
concentrations of 295 g/L. each [115].

A high conversion rate of 61-65 % was found in a Lactobacillus plantarum
strain with a high expression of two sorbitol-6-phosphate dehydrogenase genes
grown on glucose. Small amounts of mannitol were also detected [72].

A high conversion of fructose with 19.1 g/L of sorbitol from 20 g/L of fructose
with methanol as the energy source was reported for small-scale fermentation of
Candida boidinii No. 2201 [144].

Inasmuch as glucose as the starting material and hydrogenation leads to a low-
cost production process it seems unlikely that production of sorbitol by fermen-
tation will play a significant role, at least in the near future.

4.6 Xylitol

4.6.1 General Aspects and Properties

The solubility of D-xylitol (D-xylopentan-1.2.3.4.5-pentaol) in water is approxi-
mately 1,690 g/L at room temperature. Xylitol is stable under the common pro-
cessing conditions of foods.

Xylitol is, depending on the concentration, similarly or slightly sweeter than
sucrose and noncariogenic [159].

In the European Union, xylitol is approved as E 967 for a large number of food
applications. In the United States, it is approved for use in foods following Good
Manufacturing Practice and it is also approved in many other countries.

4.6.2 Microorganisms Producing Xylitol

Xylitol can be formed through reduction of xylose by a xylose reductase, in many
organisms a NADPH-dependent enzyme [2].

Microorganisms producing xylitol have been studied extensively. Many organ-
isms are able to produce xylitol. Among these are C. boidinii [150], Candida guil-
liermondii [103], C. magnoliae [69], Candida maltosa [37], Candida mogii [146],
Candida parapsilosis [99], Candida peltata [127] Candida tropicalis [133],
Corynebacterium sp. [113], especially Corynebacterium glutamicum [130], De-
baryomyces hansenii [106], Hansenula polymorpha [129], Mycobacterium
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smegmatis [50], Pichia sp., especially Pichia caribbica, Issatchenkia sp., and
Clavispora sp. [142].

Not only mutants of C. tropicalis [35, 54, 56, 114] and C. magnoliae [69], but
also genetic engineering was used in several organisms to improve xylitol pro-
duction. Genetic engineering was used to replace the xylose reductase in some
organisms in which this enzyme is significantly repressed in the presence of
glucose [53].

Strains of C. tropicalis with a disrupted gene for xylitol dehydrogenase which
catalyzes the oxidation of xylitol to xylose were studied [68]. In one strain, genes
were co-expressed that respectively encode glucose-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase, under the control of glyceraldehyde-3-
phosphate dehydrogenase promoter [2]. In another strain, a highly efficient xylose
reductase from Neurospora crassa, which is not expressed as such in C. tropicalis,
was modified and placed in a strain under control of a constitutive glyceraldehyde-
3-phosphate dehydrogenase of C. tropicalis. This allowed for the use of glucose as
a co-substrate with xylose [53]. A gene for an NADH-dependent xylose reductase
from C. parapsilosis was transferred to C. tropicalis which resulted in dual
co-enzyme specificity [79].

Higher productivities in C. glutamicum were especially achieved when the
possible formation of toxic intracellular xylitol phosphate was avoided by elimi-
nation of genes encoding xylulokinase (XylB) and phosphoenolpyruvate-depen-
dent fructose phosphotransferase (PTSfru) to yield the strain CtXR7 [130].

Further examples comprise the modification of Escherichia coli W3110 to
produce xylitol from a mixture of glucose and xylose [61] and E. coli containing
xylose reductase genes from several sources [23]. Xylitol-phosphate dehydroge-
nase genes were isolated from Lactobacillus rhamnosus and Clostridium difficile
and expressed in Bacillus subtilis [108]. D-xylose reductase from Pichia stipitis
CBS 5773 and the xylose transporter from Lactobacillus brevis ATCC 8287 were
expressed in active form in Lactococcus lactis NZ9800 [98], and S. cerevisiae was
supplemented with a xylose reductase gene from P. stipitis [82].

4.6.3 Production

Xylitol is mostly produced by chemical hydrogenation of xylose which is obtained
by hydrolysis of xylans of plants such as birch and beech trees, corn cobs, bagasse,
or straw, but also by fermentation of xylose, for example, using Candida species.

Xylose, especially for hydrogenation, requires a high purity. It may be obtained
from wood extracts or pulp sulfite liquor, a waste product of cellulose production,
by fermentation with a yeast that does not metabolize pentoses. Some strains of
S. cerevisiae, Saccharomyces fragilis, Saccharomyces carlsbergensis, Saccharo-
myces pastoanus, and Saccharomyces marxianus are suitable for this purpose [51].
Hydrolysates of xylan-rich material are often treated with charcoal and ion-
exchangers to remove by-products causing problems in hydrogenation or
fermentation.
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Many studies of xylitol production by fermentation have been published.
Different organisms, substrates, and conditions were investigated. As the starting
material, xylose or xylose in combination with glucose was used. Fermentation
was carried out in batch reactors as well as continuously [134].

Among the variations studied was cell recycling in a submerged membrane
bioreactor for C. tropicalis with a high productivity of 12 g/Lh, a conversion rate
of 85 % and a concentration of 180 g/L [71]. Many studies addressed the
immobilization of cells such as S. cerevisiae [119], C. guilliermondii [19], or
D. hansenii [28], especially with calcium alginate.

In some studies, high xylitol concentrations, conversion rates and productiv-
ities were achieved. For C. tropicalis, concentrations of 290 g/L, a conversion
rate of 97 %, and a productivity of more than 6 g/Lh [66], and 180 g/L, 85 %
conversion, and 12 g/Lh were reported [71]. For C. guilliermondii, a concen-
tration of 221 g/L. (conversion rate of 82.6 %; [92]), for C. glutamicum, a
concentration of 166 g/L at 7.9 g/Lh [130], and for D. hansenii, a concentration
of 221 g/L and a conversion rate of 79 % [27] were reported. With S. cerevisiae,
productivities of up to 5.8 g/Lh were observed [119].

4.7 Others

Polyols can generally be produced by hydrogenation of sugars and some also by
fermentation. Most of the other polyols are, however, of no commercial interest for
the food industry. The only other polyol of some importance is lactitol (E 966),
produced by chemical hydrogenation of lactose, a constituent of milk. It seems that
no possibilities for production of lactitol by fermentation have been investigated.

5 Intense Sweeteners
5.1 Aspartame

5.1.1 General Aspects and Properties

Aspartame (N-L-aspartyl-L-phenylalanine-1-methyl ester, 3-amino-N-(a-carbome-
thoxy-phenethyl)-succinamic acid-N-methyl ester) is an intense sweetener widely
used in foods and beverages. Its solubility in water is approximately 10 g/L at room
temperature. Aspartame is not fully stable under common processing and storage
conditions of foods and beverages with the highest stability around pH 4.3 [1].
Aspartame is about 200 times sweeter than sucrose with a clean, but slightly
lingering sweetness. It is used as the single sweetener, but often also in blends with
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other intense sweeteners owing to synergistic taste enhancement and taste quality
improvement often seen in such blends.

In the European Union, aspartame is approved as E 951 for a large number of
food applications. In the United States, it is approved as a multipurpose sweetener
for food and beverage uses and it is also approved in many other countries.

5.1.2 Production

Aspartame is produced from L-aspartic acid and L-phenylalanine and methanol or
alternatively L-phenylalanine methyl ester. The standard process uses common
chemical methods of peptide synthesis. Enzymatic coupling of the two amino
acids is also possible. N-formyl-L-aspartic acid and L- or b.L-phenylalanine methyl
ester can be condensed to aspartame by thermolysin-like proteases [43] The
formylated aspartame can be deformylated chemically or with a formylmethionyl
peptide deformylase to yield the sweetener [111].The enzymatic coupling does not
require L-phenylalanine but can start from the racemic product obtained in
chemical synthesis, and the remaining D-phenylalanine can be racemized again
[151] (Fig. 3).

Production processes based on fermentation are available for the two main
components, aspartic acid and phenylalanine [40, §83]
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Fig. 4 Structure of steviol
glycosides; R = mono- or
disaccharide residues

5.2 Steviol Glycosides

5.2.1 General Aspects and Properties

Steviol glycosides (Fig. 4) are a family of related substances occurring in Stevia
rebaudiana, a plant originating in South America, but now also cultivated in Asian
countries especially. Main components are typically stevioside and rebaudioside A.
The ratio of the different components varies, depending on the product. It may be
changed by breeding, which aimed especially at an increase in Rebaudioside A, the
product with the best sensory properties. Depending on the composition, steviol
glycosides are 200-300 times as sweet as sugar but leave a more or less pronounced
bitter and licorice aftertaste. They are stable under normal processing conditions of
foods and beverages, but only poorly soluble in water [18].

In the European Union, steviol glycosides are approved as E 960 for a large
number of food applications. In the United States, several preparations are GRAS.
Steviol glycosides are also approved in many other countries, especially in Asia
and South America.

Steviol glycosides are extracted from the leaves of the Stevia plant. The extracts
are purified further by flocculation and treatment with ion exchangers before
crystallization of the steviol glycosides.

5.2.2 Enzymatic Modifications

To overcome the taste disadvantages of steviol glycosides and their limited
solubility, enzymatic modifications were studied. Transglycosylations were used
to improve taste quality and solubility. Among the different products obtained,
a-glucosyl stevioside seems to be the most interesting. Glucosylated steviosides
can be obtained from stevioside and o-glucosyl oligosaccharides including
maltose, maltooligosaccharides, or sucrose in the presence of glucosyltransferases
[93]. Effective transglycosylation was also achieved with dextrin dextranase of
Acetobacter capsulatus in a mixture of stevioside and a starch hydrolysate with
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isoamylase [157]. Glucosyl stevioside has a less pronounced aftertaste than
stevioside, is better soluble, of similar sweetness as stevioside, and approved in
Japan but neither in Europe nor in the United States.

Transglycosylations of the other steviol glycosides are also possible but
apparently of lower, if any, practical importance.

5.3 Thaumatin

5.3.1 General Aspects and Properties

Thaumatin is a mixture of sweet proteins occurring in the arils of the fruits of the
African plant Thaumatococcus daniellii. Thaumatins I and II are the main com-
ponents, but four more thaumatin molecules are known [67]. The proteins may be
extracted with water. Thaumatin is about 2,000-2,500 times sweeter than sucrose
but has a lingering sweetness. In addition to its sweet taste, it has flavor-enhancing
properties. It is freely soluble in water and of fairly good stability [42].

In Europe, thaumatin is approved as E 957 for use as a sweetener. It is also
approved in a variety of other countries, but in the United States, GRAS as a flavor
enhancer only.

5.3.2 Fermentation

Genes encoding thaumatin, mostly thaumatin II, were expressed in several
organisms. Among the organisms heterologously producing thaumatin are
Aspergillus awamori [32, 96], A. oryzae [38], E. coli [25], Penicillium roqueforti
[31], Pichia pastoris [91], and Streptomyces lividans [48]. Thaumatin I was pro-
duced in P. pastoris, too [47]. The thaumatins A and B, but not Thaumatin I were
secreted by engineered S. cerevisiae [74]. Proteolytic activities of the production
organism may impair the yields, as steps to eliminate this activity significantly
improved the yields [96]. When specifically investigated, the secreted products
were sweet [25, 32, 47, 91].

The recombinant expression in plant cells was studied, too. The secretion of
small levels of thaumatin by recombinant hairy root cells of tobacco could be
achieved. However, the yields decreased with increasing amounts of proteases in
the medium [110].

5.4 Others

Most intense sweeteners are synthetic products [151]. Approved for food use are
acesulfame K (E 950), cyclamate (E 952), neohesperidin dihydrochalcone (E 959),
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saccharin (E 954), sucralose (E955), and neotame (E 961). Aspartame—acesulfame
salt (E 962) is produced by a reaction of acesulfame acid with aspartame.

Neotame (E 961), (N-(N-(3,3-dimethylbutyl)-L-a-aspartyl-L-phenylalanine
1-methyl ester, is obtained by reacting aspartame with 3,3-dimethylbutyraldehyde.

Advantame, N-[N-[3-(3-hydroxy-4-methoxyphenyl) propyl-a-aspartyl]-L-phen-
ylalanine 1-methyl ester, monohydrate, is synthesized from aspartame and 3-(3-
hydroxy-4-methoxyphenyl)-propionaldehyde. It is not yet approved in the
European Union and the United States.

A variety of other sweet-tasting compounds was discovered in plants [67]. Most
of these have no commercial importance. Dried aqueous extracts of Siraitia
grosvenori (formerly Momordica grosvenori) are called Luo Han Guo and are
regarded GRAS in the United States, but not approved in Europe.

Glycrrhizin, triterpene glycoside salts occurring in the roots of licorice, is not
approved as a sweetener, but as a flavoring. Extracts from the roots are up to 100
times sweeter than sucrose. The 3-O-f-D-monoglucuronide can be prepared using
an enzyme from Cryptococcus magnus. It is more than 900 times sweeter than
sucrose [94], but not approved in Europe and the United States.

6 Carbohydrates
6.1 Isomaltulose

Isomaltulose, 6-O-a-D-Glucopyranosyl-D-fructofuranose, is a carbohydrate that
has found interest owing to its low glycemic index and noncariogenicity [152]. It is
approved as a novel food in the European Union and GRAS in the United States.
Production details are given above under isomalt.

6.2 Tagatose

6.2.1 General Aspects and Properties

D-tagatose is a carbohydrate occurring in small amounts in several foods. The
solubility in water is approximately 580 g/L at room temperature. As a ketohex-
ose, tagatose reacts in foods in browning reactions like other ketohexoses, for
example, fructose (Fig. 5).

Tagatose is, depending on the concentration, approximately 92 % as sweet as
sucrose and noncariogenic. The caloric value of tagatose is generally set to
1.5 kcal/g [149].

In the European Union, tagatose is approved as a novel food. In the United
States, tagatose has GRAS status and it is also approved in many other countries.
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6.2.2 Microorganisms Producing Tagatose

Enzymatic transformation of galactose into tagatose is possible with L-arabinose
isomerase which is found in many microorganisms. Enzymes stable at high tem-
peratures were found in Acidothermus cellulolytics [21], Anoxybacillus flavither-
mus [84], Geobacillus thermodenitrificans [100], Thermoanaerobacter mathranii
[85], Thermotoga maritime, Geobacillus stearothermophilus [46], Thermotoga
neapolitana [86], and Thermus sp. [63]. A thermostable galactose isomerase was
isolated from bacteria [64].

Mutations were induced to increase the production rates of tagatose, for
example, in G. thermodenitrificans [100] or G. stearothermophilus [62].

Genetic engineering to improve the performance of fermentation and to use
common organisms was reported in several studies. The overexpression of genes
of T. mathranii [57], Bacillus stearothermophilus [21], T. neapolitana [45], or
A. cellulolytics [22] in E. coli was described.

6.2.3 Production

Tagatose is produced from galactose, which can be obtained by enzymatic
hydrolysis of lactose, the main carbohydrate of milk. Galactose is separated from
glucose by chromatography and either isomerized by treatment with calcium
hydroxide, subsequent precipitation of calcium carbonate with carbon dioxide,
filtration, demineralization with ion exchangers and crystallization [15], or con-
verted enzymatically.

Especially high conversion rates of 96.4 % were obtained with an enzyme
extract of an engineered E. coli [118], and of 60 % at 95 C for A. flavithermus in
the presence of borate [84]. Conversion rates of 58 % were reported for an enzyme
obtained from a mutant of G. thermodenitrificans [100], of 54 % at 60 C for a
recombinant enzyme of Thermus sp. expressed in E. coli [63], and of more than
50 % at 75 C for E. coli containing an enzyme of A. cellulolytics [21, 22].

Immobilized enzymes or whole cells were used for practical applications. In
some studies, high yields and productivities were achieved.

Immobilized L-arabinose isomerase in calcium alginate produced 145 g/L. of
tagatose with 48 % conversion of galactose and a productivity of 54 g/Lh in a
packed-bed reactor [123]. An enzyme of 7. mathranii immobilized in calcium
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alginate had its optimum at 75 C with a conversion rate of 43.9 % and a
productivity up to 10 g/Lh with, however, lower conversion. After incubation of
the resulting syrup with S. cerevisiae, purities above 95 % were achieved [85]. The
enzyme of T. neapolitana immobilized on chitopearl beds gave a tagatose
concentration of 138 g/L at 70 C [86].

Lactobacillus fermentum immobilized in calcium alginate had a temperature
optimum of 65 C. A conversion rate of 60 % and a productivity of 11.1 g/Lh were
obtained in a packed-bed reactor after addition of borate [156].

Direct production of tagatose in yogurt was possible by expressing the enzyme
of B. stearothermophilus in Lactobacillus bulgaricus and Streptococcus thermo-
philus [116].

6.3 Others

A variety of other reduced-calorie or caloric sweeteners was studied in the course
of the last years. Properties, production cost, or lack of advantages over established
sweet-tasting carbohydrates resulted in no market success [152].
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Biopreservatives

Dieter Elsser-Gravesen and Anne Elsser-Gravesen

Abstract Food producers of today are met with inherently contradictory demands
as seen from a microbiological point of view: producing foods that are less stable
(due to nutritional and taste requirements) by processes that confer less control of
the detrimental microflora (due to trends of convenience, minimal processing, and
reducing or removing additives including preservatives). How should food pro-
ducers manage to develop such products with a sufficiently long shelf-life and at a
competitive price? Some of the most promising tools to this end are the so-called
biopreservatives, which are various types of products derived from lactic acid
bacteria and other suitable microorganisms, namely bacteriocins and other anti-
microbials, fermentates, bioprotective cultures, and bacteriophages. This chapter
provides an overview of the scientific background and functionality, as well as
food applications and further commercial aspects of each of these categories of
biopreservatives.
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1 Introduction

The exploitation of biopreservation is by no means a new concept. Biotechno-
logical processes for preserving food have already been used for thousands of
years, even though the underlying mechanisms were not understood. Today,
biopreservation of foods is as relevant as ever before because it is one of the few
possible answers to what at first glance appears to be totally contradictory trends
and demands:

e Health trends: The levels of salt, sugar and fat in foods are under pressure to be
reduced. These changes are beneficial for human health, but they also all confer
an increase in water activity, which provides a friendlier environment for
microorganisms.

e Taste preferences: In many products, trends are towards a milder (i.e. less
acidic) taste, which results in a higher pH that again is less adverse for
microorganisms.

e Perception of “natural”: This results in milder or minimal processing, which
results in a fresher appearance of the food but also less inactivation of unwanted
microorganisms. Furthermore, it increases the demand for “preservative-free”
products.

e Convenience trends (“practically homemade”): There are two main risks
associated with this trend—namely, more extensive processing, which results in
more steps in which contamination with detrimental microorganisms can occur,
and the need for proper handling by the consumer (e.g. sufficient heating), which
may be neglected.

e Durability and open shelf-life: Market access and economically viable logistics
require a long shelf-life. Furthermore, a sufficient open shelf-life is required to
ensure customer loyalty.

e Ethical issues: Concerns such as corporate social responsibility, carbon dioxide
(CO,) footprint, and fair-trade and organic products put restrictions on which
solutions a food producer can employ.

All in all, these trends lead to food formulations that provide better growth
conditions for microorganisms, milder processing that results in less initial
reduction, more processing steps that increase the risk of contamination, a need for
longer shelf-life, and pressure to reduce food waste. In addition, many of the
conventional preservatives are deemed to be unacceptable by trendsetters and
consumers. Everyone wants preservative-free food, but most will agree that we
cannot maintain our present society and standard of living—and certainly cannot
reduce the global food waste problems—with food that is not preserved.

There is thus a strong market need for natural food protection solutions that can
ensure both food safety (i.e. reduce the number and/or outgrowth of pathogenic
microorganisms) and food shelf-life (i.e. delayed development of the spoilage
microflora). One of the few possible solutions is biopreservation based on the
concept of using food-grade microorganisms as so-called cell factories (Fig. 1).
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Fig. 1 Overview of the main categories of biopreservatives that can be produced by using lactic
acid bacteria and other suitable microorganisms as “cell factories”

Food-grade microorganisms can form a multitude of different substances that
are inhibitory to other microorganisms. These mechanisms are part of the natural
balance in complex microbial ecosystems. By exploiting the fittest of the naturally
occurring microorganisms in organoleptically appealing food products, it is con-
ceivable to design preservation systems that ensure an adequate safety and shelf-
life while maintaining the desired quality of the food product.

The biopreservation principles from food-grade microorganisms can be cate-
gorized according to the antimicrobial compound (e.g. bacteriocin, other metab-
olites, bacteriophages, enzymes) as well as product format (purified antimicrobial,
fermentate, protective culture), as illustrated in Fig. 1. Not all microbial inhibitory
mechanisms are fully understood, and not all antimicrobial metabolites from food-
grade microorganisms have yet been discovered. It is highly likely that the near
future will bring new understanding and discoveries, which will further expand the
options for natural food biopreservation systems.

When investigating biopreservation systems, one should not search for “the
silver bullet”. As described by Roller [76]: “Antimicrobial compounds in nature
rarely function in isolation; combination systems such as those found in the hen’s
egg are far more common.” This principle is central for developing sound bio-
preservation solutions. Targeted intelligent strategies based on multifactorial
systems are the most likely to succeed for protecting food against detrimental
microorganisms.

This chapter gives an overview of the current knowledge on biopreservative
compounds and concepts, covering solutions that are actually being used indus-
trially today, and points out perceivable directions for future solution development.
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2 Nisin

Nisin is a cationic, amphiphilic peptide produced by various strains of Lactococcus
lactis, which has a relatively broad target spectrum that inhibits a wide range of
gram-positive bacteria. The antimicrobial property of nisin was first observed in
1928, when it was reported that inhibition of a dairy starter culture was caused not
by phages but by a strain of L. lactis (formerly called lactic streptococci and group
N streptococci) [75]. The inhibitory compound was further studied the following
years and given the name nisin, alluding to its origin as a “group N streptococci
Inhibitory Substance” [65]. The application of nisin for preservation of dairy
products was suggested already in 1951 for inhibiting blowing of Swiss-type
cheese [49]. Soon after, the first commercial preparation was made by Aplin and
Barret in 1953. The use of nisin as a food preservative was approved by the Food
and Agriculture Organization of the United Nations and World Health Organi-
zation (WHO) in 1969, by the European Union (EU) in 1983 (E 234), and granted
Generally Recognized As Safe (GRAS) status by the U.S. Food and Drug
Administration (FDA) in 1988.

Thus, nisin has a long history of safe use in food. It is the only purified
bacteriocin that is widely approved as food additive—a fact which presumably
also reflects its early discovery. Through the years, a substantial number of sci-
entific papers have described the biosynthesis, chemical and physical properties,
mode of action, and practical applications of nisin, and furthermore the accrued
knowledge has been extensively reviewed. (For comprehensive reviews, see [13,
25, 87, 89]. A short summary is given below, with focus on aspects that affect
industrial applications.

Nisin belongs to the lanthionine-containing bacteriocins, which are designated
as class I bacteriocins (Table 1). Production of bacteriocins containing the unusual
lanthionine residues, which are formed by posttranslational modifications, is not
uncommon amongst lactic acid bacteria; linear, globular, and two-peptide variants
have been characterized. Many of these peptides are effective at low concentra-
tions against a wide range of gram-positive bacteria, which has been attributed to a
common mode of action: nisin and other lantibiotics bind with high affinity to a
docking molecule in the cell envelope of target bacteria, lipid II, an intermediary
molecule for building bacterial cell walls [52]. Nisin is a linear lantibiotic that
exerts its antibacterial action through inhibiting cell wall formation as well as
forming membrane pores; it is furthermore active against spores. Several variants
of nisin occur naturally; the two that are currently available as commercial
products, nisin A and nisin Z, differ in one amino acid, which confers a difference
in charge and solubility.

Lipid II is an essential and highly conserved molecule, providing the broad
target spectrum of lantibiotics against gram-positive bacteria. However, in gram-
negative bacteria, lipid II is protected under the outer membrane. These organisms
are therefore only sensitive to lantibiotics in cases where their outer membrane has
been disrupted. The producer organisms, being gram-positive bacteria themselves,
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Table 1 Classification of bacteriocins produced by lactic acid bacteria as suggested by Cotter
et al. [13]

Classification Remarks/suggestions Examples
Class I
Lanthionine- Includes both single- and two-peptide Single-peptide: nisin,
containing lantibiotics; up to 11 subclasses have mersacidin, lacticin 481
bacteriocins/ been proposed Two-peptide: lacticin
lantibiotics 3147, cytolysin
Class II
Non-lanthionine- Heterogeneous class of small peptides; Class Ila: pediocin PA1,
containing includes pediocin-like (subclass a leucocin A
bacteriocins bacteriocins), two-peptide (subclass b Class IIb: lactacin F
bacteriocins), cyclic (subclass c; Class Ilc: enterocin AS48,
formerly class V), non-pediocin single reuterin 6
linear peptides (subclass d) Class IId: lactococcin A,

divergicin A
Bacteriolysins (Suggested that these are no longer considered bacteriocins)
Non-bacteriocin Large, heat-labile proteins, often murein  Lysostaphin, enterolysin A
lytic proteins hydrolases

are protected by a dedicated immunity system that is encoded in conjunction with
the biosynthesis genes [2].

A general concern with the prolonged use of an antimicrobial is the potential
development of resistance in the target microorganisms. A moderate reduction in
nisin sensitivity due to various modifications in the cell envelope has been
described for laboratory-acquired mutants [55]; a prevalent mechanism involved
enhanced expression of a penicillin-binding protein [41], which could reduce the
accessibility or the affinity of nisin to lipid II. However, high level or complete
resistance to nisin has not been observed, presumably due to the essential nature of
the docking molecule. Transfer of the immunity system from producer to target
organisms has similarly not been reported.

The tested and actual applications of nisin are numerous. Initially, nisin was
used in conjunction with heat treatment to prevent spoilage of processed cheese by
heat-resistant spores. Since then, effective use of nisin has been demonstrated both
for shelf-life and safety purposes in various types of food, including dairy products
and processed meats and vegetables [34, 81]. Nisin is particularly effective in heat-
treated low pH products.

Technical limitations to be aware of relate to the characteristics of the nisin
molecule as well as the mode of action. Nisin is sensitive to degradation by
peptidolytic enzymes (e.g. in raw meat) and can be sequestered in food matrices
(e.g. in the fat phase). In addition, nisin is relatively heat-stable at low pH but not
at neutral or higher pH. Furthermore, if used in fermented products, nisin will
inhibit gram-positive starter cultures.

The efficacy and application range of nisin, like any other antimicrobial, can be
expanded by use in a multifactorial system. Nisin can be protected from pepti-
dolytic enzymes or sequestering by incorporation in liposomes [63] or
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incorporation in edible coatings or films [11]. Efficacy and target range can be
enhanced by combination with plant extracts or essential oils or with physical
treatments, such as high hydrostatic pressure [48, 91].

As mentioned previously, nisin was first approved for food applications in
1969. The initial approvals were based on toxicity testing results from 1962 [33,
46]. Recently, two independent studies have shown that even a very high daily
intake was not toxic [44, 45]. In the EU, nisin is currently approved as additive in
ripened and processed cheese, clotted cream, puddings such as semolina or tapi-
oca, mascarpone, and pasteurized liquid egg. In the United States and Australia/
New Zealand, further approvals have been granted, such as for use in sauces,
soups, salads, dressings, and ready-to-eat and processed meat products.

Nisin-containing products on the market are manufactured by a batch fer-
mentation process followed by concentration, drying, milling, and standardization
[21]. For many years, Nisaplin, which contains 2.5 % nisin A and is standardized
with salt, was the main product on the market (developed by Aplin and Barrett,
now DuPont). In recent years, other producers have emerged, and both nisin A and
nisin Z are now commercially available. However, toxicology studies were per-
formed with nisin A.

In addition to the products consisting of standardized nisin A or Z, some
combination products are also available, such as those combined with rosemary
extract. Furthermore, nisin-producing cultures are available (see Sect. 5).

3 Natamycin

Natamycin was discovered in the 1950s. As described by Struyk et al. [84], “A
new crystalline antibiotic, pimaricin, has been isolated from fermentation broth of
a culture of a Streptomyces species, isolated from a soil sample obtained near
Pietermaritzburg, State of Natal, Union of South Africa. This organism has been
named Strepyomyces natalensis”. The original name “pimaracin” can be found in
earlier publications but it is no longer accepted by the WHO [24]. Natamycin is
classified as a macrolide polyene antifungal and is characterized by a macrocyclic
lactone-ring with a number of conjugated carbon—carbon double bonds (Fig. 2).
The full chemical name is 22-(3-amino-3,6-dideoxy-f-D-manno pyranosol) oxy-
1,3,26 trihydroxy-12-methyl-10-0x0-6,11,28-trioxiatri [22.3.1.05.7] o catosa-
8,14,16,18,20-pentanene-25-carboxylic acid.

Natamycin has a low solubility in water (approximately 40 ppm), but the
activity of neutral aqueous suspensions is very stable. Natamycin is stable to heat
and it is reported that heating processes for several hours at 100 °C lead to only
slight activity losses. Natamycin is active against almost all foodborne yeasts and
molds but has no effect on bacteria or viruses. The sensitivity to natamycin in vitro
(minimal inhibitory concentration) is in most cases below 20 ppm (see Table 2).

Natamycin acts by binding irreversibly with ergosterol and other sterols, which
are present in the cell membranes of yeasts and vegetative mycelium of molds. It
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Fig. 2 The chemical
structure of natamycin

Table 2 Sensitivity to natamycin of fungi occurring on sausages (Adapted from [83]

Molds and yeasts Minimal inhibitory Source of microorganisms
concentration (ppm)
Aspergillus flavus 10-20 Air
Aspergillus niger <5 Fruit
Cladosporium cladosporioides <5 Meat stamp
Eurotium appendiculatum <5 Smoked sausage
Mucor racemosus <5 Sausage
Penicillium chrysogenum <5 Meat
Penicillium nalgiovense <5 Sausage
Rhizopus stolonifer 5-10 Bread
Candida zeylandoides <5 Sausage
Debaryomyces hansenii <5 Sausage
Rhodutorula mucilaginosa <5 Air
Trichosporon pullulans <5 Frozen beef

disrupts the cell membrane and increases the cell permeability, which finally leads
to cell death. The fungicidal of natamycin is an “all-or-none” effect, which
destroys the cell membrane of the target cells [57].

Due its interaction with ergosterol, which is a major constituent of fungal cells,
it is unlikely that fungi will develop resistance. So far, after many decades of use,
no development of resistance has been reported. Natamycin is mostly used for
surface applications, particularly for treating surfaces of hard cheese and salami-
type sausages. One of the advantages over sorbate is that even the dissolved
fraction of natamycin hardly migrates into the food matrix. As shown in Table 3,
natamycin can be applied by spraying the surface (e.g. of cheese), by dipping, by
applying natamycin via coating emulsions or by direct addition.

The antifungal efficacy of natamycin has been extensively studied and a sub-
stantial amount of scientific papers have been published. Comprehensive overview
articles are available [20, 24, 83]. However, due to its long history of use, no data
on application studies have been published recently.

Natamycin does not have acute toxicity. In animal studies, the lowest median
lethal dose found was 450 mg/kg. The long history of safe use in food products
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Table 3 Applications of natamycin, with suggested dosage levels and methods of application

Food application Suggested Method
natamycin
dosage levels (ppm)

Hard/semihard cheese 1,250-2,000 Surface treatment by spray or immersion
500 Direct addition to coating emulsion

Meat products: dry 1,250-2,000 Surface treatment by spray or immersion

sausage

Yogurt 5-10 Direct addition to yogurt mix

Bakery products 1,250-2,000 Surface treatment by spray

Tomato purée/paste 7.5 Direct addition during mixing

Fruit juice 2.5-10 Direct addition

Wine 3040 Direct addition to stop fermentation
3-10 Added after bottling to prevent yeast/mold

growth

Source [88]

confirms that natamycin is a safe antifungal preservative. As acceptable daily
intake, 0.3 mg/kg body weight/day was suggested Smith and Moss [82]. In the
scientific opinion on the use of natamycin (E 235) as a food additive from the
European Food Safety Authority [26], “The Panel considered that the proposed
use of levels of natamycin are not of safety concern if it is only used for the surface
treatment of the rind of semi-hard and semi-soft cheese and on casings of certain
sausages. The Panel concluded that there was no concern for the induction of
antimicrobial resistance.”

Natamycin is allowed as antifungal preservative in many countries, but details
on authorization vary from country to country. In the European Union, natamycin
is permitted for the surface treatment of hard, semihard, and semisoft cheese and
dried cured sausages. According the EU Directive 1333/2008, the maximum
permitted level is 1 mg/dm? surface.

Commercial preparations are produced by fermentation of sugar-based sub-
strates by Streptomyces natalensis. Natamycin is then recovered by extraction,
filtration, and spray drying. The dried powder can be stored for years without any
activity loss.

4 Other Bacteriocins

Microorganisms produce a diverse range of microbial defense molecules,
including the classical antibiotics, numerous types of protein exotoxins, lytic
agents, metabolic byproducts, and bacteriocins [74]. The latter group has received
particular attention due to a perceived high potential for exploitation for food
preservation [13].

Bacteriocins are ribosomally synthesized, extracellularly released antimicrobial
peptides that have a bacteriocidal or bacteriostatic effect on other microorganisms.
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Bacteriocin production is a common feature of food-grade lactic acid bacteria
(LAB). The first discovered bacteriocin was nisin, as described previously, and it
was subsequently estimated that up to 99 % of all bacteria produce at least one
bacteriocin [56]. Since then, the variety of both bacteriocin-producing LAB and
bacteriocin molecules has proven to be very diverse. It has thus become evident
that the natural presence of bacteriocins in microbial ecosystems (e.g. fermented
foods) is quite common.

Parallel to the discovery of new bacteriocins, schemes for classifying the
molecules have been proposed and modified. Table 1 shows the modification of
Klaenhammer’s original classification [56], which was suggested by Cotter et al.
[14]. However, it is likely that the classification will still be modified as more
knowledge on the LAB bacteriocins emerges (e.g. [47]. Class I, the lantibiotics
(including nisin), and class II, the unmodified bacteriocins (including the class Ila
pediocin-like antilisterial bacteriocins), constitute the most abundant, the best
characterized, and presumably also the most useful of the food-grade bacteriocins.

Food-relevant class I bacteriocins include the lactococcal lantibiotics, lacticin
3147 and lacticin 481, which have shown good efficacy for both shelf-life and food
safety purposes, particularly in dairy products [43]. The lantibiotics generally have
a wide target range conferred by their interaction with lipid II, similarly to nisin, as
described in detail in Sect. 2.

The class Ila bacteriocins are small, heat-stable unmodified peptides with a
conserved YGNGV motif in their N-terminal domain. They are often referred to as
pediocin-like, reflecting that some of the first characterized Ila bacteriocins were
produced by Pediococcus [70]. It is now apparent that this is a really widespread
type of family of peptides [14]. As listed in Table 4, ITA bacteriocins are produced
by a variety of LAB in addition to Pediococcus including Lactobacillus, Entero-
coccus, Carnobacterium, Leuconostoc, Streptococcus and Weissella. The Ila-
producing LAB have been isolated from various dairy, fermented sausage, and
vegetable products and also from the mammalian gastrointestinal tract. Further-
more, the non-LAB species Bifidobacterium bifidum, Bifidobacterium infantis,
Bacillus coagulans and Listeria innocua have also been reported to produce Ila
bacteriocins.

In contrast to nisin, the class Ila bacteriocins have a relatively narrow target
spectrum. They are generally active against Listeria species, and against some
species of Clostridium, Enterococcus, Carnobacterium, Lactobacillus, Pediococcus
and occasionally Streptococcus and Leuconostoc. These bacteriocins have thus
primarily been tested in foods for their antilisterial properties. The class Ila speci-
ficity reflects their mode-of-action: the Ila bacteriocins bind to a target molecule, a
sugar uptake system called the mannose phosphotransferase system (man-PTS), and
subsequently form membrane pores and kill the sensitive cells. The man-PTS
sequence is not completely conserved, and the variation in man-PTS sequences are
reflected in varying sensitivities to Ila bacteriocins, from highly sensitive to com-
pletely insensitive [14]. Furthermore, elimination of the man-PTS expression can
confer high-level resistance to class Ila bacteriocins in otherwise sensitive organ-
isms [55], and this appears as a general mechanism for spontaneous Ila resistance
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Table 4 Examples of class Ila bacteriocins

Bacteriocin® Producing species and strains Source
Pediocin AcH Lactobacillus plantarum WHE92 Muenster cheese
Pediococcus acidilactici H Fermented meat
Pediocin PA-1+ Pediococcus acidilactici Pac 1.0 Culture collection
Pediococcus parvulus AOT 77 Vegetables
Enterocin A Enterococcus faecium CTC 492 Fermented sausage
Divercin 41 Carnobacterium divergens V41 Fish viscera
Leucocin A Leuconostoc gelidum UAL 187 Processed meat
Sakacin A Lactobacillus sakei Lb 706 Raw meat
Piscicocin V16 Carnobacterium piscicola V1 Fish
Mundticin ATO6 Enterococcus mundtii ATO6 Vegetables
Bavaricin MN Lactobacillus sakei MN Meat

% Several of the published class Ila bacteriocins have the same amino acid sequence, but were
originally named differently
Source [73]

development in Listeria monocytogenes [40]. The risk arising from possible resis-
tance development can best be circumvented by including class Ila bacteriocins, and
in fact bacteriocins in general, by multifactorial approaches in which the bacterio-
cins are combined with plant extracts or suitable processes [48, 91].

In addition to the well-characterized bacteriocins of class I and Ila, two more
recently discovered groups of peptides could potentially provide new opportunities
for food applications. One group, which appears to be a subclass of class II
peptides, was reported to have the unusual property for LAB bacteriocins of high
efficacy against gram-negative bacteria, including Campylobacter [85]. However,
the potential for commercial exploitation of these compounds for food preserva-
tion remains to be realized. The second group constitutes bacteriocins produced by
propionic acid bacteria (PAB). The PAB peptides characterized so far display
some unusual properties. However, they have a relatively narrow target spectrum
with activity against other PAB and, in some cases, certain lactobacilli [30], which
may limit their usefulness for biopreservation. The PAB bacteriocins are not yet as
well characterized as their LAB counterparts, and it is conceivable that future
investigations on PAB bacteriocins may disclose new opportunities for food
applications.

In summary, the number of known LAB and PAB bacteriocins and the number
of publications reporting their potential use for food preservation is steadily
increasing [6, 22, 36, 43]. However, so far the industrial options for use in food
production have not developed accordingly. As described in Fig. 1, there are in
principle three different possible formats for applying bacteriocins in food: as a
concentrated antimicrobial, as a fermentate, or as a live culture that produces the
bacteriocins in the food product. With the fermentation technologies of today,
supplying such products at an economically feasible cost does not represent a
hurdle. However, the regulatory situation and the general perception have a strong
impact on which solution may be viable in different regions. Promotion of other
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bacteriocins as antimicrobial additives similarly to nisin is unlikely, partly because
of the high investment needed today for approval and partly because approval as
an additive would in itself defeat the purpose: the main driver for the use of
bacteriocins is the demand for “preservative-free” foods (i.e. to provide a natural
alternative to chemical preservatives). If a bacteriocin was approved, it would no
longer be perceived as natural as it would have become an “E-number”. There-
fore, the potential industrial food applications of bacteriocins constitute the
fermentates and the cultures; these are described in detail in Sects. 5 and 6,
respectively.

5 Fermented Food Ingredients: The Fermentates

As the name indicates, fermentates are fermented food ingredients. These products
may be produced from a variety of raw materials (typically milk, sugar, or plant-
derived material), and the fermentation is done using food-grade microorganisms
such as lactic acid bacteria (LAB) or propionic acid bacteria (PAB). The fer-
mentation is designed to provide a high yield of antimicrobial metabolites, which
may comprise organic acids (lactic, acetic or propionic acid), diacetyl, bacterio-
cins, and other secondary metabolites, depending on the properties of the strain(s)
used for the fermentation. Fermentates are thus complex products that inherently
do not have a well-defined composition. Fermentates are usually supplied as a dry,
cell-free powder.

The currently commercially available fermentates for use in foods are the
MicroGARD range (DuPont), the DuraFresh range (Kerry), which includes the
former Alta and Perlac products from Quest, and various other products that are
promoted as shelf-life extenders—namely spray-dried vinegar or fermented wheat
flour products. There are only limited scientific reports available on the func-
tionality of fermentates in foods. The original Alta and Perlac were whey-based
products for use as shelf-life extenders. The initial MicroGARD products, which
were produced by fermenting skimmed milk or dextrose with Propionibacterium
shermanii or specific lactococci, were demonstrated to inhibit the psychotropic
spoilage flora and thereby enhance the shelf-life of cottage cheese [1]. Inhibition of
Pseudomonas, Salmonella, Yersinia, and certain fungi was shown.

Conversely, the MicroGARD and Alta products had no significant effect on
aerobic mesophilic counts, Escherichia coli or Brochothrix thermosphacta when
tested in an acidified chicken meat model stored at 22 °C [58]. In hamburgers,
addition of 1 % MicroGARD provided some initial reduction of E. coli O157:H7
and a bacteriostatic effect against L. monocytogenes during refrigerated storage
[19]. In fresh salmon stored at 6 °C, a combination of nisin and MicroGARD
reduced the total aerobic count by 2 log, which provided 3—4 days prolongation of
shelf-life and furthermore reduced the outgrowth of L. monocytogenes [94].
Similarly, certain combinations of MicroGARD and nisin provided an adequate
control of Listeria innocua in liquid cheese whey [92]. The anti-listerial effect of
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nisin in seasoned salmon roe was furthermore enhanced by combining with a
Pediococcus pentosaceus fermentate and pectin [5].

Even though the scientific documentation for the fermentates is much sparser
than for the bacteriocins, the industrial applications are much wider. The main
markets for fermentates are in the United States, where such products are labeled
as “cultured milk” or “cultured sugar”, for example, according to the substrate
used for producing the fermentate. Toxicity tests have been performed for a cul-
tured dextrose version of MicroGARD and no detrimental effects were observed
[9]. The MicroGARD products are used for a wide range of food applications
including cottage cheese, yogurt, sour cream, dairy desserts, sauces, dressings,
pasta, baked goods, and prepared meals. An estimated 30 % of the US cheese
production is made with MicroGARD [78]. Durafresh was approved by the FDA
in 2011 for use in cottage cheese to control Listeria, being labeled as “cultured
grade A skim milk and skim milk powder”.

Labeling as an undefined cultured raw material is not an option in the EU. In the
EU, it would be required to label all active components in the fermentate, which
presents two main problems: not all active components are known, and most of the
known ones have E-numbers. Therefore, the use of fermentates as natural pre-
servatives is so far quite limited in the EU.

6 Bioprotective Cultures

Food fermentation using microbial starter cultures is one of the oldest known uses
of biotechnology. Fermentation of perishable food raw materials to provide more
stable products has been used by man since approximately 10,000 BC [72]. Fer-
mented food and beverages are still today an important part of the human diet and
constitute an estimated 20-40 % of the global food supply [67].

The raw materials used for producing fermented foods are very diverse, cov-
ering the range from milk, meat, fish, vegetables, fruits, cereals, and honey. The
main desired functionalities provided by the fermentation processes comprise the
following: (1) enhanced durability through formation of antimicrobial metabolites
(e.g. organic acids, bacteriocins, ethanol), often in conjunction with decreased
water activity (drying and/or salting); (2) enhanced safety by reducing the level of
either pathogenic microorganisms or their toxins at the time of consumption; (3)
enhanced nutritional value; and (4) enhanced organoleptic quality [7].

In addition, there are various detrimental properties that are evidently unwanted
and unacceptable in food cultures, including virulence, toxicity, and antibiotic
resistance. In the US, acceptable food microorganisms are granted the GRAS
status, and in EU they are included in the Qualified Presumption of Safety list. An
inventory list of currently used microbial food cultures, comprising 195 bacterial
species and 69 fungal species, has recently been compiled [7].

Microbial cultures used in food production are often referred to as either starter
cultures (providing nutritional and organoleptic characteristics) or protective
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cultures (providing durability and safety). However, these properties are inherently
linked, such that durability is enhanced by formation of organic acids, which also
contribute to the characteristic taste and texture of many fermented foods. All
starter cultures are per se also protective cultures, but not all protective cultures are
also starter cultures. A clear distinction between starter cultures and bioprotective
cultures is therefore neither possible nor meaningful.

In the last two or three decades, substantial research activities have aimed to
develop cultures that (1) enhance food safety by directly killing or inhibiting the
outgrowth of pathogenic bacteria or by suppressing toxin formation or (2) improve
durability by reducing or inhibiting growth of spoilage microorganisms. The
resulting scientific papers have been summarized in comprehensive reviews,
including solutions for fish and seafood [10, 59], dairy products [6, 39], and
antifungal cultures in general (Dalié et al. [17, 18]. Overall, most of the reports can
be allocated to one of the following main categories: (1) use of bacteriocin-
producing LAB cultures to control L. monocytogenes in various ready-to-eat foods,
(2) use of antifungal LAB and/or PAB to delay spoilage of various types of food,
or (3) use of nonbacteriocinogenic LAB with other competitive properties.

The mode of action of the bacteriocinogenic antilisterial cultures relies on the
production of class I or Ila bacteriocins, as described in Sect. 4, and is relatively
well characterized. The antifungal cultures, on the other hand, have been dis-
covered more recently, and scientific evidence has been gathered during the last
10-15 years (Dalié et al. [17, 18, 27, 50, 77]. The antifungal cultures have been
reported to produce a variety of different metabolites, and the current under-
standing indicates that they work by a complex antifungal mechanism obtained by
the combined effects of the described and also as yet not elucidated metabolites
[60, 79]. Finally, nonbacteriogenic cultures with antibacterial properties have been
reported; these seemingly rely on a variety of competitive advantages over the
unwanted microbiota.

In the following lists, recent examples of application studies within each cat-
egory for various food segments are provided.

Anti-listerial bacteriocinogenic LAB cultures:

e In meat products: Lactobacillus sakei together with 50 % CO, prevented out-
growth of L. monocytogenes in bologna-type sausage without an unacceptable
pH drop [54]. Pediococcus acidilactici was efficient in reducing L. monocyt-
ogenes in dry-fermented Spanish sausages [68]. L. sakeii prevented listerial
growth in a pork meat system while enhancing protein hydrolysis [12].

e In fish and seafood: Listerial control was achieved in cold-smoked salmon using
Carnobacterium divergens [86] or Lb. sakei [93].

e In dairy products: Lactococcus lactis used as starter culture in cottage cheese
[15] or Enterococcus faecium in smear of soft cheese [53] controlled outgrowth
of L. monocytogenes.

e In vegetable products: Leuconostoc mesenteroides was used for reduction of
L. monocytogenes in apples and iceberg lettuce [90].
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Antifungal LAB and/or PAB cultures:

e In bakery products: Lactobacillus plantarum was used for delaying Penicillium
spoilage of bread [16, 37].

e In dairy products: Lactobacillus rhamnosus and Propionibacterium freud-
enreichii ssp. shermanii were used for inhibiting yeast in yogurt [61]. Lacto-
bacillus harbinensis was used as an antifungal cultures in yogurt [23].

Non-bacteriocinogenic LAB with other competitive properties:

e In cooked peeled shrimp, Lactococcus piscium inhibited outgrowth of L. mon-
ocytogenes and delayed sensory spoilage [28, 29] and inhibited outgrowth of
Staphylococcus aureus [64].

e Leuconostoc gelidum delayed spoilage of shrimp and cold-smoked salmon [64].

e Staphylococcus xylosus was used for inhibiting biogenic amine formation in
anchovies [62].

e Plant-associated Pseudomonas was used for inhibiting Salmonella enterica on
alfalfa sprouts [31].

e Commercial culture had a protective effect by depletion of oxygen [80].

Commercial products of protective cultures are produced in the same way as
starter cultures: by batch fermentation, subsequent concentration by centrifugation,
and final formulation as frozen pellets or freeze-dried powders. Approaches for
continuous fermentation have also been described, such as cultivation of Lacto-
coccus lactis in a fixed bed reactor [71]. Even though protective cultures were first
introduced about 10-15 years ago, they are now well established in the food
industry and recognized as an efficient tool to ensure the safety and durability of
food products. Table 5 summarizes the main functionalities, species, and pro-
ducers of protective cultures.

7 Bacteriophages

Phages are the most abundant living creatures on the planet: the estimated total
number of phages is 10°'. As example, one milliliter of sea water contains about
1,000,000 bacteria but 10,000,000 phages. Phages are also widely spread in foods
of various origins [8]. Todays, it is recognized that the interaction between phages
and bacteria plays an important part in maintaining the natural balance in our
ecosystems.

The short name phage comes from ancient Greek, meaning “eat”; bacterio-
phage thus means “bacteria-eater”. Bacteriophages are host-specific. The speci-
ficity is due to the fact that a phage can only propagate on a certain bacterial
species; the phage recognizes its specific host cell. Thus, they are harmless to
humans, animals, and plants.

Phages are renowned in the dairy industry for attacking starter cultures during
fermentation and thereby spoiling the production of yogurt. On the contrary,
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Table 5 Examples of commercially available protective cultures

Protective function Microorganisms Fields of Producer
application
Growth inhibition of Listeria Lactic acid bacteria Fermented  Chr. Hansen
monocytogenes (e.g. Lb. sakei, meat (Denmark)
Lb. curvatus, products DuPont
Lb. plantarum) Dairy (USA)
products
Carnobacterium sp. Fish and Sacco (Italy)
seafood
Inhibition of mold and yeasts Lactobacillus sp. Fresh dairy ~ Chr. Hansen
products (Denmark)
Lb. rhamnosus, Fresh dairy DuPont (USA)
Lb. paracasei, products
Propionobacterium sps.
Inhibition of Clostridia Lactococcus lactis Cheese CSK
tyrobutyricum; prevention of (Netherlands)

late blowing

phages which can inactivate pathogenic bacteria can be useful in food processing.
So to speak, “the enemy of my enemy is my useful friend”.

In the food chain, bacteriophages were initially reported to be useful as inter-
ventions in the primary production. Drug-resistant bacteria have become a global
problem, urging for the prompt development of alternative control strategies in
order to avoid growth promoters while maintaining or enhancing food quality
and safety. Oral treatment of broilers with phages reduced the carriage of Sal-
monella [32]. Phage therapy has also been explored in aquacultures; however, a
recent review emphasizes the need of further research in the field of the application
[69].

In unprocessed foods, phages have been tested for reducing Campylobacter and
Salmonella on chicken skin [4, 38]. A reduction of 1-2 log of the pathogens was
achieved. In various ready-to-eat foods (hot dogs, sliced turkey, smoked salmon,
seafood, sliced cabbage, and lettuce), application of bacteriophages against L.
monocytogenes provided up to a 5-log reduction of the pathogen [42].

However, a recent review of the use of bacteriophages against pathogens in
food products concluded that the technology has so far had a variable success [35].
This could perhaps partially be due to testing of unsuitable applications for this
relatively new technology in food production; bacteriophage products are already
in use in agricultural, food safety, and diagnostic applications, demonstrating the
utility and viability of such approaches [66].

Bacteriophages differ from many bacteria in the respect that phages are not
motile. Therefore, the application method must ensure that the phages are well
distributed in the product, so the target cells are brought into contact with a
suitable number of phages. Furthermore, phages will typically become inactivated
or bound in the food matrix—that is, they will have an initial effect in reducing
their target organism, but will often presumably not be able to prevent regrowth of
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surviving cells. It is important to consider these factors for developing successful
application of phages, such as by using them with other hurdles that provide
growth inhibition or in multifactorial systems. As example, a combination of
phages and a bacteriocinogenic culture of Lb. sakei was used to provide both initial
reduction and suppression of outgrowth of L. monocytogenes in cooked ham [51].
Successful and plausible applications of bacteriophages in foods were recently
reviewed by Garcia et al. [36].

Similarly to the scientific reports demonstrating successful use of phages in the
food chain, the options for applying bacteriophage products in industrial food
production is relatively new. Again, the regulatory situation varies in different
regions. In the EU, the use of bacteriophages in the food chain is being reviewed
by the European Food Safety Authority to assess its efficacy and safety for use
with food producing animals and in food products [3].

In the USA, OmniLytics Inc. received FDA approval for an anti-E. coli and an
anti-Salmonella phage-based product to treat live animals prior to slaughtering.
Phage cocktails against L. monocytogenes—Listex (formerly EBI Food Safety,
now Micreos Food Safety) and LMP 02 (Intralytics)—were approved by the FDA
in ready-to-eat meat.

Other commercially available phage-based bioprotective products are Agri-
Phage from Omnilytics (specific formulations for strains of Xanthomonas cam-
pestris or Pseudomonas syringae) and EcoShieldTM (targets E. coli O157), as well
as ListShield (antilisterial phages) from Intralytix. Recently, the Korean Che-
ilJedang Corporation has introduced BioTector, a bacteriophage product for
reducing Salmonella in poultry [66].

A main limiting factor for the industrial application of bacteriophages in foods,
in addition to developing functional applications and avoiding negative publicity
(e.g. “they are putting viruses in our food”), has been the high production costs.
This issue will presumably be solved as several companies are investing in
development and production facilities, and it appears likely that we will see new
bioprotective solutions based on bacteriophages as alternative measures for con-
trolling detrimental bacteria in food production in the coming years.
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Biotechnological Production of Colorants

Lex de Boer

Abstract The color of food and drinks is important, as it is associated with
freshness and taste. Despite that natural colorants are more expensive to produce,
less stable to heat and light, and less consistent in color range, natural colorants
have been gaining market share in recent years. The background is that artificial
colorants are often associated with negative health aspects. Considerable progress
has been made towards the fermentative production of some colorants. Because
colorant biosynthesis is under close metabolic control, extensive strain and process
development are needed in order to establish an economical production process.
Another approach is the synthesis of colors by means of biotransformation of
adequate precursors. Algae represent a promising group of microorganisms that
have shown a high potential for the production of different colorants, and dedi-
cated fermentation and downstream technologies have been developed. This
chapter reviews the available information with respect to these approaches.

Keywords Algae - Colorants - Large-scale production - Microbial sources -
Plants - Precursor bioconversion - Process development
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1 Introduction

Colorants have been added to food and drinks for a long time. Important functions
of food and beverage colors are the identification and recognition of spoilage that
are associated with the food or beverage as such, but also with its taste and smell.
Colorants are added in order to emphasize and to keep the original color after
manufacturing for prolonged periods and for perception of freshness and shelf life:
color makes the food more attractive for the consumer. For example, many people
associate curry with its specific taste as the typical color and taste of curry are
closely related. This is also the case for saffron [1]. Furthermore, it is hardly
possible to obtain the bright colors of soft drinks without the addition of colorants.
Most of the natural dyes are obtained from plants, and the most commonly applied
are f-carotene, lycopene, and chlorophyll. Some of them may have favorable
health properties, for example, antioxidant or even anticarcinogenic effects.

At least four carotenoids have a dietary function, as vitamin A can be formed
thereof, namely a-carotene, f-carotene, y-carotene, and f-cryptoxanthin [2]. Fur-
ther examples of suspected beneficial health effects are the anti-inflammatory
effect of curcumin (E100), a potential positive effect of lactoflavin against
migraine, and of medicinal carbon during food poisoning (by adsorption of toxins)
[3, 4]. Gist-brocades (DSM) has developed commercial biotechnological pro-
duction processes for astaxanthin and ff-carotene production.

A very old application of natural colors has been reported by Rymbai et al. [5]:
in Japanese shosoin texts, the use of natural colorants for the colorization of soy
beans and adzuki was described (eighth century). In the nineteenth century, many
natural colorants were replaced by synthetic dyes because of lower production
costs [5], higher stability [6], and a more consistent color range. The new colorants
have passed an extensive trajectory of tests, and were registered in Europe under a
E-numbers before they were allowed for use in food and drinks. Table 1 sum-
marizes examples of synthetic and natural colorants of a wide range of colors with
their corresponding E-numbers, their origins and applications.

In addition, there are a number of food additives that cause a color modification
by a pH shift or by a chemical modification of the food itself, for example,
potassium hydroxide (E525). Potassium hydroxide is used to give olives their
black color. Further examples include sodium citrate (E331) and sodium thiosul-
phate (E539) which are used to prevent browning reactions of fruit and potatoes,
respectively.

Despite the fact that natural colorants are typically more expensive to produce,
less stable to heat and light, and less consistent in color range, natural pigments
have been gaining market share as food and feed colorants and nutraceuticals in
recent years. Consumers increasingly prefer natural colorants as synthetic
colorants are associated with allergenic reactions, hyperactivity, and even bad taste
[3, 7, 8]. Furthermore, more and more evidence appears in the scientific literature
about undesired and potential toxicological effects of synthetic colorants. This
prompts the regulatory authorities to shorten the list of permitted synthetic food
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colorants drastically [5]. Furthermore, the FAO/WHO Expert Committee on Food
Additives advised the further removal of small chemical impurities from food
colors.

In at least one case, the presence of an added colorant may become undesirable
during a food production process, such as during cheese production. Because of
seasonal variations, the f-carotene content of milk is variable, and therefore
annatto is supplemented with the purpose of standardizing the color of cheese.
However, the resulting whey is yellow to orange which lowers its market value.
The whey may be bleached by application of a peroxidase (MSP1), which was
originally isolated from a basidiomycete [9]. The product is currently sold by DSM
under the trade name MaxiBright™.

2 Fermentative Production of Food Grade Colorants

In nature, many microorganisms are found that are able to synthesize colored
metabolites, for example, chlorophylls, carotenoids, melanins, flavins, violacein,
and indigotin. This opens up opportunities for their production by means of
biotechnology (Table 2).

There are a number of examples of “biocolorants” that are economically
interesting to produce by fermentation, for example, saffron. Saffron is present in
the stigma of Crocus sativa, albeit in high levels, but only comprises a very small
part of the total plant. In order to meet the demand, a significant part of the
agricultural area is necessary (Iran: 80,000 hectares), and harvesting and pro-
cessing of the stigmas are very laborious [10]. Therefore, studies were performed
to grow saffron-producing tissues in vitro. It was technically possible, but the
yields were far away from economic requirements.

Therefore, it is recommended to investigate microorganisms that are easy to
cultivate for their ability to produce colorants. Until now, only some of the
colorants produced by plants have been known to be produced in microorganisms.
If a suitable microorganism is not available yet, a screening program is an alter-
native. With regard to this, algae represent an interesting group: the interest in
these autotrophic or facultative heterotrophic microorganisms is strongly
increasing as some species produce lipids up to very high levels (30 %), which
may contribute to a more sustainable fuel supply. There is currently a strong focus
on the development of fermentation technologies that allow for economical
production. Autotrophic algae need light for their energy supply, and therefore
specific fermentation equipment (e.g., transparent fermenters that automatically
take a position for optimal light collection, CO,-supply). Furthermore, harvest and
downstream processing steps have to be optimized [11-13]. These cost-reduction
programs for biofuel production may also be helpful for the production of colors
by algae, for example, of astaxanthin, -carotene, and lutein [14-17].

Preferably, wild-type microorganisms are used that produce the desired colorant
up to commercial levels. In this case, for example, with some algae, a long and
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costly strain improvement trajectory is not needed [14—16]. However, in order to
obtain profitable production, strain improvement is often needed. Other serious
challenges to get biocolorants on the market are a process development trajectory,
high investment in the fermentation equipment, and long and costly registration
trajectories to obtain approval.

2.1 Microbial Sources of Colorants

Although most of the production processes for biocolorants are still experimental,
a number of industrial production processes are running with microorganisms that
possess the complete biosynthetic pathway for one or more colorants: for example,
astaxanthin from the yeast Xanthophyllomyces dendrorhous (formerly Phaffia
rhodozyma) and the alga Haematococcus pluvialis; riboflavin and f-carotene from
the fungi Ashbya gossypii and Blakeslea trispora; and chlorophyll and lutein from
the algae Dunalliella viridis and Chlorella protothecoides. In Table 2, natural
colorants are presented with their corresponding E-numbers, production micro-
organism, or realized tissue cultures.

Carotenoids are broadly applied in food, feed, and pharmaceutical and cosmetic
industries [17]. Therefore, these industries have made successful efforts to develop
commercial processes. Industrial production processes are running, for example, for
f-carotene, astaxanthin, and lutein [15, 17, 62]. Carotenoids are the main sources for
the colors yellow, orange, and red. They are tetraterpenoid organic compounds that
are found in plants, algae, and some bacterial and fungal species. Generally,
carotenoids cannot be synthesized by animals. Therefore, they need to take them up
with their diets, and incorporate carotenoids in their metabolism. Carotenoids are
categorized in two classes. Pure hydrocarbons are called “carotenes,” whereas
oxygen-containing representatives are addressed as “xanthophylls.” The light
absorption is mainly in the blue region, and the energy is used in photosynthesis.
Another function is protecting the chlorophylls from damage by UV light. In
animals, carotenoids are responsible for the pink color of salmon, sea bream, shrimp,
and lobster (astaxanthin or canthaxanthin), and for the pink feathers of flamingos.
When these carotenoids are missing in the diet, these animals turn pale after a certain
period. After boiling, lobsters and shrimp turn pink because of the denaturation
of carotenoid—protein complexes. It is certain that the pink color is extremely
important for perception: pale lobsters or white salmon and shrimp do not look
attractive as food.

Carotenoids also act as regulators of membrane fluidity [63] which has been
reviewed earlier [64]. Approximately 700 natural carotenoids have been described.
The structures of important tetraterpenoid carotenes and xanthophylls are presented
in Fig. 1. Apart from their provitamin A activity, further biological functions of
carotenoids are directly linked to their antioxidant properties, which are related to
their molecular structure [65, 66]. Supplementation of carotenoids to food
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Fig. 1 Structures of tetraterpenoid carotenes and xanthophylls accessible by biotechnology

decreased the risk of suffering from degenerative diseases, and anti-inflammatory
effects of carotenoids (f-carotene, lutein, lycopene) were also demonstrated [67].

There are a number of reasons to obtain colorants from biotechnological pro-
cesses. First, biocolorants are not suspected to show undesired side effects which
explain an increased consumer preference above synthetic dyes. Second, a number
of natural colorants have potential positive health effects; for example, antioxi-
dative/antitumor (lycopene, f-carotene, lutein, chlorophyll, anthocyanins) [4, 68],
or provitamin A effects [2]. Third, being dependent on crops as sources of colo-
rants has a number of disadvantages, namely agricultural availability (season and
harvest) and downstream processing. Therefore, biotechnological production
processes are attractive as production can be tuned on demand, and production is
under tight control. The fourth reason is the price. In the eighties and the nineties
of the last century, a number of companies started strain and process improvement
on X. dendrorhous, because it was calculated that it was economically feasible to
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develop a biotechnological production process that is cheaper than the Hoffman-la
Roche (DSM Nutritional Products) chemical process. The fifth reason is the
potential for discrimination based upon the existence of stereoisomers of some
colorants. For example, in astaxanthin, two asymmetric carbon atoms are present
and this results in four potential stereoisomers. The stereoisomeric composition of
astaxanthin is dependent on the production process and organism. This allows for
differentiation between salmon that were fed with synthetic astaxanthin, X. dend-
rorhous astaxanthin, and wild salmon by analyzing the composition of the ster-
eoisomers of astaxanthin extracted from salmon (reviewed in [69]). Another
example is f-carotene produced by Dunaliella salina. -Carotene typically com-
prises 4 fractions, namely 9-(Z) (41 %), all-(E) (42 %), 15-(Z) (10 %), and other
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isomers (6 %) [70]. Studies revealed no positive effect of synthetic -carotene on
cancer incidence, but even suggested carcinogenic activity at higher concentra-
tions [71]. However, the 9-(Z) isomer is a better antioxidant compared to the
all-(E) isomer, and the higher the share of the 9-(Z) isomer is, the higher are the
antioxidant and antitumor effects [72, 73]. Therefore, the 9-(Z) isomer containing
f-carotene obtained from D. salina is preferred by the health market [72]. An
interesting note is that the 9-(Z) isomer shows a higher solubility in oil than the
all-(E) isomer, and the latter is therefore easier to crystallize. This enables the
selective enrichment of the 9-(Z) isomer in oil [74]. Taken together, natural
p-carotene is preferred although the price of synthetic f-carotene is about half that
of the natural product (€ ~ 700/kg).

However, fermentative production also shows a number of disadvantages. It is
difficult to realize a stable production process for colorants with economic yields.
Strain and process development are often tedious and expensive before routine
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production can start. Inasmuch as many colorants are typical plant metabolites,
production may be realized by application of tissue cultures or metabolic engi-
neering of crops and microorganisms [75, 76]. However, consumer acceptance for
products obtained by genetic engineering is still low, and classical strain
improvement is preferred. In the latter case, when a plant colorant is involved, a
microorganism should be available that is able to synthesize the desired com-
pound. If not, genetic engineering is inevitable to transfer the DNA involved in
colorant synthesis into the production organism.



Biotechnological Production of Colorants 61
OH

N XN

Zeaxanthin

Fig. 1 (Continued)

2.2 Colorant Production by Algae

Microalgae are a potential source of biochemicals with high added value including
a high variability of pigments. Algae bring together properties of higher plants
(photosynthesis and simple mineral needs) and the biotechnological advantages of
microorganisms. Regarding metabolic aspects, it is a very versatile group, and
algae are able to grow photo-auto-, hetero-, and mixotrophically, depending on the
organism and the growth conditions. Despite that algae have already been com-
mercially cultivated and utilized for more than 50 years, interest is currently
increasing. This is mainly caused by their promising capability of producing next-
generation biofuels production [77]. In this chapter, algae are discussed with
respect to their economic interest for the production of the carotenoids ff-carotene,
astaxanthin, and lutein, and the blue noncarotenoid phycocyanin. Nevertheless, the
prospects for the production of other carotenoids and biochemicals are promising.
For example, green microalgae are able to synthesize xanthophylls that are syn-
thesized by higher plants, such as neoxanthin, zeaxanthin, antheraxanthin, and
violaxanthin. In addition, green algae are able to produce further xanthophylls, for
example, canthaxanthin and loroxanthin, whereas fucoxanthin, diatoxanthin, and
diadinoxanthin are synthesized by brown algae and diatoms [78, 79]. The distri-
bution, biosynthesis, and functions of carotenoids in algae are reviewed in [80].
The pigments have various functions, and often mixtures of pigments are present
in the cells [81]. For example, carotenoids protect chlorophyll from photo-
oxidation and their presence is coupled with the presence of chlorophyll. Algae
can also grow hetero- or mixotrophically, and the manner of carbon assimilation
and energy generation highly affects growth yields and pigment composition, as
reported for the green alga Tetraselmis. Under heterotrophic conditions, the total
chlorophyll levels were less than 1 % compared to the levels obtained in the
mixotrophically grown cultures, which indicates that chlorophyll synthesis is
strongly subject to regulation [82].

In algae, carotenoids may have several functions in light-harvesting, scavenging
reactive oxygen species and dissipating excess light, and structure stabilization of
photosynthetic complexes [83]. Carotenoids are very intense dyes, even at ppm
levels. Therefore, carotenoids are supplemented as a food colorant and feed
additive for the pigmentation of the flesh of commercial fish (salmonids, sea
bream; astaxanthin, canthaxanthin) and egg yolks (canthaxanthin). Other com-
mercial applications are in nutraceuticals (for pharmaceutical and cosmetic
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purposes) because of their protective role against oxidative stress, and their use as
nutrients in food and feed, cosmetics [84], and the removal of minerals (phosphate,
nitrogen, sulfur) [11] or organic compounds from pollution streams as extensively
reviewed in [12].

Generally, algae have simple growth requirements. They need water, small
amounts of nutrients, such as nitrogen, phosphate, and sulfate, CO,, and light.
However, large-scale production with high cell densities is still problematic,
because controlled illumination and harvest of biomass are still challenging [11].
In Table 3, the biological roles, origin, and some suspected beneficial health
effects of the main colorants from algae are summarized.

Although carotenoids are still mainly produced by organic synthesis, produc-
tion processes are running in which microorganisms (algae, fungi, yeast, bacteria)
are used [85]. The estimated yearly production values of f-carotene, lutein, and
astaxanthin are US$275, 250, and 230 million, respectively [86]; those for can-
thaxanthin, lycopene, and zeaxanthin amount to $80, 75, and 15 million. In
Table 3, a number of interesting algal colorants are presented with their corre-
sponding origin and potential health effects. Except for f-carotene, astaxanthin,
and lutein, algae have the metabolic potential to synthesize many more carotenoids
[80].

2.2.1 Cultivation Systems

Especially with the focus on carotenoid and biofuel production, fermentation and
harvesting systems have been developed in order to maximize growth rates and
product yields. Important challenges are the selection of the production organism,
the development of the production process (medium composition, effect of growth
(nitrogen) limitations), choice of fermenter materials (transparency for light,
biomass adhesion), design of the fermenter (optimized light capture), CO, supply,
and mode of fermentation (batch, fedbatch, in open [nonsterile] basins), harvest-
ing, and cleaning. The developments are very fast and are characterized by
fermentation equipment designs of high creativity.

The choice of the production alga is mainly based on the ability to synthesize the
desired colorant under the given growth conditions, but also other strain-specific
properties are taken into account. Strain properties crucial for economic production
are the rate of biomass formation and product synthesis. Furthermore, nutrient costs
must be low. A specific trait for algae grown in open basins is that they have to show
high competitiveness towards other undesired algae species and that they are not too
sensitive to predation (protozoan predators, snails) and various season-dependent
growth conditions (variable light exposure, temperature) [117]. For production in
open ponds, preferably production organisms are selected that are able to grow under
very extreme conditions which minimizes the chance of development of contami-
nating organisms. Examples are the production of -carotene by D. salina [17] and
of canthaxanthin by Haloferax alexandrinus [115].
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Another selection criterion is the mode of harvesting by centrifugation or fil-
tration, but these methods are relatively expensive. An alternative method is
flocculation, which is also an algae species-dependent property.

With regard to the choice of cultivation system, the most straightforward
designs are circular basins in the open air, eventually supplied with a pump or
paddlewheel for water circulation. Continuous algae harvesting takes place by
flocculation and deposition, followed by centrifugation. Afterwards, the algae are
dried and processed for their definite application. The yields are often less than one
g/l dry cells [118]. In order to realize an improved process control and higher
production rates, basins are constructed in greenhouses, LED illumination is
installed under the water surface, and combustion gas is flushed to elevate the CO,
supply [119].

The designing of photobioreactors is proceeding rapidly. In order to optimize
large-scale algae biomass production, much creativity has been put into the
selection of appropriate materials to design the cultivation systems. With the
objective to optimize light yields, the materials must have a high transparency.
They should have a high resistance to fracture and they should not be too sensitive
to scratches. The latter is especially important with respect to the adsorption of
biomass to surfaces and cleaning. Biomass adhesion is also prevented by coating
technologies. The design of the production systems is mainly determined by
maximum utilization of light: ultrathin immobilized configurations, and flat plate
and tubular bioreactors [120-124]. The design is based on an optimized homo-
geneous illumination of the biomass, keeping the light paths as minimal as pos-
sible, optimal mixing of the nutrients, the carbon dioxide supply, and the removal
of oxygen. Together with the pH, the temperature, and the dissolved oxygen
concentration, the mentioned growth parameters require accurate control.

An example of a tubular photobioreactor is a system composed of transparent
parallel tubes that are closely placed on the ground and all tubes are connected
[14]. After medium preparation and inoculation the culture is circulated in the
tubes. Oxygen, a product of photosynthesis, is continuously removed during the
exposure to light and may be an attractive by-product. During growth, light
penetration in the tubes decreases because of the growing biomass, and a part of
the captured light is used for maintenance rather than for growth. When the growth
rate has become very low, harvesting is started to prevent deterioration of the
biomass.

Despite significant progress in process development, the application of this
technology for the production of biodiesel is also still hampered by high costs, and
it is estimated that the price has to be reduced by a factor of 10-20 before large-
scale production becomes economic [125].

After production of the pigment-containing biomass, the biomass can be sep-
arated from the medium, dried, extracted by vegetable oil or hexane, and utilized
as a food or feed additive [12]. Because the pigments are sensitive to temperature
and photo-oxidation, the extraction must be performed quickly and under con-
trolled conditions. On the production scale, the application of zirconium ball mills
is a proven technology and was applied for the extraction of astaxanthin from
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X. dendrorhous in the presence of soybean oil. Xanthophyllomyces dendrorhous is
a yeast with a very rigid cell wall, and the above method may also be effective for
recovery of pigments from algae.

Furthermore, in [126], a production process is decribed in which f-carotene is
extracted from the harvested biomass of D. salina using vegetable oil as the
solvent.

2.2.2 p-Carotene

p-Carotene is applied as a food coloring additive, as provitamin A in food and
feed, in multivitamin products, as an antioxidant, and as a colorant for cosmetics.
In the literature, a number of microorganisms are described that are capable of
accumulating f-carotene up to relatively high levels, for example, the fungi
B. trispora, Phycomyces blakesleanus, the yeast Rhodotorula glutinis, and the
above-mentioned alga D. salina [127]. Production processes were developed with
mutants of B. trispora in the former Soviet Union (cf. Sect. 2.3) and for D. salina.

Among the f-carotene—producing algae, D. salina is currently the best-known
and most efficient producer: D. salina cells are able to synthesize [-carotene in
levels a thousand times higher than those of carrots [17]. Dunaliella is also able to
synthesize a-carotene, violaxanthin, neoxanthin, zeaxanthin, and lutein. The uni-
cellular green alga D. salina is grown in open ponds without (hardly any) process
control [88, 93, 128]. It was shown that the highest production levels were
obtained with high light intensities, nitrogen limitation, and stress-inducing tem-
peratures. This has resulted in -carotene levels up to 12 % of the dry mass [93].
The production facilities are located in places where optimum conditions are
found, namely in Australia, Israel, and in the United States; these places benefit
from a lot of sunshine, little cloudiness, the availability of saline water, and high
average temperatures [85].

In Australia, ff-carotene production is performed in an extensive manner. The
ponds (~250 ha, 0.5 m deep) have a large surface, and there are no measures for
active mixing or other ways of control. Therefore, mixing only occurs by wind,
convection, and diffusion, and the biomass and f-carotene yields are low (~0.1 g
B-carotene/m>). The effect of the seasons on the production conditions is low, and
this enables year-round production. The light intensities are optimal for maximum
carotenoid synthesis. In order to maintain a stable production population without
too much pressure from competitor and predator organisms, the salt concentration
is kept under close control. At a salinity of 12 % salt (w/v), the formation of
biomass is optimal, but the f-carotene synthesis is low. In addition, these condi-
tions are favorable for the development of undesired organisms, whereas at
salinities of 24-27 % most favorable production conditions are realized in terms of
p-carotene production, biomass formation, and culture stability [126].
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A more intensive two-stage cultivation process is performed in paddlewheel
mixed circular basins of 3,000 m> (0.2 m deep) where CO, is flushed into the
culture. In the first stage, the focus is on biomass production, whereas the con-
ditions are optimized in order to realize a high fS-carotene production [120, 128].
Optimization is also performed in semicontinuous outdoor cultures (20 m?), using
dilution circles of 3—4 days and nitrogen control [85]. It was found that the two-
stage production process resulted in the highest f-carotene levels (up to 16 % of
the dry weight, corresponding to 0.2 g f-carotene m?/day) [93, 128]. The pro-
ductivities of the culture systems are reviewed in [12]. In Australia, Whyalla, the
Henkel-Cognis Company, uses about 800 ha for f-carotene production with
Dunaliella, which is the largest surface with regard to ff-carotene production in the
world. Land is cheap, plenty of seawater is available, and the climate is excellent
for growing Dunaliella. A modified natural salt lake of about 20 cm depth is used
as a production pond. The salt lakes already contained dense natural Dunaliella
populations. In order to control the salinity, seawater is used and growth nutrients
are added for optimal culture development. After harvesting, the resulting medium
is reused in order to prevent nutrient loss for cost reduction.

A potential advantage of a closed fermentation system is that it allows for an
improved process control. This may be important for controlling the isomer
composition of commercial carotenoid preparations. With respect to a commercial
f-carotene product, a study suggested that the level of the 9-(Z) form may vary
depending on the process control [129]. As discussed above, the 9-(Z) isomer is
considered as the f-carotene isomer that shows the best antioxidative properties
[72].

Generally, biomass harvest is performed by flocculation and sedimentation at
the extensive producers, whereas centrifugation is applied at the high biomass
production companies [93]. Inasmuch as D. salina is grown in a very saline and
viscous medium, centrifugation causes significant cell damage and loss of
p-carotene because of shear forces. The cells are very flexible and easily pass
filters. Therefore, filtration efficiencies are rather low. The only successful filtra-
tion method was the application of diatomaceous earth [130]. Until now, the most
effective technique to harvest the biomass has been the use of a continuous flow
centrifuge [13]. An alternative technique is the application of a combined floc-
culation and floating method based on treatment of waste and drinking water
[126]. Biomass flotation occurs because oxygen bubbles are formed that are
entrapped in the biomass flakes. After biomass separation, extraction is performed
with vegetable oil and in order to produce a powder with uniform color and shape.
Finally, the f-carotene crystals are milled.

p-Carotene-containing products are available as gelatin capsules containing a
4 % p-carotene solution as food supplements, as food colorants (15-30 %
p-carotene in soybean oil for margarine, 2 % emulsions for the coloration of
beverages, spray-dried Dunaliella powder for coloration of prawns, as tablets, and
as water-dispersible f-carotene containing powder and other formulations.
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2.2.3 Astaxanthin

Commercial production processes are known in which astaxanthin production is
performed in closed photobioreactors by Cyanotech Corporation (Hawaii) [128].
This mode of cultivation strongly improves process control, algae predation, and
production, but the fermentation costs are significantly higher [131]. These higher
costs have to be compensated by high productivity levels and more efficient
downstream processing in order to make a competitive product.

Most of the astaxanthin available on the world market has been produced
chemically since the 1950s, for example, by DSM and BASF, and the process is
efficient and cost-effective [132]. There are also microbial sources, for example,
X. dendrorhous (previously described as P. rhodozyma), and the alga H. pluvialis.
X. dendrorhous has been widely investigated as to its potential of astaxanthin
production for salmonids (see below). This has resulted in a race between com-
panies in the 1980s and 1990s. Natural astaxanthin is currently available as a
spray-dried powder (5-10 mg astaxanthin/g), and is supplemented to fish feed to
give salmonid flesh its pink color. Another astaxanthin application is in the
nutraceutical market, as astaxanthin is regarded as a potential antioxidant [106].

With regard to production by algae, H. pluvialis is the only species commer-
cially cultivated for astaxanthin production. This green alga is able to grow under
autotrophic, heterotrophic, and mixotrophic conditions. An example of the latter is
its ability to grow in the presence of acetate and light [15]. Astaxanthin accu-
mulates in response to stress in lipid globules of the cells [133].

Studies were performed to define the optimal production conditions of
H. pluvialis [134]. A cultivation design in which growth and astaxanthin pro-
duction were separated was compared to production in a continuous culture under
limited stress conditions at steady state. In the two-stage system, higher astaxan-
thin yields were obtained (4 % calculated on dry biomass) with a productivity of
13.9 mg/l per day compared to 5.6 mg/l per day in the continuous culture.
However, biomass that was harvested from the two-stage culture was characterized
by very rigid cell walls, and this made the downstream processing of astaxanthin
more difficult. An advantage of the rigid cell walls is that the culture becomes less
susceptible to predation. Probably an alternative intermediate high production
cultivation regime can be developed that produces biomass more amenable for
downstream processing.

Haematococcus pluvialis requires illumination and stress to induce carotenoid
biosynthesis. It thus cannot be efficiently grown under heterotrophic conditions in
the dark. For that reason, studies were performed with the green alga Chlorella
zofingiensis, which is capable of accumulating astaxanthin and canthaxanthin and
grows three times faster than H. pluvialis. This alga is able to synthesize sub-
stantial amounts of carotenoids in the dark under heterotrophic conditions, and
may be used for large-scale production in high turbidity cultures [135, 136]. Under
conditions of salt stress, low nitrogen availability, and low light, C. zofingiensis
accumulated more canthaxanthin than astaxanthin. Experiments demonstrated that
for canthaxanthin accumulation under salt stress and low availability of nitrogen,
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light is not the limiting factor. On the other hand, high light irradiance is man-
datory for astaxanthin accumulation [114].

Irradiation causes oxidative stress by the formation of activated oxygen species,
and induces a mechanism of cell protection. The formation of carotenoids is
apparently part of this reaction and protects the cells from photo-oxidative damage
[135]. With regard to the regulation of carotenoid biosynthesis, a study revealed
that light quality was more important than light quantity by the use of flashing light
compared to periods of continuous light exposure [137]. Other operating variables
were culture turbidity, light path, cell sensitivity (dependent on cell stage), and a
balanced medium composition [138]. With regard to the latter, nitrate dosage was
crucial [139] and this was also the case for iron, which was crucial for the
assimilation of nitrate and nitrite, nitrogen fixation, and chlorophyll synthesis
[140, 141]. During illumination, the injection of CO, significantly stimulated the
synthesis of astaxanthin in the production phase of Haematococcus [142], whereas
intensive light exposure stimulated CO, fixation for astaxanthin synthesis [143],
which can be optimized further by improving the carbon/nitrogen ratio supply
[144].

Because H. pluvialis is very sensitive to microbial contamination, and no
competitive advantageous conditions have been found to maintain H. pluvialis as a
monoculture so far, mass cultivation generally takes place in closed bioreactors.
Furthermore, growth is sensitive to deviations in temperature and light, and
therefore accurate control of these growth parameters is necessary. Companies are
not very open with regard to details of their production processes. However, a
thorough review showed comprehensive information [79]. Resuming, astaxanthin
commercial production is composed of two cultivation phases: in the first phase
favorable growth conditions are set in order to obtain high biomass concentrations
(high nutrient concentrations, optimum temperatures, and irradiation). The fol-
lowing growth phase is focused to induce hematocysts (aplanospores with high
astaxanthin biosynthetic activity) and astaxanthin formation by realization of stress
conditions: nutrient exhaustion (nitrogen and phosphorus), high temperature or
high salt concentrations), and intensive illumination. Then the biomass is
harvested by centrifugation, dried, and cracked. The cell wall of the cysts is very
rigid, thus it is apparent that a special technology is needed for astaxanthin
disclosure. However, companies consider this as strategic information and are not
willing to communicate.

2.2.4 Lutein

Petals of marigold flowers (Tagetes erecta and Tagetes patula) currently represent
the main source of commercial lutein. More than 95 % of the lutein is esterified,
and about half of this fraction is esterified with fatty acid. Therefore, saponification
is a part of the downstream processing [145]. Lutein is supplemented to food and
feed for aquaculture and poultry farming [146]. Furthermore, lutein is suggested to
be beneficial for health, for example, to prevent age-related macular degeneration
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[97] and progression of early atherosclerosis [147]. In algae, lutein is accumulated
in the nonesterified form. The alga Muriellopsis sp. is able to accumulate lutein up
to high levels and is easy to cultivate photoautotrophically [62]. The effects of
critical growth and production parameters in outdoor continuous cultures have been
investigated. Under optimized conditions, 40 g dry cell mass/m” and 180 mg/m?>
lutein were produced per day, respectively. Further optimization was performed by
introduction of agitation with a paddlewheel in a semicontinuous cultivation system
and by CO, addition. Thus, the lutein content was increased to 0.4-0.6 % of the
dry mass [85] at a productivity level comparable to that in a closed tubular pho-
tobioreactor [148]. Beneficial for lutein synthesis were high temperatures, high
irradiance, an optimum pH value for biomass formation, and the addition of
inducers such as H,O, or NaClO in the presence of Fe?* (for the generation
of stress-inducing chemical species), especially under heterotrophic growth con-
ditions where spontaneous oxidative stress is absent [16].

2.2.5 Phycocyanin

Phycocyanin is a blue dye formed by cyanobacteria, cryptophytes, and rhodo-
phytes. It is an interesting nutraceutical because of its suspected antioxidative
properties, and it is also applied for coloring and fluorescence in biochemical
assays. Despite these interesting properties, the yearly market value is compara-
tively low. Currently, phycocyanin is produced in open basin cultures containing
the cyanobacterium Arthrospira (Spirulina) platensis. However, productivities are
low as the cultures are very sensitive to contaminating organisms. Recent studies
addressing chemical modifications have enhanced the potential applications of
phycocyanin in the fields of diagnostics and applications in food, nutraceuticals,
and biotechnology [90]. Furthermore, optimization programs significantly
increased productivity in heterotrophic and acidophilic cultures of the red alga
Galdieria sulphuraria which are grown under well-controlled and axenic condi-
tions [149]. This makes G. sulphuraria an attractive alternative for Spirulina [150].
Furthermore, improvement was achieved with regard to downstream processing:
the application of two-phase aqueous extraction methods and optimized purifica-
tion technologies have resulted in higher productivity and improved performance.
Table 4 summarizes the main producers of natural f-carotene, astaxanthin, lutein,
and phycoerythrin.

2.2.6 Prospects in Algae Colorants

The development of algae biotechnology is still in an early phase and a lot of work
must be done to obtain a complete picture with respect to the full potential of algae
applications. The biodiversity in nature is extremely high, just as the number of
useful biochemicals that can be isolated from algae. In order to obtain the most
appropriate algae with reference to the desired products and (related) production



Biotechnological Production of Colorants 71

Table 4 Producers of various colorants produced by various microalgae

Product Production organism Company

p-Carotene Dunaliella Cyanotech (Hawaii, USA)
AquaCarotene (Washington,USA)
Cognis Nutrition and Health (Australia)
Nikken Sohonsha Corporation (Japan)
Tianjin Lantai Biotechnology (China)
Parry Pharmaceuticals (India)

Blakeslea trispora Combinat Verkhnedneprovsk’e Starch and Syrup
Plant (Ukraine)
Astaxanthin Haematococcus Cyanotech (Hawaii, USA)

Bioreal (Hawaii, USA)

Alga Technologies (USA)

Mera Pharmaceuticals (Hawai, USA)
Parry Pharmaceuticals (India)

Xanthophyllomyces Fermic SA (Mexico)
dendrorhous
Lutein Muriellopsis Sun Chlorella Co (Japan)
Dunaliella salina Nutrition & Health (Australia)
Phycoerythrin Arthrospira (Spirulina) Cyanotech (Hawaii, USA)
platensis

BlueBiotech International GmbH (Germany)

conditions, it is recommended to start a product development project with a
screening program whose purpose is to find the most appropriate alga species.
After its successful isolation, the next step is the selection of the fermentation
system that enables economical production and the desired colorant quality
(colorant by-products, isomers). Selection criteria are, for example, sensitivity to
microbial contamination, fermentation parameter control, and the fermentation
mode. This may influence the choice of, for example, out- or indoor cultivation
and the use of photobioreactors. In Table 5, a selection of process and economic
parameters are summarized that affect the choice of cultivation system. There is a
lot of room for process and equipment optimization depending on the organism,
product, and its economical added value. It is expected that each alga—product
combination needs a specific fermentation medium, control and equipment,
downstream processing, and infrastructure, among others.

If it is not possible to implement an economical production process by
screening of algae species and process optimization, a strain improvement in order
to enhance or to induce the overproduction of the desired metabolite may be
necessary. Dunaliella bardawil mutants were isolated that were able to produce
more f-carotene under a defined low-light regime than the parental strain [151].
However, the strength of mutant isolation by mutagenesis and selection to be
implemented in running production processes has still to be demonstrated. Clas-
sical strain improvement is also applicable to create strains that accumulate
interesting intermediates in a biosynthetic pathway. By mutagenesis and selection,
strains were isolated that were unable to synthesize an active biosynthetic enzyme
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Table 5 Comparison of selection criteria for open and closed photobioreactors

Parameter/variable Closed system Open system  Remarks

Microbial Easy Difficult Define selective advance production alga/
contamination/ plaque control (snails, water fleas)
predation

Biomass density High Low

Fermentation Batch/ (Semi) Batch: harvest by centrifuge (semi)
system continuous Continuous continuous: by flocculation, adhesion,

precipitation in coalescence/
precipitation drums

Process control Easy Difficult Production control in ponds highly season-
dependent
Production Under control Season- Especially concerns light intensity and
continuity dependent temperature, dependent on location
Needed area/ Low High
amount of
product
Light utilization High Low
Operation costs High Low
Scale-up Difficult Easy In closed systems much technical creativity
and investments are needed
Cleaning intensity Often Seldom Transparent tubes are sensitive for biomass
adhesion

after the intermediate of interest. Target intermediates are, for example, echinone,
diatoxanthin, diadinoxathin, dinoxanthin, antheraxanthin, violaxanthin, neoxan-
thin, and zeaxanthin (cf. Fig. 1). The added value compared to the carotenoids
already commercially available has still to be evaluated for most of the mentioned
intermediates. A successful example of this approach was the isolation of a mutant
of D. salina after ethyl methyl sulfonate treatment. The mutant zeal was corrupted
in the zeaxanthin epoxidation reaction and was thus not able to synthesize the
p-branch xanthophylls neoxanthin, violaxanthin, and antheraxanthin, whereas
zeaxanthin accumulated up to high levels [116]. Zeaxanthin may help to reduce the
risk of diseases including cataracts, macular degradation, and arteriosclerosis
[152], and has not been produced commercially by means of biotechnology yet.
Furthermore, a mutant and stable strain of Chlorococcum has already been
isolated. It showed two times higher carotenoid production than the wild-type and
showed to be stable under the chosen production conditions [153].

The application of molecular genetics is another strategy for strain develop-
ment. The heterologous expression of genes allows for the production of
biochemicals specific to higher plants and animals in algae [154]. Currently, three
alga species are routinely accessible for transformation, namely Volvox carteri,
Phaeodactylum tricornutum, and Chlamydomonas reinhardtii [155]. An example
is the successful elevation of lipid production by genetic engineering of diatoms
[156]. The obligate phototrophic diatom Phaeodactylum was enabled to grow in
the dark by heterologous expression of the functional glucose transporter [157].
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Chlamydomonas is of particular interest, because many biochemical studies have
been performed with regard to its pigments and photosynthesis [158]. Routine
transformation is still not common practice and has only been achieved in a limited
number of alga species. It is interesting to report that genetically modified transfer
(T) DNA of Agrobacter tumefaciens, which causes tumor cells in plant tissues,
was used to transform C. reinhardtii [159]. The current status of the developments
in molecular engineering has been reviewed extensively in [12].

In order to prevent product losses, the biomass harvest has to be fast and
efficient. Centrifugation and filtration are fast processes, but a higher risk for
spoilage arises when containers are used for flocculation, precipitation, or
coalescence. The most common way of processing is drying, either in the sun
(which may result in significant carotenoid losses because of photo-oxidation), in
drums, or by freeze-, and spray-drying. In many cases, an additional disruption of
the biomass must be performed to make the carotenoids available, for example, for
uptake by salmon. The biomass of algae contains very rigid cell walls and has to be
disrupted in mechanical homogenizers or ball mills. Alternatively, chemical
methods such as extraction with organic solvents are available. When the latter
technology is applied, the carotenoid becomes sensitive to high temperatures and
photo-oxidation and has to be stored refrigerated and in the dark, preferably under
nitrogen. Furthermore, traces of organic solvents may still be left in the final
product which is not desirable. These methods are applied for both f-carotene
(Dunaliella) and astaxanthin production (Haematococcus).

In summary, biotechnological production of carotenoids by algae is a successful
and proven technology. It is expected that the rapid developments in the field of
biofuel production will also promote carotenoid production, especially in the fields
of fermentation, downstream processing, and molecular engineering. New per-
spectives with regard to the production of unusual carotenoids with added value
for nutritional and medicinal applications (phytoene, phytofluene) are emerging
and bear promise for the times to come. Development and implementation of new
fermenter designs, modes of cultivation (autotrophic, mixotrophic, and hetero-
trophic), and application of two-phase production systems will offer new chances
with regard to product innovation and competitiveness.

2.3 Industrial Production Development Trajectories

Earlier in this chapter, examples were described with regard to the production of
f-carotene, astaxanthin, lutein, and phycocyanin by algae. Commercial production
was achieved by choosing the appropriate microorganism and optimum cultivation
and production conditions. In these cases, no extensive strain improvement
trajectory was required. However, there have been examples of production devel-
opment trajectories for astaxanthin and f-carotene, respectively, in the 1990s. In
this chapter, the development trajectories are discussed for the production of
astaxanthin by the basidiomycetous pink yeast X. dendrorhous (formerly known as



74 L. de Boer

P. rhodozyma [160]) and of f-carotene by the filamentous fungus B. trispora [161].
Despite the fact that the algae D. salina and Haematacoccus pluvialis were already
known as f -carotene and astaxanthin producers, respectively, B. trispora and X.
dendrorhous were considered as serious alternatives as both are heterotrophic
organisms. This enables cultivation under well-controlled conditions in closed
fermenters. However, production levels of both organisms were far too low, and
inasmuch as knowledge with regard to the DNAomics and proteomics of carotenoid
synthesis was unknown for the most part, a number of biotechnological companies
have chosen to enhance f-carotene and astaxanthin production by repeated muta-
genesis and selection.

2.3.1 Astaxanthin (Xanthophyllomyces dendrorhous)

Astaxanthin is generally recognized as safe (GRAS) by the FDA. In the United
States it is, however, restricted to use in animal feed. The economical background
of astaxanthin production is based on the aquaculture of salmon, sea bream, and
rainbow trout [162, 163]. More than 90 % of salmon is grown in nurseries, and in
order to obtain the nice pink color of salmon flesh, astaxanthin or canthaxanthin
are necessary dietary supplements. The levels of these colorants in the feed
determine the final color intensification of the fish. Canthaxanthin is used in farm-
raised trout. The supplementation of these carotenoids contributes to a significant
part of the cost price of the fish (4,000-5,000 €/kg pure astaxanthin, personal
communication), whereas only a relatively small part of the supplemented asta-
xanthin is taken up by the salmon). Nearly all astaxanthin and canthaxanthin used
for fish feed are chemically synthesized (by DSM and BASF).

In 1975 [64], the basidiomycetous yeast P. rhodozyma was isolated from
exudates of deciduous trees from Alaska and Japan. Later, Phaffia rhodyma was
classified as X. dendrorhous, but this classification is still under discussion [164].
The yeast is grown at relatively low temperatures (<25 °C), is Crabtree positive,
and can be grown on complex and synthetic media. Xanthophyllomyces dend-
rorhous is economically interesting because it is able to synthesize astaxanthin
[162, 163, 165], albeit in very low levels (<0.5 g/kg dry biomass). At first sight,
the low levels of astaxanthin hamper the economic feasibility of the astaxanthin
production process. However, the ease of discrimination between high and low
astaxanthin levels by the color of agar-plate grown colonies and the ease of
growing enables strain improvement by high-throughput screening. Strains with
increased astaxanthin levels are reported frequently [166—168]. In the past, various
approaches were tested in order to obtain high astaxanthin-producing strains, for
example, the application of molecular genetics technology [169], protoplast fusion
[170], stimulation of astaxanthin synthesis by medium nutrient supplementations,
strain improvement by mutagenesis and selection [171, 172], and improved fer-
mentation media and fermentation control. Usually, a fed batch fermentation
process was performed [173].
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To develop a commercial process, strain improvement by mutagenesis and
selection was performed. Surprisingly, patents were filed by Danisco and other
companies in this area [173—177]. This was surprising as strain improvement by
mutagenesis and selection is a routine technology, generally applicable and acces-
sible, and no specific measures or inventions are necessary to perform. Therefore, it
is doubtful whether such a patent was granted because there were no relevant
arguments to designate this work as an invention. The patent was indeed not granted
[178] but these events indicated the importance of winning the race to the market and
the economic importance of the astaxanthin strain improvement projects.

In order to obtain a profitable production process, astaxanthin levels had to be
elevated at least by a factor of 20 compared to the wild-type [64]. The required
technologies, designs, and strategies for strain improvement by mutagenesis and
selection have been reviewed extensively [179-181]. During classical strain
improvement, undesired mutations may be introduced that affect the growth rate
and the yields. Therefore, a suspected high producer has to be screened as to
whether it has not lost other production-related properties. This appeared a long
and labor-intensive trajectory with many tricks and pitfalls. During strain
improvement, the astaxanthin levels of the subsequent improved strains increased,
but at the higher astaxanthin levels the human eye becomes too insensitive to
discriminate between the higher astaxanthin producers on agar plates: all of the
colonies were considered as very intensively colored. This was overcome by
application of effectors that inhibit astaxanthin biosynthesis, for example, diphe-
nylamine, nicotinamine, and f-ionone [166, 168]. The effectors were dosed in a
minimal color inhibitory concentration: if a mutant with debottlenecked astaxan-
thin synthesis was present on the effector-containing agar plate, a high-producing
colony was detectable between less-intensive colored colonies. Another approach
is to find a selection tool directly correlated with survival and increased asta-
xanthin levels. Astaxanthin was thought to be important for radical scavenging,
and this was later confirmed in the literature [67]. High-producing mutants were
selected on growth-inhibiting concentrations of the radical-generating duroquinon:
astaxanthin scavenges radicals which resulted in a survival advantage of asta-
xanthin-producing strains [182].

A strain that was isolated as a high producer on agar plates may show unaltered
or even lower production levels in shake flask (batch) cultures. Even after confir-
mation of the increased production levels in shake flask cultures, productivity levels
still have to be confirmed during scale-up. The results depend on the fermentation
system used on an industrial scale (mostly batch or fedbatch, continuous cultures in
some cases) and the scale-up factor. Productivity often decreases during scale-up,
because production takes place under elevated hydrostatic pressures, mixing takes
more time, and mass exchange rates are lower (oxygen, carbon dioxide, sugar and
ammonia feed, etc.). Furthermore, it was often observed that higher astaxanthin
levels went hand in hand with strain properties that are unfavorable for production:
for example, low growth rates and yields or undesired growth requirements. This is
mostly caused by mutations in the central metabolism that are not directly corre-
lated with astaxanthin biosynthesis. Another reoccurring problem is that mutants
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may synthesize higher levels of additional carotenoids relative to astaxanthin, for
example, HDCO (3-hydroxy-3’,4’-didehydro-f8,i/-carotene-4-one) which do not
contribute to pigmentation of the fish or prawn and biosynthesis of which is mostly
at the cost of astaxanthin synthesis. Therefore, the carotenoid composition of each
suspected improved strain has to be analyzed accurately.

The designs of strain improvement at the various companies were generally
performed as indicated below [173, 175, 176]. The first step was colony selection
on agar plates. The most intensely colored colonies (1-2 %) were selected and
tested in small liquid cultures (3—10 ml). From these cultures, the best 5-10 %
were tested again in shake flasks, and the best cultures were transferred to 5-10 1
fermenters. It is important that the same media are used for screening as for
production in order to prevent false positives (strains that are improved under the
selection conditions but do not show higher astaxanthin levels on the production
medium) or false negatives. A statistical analysis is required in order to obtain an
estimation of the numbers of colonies that have to be screened in order to realize
the desired progress.

Frequently, false-positive strains were isolated that showed a more intense color
than the parental strains, and it was often demonstrated that cultures, derived thereof,
contained high levels of HDCO (3-hydroxy-3',4'-didehydro-f,\y-carotene-4-one),
an undesired red-colored side-product of astaxanthin synthesis. The molecular
structure of HDCO differs from astaxanthin with regard to one side of the molecule
which is still linear because the ring is not formed and oxygenated. HDCO has no
added value with respect to salmon pigmentation and a method was developed to
isolate strains with low levels of HDCO relative to astaxanthin [183]. Since the
HDCO biosynthetic pathway is a shunt of the biosynthetic pathway to astaxanthin,
HDCO formation is at the cost of astaxanthin. HDCO is observed as red, whereas
astaxanthin is observed as deep orange, and strains with increased HDCO levels
were often selected as false positives.

It was also proven that carotenoids other than astaxanthin can be produced by
X. dendrorhous. This was performed by the isolation of mutants that are blocked in
specific steps of astaxanthin biosynthesis [164]. If an intermediate has a different
color than astaxanthin, it is relatively simple to isolate mutants which accumulate
that intermediate (e.g., f-carotene which is yellow at low levels and orange at high
levels) [184].

Companies that are or have been active in the field of fermentative astaxanthin
from Xanthophyllomyces are, among others, Universal Foods, DSM, Igene, and
AmbroZea [173-178, 183]. These companies have put significant effort into the
development of a profitable process, and great progress was made by Universal
Foods and DSM. Commercial samples regularly appeared on the market, but to the
best of the author’s knowledge, Fermic SA in Mexico was the only company that
produced Xanthophyllomyces astaxanthin on a regular base for Igene Inc. [185].
The natural astaxanthin derived from algae still dominates the market apparently
using the cheaper mode of production. The rise of molecular genetics technology
that enables the transfer of complete metabolic pathways into microorganisms
which are easy to cultivate will probably change this situation in the future.
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2.3.2 f-Carotene (Blakeslea trispora)

In 2008, the presence of a-, fi-, y-, -, and e-carotenes was reported in 76 algae, 5
fungi, and 4 bacteria [186]. Among them, fi-carotene is produced by a number of
fungi, for example, by Phycomyces, Mucor, and B. trispora, and dry matter
contents of 4-5 g /1 are achieved [187].

Blakeslea trispora is a fungal plant pathogen and belongs to the order of
Mucorales. The fungus is nonpathogenic and nontoxigenic for humans and ani-
mals. This order includes Phycomyces blakesleeanus, Choanephora cucurbitarum,
and B. trispora. Two opposite mating types, namely (+) “plus” and (—) “minus”
exist of the Phycomycete B. trispora, and both are able to form zygospores. When
plus and minus mating types are cultivated on the same mating plate, they form
progametangia. Then septation takes place in the progametangia, which results in
the formation of gametangia, which fuse to form zygospores. On these spots high
levels of f-carotene are formed [188]. When these types are separated, both types
produce low levels of carotenoids, albeit the (—) mating type produces slightly
more. However, when the two types are cultivated together in a specific ratio, the
(—) type starts to produce 10-20 times more f-carotene and lycopene. The reason
is that the (+) type produces the sex hormone trisporic acid, which serves as a
stimulator of carotenogenesis [189]. The common denominator of the stimulating
effect of trisporic acids are the ionone ring and the hydrocarbon side chain [190].

Production processes with B. trispora were developed by, among others, the
Universal Food Coorporation [191]. In this patent, a representative description of an
effective production process for f-carotene has been published. During process
development, attention was paid to the composition of the culture medium that
enables high production levels and strain improvement by mutagenesis and selec-
tion. For mutagenesis, spore solutions of the (—) mating type were used. The spores
were plated out on agar plates and selection was performed on the most intense
yellow, yellow/orange, or orange pigmented colonies. During selection, inhibitors of
acetyl-CoA synthesis (acetate analogues), of isoprenoid biosynthesis (polyene
antibiotics), and of carotenogenesis (diphenylamine, nicotinic acid, herbicides) were
used. High-producing strains were obtained by 17 subsequent steps of mutagenesis
and selection. In order to obtain a high variability of mutations, alternating UV
(ultraviolet irradiation) and NTG (N-methyl-N'-nitro-N-nitrosoguanidine) muta-
genesis were performed, and alternating selection was performed on lovastatine,
acetoacetanilide, and f-ionone resistance. Strain improvement was performed by
Panlabs in Taiwan.

Various production media were developed. All media contained well-defined
medium components, but also complex medium supplements, such as corn steep
liquor, soybean oil, or cottonseed oil. If a production culture was used that con-
tained only a strain of the (-) mating type, the p-factor (trisporic acids) and
carotene synthesis inducers had to be added approximately 50 hours after the
fermentation start. The f-factor was prepared by coculturing the (+) and the (—)
mating types, followed by centrifugation, acidification, and extraction of the
culture by a suitable organic solvent. The f-factor was extracted from the organic
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phase by a buffer. Then, the solution was ready to stimulate carotenogenesis of a
production culture. After 7 days of fermentation, f-carotene concentrations of
3 g/l were achieved. It is noteworthy that the carotenogenesis-stimulating f-factor
was obtained from a coculture of (+) and (—) strains at the cost of fermentation
capacity. This raised the question of whether it could be more efficient to perform
f-carotene production in a mixed culture [192].

On the Internet website of Vitan Ltd, which has recently been acquired by
LycoRed [193], an Israeli trade company, a process for fi-carotene production with
B. trispora in Ukraine was announced. Production of carotenoids by microbio-
logical synthesis was started in Dneprovsky in August 1981. Because the process
is also non-GMO [194, 195], most likely strain improvement was performed in a
similar way as described for Universal Foods. Vitan’s products are widely used as
food colorants, feed additives, functional food ingredients, and dietary supple-
ments. Vitan also produces lycopene and phytoene, thus it is apparent that
B. trispora is also used for these carotenoids [196].

Another production process for fi-carotene and lycopene with B. trispora has
been performed at Léon, Spain, by the Vitatene SA company [197,198,199].

In Table 6, the state of industrialization of various other promising colorants is
listed.

2.4 Microbial Synthesis from Precursors

In addition to de novo biosynthesis of colorants, there are examples of microor-
ganisms that are able to synthesize the desired colorant from precursors. A tra-
ditional bacterial fermentation process is known from Japan, and population
research and dynamics showed that Halomonas, Alkalibacterium Amphibacillus
and Oceanobacillus play important roles in the biosynthesis and maintaining the
reduced state of indigo [211].

An example is the biosynthesis of indigo from indole by Pseudomonas sp.
HOBI during cultivation on a naphtalene containing medium. It was demonstrated
that the produced indigo could be used to dye cotton in a cotton factory [212].

A promising approach is the use of tissue cultures, because it is obvious that all
the genes are present for colorant production, and no extensive screening program
for biocolorant producing microorgansims is required. During this approach col-
orant biosynthesis regulation and cell instability are the challenges to overcome,
for instance anthocyanin production suspension cultures of Perilla frutescens [213]
and betacyanine production by hairy roots of Beta vulgaris L[214]. In another
study annatto pigment production was stilumated by addition of plant growth
regulators to the cultivation medium of Achiote (Bixa orellana L) [215]. To the
best of the author’s knowledge, there are still no large-scale commercial industrial
processes. However, these conversion processes are scientifically interesting and
challenging.
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Acidic Organic Compounds in Beverage,
Food, and Feed Production

Hendrich Quitmann, Rong Fan and Peter Czermak

Abstract Organic acids and their derivatives are frequently used in beverage, food,
and feed production. Acidic additives may act as buffers to regulate acidity, anti-
oxidants, preservatives, flavor enhancers, and sequestrants. Beneficial effects on
animal health and growth performance have been observed when using acidic sub-
stances as feed additives. Organic acids could be classified in groups according to
their chemical structure. Each group of organic acids has its own specific properties
and is used for different applications. Organic acids with low molecular weight (e.g.
acetic acid, lactic acid, and citric acid), which are part of the primary metabolism, are
often produced by fermentation. Others are produced more economically by chem-
ical synthesis based on petrochemical raw materials on an industrial scale (e.g. formic
acid, propionic and benzoic acid). Biotechnology-based production is of interest due
to legislation, consumer demand for natural ingredients, and increasing environ-
mental awareness. In the United States, for example, biocatalytically produced esters
for food applications can be labeled as “natural,” whereas identical conventional
acid catalyst-based molecules cannot. Natural esters command a price several times
that of non-natural esters. Biotechnological routes need to be optimized regarding
raw materials and yield, microorganisms, and recovery methods. New bioprocesses
are being developed for organic acids, which are at this time commercially produced
by chemical synthesis. Moreover, new organic acids that could be produced with
biotechnological methods are under investigation for food applications.
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1 Introduction

Some of the most important and frequently used additives in beverage, food, and
feed production are organic acids and their derivatives. Organic acids are acidic
and contain carbon atoms. Often, they are products of metabolism. Therefore,
many of these acids are advantageously produced via biotechnology.

Organic acids could be divided into several groups. The most common group
comprises the carboxylic acids, which contain one or more carboxyl groups
(-COOH). Important examples, especially for beverage, food, and feed applica-
tions, are acetic acid (one carboxyl group), malic acid (two carboxyl groups), and
citric acid (three carboxyl groups). Organic acids are often weak acids that act as
buffers in aqueous solutions. Buffering capacity is particularly interesting for
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beverage, food, and feed production. Organic compounds containing the functional
group —SO,OH (sulfonic acids) are somewhat stronger acids than the carboxylic
acids. One natural occurring example is taurine, which is added to dry food for cats
[1]. Moreover, other functional groups such as alcohol-, thiol-, enol- and phenol
groups can be responsible for a certain acidity of an organic compound. These
substances are in general weak acids.

Organic acids can also be classified according to their occurrence in the
metabolism of organisms. Some organic acids are part of the central metabolism
that is essential for the energy supply of cells (see Fig. 1). These compounds have
a low molecular weight and can often be produced at high titer by fermentation of
microorganisms. Acidic additives produced in the primary metabolism are there-
fore frequently used in food, feed, and beverage manufacture.

Only a few organic acids belonging to secondary metabolic processes are used
in beverage, food, and feed production. In general, these have special properties
(e.g. ferulic acid and lactobionic acid) or could be easily produced by chemical
synthesis (e.g. benzoic acid; see Fig. 2).

Most organic acids and their derivatives could in principle be produced with
biotechnological methods. Unfortunately, not all of them are produced in an
economically sustainable manner due to higher costs of such bioprocesses com-
pared to synthetic production or lack of knowledge regarding biotechnological
routes and downstream processing.

This review deals with organic acids and their derivatives (known as ‘acidifi-
ers,” ‘acidulants,” or ‘food acids’) for the feed, food, and beverage industries. The
compounds discussed here are involved in the primary and secondary metabolism,
excluding special groups such as fatty acids, amino acids, and nucleotides.

After an overview of the properties of these substances regarding beverage and
food production (Sect. 2) as well as animal nutrition (Sect. 3), individual organic
acids and their derivatives with their production methods are discussed (Sect. 4).
Three examples of current research in biotechnological production of organic acids
for beverage, food, and feed applications are then discussed (Sect. 5). Future
developments and applications of organic acids are discussed in Sect. 6.

2 Function of Acidic Compounds in Food and Beverage
Production

2.1 Acidity Regulator

Acids and their derivatives are added as an acidity regulator in food and beverages
to adjust and maintain pH at a desired level to stabilize beverages or foods.
Additionally, in case of low final pH, unwanted growth of microorganisms is
minimized due to unfavorable environmental conditions. A pH control is based on
the establishment of a buffer system by using a weak acid and its salts. Which
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acids or salts are chosen depends on the target pH of the product. The buffer
capacity is high for pH values close to the pK, value of the buffering agent.
Therefore, acids and salts that have a pK, value close to the target pH are used.
A mixture of different acids and salts is often used to optimize the buffer system.

The acidity regulation is very important for gel-type foods such as jams, jellies,
pectin gels, and products containing gelatin [4, 5] because the pH value impacts
gelation. Gelatin has the lowest solubility at the isoelectric point [5]. Therefore, the
pH has to be controlled to produce consistent batches.

Furthermore, sucrose inversion is influenced by the acidity [6]. Sucrose
inversion is the hydrolysis to the monosaccharides fructose and glucose at elevated
temperatures and it is catalyzed by acidic compounds. This has to be taken into
account using acidity regulators in sucrose-containing products. For example,
using citric acid as an acidity regulator minimizes sugar inversion [7].

2.2 Antioxidant and Synergist

Lipids as triglycerides are part of many foods and food raw materials. Lipids tend
to deteriorate at high temperatures or over time (extended storage) [8, 9]. Fats and
oils are hydrolyzed during high-temperature food processing (e.g. frying of foods
with high water content). There are no food additives to protect against this
unwanted reaction. To avoid this problem, procedures have to be chosen to
minimize the water content if high-temperature food processing is used [8]. Sec-
ondly, the lipids deteriorate by oxidation over time (termed ‘autoxidation’). The
reasons are primarily spontaneous reactions with atmospheric oxygen. In a first
reaction, unstable lipid radicals are generated, which then decompose to an
unwanted volatile aroma compound. These ‘off-flavors’ influence the sensory
quality of the product. The food turns rancid. Moreover, the free radicals may react
with other substances such as fat-soluble vitamins and pigments (e.g. carotenoids),
which results in losses of nutritional value or bleaching of the product [9].
Additionally, reactions with proteins and nucleic acids may occur, which also
leads to unwanted off-flavors.

Substances that are capable of delaying, retarding, or preventing the oxidative
deterioration of lipids are called antioxidants. Primary antioxidants are substances
that are scavenging the free radicals directly. These are often phenolic compounds
(e.g. vitamin E). Secondary antioxidants (also called synergists) avoid the primary
oxidation reactions by binding metal ions (see Sect. 2.8), reacting with free oxy-
gen, absorbing ultraviolet (UV) radiation, or converting unstable hydroperoxides
to nonradical substances [9]. Synergists usually enhance the effect of primary
antioxidants.

Organic acids and their derivatives can act as antioxidants or synergists. Phe-
nolic acids, such as gallic acid [9-11] or ferulic acid [9, 12] and derivatives, act as
primary antioxidants. Ascorbic acid and citric acid as well as their derivatives are
examples of synergists [9, 11]. They improve the stability of primary antioxidants
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and lipids by acidifying the medium. Additionally, they deactivate pro-oxidant
metal ions such as iron and copper by forming chelates. Moreover, ascorbic acid
and their derivatives may scavenge oxygen and regenerate primary antioxidants
such as tocopherols [8, 9].

2.3 Dough Conditioner

Dough conditioners, also known as flour treatment agents or improvement agents,
are frequently used in bakeries. Organic acids have two functions in flour
improvement. They are added for oxidation, leading to maturing of the flour and
thus improving the baking quality [13, 14]. Secondly, organic acids are added for
their reducing character in continuous dough mixing. Reduction reactions enhance
the effectiveness of mixing. The mixing time to achieve proper dough develop-
ment is decreased at a given mixing speed [14—16]. The needed energy input for
dough mixing could be reduced.

2.4 Firming Agent

Firming agents are substances that are added in food processing to protect and
retain the firmness (mechanical stability) of food [17, 18]. This is very important
for products with pectin. The addition of firming agents causes a precipitation of
the pectin, which leads to a strengthening of the structure. Salts of organic acid,
such as gluconates and citrates, are frequently used as firming agents (see Sect. 4).

2.5 Flavor Enhancer

Sour taste is a very important flavor impression. The addition of organic acids
gives a product the right tartness to balance high sweetness. Moreover, acidic
compounds may act as flavor enhancers. Flavor enhancers are substances that
intensify the flavor of the product without contributing a flavor of their own (e.g.
succinic acid or tartaric acid) [17, 19, 20].

2.6 Functional Ingredient

Functional food is a term that has been used in recent decades for a food product
that has health-promoting ingredients (‘functional ingredients’). There are a few
organic acids and their derivatives that have healthy effects. Ascorbic acid
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(vitamin C) is an important substance for humans. Because it cannot be produced
by the human cells, it has to be taken up orally. Therefore, sometimes it is added to
beverages and foods [21, 22]. Another example is lactobionic acid and its salts
(lactobionates). Lactobionic acid is a novel ingredient. In recent years, several
studies to analyze this compound’s possibilities as a beverage and food additive
have been carried out [23, 24]. There is some evidence for health-promoting
activity. The acid is resistant to digestive enzymes, but it could be fermented by
the intestinal flora. It may act as a prebiotic substance [25]. Furthermore, lac-
tobionic acid and its derivatives have positive effects on the calcium absorption
caused by their chelating properties [23]. Additionally, anti-inflammatory, anti-
thrombotic, and anti-cancer activities have been suggested for ferulic acid,
although this is not conclusive [26].

2.7 Humectant

In some foods, the control of moisture is important. To retain the moisture in food
products, hygroscopic substances are useful. Some organic acids and their deriv-
atives have this ability (e.g. lactic acid and its salts, [27]). By adding humectants,
the thermodynamic water activity is reduced, which decreases microbial growth
[28, 29].

2.8 Leavening Agent

Chemical leavening is very common in the production of bakery products. By
producing gas through a chemical reaction, the dough rises and becomes flufty,
which is desired for most bakery products [30]. Usually, sodium bicarbonate
(bakery soda) is used for this reaction. If bakery soda is heated, sodium carbonate
is formed by releasing carbon dioxide and water. However, the sodium carbonate
is unwanted in many applications because of its bitter taste and a tendency to
produce yellowish color [31]. A possible solution is the addition of a weak acid.
Then, in a first step, the sodium bicarbonate reacts with the acid. Carbonic acid and
a sodium salt of the acid are produced. Afterwards, carbonic acid decomposes to
water and carbon dioxide [13]. Figure 3 shows the chemical leavening reaction
using the example of acetic acid as an additive.

Important organic acidic sources for chemical leavening with sodium carbonate
are vinegar (acetic acid), lemon juice (citric acid), molasses or buttermilk (lactic
acid) and cream of tartar (potassium bitartrate).

The correct mixture of soda and acid has to be used for a good product. If there
is not enough acid, the product turns yellowish and bitter. Excess acid produces a
sour taste. Commercial baking powder is an optimized mixture of sodium bicar-
bonate, an organic acid and a dry diluent (e.g. corn starch) [30].
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acetic acid sodium bicarbonate sodium acetate water carbon dioxide

Fig. 3 Example for a chemical leavening reaction

2.9 Preservative

Preservation is essential in food production. Two types of preservation are distin-
guished. First, there are substances that prevent unwanted chemical reactions: anti-
oxidants and sequestrants. Their functions are described elsewhere (see Sects. 2.2 and
2.8). The second type of preservatives prevent food spoilage by inhibiting unwanted
microbial growth [29]. Requirements for spoilage by microbial growth are:

e The food has to be contaminated with an unwanted microorganism.

e Nutrients have to be bioavailable to the microorganisms.

e The environmental conditions (temperature, water activity, pH, presence or
absence of oxygen) have to be favorable for microbial growth.

Preservatives either attack one of the conditions listed above or have a direct
antimicrobial effect. For example, no microbial growth occurs at very high sugar
concentrations. Therefore, sugar could act as a preservative. High salt concen-
trations or protective gases are other possibilities.

An antimicrobial action of a substance could be explained by different parts of
the microorganism. The DNA, protein synthesis, enzyme activities, cell membrane
or cell wall, and transport mechanisms of nutrients may be influenced by a
preservative.

Organic acids and their derivatives are very often used as preservatives due to
their properties. First, the environmental conditions become unfavorable for
microbial growth by reducing the pH. Furthermore, the initial contamination could
be minimized by adding acids during the food processing. Acidic conditions have
a positive effect on the killing of microorganisms during heat treatment (e.g.
sterilization) [29]. Moreover, organic acids and their derivatives have different
direct antimicrobial effects. During germination of spore-forming bacteria, ben-
zoates attack at the point of the spore coat breaking, whereas sorbates inhibit the
formation of the vegetative cell [29].

2.10 Processing Aids

Processing aids are substances that are used in beverage and food processing, then
removed later in the process [32]. For example, organic acids are used as extraction
agents in the production of gelatin [33]. The cleavage of collagen cross-links can be
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achieved by acidifying the raw material followed by a treatment with warm water.
Processing aids could be used for the cleaning of processing units. Acidic condi-
tions are favorable for dissolving certain mineral salts. By treatment with weak
organic acids (e.g. citric acid), the fouling of equipment with mineral salts can be
minimized without impacting other materials of construction [7].

2.11 Sequestrant

Free metal ions are an issue in food production. They may react with food com-
ponents or form insoluble or colored compounds. The results are unwanted pre-
cipitations, rancidity, or loss of nutritional quality. Sequestrants (also known as
chelating agents) are a solution for this problem. They form stable and water-
soluble complexes (chelates) with the free metal ions. Another application for
chelating agents is the controlled release of metal ions. This could be used to
control gelation [34]. Commonly used organic acid chelating agents are citric acid,
gluconic acid, tartaric acid, and ethylenediaminetetraacetic acid (EDTA).

2.12 Thickener via Gelling or Coagulation

Thickeners are an important group of food additives. Often, organic compounds
with high molecular weight and cross-linking, such as alginate, pectin, or gelatin,
are used. As described elsewhere, organic acids could moderate the effect of this
kind of thickener as firming agents (e.g. pectin, see Sect. 2.4) or they are involved
in the production as processing aids (e.g. gelatin, see Sect. 2.10). Moreover,
organic acids could be directly used as thickener in special cases. Proteins tend to
precipitate and coagulate in acidic conditions. An example is the acid gelation of
milk [35, 36]. The casein micelles are destabilized by adding an acid or its
derivatives (e.g. glucono-d-lactone at a pH around 4.9) [37]. Applications could be
found in milk products, such as yogurts and fresh cheese. This process is carried
out at ambient or elevated temperatures [37, 38]. The latter method is called heat-
acid coagulation. In this procedure, milk is heated up to the boiling point and then
cooled down to approximately 80 °C while stirring. Finally, an acid solution is
added for coagulation. By using heat-acid coagulation, chhana, a traditional Indian
counterpart of soft cottage cheese, is produced [39]. Other examples for acid
thickening are tofu or other soybean protein gels [40, 41].

2.13 Other Applications

Organic acids and their derivatives can be used as base chemicals for the production
of other food additives. Esters, for example, are the result of reactions between
carboxylic acids and alcohols. Small ester molecules of organic acids are often used
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as flavors (e.g. butyl acetate or ethyl lactate). Parabens are esters formed from para-
hydroxybenzoic acid with different alcohols. Although para-hydroxybenzoic acid is
not used as food additive, parabens, such as butyl parahydroxybenzoate, are used as
antimicrobial preservatives. Another group comprises diacetyl tartaric acid ester of
mono- and diglycerides. These esters are used as emulsifiers. Emulsifiers are
additives that enhance the stability of emulsions.

3 Acidifiers in Animal Nutrition
3.1 Function of Acidifiers in Feed

3.1.1 Preservation

Animal feed is produced, transported, and stored in large quantities. Therefore, a
certain level of contamination with unwanted microorganisms is essentially
unavoidable [42]. The level of microbes could rise rapidly under favorable tem-
peratures and moisture conditions [43]. Contamination reduces the nutritional
value of the feed. Additionally, certain pathogens (e.g. Salmonella) could be
dangerous for the animals, even at low titers. By carryover, pathogens or their
produced toxins may also enter the human food chain [44]. Hence, feed is often
treated with heat and acidic substances are added. The preservation mechanism is
the same as in food. The heat reduces the potential of initial contamination and
microbial growth is inhibited by reducing the pH of the feed. Moreover, different
acidic compounds act specifically against certain microorganism groups (see Sect.
2.9). Thus, the uptake of pathogens and toxins by farm animals with feed is
minimized [45].

3.1.2 Beneficial Effects on Animal Health and Growth Performance

The addition of acidifiers into diets has positive effects for the health of the
animals and the growth performance of farm animals can be enhanced. Several
mechanisms describing the reasons of these beneficial effects have been proposed
[46, 47]. First, certain organic acids and their derivatives have antimicrobial
activities as described before (see Sect. 2.9). Pathogens may be reduced in animals
fed using feed with acidifiers [47]. The gastric pH could be reduced by acidifiers.
A low pH in the stomach promotes the activity of pepsin, which improves the
protein digestion in swine, for example [46, 47]. The reduction of the gastric pH is
somewhat controversial [48]. Further studies have shown that the influence of
organic acids in this case depends on the chosen acidifier [46]. The chelating
function of some organic acids and their derivatives has a positive effect on animal
growth. An increased absorption and retention of different minerals has been
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shown (e.g. calcium, phosphorus, and zinc by addition of fumaric acid) [47].
Moreover, an improvement of enzyme secretion in the pancreas has been reported
by adding organic acids to the feed [47].

Often mixtures of acidifiers are used to maximize the beneficial effects. Due to
the positive effect on health of the animals, acidifiers are increasingly accepted as
an alternative to antibiotics [42].

Additionally, acidifiers enhance the nutritional value of the feed, which leads to
a better growth of the animals. Most organic acids and their derivatives have high
energy contents (e.g. heat of consumption for propionic acid: 4,968 kcal/kg) [43].
This has to be taken into account when planning the feed rations to avoid over-
feeding, if organic acids are added.

3.2 Applications of Acidifiers in Animal Feedstuffs

3.2.1 Effects of the Utilization of Acidifiers in Pig Diets

There are numerous studies of acidifiers used in pig farming. The influence in pork
nutrition of all common organic acids and their salts, which are often used as
preservatives in food, has been investigated in the last decade. Antimicrobial
activities have been proven against Escherichia coli, Salmonella spp. and other
microorganisms (e.g. yeasts and molds [46]). Moreover, the improvement of the
growth performance has been shown using different organic acids and their salts
[46, 47]. Very interesting results have been observed for the supplementation of
diets for weaning pigs with acidifiers. In suckling pigs, the acid secretion in the
stomach is reduced due to high production of lactic acid by fermentation of lactose
from sow’s milk. The lactose concentration and in consequence the lactic acid
production by fermentation is reduced by switching from sow’s milk to solid feed.
The gastric pH can be elevated for days and may result in diarrhea. Additionally, an
elevated stomach pH allows pathogens to survive, which may lead to an infection.
By adding acidifiers to the solid feed, these risks could be minimized. The transition
from milk to solid feed at weaning becomes more agreeable for the piglets [47, 49].
Many different organic acids (e.g. formic acid, fumaric acid, propionic acid, lactic
acid, and benzoic acid [47]) are used as acidifiers for pig diets.

3.2.2 Applications of Acidifiers in Poultry Production

In poultry farming, the antimicrobial activity of certain organic acids and their
derivatives is the most important aspect. Antibiotics are used frequently in poultry
production. The reason is the high risk of an epidemic plague due to confined
animal feeding operations. To reduce the amount of antibiotics in the food chain,
the addition of acidifiers has been implemented in many cases [50, 51]. Different
studies have shown the effective prevention of intestinal colonization with
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pathogens (e.g. Salmonella) [50, 52, 53]. Therefore, propionic acid [51] and
mixtures of formic and propionic acids [50] are often used.

3.2.3 Organic Acids and their Derivatives in Aquaculture

Aquaculture is the fastest growing food-producing sector due to increased demand
and overfishing of the oceans. As in poultry production, in aquacultures high
numbers of fish or shrimp are living in a confined space. To reduce the risk of
diseases, antibiotic growth promoters are used frequently. Acidifiers have been
added in fish silage for decades as preservative agents to minimize the growth of
unwanted microorganisms [43, 54, 55]. The application of organic acids and their
derivatives in aquaculture diets to enhance health and to promote growth were
investigated in recent years for fish [43, 55, 56] and shrimp [57].

3.2.4 Additional Reports on Acidifiers in Animal Nutrition

Organic acids and their derivatives have been tested in diets for rabbits.
Improvements of the digestibility and final productivity of the nutrition with
acidifiers added have been reported. However, the effects are not clear [46, 58].
Also, different studies regarding the health of rabbits using acidifiers instead of
antibiotics have been carried out. A reduction of various unwanted microorgan-
isms has been reported consistently. Furthermore, a few acidifiers, which are
known to have antimicrobial activity from tests with other animals, showed no
effect [58, 59]. More research in this field is clearly needed.

Organic acids and their derivatives have been added to feed for calves during
weaning. Initial tests have been described using the acidification of milk, milk
replacement, and post-weaning concentrates. Unfortunately, positive effects were
not consistent [60].

4 Properties, Applications, and Production of Common Organic
Acids

4.1 Monocarboxylic Acids

The four monocarboxylic acids—formic acid, acetic acid, propionic acid, and
sorbic acid—are used in beverage, food, and animal nutrition (Fig. 4). Acetic acid
(C,H40,; pK, = 4.75) and its salts are used in various applications as emulsifiers,
stabilizers, pH control agents, preservatives, flavor enhancers, and firming agents.
Moreover, acetic acid is used as base chemical for the production of esters (e.g.
amyl acetate, ethyl acetate and glyceryl diacetate), which can serve as solvents
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[19]. The annual world production of acetic acid was about 7,000,000 metric tons
in 2007 (400-1,200 US$ per metric ton in 2013 [61]). Approximately 170,000
metric tons of this was produced by fermentation [62].

Formic acid (CH,0,; pK, = 3.77) is the simplest carboxylic acid, with only
one carbon atom. Formic acid and its salts, sodium formate and calcium formate,
are used as preservatives and acidifiers in animal feed as well as flavoring agents at
very low concentrations (between 0.5 ppm for gelatins and puddings and 6 ppm
for hard candy) [63]. The acrid odor and taste limit the addition of formic acid and
its derivatives in food at higher concentrations [19]. Nearly 49 % of formic acid
annual word consumption is used for silage preservation and as animal feed
additive. In 2009, the world production capacity was approximately 770,000
metric tons per year [64]. The price for formic acid was 550-950 US$ per metric
ton in 2013 [61].

Propionic acid (C3HgO,; pK, = 4.87) and its derivatives can be used as syn-
ergists, pH control agents, preservatives, and flavor enhancers [19]. Propionic acid
is often found as an acidifier in animal nutrition. About 45 % of the annual world
production of 130,000 metric tons is used for animal feed and as grain pre-
servative. Another 21 % is used as food preservatives [62, 65]. One metric ton of
propionic acid in food-grade quality was offered for 800-2,000 US$ in 2013 [61].

Sorbic acid (C¢HgO,; pK, = 4.8) and its salts are used as preservatives [19].
Approximately 30,000 tons of sorbic acid are produced annually [66]. The world
price of sorbic acid was 3,000-5,500 US$ per metric ton in 2013 [61].

4.1.1 Biotechnological Production of Acetic Acid

Acetic acid is produced for beverage, food, and feed applications almost entirely
using the traditional vinegar process [65]. First, ethanol is produced by fermen-
tation with Saccharomyces cerevisiae in the absence of oxygen. Then, acetic acid
is generated from ethanol by acetic acid bacteria, such as Acetobacter aceti,
Acetobacter pasteurianus, or Gluconacetobacter europaeus, under aerobic con-
ditions [65, 67]. Different substrates, such as malt, fruits, and sugarcane, are used
for vinegar production [68]. Today, processes with two stages (e.g. two-tank cycle
fermentation or two-stage submerged fermentation) are generally employed on an
industrial scale. In a first step, biomass is produced in parallel to the acetic acid
production. In the second part of the process, mainly acidification takes place.
Acetic acid concentrations up to 200 g-L ™' can be achieved [65].

The vinegar process has been well studied over many decades [65]. However,
there are still attempts to enhance vinegar production, especially regarding
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productivity and cost minimization through alternative substrates [69, 70], new
process concepts (e.g. immobilized cells [68] or mixed cultures of yeasts and
acetic acid bacteria [71]), and optimized acetic acid bacteria [72].

Acetic acid can be produced under anaerobic conditions by some microor-
ganisms such as Clostridium thermoaceticum [65]. In free-cell batch fermenta-
tions, acetate concentrations of 50 g-L ™' were reached in less than 192 h. Acetic
acid concentrations of 83-100 g-L ™', a yield of 0.74-0.80 g acetic acid per gram
glucose, and a productivity of 0.60-0.85 g-L~'-h~' were observed under opti-
mized conditions in a cell-recovered fed-batch process with pH-control using
glucose as substrate [65].

4.1.2 Biotechnological Production of Formic Acid

Formic acid is generally produced by chemical synthesis [73]. However, bio-
technological routes are described in literature. First, formic acid could be pro-
duced from hydrogen and bicarbonate by whole-cell catalysis using a methanogen.
Concentrations up to 1.02 mol-L™" (47 g¢-.L™") have been reached within 50 h
[74]. Another example is the formation of formic acid and ethanol as co-products
by microbial fermentation of glycerol with genetically modified organisms. In
small-scale experiments, 10 g-L ™" glycerol has been converted to 4.8 g-L ™" for-
mate with a volumetric productivity of 3.18 mmol-L™"-h~" and a yield of 0.92 mol
formate per mole glycerol using an engineered E. coli strain [75, 76].

4.1.3 Biotechnological Production of Propionic Acid

Generally, propionic acid is produced via petrochemical routes. However, fer-
mentative processes are interesting for food-grade production, although the price
of biotechnologically produced propionic acid may be twice that of petrochem-
istry-based propionic acid. The microbial production of propionic acid is done
with propionibacteria (e.g. Propionibacterim freudenreichii) [65, 77, 78]. Several
fermentation methods have been studied. For example, an extractive fermentation
is suggested to avoid low productivity and yields caused by product inhibition
[77]. With this technique, a product concentration of 75 g-L™" propionic acid, a
yield of 0.66 g propionic acid per gram lactose, and a productivity of approxi-
mately 1 g-L~"-h™" are reached [79].

Different substrates, such as glycerol [78], wheat flour [80], or mixtures of
glycerol and glucose [81], have been analyzed to reduce costs. Also, techniques of
cell immobilization show promising results [77]. Fibrous-bed reactor systems show
the highest product concentrations: up to 106 g-L ™" propionic acid and a yield of
0.56 g propionic acid per gram glycerol [82]. In recent years, metabolic engineering
has been used to improve the acid tolerance and to reduce byproduct formation [65].
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For example, the acetate kinase gene has been inactivated by mutation of Propi-
onibacterium acidipropionici [83]. Additionally, an adaptive evolution has been
carried out. As result, the productivity was enhanced by approximately 50 %, up to
0.25 gL "h™" and a yield of 0.59 g propionic acid per gram glycerol, using
immobilized cells adapted to high acid concentrations [82, 84].

4.1.4 Biotechnological Production of Sorbic Acid

Today, sorbic acid is produced solely by chemical synthesis [66]. However, fer-
mentation and chemical synthesis might be combined to develop a new production
route for sorbic acid [85]. In a first step, glucose would be converted to triacetic
acid lactone by fermentation. It has been shown that triacetic acid lactone can be
produced by genetically modified E. coli and S. cerevisiae strains [86, 87]. After a
separation from the fermentation broth, triacetic acid lactone would be trans-
formed into butyl sorbate in a multistage catalyst system (catalysis-hydrogenation
and solid acid catalysis). Then, butyl sorbate would be purified and hydrolyzed to
sorbic acid. Different scenarios are analyzed to evaluate the economic feasibility of
such a production process [85].

4.2 Dicarboxylic Acids

Adipic acid, fumaric acid, and succinic acid are important dicarboxalic acids in
beverage, feed, and food applications (Fig. 5). Adipic acid (C¢H;¢O4; pKay = 4.43
and pK,, = 5.41) is known as raw material for nylon fabrication. However, adipic
acid and its salts (e.g. calcium adipate and magnesium adipate) are used regularly
in food production as sequestrants, acidity regulators, preservatives, flavor
enhancers, and baking additives. The annual global production of adipic acid was
2,600,000 metric tons in 2010. The price for adipic acid was 1,500-2,000 US$ per
metric ton in 2013 [61]. Less than 6 % is used for food applications [88, 89].

Fumaric acid (C4H404; pK,; = 3.03 and pK,, = 4.44) and fumarates could be
used as synergists, pH control agents, preservatives, flavor enhancers, and firming
agents. Additionally, emulsifiers and dough conditioner could be produced by
esterification (e.g. sodium stearyl fumarate). Currently, 22 % of the worldwide
annual fumaric acid production of 90,000 metric tons is used as food and beverage
additives [90, 91]. Fumaric acid in food-grade quality was offered for 700-2,500
USS$ per metric ton in 2013 [61].

Succinic acid (C4HgOy4; pKa; = 4.16 and pK,; = 5.61) and its salts are used for
pH control, preservation, flavor enhancement, and baking. In 2008, between
20,000 and 30,000 metric tons of succinic acid were produced worldwide [92].
Succinic acid was sold for 2,000-3,200 US$ per metric ton in 2013 [61].



106 H. Quitmann et al.

0} 0]
HO o
MOH NOH
0 OH
Adipic acid o Fumaric acid
HO
OH
Succinic acid

Fig. 5 Dicarboxylic acids
4.2.1 Biotechnological Production of Adipic Acid

Adipic acid is industrially produced by chemical synthesis [93]. However, there
are new efforts to develop an adipic acid production process using biorenewable
sources [88]. A direct biosynthesis route has not yet been reported. The possible
precursors Z,Z-muconic acid and glucaric acid can be produced biotechnologically
by fermentation. Z,Z-muconic acid can be made from benzoate with concentrations
up to 130 mM with a yield of close to 100 % (mol/mol) by Pseudomonas putida
KT2440-JD1 grown on glucose [94]. Alternatively, it can be produced by engi-
neered E. coli directly from glucose at up to 260 mM with a yield of 0.2 mol Z,Z-
muconic acid per mole glucose [95].

The production of the second possible precursor, glucaric acid, by engineered
E. coli growing on glucose has been reported. However, the product titers were
low (e.g. 4.8 [96] and 12 mM [97]). To overcome the problem of low product
concentrations, an alternative synthetic pathway has been suggested but not yet
demonstrated [98].

In a hydrogenation process, Z,Z-muconic acid and glucaric acid could be
converted chemically into adipic acid. Therefore, bimetallic nanoparticles or
platinum on activated carbon as catalysts have been studied [99]. In particular,
nanoparticles of Ru;yPt, anchored within pores of mesoporous silica showed high
selectivity and conversion rates, greater than 0.90 mol adipic acid per mole Z,Z-
muconic acid [99]. With platinum on activated carbon, conversion rates of
0.97 mol-mol™! of ZZ-muconic acid into adipic acid have been shown [95].
Another possibility would be the production of adipic acid from glucose via the
a—aminoadipate pathway [88]. Finally, the production of adipic acid from long-
chain carbon substrates has been suggested [88]. The conversion of fatty acids into
dicarboxylic acids by engineered yeast strains has been reported [100, 101].

4.2.2 Biotechnological Production of Fumaric Acid

Currently, fumaric acid is mainly manufactured by chemical synthesis via the
precursor maleic acid, which is produced using either benzene or n-butane via
catalytic oxidation [90]. However, there are enzymatic and fermentative
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production routes for fumaric acid. Prior to the advent of inexpensive petroleum-
based chemistry, fumaric acid was produced commercially by fermentation using
organisms of the genus Rhizopus with an annual production of 4,000 metric tons
[102]. Product concentrations from 30 to 130 g-L ™" with yields from 0.3 to 1.0 g
of fumaric acid per gram of glucose and productivities of 0.46-2.0 g-L~"-h~' have
been reported growing on glucose [90].

In recent years, new approaches using metabolic engineering have been studied.
For example, fumaric acid concentrations of 28.2 g-L ™" with a productivity of
0.448 g-.L~"-h™" have been reached in fed-batch cultivation of a genetic modified
E. coli [103]. To achieve this result, eight modifications have been implemented.

Fumaric acid could be alternatively synthesized by an enzymatic process
starting from maleic acid as in the chemical synthesis. By whole-cell biocatalysis
of the Pseudomonas alcaligenes strain XD-1, a yield of 0.698 g of fumaric acid per
gram of maleic acid and a production rate of 6.98 g-L~'-h~' have been reached
[104]. The process has been optimized. The formation of the byproduct malic acid
was avoided due to an inactivation of fumarase by a heat treatment of the cells
beforehand. Finally, a yield of 0.95 g fumaric acid per gram maleic acid and a
production rate of 14.25 g-L_l-h_1 have been observed [105].

4.2.3 Biotechnological Production of Succinic Acid

Traditionally, succinic acid is produced by petrochemical synthesis using the
precursor maleic acid [106]. However, there are some microorganisms that are
able to produce succinic acid (e.g. Actinobacillus succinogenes, Anaerobiospiril-
lum succiniciproducens and Mannheimia succiniciproducens). Maximum product
concentrations of 106 g-L ™" with a yield of 1.25 mol of succinic acid per mole of
glucose and a productivity of 1.36 g-L~"-h™" have been achieved by growing A.
succinogenes on glucose [106]. A high productivity of 10.40 g-L™"-h™" has been
reached with A. succinogenes growing on a complex medium with glucose in a
continuous process with an integrated membrane bioreactor-electrodialysis pro-
cess. In this process, the product concentration has been 83 g-L™' [107]. More-
over, metabolic engineering methods were used to develop strains (e.g. C.
glutamicum, E. coli, S. cervisiae and Y. lipolytica) with high productivity and titer
as well as low byproduct formation [106, 108, 109]. For example, growing C.
glutamicum strain AldhA-pCRA717 on a defined medium with glucose, a high
productivity of 11.80 g-L™"-h™! with a yield of 1.37 mol of succinic acid per mole
of glucose and a titer of 83 g-L™' has been reported after 7 h. An extended
cultivation resulted in a product concentration of 146 g-L ™" after 46 h [110].

4.3 Alpha Hydroxy Acids

The alpha hydroxy acids citric acid, lactic acid, and malic acid are often used in
beverage, food, and animal nutrition (Fig. 6). Citric acid (CcHgO7; pK, = 3.14,
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pK.> = 4.77 and pK,3 = 6.39) is frequently added as a synergist. Moreover, citric
acid and its salts are used as sequestrants, pH regulators, preservatives, flavor
enhancers, and firming agents. Additionally, its esters may be used as emulsifiers and
solvents. The annual world production of citric acid was approximately 1,600,000
metric tons in 2009. Approximately 70 % has been used in the food sector [111, 112].
The price for citric acid was 400-1,300 US$ per metric ton in 2013 [61].

Lactic acid (C3HgO3; pK, = 3.08) and its derivatives have been used for a long
time as acidity regulators, preservatives, baking additives, and flavor enhancers.
Moreover, due to its hygroscopic activity, it also serves as humectant. The esters
based on lactic acid serve as emulsifiers and solvents. More than 200,000 tons of
lactic acid was used in 2012 for beverage, food, and animal feed applications [27,
113, 114]. Food-grade lactic acid was offered for 1,000-~1,500 US$ per metric ton
in 2013.

Malic acid (C4HgOs; pK,; = 3.40, pK,, = 5.11) and its salts are used as
synergists, acidity regulators, preservatives, and flavor enhancers. Approximately
55,000 tons of malic acid was consumed in 2006 (800-3,000 US$ per metric ton in
2013 [61]). The major applications have been in beverage (51 %), food (41 %),
and other industrial applications [106].

4.3.1 Biotechnological Production of Citric Acid

Fermentation is the technology of choice for citric acid synthesis. Different bac-
teria (e.g. Arthrobacter paraffinens and Bacillus licheniformis), filamentous fungi
(e.g. Aspergilus niger and Penicillium citrinum) and yeasts (e.g. Candida tropi-
calis and Yarrowia lipolytica) are able to produce citric acid [112]. Due to high
productivity and easy handling, citric acid is usually produced by fermentation
with A. niger [115]. For example, a product concentration of 114 g-L™' within
168 h has been reached by cultivation of A. niger GCMC 7 on cane molasses
[116]. On the industrial scale, submerged cultivation, surface fermentation and
solid-state fermentation are used [111].

In general, molasses, starch hydrolyzate and starch are used as substrates.
However, there are various studies for alternative raw materials [111]. Solid-state
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fermentation of inexpensive agricultural wastes is one possibility [112]. For
example, high yields up to 88 % have been achieved using grape pomace as
substrate [7]. Lowering the cost of product recovery is crucial. Different methods
using precipitation, solvent extraction, adsorption, or in situ product recovery have
been described [112]. One interesting process could be the in situ crystallization of
citric acid during fermentation to improve the economics [112, 117].

4.3.2 Biotechnological Production of Lactic Acid

Lactic acid is produced biotechnologically in general by fermentation of lactic acid
bacteria. More information about this process and new trends are described later in
this chapter (see Sect. 5).

4.3.3 Biotechnological Production of Malic Acid

DL-malic acid as well as L-malic acid can be used in beverage, food, and animal
nutrition. DL-malic acid is mainly derived from chemical synthesis, whereas L-malic
acid is produced biotechnologically by enzymatic or fermentative processes [106].

Fumaric acid can be converted to L-malic acid using fumarases. Different
microorganisms (e.g. Brevibacterium flavum, Brevibacterum ammoniagenes, and
Corynebacterium species) are able to form naturally high amounts of fumarase
intracellularly [106]. For example, B. flavum has been immobilized in x-carra-
geenan and polyethyleneimine for whole-cell biocatalysis. A fumarase activity of
2.16 mmol-ml(gel)~"-h ~' at 55 °C has been reported [118]. This process has been
used to produce 30 metric tons of L-malic acid per month in a continuous process
with a 1,000 L column fed at a flow rate of 450 L-h™! of 1 M sodium fumarate
solution [118]. Genetic engineering has been used to improve productivity, by
which S. cerevisiae is modified to overexpress fumarase. With this method, a
conversion rate of 65 mmol-g_l-h ~! has been observed [119].

Another possibility is the cultivation of an L-malic acid forming microorganism
(e.g. Aspergillus flavus or Schizophyllum commune) [106]. The best results have
been achieved by cultivation of A. flavus on glucose. A final product concentration of
113 gL' with a yield of 1.26 mol of malic acid per mole of glucose and a pro-
ductivity of 0.59 g-L™"-h™! has been measured. Moreover, new biotechnological
routes have been described using metabolically engineered S. cereviciae. In batch
cultivations, concentrations up to 59 g-L ™' with a yield of 0.42 mol of malic acid per
mole of glucose and a productivity of 0.19 g-L~"-h~! have been observed [120].

4.4 Sugar Acids

Ascorbic acid (CgHgOg), its isomer erythorbic acid, and their salts are used as
antioxidant synergists, sequestrants, and reducing agents [19]. The world
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production of L-ascorbic acid has been estimated at 80,000 metric tons per annum
in 2000 (2,650-4,900 US$ per metric ton in 2013 [61]). About 25 % is used as an
antioxidant in food and another 15 % in beverage manufacturing. Moreover, 10 %
of the global annual ascorbic acid production is used in animal nutrition (Fig. 7).

Gluconic acid (C¢H;,07; pK, = 3.7) and its salts are used as processing aids
(e.g. prevention of milkstone in the dairy industry) or in animal nutrition. The
derivative glucono-d-lactone is used as a chemical leavening agent, acidity reg-
ulator, sequestrant, preservative, and thickener by coagulation of proteins (e.g.
tofu) [19]. The utilization of gluconic acids and its derivatives is limited due to
high production costs [121]. In 2009, about 90,000 metric tons of gluconic acid
were produced worldwide [122]. Approximately 34 % is used by the food industry
[121]. The price for food-grade gluconic acid was 300-1,640 US$ per metric ton in
2013 [61].

Lactobionic acid (C;,H2,01,; pK, = 3.6) and its salts could be used as acidity
regulators, antioxidants, gelling agents, flavor enhancers, firming agents, and
baking additives. Additionally, the utilization of lactobionic acid as carrier for
calcium supplementation has been reported due to its chelating ability [23, 24]. In
2007, the market was estimated between 15,000 and 17,000 metric tons per year
worldwide. The annual growth is expected to be about 5 % [24]. Sodium lacto-
bionate was offered for 11,850-30,000 US$ per metric ton in 2013 [61].

Tartaric acid (C4HgOg; pKa; = 2.98 and pK,, = 4.34) and its salts are used for
pH regulation, preservation, flavor enhancement, and chelating. Furthermore, they
can be used as humectants, firming agents, baking additives, and emulsifiers [19].
The global consumption of tartaric acid for beverage and food applications has
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been estimated at 28,000 metric tons in 2010 [123]. An average of 3,000 US$ per
metric ton was paid for tartaric acid in 2013 [61].

4.4.1 Biotechnological Production of Ascorbic Acid

Traditionally, ascorbic acid is produced via the Reichstein process, which is a
chemical synthesis route with several process steps [22, 124]. In the last 20 years,
the development of biotechnological processes for ascorbic acid has been in focus.
More information about ascorbic acid and its utilization in beverage, food, and
animal nutrition as well as its biotechnological production are offered in
Industrial Production of L-Ascorbic Acid (Vitamin C) and p-Isoascorbic Acid.

4.4.2 Biotechnological Production of Gluconic Acid

Currently, gluconic acid is commercially produced by submerged fed-batch cul-
tivations of Aspergillus niger using glucose as substrate [122]. A. niger produces
citric acid and gluconic acid growing on glucose. The product concentration and
yields of the product depend on the fermentation conditions. For optimal gluconic
acid production, high glucose concentrations (110-250 g-L™"), low concentrations
of nitrogen and phosphorus in the medium, a limitation of metal ion concentra-
tions, a pH value in the range of 4.5-6.5, and high aeration rates for the oxygen
supply are needed [122].

Much research has been carried out to find new ways for cheaper production.
Different microorganisms have been studied (e.g. G. oxydans, Z. mobilis, A.
methanolicous, and P. fluorescence [121, 125]). Moreover, new microbial strains
have been developed by mutagenesis or genetic engineering [121]. Additionally,
the fermentation process and recovery have been optimized [122]. New inex-
pensive substrates (e.g. cornstarch, grape or banana must, figs, and cheese whey)
have been tested [121].

One example of a new and efficient production process of gluconic acid is the
cultivation of Aureobasidium pullulans growing on glucose [126, 127]. Using a
continuous process with biomass retention by crossover filtration, a product con-
centration of 375 g-L ™', a yield of 0.83 g of gluconic acid per gram of glucose, and
a productivity of 17 g.L~"-h™! could be achieved at a residence time of 22 h. In
this process, 100 % of the glucose is converted [127]. This process might be
interesting for industrial applications. In continuous gluconic acid production with
immobilized mycelia of A. niger, product concentrations of 120-140 g-L ™" have
been achieved [128].

4.4.3 Biotechnological Production of Lactobionic Acid

Currently, lactobionic acid is produced by chemical synthesis using refined lactose
as feedstock. This process is expensive due to the energy demand. Alternatively,
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enzymatic processes have been suggested. For example, lactose could be reacted to
lactobionic acid using an enzymatic system with co-factor regeneration. First,
lactose is converted to lactobionolactone by a cellobiose dehydrogenase. This
reaction requires an electron acceptor, which is regenerated by a laccase reducing
oxygen to water. Finally, lactobionolactone spontaneously hydrolyzes to lactob-
ionic acid [129].

Moreover, microbial production of lactobionic acid has been described [23]. In
a fed-batch cultivation of Burkolderia cepacia growing in a complex medium
(lactose, salts, peptone, and yeast extract), a final titer of 400 g~L71, a yield of
approximately 1.0 g of lactobionic acid per gram of lactose, and a productivity of
1.67 g~L_1-h_1 have been achieved [130].

Another promising strategy for an inexpensive biotechnological process is the
utilization of cheap raw materials. For example, lactobionic acid could be obtained
from concentrated cheese whey by fermentation with Pseudomonas taetrolens. In
a fed-batch process, a product concentration of 164 g-L ™' with a productivity of
2.05 g-L.”"h~" and a yield of 0.82 g of lactobionic acid per gram of lactose have
been observed [131]. Furthermore, whole-cell biocatalysis using permeabilized
Zymonmonas mobilis cells and an equimolar mixture of lactose and fructose has
been tested. In a batch process, a maximum lactobionic acid concentration of
268 g-L ™" and a conversion rate of 72 % within 24 h have been measured. The
productivity of lactobionic acid was 11.2 g-.L™"-h™' [132].

4.4.4 Biotechnological Production of Tartaric Acid

Tartaric acid is generally produced from crude tartar and lees, which are
byproducts of wine production [133]. However, there are a few reports of fer-
mentative production of tartaric acid by Gluconobacter suboxydans growing on
glucose [134] or sorbitol [135, 136]. Vanadate plays a central role in this process.
The microorganism forms 5-keto-p-gluconic acid, which is oxidized to tartaric
acid. The vanadium catalyzes this reaction [134, 137]. Product concentrations up
to 2.96 g-L ! have been observed after 3 days of fermentation [136].

4.5 Aromatic and Phenolic Acids

Benzoic acid (C;HgO,; pK, = 4.2) and its derivatives are often used as antimi-
crobial preservatives [19, 138]. The world production capacity was estimated to be
680,000 metric tons per year in 1998 [139]. About 32,000 metric tons (5 % of the
world production capacity) were consumed as benzoic acid or benzoates in 1998
[139]. Approximately 41 % of the benzoic acid world consumption is used for
beverage and food applications as sodium and potassium benzoate [140]. The price
for benzoic acid was 1,000-2,300 US$ per metric ton in 2013 [61] (Fig. 8).
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Ferulic acid (CoH;904) could be an interesting organic acid for food applica-
tions. However, ferulic acid is allowed as food additive only in a few countries (e.g.
Japan) [12, 26]. In the United States and most European countries, natural extracts
(e.g. natural extracts of herbs, coffee or vanilla beans) with high content of ferulic
acid are allowed to be added to foods [26]. Ferulic acid has two isomers. However,
only trans-ferulic acid occurs naturally. Ferulic acid is used as natural antioxidant
and preservative in food and beverages [26, 141]. Furthermore, ferulic acid could be
used as thickener due to the ability to cross-link with polysaccharides [142]. Another
interesting application is the utilization of ferulic acid as precursor for the production
of the high-value flavor compound vanillin [143]. High-quality ferulic acid for food
applications was offered for 11.85-365 USS$ per kilogram in 2013 [61].

Gallic acid (C;HgOs) itself is currently not used in food. However, esters of
gallic acid (e.g. propyl gallate) serve as antioxidants. Different functional activities
(e.g. antibacterial and antiviral) have been described, which could lead to new
application fields in the future. The global production of gallic acid was estimated
at 8,000 metric tons per year [144]. The price for food-grade gallic acid was
26,000-29,000 US$ per metric ton in 2013 [61].

4.5.1 Biotechnological Production of Benzoic Acid

Benzoic acid is exclusively chemically synthesized on an industrial scale. Toluene
from petrochemical routes is oxidized in the presence of the catalyst potassium
permanganate to benzoic acid [140]. However, a recent study described for the first
time a benzoic acid production process by fermentation using Streptomyces
maritimus [145]. The production of benzoic acid during cultivation on glucose,
starch, and cellobiose has been investigated. The best results have been achieved
with product concentrations of 460 mg-L™' in 6 days using starch as substrate.
Additionally, a genetically modified S. maritimus optimized for endo-glucanase-
secretion has been tested on phosphoric acid swollen cellulose. A final product
concentration of 125 mg-L~" was observed after 4 days of cultivation [145].

4.5.2 Biotechnological Production of Ferulic Acid

There are three different natural sources for ferulic acid. It could be produced from
low-molecular-weight ferulic conjugates. For example, ferulic acid has been
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isolated from the waste material of rice bran oil production by hydrolyzing with
sodium hydroxide or potassium hydroxide at 90-100 °C. Ferulic acid with a purity
of 70-90 % was produced within 8 h under atmospheric pressure [146].

Another possibility is a direct extraction of ferulic acid from plant cell walls by
using feruloyl esterases. Various microorganism are able to secrete feruloyl
esterases (e.g. A. niger, Bacillus species and Clostridium thermocellum) [26]. The
enzymatic hydrolysis of sugar-beet pulp has been analyzed using a mixture of
carbohydrases from Aspergillus aculeatus with a final ferulic acid concentration of
200 mg-L™" in the hydrolyzate [147]. Moreover, a purification method to isolate
ferulic acid from sugar-beet pulp after enzymatic hydrolysis using a fixed-bed
adsorption with activated carbon has been developed. With this process, a purity of
50 % has been achieved [148]. Finally, ferulic acid could be produced by cell
culture fermentations [26]. For example, free ferulic acid (up to 50 mg-L™") and
also conjugated to anthocyanins (up to 150 mg-L™") has been accumulated in cell
cultures of Ajuga pyramidalis [149].

4.5.3 Biotechnological Production of Gallic Acid

The production of gallic acid is challenging. Conventionally, it has been produced
by acid hydrolysis of tannic acid. However, this process is expensive due to low
yields and high impurities [10, 11]. To overcome this problem, microbial pro-
duction of gallic acid has been suggested. For example, in a solid-state fermen-
tation of Teri pod cover powder containing tannin using Rhizopus oryzae, a yield
0f 90.9 % based on the tannin content of 58 % of the substrate was observed [150].
In a submerged culture of Aspergillus aceleatus DBF9 growing on a medium with
3 % tannin, a maximal product concentration of 6.8 g-L ™' was reported [151].
With tannic acid, even higher product concentrations of up to 25 g-L ™', a yield of
0.83 g of gallic acid per gram of tannic acid, and a productivity of 0,56 g-L~"-h™'
were shown using Apergillus fischeri MTCC 150 in submerged cultivation [144].
An alternative is the enzymatic hydrolysis of tannic acids using tannase produced
by microorganisms (e.g. Aspergillus fischeri or R. oryzae) [152]. For example,
propyl gallate could be produced using a tannase from Emericela nidulans
immobilized on ionic and covalent supports [153].

5 Lactic Acid as an Example for Bioprocess Development

5.1 Lactic Acid and its Applications

Lactic acid (2-hydroxypropionic acid, CH3-CHOH-COOH) is the most widely
occurring organic acid in nature. Due to its chiral ¢-carbon atom, lactic acid (LA)
has two enantiomeric forms (Fig. 9). Of these, L-(+)-lactic acid is more important
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in food and pharmaceutical industries because humans have only L-lactate
dehydrogenase [27, 154]. The chemical behavior of lactic acid is mostly deter-
mined by the two functional groups. Besides the acidic character in aqueous
medium, the bifunctionality (a terminal carboxylic acid and a hydroxyl group)
allows lactic acid molecules to form “interesters” such as the cyclic dimers, the
trimers, or longer lactic acid oligomers [155, 156].

After its first isolation by the Swedish chemist Scheel in 1780 from sour milk,
lactic acid has been produced commercially since the 1880s in the United States
and later in Europe [156, 157]. Worldwide, lactic acid production was approxi-
mately 250,000 metric tons per year in 2012 and is expected to reach 330,000
metric tons by the year 2015 [27, 113, 114], with an average price of 1.25 US$ per
kilogram in 2013 (food grade, 80-85 % purity) [61].

Approximately 85 % of the demand for LA is from the food industry. The
primary use of lactic acid is as a pH-adjusting agent in the beverage sector and as a
preservative in the food industry. It is included in the Generally Recognized as
Safe (GRAS) by the U.S. Food and Drug Administration [158] as a food ingredient
and was deemed safe by the European Food Safety Authority as well [159]. The
acceptable daily intake for LA was defined by the Joint FAO/WHO Expert
Committee on Food Additives as “not limited,” and it is also supported by the
Scientific Committee of Food [160, 161].

In recent decades, the consumption of lactic acid due to its novel applications
has grown quite rapidly, by 19 % per year [27]. Nonfood use of lactic acid for
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polymer production contributes to this growth. Biodegradable polylactic acid is
considered to be an environmentally friendly alternative to other plastics from
petroleum [162]. It is used in various fields, including drug delivery systems,
medical devices, fibers, and packaging materials [27, 155, 162, 163].

Lactic acid can be produced via chemical synthesis or carbohydrate fermen-
tation. The chemical route has various issues, including toxic raw materials, low
conversion rates, and especially the inability to produce the optically pure isomer.
Therefore, approximately 90 % of lactic acid worldwide is produced by biotech-
nological processes, namely fermentations using renewable resources [163], which
is relatively fast, economical, and able to supply selectively one or two stereo-
isomers of lactic acid [164].

5.2 Biotechnological Production of LA

Biotechnological LA production consists of the following steps [27, 155, 163]:

e Pretreatment of the substrate: hydrolysis of carbohydrate to mono- or
disaccharides.

e Fermentation of the substrate to LA by suitable microorganisms.

e Removal of biomass and other solids from the fermentation broth.

e Recovery and purification of LA.

Since the 1990s, a 2- to 4-day batch or fed-batch fermentation has been
employed industrially. Under anaerobic conditions, carbohydrates are first trans-
formed into pyruvic acid and then converted to LA by microorganisms while
energy is supplied for cell growth and metabolism. Because the pK, of lactic acid
is 3.86 at 25 °C, the fermentation broth must be neutralized to hold the pH within
the range of the organism’s tolerance [156]. In industry, this is usually done by
adding calcium hydroxide or calcium carbonate so that the LA converts to calcium
lactate. LA is then recovered from the calcium lactate using sulfuric acid.

The byproduct calcium sulfate (gypsum) has very little value and must be dealt
with. Calcium lactate may form a thick and hard layer on the liquid surface at high
concentrations, resulting in problems for product recovery. The LA concentration
is therefore generally controlled at 10 g-L ™", with a yield of approximately 0.9 g
of LA per gram of carbon source, in order to avoid a precipitation of the calcium
lactate salt during the separation steps.

The crude product is then purified using active carbon adsorption and ion
exchange. Afterwards, it is concentrated through evaporation to produce technical-
grade LA. The technical-grade LA has to be refined through esterification with
alcohol, distillation, hydrolysis of the ester, and finally evaporation to obtain
highly pure LA (>98 wt %), which is heat stable and suitable for polymerization,
synthesis of solvents, and the other value-added applications.

Over the past decades, various strains of microorganisms with high productivity
(>5 gL™"h™") were isolated and are available for industrial applications.
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Fig. 10 Conventional process for lactic acid production using lime as neutralization agent

The product concentrations could reach >180 g-L™"', with yields higher than 0.9 g
of LA per gram of substrate provided [154, 165-167].
The highest values of LA production reported in the literature are:

e LA concentration of 225 g-LL ™' in fermentation broth using fed-batch fermen-
tation [166].

e Maximum LA productivity in the range of 52144 g-L~"-h™' through high-cell
density culture using cell retention.

e Avyield of 1.01 g of LA per gram of glucose growing in a complex medium with
glucose as the main carbon source [168].

Figure 10 shows schematically a conventional carbohydrate fermentation pro-
cess. As discussed, the disadvantages of the conventional process (either eco-
nomically or ecologically) are obvious. In this process, nearly 1 metric ton of
calcium sulfate (gypsum) is formed per metric ton of LA as a waste byproduct,
which has to be deposited and/or treated [169]. A large amount of wastewater is
also produced, requiring costly water treatment.

The cost of lactic acid production is determined by rate, titer, yield, and dis-
posal of waste water and other wastes from both fermentation and product sepa-
ration process [170]. To optimize the productivity of lactic acid fermentation,
microbial strains, culture medium, fermentation condition, fermentation mode, cell
retention, waste minimization, and product recovery must be considered:

e Economical feedstock sources: Commercial prices of food-grade LA are modest,
at approximately US$ 1.50 per kilogram, depending on the purity [171]. The
feedstock needs to be low cost and easy to obtain. Therefore, raw materials
should be selected according to the location. In addition, rapid production rate,
high utilization rate, low level of contaminants, and minimum pretreatment are
also important to choose optimum feedstock materials [27].
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e Selection of suitable microorganisms: The microorganisms that are most widely
employed in industrial LA production include some filamentous fungi, lactic
acid bacteria (LAB), and genetically modified yeasts [155, 156, 169, 171, 172].
Because the LA productivity by microorganisms is influenced by the feedstock,
a suitable strain should be able to deal with the locally available substrate
rapidly and efficiently. It is important to select either a homo- or a heterofer-
mentative organism with regard to the desired LA isomer. Furthermore, resis-
tance against acidic pH is a preferred/positive attribute for LA production
because the cost of neutralization and the resulting separation processes could
be reduced.

o Fermentation mode: Besides the batch fermentation, which is employed most
commonly for LA production, fed-batch, continuous, and simultaneous fer-
mentation have also been investigated or applied to achieve higher LA con-
centration or productivity [154, 166, 167].

e Cell recycling or immobilization: LA is a primary metabolite, and it is well
known that LA production is coupled to cell growth [173]. Thus, the fermen-
tation efficiency could be increased in high-cell-density cultures, which is
promoted by cell recirculation or immobilization [174].

e pH control: Limited by the tolerance of the organism to an acidic environment,
fermentations in which the pH value is maintained as constant show better
results compared to those without control [156]. Due to the generation of a great
deal of gypsum, calcium hydroxide and calcium carbonate as neutralization
agents tend to be replaced by ammonium carbonate. Instead of the low-value
solid-waste gypsum, ammonium sulfate is generated, which is an important
chemical fertilizer. Another alternative is continuous LA removal from the
fermentation medium by filtration, extraction, or electrodialysis [175].

e Product recovery: Approximately half of the LA manufacturing cost is con-
sumed in downstream processes involving precipitation, filtration, acidification,
electrodialysis, carbon adsorption, evaporation, and crystallization [176].

5.3 Fermentation Process

5.3.1 Raw Materials

Theoretically, pentose and hexose could be used by certain microorganism as
carbon sources and fermented to LA [155]. However, costly and industrially
unattractive pure sugars, such as glucose or sucrose, are unfortunately preferred in
laboratory work. Therefore, renewable resources are becoming more interesting to
academia and industry. Recently, some waste products from agriculture, stock-
breeding, and forestry were successfully tested for industrial LA production. These
renewable resources can be divided into two groups: simple sugar containing and
polymeric substrates [155].
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The substrates that contain mono- or disaccharides can be converted directly
into LA without complex pretreatments, such as liquefaction and saccharification.
Whey (with lactose), molasses (mainly with sucrose), sugarcane, and sugar beet
juice (with sucrose) are most widely used because they are cheap and easily
obtained in certain locations.

Different from simple sugars, polysaccharides such as starch and lignocellulosic
biomass must be hydrolyzed to dimeric or monomeric sugars to become fer-
mentable. Currently, the simultaneous fermentation system is one of the most
interesting areas in bioprocess engineering and is developing rapidly. The fer-
mentation is coupled with the substrate hydrolysis with the hope of improved
efficiency. Starch could be easily obtained from crops, potato, or cassava bagasse,
for example, whereas waste paper, wood, straw, or cottonseed hulls could supply
plenty of lignocellulosic materials. Nonfood feedstocks have the advantage of
avoiding the food-versus-chemicals or fuels debate.

Apart from carbon sources, complex nutrients, such as amino acids and vita-
mins, are required for maintaining the growth and reproduction of microorganisms
[27]. Many nitrogenous substrates, such as whey permeate, yeast extract, beef
extract, grass extract, peptones, corn steep liquor, and soybean hydrolyzate, have
been investigated. Among all these substrates, yeast extract led to the highest LA
productivity because it is rich in B vitamins, purines, and pyrimidines [155, 163].

5.3.2 Microorganisms

Since the role of microorganisms in milk acidification was discovered by Pasteur
in the 1860s, thousands of species and strains were investigated for LA production.
In modern biotechnology, candidates for LA production are mainly divided into
three groups: filamentous fungi, lactic acid bacteria, and genetically engineered
yeasts. The selection of an organism depends not only on the fermented carbo-
hydrate, the produced LA concentration (titer), and the yield of LA per mass of
substrate, but also on the productivity (LA production rate, related to capital cost)
and its pH tolerance [27, 156, 163, 171]. Some organisms that were investigated
for their potential for industrial application are listed in Table 1.

It can be seen from Table 1 that work with industrially meaningful feedstock is
very rare in the literature. The sources of micronutrients are usually elaborate and
cost prohibitive for industry. This should be kept in mind for the discussion below.

Rhizopus is the best-known genus of fungi for the production of LA in industry,
including strains such as R. oryzae, R. nigricans, R. chinenis, and R. stolonifer.
Because they can release extracellular amylases, starchy materials from different
sources (e.g. rice, corn, potato, wheat) can be hydrolyzed and used directly. Thus,
the saccharification stage is not necessary. The nutrient requirements of fungi are
simple and cheap because urea and ammonium may be used as nitrogen sources
instead of expensive organic supplements, such as peptone and yeast extract. In
addition, the biomass can be separated easily due to its mycelium formation during
the fermentation. However, mass transfer limitations are commonly encountered
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Table 1 Comparison of different strains for lactic acid production

Organisms Cra Yield Productivity Substrate References
L™ (ge™) (L "hhH
Fungi Rhizopus oryzae 100.8  0.84 1.4 Glucose [177]
As3.819
Rhizopus oryzae OX-1 73.1 0.75 2.1 Glucose [178]
Rhizopus oryzae NRRL 104.6  0.87 1.8 Glucose [179]
395
Rhizopus oryzae NRRL 127 1.00 1.7 Starch [172]
395
Lactic acid Lactobacillus casei 82 0.91 5.6 Glucose [180]
bacteria NRRL B-441
Lactobacillus 68 0.76 3.5 Glucose [180]
rhamnosus ATCC
10863
Streptococcus 18 0.50 59 Whey [181]
salivarius spp. permeate
thermophilus
Lactococcus lactis sp. 8.3 0.21 2.1 Whey [181]
lactis 2432 permeate
Lactobacillus 20 0.45 - Molasses [182]

delbrueckii sp.
Bulgaricus AU

Lactobacillus 18 0.40 - Molasses [182]
rhamnosus ATCC
7469
Yeasts Kluyveromyces lactis 29 0.70 0.4 Glucose [183]
PMI/C1
Saccharomyces 70 0.93 1.0 Glucose [184]
cerevisiae
Candida boidinii 86 1.01 1.8 Glucose [168]
Pichia stipitis CBS6054 41 0.44 0.9 Glucose [185]
Others Bacillus coagulans 93.7 0.98 3.9 Glucose [186]
SIM-7 DSM 14043
Bacillus subtilis MUR1 183.2  0.99 35 Glucose [154]

by the pellet-like mycelium and cause the reduction of LA productivity [179].
Moreover, the yields are not as high as with the use of other organisms due to the
formation of byproducts, such as fumaric acid and ethanol [172].

Therefore, LAB are still the main fermentation agents in LA production. LAB
belong to the Gram-positive genera and include Carnobacterium, Enterococcus
(Ent), Lactobacillus (Lb), Lactococcus (Lc), Leuconostoc (Leu), Oenococcus,
Pediococcus (Ped), Streptococcus (Str), Tetragenococcus, Vagococcus, and
Weissella [187]. LAB are mainly classified as homofermentative or heterofer-
mentative according to the different pathways of sugar metabolism. In theory,
1 mol of glucose can be converted by homofermentative LAB via the Embden-
Meyerhof-Parnas pathway to 2 mol of LA without other products, whereas het-
erofermentative LAB would produce other substances besides LA, such as CO,
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and ethanol. Because the product yield is up to >0.90 g LA/g substrate and much
higher than in heterofermentation, only homofermentative LAB are appropriate for
the industrial production of L-LA. In contrast to fungi, LAB have more complex
requirements for nutrients because certain enzymes for the synthesis of B vitamins
and amino acids are missing [188].

The optimal temperature for mesophilic LAB is in the range from 28 to 45 °C;
for thermophilic LAB, it is between 45 and 62 °C. Thermophilic LAB, such as Lb.
delbrueckii, of which the optimal activity is at 50 °C, are preferred because the
contamination risks may be reduced as other microorganisms cannot survive at this
temperature. Besides the temperature, the fermentation is also strongly influenced
by the pH (i.e. product inhibition by LA). The optimal pH value for LA formation
varies between 5 and 7 according to the strain, and the fermentation comes to a
standstill when the pH drops below 4.5. A pH control during fermentation is
therefore required, either through neutralization with lime or in situ removal of the
product.

Metabolic engineering has been recently applied to develop improved LA-
producing organisms. It has been reported that some recombinant yeasts show
higher resistance against low pH in comparison to conventional LAB and could
produce LA at industrially relevant yields and productivity below pH 3.0 [156].
They have been reported to grow on simple chemically defined media and use
different sugars [168, 183, 184]. It remains to be seen if fermentation with
industrially relevant feedstock and micronutrient sources will confirm this work.

5.3.3 Process Operation

Batch, fed-batch, repeated-batch, and continuous fermentations are most com-
monly employed for LA production. Although higher LA concentrations could be
achieved in batch or fed-batch fermentations, cell-recycle systems, repeated-batch,
or continuous processes are available to provide higher LA productivity (Table 2).
In addition, there has also been a series of studies on cell immobilization, which
allows convenient biomass removal downstream [173, 178].

5.4 Recent Developments of Product Treatment

Downstream (from the fermenter) processing is considered to be one of the most
costly parts in LA production [155]. Various methods for LA recovery and puri-
fication are patented or reported in the literature. However, there is no universally
recognized optimum method. The LA recovery from the fermentation broth, which
is (partly) neutralized by lime during the fermentation, could be generally per-
formed via two routes [156, 175, 195, 196]:
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Table 2 Efficiency of biotechnological lactic acid production by different fermentation strategies

Organism Fermentation mode Cra Productivity Ref.
gL™) @@L 'hh

Bacillus coagulans SIM-7 Batch 91.5 2.0 [186]
DSM 14043 Fed-batch 91.6 4.0 [186]

Rhizopus oryzae OX-1 Batch, coimmobilization 73.1 2.1 [178]

Lactobacillus rhamnosus Batch 120.0 2.1 [189]
ATCC 10863 Continuous, cell-recycle via 920 57.0 [189]

membrane

Lactobacillus rhamnosus 1fO  Batch 98.0 1.9 [190]

3863 Continuous, in situ removal 20.0 8.2 [190]
via electrodialysis

Lactobacillus casei ssp. Continuous, cell-recycle via 224 9.0 [191]
Rhamnosus ATCC 11443 immobilization

Lactobacillus delbrueckii Fed-batch, in situ removal via  23.1 0.2 [192]
NRRL b445 solvent extraction

Lactobacillus delbrueckii Continuous, in situ removal 26.1 104 [193]
CECT 286 via ion-exchange resin

Lactobacillus delbruckii Continuous, in situ removal 82.7 12.4 [194]
NCIM-2025 via membrane

1. The fermentation broth is first concentrated to 20-30 % lactate and then

acidified by sulfuric acid to release the LA. The generated gypsum is removed
with the biomass simultaneously by filtration (conventional belt or drum) or
centrifugation.

. The fermentation broth is first clarified through removal of biomass and solid

impurities. The solution is then concentrated by heating and evaporation and
results in crystallization of calcium lactate. The crystals are collected, washed,
and then redissolved in water, in which sulfuric acid is added to release the LA
and form gypsum.

Apart from classical filtration, modern filtration processes (e.g. micro-, ultra-, or

nanofiltration) could be an economical alternative for the separation of biomass
from the fermentation broth.

The crude LA has to be purified to 99 wt % to be marketable. Purification

options include the following:

Extraction of LA with simultaneous generation of lactate salts using alkaline
extractants and back extraction of LA with water [197].

Simultaneous acidification and esterification with alcohol and subsequent
hydrolysis of the ester in water to recover LA and alcohol for recycling.
Direct purification of the LA using adsorption, reactive distillation, ion
exchange, membrane processes, etc.

Reactive extraction: Instead of lime or other neutralization agents, the alter-

native for stabilization of the pH value in the fermentation broth is the continuous
extraction of LA from the fermentation system [175]. Due to its hydrophilic
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nature, LA may not be extracted by organic solvents. Thus, a number of alkali
extractants, such as trimethylamine, are used; the LA reacts with the extractant and
the product complex dissolves into the organic diluent. The LA can be re-extracted
into the aqueous solution and then recovered. Meanwhile, the extractant containing
diluent is recycled to the fermentation process. Hence, it is ideally suitable for
continuous fermentation and enhances the process efficiency. However, cell
growth inhibition was observed in many studies when the organic solvent and the
extractant were added to the fermentation system because they are more or less
toxic to the microorganism [197]. This is not surprising because liquid-liquid
extraction always establishes equilibrium between the liquids involved. Therefore,
the choice of suitable solvent and extractant is the key point of reactive extraction,
where the distribution coefficient, low toxicity, viscosity, density, solubility, and
stability in water must be considered.

Adsorption: In this process, the LA anion is primarily combined with the sor-
bent and the LA is eluted by a suitable eluent from the saturated sorbent [175]. Due
to the affinity between LA and anion ion exchange resins, the LA could be
selectively separated from the other compounds in the fermentation broth. Com-
petition with other organic or inorganic anions is an issue with this approach.
Improved overall productivity could be expected when the solid sorbent is coupled
online with the fermentation process for in situ product recovery [198]. The
process efficiency could be raised by using ion exchange resin with high capacity
and integration of automation techniques. However, ion exchange resins must be
regenerated by inorganic strong acids after saturation. A large quantity of waste-
water with high salinity is thus generated [156]. The treatment and disposal of
large amounts of salts and effluents is a great challenge when this process is used
along with competing anions besides LA.

Electrodialysis with bipolar membranes (EDBM): In conventional electrodial-
ysis, the space between cathode and anode is divided by alternating anion- and
cation-selective membranes into different compartments [199]. The charged spe-
cies migrate along the electric field and are trapped in specific compartments by
ion-selective membranes. This results in the concentration and the separation of
the charged species from uncharged components in the broth. EDBM is one of the
most important variants of electrodialysis, in which bipolar membranes are utilized
[200].

The operating principle of EDBM for LA production with two-compartment-
configuration is schematically shown in Fig. 11. In the electric field, water is split
into a proton and a hydroxide ion by a bipolar membrane. Protons are driven into
the acid cell by the electric field. EDBM essentially supplies protons and hydroxyl
ions using electrical current without addition of chemicals. In the meantime, the
lactate anion migrates from the broth across the anion-selective membrane towards
the anode and converts into lactic acid when joining the proton from the BM. The
alkali is regenerated in another cell and returned to the bioreactor for neutraliza-
tion. The generation of gypsum could be thus markedly reduced. In addition, the
costs of neutralization and acidification agents are also reduced [198, 200].
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Fig. 11 Two-compartment Repeating Unit
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EDBM plants for industrial LA production, rated at 2,600 metric tons LA per
year, are being operated successfully in Europe [201]. The cost of the bipolar
membrane and the consumption of electric energy are the main issues for the
industrial application of EDBM [156]. Furthermore, undesirable parasitic ion
transport through membranes can result in the contamination of products or an
increased demand for electric energy [200].

5.5 Membrane-Bioreactor Systems for LA Production

As discussed above, cell growth and LA productivity are inhibited by the accu-
mulation of LA during fermentation, and neutralization is therefore desirable. New
methods to remedy the product inhibition could improve the productivity, which
should result in reduced capital investment, less space requirements, lower energy
consumption, and improved stability. Numerous investigations focus on applying
in situ product recovery (ISPR) in the LA production in order to remove the LA
from the reaction system during the fermentation. The negative effects such as
product inhibition, degradation, or transformation of the product into unexpected
compounds could be relieved. ISPR is most commonly associated with the com-
bination of membrane technology with fermentation—that is, membrane-biore-
actor systems (MBR) [202].

A membrane bioreactor refers to the coupling of membrane devices (micro-,
ultra- or nanofiltration membrane) with a traditional bioreactor (e.g. stirred tank
reactor) or to the function of the membrane itself (e.g. membrane module directly
as a catalytic unit) [202, 203]. Two different configurations have tended to be
established during the development of MBR in recent years: immersed and bypass
membrane bioreactors (Fig. 12). With the bypass setup, the membrane module is
located in a separated circulation outside the reactor (external loop, bypass). The
typical operation conditions for this configuration are: transmembrane pressure
(TMP): 0.5-5 bar, flux: 40120 L-m > (depending on biomass concentration and
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Fig. 12 Configurations of membrane bioreactor systems: a Membrane-bioreactor system with an
external separation unit, b Membrane-bioreactor system with a submerged separation unit

medium complexity), energy consumption: 2-10 kWh-m ™ (permeate). In the
immersed setup, the membrane module is located inside the reactor (submerged).
Typical operation conditions for this configuration are: TMP: 0.05-0.5 bar, flux:
10-60 L-m~? (depending on biomass concentration and medium complexity),
energy consumption: 0.02-0.8 kWh-m > (permeate) [198].

Various organic or inorganic membranes were investigated for the integration
with bioreactors. In comparison with organic membranes, ceramic membranes are
more favorable for MBRs due to the following advantages [204]:

Higher mechanical strength and thermal resistance (sterilizable by autoclaving).
Better chemical resistance (stable to acid, alkali, or oxidants).

Permanent operational lifetime.

Possibility of back-flushing for membrane cleaning.

Easier control of the separation limit and the selectivity.

Aluminum oxide (a- or y-Al,O3) is generally used as a supporting material for
inorganic membranes [205]. The active separation layer, which is made of alu-
minum oxide (a-Al,05), titanium dioxide (TiO,), or zirconium dioxide (ZrO,), is
coated on the inner surface of the tubular membrane (outer surface on the rotating
or flat membrane). According to the producer, the membranes are generally
classified with the pore size between several micrometers and nanometers.
Figure 13 shows some examples of the ceramic membranes with different physical
shapes and operation modes.

The permeate flux in liters per area of membrane is within limits as governed by
the TMP at a certain temperature. The pressure-dependent flux is an important
factor for evaluation of the membrane performance because it impacts the capital
expenses and operating costs. Figure 14 depicts the permeate flux of some ceramic
membranes at different pressures. The slopes represent the permeability of
membranes with different pore sizes for pure water at 53 °C (Table 3).

However, due to the biomass and other nondissolved compounds in the fer-
mentation broth, a covering layer forms on the membrane surface, or even in some
cases inside the membrane pores [206]. This causes an attenuation of the
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Fig. 13 a Tubular membranes with metal housing for external loop bypass systems; b Rotating
ceramic membrane discs; ¢ Flat membranes with an outer coated separation layer for submerged
systems

membrane flux shortly after the filtration starts. Cross-flow filtration is used to
partially remove the solids retained at the membrane surface by establishing feed
fluid flow tangentially to the membrane surface. Thereby, the flux is influenced not
only by TMP but also by the tangential flow velocity.

A filtration of LA fermentation broth is shown in Fig. 15. The tubular ceramic
membrane device with monochannel (Fig. 13a) is configured as a bypass, as
shown in Fig. 12a. After the operation begins, the flux strongly decreases within
30 min due to the development of the covering layer. Subsequently, when the
equilibrium between the formation and the washing away of the covering layer
was established, the permeability settled at a steady state. When the filtration is
carried out at the same TMP (1.6 bar), a higher pressure-normalized flux of 30-40
L-h~"m~%bar~" is obtained with a higher flow velocity (1.6 m-s~') because the
covering layer is reduced by a better flush effect and is not as thick as at a lower
flow velocity. However, at this flow velocity, an even higher pressure-normalized
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Fig. 14 Filtration profile in pure water using ceramic membranes of different pore sizes and
membrane shapes: tubular, monochannel, ®;, = 6 mm, ®,, = 10 mm; membrane material:
Al,03, temperature: 53 °C. TMP, transmembrane pressure

Table 3 Permeability of ceramic membranes with different pore sizes (data from Fig. 14)
Pore size/MWCO 200 nm 50 nm 100 kDa 20 kDa

Permeability 1790.8 1394.4 926.5 601.4
[L-h~'m~2-bar™!]

flux of 150-175 L-h~'"m 2bar ' is observed at a much lower TPM (0.4 bar),
because a more compact filtration cake at higher pressure is preferred to be formed
on the membrane surface and causes a stronger mass transference resistance. An
economic optimum must be established between energy cost (fluid velocity and
pressure), capital cost (membrane area), and frequency and type (backflush,
chemicals) of membrane cleaning. In the case of live organisms in the feed stream
to the membrane, the viability of the organisms relative to fluid flow (shear) must
also be taken in account.

One anti-fouling measure is backflushing, sometimes also called backwashing/
backshocking. Because the cross-flow mode is generally applied in external loop
systems, backflushing plays a more important role in submerged systems (shown
in Fig. 12b) for anti-fouling. Distilled water, culture medium, filtrate, air, or fer-
mentation gas are usually applied as the backflushing fluid [204].

Figure 16 depicts a filtration of LA fermentation broth using the immersed flat
membrane as shown in Fig. 13c, in which a backflush is used. In order to maintain
the constant dilution rate (0.4 h™"), the TMP must keep rising while the membrane
fouls during the filtration. Once the TMP reaches its maximum operating pressure
(TMP,,.x ~ 0.8 bar), the backflushing with air is carried out for 2 s. The foulants
are partly removed from the membrane surface and the permeability is therefore
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Fig. 15 Filtration of lactic acid fermentation broth using ceramic membrane at different
transmembrane pressures and flow velocities. membrane shape: tubular, monochannel,
®;, = 6 mm, @D, = 10 mm, membrane material: Al,O;, MWCO: 100 kDa, cell dry
weight: ~2.5 ¢:'L.™", lactate concentration: ~50 g-L ™", temperature: 53 °C

recovered. However, due to the continuous increase of filtration cake formation,
the time interval between each backflushing becomes shorter and shorter. To avoid
the consolidation of the filtration cake and keep the membrane permeability more
stable, frequent backshocking could be applied, whereby flow reversal occurs
every few seconds at high pressure but very briefly. The effectiveness of this
technique has already been demonstrated by many studies for controlling mem-
brane fouling and maintaining acceptable membrane flux in long-term filtration
[206-208].

Promising results for LA production were achieved with integrated tangential
flow filtration/cross-flow membrane filtration [176, 194, 196-198, 200]. The
membrane devices were used in these processes for retention of the cells as well as
for removal of the LA. Because the LA is continuously removed from the fer-
mentation broth, the growth inhibition in the reaction system could be then alle-
viated. In this case, the cell density could reach a higher level, which results in
increased LA productivity. Contamination risks from unexpected microorganisms
are reduced [209]. Moreover, the steps of downstream processing could be sim-
plified through in situ recovery of LA using MRB, thus lowering production costs
even further. In comparison to conventional batch fermentations, LA productivity
is expected to increase 5—40-fold [176, 210] (Fig. 16).

Cell growth can be enhanced by increasing the dilution rate; thus, the volu-
metric LA productivity can be increased [194]. However, high dilution rates might
reduce the LA concentration in the permeate so that the cost of downstream
processing is driven up; thus, the advantages of this process might be counteracted.



Acidic Organic Compounds in Beverage, Food, and Feed Production 129

2000 v Permeability o TMP « Dilution rate r1.0 ~1.0
Backflushing: Duration 2 s
. 0.8 0.8
~,_ 1500
m
2
f\ll &
E 06 _ Lo06 c
< @ o
o= -—
< 1000 = ©
= o
Z L 04 = | o4 &
3 T Z
o a
£ 500
s 0.2 - 0.2
o
0 . - T T T 0.0 L 0.0
0 50 100 150 200
Time [min]

Fig. 16 Filtration of lactic acid fermentation broth using immersed ceramic membrane with
backflushing. Membrane shape: flat, membrane material: Al,Os, pore size: 0.2 um, cell dry
weight: ~4.3 g~L", lactate concentration: ~ 70 g-L’l, temperature: 53 °C, Dy = 0.4 h'.
TMP, transmembrane pressure

A possible solution is to feed the fermentation broth back into the fermenter after
removal of LA; therefore, the substrate could be adequately utilized.

Another important issue is the membrane cleaning and regeneration. Due to the
membrane fouling and the concentration polarization, the treatment capacity and
system efficiency drop over time. An economical process for membrane cleansing
needs to be worked out to ensure the maintenance of the membrane flux in the
industrially acceptable range. This is not unlike the periodic maintenance well
known in many industrial unit operations for which slurries are treated, such as
fouling in heat exchange, extraction, and distillation.

6 Future Perspectives for Biotechnological Organic Acid
Production

Research on the biotechnological production of organic acids continues. Envi-
ronmental awareness, customers who desire natural products, and the trend
towards sustainability point towards replacement of petrochemical products.
Biotechnological alternatives already exist for some organic acids that are cur-
rently chemically synthesized. Further optimization of biotechnology-based
approaches will likely enable economically viable biotechnological production of
acid additives for food and feed. In regard to optimization of biotechnological
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routes to acids, much can be learned from fermentative lactic acid production (see
Sect. 5). Research into this process continues despite decades of experience. One
exceptionally important lesson from biotechnology-based lactic acid is that the
production process as a whole must be considered: substrate(s), microorganisms,
bioreactor systems and fermentation conditions, together with the recovery and
separation processes, form one entity.

An example of the interconnectedness in biotechnological processing is that a
change of the carbon source or the minerals in the medium may impact produc-
tivity and growth of the microorganisms as well as the downstream processing
(e.g. fouling characteristics of the product stream). The development of raw
material prices has to been taken into account because this often constitutes a large
portion of the price of production. What is currently considered to be biological
waste material could become costly in the future depending on market conditions.

The choice of microorganism is crucial. Substrate has to be used effectively
with high yield. Byproducts should be minimized to simplify product recovery.
Furthermore, the microorganism has to be tolerant to high acidity and product
concentrations to achieve high titers, which are essential for an economic recovery
process. If substrate or product inhibitions occur, an improvement could be
achieved by using an optimized bioreactor system and a suitable process control
strategy. This may require changes in product recovery. Current research results
regarding inexpensive separation methods have to been taken into account. A well-
thought-out recycling strategy for waste streams could raise efficiency. For
example, mineral salts separated in the downstream process could be reused in the
fermentation as medium components. Alternatively, waste streams could be
monetized as fertilizer or used for energy production (e.g. biomass to biogas).

Biocatalysts (whole cells or purified enzymes) can be used as in the example of
ascorbic acid production. As with microorganisms, reactor systems and biocata-
lysts have to be optimized together with downstream processing and the feedstock.
Enzyme stability and ease of recovery are crucial in biocatalysis. Immobilization
and enzyme recovery and/or recycling via membrane processes address these
issues. Enzymatic catalysis at elevated temperature or in nonaqueous media dis-
courages microbial contamination, but it is enabled only if proper enzymatic
activity is available.

The main drivers of customer demand for natural food ingredients, sustainable
processing, and regulatory activity motivate ongoing research towards acids for
food and feed based on biotechnology. New products are being targeted, acids that
are inexpensively produced by chemistry are being considered for conversion to
biotechnological pathways (sorbic acid), and scale-up of products such as bio-
technology-based lactobionic acid is being attempted. The market opportunities
for biotechnology-based production of acid additives for food and feed are
extremely encouraging. An integrated system view of biotechnological processes
will likely lead to new products with attractive economic parameters.
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Industrial Production of L-Ascorbic Acid
(Vitamin C) and p-Isoascorbic Acid

Giinter Pappenberger and Hans-Peter Hohmann

Abstract r-ascorbic acid (vitamin C) was first isolated in 1928 and subsequently
identified as the long-sought antiscorbutic factor. Industrially produced L-ascorbic
acid is widely used in the feed, food, and pharmaceutical sector as nutritional
supplement and preservative, making use of its antioxidative properties. Until
recently, the Reichstein—Griissner process, designed in 1933, was the main indus-
trial route. Here, p-sorbitol is converted to L-ascorbic acid via 2-keto-L-gulonic acid
(2KGA) as key intermediate, using a bio-oxidation with Gluconobacter oxydans
and several chemical steps. Today, industrial production processes use additional
bio-oxidation steps with Kefogulonicigenium vulgare as biocatalyst to convert
D-sorbitol to the intermediate 2ZKGA without chemical steps. The enzymes involved
are characterized by a broad substrate range, but remarkable regiospecificity. This
puzzling specificity pattern can be understood from the preferences of these
enyzmes for certain of the many isomeric structures which the carbohydrate
substrates adopt in aqueous solution. Recently, novel enzymes were identified that
generate L-ascorbic acid directly via oxidation of L-sorbosone, an intermediate of
the bio-oxidation of p-sorbitol to 2KGA. This opens the possibility for a direct route
from Dp-sorbitol to L-ascorbic acid, obviating the need for chemical rearrangement
of 2KGA. Similar concepts for industrial processes apply for the production of
D-isoascorbic acid, the C5 epimer of L-ascorbic acid. p-isoascorbic acid has the
same conformation at C5 as p-glucose and can be derived more directly than
L-ascorbic acid from this common carbohydrate feed stock.

Keywords Vitamin C - Ascorbic acid - Isoascorbic acid - L-Sorbosone
Microbial oxidation - Gluconobacter oxydans - Ketogulonicigenium vulgare
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1 Introduction and Scope

The year 2012 saw the celebration of the 100th anniversary of the vitamin concept.
The Polish biochemist Casimir Funk coined the term “vitamin” in 1912 to refer to
micronutrients which are indispensable components of the human diet [1]. Funk
isolated the first of these components, a nitrogen-containing small organic
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molecule later designated thiamine or vitamin B1. Thiamine was identified as the
missing factor in polished white rice causing the nutritional deficiency syndrome
beriberi. Based on the assumption that all essential microcomponents of the human
diet such as thiamine would contain amino groups, Funk coupled the chemical
term amine, that is, a nitrogen-containing organic compound, with the Latin word
vita to indicate that these compounds are amines essential for life. However, the
general relevance of amino groups for vitamins was soon put into question and
indeed when the micronutrient responsible for the prevention of scurvy was
identified in 1927-1932, it turned out to be a sugar acid lacking any amine group.
This compound was originally designated as hexuronic acid and is today known as
L-ascorbic acid or vitamin C. Soon after its discovery a demand for pure vitamin C
began to be seen, which triggered the development of industrial production pro-
cesses in the early 1930s. It is the aim of the current review to trace the evolution
of these processes from their early beginnings to the current status delivering more
than 100,000 tons pure vitamin C per year. Right from the start, the key step in the
industrial production of the vitamin was a microbial oxidation converting D-sor-
bitol to L-sorbose. This is followed by two further oxidation reactions, chemical or
biotechnological. Until today, the immediate product of these oxidations is 2-keto-
L-gulonic acid, which is isolated, purified, and chemically rearranged to vitamin C.
Our review will point out the increasing importance that biotechnology attained
during the development of industrial vitamin C production and highlights the
prospect of converting D-sorbitol directly to vitamin C purely by biotechnological
means, avoiding 2-keto-L-gulonic acid as an intermediate.

Some of the major developments of processes for industrial vitamin C pro-
duction have been achieved in China, where currently most of this vitamin is
produced. The present review gives an overview of the key developments and the
major research trends being pursued in China, but the selection of publications
from China presented here is far from being exhaustive. A broader coverage of the
Chinese literature on vitamin C production can be found in a recent review by
Zhou et al. [2].

This review aims to provide a comprehensive overview of the relevant dehy-
drogenases involved in the oxidation reactions from p-sorbitol to 2-keto-L-gulonate
or vitamin C. Most of these dehydrogenases are characterized by a broad specificity
for their substrates, for which they have a relatively low affinity. The regiospeci-
ficity of these enzymes, however, is quite remarkable. It is our aim not just to
delineate the reaction sequences catalyzed by these enzymes, but to emphasize how
the observed preferences for certain substrates (or certain isomeric structures of the
substrates) are in line with and can explain the selectivity of these enzymes toward
oxidation of specific hydroxyl groups of their carbohydrate substrates. In doing so,
the coherent basic principles of the sometimes puzzling substrate and product
spectrum of these enzymes should become visible.

Many routes can be conceived that convert a carbohydrate feed-stock to vitamin
C, but only those involving L-sorbose as intermediate achieved commercial
application, this is to say demonstrated their superior technical and economic
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efficiency. Another route to 2-keto-L-gulonic acid, starting from D-glucose with
2,5-diketo-D-gluconate as central intermediate, attracted much attention in the
1980s, but processes based on this route were not used on industrial scale.
Microbial routes directly affording vitamin C, based on the natural biosynthetic
pathways, were proposed or attempted numerous times. These routes build on the
conversion of a common carbohydrate feed-stock, e.g., p-glucose, to L-gulose or
L-galactose, which then serve as substrates for suitable oxidases for the oxidation
to vitamin C. None of these concepts, however, advanced beyond a conceptual or
feasibility phase. These conceivable but not implemented vitamin C production
routes via 2,5-diketo-p-gluconate, L-gulose, or L-galactose are not covered in the
present review. The interested reader is referred to previous reviews from Bremus
et al. [3] and Hancock [4].

This review also features a chapter on p-isoascorbic acid, the C5 epimer of
L-ascorbic acid. This molecule has antioxidative characteristics similar to
L-ascorbic acid, but lacks most or all of the anti-scorbutic vitamin C activity.
Having the same conformation at the C5 stereocenter as b-glucose, it can be more
directly derived than L-ascorbic acid from this common carbohydrate feed stock. It
is, therefore, interesting to compare the similarities and differences of biosynthesis
and industrial production processes between L-ascorbic acid and p-isoascorbic acid.

2 Relevance of Vitamin C for Humans and Guinea Pigs

The great naval explorers of the sixteenth to eighteenth century pursued their epic
voyages facing many perils, such as severe weather, uncharted waters, aggressive
indigenous peoples, hostile ships from belligerent European neighbors, and
wavering support by the ship’s crew. They would have been acutely aware of all
these based on centuries of naval experience. The most deadly of all perils,
however, took the first naval explorers unprepared. It only emerged after many
weeks of continuous voyaging that was required to span the Indian and Pacific
oceans. Scurvy claimed the lives of more than half of the crew of Vasco da Gama’s
first exploration of the Indian Ocean in 1499 and three-quarters of Ferdinand
Magellan’s crew during the first circumnavigation of the planet in 1519-1522.
Cures for scurvy by certain fresh fruits were reported early on and from today’s
perspective, the link to the restricted diet aboard these ships would seem obvious.
Still, even more than two centuries after Magellan, no reliable prevention or
treatment was established, either because of wrong beliefs or unavailability. In
1741, Vitus Bering, the Danish explorer in the service of Russia, died of scurvy
after his mission had been stranded on an island near the Kamchatkan peninsula.
He spent his last days half buried in the soil, possibly due to the widespread
superstition that contact with solid ground would be the surest cure against this
sea-borne disease. His crew member, the naturalist Georg Wilhelm Steller, was
well aware of the curative power of certain fresh herbs, but could not make
sufficient amounts available on this barren island. In 1747, the Scottish naval
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surgeon James Lind subjected groups of scurvy-stricken sailors on a ship with
different substances (e.g., cider, seawater, vinegar, and citrus fruits) that were
considered to be curative. This effort to create irrefutable evidence is now per-
ceived as the first-ever clinical trial [S]. The results clearly showed the unique
benefit of citrus fruits in treating scurvy, but still it took until the end of that
century until the British navy began to distribute regular rations of lime juice
during long sea voyages.

With the growing understanding of the biochemical basics of physiology and
the shaping of the vitamin concept by Christiaan Eijkman, Frederick Gowland
Hopkins, and Casimir Funk around 1900 [6, 7], the search began for the molecular
component called “Vitamin C,” responsible for the scurvy-preventing property of
fresh fruits and vegetables. In 1927, Albert Szent-Gyorgyi, a Hungarian scientist
with a focus on energy metabolism and respiration, isolated a compound (origi-
nally called “hexuronic acid”) from adrenal glands, orange juice, and later red
pepper, which he found to prevent the oxidative browning of plant tissues. An
initial presumption that hexuronic acid could be related to vitamin C was refuted
by tests in a different laboratory. In 1931, Joseph Svirbley joined Szent-Gyorgyi,
bringing with him the expertise in guinea pig trials (which, curiously, also develop
scurvy when put on a restricted diet). He previously worked with Charles Glen
King on childhood scurvy and with this interest he retested hexuronic acid,
unequivocally demonstrating its anti-scurvy effect. At the same time, King inde-
pendently purified and tested hexuronic acid from lemon juice, reaching the same
conclusion. Both findings were published at the same time [8, 9], but dispute on
the credits for the discovery remained [10]. The chemical structure of L-ascorbic
acid (as hexuronic acid was renamed after discovery of its physiological role) was
determined by Walter Norman Harworth and Edmund Hirst in 1933 [11]. They
also achieved the chemical synthesis via L-xylosone, starting from p-galacturonic
acid derived from citrus pectic acid [12]. At the same time, Tadeus Reichstein and
Anton Griissner had developed a much simpler procedure starting from readily
available p-glucose [13], which was subsequently implemented for commercial
production.

From a chemical perspective (Fig. 1), L-ascorbic acid (hereinafter designated as
Asc) is the 1,4-lactone of 2-keto-L-gulonic acid (hereinafter designated as 2KGA).
The enol isomer is highly preferred over the keto-isomer due to the possibility to
form hydrogen bonds in the five-membered ring of the former.

The chemical structure of Asc acid still attests to its derivation from hexose
carbohydrates, but its characteristic conjugated enediol-carbonyl results in very
specific chemistry. The stabilization provided by this conjugated system results in
deprotonation of the enolic hydroxy group at C3 at a pK, comparable to car-
boxylic acids (pKa = 4.25). The conjugated system also allows Asc to readily
donate one or two electrons and thus act as reducing agent. This reductive property
is also key to its biological role [14]. It is implied as the major antioxidant in
physiological redox homeostasis, particularly at the mitochondria, where cellular
respiration leads to the formation of reactive oxygen species. In addition, it has a
specific role as redox cofactor in few but critical enzymes, primarily mono- and
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Fig. 1 Chemical structures of L-ascorbic acid (Asc) and 2-keto-L-gulonic acid (2KGA), the
immediate precursor in industrial Asc synthesis. Structures are shown as Fischer projections, for
Asc also as the Haworth projection. Asc and 2KGA have the same oxidation state, but differ in
ring connectivity; 2KGA in aqueous solution occurs predominantly as the 2,6 hemiketal and Asc
can be considered as the 1,4 lactone of 2KGA. Asc preferentially occurs as the enol, stabilized by
intramolecular hydrogen bonds

di-oxygenase involved in hydroxylations to generate, e.g., carnitine, norepinephrine,
or 4-hydroxy-proline. Hydroxylation of proline and lysine side chains in certain
transcription factors may have an impact on the regulation of cellular responses.
4-Hydroxy-proline is an essential constituent of collagen, responsible for stabilizing
interactions in connective tissues. Some of the outstanding symptoms of scurvy such
as subcutaneous bleedings and loss of teeth can be directly attributed to weakening of
connective tissues caused by lack of proline hydroxylation.

3 Biosynthesis of Asc in Plants and Mammals: Two Ways
to Achieve the L-Configuration at CS

i }

Monosaccharides are classified as “D-” or “L-” stereoisomers, depending on the
configuration of the asymmetric carbon furthest away from the carbonyl group
(C5 in glucose). Most hexoses commonly found in nature have the p-configuration
at C5, while Asc has the eponymous L-configuration. Starting from D-glucose the
L-configuration at C5 is accomplished in nature by two rather different routes [15].

In animals, the carbon skeleton of p-glucose is inverted, equivalent to turning
the molecule in the Fischer projection upside down. C2 of p-glucose with its
D-configuration (hydroxy group facing to the right) is thereby reassigned as C5
with L-configuration (hydroxy group facing to the left). This inversion became
evident early on due to the incorporation pattern of isotopically labeled glucose
[16]. Biochemically, it is achieved by first oxidizing the hydroxy function at C6 of
the UDP activated form of p-glucose to give UDP-p-glucuronic acid (Fig. 2). After
UDP removal by hydrolysis, the aldehyde function at C1 is reduced and with this
the sugar molecular is reclassified as L-gulonic acid, the former C1 becoming C6
and the carboxylic acid functionality becoming the new C1. The 1,4 lactone of
L-gulonic acid already possessing Asc-like ring-connectivity is afforded by the
catalytic activity of a specific lactonase encoded by the SMP30 gene [17].
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Fig. 2 Asc biosynthesis pathways in animals (fop) and plants (bottom). The chemical structures
of key intermediates are shown as Fischer projections. Both biosynthetic routes are highly
different: In animals, the L-configuration of Asc is the result of the inversion of the carbon
skeleton, while in plants it results from epimerization at C5. Only the ultimate step of oxidation of
the 1,4 lactone precursor to Asc is similar in both plant and animal pathways

Oxidation of the lactone at C2 by L-gulono-1,4-lactone oxidase yields 2-keto-L-
gulono-1,4-lactone, which enolizes to Asc [18].

In plants, labeling experiments had shown that the carbon skeleton is not
inverted and C1 of glucose will stay as C1 of Asc [19]. It was further known that
L-galactono-1,4-lactone, the C3-epimer of the mammalian Asc-precursor, is
readily converted to Asc in plant tissue [20]. It was, however, not until the late
1990s when the pathway leading from p-glucose to L-galactono-1,4-lactone could
be identified [21]. It consists of two isomerization reactions converting p-glucose
to p-mannose (linked to GDP) followed by two epimerization reactions at C3 and
C5 to yield L-galactose which is eventually oxidized to L-galactonic acid (Fig. 2).
Only the final reaction step from the 1,4 lactone to Asc is similar in the animal and
plant biosynthesis routes. Further biosynthetic routes toward Asc exist in plants,
but probably have minor relevance only [22].

Ascorbic acid biosynthesis is a property of animals and plants, but not found to
be naturally occurring in prokaryotes. Fungi also do not make Asc, but some have
a biosynthetic route toward the pentose analog p-erythroascorbic acid [23] or the
C5-epimer of Asc, D-isoascorbic acid. The biosynthesis of Asc or Asc-like
molecules has apparently been invented four times by nature, underlying its
importance in eukaryotes. On the other hand, biosynthetic capabilities have fre-
quently been lost independently, not only in primates and guinea pigs, but also in
bats, certain birds, reptiles, fishes, and insects, prompting speculations if losing this
biosynthesis capability could offer benefits, provided there is sufficient supply in
the diet [14].
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4 The Vitamin C Market

Among the 13 vitamins, Asc has the largest industrial production volume. Roughly
110 kilotons vitamin C per year are industrially produced, which is primarily
applied in the pharmaceutical industry (50 %), followed by the use as antioxidant
in the food (25 %) and beverages sector (15 %). Only about 10 % of the vitamin is
used for animal feed applications. This is in contrast to all other vitamins, where
the feed sector is the major application area of vitamins. More than 80 % of
today’s world demand for vitamin C is satisfied by Chinese producers. In the late
1950s, Chinese production capacity was only 30 tons per annum. Supply was
controlled by big European and Japanese manufacturers such as Roche, BASF,
Merck, and Takeda Pharmaceutical. By the early 1990s, 26 Chinese manufacturers
had already gained one-third of the world’s vitamin C market. Recognizing the
threat, the established producers tried to prevent Chinese companies from further
entering the market by several rounds of severe price cuts. By 2002, only four
Chinese manufacturers had survived and the price had hit record lows that year.
After a short recovery in 2003 and the first half of 2004, vitamin C prices kept at a
very low level of under 4 USD/kg for years. This resulted in most of the western
companies abandoning vitamin C production. In 2008, the price of vitamin C rose
sharply above 10 USD/kg partly as a result of increases in basic food prices but
also in anticipation of a stoppage of two Chinese plants, situated at Shijiazhuang
near Beijing, as part of a general shutdown of polluting industry in China over the
period of the Olympic Games. The high-price period lasted until the middle of
2010 when Shandong Tianli Pharmaceutical Company, a major sorbitol producer
in China, announced plans to enter the vitamin C market.

Since 2002, the production and export activities of Chinese vitamin C manu-
facturers had been under the supervision of the trade association CCCMHPIE
(China Chamber of Commerce for Import and Export of Medicines and Health
Products), which is considered to be close to the Ministry of Commerce of the
central Chinese Government. The close interaction of the Chinese vitamin C
producers coordinated by CCMHPIE sparked the suspicion of price-fixing. In
2005, two American companies in the feed and food sectors filed a complaint
accusing the Chinese companies of conspiring to inflate prices for bulk vitamin C.
The vitamin companies did not deny the accusation, but argued that the Chinese
Government forced them to fix prices. This contention was rejected in a recent
ruling of an American court. The case is still pending (status end 2012).

Today’s leading Chinese producers are: (i) Northeast Pharmaceutical Group
Co., Ltd (NEPG) of Shenyang, Liaoning Province, (ii) Weisheng Pharmaceutical
Company (CSPC) of Shijiazhuang, Hebei Province, (iii) Welcome Pharmaceutical
Company (NCPC), Shijiazhuang, Hubei Province, and (iv) Jiangsu Jiangshan
Pharmaceutical (new name is Aland Nutraceutical Co., Ltd.) of Jingjiang, Jiangsu
Province.

After the fierce price battles during the last 20 years, DSM Nutritional Products
of Switzerland (formerly Roche Vitamins) operating a production plant in Dalry,
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UK, remained as the sole Western vitamin C producer. With the Quali®-C brand
for its vitamin C products, the company positioned itself in the premium segment
of the market, which is less affected by the high price-volatility of bulk vitamin C.

5 The Reichstein Process: The Major Industrial Asc Process
Until the Late 1990s

In the early 1930s, researchers began to consider commercial production processes
to satisfy an emerging market demand for Asc. The German company Merck was
first on the market with an Asc product called Cebion obtained from plant material.
The product is still available today. From the various efforts to obtain synthetic
Asc from a readily available feed stock, the process conceived by Reichstein and
Griissner prevailed as the industrial standard for Asc production until the late
1990s.

5.1 From p-Sorbitol to L-Sorbose: Inversion of the Carbon
Skeleton

Realizing the relationship between 2KGA and Asc—the enolized 1,4 lactone of
2-KGA—Reichstein and Griissner presumed that 2-keto sugar acids subjected to
reaction conditions that are conductive for lactonization should convert to their 1,4
lactones and enolize [13]. In a preliminary trial, upon heating the readily available
2-keto-D-galactonic acid under acidic conditions they obtained a reductive product
that was tentatively denoted as p-ascorbic acid. Taking this as a preliminary proof
of their hypothesis, Reichstein and Griissner then proceeded to synthesize 2KGA
that should rearrange to Asc. As starting material for 2KGA synthesis (Fig. 3) they
selected L-sorbose, already containing the critical L-configuration at CS5. Thirty
years earlier Bertrand had published a series of reports [24-26], where he dem-
onstrated the conversion of D-sorbitol to L-sorbose making use of a microorganism
designated as “la bacterie du sorbose,” now designated as Acetobacter aceti subsp.
xylinum [27]. For their initial experiments, Reichstein and Griissner did not use the
isolate of Bertrand, but mother of vinegar, a biofilm of Acefobacteraceae formed
during microbial oxidation of ethanol to acetic acid. A yield of 60 % L-sorbose
yield was obtained “mit einem wild eingefangenen Stamm” (with an undomes-
ticated strain). D-sorbitol was readily available by catalytic hydrogenation of
D-glucose.
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Fig. 3 Conceptual outline of the chemical Asc synthesis according to Reichstein and Griissner.
The chemical structures of key intermediates are shown as Fischer projections. The
L-configuration of Asc is derived from D-glucose by inversion of the carbon skeleton. For this,
D-sorbitol is regioselectively oxidized at C5 using Gluconobacter oxydans. Further chemical
oxidation of the adjacent primary alcohol to the acid is done after protection of the remaining
hydroxyl groups with acetone. The resulting 2KGA is then rearranged to yield Asc

5.2 Oxidation of L-Sorbose to 2KGA and Rearrangement to Asc

Oxidation of L-sorbose to 2KGA was achieved by potassium permanganate
treatment after protection of the hydroxy groups at C2 and C3 and C4 and C6 as
acetone-ketals. After this oxidation of the primary hydroxy group at CI to the
carboxy group, the resulting diacetone-2KGA was hydrolyzed to the free acid,
which was isolated and crystallized as the 2,6-hemiketal isomer. Upon heating
under acidic conditions, the compound rearranged into the 1,4-lactone, which then
enolized to Asc. The rearrangement proceeds with higher yields, if 2KGA is
esterified with methanol to afford methyl-2KGA, which, after treatment with
sodium methoxide in methanol followed by acidification, produces Asc. The
overall yield of the early process variants reached 15-18 %. In succeeding years,
the synthesis was optimized so that each individual step could be carried out in
greater than 90 % yield providing Asc in greater than 50 % overall yield from
glucose. As a result of these process improvements, the Reichstein/Griissner
synthesis became the industrial standard for the production of Asc until the 1990s
[28]. The replacement of permanganate or bleach (NaOCl) oxidation by palla-
dium-catalyzed air oxidation is possible and should result in a more environmental
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friendly process variant [29, 30]. The palladium-catalyzed air oxidation even
showed some preference for the C1 hydroxy group of L-sorbose [31], but the
selectivity was not sufficient to allow the oxidation to proceed without the need to
protect the other hydroxy groups in the molecule.

5.3 Polyol Oxidation by Gluconobacter

For a cost-efficient synthesis of Asc, which is basically a hexose-derived acid with
L-configuration at C5, it is most critical to be backward-integrated to the p-sugars
commonly found in nature. The Reichstein/Griissner synthesis accomplishes this
task by the “inversion of the carbon skeleton” of p-glucose such that its C2 carbon
becomes C5 of L-sorbose by an oxidation step exclusively at C5 of the intermediate
p-sorbitol. The exquisite regioselectivity required for this reaction was achieved by
acetic acid bacteria serving as biocatalyst for this reaction. Acetic acid bacteria are
obligate aerobes, which are well known as vinegar producers (ethanol oxidation)
and also for their ability to only partially oxidize various sugars and sugar alcohols
such as p-glucose, glycerol, and p-sorbitol [32]. Of the various genera of acetic acid
bacteria Gluconobacter (Acetobacter suboxydans is an older designation) is
particularly effective in partially oxidizing sugars and sugar alcohols. Following the
empirical Bertrand-Hudson rule “polyols with a cis-arrangement of two secondary
hydroxy groups in D-configurations to the adjacent primary alcohol group are
oxidized to the corresponding ketones” [33] the secondary alcohol at C5, but not at
C2, of p-sorbitol is oxidized to the carbonyl group affording L-sorbose with an
almost 100 % yield.

5.4 Sorbitol Dehydrogenase: The Key Enzyme of Gluconobacter
Jor L-Sorbose Production

From Gluconobacter oxydans IFO3255, an 80-kDa dehydrogenase depending on the
redox cofactor pyrroloquinoline quinone (PQQ) was purified and designated as
sorbitol dehydrogenase (Sldh) [34]. Sldh oxidizes p-sorbitol in accordance with the
Bertrand-Hudson rule exclusively at the C5 hydroxy group, affording rL-sorbose
(Fig. 4). p-mannitol with twofold rotational symmetry is oxidized by Sldh at the
C2 and C5 hydroxy groups, both reactions leading to p-fructose formation. 5-Keto-
fructose could be expected, but has not been reported. Sldh-catalyzed glycerol and
D-gluconic acid oxidation afford dihydroxyacetone and 5-keto-p-gluconic acid,
respectively [34-36]. On the basis of peptide sequences obtained from purified Sldh,
the corresponding gene, designated as sldA, was cloned by reverse genetics and
sequenced [37]. sldA encodes a 740-residues polypeptide comprising a 24-residues
signal sequence. The gene shares significant sequence homology to the membrane-
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Fig. 4 Regioselectivity of polyol/sugar oxidation by PQQ-linked sorbitol dehydrogenase from
Gluconobacter oxydans (Sldh). The chemical structures of substrates and products are shown as
Fischer projections. The regioselectivity in Sldh-catalyzed oxidation is described by the Bertrand-
Hudson rule (see text)

bound quinoprotein glucose dehydrogenases from E. coli, G. oxydans, and Acine-
tobacter calcoaceticus. Immediately upstream of sldA, the sldB gene was localized
encoding a polypeptide of 126 hydrophobic amino acids predicted to form four
transmembrane helices. sIdA could be functionally expressed in E. coli provided that
sldB was co-expressed and the cultivation medium was supplemented with PQQ
(E. coliis lacking the intrinsic capability to synthesize PQQ). A s/dA deletion mutant
in G. oxydans IFO3255 could neither convert p-sorbitol to L-sorbose, nor could the
mutant oxidize the other polyols to the corresponding ketones [38, 39]. SIdB is
required for Sldh activity in its natural host probably acting as a chaperone and
membrane anchor [38, 39].

Prior to Sldh, other p-sorbitol oxidizing enzymes from other Gluconobacter
strains were purified and characterized, among them an enzyme consisting of a
subunit covalently bound to FAD and a cytochrome c¢ subunit [40]. Furthermore, a
PQQ-dependent p-sorbitol dehydrogenase was isolated from G. oxydans ATCC
621 consisting of 75, 50, and 14-kDa subunits. The 50-kDa subunit turned out to
be a cytochrome [41]. However, Sldh is now generally believed to be the major
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polyol dehydrogenase of G. oxydans [35]. It is the key enzyme of the Reichstein
process affording in a highly effective manner the L-configuration at C5 of the Asc
molecule.

6 Early Attempts to Produce 2KGA by Microbial Oxidation
of p-Sorbitol

In 1968 Isono et al. from Takeda Chemical Industries Ltd., Osaka, Japan published
an extended study on microbial oxidation of p-sorbitol and L-sorbose involving 12
genera of bacteria with about 500 strains [42]. Microbial oxidative conversion of
the two substrates was found to be quite abundant. Among the tested strains

Gluconobacter melanogenus, a subspecies of G. oxydans was the most proficient
2KGA producer.

6.1 Elucidation of the Sorbosone Pathway

The conversion of L-sorbose to 2KGA comprises two oxidation steps at C1 and a
sequential progression of such oxidation steps with L-sorbosone as intermediate
would seem most plausible. L-sorbosone, however, was not identified by the
Takeda scientists among the sorbitol oxidation products of G. melanogenus.
Instead, rL-idonic acid was detected [43, 44]. Based on the identified oxidation
products, the authors suggested a metabolic pathway from p-sorbitol to 2KGA via
L-sorbose, L-idose, and L-idonic acid (Fig. 5). In this reaction scheme, L-sorbose is
converted to L-idose by an isomerization reaction followed by two oxidation
reactions at C1 and C2 leading to L-idonic acid and 2KGA. For L-sorbose oxidation
to 2KGA by Pseudomonas, a similar reaction scheme was proposed [45]. In
contrast to G. melanogenus, P. aeruginosa could not start the oxidative path from
D-sorbitol.

In a series of publications from 1972, Perlman and colleagues showed that
(1) growing and resting cultures and cell-free preparations of G. melanogenus
IFO 3293 converted L-sorbose to 2KGA, but also to p-sorbitol, p-fructose, and
5-keto-D-fructose [46]; (2) the 2KGA-forming activity, which was localized in the
particulate fraction, was inducible, as only extracts of G. melanogenus cells
cultivated with L-sorbose but not with glycerol could produce 2KGA [47]; and
(3) 2KGA formation did not proceed via L-idose and L-idonic acid as pathway
intermediates, since among other evidences no isotopic dilution of the formed
'“C 2KGA was observed if the reaction mix containing '*C-labeled L-sorbose as
substrate was spiked with unlabeled L-idose [48]. The authors postulated a direct
oxidation of L-sorbose to 2KGA in G. melanogenus without accumulation of the
L-sorbosone intermediate (Fig. 5).
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Fig. 5 Proposed routes for the oxidation of L-sorbose to 2KGA in Gluconobacter oxydans. The
chemical structures are shown as Fischer projections. 2KGA formation via L-sorbosone as
intermediate (bottom route) was found to be in best agreement with experimental evidence

The intuitively most obvious pathway to 2KGA, a two-step oxidation of the
primary alcohol via L-sorbosone as intermediate (Fig. 5) to the carboxyl group
escaped attention until 1975, probably due to the lack of L-sorbosone required as
reference standard. Once this key substance became available, a research team at
Roche Inc., Nutley N.J., identified L-sorbosone as one of the oxidation products
generated from L-sorbose, which was treated with a Pseudomonas putida ATCC
21812 cell-free extracts or a soluble fraction thereof [49]. Strong isotopic dilution
of the formed '*C-labeled 2KGA was observed if the reaction mix with '*C-labeled
L-sorbose as substrate was spiked with unlabeled L-sorbosone providing evidence
for L-sorbosone being a pathway intermediate. Based on experimental results on
related 2-keto aldoses [50], the primary carbonyl function of L-sorbosone should be
hydrated to a geminal diol, thus providing an alcohol functionality for further
oxidation to 2KGA. The rate-limiting reaction in the sorbosone pathway was the
oxidation of L-sorbose to L-sorbosone. P. putida and G. melanogenus contained an
enzyme involved in the further metabolism of 2KGA to L-idonic acid. This enzyme,
referred to as 2KGA reductase, was found in the soluble fraction of cell-free
extracts and was dependent on NADH or NADPH. Thus, L-idonic acid is not a
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Fig. 6 Biochemistry of the oxidation of L-sorbose to 2KGA in Gluconobacter oxydans. The
chemical structures are shown as Fischer projections. Involved enzymes and cofactors are given
at the reaction arrows. FAD-linked sorbose dehydrogenase (Sdh) is responsible for L-sorbose to
L-sorbosone oxidation. NAD(P)-linked sorbosone dehydrogenase (Sndh) is the key enzyme for
L-sorbosone to 2KGA oxidation, but Sdh was also found to have activity for this reaction

precursor of 2KGA generated by L-idose oxidation as suggested by the Takeda
researchers, but the product of 2KGA reduction catalyzed by 2KGA-reductase.

The sorbosone pathway and the reversible reduction of 2KGA to L-idonic acid
was confirmed by Perlman’s group [51] and by researchers from the Nippon Roche
Research Center in Kamakura Japan [52]. It turned out that in G. melanogenus the
L-sorbose oxidizing activity, i.e., L-sorbose dehydrogenase Sdh, was mainly
recovered in the particulate fraction and the L-sorbosone to 2KGA converting
activity, i.e., sorbosone dehydrogenase Sndh, requiring reduced nucleotides as
co-substrates, was in the cytosolic fraction. An L-sorbosone to L-sorbose reducing
activity was also identified in this fraction.

6.2 Purification and Characterization of Sorbose Dehydrogenase
Sdh and Sorbosone Dehydrogenase Sndh

Purification of G. melanogenus membrane-bound L-sorbose dehydrogenase (Sdh)
to near homogeneity was accomplished by the Roche researchers in Japan [53] after
Triton X-100 solubilization of the enzyme from a membrane fraction of UV10
strain, a G. melanogenus IFO3293 mutant selected for increased 2KGA produc-
tivity [54]. L-idonic acid dehydrogenase (2KGA reductase) also present in the
UV10 membrane fraction had to be removed first by pre-extraction with Tween 80,
since this enzyme showed a very similar chromatographic behavior to L-sorbose
dehydrogenase.

Sdh with an apparent molecular mass of about 58 kDa accepted both 2,6-
dichlorophenolindophenol or phenazine methosulfate as artificial electron accep-
tors. The enzyme showed high substrate specificity for L-sorbose. L-sorbosone as
product of the L-sorbose dehydrogenase-catalyzed oxidation of L-sorbose was
confirmed (Fig. 6). In addition, L-sorbosone also serves as a substrate for Sdh,
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affording 2KGA as the oxidation product (our unpublished results). The presence
of FAD as a prosthetic group in Sdh was indicated by fluorescence of the Sdh band
in SDS PAGE gels for samples where the cofactor was cross-linked to the enzyme
by UV exposure prior to SDS treatment. The enzyme activity in a membrane
fraction of the UV 10 mutant was 20-fold elevated over the IFO3293 parent strain.
In accordance with earlier results from Perlman’s group [47], the activity was
found to be inducible, as cultivation of the UV10 mutant with L-sorbose and
p-sorbitol, which is rapidly oxidized to L-sorbose, afforded tenfold higher specific
Sdh activities than cultivation in glycerol, mannitol, or fructose.

Simultaneously with Sdh purification, the purification of the second enzyme of
the sorbosone pathway of Gluconobacter melanogenes, L-sorbosone dehydroge-
nase Sndh, was also reported by the Roche researchers in Japan [55]. The NAD(P)-
dependent enzyme was purified to near homogeneity from the cytosolic fraction of
G. melanogenus UV10. The 50-kDa enzyme was most active with L-sorbosone as
substrate, but other alpha-keto or alpha-hydroxy aldehydes (glyoxal, methylgly-
oxal, and glycolaldehyde) were accepted as substrates, albeit with lower
preference.

6.3 Cloning of the Genes Encoding Sorbose Dehydrogenase Sdh
and Sorbosone Dehydrogenase Sndh

In a Roche patent application filed in 1987 in the USA [56], the cloning of DNA
fragments comprising the sdh gene was described. The inventors isolated mutants
from a G. melanogenus UV10 Tn5 transposon library, which were unable to
produce 2KGA from r-sorbose. Since the mutants were able to produce 2KGA
from L-sorbosone, it was presumed that the isolated mutants contained a functional
Sndh encoding gene, but lacked an intact Sdh gene. This was confirmed by
enzymatic assays for Sdh. Using DNA around the Tn5 insertion points in the
mutant genomes as probes, broad-host-range plasmids (RSF1010 based) com-
prising the wild type sdh locus of UV10 were isolated. Upon transformation of
these plasmids into G. melanogenus, strains were obtained that were comparable to
the 2KGA overproducing UV 10 mutant with regard to 2KGA productivity and Sdh
activity.

Cloning of the sdh locus from G. oxydans was also accomplished by scientists
from Fujisawa Pharmaceutical Co. Ltd., Japan based on peptide sequences
obtained from G. oxydans T-100 Sdh [57]. One of the DNA fragments identified
by reverse genetics comprised two overlapping open reading frames, which
encoded Sdh peptides (downstream 1,599 kb ORF) and Sndh peptides (upstream
1,497 kb ORF). Hence, sndh and sdh form an operon in G. oxydans T-100 as well
as in IFO3293 (our own unpublished results).
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6.4 Gluconobacter Production Strains for 2KGA

Subsequent to Reichstein’s seminal design of an industrially feasible Asc synthesis
and in parallel to the elucidation of the sorbosone pathway, attempts were
repeatedly made to replace the chemical oxidation of L-sorbose at C1 by a reg-
ioselective microbial oxidation step. The costly protection group chemistry man-
datory to limit the oxidation to the C1 hydroxy group in the chemical process
would then become obsolete. A US patent from Pfizer & Co Inc. [58] claimed
various species of Pseudomonas, which produced 2KGA from L-sorbose. Figures
on product yield and productivity were not provided. A 1961 publication from the
Pfizer research laboratories reported the conversion of L-sorbose to 2KGA with a
UV-irradiated mutant strain of an unidentified species of Pseudomonas. At 10-liter
scale little more than 3 g/l 2KGA was obtained from 20 g/l L-sorbose after 120 h
[59].

In 1962, Takeda filed patent claims on Pseudomonas and Acetobacter strains able
to convert D-sorbitol to 2KGA [60]. Best results were obtained with
G. melanogenus ATCC15163 (now G. oxydans NBRC3292, formerly also IFO3292).
From 50 g/l sorbitol 6.5 g/l 2KGA were obtained after a 150-h cultivation time.

In a study at the Roche Research Center in Japan comparing various G. mel-
anogenus ITFO isolates, IFO3293 turned out to be superior to all other strains
including IFO3292 (ATCC15163). A culture of IFO3293 produced 2.77 g/l 2KGA
from 25 g/l L-sorbose in 7 days [54]. From a mass culture of IFO3293 cultivated
on agar plates, a single colony designated SPO1 was isolated that produced 13 g/l
of 2KGA from 50 g/l L-sorbose. Based on SPOI1, an extended classical strain
improvement program ensued comprising treatment with the mutagens UV irra-
diation, NTG, ICR170, ICR194, and acridine orange. Spheroplast fusion was
employed to combine beneficial traits of different strains into one strain. The
screening of mutant strains with improved 2KGA productivity was performed in
50-ml shake-flask cultures. Acidification of the culture broth caused by 2KGA
excretion was prevented by solid calcium carbonate in the broth which acted as a
buffer substance. A number of highly improved strains were isolated producing
50-60 g/l 2ZKGA in 31 jar fermentations from 100 g/l p-sorbitol or 100 g/l
L-sorbose during 80-100 h. The transient accumulation of rL-idonic acid was
observed and interpreted as the result of 2KGA reduction at C2 followed by
reoxidation in a later phase of the fermentation. Transient accumulation of
L-sorbosone was not reported. Biomass accumulated after 30 h to an optical
density of 20 corresponding to roughly 8 g/l dry cell mass.

An intermediate of this improvement program was strain UV10, from which
Sdh and Sndh were isolated (see previous chapter) and N44-1, which was used to
study the peculiar growth characteristics and the central metabolism of Gluco-
nobacter [61].

The next step in the development of Gluconobacter-based 2KGA production
strains followed a recombinant approach at Fujisawa Pharmaceutical Co. Ltd.
enabled by the cloning of the Sndh and Sdh encoding genes (see previous chapter).
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The Fujisawa researchers constructed an E. coli/Gluconobacter shuttle vector from
a conventional cloning plasmid and the 4.6 kb plasmid pF4 isolated from
G. oxydans [57]. Into this vector, a 4.6-kb DNA fragment from G. oxydans T-100
was introduced carrying the genes for Sndh and Sdh including the endogenous
promoter and the terminator up- and downstream of the genes, respectively. In the
further developed plasmid psdh-tufB1, the endogenous promoter driving sndh and
sdh transcription was replaced by the E. coli tufB promoter. G. oxydans G624, an
L-sorbose-accumulating strain isolated from a Japanese peach, was transformed
with psdh-tufB1. Before transformation, the host strain had been selected for
suppressed L-idonic acid production after treatment with a chemical mutagen. The
recombinant Gluconobacter strain produced 130 g/l 2KGA from 150 g/l p-sorbitol
during 72 h cultivation in a 30 1 jar fermenter. Beside p-sorbitol, the cultivation
medium contained 2.0 % corn steep liquor, 0.5 % calcium carbonate, and 6 %
glycerol.

7 Superior 2KGA Production Processes Based on Ketogulonici-
genium Strains

Despite the impressive performance increase that was achieved through classical
strain improvement and genetic engineering, 2KGA production processes based on
Gluconobacter strains were never implemented. This might be partly due to the
still insufficient efficiency of these processes compared to the established
Reichstein procedure. But the main reason was that a novel, very efficient 2KGA
production organism had entered the stage.

7.1 Ketogulonicigenium vulgare

In 1980, a group of Chinese scientists around Yin Guang-Lin of the Institute of
Microbiology, CAS (Chinese Academy of Sciences), Beijing, published the results
of an extended screening program during which 1,615 microbial strains able to
grow on L-sorbose as sole carbon source were isolated out of 670 biological
samples [62]. The isolate N1197A which produced 2KGA from L-sorbose turned
out to consist of a mixture of Pseudomonas striata which did not produce 2KGA
and a species tentatively assigned as Gluconobacter oxydans that formed much
smaller colonies compared to P. striata. The small colonies forming strain was the
actual 2KGA producer. Its productivity in pure culture was very low, but greatly
stimulated by co-cultivation with P. striata. In mixed culture fermentation com-
prising both strains, L-sorbose was converted to 2KGA with a yield of 40 %
reaching 30 g/l product [63]. In a patent filed in 1987 [64], the CAS researchers
described a 2KGA mixed culture fermentation process starting from L-sorbose
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using the 2KGA producer strain DSM 4025 according to the designation of the
“Deutsche Sammlung fiir Mikroorganismen und Zellkulturen” in Braunschweig,
Germany. As helper strain Bacillus megaterium was employed. The initial ratio
between the two strains in the fermenter were reported not to be critical and could
range between 1:10 and 1:300 (helper strain:2KGA-forming strain). After 46 h,
the mixed culture produced in a batch fermentation 60 g/l 2KGA from 70 g/l
L-sorbose. In the mid 1980s, recognizing its enormous potential, Hoffmann-La
Roche, then the leading Asc producer worldwide, licensed-in the microbial 2KGA-
forming strain and in parallel to Chinese researchers further developed the
production technology based on that strain.

The classification of DSM4025 as G. oxydans was erroneous, a misconception
that was maintained particularly in the Chinese literature until recently. It became
clear soon after its discovery that the 2KGA-producing strain did not belong to the
genus Gluconobacter (T. Sugisawa, personal communication). Phylogenetic and
phenotypic data contradict the original identification and supported reclassification
of the strain within the newly proposed genus Ketogulonicigenium [65]. The name
Ketogulonigenium in Urbance et al. was due to a misspelling and later corrected.
Ketogulonicigenium belongs to the o-subclass of the Proteobacteria phylogeneti-
cally closest related to Roseobacter (92 % 16S rDNA identity). There is only a
distant relationship to Gluconobacter or Acetobacter (81 % to 83 % 16S rDNA
identity). DSM4025 belongs to the approved species K. vulgare [66].

The genomic sequence of DSM4025 has not yet been published, but a 1,371 bp
partial sequence of the small subunit ribosomal RNA gene of DSM4025 shows a
99.9 % (1370 bp/1371 bp) match to the corresponding sequences of K. vulgare Y25
and WSH-001, whose genome sequences have recently been published [67, 68].

7.2 Ketogulonicigenium robustum

An independent broad screening by ADM researchers for microorganisms con-
verting L-sorbose to 2KGA resulted in the isolation of a 2KGA-producing strain
designated as B-21627 [69]. They used environmental specimens sampled from
different US habitats including moist soil, sand, sediment, fruit, berries, and
humus. In single culture fermentation, the novel isolate performed significantly
better than DSM4025 as revealed by side-by-side comparison. Nevertheless,
productivity (not yield) of B-21627 was greatly enhanced by co-cultivation with a
helper strain, for instance various species of the genera Corynebacterium, Brevi-
bacterium, or Aureobacterium.

B-21627 shares nearly identical 16S rDNA sequences with DSM4025, but both
strains have distinct phenotypic differences [65]. This suggests that B-21627
belongs to a different Ketogulonicigenium species, which, because of the more
robust growth characteristics, was designated as K. robustum [66].
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Fig. 7 Mapping of the ssdal 2'565.4 kb
localization of the four ssdh ssda2 2’542 kb
genes (ssdal, ssda2, ssda3,
ssdb) on the genome of
Ketogulonicigenium vulgare.
The genes are highly
homologous, but are
dispersed over the genome
and not linked

K. vulgare
chromosome
2776 kb

622 kb ssda3

ssdb 1’859 kb

7.3 Sorbose/Sorbosone Dehydrogenase Ssdh of K. vulgare Con-
sists of Subunits Encoded by the ssda and ssdb Genes

The unique 2KGA-forming capability of K. vulgare is due to the enzyme sorbose/
sorbosone dehydrogenase Ssdh, which was purified by a team of Roche scientists
to homogeneity from a soluble fraction of K. vulgare as a 135-kDa dimer con-
sisting from 62.5- and 64.5-kDa subunits [70]. The purified enzyme employing
PQQ as prosthetic group oxidized L-sorbose to 2KGA with some L-sorbosone
accumulation. Phenazine methosulfate was required as artificial electron acceptor.
Obviously, Ssdh cannot directly transfer the electrons gathered during L-sorbose
dehydrogenation to oxygen. The reaction was also facilitated by cytochrome c
from K. vulgare, while cytochrome c from other species was not effective. In vivo,
the cytochrome might link the dehydrogenase to the K. vulgare respiratory chain.

The Ssdh-encoding genes were isolated by expression cloning as described in a
patent publication filed by Roche in 1996 [71]. For this purpose, cosmid libraries
comprising K. vulgare DSM4025 DNA fragments were transferred from the ori-
ginal E. coli host into P. putida by conjugal mating. The resulting P. putida
colonies were screened with a polyclonal antibody raised against purified Ssdh.
Several clones encoding 62- to 64-kDa polypeptides, which were reactive toward
the Ssdh antibody, were isolated. Restriction analysis indicated that the identified
polypeptides originated from genes that were dispersed over 4 loci of the
K. vulgare DSM4025 genome. The genes were designated as ssdal, ssda2, ssda3,
and ssdb (Fig. 7). Based on the recently published genome sequences of two
K. vulgare strains [67, 68] ssdal, ssda2, ssda3, and ssdb can be localized at map
position 2,565.4, 2,542.0, 622.4, and 1,859.0 kb, respectively, of the 2,776 kb
K. vulgare chromosome.

The Ssda polypeptides comprising signatures typical for PQQ-dependent
dehydrogenases share more than 85 % sequence identity. The identity between this
group and Ssdb, also containing a PQQ signature, is 80 %. The 135-kDa Ssdh
isolated from its natural host consists from homo- or heterodimers of ssdal, ssda?2,
ssda3, or ssdb, but the exact subunit composition of Ssdh has not been reported.

The ssdal, ssda2, ssda3, or ssdb DNA sequences encode signal peptides of 23
amino acids, typical signal peptide cleavage sites for periplasmic proteins of
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Gram-negative bacteria, and no obvious membrane spanning regions indicating
that the various 135-kDa dimers of Ssdal, Ssda2, Sada3, and Ssdb collectively
designated as Ssdh exist as soluble proteins in the periplasm of K. vulgare.

In a publication from 2008, a research team from the Chinese Asc producer
Welcome/NCPC reported the purification of Ssda and Ssdb polypeptides from
K. vulgare WBO104 [72]. According to the sequence information disclosed in the
Chinese patent CN101085987 [73] submitted in 2006, these enzymes are identical
to the Ssda polypeptides and Ssdb from K. vulgare DSM4025. Before the
Welcome/NCPC, but years after the Roche patent application an application from
the Chinese Academy of Military Sciences was published disclosing the isolation
of Ssdh and the cloning of the ssdal gene encoding one of the constituent
polypeptides of Ssdh [74].

7.4 The ssda-Encoded Enzymes Are Rather Unspecific Alcohol/
Aldehyde Dehydrogenases

The four K. vulgare ssd genes were separately expressed in the P. putida host and
the encoded polypeptides were further characterized [71]. The Ssda polypeptides
are rather unspecific alcohol/aldehyde dehydrogenases converting D-sorbitol to
D-glucose and L-gulose [71] (Fig. 8). Obviously, the enzymes do not discriminate
between the primary alcohol groups at Cl1 and C6 of the substrate. Further
oxidation to the corresponding sugar acids, D-gluconic acid and L-gulonic acid, was
not observed, probably because of the 1,5 hemiacetal formation of p-glucose and
L-gulose had taken place immediately after the oxidation reaction. p-glucuronic
acid and L-guluronic acid possibly resulting from an attack of Ssda on the exocyclic
primary alcohol at C6 of the two 1,5 hemiacetals are not reported.

L-sorbose and L-sorbosone were converted to 2KGA by oxidation of the primary
alcohol and one of the geminal hydroxy groups of the presumably hydrated
carbonyl group at Cl1, respectively. L-sorbose and L-sorbosone mainly adopt the
2,6-hemiketal configuration in aqueous solution with the primary alcohol group at
C6, also a potential substrate, involved in the six-membered ring formation and
therefore protected against oxidation.

7.5 The ssdb Gene Encodes a Dehydrogenase with Preference
for Secondary Alcohols

Despite the high sequence identity to the Ssda polypeptides, Ssdb has a rather
different substrate specificity. Ssdb-catalyzed oxidation of p-sorbitol follows the
empirical Bertrand-Hudson rule (like Sldh of G. oxydans) leading to L-sorbose, but
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Fig. 8 Substrate specificity of the Ssda enzyme family. The chemical structures are shown as
Fischer projections. Ssda enzymes oxidize primary hydroxy groups of sugars or sugar alcohols,
such as in p-sorbitol, L-sorbose, and p-fructose. In the case of p-sorbitol, the primary hydroxy
groups at either end can be oxidized, yielding either p-glucose or L-gulose. In L-sorbose and
p-fructose, the primary alcohol at C6 is unavailable due to hemiketal formation, leaving only C1
for reaction. Usually, the reaction proceeds to the corresponding acid (for L-sorbose and p-fructose
as substrates). In the case of p-sorbitol as substrate, the reaction stops at p-glucose/L-gulose,
presumably because of rapid sequestering of the new aldehyde functionality as the hemiacetal

not pD-fructose (Fig. 9). p-Gluconic acid and p-mannoic acid are oxidized to the
corresponding 5-keto compounds. These reactions reveal Ssdb as a dehydrogenase
with preference for secondary alcohols. In apparent contradiction to this preference
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Fig. 9 Substrate specificity of Ssdb. The chemical structures are shown as Fischer projections.
Ssdb enzyme oxidizes secondary hydroxy groups in p-sorbitol, b-gluconic acid, and p-mannonic
acid to the corresponding ketones according to the Bertrand-Hudson rule. The aldehyde
functionalities at C1 of p-glucose and L-sorbosone are oxidized to the corresponding acids,
presumably because in the prevalent hemiacetal configurations of these substrates this
functionality resembles a secondary hydroxy group with the appropriate steric requirements

is the Ssdb-catalyzed oxidation of the aldehyde functions of D-glucose to p-gluconic
acid and of L-sorbosone to 2KGA. This is reconciled, however, when the 1,5
pyranoside of p-glucose, which is by far the dominant form in aqueous solution, is
considered as the real substrate of the reaction and the immediate product is the
1,5-lactone of p-gluconic acid. Instead of a secondary alcohol group, Ssdb obvi-
ously also accepts the similar hemiacetal group as substrate. In analogy, the real
substrate of the Ssdb-catalyzed oxidation of L-sorbosone to 2KGA should be the
1,5 pyranoside isomer. Ab initio calculations (our own unpublished results) indi-
cated that in fact in an equilibrated pH neutral aqueous solution of L-sorbosone the
1,5-pyranoside isomer is present to a significant extent, whereas the majority of
the molecules adopt the 2,6-pyranoside structure. The immediate product of the
reaction should then be the 2-keto-L-gulono-1,5-lactone, which will finally
hydrolyze at neutral pH to 2KGA (Fig. 9).
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7.6 The ssdb and ssdal Genes Encode the Key Enzymes of K.
vulgare for p-Sorbitol to L-Sorbose and L-Sorbose to 2KGA
Oxidation, Respectively

The relative importance of the various Ssdh enzymes for the oxidative capabilities of
K. vulgare was revealed by deletion analysis (Masako Shinjoh, unpublished). A
ssdA1/ssdA3 double knock out K. vulgare mutant is deficient in conversion of
L-sorbose to 2KGA. Furthermore, the mutant is unable to oxidize Dp-sorbitol to
D-glucose or L-gulose. 2KGA-formation with a ssdA [ single mutant is significantly
impaired. Only traces of the aldoses are formed from p-sorbitol. The single ssdA2
and ssdA3 single knockouts had no phenotype. The ssdB single knockout could not
produce L-sorbose from D-sorbitol. From the substrate specificities and the knockout
impacts, one could conclude that Ssdb is the key enzyme for p-sorbitol oxidation to
L-sorbose, while Ssdal is the key enzyme for L-sorbose oxidation to 2KGA.
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7.7 The Two-Step 2KGA Fermentation Process

Figure 10 illustrates the reaction cascade ensuing during cultivation of K. vulgare
and a suited helper strain, e.g., B. megaterium with p-sorbitol. Conversion of the
sugar alcohol to L-sorbose by Ssdb is followed by further oxidation to L-sorbosone
and 2KGA by the Ssda dehydrogenases, mainly Ssdal. L-sorbosone oxidation is
also catalyzed by Ssdb via the cyclic 1,5 pyranoside isomer and the 2-keto-L-
gulono-1,5-lactone as immediate oxidation products. In addition to this desired
reaction scheme, the Ssda dehydrogenases oxidize L-sorbitol to D-glucose and
L-gulose. After cyclization to the corresponding pyranosides, the aldoses are fur-
ther oxidized by Ssdb and other enzymes.

To prevent pD-sorbitol oxidation to the aldoses by the Ssda dehydrogenases, the
current industrial microbial 2KGA processes follow a two-step regime (Fig. 11).
As in the Reichstein process, D-sorbitol is oxidized in a first step to L-sorbose by
G. oxydans. After complete consumption of the substrate which takes not more
than 24 h resulting in product titers above 200 g/l, the pasteurized and appropri-
ately water-diluted broth is inoculated with a K. vulgare culture together with the
helper strain, frequently B. megaterium, to initiate the second step. L-sorbose is
converted within 40 h to 2KGA reaching final 2KGA titers of 100 g/l [75].
Sodium hydroxide is used as a titrant to neutralize the acid produced during the
fermentation run. The overall yield of 2KGA production from p-sorbitol is around
90 %. Because of the higher volumetric productivity of the first compared to the
second step (ca. twofold higher product concentration reached in half the time), the
fermenter volume dedicated to the former is much smaller than that required for
the latter. The oxygen transfer rate to be realized during both fermentation runs
stays well below 100 mmol/l x h facilitating the usage of air-lift fermenters with
beneficial effects on investment and running costs.

The workup of the fermentation broth consists of biomass removal frequently
applying nanofiltration techniques, cation exchange to obtain the product in the
protonated form (acidic 2KGA), and crystallization of the product. The chemical
conversion to Asc is achieved as in the Reichstein process, mainly via the 2KGA
methyl ester.

According to two recent publications, the second conversion step can also be
carried out in continuous mode. In single culture, but stimulated with a very high
content of complex components (3 % corn steep liquor, 7 % baker’s yeast) in the
culture broth K. vulgare DSM4025 produced 2KGA at a steady-state concentration
of 112.2 g/1 2KGA for 140 h [76]. Thereafter, the productivity declined. The
dilution rate was kept between 0.035 and 0.043 per hour resulting in a volumetric
2KGA productivity of 3.90 to 4.80 g/l/h. The average molar conversion yield of
2KGA from L-sorbose was 91.3 %.

In continuous mixed culture fermentations with Xanthomonas maltophilia TFO
12692 as a helper strain 2KGA production from L-sorbose with DSM4025 could be
kept in a stable, continuous mode for more than 1,300 h [77]. Instead of a larger
stirred-tank reactor, two smaller, similar sized fermenters were connected in series.
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Fig. 11 Conceptual outline
of the industrial Asc synthesis
based on 2-KGA
fermentation with
Ketogulonicigenium vulgare.
To avoid dead-end products
from p-sorbitol by K. vulgare,
L-sorbose is used a starting
material. L-sorbose is
generated in a separate
preceding step from
D-sorbitol with help of
Gluconobacter oxydans as in
the original Reichstein
process. Also the final
conversion of KGA to Asc
follows the original
Reichstein process
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At a dilution rate of 0.0380 per hour and a steady concentration of 113 g/l 2KGA,
the volumetric productivity (considering both fermenter volumes) was 2.15 g/l/h.
The molar conversion yield was 90.1 %. About 70 % of the conversion was
reached in the first of the two serially connected fermenters.

7.8 The One-Step 2KGA Fermentation Process

The specific activity of Gluconobacter to convert D-sorbitol to L-sorbose is much
higher than the specific activity of Kefogulonicigenium to convert the sugar
alcohol to unwanted aldoses and follow-up oxidation products. Therefore the
simultaneous inoculation of a p-sorbitol containing culture broth with both strains
is possible, provided that the right ratio between the two strains in the inoculum is
met. It must be ensured that the substrate is already oxidized to L-sorbose by
Gluconobacter before Ketogulonicigenium have the chance to convert p-sorbitol to
D-glucose and L-gulose in considerable amounts. The advantages of this procedure
are twofold. First, fewer fermenters have to be installed and fewer unit operations
are required compared to two-step processes, resulting in obvious economic
benefits. Furthermore, an additional helper strain to stimulate the oxidizing
capabilities of Ketogulonicigenium is not required, since Gluconobacter can take
over this function.

In a patent application filed in 1991 [78], a team of Roche scientists reported for
the first time on the one-step 2KGA process. In one example, simultaneously
inoculating K. vulgare DSM4025 together with G. oxydans IFO3291 in a broth
containing p-sorbitol 140 g/l 2KGA was obtained at a molar conversion yield of
89 % during a process time of only 48 h.

According to a patent application filed in 1996 by a research team of the ADM
Company, the one-step 2KGA process can also be carried out with a combination
of K. robustum B-21630, a derivative of K. robustum B-21627 isolated after NTG
mutagenesis, and G. oxydans IFO3293 or ATTC621 [69]. According to the patent
description, 110 g/l 2KGA from p-sorbitol was produced during 70 h process time
at a conversion yield of close to 100 %. With 31.5 g/l corn steep liquor (as dry
solids), the cultivation medium was very rich in complex components.

An alternative approach achieves rapid p-sorbitol to L-sorbose conversion with
a K. vulgare DSM4025 derivative strain that has the ssdb gene amplified on a
vector. This overexpression of the Ssdb enzyme reduces the loss of pD-sorbitol as
D-glucose/L-gulose caused by the undesired activity of the Ssda enzymes on
p-sorbitol. Using a complex growth medium containing autoclaved yeast, efficient
p-sorbitol to 2KGA conversion could be achieved with this K. vulgare strain alone,
without co-cultivation with a helper strain. 99 g/l 2KGA were reported from
150 g/l L-sorbitol in a 51 h fermentation run [71], and further improvements of the
conversion yield by using stronger promoters for Ssdb expression are indicated.
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7.9 Significance of the Helper Strain for 2KGA Production
by K. vulgare

The impressive 2KGA productivity of Ketogulonicigenium processes at high
intensity, industrial-scale level has only been achieved upon cultivation of
K. vulgare with complex media components, for cost reasons preferably corn steep
liquor [79, 80] and upon co-cultivation with a helper strain, today frequently
B. megaterium. Numerous publications mainly from Chinese authors are dedicated
to the elucidation of the role of the helper strain. Examination of the available
K. vulgare genome sequences [67, 68] indicates that the genes for a number of
biosynthetic pathways toward essential cellular metabolites are missing. For
instance, no fol homologs encoding the genes of the de novo folate biosynthetic
pathway are annotated in the KEGG database. Fortification with folate compounds,
particularly dihydrofolate, of an already rather complex cultivation medium (yeast
extract, pancreatic meat digest, corn steep liquor) boosted both growth and 2KGA
production of monocultured K. vulgare [81]. In line with this earlier finding is the
observation that expression of the Lactococcus lactis fol genes, including folB,
folKE, folP, folQ, and folC increased growth and productivity of K. vulgare
monocultured in a complex medium (yeast extract, peptone) [82].

A cysH homolog encoding phosphoadenosine phosphosulfate (PAPS) reduc-
tase, which is involved in sulfide recruitment from sulfate, is also missing in the
K. vulgare genome [83]. Upon complementation with glutathion or DTT, mono-
cultured K. vulgare reached 60-80 % of the growth and 2KGA production effi-
ciency compared to a K. vulgare and B. megaterium mixed culture. Cystein
complementation was less effective. As complex components, the culture medium
contained corn steep liquor [75, 84].

Furthermore, the K. vulgare Y25 genome lacks homologs to genes involved in
the biosynthesis of various amino acids. Affected are the biosynthetic pathways
toward his, gly, lys, pro, thr, met, leu, and ile [85]. The possibly resulting auxo-
trophies for the corresponding amino acids were not demonstrated, but growth and
2KGA production-stimulating effects in a mixed culture by a blend of the amino
acids gly, prol, thr, and isoleucine or by gelatine rich in gly and pro were reported.

K. vulgare Y25 but not WSHOO1 is afflicted with an out-of-frame deletion in
purH encoding the ultimate and penultimate steps toward inosine monophosphate
biosynthesis, which should result in purine auxotrophy of the former strain. The
auxotrophy has not been experimentally demonstrated, but purine supplementation
of the Y25 strain stimulated its growth and 2KGA productivity [75]. A similar
experiment with WSHOO1 has not been reported.

The available literature suggests that in contrast to other microorganisms used
as production strains in large-scale industrial processes, K. vulgare is particularly
dependent on the external supply of growth auxiliaries. The limited genetic
potential revealed by the recently published genome sequences of two industrially
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used K. vulgare strains seems a plausible explanation for this dependency, but an
experimental confirmation of the auxotrophies implied by the inspection of the
genome sequences has not yet been reported. Complementing the presumed
auxotrophies with complex media components like yeast extract, peptone, beef
extracts, and others should be possible from a technical view point and might lead
to high-performing processes. However, for economic reasons only comparably
cheap corn steep liquor is available at industrial scale, only partly satisfying the
growth requirements of K. vulgare. The function of the helper strain, which can be
exerted by various very different microorganisms, e.g., P. striata, various Bacillus
strains and G. oxydans, might be to bridge the nutritional gap corn steep liquor
cannot provide, rather than to supply a specific growth factor. Therefore, the
relationship between the production and the helper strain might not be regarded as
symbiotic in the sense of an evolved way of living together of two different species
to their mutual advantage.

7.10 2KGA Strain Improvement

Early reports on 2KGA production with K. vulgare showed product yields of 40 %
reaching 30 g/l 2KGA [63] with P. striata as helper strain. 60 g/l 2KGA during
40 h was reached at 86 % conversion yield with B. megaterium as helper strain
[64]. Since then several reports have been published on strain improvement efforts
by random mutagenesis and selection. For the generation of mutants conventional
procedures such as treatment of a K. vulgare culture with UV irradiation or nitr-
osoguanidine were applied, but also technologies which are rarely used in Western
laboratories such as ion beam implementation or space mutation during flights
with the spaceships Shenzhou IV and Shenzhou VII. For reviews in the Mandarin
language see [86, 87]. An article in English on ion beam mutagenesis of K. vulgare
and the helper strain B. megaterium was published in 2004 [88]. In 1997 the
isolation of the strain-pair G. oxydans SCB329 (presumably a Ketogulonicigenium
species) and Bacillus thuringiensis SCB933 was published. During 40 to 50 h
fermentation runs, 2KGA at titers between 115 and 130 g/l was produced at a
conversion rate of 88 mol % [89].

8 Direct Microbial Production of Asc

After more than three decades of strain and process optimization, the 2KGA fer-
mentation by K. vulgare has reached a performance level that makes it increasingly
difficult to achieve further cost-relevant improvements. Instead, opportunities can
be seen in the succeeding step of 2KGA rearrangement to ascorbic acid, which still
follows the same concept as laid out in the 1930s by Reichstein and Griissner. This
chemical step contributes significantly to the overall process costs. A process
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concept that could convert sorbitol directly to ascorbic acid would therefore be
most attractive. In theory, this could build on the established 2KGA fermentation
with an enzyme-catalyzed 2KGA to Asc rearrangement (2,6-hemiacetal to 1,4-
lactone) as extension. Ab initio energy calculations as well as experimental results
(own unpublished results) indicate that in aqueous environment, Asc is thermo-
dynamically far more stable than 2KGA and (nearly) quantitative conversion
should be possible. However, no enzyme efficiently catalyzing this reaction has so
far been identified. The few publications of enzyme catalysis for this reaction so far
shows only trace activity [90, 91] and no significant improvements have been
reported. 2KGA may represent a kinetic trap in an aqueous environment and bio-
technological reaction pathways all the way to Asc may need to avoid 2KGA.
Accordingly, 2KGA is also not part of natural biosynthetic routes, where Asc
formation directly results from the oxidation of precursor molecules (see Fig. 2)
with appropriately preformed 1,4-lactone linkage (L-gulono-1,4-lactone in animals,
L-galactono-1,4-lactone in plants). Enzymes converting L-gulono-1,4-lactone to
Asc are also known from bacteria, even from Ketogulonicigenium [92]. The bio-
chemical description of the Ketogulonicigenium enzyme indicates that it belongs to
the family of heterotrimeric periplasmic flavohemoproteins, of which several can
be found in the published Ketogulonicigenium genomes. Besides sharing the same
FAD cofactor, these enzymes bear no similarity to the mammalian gulono-1,4-
lactone dehydrogenase. The use of these natural or nature-like Asc-forming
enzymatic steps in biotechnological production processes is so far precluded by the
rare nature of these L-sugar-derived lactone precursor molecules and the lack of
efficient production methods for these compounds. It was, therefore, a tantalizing
discovery when Asc formation directly from L-sorbosone, the intermediate of the
efficient 2KGA formation route, was identified in those two species already in the
focus for 2KGA production for decades: K. vulgare [93] and G. oxydans [94].
Besides an earlier report of L-sorbosone to Asc activity derived from plant tissue
[95], which did not see consolidating follow-ups, the above observations are the
first evidence of biological Asc formation from a molecule other than a 1,4-lactone.

8.1 1-Sorbosone Oxidation to Asc by Sndhak from K. vulgare

The enzyme from K. vulgare responsible for L-sorbosone to Asc conversion was
identified by purification of this activity, N-terminal sequencing of the purified
protein and subsequent cloning of the gene [96]. This sorbosone dehydrogenase
yielding ascorbic acid and originating from Ketogulonicigenium (in the original
publication designated as Sndh, now abbreviated as Sndhak) is a periplasmic
soluble dimeric PQQ-enzyme with six-bladed f-propeller architecture (Fig. 12). It
is related to the soluble p-glucose dehydrogenase from A. calcoaceticus, which has
been well studied for the application in glucose sensors for diabetes care [97].
Indeed, the specific activity of Sndhak against p-glucose is even ten times higher
than with L-sorbosone as substrate [96]. The physiological role of Sndhak is,
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Fig. 12 Schematic representation of the two known Asc-forming sorbosone dehydrogenases.
Both are PQQ enzymes localized in the periplasm. Sndhak from Ketogulonicigenium vulgare is a
soluble enzyme with six-bladed f-propeller architecture and an additional heme-containing
cytochrome domain. Sndhai from Gluconobacter oxydans is a membrane-bound enzyme with
eight-bladed f-propeller architecture and an additional membrane anchor domain

therefore, presumably D-glucose oxidation and it is a fortuitous cross-reactivity
with the non-physiological substrate L-sorbosone that allows biotechnological
application for Asc formation. A fraction of Sndhak purified from Ketogulonici-
genium was found to contain an additional C-terminal heme-containing cyto-
chrome domain, which is encoded in the 3’ section of the gene. This cytochrome
domain may play a role in electron transfer from the PQQ cofactor into the
respiratory chain. The related Acinetobacter enzyme does not contain such a
cytochrome domain and it is noteworthy that no per se activity of the soluble
Acinetobacter p-glucose dehydrogenase can be detected [98, 99], in contrast to the
Ketogulonicigenium enzyme. As a consequence of the dimerization of Sndhak,
three different isoenzymes can be distinguished after purification, consisting of
homodimers with or without a cytochrome domain and the mixed heterodimer (in
the original publication designated as Sndh, Sndh2, and Sndh3). The cause and
relevance of this heterogeneity are unknown.

8.2 L-Sorbosone Oxidation to Asc by Sndhai from G. oxydans

The second novel Asc-forming enzyme was discovered after small quantities of
Asc were detected in reactions of L-sorbosone with G. oxydans IFO3293 [94]. The
relevant gene was singled out by screening a transposone library of IFO3293 for
loss of the capability to produce Asc. The sorbosone dehydrogenase yielding
ascorbic acid from G. oxydans IFO3293 (abbreviated Sndhai) thereby identified is
again a PQQ-enzyme, but shares no sequence similarity to Sndhak, the
Asc-forming enzyme from Ketogulonicigenium. Sndhai is a membrane-bound
periplasmic protein and consists of two domains, an N-terminal membrane anchor
with five predicted transmembrane helices, followed by a catalytic domain with
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eight-bladed f-propellor architecture (Fig. 12). It shares sequence-homology with
membrane-bound PQQ-linked p-glucose dehydrogenases from, e.g., G. oxydans,
Escherichia coli, and A. calcoaceticus, as well as with the PQQ-linked sorbitol
dehydrogenase from G. oxydans, the enzyme responsible for the rapid and
selective oxidation of p-sorbitol to L-sorbose in the Reichstein—Griissner process
and all following p-sorbitol-based ascorbic acid production technologies. Sndhai
shows no activity toward D-glucose or p-sorbitol, but is highly active (much more
than for L-sorbosone) toward the cyclic polyol myoinositol as substrate (own
unpublished results). Similar to Sndhak, L-sorbosone oxidation by Sndhai seems to
be a non-physiological cross-reactivity.

Sndhai is virtually identical (one amino acid difference) to the gene annotated
as “PQQ-containing dehydrogenase 1” in the published genome of G. oxydans
ATCC621H [100], which was subsequently characterized as myo-inositol dehy-
drogenase [101]. Curiously, this enzyme had a past life as the subject of intense
biochemical research in the 1940s and 1950s. Soon after the first report in 1938 of
myo-inositol oxidation by G. oxydans ATCC621 (then called “Acetobacter sub-
oxydans”, [102]), it was shown that of the six hydroxy groups of myo-inositol only
the hydroxy group at position 2 is oxidized by the enzyme [103-105] leading to
myo-2-inosose formation. This exquisite selectivity is reminiscent of the p-sorbitol
to L-sorbose oxidation by the related PQQ enzyme sorbitol dehydrogenase, but
cannot be described by the Betrand-Hudson rules. This triggered thorough
investigations by Erwin Chargaff and co-workers who studied the conversions and
identified the exact products for a wide variety of different inositols and related
compounds [106—108]. This culminated in the Chargaff rules of inositol oxidation
[109, 110]. They provided a comprehensive description and predictive power for
this enzyme’s reactions, but never reached the same prominence as the Chargaff
rules of DNA composition derived at the same time. Further biochemical work
on inositol dehydrogenase/Sndhai was hampered by its resistance to purification
[111, 112], which was overcome only in the 1990s [113].

8.3 Product Spectrum of L-Sorbosone Oxidation: Determined
by the Structure of L-Sorbosone Isomers or by Metabolic
Bifurcation?

Since both novel Asc-forming enzymes Sndhak and Sndhai have activity toward
sugars or polyols it is not per se unusual to find activity toward oxidation of
L-sorbosone. It is peculiar, however, to obtain Asc as main product and 2KGA only
as side product [96], despite using the same substrate and achieving the same
oxidation at C1 as the 2KGA-forming enzymes Ssda and Ssdb of Kerogulonici-
genium and Sndh of Gluconobacter. How do the enzymes influence the type of
product in this reaction? One key differentiator may be the structure of the
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substrate L-sorbosone. As commonly observed for sugar molecules, L-sorbosone
cyclizes forming hemiacetal bonds between carbonyl and hydroxy functional
groups. With its two carbonyl functions at C1 and C2, L-sorbosone can adopt an
even wider diversity of isomeric structures than standard sugars based on different
ring closures (Fig. 13a). The 2,6 hemiketal isomer of L-sorbosone, which is the
dominant form of L-sorbosone in aqueous solution has the same ring structure as
2KGA in aqueous solution. Enzymes such as Ssdal selectively oxidizing this
L-sorbosone isomer at the exocyclic geminal diol at C1 (assuming hydration of the
C1 carbonyl group) will directly yield 2KGA as product. The 1,4-hemiacetal
isomer of L-sorbosone, which might occur as the minor isomer in aqueous solution,
has the ring structure of Asc preformed. Oxidation of the acetalic hydroxy group at
C1 in this sorbosone isomer by enzymes of appropriate selectivity such as Sndhak
or Sndhai [93, 96] would (after rapid enolization) directly yield Asc. Ssdb, which
shares with Sndhak and Sndhai the selectivity toward secondary alcohols, would
yield 2KGA rather than Asc due to its selectivity toward oxidization of the pos-
sible additional minor isomer 1,5 L-sorbosone at its acetalic hydroxyl group at C1.
The resulting 1,5 lactone intermediate, which has not yet been observed, pre-
sumably rapidly hydrolyzes and rearranges to the 2,6 pyranose form of 2KGA.
According to this model, the nature of the product (Asc or 2KGA) formed from
L-sorbosone is determined by the specificity of the enzymes toward the 2,6-
hemiketal, 1,5-hemiacetal, or the 1,4-hemiacetal isomers of L-sorbosone. Some
2KGA side-product formation is observed for Sndhak and Sndhai, which could
result from cross-reactivity with 2,6-L-sorbosone or, more likely (given the
selectivity of these enzymes toward secondary alcohols), with 1,5-L-sorbosone.
As an alternative explanatory model (Fig. 13b) a pathway can be formulated, in
which oxidation of the same 1,5-pyranose ring form of L-sorbosone can lead to
either Asc or 2KGA, depending on the fate of the putative transient 1,5-lactone
intermediate. Based on this alternative model, Sndhak and Sndhai (as well as Ssdb)
could interact with the 1,5-pyranose L-sorbosone isomer affording the 1,5-lactone
of 2KGA. Subsequent rearrangement of this labile compound either yields the
stable 2,6-hemiketal of 2KGA implying the hydrolysis of the lactone ring, or the
1,4-lactone via a transesterification reaction with subsequent enolization to stable
Asc. This metabolic bifurcation toward Asc or 2KGA would be influenced by the
respective dehydrogenase enzymes, some like Ssdb favoring 2KGA formation
while other enzymes like Sndhak or Sndhai favoring Asc formation. In this model,
enzymes converting L-sorbosone to Asc are characterized not only by appropriate
substrate selectivity (for the L-sorbosone 1,5-hemiacetal rather than the 2,6-hem-
iketal), but also by guiding the follow-up reactions of the immediate, labile
oxidation product preferably toward the transesterification. Asc would become the
major and 2KGA, the minor product of these dehydrogenases. Further work is
required to consolidate this interpretation and to understand the differences
between Ssdb and Sndhak/Sndhai responsible for the different products formed.
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Fig. 13 Explanatory models for the conversion for L-sorbosone to either Asc or 2KGA by
different enzymes. Both models build on the presence of several isomers of L-sorbosone with
different ring connectivities, which may be recognized specifically by different enzymes and lead
to different products. a 2,6-L-sorbosone is directly oxidized to 2KGA by Ssda or Sndh. 1,4-L-
sorbosone is directly oxidized to Asc by Sndhak or Sndhai. 1,5-L-sorbosone is oxidized by Ssdb
to the 1,5-lactone of 2KGA which hydrolyzes to yield 2KGA. 2KGA by-product formation by
Sndhak and Sndhai could be due to trace activity toward 1,5-L-sorbosone. b 2,6 L-sorbosone is
directly oxidized to 2KGA by Ssda or Sndh as in (a). 1,5-L-sorbosone is oxidized by Ssdb as well
as Sndhak and Sndhai. The immediate 1,5-lactone product has two possible fates, either toward
2KGA by hydrolysis or toward Asc by transesterification. The enzymes can influence the
partitioning between the two fates, Ssdb favoring 2KGA formation, Sndhak and Sndhai favoring
Asc formation
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Fig. 13 continued

9 p-Isoascorbic Acid and p-Erythroascorbic Acid

Several compounds structurally similar to Asc were isolated from microbial cul-
tures. Among them are D-isoascorbic acid (also referred as erythorbic acid) pro-
duced by various Penicillium species, e.g., Penicillium notatum [114] or
Penicillium cyaneo-fulvum [115, 116] and the C5 sugar acid p-erythroascorbic
acid from yeasts and other fungi.
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1,5-pyranoside 1,5-lactone 1,5-lactone (putative) keto form enol form

Fig. 14 Process for the conversion of D-glucose to p-isoascorbic acid by P. notatum. The
chemical structures are shown as Fischer projections. The first oxidation reaction at C1, catalyzed
by p-glucose oxidase, results in the D-glucono-1,5-lactone. The p-gluconolactone oxidase
responsible for the second oxidation at C2 can use the 1,5-lactone as substrate, resulting in an
uncharacterized intermediate, presumably the 2-keto-p-glucono-1,5-lactone. This intermediate
spontaneously rearranges to form p-isoascorbic acid

9.1 Microbial Oxidation of p-Glucose to p-Isoascorbic Acid

The p-configuration of p-isoascorbic acid at C5 allows a short biosynthetic
pathway (Fig. 14) from p-glucose, i.e., its 1,5-glucopyranoside, which is oxidized
to D-glucono-1,5-lactone by glucose oxidase followed by oxidation at C2 by
D-gluconolactone oxidase [117, 118]. The immediate oxidation product of
D-glucono-1,5-lactone by gluconolactone oxidase already has reducing activity on,
e.g., 2,6-dichlorphenolindophenol. It is rather stable at pH 4. Upon pH shift, this
compound spontaneously converts to D-isoascorbic acid [119]. The unidentified
immediate oxidation product could be 2-keto-p-glucono-1,5-lactone, which rear-
ranges via a reversible transesterification reaction to the 1,4-lactone followed by an
irreversible enolization to p-isoascorbic acid. The formation of 2-keto-p-gluconic
acid as the result of 2-keto-p-glucono-1,5-lactone hydrolysis was not reported. The
oxidation of the 1,4-lactone by p-gluconolactone oxidase might also occur to some
extent, since D-glucono-1,5-lactone shows a tendency to slowly rearrange to the
1,4-lactone at pH >4 [120] and the p-gluconolactone oxidase of Penicillium
cyaneofulvum accepts both p-glucono-1,5-lactone and the corresponding 1,4-lactone
[117]. This reaction would directly deliver the keto-isomer of p-isoascorbic acid.
The sequence of the reactions from D-glucose to p-isoascorbic acid, first oxidation
at Cl1, then oxidation at C2 (C1, C2), is similar to the naturally evolved Asc
biosynthesis from L-galactose or L-gulose.

Oxidation of p-gluconolactone at C2 is also afforded by pyranose-2-oxidase
from Polyporus obtusus [121]. In this reaction both p-isoascorbic acid and 2-keto-
D-gluconic acid were obtained in a roughly 1:1 ratio. Obviously, following the
natural C1, C2 oxidation sequence, transesterification and (iso)ascorbic acid for-
mation are preferred over hydrolysis and 2-keto sugar acid formation or are at least
possible to a significant extent.

If the sequence of oxidation reactions is reversed (C2, C1), i.e., b-glucopyranose
is first oxidized by pyranose-2-oxidase to p-glucosone followed by glucose oxidase
treatment, 2-keto-p-gluconate was reported as the only oxidation product [121].
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Fig. 15 Biosynthesis of p-erythroascorbic acid from p-arabinose in yeast. The chemical
structures are shown as Fischer projections. The first oxidation reaction at Cl1, catalyzed by
D-arabinose oxidase, results in the p-arabino-1,4-lactone. The second oxidation at C2, catalyzed
by p-arabino-1,4-lactone oxidase, directly yields p-erythroascorbic acid

Though not explicitly reported, it is safe to assume that the later oxidation occurs
with 2-keto-p-gluco-1,5-pyranose and delivers as the immediate reaction product
2-keto-p-glucono-1,5-lactone, which hydrolyzes affording 2-keto-p-gluconate. It is
unclear why the spontaneous follow-up reaction of 2-keto-p-glucono-1,5-lactone
delivers, at least to some extent, D-isoascorbic acid if obtained according to the C1,
C2 reaction sequence, but only 2-keto-bp-gluconate if obtained by the C2, Cl1
oxidation sequence.

9.2 Biosynthesis of p-Erythroascorbic Acid

Yeasts and other fungi synthesize the C5 sugar acid p-erythroascorbic acid which
shares structural and physicochemical properties with Asc [122]. p-erythroascorbic
acid serves similar protective functions in these microorganisms as Asc does in plants
and animals, including the scavenging of reactive oxygen species. The biosynthesis
of p-erythroascorbic acid (Fig. 15) starts from p-arabinose obtained by the micro-
organism from decaying plant material. D-arabinose, presumably in its
1,4-furanosidic isomeric form, is oxidized by NAD(P)* specific dehydrogenases
[123, 124] to p-arabinono-1,4-lactone, which is further oxidized to p-erythroascorbic
acid by p-arabinono-1,4-lactone oxidase [125]. Resting cells of Saccharomyces
cerevisiae can synthesize Asc from L-galactose, L-galactono-1,4-lactone, or L-gul-
ono-1,4-lactone via the pathway naturally used for p-erythroascorbic acid [126].

9.3 Application, Market, and Industrial Production of v-Isoasc-
orbic Acid

From the two microbial Asc analogs only p-isoascorbic acid is of some economic
interest. The compound, the C5 epimer of Asc, has no or only marginal anti-scurvy
activity, but antioxidant properties similar to the latter. Hence, the compound has
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been used in the food industry for more than 30 years as an alternative to Asc to
protect processed food against oxidation. A typical application is in meat products
to support the formation and maintenance of the red color of cured meat. The
addition of p-isoascorbate (like L-ascorbate) to sodium nitrite-cured meat increases
the nitrosylation of the central iron atom of muscle myoglobin resulting in the
formation of reddish-brown nitrosomyoglobin and the characteristic pink color of
nitrosohemochrome or nitrosyl-heme upon cooking. Other food products that may
contain D-isoascorbic acid are oils, beer, and fruit juices. p-isoascorbic acid and its
salts are considered GRAS (generally recognized as safe) by the US Food and
Drug Administration and are approved as food ingredients E315 (free acid) and
E316 (sodium salt) in Europe.

With approximately 10,000 tons global demand per year supplied by more than
10 producers, all located in China, the p-isoascorbic acid world-market is much
smaller than the market for Asc. PARCHN Sodium Isovitamin C Co. Ltd, Dexing
City, Jiangxi Province is one of the bigger producers. p-isoascorbic acid market
prices are less volatile than the prices for Asc, fluctuating around 5 USD/kg or
below. In times of high Asc prices, D-isoascorbic acid is a cheap alternative in
applications not relying on the vitamin activity of Asc.

In an effort to develop an industrial p-isoascorbic acid production process in the
mid-1960s, Japanese Fujisawa Pharmaceutical Co. Ltd. performed an extended
search for microorganisms with the ability to convert p-glucose into D-isoascorbic
acid [114]. From all genera tested Penicillium was unique in being able to deliver
the desired product. P. notatum FY 115 was a superior strain, which was further
improved by mutagenesis and selection campaigns. In a lab-scale fermentation run
for 136 h, for most of the time at pH < 5, 40 g/l p-isoascorbic acid was obtained
from glucose with a yield of 45 % [127]. A transient accumulation of D-gluconic
acid and to a lower extent D-gluconolactone was observed, in accordance with the
biosynthetic pathway of D-isoascorbic acid in Penicillium (Fig. 14). p-Isoascorbic
acid was recovered from the fermentation broth with high yield by anion exchange
chromatography and crystallization.

Today the Penicillium process of p-glucose oxidation directly to p-isoascorbic
acid is not industrially exploited, probably because of insufficient volumetric
productivity and yield on glucose. Instead, p-isoascorbic acid is produced in a
process designed in analogy to the Asc process. First, a 2-keto-sugar acid is
obtained by microbial oxidation, which after isolation and purification is chemi-
cally rearranged to the desired product. The conversion of p-glucose to 2-keto-p-
gluconic acid is achieved with Pseudomonas fluorescens, e.g., strain AR4 [128]
and proceeds via p-gluconate. The enzymes catalyzing the two consecutive oxi-
dation steps in P. fluorescens are glucose dehydrogenase [129] and gluconate
dehydrogenase, respectively [130, 131]. P. fluorescens AR4 was selected for high
glucose-tolerance (over 120 g/l) and low susceptibility to phage infection. With
rice starch hydrolysate as source of b-glucose almost 170 g/l of 2-keto-p-gluconic
acid was obtained in 24 h batch fermentation at a yield above 90 % [128].
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10 Outlook

Nearly 80 years ago, Tadeus Reichstein first devised a practical Asc synthetic
route for commercial application. With continuing optimizations, this remained
the industry standard for more than 60 years, serving a vastly growing market and
increasing production scale. Even today, the 2KGA fermentation route responsible
for the majority of Asc produced still follows Reichstein’s original concept:
D-glucose as starting material, inversion of the carbon skeleton to L-sorbose,
twofold oxidation to 2KGA, rearrangement to Asc. This continued success of
Reichstein’s synthesis route is based on its simplicity and low number of reaction
steps, its basis in the common and renewable starting material p-glucose, and its
amenability toward improvements. Building on these advantages, it remains the
most promising route to also meet the challenges of the future, with production
cost, product quality, and environmental sustainability as key drivers. Minimizing
oil-based chemistry will be a critical hallmark of a sustainable future production
process. The original Reichstein process had already made use of renewable
starting materials and a biotechnological step to achieve the regioselectivity
required to convert D-sorbitol to L-sorbose. The implementation of 2KGA fer-
mentation further reduced the need for solvents and energy. Recent work outlined
in this review opens the way toward a direct oxidation of L-sorbose to Asc, without
the need for a chemical conversion of 2KGA to Asc, again lowering solvent and
energy requirements. Additional opportunities may be found in ongoing devel-
opments for a more sustainable provision of the starting materials p-glucose [132]
or pD-sorbitol [133]. With p-glucose as starting material, the Asc production process
will be tightly linked to the emerging portfolio of bio-based chemicals, for the
good, through sharing technological advances, as well as for the bad, due to
increasing competition for raw materials.
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Amino Acids in Human and Animal
Nutrition

Andreas Karau and Ian Grayson

Abstract Amino acids are key components of human and animal nutrition, both
as part of a protein-containing diet, and as supplemented individual products. In
the last 10 years there has been a marked move away from the extraction of amino
acids from natural products, which has been replaced by efficient fermentation
processes using nonanimal carbon sources. Today several amino acids are pro-
duced in fermentation plants with capacities of more than 100,000 tonnes to serve
the requirements of animal feed and human nutrition. The main fermentative
amino acids for animal nutrition are L-lysine, L-threonine, and L-tryptophan.
pL-Methionine continues to be manufactured for animal feed use principally by
chemical synthesis, and a pharmaceutical grade is manufactured by enzymatic
resolution. Amino acids play an important role in medical nutrition, particularly in
parenteral nutrition, where there are high purity requirements for infusion grade
products. Amino acids are also appearing more often in dietary supplements,
initially for performance athletes, but increasingly for the general population. As
the understanding of the effects of the individual amino acids on the human
metabolism is deepened, more specialized product mixtures are being offered to
improve athletic performance and for body-building.

Keywords Amino acid - Animal feed - Biotransformation - Corynebacterium
glutamicum - Dietary requirements - Fermentation - Flavorings - Isolation - Medical
nutrition - Parenteral nutrition - Sports nutrition - Supplements - Sweeteners -
Synthesis
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1 Introduction

Proteins are composed of the 20 naturally occurring o-amino acids, and are an
essential component of both animal and human nutrition. Although a balanced diet
can supply sufficient amino acids to satisfy nutritional demand, animal feed in
particular can be deficient in essential amino acids to maintain optimal growth and
health of the animal. In addition, amino acids are used to supplement or fortify
human food, to add flavor (e.g., monosodium glutamate, MSG), or to supply com-
pletely the body’s amino acid requirements in the case of medical nutrition. This
review discusses the key processes for the industrial manufacture of the proteino-
genic amino acids, together with their key derivatives and some nonproteinogenic
amino acids and the application of these for both human and animal nutrition.

The importance of amino acids in nutrition, and the equivalence between
protein and protein hydrolysates in providing nitrogen balance in the diet was
recognized at the start of the twentieth century [1]. The use of amino acids as
supplements increased through the first half of the twentieth century mainly due to
usage in animal feeding but also for human nutrition. More recently, the appli-
cation of amino acids in medical nutritional supplements and in products directed
towards athletes and the general public has become much more widespread. The
general chemistry and application of amino acids in industry have been presented
in several reviews [2, 3] and are not covered here.

2 Production of Amino Acids
2.1 Historical Production of Amino Acids

The industrial production of amino acids began early in the last century with the
extraction of individual amino acids from natural sources. These included
hydrolysis of the nonsugar portion of molasses (from sugar beet or sugar cane), [4]
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Table 1 Typical amino acid

.. . Amino acid Approximate composition (%)
composition of commercial
molasses hydrolysate [4] L-Glutamic acid 45
L-Aspartic acid 10
L-Alanine 5
Glycine 5
Taurine 5
L-Tyrosine 5
L-Isoleucine 4
L-Leucine 4
L-Serine 4
L-Valine 3
Others 10
Table 2 .Typlgal amimo acid Typical composition Amino Acid
comppsﬁlon of animal from ox-hide gelatin (%)
protein hydrolysate [5]
232 Glycine
13.9 L-Proline
11.3 L-4-trans-Hydroxyproline
9.8 L-Glutamic acid
9.3 L-Alanine
7.3 L-Arginine
5.6 L-Aspartic acid
3.6 L-Lysine
34 L-Serine
2.9 L-Leucine
22 L-Valine
1.9 L-Phenylalanine
1.9 L-Threonine
14 L-Isoleucine
2.3 Others

and acid hydrolysis of animal products such as beef gelatin or keratin from chicken
feathers or animal hair [4, 5]. Table 1 shows the typical amino acid composition of
molasses, and Table 2, that of animal-derived protein.

The protein hydrolysis method provides ready access to up to 17 of the pro-
teinogenic amino acids. Following filtration of the insoluble cystine and tyrosine
fraction, the amino acid solution is separated into acidic, neutral, and basic frac-
tions by extraction, and the individual amino acids are separated and purified by
ion exchange chromatography followed by crystallization (Fig. 1). It can be seen
that cysteine is converted into the dimer, cystine, whereas asparagine and gluta-
mine are hydrolyzed to the respective acids, and methionine and tryptophan are
largely destroyed by the hydrolysis process.

The discovery in 1908 of monosodium glutamate, extracted from kelp, as a
flavoring agent [6] led to the development of processes for its extraction from acid
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Fig. 1 Flow diagram for the isolation of amino acids from animal protein hydrolysis (Evonik
Rexim)

hydrolysis of wheat gluten or from defatted soya bean, and the establishment of an
industrial process by the Ajinomoto Company for commercial manufacture of
MSG. Today, although some amino acids are still produced in part by extraction
from natural sources, modern production methods have overtaken these traditional
routes in terms of quality, efficiency, and price competitiveness.

2.2 Modern Production of Amino Acids

The processes applied today depend mainly on the volumes produced and whether
the pure L-enantiomer or the racemate is the desired product for the particular
application.

All the proteinogenic amino acids have been prepared by chemical synthesis,
both in the racemic and enantiomerically pure forms, but only two amino acids are
routinely manufactured by chemical synthesis on a large scale. These are glycine
and pL-methionine. Glycine is a simple synthetic task as it is the only achiral
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natural amino acid. Methionine is unusual in that both the p- and rL-forms are
nutritionally equivalent, so for the major use, animal feed, the pL-form is routinely
applied. L-Methionine is manufactured from the racemate by an enzymatic reso-
Iution process. When L-phenylalanine was required in large amounts as a raw
material for the sweetener aspartame in the 1980s, a number of synthetic routes
were developed, both enzymatic processes and those using homogeneous asym-
metric catalysis. A number of the chemical processes were run at the pilot scale,
but none have been developed as a full-scale production process [7]. These
chemical methods were later displaced as fermentation processes became the
method of choice for the manufacture of most amino acids.

The large-scale fermentation of amino acids began in the 1950s when
Kinoshita, Udaka, and coworkers at Kyowa Hakko in Japan discovered the glu-
tamate-producing bacterium now known as Corynebacterium glutamicum [8]. This
glutamate fermentation method has been developed into a low-cost process that
today produces more than 1,000,000 tons of L-glutamic acid for the food industry.
A few years later a mutant of C. glutamicum was developed that produced a high
yield of L-lysine, one of the major amino acids required for animal nutrition.
Large-scale biotransformation processes have also been implemented, for exam-
ple, the Degussa acylase process for the production of L-methionine, which has
been in use since the 1980s [9].

Over the last 60 years, the development and optimization of bacterial strains
used in amino acid production have changed dramatically [10]. In the past, the
optimization was done based on random mutation and selection. Mutagenesis was
performed by ultraviolet radiation or by chemical mutagens (e.g., using nitroso-
guanidine). The strains were selected either in the presence of an analogue of the
amino acid or of an important intermediate in the biosynthetic pathway of
the relevant amino acid. These strains were selected based on growth, product titer,
and also for low by-product formation. Based on this approach, feedback inhibi-
tion of the amino acid itself or relevant intermediates could be eliminated. Several
practical industrial production strains have been obtained using this approach. Its
advantage was that no detailed genetic information on the microbial strains was
required. However, the increase in performance is limited, as specific properties
cannot be changed using the mutagenesis approach, and in addition negative
mutations can also accumulate (e.g., slow growth rates, by-product formation,
etc.). Furthermore, it was not possible to maximize the yield based on carbon using
this method.

During the 1990s, more targeted strain optimization approaches were imple-
mented based on the development of genetic engineering tools. This included the
amplification of relevant genes in the product pathway, the knock-out of specific
genes that caused side-product formation and the modification of specific enzyme
properties by protein evolution methods. In addition, improvements were made by
modifications of the importers and exporters of the product and relevant substrates.
Based on this approach, it was possible to reduce selectively the formation of
critical side products, to eliminate bottlenecks in the biosynthetic pathway, and
also to increase the carbon yield.
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Amino acid Production processes used
L-Alanine Biotransformation
L-Arginine Fermentation

L-Aspartic acid Biotransformation
L-Cysteine Fermentation, Extraction
L-Glutamic acid Fermentation
L-Glutamine Fermentation

Glycine Chemical synthesis
L-Histidine Fermentation

L-4-trans-Hydroxyproline

L-Isoleucine
L-Leucine
L-Lysine
pL-Methionine
L-Methionine
L-Phenylalanine
L-Proline
L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine
L-Valine

Biotransformation,
Fermentation, Extraction

Fermentation

Fermentation

Fermentation

Chemical synthesis

Biotransformation

Fermentation

Fermentation

Biotransformation, Fermentation

Fermentation

Fermentation

Fermentation

Fermentation

More recently, optimization based on system biology approaches has become

increasingly relevant. In this approach the strains are characterized at four different
levels: those of the genome, transcriptome, proteome, and metabolome. Supported
by the appropriate analytical technologies, modeling and simulation tools, the
strains are analyzed for current limitations in product formation, side-product
formation, and the formation of central metabolites. Based on these results, targets
for further genetic engineering work are then identified. The strains improved by
genetic engineering are then tested in fermentation and downstream processing,
and again characterized by the four different levels. This is carried out in several
cycles until the desired strain performance is achieved [11, 12].

Today fermentation or enzymatic routes have been developed for almost all the
major L-amino acids, and these have largely displaced the previous extraction
methods. This has happened at the same time that customers have become
increasingly concerned about the safety of animal-derived products, because of the
possibility of infectious agents such as prions surviving the isolation process. In
2006, major amino acid manufacturers, including Degussa and Kyowa Hakko,
announced the cessation of their protein extraction processes, and the establish-
ment of fermentation methods for the major amino acids. However, extraction of
cysteine from hair or feathers is still widely used, particularly in China, and
extraction of 4-hydroxyproline from gelatin is still common. Table 3 shows the
chief manufacturing processes for the main proteinogenic amino acids.
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Table 4 Biosynthetic pathways for the main amino acids

Precursor Ist formed acid 2nd formed 3rd formed acid

acid
Oxaloacetic acid L-Aspartic acid L-Asparagine

L-Lysine

L-Methionine

L-Threonine L-Isoleucine
Glucose L-Phenylalanine

L-Tyrosine

L-Tryptophan
L-Histidine

Pyruvic acid L-Alanine
L-Valine
L-Leucine
3-Phosphoglyceric acid L-Serine L-Cysteine
Glycine
2-Ketoglutaric acid L-Glutamic acid L-Glutamine
L-Proline L-4-Hydroxyproline
L-Arginine

L-Ornithine

2.3 Production of Specific Amino Acids

This section describes the chief industrial processes used for manufacture of the
main proteinogenic amino acids. The biotechnological processes can be grouped
according to the key metabolic pathways involved in the biosynthesis of the amino
acids (Table 4).

2.3.1 Glycine

Glycine is manufactured exclusively by chemical synthesis, and two main pro-
cesses are practiced today (Scheme 1). The direct amination of chloroacetic acid
with a large excess of ammonia gives good yields of glycine without producing
large amounts of di- and trialkylated products [13]. This process is widely used in
China, where the main application of the glycine is as a raw material for the
herbicide glyphosate.

The other main process is the Strecker synthesis. The direct Strecker reaction of
formaldehyde and ammonium cyanide produces methylene amino acetonitrile,
which must be hydrolyzed in two stages to produce glycine [14]. A more efficient
approach is to aminate the intermediate glycolonitrile, followed by hydrolysis [15].
An alternative method, which is more often applied for the homologous amino
acids, is the Bucherer—Bergs reaction. Reaction of formaldehyde and ammonium
carbonate or bicarbonate gives the intermediate hydantoin, which can be hydro-
lyzed to glycine in a separate step [16].
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Scheme 1 Industrial processes for the manufacture of glycine

2.3.2 pL-Methionine

pL-Methionine is the second amino acid that is almost exclusively manufactured
by chemical synthesis. The process used today was originally developed by
Werner Schwarze at Degussa in the 1940s, and has been continually improved and
refined since. Today pL-methionine is manufactured in several plants, each with a
capacity of more than 100,000 tonnes. To operate the process on an industrial scale
also requires back-integration into the key hazardous raw materials acrolein,
methyl mercaptan, and hydrogen cyanide (Scheme 2). After the formation of the
hydantoin, the key step is alkaline hydrolysis of the hydantoin, to produce
methionine directly in up to 95 % yield based on acrolein [17, 18].

2.3.3 L-Lysine

C. glutamicum and, to a lesser extent, E. coli are the main organisms used today
for industrial L-lysine production. The first L-producing strains based on C. glu-
tamicum were reported in 1961 [19], and those based on E. coli in 1995 [20]. The
advantages of using E. coli versus C. glutamicum include the achievement of
higher growth rates at higher fermentation temperatures. The formation of lysine
is highly influenced by two enzymes, aspartate kinase (AK) and homoserine
dehydrogenase (HDH). AK converts aspartate into aspartate semialdehyde, and is
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Scheme 2 Process for the manufacture of pL-Methionine

highly feedback-inhibited by lysine and threonine. HDH converts aspartate sem-
ialdehyde into homoserine, which is an intermediate for the biosynthesis of thre-
onine, methionine, and isoleucine. L-Lysine—producing strains therefore often
contain a deregulated AK and/or a reduced activity HDH [21]. Despite the
improvement of the flux from aspartate towards lysine, the availability of key
metabolites from the central metabolic pathways is also essential. Here the for-
mation of oxaloacetate directly from phosphoenol pyruvate or via pyruvate is
essential for the carbon yield as some unnecessary cycles are included. For
example, inactivation of the enzyme phosphoenol pyruvate carboxykinase, which
catalyzes the reverse reaction from oxaloacetate to phosphoenol pyruvate gave an
improvement in lysine formation [22]. By overexpression of pyruvate carboxylase,
the conversion yield of glucose to lysine could be increased by 50 % [23]. With a
synthetic lysine hyperproducing strain, containing 12 defined modifications from
the wild type, a carbon yield of 0.55 g/g and a product titer of 120 g/L over 30 h
fermentation could be obtained [24].

Today, however, the main commercial process for L-lysine remains the fer-
mentation of C. glutamicum. This is performed in fed-batch mode in large-scale
fermenters of up to 500 m®> volume, with production capacities in excess of
100,000 tonnes. The commercial manufacturing process has been comprehen-
sively described by Pfefferle [25].

2.3.4 L-Threonine

L-Threonine can be produced using strains of E. coli or C. glutamicum. As threonine
is also an amino acid of the aspartate family, aspartate semialdehyde is a common
intermediate with the biosynthesis of L-lysine. In order to optimize a high-yielding
L-threonine—producing strain, the following strategy is applied: the pathway
towards L-lysine is minimized by reducing the activity of dihydrodipicolinate
synthase (dapA) and at the same time the pathway towards L-threonine is favored by
overexpression of the genes of the threonine operon, which consists of the genes for
homoserine dehydratase (thrA), homoserine kinase (#h7B), and threonine synthase
(thrC). As L-threonine is also a precursor for L-isoleucine, further conversion of
L-threonine into L-isoleucine has to be minimized by deactivation of the threonine
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Fig. 2 Biosynthetic pathway for the production of L-serine by fermentation

dehydratase gene (ilvA). In the meantime, E. coli based strains have also been
developed by the application of systems biology, not only by deletion or
downregulation of the competing pathways such as L-lysine, L-methionine, and
L-isoleucine, but also by optimization of the supply of key precursors such as
oxaloacetate. The E. coli strain has been reported to produce 82 g/L L-threonine in
48 h with a carbon yield of 39 % [26]. A more detailed description of the devel-
opment of a commercial L-threonine process has been given by Debabov [27].
Today L-threonine is manufactured on a commercial scale of several thousand
tonnes using the E. coli fermentation process.

2.3.5 L-Serine

Serine is the first amino acid produced in the 3-phosphoglycerate pathway. It is
further converted to glycine and L-cysteine. Industrially L-serine can be produced
by direct fermentation or by an enzymatic process from glycine. The enzymatic
route developed by Mitsui reacts glycine with formaldehyde using serine
hydroxymethyltransferase (SHMT). With an overexpression of SHMT in E. coli,
concentrations of serine of over 300 g/L in 35 h reaction time have been reported,
with a glycine conversion of >98 % [28]. This process requires the addition of
tetrahydrofolic acid to the system as a cofactor.

An alternative to enzymatic production is a direct fermentation to give L-serine.
Strains based on Brevibacterium flavum [29] and C. glutamicum [30] have been
described. In both strains, the enzymes phosphoglycerate dehydrogenase (serA),
phosphoserine phosphatase (serB), and phosphoserine transaminase (serC) have
been overexpressed. These enzymes are involved in the biosynthesis pathway from
3-phosphoglycerate (Fig. 2). Note that because of product inhibition by L-serine of
serA, feedback-resistant mutants have been developed to increase yields. A mutant
strain of B. flavum with a feedback-resistant serA* and overexpression of the
serA*, serB, and serC has been reported to accumulate 35.2 g/L. L-serine with a
carbon yield of 32 % based on glucose [29]. In addition it has been shown that
increased yields in C. glutamicum can be obtained by deleting the L-serine
degrading enzyme L-serine dehydratase (sdaA).



Amino Acids in Human and Animal Nutrition 199
2.3.6 L-Proline and r-4-Hydroxyproline

L-Proline is produced via the 2-ketoglutarate pathway from L-glutamic acid. In
1973 it was shown that an L-glutamic acid producer based on C. glutamicum could
produce L-proline in the presence of an excessive amount of biotin and high
concentrations of ammonium chloride [31]. Under these conditions around 40 g/L.
proline was obtained over 100 h with a conversion yield of 18 % based on glucose.

More detailed investigations with a proline overproducing strain of Serratia
marcescens have demonstrated that the key bottleneck is product inhibition by
L-proline of the first enzyme in the conversion of L-glutamate, y-glutamyl kinase
(GK; Fig. 3) [32]. With overexpression of a deregulated GK and some media
optimization steps, a titer of 100 g/l in 4 days with a yield of 32 % based on
sucrose was obtained [33]. In addition, elimination of the proline degradation
pathway via proline oxidase is essential for obtaining an improved proline yield
[34]. In addition to S. marcescens, E. coli strains have also been described for
L-proline production.

With a route to L-proline established, access is now possible to L-trans-4-
hydroxyproline by fermentation. This is achieved by use of the enzyme L-proline-4-
hydroxylase, which belongs to the group of a-ketoglutarate—dependent dioxygenases
and requires o-ketoglutaric acid as a cofactor (Fig. 4). Researchers at Kyowa Hakko
have described the conversion of L-proline into L-4-hydroxyproline using an isolated
enzyme, or alternatively by integration of the L-proline-4-hydroxylase enzyme into a
proline-producing strain [35]. If the L-proline degradation pathway is inactivated, a
complete conversion of L-proline into L-4-hydroxyproline can be achieved. Using
resting E. coli cells carrying a plasmid containing an L-proline-4-hydroxylase gene
from Dactylosporangiumn sp., approximately 41 g/L. of L-hydroxyproline could
be obtained from proline in 100 h. The required «-ketoglutarate was produced in situ
from glucose [36].

2.3.7 L-Glutamic Acid and L-Glutamine

As the first amino acid to be produced by fermentation, the development of the
process to manufacture L-glutamic acid has been the subject of much research and
process optimization. The overproduction of L-glutamic acid by strains of Cory-
nebacterium glutamicum is induced by the addition of detergents such as Tween
60. In addition, extensive metabolic engineering of C. glutamicum has been per-
formed, particularly by Ajinomoto, to generate the strains used today in com-
mercial production, which can give production titers of more than 100 g/L [37].
All stages in the pathway from glucose to L-glutamic acid have been subject to
study and optimization, including the uprating of the citric acid cycle, and deletion
of genes for further metabolism of L-glutamic acid [38].

L-Glutamine is also produced from a strain of C. glutamicum, at volumes of
only a few thousand tonnes. In this case, the ATP-dependent enzyme glutamine
synthetase is upregulated, and the process is performed near the isoelectric point of
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L-glutamine, pH 5.6, as the product is readily hydrolyzed under more acid or
alkaline conditions [39].

2.3.8 L-Tryptophan, L-Phenylalanine, and L-Tyrosine

L-Tryptophan, L-phenylalanine, and L-tyrosine are known as the aromatic amino
acids, and are all derived from phosphoenol pyruvate via chorismate. A complex
series of product inhibition feedback mechanisms controls the synthesis of the
three aromatic amino acids (Fig. 5). Today, L-tryptophan is manufactured by
fermentation on a scale of several thousand tonnes, using E. coli or C. glutamicum.
Metabolic engineering has improved the yield of each of the aromatic amino acids,
but the product titers are still low compared with other amino acids such as lysine
or glutamic acid [40]. The fermentation route to L-tryptophan has today completely
replaced the previous enzymatic process from indole and serine, using tryptophan
synthetase from E. coli [41].
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Fig. 5 Simplified metabolic pathway for the manufacture of the aromatic amino acids in E. coli

L-Phenylalanine is produced by fermentation on a large scale as the precursor
for aspartame. It is generally produced in E. coli [40, 42], and the fermentation
approach has completely replaced the enzymatic process, which involved the
acylase-catalyzed hydrolysis of racemic N-acetylphenylalanine [43]. Fermentation
methods for L-tyrosine using C. glutamicum have also been developed [44];
however, the market for this amino acid is smaller than that for phenylalanine. In
2006 Kyowa Hakko announced that they were introducing an industrial fermen-
tation process for the manufacture of L-tyrosine.

2.3.9 L-Valine, L-Leucine, and L-Isoleucine

L-Isoleucine is a member of the aspartic acid pathway, and is produced by further
downstream metabolism of L-threonine. It is manufactured on an industrial scale
by fermentation using strains of C. glutamicum [45]. Optimization of the process
requires an efficient method for the separation of L-isoleucine from the by-product
L-valine [46].

L-Valine and L-leucine are both members of the pyruvic acid pathway. Fer-
mentation methods have been reported using both E. coli and C. glutamicum
strains. For example, patents have been filed by Ajinomoto for the manufacture of
L-valine [47] and L-leucine [48] using E. coli. An E. coli strain giving increased
L-valine production and high carbon yield has been constructed using a rational
metabolic engineering approach [49].
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2.3.10 L-Arginine and L-Ornithine

L-Arginine and L-ornithine are important amino acids as both are constituents of
the urea cycle. They are members of the a-ketoglutarate family, being downstream
products from L-glutamic acid (Fig. 6). L-Ornithine and L-citrulline are interme-
diates in the metabolic pathway, and the process can be engineered to produce
either L-arginine, L-citrulline, or L-ornithine preferentially. L-Arginine is usually
manufactured on a commercial scale using engineered strains of C. glutamicum
[50, 51], although production using Corynebacterium crenatum [52] and E. coli
[53] have also been reported.

L-Ornithine has been made in the past by the action of L-arginase on either
L-arginine or DL-arginine [54]. Today, however, a modified C. glutamicum is
employed for the direct fermentation of L-ornithine [55].

2.3.11 r-Histidine

L-Histidine is grouped with the aromatic amino acids, but the metabolic route
diverges at an early stage from the other members of the group. It is produced in
C. glutamicum in a 10-step sequence starting from phosphoribosyl pyrophosphate
[56]. Originally production titers of up to 10.5 g/L were reported [57], but this has
since been increased by workers at Kyowa Hakko to 22.5 g/L [58]. In a parallel
development, the fermentation of L-histidine using E. coli has been reported by
Ajinomoto, with titers up to 19.1 g/L [59]. Both the titer and the carbon yield for
L-histidine are lower than those reported for L-phenylalanine and L-tryptophan, and
L-histidine remains one of the more challenging amino acids to produce on an
industrial scale.

2.3.12 L-Cysteine and L-Methionine

L-Cysteine and L-methionine are linked in their metabolic pathways in that both
require a sulfuration step in their biosynthesis. L-Cysteine is derived from L-serine
and L-methionine from L-homoserine (Fig. 7) [60]. Modification of E. coli for
L-cysteine production requires removing the feedback inhibition of the enzyme
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L-serine O-acetyltransferase. Early work in this area produced strains with an
L-cysteine production rate of 1-2 g/ [60]. Wacker announced in 2001 that they
were beginning commercial production of L-cysteine by fermentation; a relevant
patent gives the production in E. coli as about 12 g/ [61]. Ajinomoto had pre-
viously utilized an enzymatic production process for L-cysteine involving the
asymmetric hydrolysis of DL-2-amino-A*-thiazoline-4-carboxylic acid [60].
However Ajinomoto has also filed patents on the fermentative production of
L-cysteine in modified strains of E. coli [62].

There is as yet no industrial-scale fermentation method for the manufacture of
L-methionine. L-Methionine is a member of the aspartate family, and is produced in
C. glutamicum by suppressing the formation of L-threonine, and removing the
feedback inhibition of homoserine dehydrogenase by L-threonine (Fig. 7). Metabolic
engineering of C. glutamicum has produced a strain giving 0.16 g/L L-methionine
along with 5.6 g/L L-threonine [63]. Another set of modifications to C. glutamicum
has been shown to produce 2.9 g/L. L-methionine together with 23.8 g/L L-lysine
and small amounts of homoserine and valine [64]. Both the titer of L-methionine and
the carbon yield of this fermentation process are still far below those of other
commercial amino acid processes [12].

Today L-methionine is manufactured on an industrial scale by enzymatic res-
olution of the readily available pL-methionine via its N-acetyl derivative. The main
process employed is the acylase resolution method [9, 10, 43]. The aminoacylase
from Aspergillus oryzae gives excellent results, and is applied in production using
enzyme membrane reactors [65, 66]. The p-N-acetylmethionine is recycled to the
racemate either thermally or enzymatically using an N-acylamino acid racemase
from Amycolatopsis orientalis [67] (Scheme 3).

As the industrial process for the manufacture of pL-methionine proceeds via the
hydantoin intermediate, a direct enzymatic hydrolysis of the hydantoin would be
advantageous in reducing the number of process steps required for L-methionine.
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Naturally occurring hydantoinases are used to manufacture p-amino acids, such
D-phenylglycine. By applying directed evolution techniques, it was possible to
engineer a hydantoinase from Arthrobacter sp. to hydrolyze only the L-enantiomer
of the methionine hydantoin [68]. This was combined with a carbamoylase and a
hydantoin racemase from Arthrobacter sp. and overexpressed in E. coli to give an
efficient whole-cell biocatalyst for the manufacture of L-methionine by dynamic
kinetic resolution [67] (Scheme 4).

2.3.13 L-Aspartic acid and L-Alanine

These two amino acids are manufactured by tandem enzymatic processes starting
from readily available fumaric acid. The manufacture of L-aspartic acid, required
as a raw material for the sweetener aspartame, is one of the few large-scale
applications of an ammonia lyase enzyme [9, 69]. The process is performed with
an immobilized L-aspartate ammonia lyase from E. coli, as well as with whole cell
catalysts from Brevibacterium flavum, and requires an excess of ammonia to
drive the equilibrium towards aspartic acid. The optimization of this process with
substrate concentrations up to 2 M and high space—time yields makes it more
attractive for industrial application than a direct fermentation route.
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L-Alanine is derived from L-aspartic acid by irreversible decarboxylation using
L-aspartate f-decarboxylase [69]. On an industrial scale, this is performed as a
continuous whole-cell biotransformation process using Pseudomonas dacunhae
(e.g., by Tanabe). Although the two stages from fumaric acid can be combined, the
different optimum reaction conditions for each enzymatic step mean that separate
manufacturing steps for L-aspartic acid and L-alanine are more efficient (Scheme 5).

2.4 Industrial Production of Amino Acids by Fermentation

2.4.1 The Industrial Fermentation Process

Commercial fermentation processes for the main proteinogenic amino acids are
performed under industrial conditions at large scale, the production volume
depending on the market demand for the individual amino acids. Some minor
amino acids are produced in smaller quantities of around 100 tonnes, mainly for the
pharmaceutical market, whereas more than 500,000 tonnes L-lysine is produced for
animal feed applications, and more than 1,500,000 tonnes L-glutamic acid is
manufactured as a food flavoring agent. The processes used are mainly aerobic
batch processes or fed-batch fermentation processes, operated under sterile con-
ditions [10, 70]. Repetitive fed-batch processes have been reported, which are
claimed to maximize productivity and equipment utilization. However, these pro-
cesses require a high genetic and metabolic stability of the production strains as the
strain performance can be reduced with an increasing number of strain generations.

Glucose, sucrose, or molasses is generally used as the carbon source, depending
on regional availability. As the carbon sources have a significant impact on pro-
duction costs, particularly for the large-volume amino acids such as L-glutamic
acid, L-lysine, and L-threonine, there is a clear trend towards back-integration into
starch production and the evaluation of alternative carbon sources such as ligno-
cellulose hydrolysates or glycerol. Gaseous ammonia or its aqueous solution is
generally used as the nitrogen source. Ammonia is used to regulate the pH during
the fermentation process and to provide the required nitrogen for the synthesis of
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the amino acids. Typically the pH is maintained in the range of 6.5-7.5. The
optimal fermentation temperature depends on the strain and the amino acid being
produced; for example, for L-lysine 31-35 C has been reported to be optimal. The
optimal fermenter volume depends on the production volume of the amino acid.
For large-volume products such as L-lysine, fermenter volumes up to 500 m> have
been reported [71].

2.4.2 Industrial-Scale Downstream Processing of Amino Acids

For feed-grade amino acids there are three main purification routes (Fig. 8).
L-Lysine, for example, is purified via an ion exchange process followed by a
crystallization step. The ion exchange process is designed so that the biomass from
the fermenter can pass the typically strong cationic resin, and only the lysine is
bound to the resin. L-Lysine is eluted with ammonia and crystallized as the
hydrochloride salt. The ion exchange step can be executed as a batch process or
using simulating moving-bed chromatography. The latter process reduces the
amount of ammonia and sulfuric acid used to regenerate the resins.

The second option uses a double crystallization process for purification, pre-
ceded by a centrifugation or filtration step to remove the biomass. This process is
applied, for example, for the manufacture of L-threonine [72].

A third alternative is to apply spray drying or granulation to the crude fer-
mentation product. In this method, the entire contents of the fermenter are pro-
cessed and dried, to give a crude product suitable for direct application in animal
feed, for example, Biolys®. There is no purification of the amino acid, but other
valuable products from the fermentation broth, such as salts, proteins, sugars, and
other amino acids, are present in the product, giving it added nutraceutical benefits.

For amino acids used in the food and pharmaceutical markets, the purity
requirements are higher than those required for animal feed applications. Typical
purity requirements are >99 % based on dry matter with additional limits for
specific impurities, based on HPLC, salt content, heavy metals, microbial counts,
and endotoxins. This explains why the purification processes are more complex
compared with the feed-grade products. The number of purification steps depends
on the purity and on the amino acid profile of the fermentation broth. If the starting
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Fig. 9 Purification processes used for food and pharmaceutical-grade amino acids

broth has a low purity, a chromatographic step is typically included to increase the
purity followed by a crude crystallization step. After the crude crystallization,
the product is redissolved and decolorization and ultrafiltration are performed. The
ultrafiltration step is designed to reduce the bio-burden and endotoxin levels.
However, in recent years development of the bacteria used has meant that sig-
nificant progress has been made with respect to the reduction of impurities such as
unwanted by-product amino acids, and in increasing the overall purity at the end
of the fermentation process. Today it is sometimes possible to eliminate the
chromatographic purification step and achieve an amino acid of the desired purity
using only two crystallizations and a decolorization step (Fig. 9). For the decol-
orization step, charcoal or resin treatment or nanofiltration membranes are
generally used.

3 Application in Animal Nutrition
3.1 Dietary Requirements of the Amino Acids

There is a trend in most countries towards increased meat consumption, and this
has led to the intensification of livestock production. Intensively reared animals are
fed on a variety of feedstuffs, depending on the availability of feed and on the
geographical location. The main protein sources are soybean meal, wheat, corn,
barley, meat and bone meal, and fish meal. Most feed ingredients, even mixtures of
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Table 5 Limiting amino acids in the diets of pigs and poultry

Animal Ist limiting 2nd limiting 3rd limiting 4th limiting
Amino acid Amino acid Amino acid Amino acid

Pig Lysine Threonine Methionine Tryptophan

Poultry Methionine Lysine Threonine Valine

these feed sources, do not provide balanced protein for animal nutrition. The amino
acid profile of the feed does not match the physiological demands of the animal.
Different animal species require a different balance of amino acids, and the
requirements of a particular animal may vary with age and sex. The main essential
amino acids that are deficient in most animal feeds are methionine, lysine, threonine,
and tryptophan. Supplementation of feed with a specific mixture of the limiting
amino acids is essential to produce healthy animals without wastage of feed protein.

If the dietary protein is deficient in one or more essential amino acids, then the
animal has to consume more protein to receive all the required amino acids. This
leads to excretion of the excess of other amino acids, and to an increased cost of
feed materials. It is estimated that 1 % reduction in protein in the feed will lead to
a reduction of 10 % nitrogen in manure, 10 % ammonia emissions to the air, 3 %
lower water consumption, and 5 % manure volume [73]. The amino acid that is
most lacking is termed the first limiting amino acid, followed by the second
limiting amino acid, and so on. Table 5 shows the generally accepted limiting
amino acids for pigs and for poultry, although these may vary slightly depending
on the protein feed available in a particular geographical area.

Further data are available for other species, for example, farmed fish, and the
limiting amino acids, the amino acid content of each feedstuff, and the specific amino
acid requirements for each animal (subdivided by age and sex) are presented in
reference sources [2, 74]. Manufacturers of feed amino acids also provide extensive
tables with recommendations for supplementation for a large number of different
animals and conditions [75, 76]. There are also software packages available, for
example, AMINODat® [77]. These present the analyses of many thousands of
different feedstuffs, and permit the calculation of amino acid supplementation for
different animals, depending on the particular conditions of the livestock farmer. It is
also possible to calculate the environmental benefit from the reduction in animal feed
by correct supplementation with amino acids. The amino acid requirements tables
are not based on the total amino acids in the feeds, but are corrected to standardized
ileal digestible amino acids (SID), which differ between animal species. The SID
method has been shown to lead to formulations that better meet the amino acid
requirements for the animal than those formulated on a total amino basis.

For many years only the first three limiting amino acids were considered in feed
calculations. However, increasing accuracy in feed analysis and supplementation
has led to the identification of the fourth and fifth limiting amino acids. For
example, in broiler chickens valine and isoleucine are considered as colimiting
fourth and fifth amino acids [78]. Similarly tryptophan is widely considered to be
the fourth limiting amino acid in pigs. As well as the essential amino acids,
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animals also receive the nonessential amino acids as part of their feed. The
composition of different feed products with respect to their relative content of
nonessential amino acids has also been assessed [79].

As well as the traditional areas of pigs and poultry, amino acid supplementation
has recently gained importance in fish farming. The most important group is the
carp family Cyprinidae, with a production of approximately 20 million tonnes in
2008, mainly in China. Studies have shown that about 40 % of the fish meal used
as protein feed in carp aquaculture can be replaced by supplementation with
methionine as the first limiting amino acid and lysine as the second [80].

3.2 Products and Formulation

All amino acids for feed purposes are manufactured either as granulated solids or
as liquid concentrates. It is easier for small producers to formulate solid amino
acids with animal feed to make suitable feed pellets. Pelleted feeds are used for the
rearing of pigs and poultry and generally result in a more rapid weight gain and
better utilization of the feed than other forms such as meal or mash. Of the main
feed amino acids, L-tryptophan, L-threonine, and the branched-chain amino acids
such as L-valine are manufactured as essentially pure amino acids for incorporation
into animal feed (Table 6).

L-Lysine, manufactured by fermentation, is formulated in different ways,
depending on the purification steps performed after fermentation [25]. L-Lysine
hydrochloride has a lysine content of 78 % and is a commonly used supplement
form. The hydrochloride is formed from the crude fermentation product by ion
exchange. Lysine is also sold as a liquid concentrate of the free base (ca. 50 %),
and as an appproximately 50 % granulated lysine sulfate (Biolys) which is isolated
directly from the fermentation process by evaporation and granulation. This form
also contains small amounts of other amino acids, proteins, and sugars produced
during the fermentation process.

Methionine is used in animal feed as the racemate, as both isomers can be
metabolized by animals and humans. pL-Methionine is usually sold as a powder
(e.g., MetAMINO® from Evonik). As an alternative to methionine itself, the
product methionine hydroxy acid (2-hydroxy-4-methylthiobutanoic acid; Fig. 10)
is offered by some manufacturers. It is available as an 88 % liquid concentrate in
water (Rhodimet® AT88 from Adisseo and Alimet® from Novus International) or
as an 84 % preparation of the calcium salt (MHA® from Novus International).
Care must be taken when handling the free acid form of MHA because of its low
pH. Studies have shown that methionine hydroxy acid has a lower efficacy in feed
than pL-methionine. In one example in pigs, it was calculated that the bioequiv-
alence of the hydroxy acid to pL-methionine was 64 % on a weight/weight basis or
73 % on a molar basis [81].

Guanidinoacetic acid is a natural precursor of creatine, lacking the N-methyl
group (Fig. 10). It is formed in the animal from arginine and glycine. When meat
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Table 6 Properties of the key animal feed amino acids (manufacturer’s data)

Amino acid or salt Min. assay as free Sol. water ~ Crude protein pH
amino acid (%) (g/1 at 20°C) (N x 6.25) (%) value
L-Lysine free base 50 Miscible 61.9 10-11
L-Lysine HCI 78 642 93.4 5.6-59
L-Lysine sulfate (Biolys®) 50 360 75.0 5-7
pL-Methionine 99 30 58.1 5-6
Methionine hydroxy acid solution 88 Miscible 0 <1
Methionine hydroxy acid calcium salt 84 74 0 11
L-Threonine 98 90 72.4 5.0-6.5
L-Tryptophan 98 11 84.0 4.5-17.0
L-Valine 96.5 57 72.1 5-6
Guanidinoacetic acid 96 4 221
Fig. 10 Alternatives to OH NH
amino acids for feed additives - /\)\”/OH JI\ OH
S H,N N/\”/
H
o o
Methionine hydroxy acid Guanidinoacetic acid

and bone meal were banned in Europe for poultry feed in 2001, a drop in growth
rates for chickens was observed. Studies have shown that supplementation with
creatine or with guanidinoacetic acid (CreAMINO®) increases growth rates in
chickens [82, 83].

After glutamic acid and monosodium glutamate for food flavoring, the amino
acids for feed are those amino acids manufactured in the highest amounts. With
increasing technology in agriculture and a growth in demand for meat products,
particularly in Asia, the demand for feed amino acids is expected to increase
strongly over the next five years. The estimated world production for 2011 is
shown in Table 7 [84].

4 Application in Human Nutrition
4.1 Dietary Requirements of the Amino Acids

For nutritional purposes, the proteinogenic amino acids are divided into essential
(indispensable) and nonessential (dispensable) amino acids. The nonessential
amino acids can normally be produced by the human body in sufficient quantities
to maintain health, although supplementation may be necessary in cases of illness.
The essential amino acids, on the other hand, must be obtained through diet in
sufficient quantities. Earlier studies by Rose [85] and Hegsted [86] listed eight
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Table 7 World manufacture of feed amino acids, 2011 [84]

Amino acid Production Expected annual growth
(tonnes) 2011-2016 (%)

pL-Methionine (includes methionine hydroxy acid) 700,000 3.6

L-Lysine (includes hydrochloride and sulfate salts) 600,000 4.5

L-Threonine 120,000 5.8

L-Tryptophan 4,000 11.4

Table 8 Recommended minimum daily requirements for the essential amino acids [87]

Amino acid mg/kg per day mg/g protein
L-Histidine 10 15
L-Isoleucine 20 30
L-Leucine 39 59
L-Lysine 30 45
L-Methionine and L-Cysteine 15 22
L-Phenylalanine and L-Tyrosine 25 38
L-Threonine 15 23
L-Tryptophan 4 6
L-Valine 26 39
Total essential amino acids 184 277

essential amino acids that had to be obtained from diet, and estimated the daily
adult requirement for these amino acids. More recently L-histidine has been added
to the list of essential amino acids, as hemoglobin production is affected if it is not
present. In addition, there are some amino acids termed semiessential, as they are
generally produced in insufficient quantity by the body, particularly in infants or
by patients suffering from infectious diseases, such as tuberculosis or HIV/AIDS.
These include the arginine group (arginine, ornithine, citrulline) and cysteine. The
latest WHO report [87] gives the recommended daily requirements for the
essential amino acids (Table 8). For dietary purposes the sulfur amino acids
(methionine and cysteine) are grouped together, as are the aromatic amino acids
(phenylalanine and tyrosine). The requirements in terms of g protein are based on a
typical protein intake of 0.66 g/kg body weight per day. However, the recom-
mended protein consumption for adults is between 0.8 and 0.9 g/kg body weight/
day in most western countries. Athletes and body-builders may have considerably
higher protein consumption than these figures, often by using supplements. Note
that the recommended minimum dietary amounts of amino acids have been
increased since the previous WHO report in 1985 [88].

For infant nutrition there is a requirement to supply amino acids for growth as
well as to maintain metabolism. The recommended minimum essential amino acid
requirements for babies, infants, and school-age children are given in Table 9.
Above 10 years of age, the juvenile requirements are increasingly approximate to
the adult requirements. The recommended protein intake, expressed in mg/kg per
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Table 9 Recommended requirements of the essential amino acids for infants [87]

Amino Acid mg/kg per Day

Age 6 Months 1-2 Years 3-10 Years
L-Histidine 22 15 12
L-Isoleucine 36 27 23
L-Leucine 73 54 44
L-Lysine 64 45 35
L-Methionine and r-Cysteine 31 22 18
L-Phenylalanine and L-Tyrosine 59 40 30
L-Threonine 34 23 18
L-Tryptophan 9.5 6.4 4.8
L-Valine 49 36 29

day, is considerably higher for babies and infants. A summary of the requirements
at different ages, based on the WHO report, has recently been published [89].

Different foodstuffs contain varying amounts of the individual amino acids, and
there are wide variations within a specific foodstuff depending on the growing
conditions and the method of preparation for consumption. The FAO has collected
data for a wide range of food products [90] and a selection is given in Table 10 for
some common foods. The average amino acid content (in mg/100 g foodstuff) is
given together with the total protein percentage in the food.

The methods used to determine the composition group glutamine and aspara-
gine together with their respective acids. Cysteine is presented as cystine. A more
recent analysis of a range of food products has produced percentage compositions
of the amino acid components including glutamine and asparagine, which is
broadly in line with the previous publication [91]. These percentage compositions
are given in Table 11.

Although the recommended amino acid intake may be completely achieved by
consumption of animal protein, other diets, particularly cereal-rich diets, do not
provide the full amounts of all the essential amino acids for a typical total con-
sumption of protein. For each foodstuff, the first limiting amino acid can be
defined, which is the amino acid most deficient in the food product. For example,
in most cereals, lysine is the first limiting amino acid. The first and second limiting
amino acids for a selection of foodstuffs are given in Table 12 [2].

WHO has produced an amino acid scoring pattern for the essential amino acids
[87] that reflects the figures given in Table 8 for adults and Table 9 for infants and
children. The numbers given, particularly for pre-school-age children, have been
criticized. A protein digestibility-corrected amino acid score (PDCAAS) has been
adopted to measure the amount of dietary amino acids actually taken up by the
body [92]. The concentration of the first limiting amino acid in the test protein is
compared with the concentration of the amino acid in the reference scoring pattern,
and then corrected for the digestibility of the test protein. For example, the amount
of animal or milk protein required to be added to a child’s cereal diet to provide
the reference amount of lysine can then be calculated. The calculation of the
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Table 12 Limiting amino acids in a selection of foods

Food product 1st limiting amino acid 2nd limiting amino acid
Peanut Threonine Lysine, Methionine
Fish Methionine Lysine

Milk (Casein) Methionine Tryptophan

Beans Methionine

Soy protein Methionine Lysine

Wheat Lysine Threonine

Rice Lysine Threonine, Tryptophan
Maize Lysine Tryptophan, Threonine

Table 13 Comparison of the master amino acid pattern [94] with the WHO scoring pattern

Amino acid MAP lower limit (%)  MAP upper limit (%)  WHO scoring pattern (%)
L-Isoleucine 12.2 16.5 114
L-Leucine 18.2 27.4 22.5
L-Lysine 12.6 23.6 17.2
L-Methionine 2.3 7.8 8.4
L-Phenylalanine 8.4 13.1 14.5
L-Threonine 9.7 12.9 8.8
L-Tryptophan 2.1 4.7 23
L-Valine 12.6 19.0 14.9

recommended amino acid intake for children’s diets based on the adult amino acid
pattern has recently been criticized [93].

A mixture of amino acids has been patented [94] and put on the market as the
Master Amino Acid Pattern (MAP). This mixture contains the original eight
essential amino acids (without histidine) and is claimed to provide a readily
absorbed mixture of the essential amino acids in the correct ratios. A number of
trials have been performed showing that the MAP is equivalent to a protein
supplement for athletes, and that it provides a low calorie source of amino acids to
aid in a weight reduction program [95]. The levels of amino acids claimed in the
patent are similar to those in the latest WHO scoring pattern [87], but are lower
than the recommended WHO levels for the sulfur-containing amino acids (as
methionine) and for the aromatic amino acids (as phenylalanine; Table 13).

The minimum dietary amounts of amino acids have been defined, however,
there has been limited work on the maximum tolerable dose for individual amino
acids. Athletes in training, weightlifters, and body-builders consume large amounts
of amino acids, either as dietary protein or as readily absorbable protein hydrol-
ysates. A study has reviewed the available literature of both human and animal
studies where doses of amino acids far above the normal dietary amounts have
been consumed [96]. Most amino acids do not cause problems in adults, even in
large doses, but some side effects have been reported with individual compounds.

Cysteine: Nausea, insomnia, and dizziness occurred at doses of 20 g/day.

Glutamic acid: This amino acid is neurotoxic in young animals, but a compa-
rable effect has not been observed in humans. The symptoms of “Chinese restaurant
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syndrome,” connected with the consumption of large quantities of MSG, have not
been confirmed in rigorously controlled trials. However, it is acknowledged that a
small proportion of the population may be sensitive to MSG at a dose level of 3 g.
Asthmatics may also be sensitive to glutamic acid.

Histidine: A dose of 24-64 g/day in overweight subjects led to a number of side
effects. No problems were observed in another trial at 4.5 g/day.

Methionine: A dose of 5 g/day is considered to be acceptable, but higher levels
have produced side effects including high plasma homocysteine, which is corre-
lated with cardiovascular diseases.

Phenylalanine: This amino acid is only problematic in patients with phenylke-
tonuria, which results in a build-up of phenylalanine and its metabolites in the blood.

Tryptophan: There was an outbreak of eosinophilia-myalgia syndrome in the
1980s which was linked to the use of L-tryptophan in supplements. It is now believed
that the cause was unrelated to the tryptophan content. In human trials, large doses do
not appear to cause problems and the product is sold as a sleeping aid.

Tyrosine: There are usually no problems except in premature babies, who can
develop neonatal tyrosinemia, due to a deficiency of hepatic tyrosine aminotransferase.

4.2 Application in Medical Nutrition

Medical nutrition is defined as a mixture of food components given under con-
trolled clinical conditions by medical personnel. The food components can be
taken orally or by gastric tube (enteral feeding). Parenteral feeding is given in
hospitals by direct infusion to patients who are unable to eat, digest, or absorb
nutrients through the digestive system. Parenteral nutrition provides supplemen-
tary nutrients by infusion, and should be differentiated from total parenteral
nutrition, where the patient’s complete nutritional requirements are met by
infusion.

Medical nutrition products were introduced in the 1950s, initially for patients
with genetic diseases where specific nutrients could not be metabolized. Nutri-
tionally complete, ready-to-use oral and enteral products were introduced in the
1970s, and since then specialized products have been developed for specific
conditions of the liver, kidney, or intestinal tract. Parenteral nutrition was devel-
oped with animal studies in the 1960s, and the first human trial results were
published in 1968. Since then its efficacy in providing adequate nutrition under
sterile conditions in a clinical setting has been demonstrated worldwide [97].

Oral or enteral nutritional compositions usually supply their amino acid
requirement in the form of protein or protein hydrolysate, homogenized for easy
administration and digestion. Individual amino acids may be added to provide a
balanced composition of both essential and nonessential amino acids. However,
there are conditions where oral or enteral feeding is possible, but the patient cannot
tolerate protein or protein hydrolysate, and a balanced mixture of amino acids is
added to the formula. For example, the product EleCare® from Abbott Nutrition is



Amino Acids in Human and Animal Nutrition 217

indicated in infants and children for the dietary management of protein maldi-
gestion, malabsorption, short-bowel syndrome, eosinophilic GI disorders, GI-tract
impairment, or other conditions where an amino-acid based diet is required. It
contains glutamine as the main amino acid, together with all essential and most
nonessential amino acids, together with carbohydrates, lipids, vitamins, and
minerals [98].

A dietary product that contains an elemental protein source composed of
individual amino acids, together with other easily digestible nutrients, minerals,
and vitamins is termed an elemental diet. This type of diet was originally devel-
oped for astronauts, but is now used for patients with particular conditions, such as
Crohn’s disease [99] and inflammatory bowel disorders, as well as after colonic or
rectal surgery. It contains no indigestible bulk or fibrous material, and the nutrients
are absorbed in the upper small intestine [100]. Specialized products are also
available; for example, an amino acid mixture lacking phenylalanine is indicated
for infants with phenylketonuria. Dipeptides based on glutamine (glycyl-glutamine
and alanyl-glutamine) have also been used as additives to elemental diets, similar
to their application in parenteral solutions, as they are an effective way of deliv-
ering glutamine to the digestive system, and the dipeptides are rapidly absorbed
from the upper small intestine. There is evidence that using alanyl-glutamine in an
enteral feeding solution is more effective in the synthesis of arginine, than when
the peptide is administered parenterally [101]. The human H'/peptide cotrans-
porters PEPT1 and PEPT2 have been studied extensively for their affinity for
different oligopeptides, as well as for peptidomimetics, which are often found as
pharmaceuticals [102, 103].

Amino acids for parenteral nutrition are provided as a balanced solution of
amino acids; as a component of a nutritional product containing carbohydrates,
vitamins, and minerals; or as specialized solutions lacking certain amino acids or
enriched in specific products. There are specific mixtures indicated for particular
diseases. For example, solutions rich in the branched-chain amino acids leucine,
isoleucine, and valine, and poor in methionine are available for patients with liver
disease, whereas solutions containing only the essential amino acids are indicated
for other patients, such as those with kidney disease. Typical compositions from
major manufacturers are given in Table 14. In some cases dipeptides are used in
place of individual amino acids. For example, glycyl-glutamine and glycyl-
tyrosine are used in the product GLAMIN®. The product NEPHROTECT®,
indicated for kidney disease and for dialysis patients, contains the dipeptide gly-
cyl-tyrosine and the amino acid derivative N-acetylcysteine. Other dipeptides have
also been employed. Alanyl-glutamine is available as an aqueous solution to be
added to standard amino acid mixtures for use in intensive care units, and in burns
and other trauma cases (e.g., DIPEPTIVEN®, Fresenius Kabi). Dipeptides of
tyrosine are more soluble than the parent amino acid, and dipeptides based on
glutamine are more stable in solution than the parent amino acid. The role of
dipeptides and other derivatives of amino acids in parenteral nutrition has been
reviewed [104]. There are also special parenteral solutions for infant nutrition,
particularly for neonates, which contain amino acids considered semiessential for
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Table 14 Composition of typical amino acid mixtures for infusion solutions [106]

Amino acid CLINIMIX® SYNTHAMIN®  GLAMIN® AMINOVEN® 10 %
5/15 (Baxter) 5.5 % (Baxter) (Fresenius Kabi) (Fresenius Kabi)

Essential:

L-Leucine 3.65 8.04 7.90 7.40
L-Isoleucine 3.00 6.60 5.60 5.00
L-Valine 2.90 4.40 7.30 6.30
L—Lysine1 2.90 6.38 9.00 6.60
L-Phenylalanine 2.80 6.16 5.85 5.10
L-Histidine 2.40 5.18 6.80 3.00
L-Threonine 2.10 4.62 5.60 4.40
L-Methionine 2.00 4.40 5.60 4.30
L-Tryptophan 0.90 1.98 3.80 2.00
Nonessential:

L-Alanine 10.35 22.80 16.00 14.00
L-Arginine 5.75 12.64 11.30 12.00
L-Aspartic acid 3.40

L-Glutamic acid 5.60

1-Glutamine® 20.00%

Glycine 5.15 11.32 12.217 11.00
L-Proline 3.40 7.58 6.80 11.20
L-Serine 2.50 5.50 4.50 6.50
L-Tyrosine” 0.20 0.44 2.28> 0.40
Taurine 1.00

Values are in g/1000 ml of admixed product

! Lysine is often administered as the hydrochloride or acetate salt

2 Glutamine and tyrosine are administered as the dipeptides glycyl-glutamine and glycyl-tyro-
sine, respectively

premature neonates (arginine, cysteine, and taurine), for example, TrophAmine®
from B. Braun. The evidence for the addition of different amino acids to parenteral
mixtures has recently been reviewed [105]. Apart from the evident clinical effect
of glutamine supplementation, and the use of additional amino acids for premature
neonates, there is little evidence to support the supplementation of standard par-
enteral essential amino acid mixtures with other amino acids. There is some
evidence to support increased dosing of branched-chain amino acids in cases of
liver failure, but further trials are needed.

Amino acids and dipeptides intended for oral or enteral nutrition have to meet
the usual standards for nutraceutical additives. It is not normally necessary for
them to be manufactured to cGMP. Amino acids and dipeptides for infusion
solutions must be manufactured to cGMP and they must be pyrogen-free. Certi-
fication as halal or kosher is required for products to be sold into these markets,
both for enteral and parenteral products.

The key western manufacturers of clinical nutrition products are Abbott Nutri-
tion, Nestlé, Fresenius Kabi, Nutricia (Danone), and Mead Johnson. In addition,
B. Braun and Baxter concentrate on the parenteral nutrition market. The market size
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in the European Union and United States was estimated at $5.4 billion (2008
figures), of which the largest share ($3.3 billion) was for enteral nutrition products.
The market for parenteral nutrition products is $1.2 billion and for infant nutrition
products, $883 million. The annual growth rates for 2008-2013 have been esti-
mated at 13 % for the US market and 10 % for the EU market [107].

4.3 Sports Nutrition and Supplements

The use of amino acid supplementation for sports nutrition began with the use of
protein supplements or protein hydrolysates such as from milk (whey or casein) or
soy protein. These products are designed to replace amino acids lost during
exercise. Many commercial mixtures are available, many containing additional
ingredients such as vitamins and minerals, and also flavorings. Commercial
products advertise their contents of key amino acids for muscle building, notably
glutamine and the branched-chain amino acids, valine, leucine, and isoleucine.

Supplementation with individual amino acids or with mixtures of amino acids
in tablet or capsule form is also recommended by supplement producers for sports
nutrition as well as for general nutrition. The doses for these amino acid mixtures
are generally lower (1-5 g) than the recommended doses for protein supplements
(20-50 g). Unlike the Master Amino Acid Pattern [94] these mixtures contain both
essential and nonessential amino acids, and are rich in glycine and proline
(Table 15). The intended dose is several capsules with meals or after exercise.

In addition to this use of general amino acid supplementation, a great deal of
research has been done on the effects of specific amino acids on sports nutrition.
This has concentrated on the branched-chain amino acids, glutamine and arginine.
The effects of other proteinogenic amino acids have been summarized in reviews,
but are not considered here [108, 109].

The branched-chain amino acids, valine, leucine, and isoleucine, are of par-
ticular interest in sports nutrition, as they are not metabolized in the liver. These
amino acids are transported directly to the muscle, where they are metabolized into
the corresponding o-keto-acids. The nitrogen is taken up by a-ketoglutarate and
converted into glutamate by the enzyme branched-chain amino transferase
(Fig. 11). The glutamate is transported to the liver, where the ammonia is trans-
ferred into the urea cycle. The branched-chain keto-acid is then irreversibly
decarboxylated by the branched-chain keto-acid—dehydrogenase complex, and
converted to energy through the citric acid cycle. The regulation of the branched-
chain keto-acid—dehydrogenase determines whether the branched-chain amino
acid is used to provide energy, or is converted into protein to build up the muscle.
In addition, leucine is believed to play a role not only as a building block for
protein, but also as a modulator for protein metabolism [110-112].

A lot of research has focused on the causes of muscle fatigue after exercise.
Early work in the field found free ammonia from the metabolism of branched-
chain amino acids at high levels in blood plasma, and it was suggested that free
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Table 15 Composition of typical amino acid supplement mixtures (manufacturers’ data)

Amino acid Amino 1500 mg tablets Health aid multi amino acid tablets (mg)
Essential:
L-Leucine 36 23
L-Isoleucine 16 12
L-Valine 30 18
L-Lysine 45 32
L-Phenylalanine 22 16
L-Histidine 12 6
L-Threonine 26 15
L-Methionine 12 6
L-Tryptophan - -
Nonessential:
L-Alanine 115 70
L-Arginine 105 63
L-Aspartic acid 61 46
L-Carnitine - 4
L-Cysteine - 4
L-Citrulline - 3
L-Glutamic acid 136 80
Glycine 318 167
L-Hydroxylysine 21 -
L-Hydroxyproline 168 -
L-Ornithine 22 4
L-Proline 187 110
L-Serine 46 28
L-Tyrosine 8 2
Total (per capsule) 1,386 709
Fig. 11 Simplified o-Ketoglutarate Glutamate
metabolic pathway for the
branched-crl)lain ari]lino acids. W
BCAT branched-chain
aminotransferase; BCKDH
branched-chain keto-acid Branched chain Branched chain
amino acid keto acid
dehydrogenase
BCKDH l
Acyl CoA
TCA cycle

ammonia could also cross the blood—brain barrier [113]. Additional evidence came
from the study of patients with McArdle’s disease, who cannot use muscle gly-
cogen and therefore metabolize more branched-chain amino acids. An imbalance
in the keto-glutarate/glutamate transamination leads to hyperammonemia [114].
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Although several studies claim that supplementation with branched-chain
amino acids after exercise reduces the feeling of muscle soreness and aids recovery
from exercise [115, 116], there is no firm evidence that supplements help to build
muscle, and scientific literature reviews are skeptical of their effects [112]. Nev-
ertheless there are many commercial supplements on the market containing
branched-chain amino acids, usually in the ratio leucine:valine:isoleucine = 2:1:1,
and there is considerable anecdotal evidence of positive effects on trained athletes.

In order to improve nitrogen metabolism and prevent hyperammonemia,
attempts have been made to replace one or more of the branched-chain amino acids
with the corresponding o-keto—acid. In an early example, the supplementation of
leucine was replaced with sodium o-ketoisocaproate in a group of postoperative
patients. The keto-acid supplement increased blood acetoacetate concentration and
reduced nitrogen wastage [117]. Supplements for patients with renal insufficiency
containing keto-acids have been marketed for some time. For example, the product
Ketosteril® consists of an amino acid mixture where five of the essential amino
acids have been replaced by their keto-acid or hydroxy-acid equivalents. The effect
of replacing the branched-chain amino acids with their keto-equivalents has also
been tested in sports nutrition [118]. The keto-acid supplementation improved
exercise tolerance and training effects, along with a better stress-recovery rate.
Supplements containing some a-keto—acids are already on the market. One example
is the product Vantage VO, Max Endurance, which contains the keto-acid salts
L-arginine, a-keto-isocaproate, and L-ornithine a-ketoglutarate.

L-Glutamine is also considered a key amino acid for sports nutrition. It can be
converted into the body to a-ketoglutarate and to L-glutamic acid, and participates
in both the citric acid and transamination cycles. Glutamine supplementation is
claimed to increase the amount of the amino acid in skeletal muscles, and to
prevent impairment of the immune system through a decrease in free glutamine
levels during exercise. Glutamine is also a source of glucose and a precursor of
glutathione in the body [108, 119]. As glutamine is unstable in solution, it is often
marketed as a more stable dipeptide. The dipeptide L-alanyl- L-glutamine, which is
marketed by Kyowa Hakko under the trade name Sustamine™ ™, has been shown to
provide a significant ergogenic effect during hydration stress in endurance exercise
[120].

L-Arginine is considered as a semiessential amino acid required for normal
growth. Arginine is a key component of the urea cycle, which operates in the liver,
and is recycled via ornithine and citrulline (Fig. 12). Arginine metabolism is thus
the main route for the excretion of ammonia from breakdown of the amino acids.
In principle, arginine supplementation may be able to improve performance by
reducing the concentration of free ammonia in the blood. Some studies have shown
that arginine supplements reduce muscle fatigue. In addition arginine can have an
ergogenic effect by stimulating the production of growth hormone, and as an
intermediate in the synthesis of creatine in the body. Finally arginine is a precursor
of nitric oxide under the action of nitric oxide synthase (Fig. 13). As a vasodilator,
nitric oxide can improve performance by increasing blood flow to the muscles
[109, 121].
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Fig. 12 Simplified metabolic pathway for the metabolism of arginine
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Fig. 13 Formation of nitric oxide from arginine

A number of other nonproteinogenic amino acids have been promoted as
supplements and for improving athletic performance. Some of the best-known
examples are shown in Fig. 14. L-Carnitine is synthesized in the body from lysine
and methionine. It has a physiological role in the transport of fatty acids into the
mitochondria and thus promoting oxidative metabolism. It is claimed that
improving fat metabolism, carnitine reduces body fat and increases the amount of
muscle. L-Carnitine has been widely promoted as an ergogenic and as an aid to
recovery from exercise. However, reviews of the scientific evidence suggest there
is no clear performance from carnitine supplementation [122, 123].

Carnosine (f-alanyl-L-histidine) is a naturally occurring dipeptide found mainly
in skeletal muscle. Carnosine is believed to contribute to pH buffering in the
muscle. Both carnosine and f-alanine have been studied for their ergogenic effects,
and are sold as sports nutrition supplements. -Alanine is sold as a precursor to
carnosine. There is some evidence that supplementation with f-alanine or with
carnosine can have an ergogenic effect on high-intensity exhaustive exercise [124].
There is also evidence that -alanine supplementation increased muscle carnitine
levels, but all authors agree that more research is needed [125, 126].

Creatine is synthesized in the body from glycine, arginine, and methionine,
and is also found in meat and fish. It is mainly concentrated in skeletal muscle.
Creatine is continually degraded to creatinine and excreted, so supplies need to be
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Fig. 14 Nonproteinogenic amino acids used in sports supplements

replaced. Creatine is commonly sold as a supplement to increase exercise capacity
and to build lean body mass. There is considerable evidence that there is a clear
ergogenic effect with a dose of 3—-5 g/day, and the general scientific opinion is that
creatine is safe and has a positive effect on strength and lean body mass [127].

4.4 Sweeteners and Flavorings

The flavoring agent monosodium glutamate and the sweetener aspartame
(L-aspartyl-L-phenylalanine methyl ester) are covered by other chapters in this
book. This section deals with the taste and flavor properties of the other amino
acids and some short-chain peptides.

Amino acids can give flavor to food products on their own, but mainly by
reaction with other food components during cooking. The chief processes are the
Maillard reaction between amino acids and reducing sugars, leading to browning
and the formation of flavor compounds, and the Strecker reaction between amino
acids and «-dicarbonyl compounds, leading to transamination and the production
of an aldehyde with one carbon atom less. The aldehydes formed are often aroma
compounds. Cysteine is used as an additive to meat as it produces meat-flavor
compounds by the Maillard reaction, for example, on roasting. Cysteine is also
used as a flavor additive in bread dough.

Several surveys have been made of the taste properties of individual amino
acids, ranking them in terms of the quality of the taste (sweet, sour, bitter, salty, or
umami) and intensity [128—130]. Not all sources agree on the exact classification,
as some amino acids are placed in more than one class. It is generally agreed,
however, that glycine and alanine are sweet, and increasing side-chain length
imparts a bitter taste (Table 16).

Some authors detect a salty taste as well, but others attribute this to the counter-
ion or salt of the amino acid, when studies have been done at different pH values.
The p-isomers of the common amino acids have also been tested, and many of
these are considered to be sweet, whereas the L-isomers are bitter [128]. This is
particularly true for the aromatic amino acids and the branched-chain amino acids.

Short-chain peptides have also been tested for their flavor characteristics. Most
di- and tripeptides have a bitter taste, particularly when they contain amino acids
with hydrophobic alkyl or aromatic side chains [131, 132]. Dipeptides containing
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Table 16 Flavor properties

of the common amino acids Amino acid Taste
L-Alanine Sweet
Glycine Sweet
L-Lysine Sweet and bitter
L-Proline Sweet and bitter
L-Serine Sweet and sour
L-Threonine Sweet and sour
L-Cysteine Sulfurous, meaty
L-Methionine Sulfurous and bitter
L-Arginine Bitter
L-Histidine Bitter
L-Isoleucine Bitter
L-Leucine Bitter
L-Phenylalanine Bitter
L-Tyrosine Bitter
L-Tryptophan Bitter
L-Valine Bitter
L-Aspartic acid Sour
L-Glutamic acid Sour and umami
L-Aparagine Sour
Sodium L-glutamate Umami
Sodium L-aspartate Umami

glycine and alanine residues were judged to be flat in taste. However, tripeptides of
alanine and glycine containing at least one alanine residue were all found to be
sweet [133]. A sixth taste, kokumi, has recently been proposed. This is not in itself
a specific taste, but a taste enhancer, which increases the intensity of salt, sweet,
and umami tastes. Kokumi is produced in food by calcium ions and particularly by
the tripeptide glutathione (y-L-glutamyl-L-cysteinyl-glycine), and acts by inducing
a response in calcium-sensing receptor cells [134].

The sweet taste and general acceptability of glycine as an additive has led to the
use of glycine as a carrier for metal salts. These glycine chelates are often added to
food supplement mixtures to provide essential trace metals. The metals are usually
the divalent forms of calcium, copper, iron, magnesium, manganese, and zinc, and
the trivalent form of chromium [135]. Chelates of these metals with a number of
other amino acids have also been patented [136]. The amino acid chelates provide
the metal in a more soluble and more readily absorbable form, without any effect on
the taste of the food product, as demonstrated in trials with bread products [137].

5 Conclusions and Outlook

Amino acids are today indispensable components of animal nutrition products, and
also in human medical nutrition. They are becoming increasingly common as
supplements for athletic performance and also for improving general health. This
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trend is likely to continue with the increase in a desire for a healthy lifestyle,
coupled with the rise of a middle class in countries such as China. The future will
not consist of new individual products, but of more imaginative combinations and
formulations, and the incorporation of amino acid supplements into common
foodstuffs. In animal feed, the increased desire for meat consumption in emerging
markets will also lead to an increased requirement for the main feed amino acids,
and new plants will continue to be constructed near these new markets. There may
be developments in the marketing of short-chain peptides as an alternative to the
individual amino acids, and in the combination of amino acids with other products
such as keto-acids to achieve optimum results in sports nutrition.

In manufacturing, the outlook is for a greater reliance on optimized fermen-
tation processes as a source for manufactured amino acids, even for products such
as methionine, which today is largely produced by chemical processes. High-
yielding fermentation processes will be achieved by a greater use of the techniques
of genetic engineering and synthetic biology, so that yields for many amino acids
will approach those of L-glutamic acid and L-lysine. Efficient fermentation meth-
ods will be developed for the two amino acids that are still produced by extraction
in many parts of the world, L-cysteine and r-4-hydroxyproline, making these
amino acids more acceptable in the market.
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Abstract Humans have benefited from the unique -catalytic properties of
enzymes, in particular for food production, for thousands of years. Prominent
examples include the production of fermented alcoholic beverages, such as beer
and wine, as well as bakery and dairy products. The chapter reviews the historic
background of the development of modern enzyme technology and provides an
overview of the industrial food and feed enzymes currently available on the world
market. The chapter highlights enzyme applications for the improvement of
resource efficiency, the biopreservation of food, and the treatment of food intol-
erances. Further topics address the improvement of food safety and food quality.
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1 A Brief History of Enzymes

Humans have used the unique catalytic properties of enzymes, in particular for
food production, for thousands of years. One of the oldest surviving records of
mankind, written approximately 4,500 years ago by the Sumerians and known as
the Epic of Gilgamesh (Tablet II), refers to the positive aspects of the biotech-
nological products bread and beer:

Enkidu knew nothing about eating bread for food,
and of drinking beer he had not been taught.
The harlot spoke to Enkidu, saying:

“Eat the food, Enkidu, it is the way one lives.
Drink the beer, as is the custom of the land.”

Enkidu ate the food until he was sated,

he drank the beer-seven jugs!—and became expansive and sang with joy!
He was elated and his face glowed.

He splashed his shaggy body with water,

and rubbed himself with oil, and turned into a human [1].

The oldest wine law can be found as a part of the Code of Hammurabi, eter-
nalized on the famous stele of Hammurabi,' king of Babylon (1792-1750 BC). In
addition, the ancient Greeks and Romans worshiped the gods Dionysus and
Bacchus as being responsible for the success of fermentation processes. However,
the actual reason for a reliable fermentation was not disclosed for a few hundred
years.

The first direct observation and description of microorganisms was made by the
Dutchman Antoni van Leeuwenhoek (1632—-1723) in 1675 [2]. By using a simple

' The original stele is on exhibition in the Louvre in Paris.



Food and Feed Enzymes 231

homemade microscope, he was able to visualize microorganisms. Then 150 years
later, in 1814, an important biotechnological reaction was described by Gottlieb
Sigismund Kirchhoff (1764-1833). He noted that germinating grain contains a
compound that converts starch into sugar [3]. Erhard Friedrich Leuchs
(1800-1837) observed the same phenomenon for human saliva in 1831 [4].

Two years later, the French researchers Anselme Payen (1795-1871) and Jean-
Francois Persoz (1805-1868) separated a substance from malt extract by means of
alcohol precipitation that was capable of starch hydrolysis [5]. They called it
diastase (amylase), derived from the Greek word diastasis, which means “sepa-
ration”. The French scientist Emile Duclaux (1840-1904) proposed to honor
Payen and Persoz by introducing the suffix -ase as a naming convention for
enzymes [6].

The Swedish chemist Jons Jacob Berzelius (1779—-1848) demonstrated that malt
extract can break down starch more efficiently than sulphuric acid. Additionally,
he coined the term “catalysis” [7]. The expression was derived from Greek words
kata, which means “down”, and lyein, which means “loosen”.

Further contributing to our understanding of the fermentation process were
the studies of Theodor Schwann (1810-1882), Friedrich Traugott Kiitzing
(1807-1893), and especially of Louis Pasteur (1822-1895). Among other things,
Schwann isolated animal pepsin to study it, and Pasteur provided the first exper-
imental evidence for a microbial cause of fermentation [8]. In 1874, the Danish
pharmacist Christian Ditlev Ammentorp Hansen (1843—-1916) brought a stan-
dardized enzyme preparation (rennet) for the production of cheese on the market.
The term enzyme—derived from Greek meaning “in yeast”—was suggested in
1876 by Wilhelm Friedrich Kiihne (1837-1900) [9]. Friedrich Wilhelm Ostwald
(1853-1932) discovered that enzymes are extremely important for chemical pro-
cesses within living organisms and act as catalysts. In 1909, Ostwald was awarded
the Nobel Prize in Chemistry “in recognition of his work on catalysis”, among
other contributions [10].

In 1894, the Japanese chemist Jokichi Takamine (1854-1922) applied pre-
sumably for the first patent on a microbial enzyme in the United States [11]. A
fungal enzyme was isolated from koji (Aspergillus oryzae) and was called taka-
diastase. Later, Takamine licensed the exclusive production rights for the enzyme
to the Parke-Davis company. He became the “father of commercial enzymology”*
and a millionaire. Takadiastase was sold as a digestive aid for the treatment of
dyspepsia. Emil Fischer (1852-1919), a German chemist and Nobel Prize laureate
of 1902 [12], published the Lock and Key Model for enzymes to visualize the
substrate and enzyme interaction in 1894 [13].

Eduard Buchner’s (1860—-1917) investigations of the cell-free fermentation laid
the cornerstone for modern enzymology [14]. He was able to prove that it was
not the living yeast cells that were essential for fermentation, but rather certain

2 Dr. Clifford W. Hesseltine (1991) said, “Dr. Jokichi Takamine was the father of commercial
enzymology.”
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enzymes produced by the cells (no vis vitalis required). Buchner’s results were in
clear contradiction to the view of Pasteur, who presumed that the complex
apparatus of intact yeast cells would be required. In 1907, Buchner was awarded
the Nobel Prize in Chemistry “for his biochemical researches and his discovery of
cell-free fermentation” [15].

The origin of modern enzyme kinetics dates back to 1903. Victor Henri
(1872-1940) described the initial formation of an enzyme-substrate complex as an
essential step in enzymatic reactions [16]. Inspired by his findings, Leonor
Michaelis (1875-1949) and Maud Leonora Menten (1879-1960) developed the
Michaelis—Menten equation 10 years later [17, 18]. In 1907, Otto Karl Julius
Rohm (1876-1939) patented the first enzymes for large-scale industrial applica-
tion: proteolytic enzymes extracted from cow stomachs, which brought significant
technical advantages to the bating of hides for the production of leather. To
produce and market the new product called Oropon, he established the company
Rohm & Haas (Esslingen, Germany) together with his friend and businessman
Otto Haas (1872-1960). In 1914, Otto Rohm applied for a patent for the first
enzymatic detergent and named it Burnus. To distribute Burnus, Rohm & Haas
acquired the soap factory August Jacobi and Son (Darmstadt, Germany) in 1916.

Sir Alexander Fleming (1881-1955), the discoverer of penicillin and Nobel
Prize laureate of 1945 [19], coined the name lysozyme in 1922 for antibacterial
enzymes isolated from hen egg white. James Batcheller Sumner (1887-1955)
isolated the enzyme urease in 1926 and concluded that enzymes are proteins [20].
Twenty years later, he was awarded one-half of the Nobel Prize in Chemistry
(1946) “for his discovery that enzymes can be crystallized” [21]. At the same
time, Kaj Ulrik Linderstrgm-Lang (1896—1959) investigated chemical properties
of proteins and laid down basic formalisms for their purification [22]. In 1929,
Arthur Harden (1865-1940) and Hans von Euler-Chelpin (1873-1964) were
awarded jointly the Nobel Prize in Chemistry “for their investigations on the
fermentation of sugar and fermentative enzymes” [23]. Amongst others, they
discovered the first coenzyme and called it “coferment”.

Interestingly, it was the discovery of a class of enzymes, namely the DNA-
cleaving enzymes (restriction endonucleases), that paved the way for modern
molecular biology. For this pioneering work, the Swiss microbiologist and
geneticist Werner Arber (born 1929) along with the American researchers Daniel
Nathans (1928-1999) and Hamilton Othanel Smith (born 1931) were awarded the
Nobel Prize in Physiology or Medicine in 1978 [24]. With the rapid development
of modern molecular biotechnology, it was then possible to modify enzymes and
to produce them recombinantly. The first commercial recombinant fat-splitting
enzyme, a lipase from a genetically engineered fungal microorganism, was
introduced in 1987 by the company Novo [25]. The fungal enzyme was called
Lipolase and was directly used in the Japanese detergent Hi-Top made by the Lion
Corporation.

The enormous technological advances in recent decades have led to the
development of novel tools for molecular biotechnology and recombinant pro-
duction systems. They gave new opportunities for the alteration of enzymatic
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properties, which started almost 50 years ago by “chemical mutation” [26, 27]. At
the end of the twentieth century, directed evolution by recombining DNA
sequences of enzymes via DNA shuffling, error-prone polymerase chain reaction,
or staggered extension process (StEP) resulted in enzymes with improved prop-
erties [28]. In addition to this more random mutational approach, the rational
enzyme design was used for optimization of enzyme properties. On the basis of
known amino acid sequences and crystallographic structures of enzymes, site-
directed mutations have been made to delete or replace one or more amino acids to
obtain improved catalytic properties [29].

Parallel to the molecular improvement of enzymes, new sources for novel and
interesting enzymes were put into focus: the metagenomes [30]. Here, the genomic
information of different habitats (e.g. soil, salt lakes, deep sea, and tree tops) is
analyzed and transferred into host organisms for recombinant production of novel
enzymes. Since then, the list of available enzymes for the production of food and
animal feed has been growing constantly.

2 Legal Situation

Depending on the intended use of food enzymes, they can be divided into the
following categories: food ingredients, food additives, and processing aids.
Enzymes added for nutritional reasons are regarded as food ingredients, but this is
rarely the case. Most enzymes are added to food for technological reasons. If these
enzymes are still present in an active form in the end products, they fall under the
definition of food additives. Otherwise, they commonly belong to the category of
processing aids.

Prior to 2009 and partly still valid, the European regulations concerning
enzymes were based mainly on four legislative acts: Directive 89/107/EEC, reg-
ulating food additives; Directive 83/417/EEC, regulating caseins and caseinates;
Directive 2001/112/EC, regulating fruit juices and similar products; and Regula-
tion (EC) 1493/1999, regulating the common organization of the wine market.
Within the group of enzymes used for technological applications, only those
enzymes considered to be food additives had to be assessed for safety before they
were placed on the market. Local exceptions existed in Denmark and France,
where national regulations for enzymes used as processing aids applied.

In 2008, the European Commission (EC) published a regulation that defined all
food enzymes with technological purposes as a separate group and regulates them
harmonized (Regulation (EC) No. 1332/2008). Together with regulations on food
additives (Regulation (EC) No. 1333/2008), flavorings (Regulation (EC) No. 1334/
2008), and a common authorization procedure (Regulation (EC) No. 1331/2008),
these regulations are known as the so-called Food Improvement Agents Package.
For the first time in the European history, the Food Improvement Agents Package
provided a mandatory and harmonized authorization procedure for all food
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enzymes with technological purposes.® A list of food enzymes was created and
“only food enzymes included in the Community list may be placed on the market
as such and used in foods [...]”.* By controlling the authorization procedure in
terms of regulations instead of directives, the regulations are universally binding
and directly applied. Modifications as part of the implementation process of
directives by the Member States are not possible, which ensures legal certainty and
should facilitate international trade.

Since the late 1980s, the use of genetic engineering in particular has revolu-
tionized commercial enzyme production and massively accelerated the rate of
innovation. New enzyme activities, new applications, and improved performance
of existing enzymes were made possible. In this context, the increasing use of
enzymes from extremophilic microorganisms played an important role, too.
Additionally, genetic engineering permitted the production of enzymes from
previously noncultivable microorganisms.

A possible downside of this new era of enzyme usage is the lack of long-term
experience in matters of human consumption for many of these enzymes. There-
fore, an important concern of the European legislature was to establish a universal
procedure for the safety assessment of enzymes. In the past, risk assessments of
food enzymes were carried out mainly by the Joint FAO/WHO Expert Committee
on Food Additives (JECFA) or were controlled by national authorization proce-
dures. Very few reviews were also executed by the EU Scientific Committee on
Food (SCF). Guidelines for the risk assessment of food enzymes have been pub-
lished by the JECFA, the SCF, the Association of Manufacturers and Formulators
of Enzyme Products (AMFEP) and the British Committee on Toxicology (COT).

This has changed after the entry of Regulation (EC) No. 1331/2008 into force.
Only enzymes that were already authorized as food additives (E 1103 invertase
and E 1105 lysozyme) or for the production of wine according to Regulation (EC)
No. 1493/1999 (urease, f-glucanase, and lysozyme) will be automatically added to
the positive list.” All other enzymes have to go through the newly established
regulatory process. Therefore, the need for approval also includes those enzymes
that were already approved under national laws (e.g. in France or in Denmark) or
for which a positive evaluation of the JECFA exists. The approval process includes
an assessment of health risks posed by the European Food Safety Authority
(EFSA). The requirements for risk assessment are expressed as EFSA guidelines.
To assess the need for technological benefit or misleading, however, no guidelines
are provided.

The community list of enzymes shall include the name of the enzyme, its
specifications (including origin, purity criteria, etc.), the foods to which the
enzyme may be added, the conditions under which the enzyme may be used,

3 Enzymes that are exclusively for the production of additives or the production of processing
aids are, however, excluded from the new enzyme regulation.

4 Regulation (EC) No. 1332/2008, Article 4.
5 Regulation (EC) No. 1332/2008, Article 18(1).
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selling restrictions, and specific requirements with respect to the labeling.®
However, the positive list is not yet completed. Until then, the national provisions
in force will continue to apply in the Member States.” It is assumed that the list
will be completed by 2021. Additionally, certain transitional periods apply.®

3 Market Overview

3.1 Food Enzymes

For centuries, enzymes are used traditionally for dairy, baking, brewing, and
winemaking, although not in isolated form. Enzymes are needed for cheese pro-
duction and used for a wide variety of other dairy goods. Enzymes increase dough
volume, lead to crispy crusts, and keep bread soft and fresh longer. They can be
used to compensate for variations of flour and malt quality. In addition, breweries
use enzymes to lower calories and alcohol concentration of beer. In winemaking,
enzymes are used to maintain wine color and clarity or to reduce the sulfur
content. Additionally, enzymes can enhance the filterability and improve the flavor
of wine. They also help improving the quality, stability, and yield of fruit juices.
Last but not least, the application of enzymes revolutionized the starch and sugar
industry by making the hydrolysis of starch and rearrangement of glucose to
fructose much more cost-effective.

The large number of applications makes enzymes highly valuable for the food
and feed industry. According to the Novozymes Report 2011 [31], the global
industrial enzyme market had a volume of approximately €2.7 billion. In the
enzyme business,” food and beverage enzymes accounted for 29 % of sales,
second only to household care enzymes (31 %). Feed and other technical enzymes
accounted for 13 % of sales. With a market share of 47 % in industrial use
enzymes, Novozymes was the global market leader, followed by DuPont (21 %),
which recently acquired Danisco, and DSM (6 %). In the European market, AB
Enzymes, Christian Hansen, and Henkel are prominent companies.

Of the six different existing enzyme classes (EC 1: oxidoreductases, EC 2:
transferases, EC 3: hydrolases, EC 4: lyases, EC 5: isomerases, and EC 6: ligases)
all but ligases are sold commercially for food and feed production. Currently,
approximately 260 different enzymes are available in the European Union
(Table 1). They can be isolated from plamt10 (3 %) and animal (6 %) materials but
the majority are produced by means of fungi (filamentous ascomycetes and

6 Regulation (EC) No. 1332/2008, Article 7.

7 Regulation (EC) No. 1332/2008, Article 24.

8 Regulation (EC) No. 1332/2008, Article 18(2).
o Including biobusiness.

10 In relation to the total number of enzymes.
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basidiomycetes: 58 %, yeasts: 5 %) and bacteria (28 %). One-third of the offered
enzymes originate from genetically modified organisms."'

3.2 Feed Enzymes

In addition to a variety of applications in the food industry, enzymes may also be
used during the manufacture of feed. In this capacity, they are used primarily to
increase the availability of essential nutrients, complementing the spectra of
activities of enzymes already present in feed and animals’ own digestive enzymes.
Thus, the animal feedstuff can be used more efficiently and the use of enzymes
helps to conserve resources and avoid waste. The most important enzyme in the
feed sector is phytase (see 4.1.3). In addition, xylanase and f-glucanase are of
importance.

4 Applications

The manifold industrial applications of enzymes have been reviewed in great
detail [e.g. 37, 38]. Very good overviews on enzymes used in food and feed
technology were published by Whitehurst and van Oort [39] and Bedford and
Partridge [40]. Current trends have been reviewed by Son and Ravindran [41].

Due to the existing literature and the enormous variety of enzymes used in food
and animal feed (Table 1), it is not necessary or even possible to cover all
applications in the context of this book chapter. Therefore, a number of prominent
examples in the areas of resource efficiency, biopreservation, health, safety, and
food quality are highlighted here.

4.1 Resource Efficiency

4.1.1 Amylase

Due to the increasing availability of efficient and stable biocatalysts, chemical
processes are more and more replaced by biotechnological methods. The latter
often show superior economic and ecological operating figures. Therefore, the
acid-catalyzed saccharification and the production of sugar specialties have been
replaced worldwide by enzymatic procedures. In these systems, amylases are

1" Counting self-cloned organisms, although legal self-cloning of nonpathogenic naturally
occurring microorganisms is excluded from Directive 90/219/EEC.
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essential and thus have become one of the most important industrial enzymes [42].
Besides the conversion of starch to sugar syrups, they can be used in other areas of
the food industry, as well as in the detergent, textile, paper, and pharmaceutical
industries [37, 43, 44].

o-Amylases (4-a-D-glucan glucanohydrolase, EC 3.2.1.1) degrade starch and
similar carbohydrates by endohydrolysis of their (1 —+4)-«-p-glucosidic bonds. The
majority of a-amylases belong to the group of metalloenzymes and require cal-
cium ions (Ca’*). By means of direct evolution, the performance of several
amylases was further maximized and adapted to the needs of the starch processing
industry [45]. The enhancement of the thermostability of amylase was achieved by
DNA-shuffling techniques [46]. The baking industry and consumers might benefit
from genetically optimized starch-modifying enzymes. Based on the improved
thermal stability of an a-amylase in the acidic pH range, the retrogradation of
sourdough breads (“staling”) can be delayed [47].

4.1.2 Peptidase

Seasonings are biotechnologically obtained by hydrolysis of vegetable proteins in
multistage enzymatic processes. Unlike the previously common catalysis with the
aid of hydrochloric acid, which leads to the presence of small remainders of fat in
the formation of monochloropropanediols (mainly 3-MCPD) and dichloropropa-
nols (1,3- and 1,2-DCP) [48], no toxic byproducts are produced in the enzymatic
process. Peptidases (EC 3.4) from edible mushrooms with new catalytic properties
allow for an even more efficient protein hydrolysis [49].

4.1.3 Phytase

Phytases are phosphatases able to hydrolyze O—P bonds in phytic acid liberating
inorganic phosphate. Phytases can be grouped according to the attack on the
hexaphosphoric ester into 3-phytase (myo-inositol-hexakisphosphate 3-phospho-
hydrolase, EC 3.1.3.8) as well as 4-phytase (myo-inositol-hexakisphosphate 4-
phosphohydrolase, EC 3.1.3.26), releasing the phosphate at the corresponding
position at the inositol ring (Fig. 1).

Phytic acid is used by plants to store different type of anions (Cu
Ca®*, Mg, etc.). The resulting salts are known as phytates. Nonruminant animals
do not have the enzymatic ability to hydrolyze phytates; therefore, phosphate and
minerals are not absorbed, but rather they pass through the intestinal tract undi-
gested. The addition of phytases to food and feed does therefore enhance the
availability of phosphate and minerals bound in phytates.

More than 20 years ago, the first commercial phytase product for feed, Natu-
phos, was released [50]. Nowadays, several other phytase products are available on
the market for the improvement of animal feed, such as Ronozyme from Novo-
zymes and Finase from AB Enzymes. The range of applications in nonruminant

2 2+/3
+’ Fe +/ +’
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Fig. 1 Hydrolysis of myo-inositol-1,2,3,4,5,6-hexakisphosphate by 3- and 4-phytase

feed is large, as discussed in several reviews on the usage of phytases in the fodder
of pigs [51, 52], poultry [53], and fish [54, 55]. Additionally, phytase might also be
used in food for the improvement of the nutritional value of cereal food products
by degrading phytate [56].

Commercial recombinant production of phytases occurs generally, if not
exclusively, in ascomycetes [32, 50], whereas the phytase genes originate from
different phyla: bacteria, ascomycetes, and basidiomycetes (Peniophora lycii [57]).
Industrial production takes place in liquid media in stirred bioreactors on a
6 x 120 m® scale. In addition, the cultivation of phytase producing filamentous
fungi in solid-state [58] or solid-substrate [59] fermentation systems has also been
studied, but it lacks industrial adaptability. Another opportunity for the production
of phytases is the usage of transgenic plants, such as maize, rice, soybean, and
wheat [60-63].

4.2 Biopreservation

Foods that spoil during manufacturing or storage endanger human life, waste
important resources, and cost the food industry vast sums of money. Therefore,
foods have been preserved since the dawn of mankind. In recent decades, this has
often been achieved by adding antimicrobial preservatives (e.g. sulfites, sorbic
acid, benzoic acid, and their salts) and/or antioxidants (e.g. 2-fert-butyl-4-
hydroxyanisole and 3-tert-butyl-4-hydroxyanisole (BHA), 2,6-bis(1,1-dimethyl-
ethyl)-4-methylphenol (BHT)). In particular, synthetic food additives are often
disliked by consumers because they are occasionally considered critically [64].
Alternatively, natural or controlled microbiota or antimicrobials can be used to
enhance the safety and to extend the shelf life of food [65]. Lactic acid bacteria are
commonly used. They often produce lactic and acetic acid, hydrogen peroxide, and
under certain conditions peptide bacteriocins, which prevent the development of
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pathogens and spoilage microorganisms [66, 67]. The most important bacteriocin
is the peptide nisin [68], as discussed in detail in Chap. 2

4.2.1 Lysozyme

The cell wall of bacteria is composed of the peptidoglycan murein. Murein is a
cross-linked heteropolymer consisting of sugars and amino acids. Its task is to
maintain the turgor pressure and shape of the bacterial cell. Peptidoglycan can be
cleaved by bacterial cell wall hydrolases (BCWHs), which leads to bacteriolysis.
BCWHs are found ubiquitously in nature in animals, plants, protozoa, bacteria,
and bacterial viruses [69]. Due to their high specificity, they only attack bacteria.
The most important and best characterized BCWH is lysozyme (peptidoglycan
N-acetylmuramoylhydrolase, EC 3.2.1.17) from hen egg white. Lysozyme was
discovered by Sir Alexander Fleming in 1922 and has been extensively studied
since then. It became one of the few approved natural antimicrobials for use in
food in the European Union (E 1105). The main application of lysozyme is to
prevent the growth of gram-positive bacteria in semi-hard cheeses (e.g. to prevent
late blowing caused by Clostridium tyrobutyricum) [70]. Further applications
include spoilage control in wine [71], beer [72], fish [73], and meat [74].

4.3 Health, Safety and Quality

4.3.1 Lactase

p-p-Galactosidase (f-p-galactoside galactohydrolase, EC 3.2.1.23) hydrolyses the
glycosidic bond of the disaccharide lactose into its monomers glucose and gal-
actose. Therefore, ff-p-galactosidase is also known as lactase. ff-p-Galactosidases
can be found throughout nature. Commercial enzymes are mainly of fungal origin
of the genera Kluyveromyces (yeast) and Aspergillus (filamentous ascomycete)
[75]. Although several -p-galactosidases are available on the market, new efforts
are still conducted to improve the enzymatic properties by site-directed muta-
genesis [76] or to find new f-p-galactosidase genes by screening metagenome
databases [77].

From a technological point of view, the milk sugar lactose is hydrolyzed
because of the resulting increase of sweetness and the reduced susceptibility to
crystallization during spray drying of milk and whey [78, 79]. Nevertheless, the
most apparent application is the production of “lactose-free” milk products, which
enables the consumption of dairy products by lactose-intolerant people.

For industrial processes, f-D-galactosidases can be applied by immobilization
of the enzyme on carriers, such as cellulose, alginate, or other polymers, for
hydrolysis of milk or whey products [80]. Conversion rates of lactose in batch and
continuous operation mode by immobilized f-p-galactosidase might reach 95 %
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[81]. To reach even lower lactose concentrations of less than 0.01 %, a combi-
nation of f-p-galactosidase activity and ultrafiltration as well as nanofiltration
methods can be used [82]. Besides the degradation of substances that lead to food
intolerances, the elimination of food allergens by means of a specific degradation
of allergenic epitopes is another promising application of enzymes [83].

4.3.2 Asparaginase

Using the enzyme asparaginase (L-asparagine amidohydrolase, EC 3.5.1.1), it is
possible to significantly reduce the formation of the cooking carcinogen acryl-
amide during roasting, deep-frying, or baking of foods [84]. The enzyme hydro-
lyzes free asparagine to aspartic acid, thereby preventing the formation of
acrylamide by reaction of asparagine with reducing sugars at elevated tempera-
tures during the Maillard reaction (Fig. 2) [85].

The mitigation of acrylamide formation is especially important for a number of
cereal- and potato-based products, including crackers, crispbread, gingerbread,
biscuits, French fries, and potato chips. After asparaginase pretreatment, the
acrylamide concentration of certain foods could be reduced by up to 97 % [84, 86].
By means of in vitro directed evolution, the properties of asparaginase were
optimized. For example, an Asp133Leu mutation of a wild-type enzyme showed a
significantly improved thermal stability. The enzyme’s half-life at 50 °C increased
from 3 to 160 h, and the half-inactivation temperature of the mutant was 9 °C
higher.

4.3.3 Lipase

Trans fatty acids (TFAs) are fatty acids with at least one double bond in (E)-
configuration. The consumption of TFAs increases the risk of coronary heart
diseases. Thus, their concentrations in lipid-containing products should be reduced
[87]. Naturally, TFAs occur in small amounts in meat and milk of ruminants, but
the most significant concentrations of TFAs develop during partial hydrogenation
and deodorization of fats [88]. The formation of TFAs during fat hardening can be
avoided by lipase catalyzed transesterification to increase the slip melting points of
fats. [89].

O 0]

Asparaginase
HZWOH + HO e HOMOG + NHg*

O  NH o} NH,

Fig. 2 Asparaginase catalyzed hydrolysis of asparagine to aspartic acid
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For enzymatic transesterification between different lipids, triacylglycerol lipa-
ses (triacylglycerol acylhydrolase, EC 3.1.1.3) acting on the SN1 and SN3 posi-
tions of the triglyceride are used. Various lipases have been applied for the
production of table margarine out of fat-oil blends. Lipases of the ascomycetes
Thermomyces lanuginosa and Rhizomucor miehei, as well as a lipase of the pro-
teobacterium Pseudomonas sp., were used for transesterification of fat blends
consisting of palm stearin and vegetable oil [90, 91]. Fully hydrogenated oils in
blends with vegetable oils also have been used [92]. In all studies, an increase of
the slip melting points and the solid fat content was achieved in the fat-oil blend,
thus indicating an alternative method for fat hardening via hydrogenation.

4.4 Further Applications

4.4.1 Laccase

Laccases are multicopper-oxidases (benzenediol:oxygen oxidoreductase, EC
1.10.3.2) that are able to oxidize phenolic substrates (e.g. 2,6-dimethoxy-phenol),
aromatic amines (e.g. 1-hydroxybenzotriazole), or polycyclic aromatic hydrocar-
bons (e.g. anthracene) [93]. The oxidation of the substrate occurs via a one-
electron reduction and is accompanied by a reduction of molecular oxygen to
water.

Most laccases are of fungal origin [94], but they also occur in bacteria, insects,
and plants [95-97]. Due to the broad substrate range of laccases, their possible
industrial usage is widespread. Nevertheless, only few applications have been
commercialized up to now, mostly in the textile industry [98]. In the food and feed
sector, laccases have been evaluated for different applications, such as the sta-
bilization of beverages, the reduction of off-flavors, the improvement of wheat
dough, and the usage of laccases as biosensors in the food processing industry [37,
98-100].

Off-flavors in wine may occur due to microbial conversion of phenolic com-
pounds present in the wine itself or in the cork stoppers. In a commercial product
from Novozymes called Suberase, laccase is used for polymerization of phenolic
compounds in the cork, which act as precursors for malodors, such as penta-
chlorophenol or 2,4,6-trichloroanisol [101].

In apple juice, addition of laccase reduced the amount of the phenolic off-
flavors 2,6-dibromophenol, guaiacol, and o-terpineol [102]. Several studies used
laccases to increase the stability of apple juices by polymerization of phenols and
their subsequent removal by ultrafiltration methods [103]. A positive side effect is
the decrease of molecular oxygen in the juice due to its consumption by laccases.
Nevertheless, desired phenols might also be oxidized; thus, the sensory attributes
and nutritional value might be altered.

The polymerization reactions catalyzed by laccases can also be used to improve
the shade of food, such as the coloration of tea-based products [104]. In the bakery
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industry, laccase might be used together with proteases or xylanases to improve
the dough quality. It was proposed that laccases oxidize ferulic acid attached to the
arabinoxylan present in cereal flour. The obtained phenolic radicals can undergo a
nonenzymatic reaction, resulting in cross-linked feruloylated arabinoxylans [105].
In oat flour-based bread, the usage of laccase increased the loaf-specific volume
and decreased the crumb hardness [106]. Contradictory, in another study, laccase
alone decreased the specific volume and increased the crumb hardness [105]. A
combined usage of laccase with xylanase improved again the oat flour bread
properties [105, 107].

4.4.2 Peroxidase

Peroxidases (EC 1.11.1.x) are a diverse group of oxidoreductases using peroxide
as an electron acceptor. Their substrate spectrum ranges from hydrogen peroxide
decomposed by catalase (hydrogen-peroxide:hydrogen-peroxide oxidoreductase,
EC 1.11.1.6), phenolic compounds degraded by Mn-dependent and lignin perox-
idases (Mn(II):hydrogen-peroxide oxidoreductase, EC 1.11.1.13 and 1,2-bis
(3,4-dimethoxyphenyl)propane-1,3-diol:hydrogen-peroxide oxidoreductase, EC
1.11.1.14), and recalcitrant dyes by DyP-type peroxidases (reactive-blue-
5:hydrogen-peroxide oxidoreductase, EC 1.11.1.19).

Direct supplementation of peroxidases to food was applied for the degradation
of carotenoids used for coloring of cheese. The whey resulting from colored
cheese production has an orange-yellowish tint, which interferes with further usage
of the whey. Recently, a fungal peroxidase of the DyP-type was commercialized
for bleaching of this kind of whey fluid under the name MaxiBright (DSM). To
generate the hydrogen peroxide required by the peroxidase as a cofactor in situ, a
glucose oxidase and a ff-galactosidase were employed as auxiliary enzymes [108]
(Fig. 3).

4.4.3 Lipoxygenase

Microorganisms, fungi, plants, and their enzymes can be used to synthesize natural
flavor compounds [109]. Probably the most important example is the biotechno-
logical production of the highly sought after vanillin [110]. Recently, disrupted

f-galactosidase
lactose _ galactose + glucose

glucose oxidase l
Maxibright™

gluconicacid + H,0, + carotenoid ——> carotenoid degradation /
bleaching

Fig. 3 Bleaching of whey and milk by a multiple enzyme system (modified from [108])
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Fig. 4 Oxidation of (+)-valence to the grapefruit flavor (+)-nootkatone by lyophilisates of the
basidiomycete Pleurotus sapidus

cells of the edible basidiomycete Pleurotus sapidus were deployed as a potent
biocatalyst for the transformation of (+)-valencene to natural (+)-nootkatone [111]
(Fig. 4).

The enzyme responsible for the biotransformation was biochemically charac-
terized and purified, and the enzyme encoding cDNA was amplified from a cDNA
library by polymerase chain reaction [112]. The catalytic reaction sequence of the
enzyme was further investigated and a lipoxygenase-type oxidation of (+)-valen-
cene via secondary and tertiary hydroperoxides was suggested [113]. In ongoing
research, the dioxygenase was heterologously expressed in the cytosol and peri-
plasm of Escherichia coli [114]. Only recently, the enzyme was identified as a
potent  13S-lipoxygenase (LOXpg,1; linoleate:oxygen 13-oxidoreductase,
EC 1.13.11.12), and the kinetic parameters of the recombinant enzyme were
determined by using linoleic acid as the substrate [115].
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Recent Developments in Manufacturing
Oligosaccharides with Prebiotic Functions

Zoltan Kovacs, Eric Benjamins, Konrad Grau, Amad Ur Rehman,
Mehrdad Ebrahimi and Peter Czermak

Abstract The market for prebiotics is steadily growing. To satisfy this increasing
worldwide demand, the introduction of effective bioprocessing methods and
implementation strategies is required. In this chapter, we review recent develop-
ments in the manufacture of galactooligosaccharides (GOS) and fructooligosac-
charides (FOS). These well-established oligosaccharides (OS) provide several
health benefits and have excellent technological properties that make their use as
food ingredients especially attractive. The biosyntheses of lactose-based GOS and
sucrose-based FOS show similarities in terms of reaction mechanisms and product
formation. Both GOS and FOS can be synthesized using whole cells or (partially)
purified enzymes in immobilized or free forms. The biocatalysis results in a final
product that consists of OS, unreacted disaccharides, and monosaccharides. This
incomplete conversion poses a challenge to manufacturers because an enrichment
of OS in this mixture adds value to the product. For removing digestible carbo-
hydrates from OS, a variety of bioengineering techniques have been investigated,
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including downstream separation technologies, additional bioconversion steps
applying enzymes, and selective fermentation strategies. This chapter summarizes
the state-of-the-art manufacturing strategies and recent advances in bioprocessing
technologies that can lead to new possibilities for manufacturing and purifying
sucrose-based FOS and lactose-based GOS.
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1 Introduction

The market for prebiotics is steadily growing. The concept of prebiotics was
originally introduced by Roberfroid and Gibson [1]. In 1995, prebiotics were
defined as “a nondigestible food ingredient that beneficially affects the host by
selectively stimulating the growth and/or activity of one or a limited number of
bacteria in the colon, and thus improves host health. This definition has since been
revised several times to achieve its current form: “A prebiotic is a selectively
fermented ingredient that allows specific changes, both in the composition and/or
activity in the gastrointestinal microflora that confers benefits upon host well-being
and health”'

Prebiotics—food ingredients that are indigestible by humans—have a positive
influence on the host organism by specifically stimulating the growth and/or the
activities of bacteria or a limited number of bacteria species in the colon; that is,
they are substrates for the growth and the metabolism of the probiotic bacteria.
This supports the balance in the intestinal ecosystem of the human host and
improves health.

! Roberfroid, Marcel (2007) Prebiotics: the concept revisited. J Nutr 137(3) http://jn.nutrition.
org/content/137/3/830S.abstract and http://jn.nutrition.org/content/137/3/830S.full.pdf+html
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The human colon contains an estimated 1,014 different germs. The intestinal
microflora consist of about 500 different anaerobic species [2], of which approx-
imately 90 % of the bacterial species have not been characterized yet. Based on
that high quantity, it seems obvious that the metabolic activities of these bacteria
might have a tremendous influence on physiological and biochemical processes of
the human host [3].

Prebiotics must fulfill the following criteria:

e No hydrolysis or absorption in the upper part of the digestive system (mouth,
stomach, small intestine)

e Selective substrate for one or more desired bacteria species in the colon and
stimulation of that species regarding growth and activation

e Able to positively influence the numeric proportion of different bacteria species
in the colon.

The critical aspect of prebiotics is their selective use by certain bacteria in a
mixed culture. Of most interest are lactic acid—forming Lactobacteria and Bifi-
dobacteria. It has been confirmed that nondigestible oligosaccharides (NDO) play
an important role in the nutrition of humans [4]. There are currently only two
groups of substances that completely fulfill the criteria for prebiotics: the fructans
FOS, including lactulose and the fructopolysaccharide inulin, and the GOS. FOS
are linear carbohydrate chains as a mixture of 3-10 f-(1,2)-glycosidical linked
D-fructose units with a terminal glucose rest. Inulin, appearing as the natural
storage carbohydrate in more than 3,600 different plants, consists of a mixture of
different fructose chains up to a length of 65 fructose units. Also, these fructosyl
rests are linked to the fructosyl rests of the saccharose by f-(1,2) connections.
Lactulose is a synthetic disaccharide from galactose f-(1,4)-glycosidical linked to
fructose gained by isomerization of lactose. The Lobre-de-Bruyn-van-Ekenstein
relocation happens in an alkaline milieu or under high temperatures. Alternatively,
the lactulose can be formed enzymatically from lactose by f-galactosidase.
Commercially, GOS are produced from lactose by enzymatic synthesis using
p-galactosidase.

Humans are only able to digest o-(1,4) and «-(1,6) linked oligo- and poly-
saccharides. The above-mentioned FOS and GOS are not hydrolyzed enzymati-
cally but rather reach the colon more or less unchanged. Here exists an intestinal
microflora in which most of the Bifido bacteria, but only a few representatives of
other strains, possess a f-fructosidase (EC3.2.1.7) that qualifies them for the
hydrolysis of f-(1,2) and f-(1,4) glycosidic connections in the oligosaccharides.
Short-chained fatty acids, lactose, hydrogen, methane, and carbon dioxide are
metabolic products that lead to an acidic milieu in the colon, which antagonizes
the survival and the augmentation of pathogenic bacteria. The hydrogen formed
during the fermentation of prebiotic oligosaccharides by the bacterial flora in the
colon is absorbed by the blood and exhaled via the lung. The quantity of oligo-
saccharides arriving indigested in the colon and then undergoing microbial
fermentation can be determined by the hydrogen concentration in the exhaled
breath [5].
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In Japan, which is one of the leading markets for functional food, additional
types of carbohydrates have already received the status of prebiotics, been
released, and been approved for human consumption. These prebiotics include
xylo-oligosaccharides (XOS), formed by a partial enzymatic hydrolysis of xylan, a
heteropolysaccharide mainly appearing in wood. They consist of up to eight f3-
(1,4)-glycosidic linked xylose-molecules. XOS are indigestible by human beings
and therefore reach the colon completely. A significant growth of some species of
the intestinal microflora has been shown by in vitro fermentations with XOS as
substrate [6]. Resistant starch (RS) is not enzymatically degradable by a-amylase
in the human duodenum but is fermentable by the intestinal flora in the colon. RS
can be formed amylose or amylopectin, appears naturally in plants, and consists of
a-(1,4)-linked glucane chains. RS is distinguishable by the fact that, during fer-
mentative degradation into short-chained fatty acids by the intestinal flora, a very
high level of butyrate is formed.

Gluco-oligosaccharides (gluco-OS) are formed enzymatically from saccharose
and maltose via transglucosylation by glucosyltransferase. Isomalto-oligosaccha-
rides (IMO) are «-(1,6)-linked saccharides that can be gathered by enzymatic
hydrolysis of starch by a-amylases, pullulanases, and a-glucosidases. Pectin-oli-
gosaccharides and polydextrose are currently being examined for their suitability
as prebiotics. Polydextrose is a synthetic branched polysaccharide formed of -
(1,6)-linked glucose molecules. It has been approved as food ingredient E1200 in
the European Union (EU) without any limitation in quantity. Some other sub-
stances being discussed as potential prebiotics do not yet fulfill the defined
requirements completely. Natural soybean oligosaccharides, gathered by extrac-
tion of soybeans, are selectively fermented in the colon. However, approximately
50 % is digested in the human gastrointestinal system and does not reach the colon
[6]. Many fermentable carbohydrates (e.g. some types of enzyme-resistant starch)
and dietary fibers (e.g. pectins) that are naturally contained in daily nutrition
have not yet been evaluated as to whether they are selectively fermented in the
colon [7, 8].

The application of prebiotics leads to changes in the makeup and metabolism of
intestinal microflora. Some positive impacts on the physiological processes in
humans have been proven [9]. The complete bacterial biomass in the colon
increases by the strengthened fermentation and stimulates the actions of the
bowels. The application of inulin reduces the frequency of constipation for patients
with chronic obstipation [10]. Consider also how the composition of the intestinal
microflora has changed. The reproduction of potentially pathogenic bacteria may
be blocked by Bifidobacteria. That effect results on the one hand from the decrease
in pH value due to the forming of short-chained fatty acids and lactate during
fermentation; on the other hand, the forming of bactericidal substances by Bifi-
dobacteria has been proven [11].

In the colon, indigestible fermented carbohydrates such as lactulose and FOS
stimulate the resorption of calcium, iron, and magnesium from food [12]. Fur-
thermore, the addition of OS and inulin leads to a reduction of the serum cho-
lesterol level. The quantity of triglycerides in the serum and liver activates the
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liver function and therefore the separation of toxic substances [13, 14]. Bifido-
bacteria, activated in growth by OS and inulin, might improve the immune reac-
tion of the host—that is, it may have a positive impact on the human immune
system, thus possibly decreasing the risk of colon cancer [15, 16].

The prebiotics FOS, GOS, inulin, and lactulose, which are allowed as food
additives in Europe, also fulfill the U.S. requirements for being generally recog-
nized as safe (GRAS). Because of their technological characteristics, they are
mainly added in food production. Inulin can be used as a fat substitute, for
example. Due to processing technologies with high shear rates, the tertiary three-
dimensional structure of the molecules can be modified in a manner that they
develop fat-similar organoleptic characteristics regarding chew-feel and creami-
ness. The use of prebiotic oligosaccharides as dietary fibers often results in an
improvement in taste and texture [17].

The use of inulin in fat-reduced products provides a stability in emulsions and
an easy-to-spread texture. The addition of FOS in light yogurt, for example,
improves the mouth-feel and lowers syneresis; when combined with aspartame or
acesulfam potassium, a synergistic flavor effect can be reached without increasing
the calorie content. In baked goods, FOS can substitute for sugar, increase dietary
fibers, and keep products moist. The use of prebiotics as an ingredient with
functional properties allows food to be labeled as prebiotic or bifidogenic, calorie
reduced, containing dietary fibers, or able to improve the resorption of calcium.

A further important area of use for FOS and GOS is the supplementation of
infant food. Oligosaccharides naturally appear in women’s milk as special effec-
tive prebiotics with a concentration of about 1 g per 100 ml. The structures are
very complex and the functional consequences are not completely understood yet
[18, 19]. To date, oligosaccharides have not been available in formulated baby
food. A clinical study in 2002 [20] has shown that an addition of GOS and long-
chained FOS in a ratio of 90-10 % up to a concentration of 0.8 g per 100 ml lead
to a similar bifidogenic effect as in breast feeding. Due the influence on the
development of the microbial flora, the addition of oligosaccharides also has a
positive impact on the immunological development of formula-nourished children
[21]. The European Food Safety Authority (EFSA) has not noted any concerns
about the addition of an OS mixture in the above-mentioned concentration in
commercial baby food [22, 23].

Among the commercially available prebiotic preparations, GOS and FOS are
considered to be well-established functional oligosaccharides. The bioprocessing
techniques applied for their synthesis and their purification show considerable
similarities. In this chapter, we review recent developments in the manufacture and
purification of lactose-derived GOS and sucrose-derived FOS. First, we discuss the
preparation of GOS- and FOS-containing carbohydrate mixtures via biocatalysis
using whole cells and (partially) purified enzymes. In the second part of this
chapter, we review the various purification tools employed for separating oligo-
saccharides from disaccharides and monosaccharides. Finally, we devote special
attention to emerging membrane-based processes that can be used for both man-
ufacturing and fractionation purposes.
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2 Bioengineering Aspects of Oligosaccharide Synthesis

In this section, we introduce the reader to the fundamentals of oligosaccharide
biosynthesis. As previously mentioned, we focus on the synthesis of lactose-based
GOS and sucrose-based FOS. As we will show, these systems show similarities in
terms of reaction mechanisms and product formation. The biocatalytic reaction
results in a carbohydrate mixture consisting of OS, unreacted disaccharides, and
monosaccharides as byproducts. Both GOS and FOS can be synthesized either
using whole cells or (partially) purified enzymes, immobilized or in free form. A
large amount of literature deals with these manufacturing concepts. Here, we
briefly summarize the enzymatic reaction mechanisms, highlighting the various
technological factors affecting OS yield and purity, and report the state-of-the-art
technologies used in commercial production.

2.1 Lactose-Based Galactooligosaccharides

The mechanism of transglycosylation by b-galactosidases has been long known
[24]. GOS are derived from lactose through this mechanism. GOS are carbohy-
drates built up from glucose and galactose, according to the formula Gal,—Glc,
where n = 2-20; in general, disaccharides with linkages other than Galf1-4Glc
(lactose) are considered GOS as well [25]. The Japanese company Yakult has
produced GOS since the early 1990s. Together with their activities on probiotics,
they are considered pioneers in the field. Gibson and Roberfroid [26] introduced
the concept of prebiotics, which, in combination with a growing interest in pre-
biotics and the recognition of their functionality, boosted the application of GOS.

The efficiency of the synthesis of GOS by transgalactosidase activity of /-
galactosidases depends on the conditions applied as well as on the enzyme of
choice. GOS synthesis is a kinetically controlled reaction; therefore, the enzyme
characteristics strongly determine the formation of GOS, GOS structures, and the
productivity of the enzyme [27]. Lactose, however, only poorly dissolves in water
(18.9 g per 100 g at 25 °C, [28]). To achieve high substrate concentrations, ele-
vated temperatures are thus required. Whereas elevated temperatures increase the
reaction rate of oligosaccharides formation, these temperatures can be detrimental
to the biocatalyst. On the other hand, high sugar concentrations have been shown
to have a stabilizing effect on proteins due to preferential hydration of the protein
[29]. This enables GOS synthesis at temperatures higher than the optimum in
diluted aqueous solutions. A good example is the [f-galactosidase derived from
Kluyveromyces lactis, which has a optimum temperature of ~40 °C. The enzyme
activity rapidly decreases with increasing temperature in aqueous solutions. Pa-
dilla et al. [30] and Matinez-Villaluenga et al. [31], however, performed the
synthesis of GOS using the same enzyme at 50 °C with a lactose concentration of
250 g/L, indicating the stabilization effect of lactose on the enzyme conformation
and stability. GOS synthesis at high temperatures using A. oryzae f}-galactosidase
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Table 1 Substrate, temperature, and pH ranges of GOS synthesis by f-galactosidases from
different sources

Enzyme source Lactose Temperature pH GOS yield References
concentration (g/L) (°C) (Yowlw)

Bifidobacterium  300-500 37-65 6.0-7.5 20-55 [34-41]
Sp.

Bacillus 45-400 15-60 4.5-7.0 6-56 [42-55]
circulans

Kluyveromyces  200-400 37-50 6.5-7.3 5-50 [31, 45, 55-60]
lactis

Aspergillus 100475 30-60 4.5-6.5 10-35 [32, 33, 45, 58,
oryzae 61-67]

was studied by Vera et al. [32] and Huerta et al. [33], using supersaturated or
partially dissolved lactose solutions.

Besides temperature, the pH value of the solution is another important factor
influencing the reaction. Evidently, the pH dependency of the enzyme activity is
greatly determined by the organism from which the enzyme is derived. Table 1
provides examples of well-described f-galactosidases derived from different
sources. Additionally, the substrate ranges and GOS yields are also mentioned.

In addition to GOS synthesis with the use of (partially) purified enzyme
preparations, GOS synthesis using whole cells was also investigated. The obvious
advantage is the fact that the purification step for the enzyme can be omitted. GOS
synthesis with whole cells of Bifidobacterium bifidum NCIMB 41171 was carried
out by Osman et al. [41], yielding 50 % GOS starting with an initial lactose
concentration of 390 g/L. Onishi et al. [54] described GOS synthesis with a
number of organisms. Their best results in terms of GOS yield were obtained with
the yeast Sterigmatomyces elviae CBS8119 in a fermentation system, where
inhibiting glucose was consumed for cell growth. A total of 232 g/I. GOS was
produced from 360 g/L lactose after incubation at 30 °C for 60 h. In addition to
the previously mentioned whole cell systems, the application of immobilization
technology might also be considered. An appealing example is the alginate
entrapment of whole cells of Sporobolomyces singularis, which enabled the reuse
of the cells for 20 consecutive batch productions of GOS [68].

Nowadays, a number of companies produce GOS on an industrial scale. Table 2
provides an overview of commercially available GOS products and the sources of
the enzymes that are used to produce these products.

Three manufacturers have obtained the Generally Recognized as Safe (GRAS)
status for their products by the U.S. Food and Drug Administration. GOS are
applied mainly in infant nutrition, but other food applications are also known.
Vivinal GOS (manufactured by FrieslandCampina Domo, The Netherlands) is
available either as a syrup (75 % solids) or co-spray dried with whey protein
concentrate or maltodextrin. The composition of GOS was extensively studied by
Coulier et al. [69], who used a combination of analytical techniques to unravel
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Table 2 Commercially available galactooligosaccharide (GOS) products

Product Manufacturer GOS GRAS Organism/enzyme References
fraction  status
(%w/w)  notification

Vivinal® FrieslandCampina 59 Yes Bacillus circulans [69, 70]
GOS Domo
Oligornate® Yakult 55 Yes Sporobolomyces [71]
55N Pharmaceuticals singularis/
Kluyveromyces
lactis
Purimune™ GTC Nutrition 90* Yes Bacillus circulans [72]
Cup Oligo  Kowa Company/ 70* No Cryptococcus laurentii [73]
Nisshin Sugar
Bimuno Clasado 48 No Bifidobacterium [26, 74]
bifidum NCIMB
41171

# High GOS content was obtained by additional purification steps

Table 3 Composition of commercially available galactooligosaccharide (GOS) products

Vivinal GOS Oligomate 55 N Purimune = Bimuno Cup Oligo

Concentration FrieslandCampina  Yakult GTC Clasado Nissin
(W/w% on total Domo Pharmaceuticals Nutrition Sugar
solids)

GOS 59-60 55-56 90-92° 48 70-75*
Lactose 19 12.7 7-10 22 n
Glucose 21 224 0-1 18 n. r.”
Galactose 1.3 8.6 0-0.5 12 n P

# High GOS content was obtained by additional purification steps
® not reported

structures and linkage types present in Vivinal GOS. Table 3 shows its carbohy-
drate composition as compared to that of other commercial products.

The Vivinal GOS process is schematically depicted in Fig. 1.

The process starts with dissolving lactose at a high temperature to obtain a
substrate solution with a sufficient dry matter content. Subsequently, the solution is
cooled to the optimal reaction temperature and transferred to a reactor (stirred
batch reactor). After adjustment of the pH using sodium hydroxide, the enzyme is
added to the reactor for the conversion of lactose to GOS. After the synthesis
reaction, the enzyme is inactivated by heating. After refining and decoloring, citric
acid is added and the product is concentrated by an evaporator to obtain a syrup
with 75 % total solids. Finally, the product is transferred to the filling station for
final packaging.
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B-Galactosidase Vivinal® GOS

Fig. 1 Flow chart of the galactooligosaccharide (GOS) manufacturing process
2.2 Sucrose-Based Fructooligosaccharides

As discussed in Sect. 1, a wide variety of health benefits have been associated with
FOS. Beside their favorable nutritional properties, FOS also have excellent tech-
nological properties. They can be thought of as low molecular weight, nonviscous,
highly soluble dietary fibers. Being nonreducing sugars, FOS do not undergo a
Maillard reaction. When purified, the sweetness of FOS is about 30 % that of
sucrose. Moreover, it has a well-balanced sweetness profile with no off-flavor and
can mask the aftertaste of artificial sweeteners [75]. It is stable above pH 3 and
under 140 °C [76].

FOS can be synthesized either by hydrolysis of inulin (e.g. from chicory) or by
enzymatic transfructosylation from sucrose. FOS formed by hydrolysis contain
longer fructo-oligomer chains, and not all of the f-(2-2)-linked fructosyl chains
end with a terminal glucose [77]. FOS naturally occur in several biological
materials and can be extracted from, for instance, caprine milk [78], onion [79],
asparagus [80], and banana peel [81]. Here, and in the remainder of this chapter,
we focus on sucrose-based FOS biosynthesis.

The FOS-producing enzyme is usually classified as fS-D-fructofuranosidase
(invertase, EC. 3.2.1.26) or fructosyltransferase (EC. 2.4.1.9). The synthesis is a
complex process involving a multitude of sequential reactions leading to the final
products. The resulting FOS structures are mainly 1-kestose (GF,), nystose (GF3),
and fructofuranosyl nystose (GF4), where G and F represent the glucosyl and
fructosyl moieties of the sucrose molecule, respectively [82]. The byproduct of the
conversion is glucose, which has been reported to be the main factor decreasing
yield during FOS synthesis.

The network of reaction mechanisms for FOS synthesis has been studied by
several investigators [83—-86]. Depending on the source of enzyme, the proposed
networks differ from each other in their individual reactions and the species
produced (e.g. [87-89]).

As an example of a typical FOS reaction mechanism, we report the network
proposed by Nishizawa et al. [83] and the simulated reaction kinetics for an FTase
obtained from Aspergillus niger ATCC 20611. The rate equations for the indi-
vidual reactions were obtained by a two-substrate random bi-bi model with
noncompetitive inhibition by glucose. This model assumes that hydrolysis
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reactions of GF, GF,, GF;, and GF, do not occur, and formation of GFj5 is neg-
ligible. The proposed mechanism for the reaction is as follows:

GF + GF . GF, + G
GF, + GF» > GF; + GF
GF; + GF3; > GF, + GF,

GF + GF, 5 GF3+ G

GF + GF3; > GF4+ G

GF, + GF; 2% GF4 + GF

Fig. 2 shows an example of the reaction kinetics obtained by numerical sim-
ulation using the reaction network above [83].

We note that the type of glucose inhibition depends also on the source of
enzyme. As opposed to the noncompetitive inhibition found for FTase originating
from Aspergillus niger ATCC 20611 [83], competitive inhibition by glucose has
been observed using a FTase obtained from Rhodotorula sp. [84], Aspergillus
Jjaponicus [85], and Aureobasidium pullulans [86]. The major challenge in FOS
production is to achieve a high yield and a high purity of FOS. The amount and
nature of the FOS formed in the enzymatically catalyzed process depends upon
several factors, including the source of the enzyme, the concentration, and nature
of the substrate, and the reaction conditions.

Sucrose-based FOS can also be produced from sucrose present in different
sources, such as agrowastes and cheap byproducts. These include molasses from
beet processing [90], aqueous extracts from date byproducts [91], logan syrup [92],
cassava wastes [93], cereal bran, corn products, sugarcane bagasse, and byproducts
of coffee and tea processing [94]. Isolated enzymes from cells can be applied in
both soluble and immobilized forms to produce OS. Table 4 provides an overview
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on literature data on FOS synthesis on sucrose in stirred tank reactor using free
enzymes.

In Table 4, the FOS yield and the corresponding sucrose conversion is given as
follows. The FOS yield, as a percentage of all the sugars present in the media, is
calculated as the value (%) of the FOS present in the final product divided by the
sum of all the other carbohydrate components present in the media (FOS, GF, G,
and F). The degree of sucrose conversion is defined as a conversion of sucrose to
FOS and monosaccharides in percentage—that is, the initial quantity of sucrose
minus the sucrose present in the final product divided by the initial sucrose. In the
rest of this chapter, we use these definitions to refer to OS yield and substrate
conversion.

For the production of lactose-based GOS, a high concentration of substrate is
also required for efficient FOS synthesis. At low sucrose concentrations, FTase
shows mainly hydrolyzing activity (invertase), whereas at high concentration the
transfructosylating activity is more pronounced. In Table 4, small values of gen-
erated fructose indicate that the reported enzymes have a restricted hydrolyzing
capability at the given reaction conditions.

As shown in Table 4, Pectinex Ultra SP-L (Novozyme A/S, Denmark) seems to
be a popular choice among investigators. This liquid enzyme preparation is
classified as polygalacturonase by its manufacturer and mainly used in fruit juice
processing industries. The FTase, which is responsible for FOS synthesis, repre-
sents a relatively small fraction of the total protein content of the crude enzyme
preparation, as shown by isolation and purification studies [110, 111].

Isolated enzymes from cells can be applied in both soluble and immobilized
forms to produce FOS. Table 4 summarizes the results of batch FOS production
with soluble enzymes. The main drawback of using free enzymes in a batch reactor
is that the biocatalysts have to be inactivated or removed from the resulting FOS-
containing mixture prior to its application in food formulas. In contrast to that,
continuous techniques allow the reuse of enzymes. Continuous production with
soluble enzymes is typically done with ultrafiltration-assisted enzyme reactors, as
discussed later in Sect. 4.3.1. An alternative to this technology involves enzyme
immobilization.

Studies have reported on FOS production using immobilized enzymes in cal-
cium alginate beads [112], methacrylamide-based polymeric beads [113, 114],
epoxy-activated acrylic beads (Eupergit C) [115], epoxy-activated polymethac-
rylate carriers (Sepabeads EC-EP5) [90], porous glass [116], anionic ion exchange
resin (Amberlite IRA 900 CI) [117], and different polymeric and ceramic mem-
brane filters (see Sect. 4.2). In general, immobilized FTase is found to be more
stable to changes in pH and temperature than free FTase (e.g. [115]) and an
increased operational stability is observed (e.g. reaching a half-life of 275 days
[114]).

Immobilization has been recognized as an effective bioengineering tool for
retaining enzymes in reactors, enhancing enzyme stability, and enabling a con-
tinuous operation [118]. The main technical problems associated with packed-bed
reactors are microbial contamination, adsorption of feed components, and
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channeling [119]. To overcome these problems, periodic washing, regular pas-
teurization, and changing the feed direction is required. Although a large body of
literature deals with immobilized enzymes, these issues are far less investigated for
FOS production.

To obtain purified or partially purified enzymes from fermentation broth, a
sequence of various downstream processing steps is required. The employment of
expensive isolation techniques is not necessary when using resting or living whole
cells as biocatalysts instead of isolated enzymes.

Bacterial and fungal species are used in microbial FOS production. A large and
growing body of literature has been devoted to find microbes with high FTase
activity. These include Lactobacillus reutri [120], Penicillium citrinum [88],
Candida sp., Rhodotorula sp., Cryptococcus sp., Rhodotorula sp. [121], Asper-
gillus niger [122, 123], Aspergillus oryzae [123], Gluconobacter oxydans [124],
Aspergillus japonicus [124-126], Aspergillus phoenicis [127], Aureobasidium
pullulans [123, 124, 128-131], and Penicillium expansum [132, 133].

Microbial fermentations have been performed by using suspended cell systems
and immobilized cell systems. Generally, submerged fermentation or solid-state
fermentation is employed to produce FOS with suspended cell systems [134]. Very
recently, Aziani et al. [127] have reported the production of FOS by Aspergillus
phoenicis forming biofilm on polyethylene as an inert support. Also, a consider-
able amount of literature has been published on immobilization of whole cells on
different lignocellulosic materials (including brewer’s spent grain, wheat straw,
corn cobs, coffee husks, cork oak, and loofa sponge) [125], synthetic fiber, poly-
urethane foam, stainless steel sponge [133], entrapped in gluten [135] and calcium
alginate [126, 130]. Microbial production of FOS has been extensively reviewed
by several authors. We refer the reader here to the studies of Prapulla et al. [136]
and Sangeetha et al. [134].

The market for FOS is already substantial and is growing rapidly. Currently, a
number of companies produce FOS on industrial scale. Nishizawa et al. [83]
summarized the manufacturing process of Neosugar G and Neosugar P, the two
FOS formulations produced commercially by Meiji Seika (Japan). Neosugar G is
produced in a conventional batch process using free enzymes obtained from
Aspergillus niger ATCC 20611. The reaction is performed in a stirred tank reactor
with a sucrose solution of high concentration (50-60 % (w/w)) at pH 5.5-6.0 and
at 50-60 °C. The resulting carbohydrate mixture containing FOS, glucose, and
residual sucrose is then heated up to 90 °C for 30 min in order to deactivate the
enzyme. The reaction mixture is cooled to less than 50 °C, clarified by filtration,
and deionized by ion-exchange resin column. The purified reaction mixture is
concentrated to 75 % (w/w) by evaporation. The resulting product, Neosugar G,
consists of about 55-60 % FOS on a total carbohydrate basis. Neosugar P, in
which the FOS content is more than 95 % on a total carbohydrate basis, is obtained
from Neosugar G by removing residual sugar and glucose by simulated moving-
bed chromatography.

Continuous production of FOS on an industrial scale has also been reported
[137]. Meiji Seika Kaisha (Tokyo, Japan) developed a process in 1983 for FOS
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production with packed bed reactors using immobilized A. niger cells entrapped in
calcium alginate gel. Later, Cheil Foods and Chemicals (Seoul, Korea) also
developed a continuous process, and two pieces of 1-m> packed bed reactors using
immobilized cells of A. pullulans were put into operation in 1990. The stability of
the immobilized cells in this system is reported to be about 3 months at 50 °C [137].

3 Strategies for High OS Content

The current production technologies of both FOS and GOS have a common and
significant weakness, namely the incomplete conversion. The bioreaction actually
results in a mixture of carbohydrates consisting of OS, remaining disaccharides
(i.e. nonreacting substrates), and monosaccharides as byproducts. OS yields rarely
exceed 50-60 % due to byproduct inhibition. Most typical yields are between 30
and 50 % [138]. Enrichment of OS in this mixture adds value to the product.
Obviously, the removal of disaccharide and monosaccharide fractions could
expand the use of purified OS in the food and pharmaceutical industries. For this
reason, a number of bioprocess engineering techniques have been investigated,
including various downstream separation technologies, additional bioconversion
steps applying enzymes, and selective fermentation process steps, as described in
the following sections. The membrane-based techniques are reviewed in Sect. 4.

3.1 Purification Techniques

A variety of downstream unit operation tools have been tested for removing
digestible carbohydrates from OS. Liquid chromatography has been long used on
large scale in the sugar industry for the separation of glucose from sucrose and
sucrose from molasses. Its employment for OS separation seems then to be a
straightforward choice. We should note, however, that a number of competitive
techniques have been recently proposed. In fact, membrane cascades (discussed in
Sect. 4.1) might compare favorably with simulated moving bed chromatography.
For example, activated charcoal treatment has been shown to be comparable with
liquid chromatography in terms of yield and purity. Also, supercritical extraction
and precipitation with ethanol are potential candidates in purifying OS. Recent
developments on these technologies are summarized in the following sections.

3.1.1 Liquid Chromatography
Analytical chromatography is a well-established method for quantitative analysis

of GOS- and FOS-containing carbohydrate mixtures (e.g. [139, 140]). The high
cost of chromatographic purification, however, causes considerable resistance to
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the widespread use of this separation technique in manufacturing processes. The
design of an industrial-scale chromatographic separation system starts with the
selection of a suitable adsorbent material [141]. The most widely used type of
adsorbent for saccharides are cation-exchange resins.

Most of the literature available on the chromatographic separation of FOS or
GOS from monosaccharides and disaccharides deals with purification for analyt-
ical purposes. Preparative elution chromatography for the separation of FOS has
been investigated by Vaiikova and Polakovic [142]. For this purpose, true process-
size particles of a commercial cation-exchange resin (Amberlite CR1320Ca) were
used in two columns (23 cm® and 324 cm® packing volume). A maximal FOS
yield of ~86 % and a selectivity of 82 % was reported for optimal superficial
velocity and column load at 60 °C. It was also shown that the column load has a
great influence on the separation efficiency, with values larger than 20 % leading
to minimal selectivity.

Chromatographic processing can be done in a batch (elution) mode, with
integrated or side-stream recycling, in simulated moving bed chromatography
(SMB) mode, or in various hybrid modes [143]. The continuous separation of FOS
using a rotating annular chromatograph with a rotating feed nozzle and product
collectors was investigated by Takahashi and Goto [144]. It was demonstrated that
FOS can be continuously separated from mono- and disaccharides to obtain lower
calorie sweetener.

SMB is the state-of-the-art technology for industrial sugar purification [143,
145, 146]. The SMB is basically a binary separator that presents three main
advantages over batch chromatography: (i) saving significant amounts of eluent,
(ii) enhancing productivity, and because it is a continuous process, (iii) simplifying
the connection to associated unit operations [147]. SMB chromatography is gen-
erally known as a high-cost separation technique. The total costs associated with
SMB break down mainly to resin cost, column cost, pump cost, pumping costs,
costs associated with heating or cooling, and the cost of eluent [148]. Of these, the
resin and the column costs are the greatest contributors to the total cost, together
reaching 80-95 % of the total costs [148].

Vaiikova and Polakovi¢ [145] carried out design simulations of an SMB
chromatography unit for the separation of FOS from a mixture containing about
40 % (w/w) digestible sugars. The technological goal was to produce a raffinate
with a FOS purity of 90 % and a FOS yield higher than 95 %. The design of the
SMB unit was optimized, taking into account the switch time and the feed, raf-
finate, and extract flow rates as optimization parameters. Other performance cri-
teria were the product dilution, the eluent consumption both in the raffinate and
extract, and the yield and purity of mono- and disaccharides in the extract. The
design was carried out for a 12-column SMB system consisting of identical col-
umns of defined dimensions. A sensitivity study showed that the designed process
was very sensitive to a change in the switch time and recycle flow rate. These
operating parameters should be kept in a very narrow range; otherwise, the values
of key performance parameters—yield and purity—decrease considerably. It was
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found that the performance criteria of the SMB system exceeds by far those
calculated for a battery of identical batch columns operated in parallel.

The same research group [149] provided an analysis of a complete process for a
plant with an annual production of 10,000 tons of FOS. The flow chart includes
three sections: (i) the production of FTase, (ii) its immobilization, and (iii) the
(partial) enzymatic conversion of sucrose to FOS followed by the purification of
the resulting carbohydrate mixture. In this latter section, SMB is proposed for the
purification of FOS. The technological objective was set as lowering the weight
percentage of monosaccharides and disaccharides in the final product to less than
5 %. The SMB produces 23,600 tons/year of purified FOS syrup, which is then
spray-dried. The system consists of four chromatographic columns connected in
series, each of them being filled with a cation exchange resin and having a volume
of 3.4 m>. The switch time is 22 min. The feed flow rate was 3.38 m’ /h, the flow
rate of water (which is used as eluent) was 2.7 m*/h, and the flow rates of extract
and raffinate were 3.04 m*h and 2.96 m*h, respectively. The equipment invest-
ment cost for the SMB column is estimated as 453,000 EUR, and the cost of the
resin was assumed to be 235,000 EUR.

Liquid chromatography is a well-established technology. It is proven to be a
fast and efficient technique for separation FOS- and GOS-containing carbohydrate
mixtures. High selectivity, purities, and yields may compensate for the relatively
high costs that are associated with the implementation of this technology.

3.1.2 Activated Charcoal Treatment

Recent investigations [150-152] have shown that a treatment with an activated
charcoal fixed-bed column is a good alternative for sugar separation. Activated
charcoal is rather inexpensive as compared to chromatography resins, has a good
sorption capacity due to its large surface area and volume, and has been reported to
be easily regenerated with ethanol [153].

Generally, sugars are selectively adsorbed onto activated charcoal. OS are
adsorbed more strongly than monosaccharides and disaccharides. Using adequate
desorption strength by applying water/ethanol mixtures, the selective recovery of
different sugar fractions is possible. As described in Ref. [152], the purification
process is typically performed in three steps: (i) adsorption of sugars onto the
activated charcoal; (ii) column washing with water; and (iii) stepwise desorption of
sugar fractions using water/ethanol mixtures with increasing concentration of
ethanol. Kuhn and Filho [151] applied an activated charcoal fixed-bed column
using ethanol 15 % (v/v) as eluent at 50 °C to purify FOS from a mixture of sugars
obtained by enzymatic synthesis. The final purification degree and recovery of
FOS were approximately 80 and 97.8 %, respectively.

Another step toward handling more complex systems has been made by Nobre
et al. [152]. They tested the performance of an activated charcoal column on FOS-
containing fermentation broth. The broth was first microfiltered to remove cells,
then residual proteins were removed with a centrifugal filter. The resulting
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mixtures containing 50.6 % (w/w) of FOS were then purified with an activated
charcoal column. The equilibrium loading on the column was reported to be
222 mg of FOS per gram of activated charcoal. Fractions rich in FOS were
obtained by desorption using ethanol percentages between 10 % and 40 % (v/v).
The purity of FOS in these fractions was found to be 92.9 % (w/w), representing
74.5 % (w/w) of FOS from the broth. This excellent study also demonstrates that
the FOS fractions gained by desorption are free of the ions originally present in the
fermentation broth.

The influence of the concentration of ethanolic water solutions used for
desorption on selectivity in GOS recovery was studied by Herndndez et al. [150].
Ethanolic solutions of 8 % led to a high recovery of GOS (90 %), but 20 % of
disaccharides were also recovered. Solutions with 10 % ethanol allowed almost
complete removal of disaccharides, but only 53 % of GOS trisaccharides were
recovered.

In summary, activated charcoal treatment is an inexpensive and efficient pro-
cess to purify OS, even from complex process liquids such as fermentation broths.
Therefore, it is a potential candidate for larger scale applications.

3.1.3 Ethanol Precipitation

Exploiting differences in the solubility of components to be separated is a com-
monly used purification technique in downstream processing. Recently, Sen et al.
[154] studied the purification of GOS from a mixture consisting of GOS, lactose,
glucose, and galactose by ethanol precipitation. GOS was enriched 2.3-fold in the
precipitate formed in a solution of 90 % (v/v) ethanol with 28 g/L of total sac-
charides at 40 °C. The corresponding recovery of GOS was 47 %. Performing two
such precipitations sequentially reduced the monosaccharides from 48 % (w/w) of
the total saccharides to 4 % (w/w) and increased the percentage of GOS from
15 % (w/w) in the feedstock to 75 % (w/w) in the product.

Simplicity and cost-effectiveness during scale-up are the main advantages
associated with this technique. It can be used as an alternative to the competing
technologies or in combination with them. As the authors suggest, it could be used,
for example, as a step to enrich and concentrate GOS prior to chromatography
[154].

3.1.4 Supercritical Extraction

Montafiés et al. published a series of papers [155-157] on the feasibility of
supercritical fluid extraction for purifying carbohydrate mixtures containing GOS,
lactose, galactose, and glucose. Although pure supercritical carbon dioxide (SC-
CO,) as a solvent is not suitable to extract sugars, some polar cosolvents may
considerably enhance the solubility of carbohydrates [155]. Using SC-CO, solvent
with ethanol/water cosolvent under suitable extraction conditions (including
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temperature, pressure, and cosolvent flow rate) allowed the almost complete
removal of monosaccharides and disaccharides from the mixture and led to a
residue in the extraction cell, where mainly tri saccharides and tetrasaccharides
were present with approximately 75 % w/w of purity and 94 % recovery [156].

Another concept was proposed by the same group in 2010 [157]. This novel
method involves isomerization of the reducing oligosaccharides prior to super-
critical extraction. The isomerization of lactose, glucose, and galactose is carried
out using complexating agents such as sodium aluminate or boric acid. Subsequent
to the reaction, the pH of the solution is neutralized with sulfuric acid, inducing the
precipitation of aluminates (or borates). Then, supercritical extraction is carried
out in three subsequent steps to remove monosaccharides, disaccharides, and tri-
saccharides in each extraction step, respectively. Under optimized conditions, an
almost complete removal of monosaccharides and disaccharides was achieved,
leading to pure oligosaccharides as result of the extraction process. In addition, a
quasi-complete elimination of aluminates (and borates) from the prebiotic carbo-
hydrate mixture was obtained. The concentration of aluminum in the extracts is
reported to be below the safe limit for consumers [157].

Supercritical fluid purification of carbohydrate mixtures is a high-yield/high-
purity technology. A considerable drawback of this technique might be the rela-
tively high investment and operating costs that are generally associated with this
technology. To the best of our knowledge, no reports are available in the published
literature on the economic evaluation of large-scale GOS purification with
supercritical technology.

3.2 Mixed-Enzyme Systems

Several investigators have attempted to enhance the purity of OS using mixed-
enzyme systems. The synthesis of saccharide mixtures with high-OS content is
based on the concept of eliminating the byproduct that inhibits the reaction; thus,
substrate utilization can be maximized. The strategies and main findings of these
investigations are summarized in this section.

As discussed in Sect. 2.2, the activity of this FOS-producing enzyme is severely
inhibited by glucose, which is a byproduct of the reaction. Yun et al. [158] have
examined an enzymatic method using two kinds of enzymes to enhance the
conversion of FOS by eliminating glucose. The batch production of high-content
FOS from sucrose employing a mixed-enzyme system of f-fructofuranosidase and
glucose oxidase was investigated. The reaction was performed in a single-step
under the optimal (compromised) reaction conditions for the mixed-enzyme sys-
tem. Under optimum conditions (pH 5.5, 40 °C, 0.7 L/min oxygen flow rate,
700 g/L substrate concentration), high-content fructo-oligosaccharides up to 98 %
were obtained with complete consumption of sucrose and glucose by the mixed-
enzyme system.



Recent Developments in Manufacturing Oligosaccharides 275

The performance of the same mixed-enzyme system, consisting of fS-fructo-
furanosidase (obtained from Aspergillus japonicus) and commercial glucose oxi-
dase (Gluzyme, Novo Nordisk), was investigated by Sheu et al. [159]. However,
they performed the reaction in an aerated stirred tank reactor controlled at pH 5.5
by the addition of CaCO; slurry. This procedure allows the precipitation of glu-
conic acid (which is obtained by the conversion of glucose by glucose oxidase) and
the formation of calcium gluconate in the solution. The system produced more
than 90 % (w/w) FOS on a dry weight basis; the remainder was glucose, sucrose,
and a small amount of calcium gluconate. The drawbacks of this procedure are that
glucose oxidase is expensive and it has a limited stability at high temperature.
Moreover, the production is performed in batch fashion. To overcome these
problems, Sheu et al. [160] proposed a continuous process using a mixed-cell
system (see Sect. 4.3.2).

Another interesting concept has been proposed by Tanriseven and Gokmen
[109]. They obtained FOS from sucrose using the commercial enzyme preparation
Pectinex Ultra SP-L (Novozyme A/S, Denmark). Then, the sugar mixture was
further processed by Leuconostoc mesenteroides B-512 FM dextransucrase to
convert all the unreacted sucrose to isomaltooligosaccharides, which also enhance
the activity of Bifidobacteria. Thus, the final product is composed of FOS, iso-
maltooligosaccharides (isomaltose through isomaltodecaose), glucose, and
fructose.

The synthesis of GOS was also investigated with a mixed-enzyme system
consisting of Bacillus [-galactosidase and glucose oxidase. Cheng et al. [161]
performed a single-step batch reaction following the method proposed for FOS
production by Sheu et al. [159]. However, less promising results were obtained.
The pH was controlled at 5.0 by adding 40 % (w/w) CaCOj in the aerated tank
reactor. The total GOS peaked at 5 h and then decreased. Authors explain this
effect with a possible shift of the reaction equilibrium of f-galactosidase to
hydrolytic activity in the absence of glucose. A large amount of lactose remained
in the product, resulting in a low-content GOS (less than 53 % on a dry weight
basis). The difference in the yields between GOS and FOS, as interpreted by the
authors, might result from the nature of the enzymes. In addition, galactose, a
byproduct of the reaction, might be a competitive inhibitor of f-galactosidase.

Splechtna et al. [162] also presented a combined method of enzymatic treat-
ment and chromatographic separation steps to synthesize a product containing
97 % GOS, 1.2 % lactose, and 2.1 % monosaccharides. The lactose present in a
GOS-containing carbohydrate mixture was first oxidized into lactobionic acid and
then removed by anion exchange chromatography. The selective enzymatic oxi-
dation of lactose was achieved by using fungal cellobiose dehydrogenase and a
redox mediator (2,6-dichloro-indophenol). During the reaction, the redox mediator
was reduced and reoxidized continuously by laccase in the presence of molecular
oxygen. NaOH was added during the reaction as required to maintain a constant
pH value of 5.0. Combined with the addition of reactants, this caused a maximum
1.3-fold dilution of the original sugar mixture. Subsequent to lactose hydrolysis, a
near-complete removal of monosaccharides was achieved in a single step of cation
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exchange chromatography. The overall GOS yield of the multistep process related
to original lactose is only 25 %. However, lactobionic acid, the byproduct of the
conversion, is known as a valuable component for the food and pharmaceutical
industry.

3.3 Selective Fermentation

The basic idea behind selective fermentation is to remove monosaccharides and
disaccharides from OS with the assistance of microorganisms. Oda and Ouchi
[163], early investigators of this method, constructed a sucrose-fermenting strain,
incapable of hydrolyzing FOS, by cross-breeding a baking yeast strain and a
laboratory strain. Their investigation was motivated by the fact that commercial
baker’s yeast hydrolyzes FOS. Due to the very low fermenting ability, FOS-
containing white bread was produced with the new strain.

Investigations conducted by Crittenden and Playne [164] showed that a com-
plete removal of glucose, fructose, and sucrose present in OS mixtures was pos-
sible with Zymomonas mobilis fermentation. Using encapsulated cells in alginate
beads, various OS mixtures (fructo-, malto-, isomalto-, gentio-, and inulin-oligo-
saccharides) containing total carbohydrate concentrations of 300 g/L. were fer-
mented in batch reactors for 12 h without nutrient additions and pH control. The
fermentation end products were ethanol and carbon dioxide, and no degradation of
the oligosaccharides in the mixtures was observed. Although batch fermentations
were performed in their investigations, the authors note that Z. mobilis purification
has the potential to be adapted to continuous processes.

Li et al. [165] challenged Saccharomyces cerevisiae and Kluyveromyces lactis
cultures entrapped in calcium alginate with a carbohydrate mixture consisting of
GOS (29 % wlw), galactose (5 % w/w), glucose (18 % w/w), and lactose (48 % w/
w). Results indicated that a complete and rapid removal of monosaccharides can
be achieved by S. cerevisiae, whereas no lactose and only a small fraction (1.4 %)
of GOS is digested. In contrast, K. lactis uses both monosaccharides and disac-
charides, yet with a considerably slower consumption rate. Eighteen hours of
fermentation resulted in a 19.9 % reduction in the original GOS content and a
nearly complete removal of the monosaccharides and lactose. In contrast with the
excellent stability of immobilized S. erevisiae, a rapid stability loss for entrapped
K. lactis cells was observed.

Similar results of fermentation with S. cerevisiae have been reported by Goulas
et al. [34]. A carbohydrate mixture was successfully purified without any adverse
effect on the GOS content. The glucose was almost completely metabolized, mainly
to ethanol and CO,, whereas galactose concentration was slightly reduced. The
reason for low consumption of galactose is explained because the galactose uptake
by S. cereviciae is only inducible by galactose as sole carbon source; that is, the
activation of digestion mechanism requires the cultivation of yeast in a medium
where galactose is the only carbon source. It is also reported that the obtained high
ethanol concentration (7.4 % v/v) caused ethanol toxicity to the yeast.
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Cheng et al. [161] investigated the action of Kluyveromyces marxianus on a
GOS syrup. During fermentation, monosaccharides and disaccharides were
depleted, resulting in up to ~97 % on a dry weight basis of high-content GOS,
with a yields of 31 %. Most of the trisaccharides were consumed by the cells, and
a ~30 g/L concentration of ethanol was reached at the end of the fermentation.

Selective fermentation is a relatively new concept. Although a number of
promising results are available, it is still considered to be an unexplored area and
the possible advantages of this technology are not yet fully exploited. Investiga-
tions show that removing digestible sugars from low-purity OS mixtures is tech-
nically feasible with selectively fermenting cultures. This type of purification can
be performed at a low cost and on an industrial scale. This technology, however,
suffers from some weaknesses that limit its spread and the applicability of the
purified OS product. First, the substrate-based OS yield of the overall production
process is low due to the amount of digested sugars. The fraction of digested
sugars represents ~30-70 % (w/w) of the initial carbohydrate content; thus, the
utilization of the products of carbon conversion has to be addressed in order to be
able to develop an economically viable process. Second, the final OS product
consists of the metabolic products of microbial activity and the remaining ingre-
dients of growth media. These components (e.g. ethanol, organic acids) alter
product composition, nutrition, and taste. Thus, without further purification, the
resulting product can only be used in a limited number of food formulas.

4 Membrane-Based Techniques

Membranes, according to their roles in OS production, can be generally catego-
rized as follows: (i) membranes as separation tools to fractionate mixtures of OS,
disaccharides, and monosaccharides; (ii) membranes as porous matrices for
immobilizing enzymes; and (iii) membranes as attachments of reactors that use
free cells or enzymes. These membrane-assisted technologies are critically
reviewed below.

4.1 Carbohydrate Fractionation

Pressure-driven membrane filtration is known as one of the most feasible down-
stream bioseparation tools. Its advantages include low energy requirements, easy
control of operation, and easy scale-up [166]. Several investigations [150, 167—
172] have aimed at fractionating carbohydrate mixtures consisting of OS, disac-
charides, and monosaccharides using nanofiltration (NF) membranes. NF separa-
tion of carbohydrates is primarilyy based on coupled diffusion and convection
because the electrostatic effects between the membrane and such noncharged
solutes are negligible. The requirement of an ideal separation is to have a
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membrane that completely retains OS but allows the free passage of disaccharides
and monosaccharides. Such an idealized membrane, however, does not exist.
Applying the theory of membrane transport, it can be shown that NF membranes
possess poor permselectivity for such carbohydrates. The steric-hindrance pore
model [173] allows the prediction of solute rejection, s, of a membrane of which
pore-size distribution is uniform and consists of cylindrical and nonconnected
pores. This model reads as

o=1- (1+§;ﬂ>(1—12)[2—(1—1)2} (1)

where [ is the ratio of solute to pore radius.

Operational parameters of NF and chemical features of saccharides that may
also affect membrane separation are summarized in Ref. [166]. A first approxi-
mation of NF separation behavior, however, can be provided by using the formula
above. Figure 3 shows the reflection coefficient s (e.g. maximal achievable
rejection) as a function of Stokes radii of uncharged solutes calculated with Eq. 1
for different commercial NF membranes.

The Stokes radius of solutes in question (e.g. G, GF, GF2, GF3, GF4) ranges
between approximately 0.3 and 0.7 nm. Thus, it is obvious from the figure that no
sharp cutoff can be achieved with NF membranes. OS losses can only be avoided
when a dense membrane with a relatively high rejection for monosaccharides and
disaccharides is selected. Alternatively, an NF membrane can be chosen that
allows the free passage of monosaccharides and disaccharides but has a non-
complete OS rejection. Thus, there is a trade-off between yield and purity. Another
disadvantage of NF when working with high concentration of polarizing species is
that it requires high pressure to achieve a moderate permeate flux, making the
process energy intensive.

NF fractionation might be improved with diafiltration, in which a diluant is
supplied to the feed solution in order to “wash out” the low molecular weight
solutes. In this case, however, the consumed wash-water causes additional costs,
and the NF permeate becomes diluted. Typically, an OS-rich carbohydrate solution
can be obtained as final retentate that consists of a considerable amount of
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remaining monosaccharides and disaccharides. Accordingly, the diluted permeate
is rich in monosaccharides and disaccharides and contains considerable amounts of
OS. For example, Feng et al. [171] achieved a final product with an OS purity of
55 % (~ 1.5 times higher of that in the starting material) and an OS yield of 70 %.
Another batchwise membrane-based technique has been investigated by Kuhn
et al. [175]. They have proposed a two-stage nanofiltration/diafiltration process to
purify FOS from the byproduct glucose and sucrose remaining in the reaction
mixture. The 5-h batch purification process resulted in an increase in purity from
55 to 90 % in FOS with a yield of ~80 %.

The trade-off between yield and purity, the high energy consumption, and the
considerable amount of diluant required for the separation put the significance of
NF technology operating in batch configuration into question. A novel and
promising tool for large-scale continuous purification of OS is the so-called
membrane cascades technology. Lightfoot [176] demonstrated by numerical cal-
culations that membrane cascades might replace chromatography in separating
molecules having similar molecular weights.

Membrane cascades address the previously mentioned problems associated
with NF technology. They reduce the consumption of diluant and improve the
product purity without compromising product yield [177]. This is, of course,
achieved at the expense of higher investment and operating costs. In a membrane
cascade, the fractionation is achieved through a series of membrane stages. The
operating principle of a countercurrent membrane cascade is similar to that of
distillation. The feed solution is continuously supplied to the feed stage of a
multistage membrane system. The permeate of this stage is then fed to the next
stage, and the retentate is sent to the previous stage. The retentate of the first stage
is the stripped product stream enriched in the less permeable solute. The permeate
of the last stage is enriched in the most permeable solute.

Vanneste et al. [148] studied membrane cascades for the purification of
monosaccharides and oligosacharides and showed that cascades can be designed to
reach the same final product specifications as with SMB chromatography. They
have compared the separation of raffinose from sucrose with industrial-scale SMB
and an equivalent membrane cascade system. Their technoeconomic calculations
indicate that the competitiveness of membrane cascades over SMB chromatog-
raphy increases with increasing plant size. It has been shown that the cost of a six-
stage membrane cascade (3.6 million EUR), designed for a productivity of 464
tons per year, is approximately the half of the calculated cost of a SMB installation
(6.8 million EUR).

To the best of our knowledge, no reports are available yet in the published
literature on the performance of membrane cascades on purifying GOS- and FOS-
containing mixtures. We note, however, that the molecular weights of raffinose
and sucrose (504 and 342 g/mol, respectively) and their assumed rejections (0.8
and 0.56, respectively) fall into the range which is of interest for GOS and FOS
fractionation. Thus, based on the work of Vanneste et al. [148], we can conclude
that this technology might be a promising alternative to chromatography for large-
scale continuous processes.
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4.2 Enzyme Immobilization onto Membranes

Membranes are thin layers of porous materials providing a large surface area for
enzyme immobilization. The operating principle of biocatalytic membrane tech-
nology is straightforward: the substrate is forced through the membrane by
applying transmembrane pressure and reacts during permeation through the
membrane. This forced-flow reduces diffusive limitations that may occur in con-
ventional column reactors using beads. Immobilization onto membrane supports
allows production in continuous operation mode and may result in some techno-
logical benefits, including enhanced enzyme stability and resistance against pH,
temperature, and ionic strength of the environment. The major drawbacks asso-
ciated with biocatalytic membranes may include low immobilization efficiency,
loss of enzyme activity as compared to free enzymes, reduced flux performance
due to immobilization, fouling of membranes caused by components of the process
solution, limited capability for enzyme reimmobilization, and troublesome mem-
brane flux recovery (cleaning and sterilization without causing losses in its bio-
catalytic activity). Moreover, immobilization is advised to be carried out with
highly purified enzymes, which poses an additional cost factor. As compared to a
batch process using free enzymes, the obvious benefit of biocatalytic membrane
technology is the reuse of enzymes.

It needs to be carefully investigated whether these advantages compensate for
the possible drawbacks. In recent years, a number of studies have been published
on biocatalytic membranes for GOS and FOS production. A brief survey sum-
marizing the most important findings is given here.

A forced-flow membrane reactor system for transfructosylation has been
investigated using ceramic membranes by Nishizawa et al. [178]. -Fructofuran-
osidase from Aspergillus niger ATCC 20611 was immobilized chemically to the
inner surface of a 0.5-mm ceramic membrane activated by a silane-coupling
reagent. The FOS conversion was determined as a function of residence time.
Results indicate that the ratio of FOS to total saccharides was more than 55 % w/w
at a residence time of 10 s. This value is only slightly lower than that in a con-
ventional batch process (~60 % w/w). The volumetric productivity obtained by
employing a short residence time (11 s) was found to be 3.87 kg/m’ per second,
which is 560 times higher than that in the reported batch system. Based on the
long-term operational test, the half-life of the immobilized enzyme was estimated
to be 35 days.

A recent study of Sen et al. [179] provides a comparison on the applicability of
enzyme-immobilized membranes using polyamide thin-film composite nanofil-
tration and both polyether sulfone and cellulose triacetate ultrafiltration mem-
branes as matrices for immobilization. Both adsorption and cross-linking based
immobilization techniques were employed in this investigation. The best results on
GOS yield (~30 % w/w) were achieved with the NF membrane.

One of the main concerns attributed to membrane immobilization is the long-
term operational stability of the resulting catalytic membranes. Recently, Palai
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et al. [180] tested the repeated usability of biocatalytic membranes. Their study
deals with the immobilization of f-galactosidase on polyvinylidene difluoride
(PVDF) membrane by cross-linking with glutaraldehyde. The biocatalytic activity
of the same membrane was tested in consecutive runs. Between runs, the mem-
brane was stored in a phosphate buffer at pH 6. The study indicates that enzyme
activity fell below 57 % after the second run. We note that a similar trend can be
observed when storing soluble enzymes in a buffer solution instead of a stabilizing
solution. Thus, an interesting question is that of how far such a dramatic loss in
activity can be avoided when using a stabilizing solution. In case of free enzymes,
glycerol and potassium chloride, for example, are common stabilizers, and the
process solution itself works well due to its high sugar content.

Similar results in respect to membrane reusability have been reported by Jo-
chems et al. [181] and Giilec [182]. Jochems et al. [181] used a 13.8-kDa cutoff
polymer-ceramic hybrid membrane for immobilizing f-galactosidase by adsorp-
tion. After 14 days of storage in 50 mM Tris—HCI buffer at pH 7, the immobilized
enzyme showed 41 % of its initial activity. In his 2013 study, Giilec [182] reported
on the immobilization of f-galactosidase from Kluyveromyces lactis onto plasma-
modified cellulose acetate membrane surfaces by adsorption and covalent binding.
The membranes were kept dry and conditioned with phosphate buffer before each
run. After 10 consecutive runs, residual activity of enzymes immobilized by
adsorption dropped to zero, while that of covalently immobilized enzymes
decreased to ~30-70 %, depending on the type of technique used for covalent
binding. This is in a good agreement with the findings of Ulbricht and Papra [183],
who noted that irreversible immobilization of f-galactosidase onto ultrafiltration
membranes might be better suited for industrial applications than adsorption
techniques, because cross-linking yields a better enzyme stability.

Although adsorption-based immobilization may compare unfavorably with
cross-linking in terms of enzyme stability, it allows a loose binding of the enzyme
and, thus, an enhanced reusability of the membrane matrix. However, this loose
binding may cause enzyme leakage, especially when dealing with process solu-
tions containing salts. Adsorption onto membranes can also be done by using
commercially available membrane adsorbers, as proposed by Engel et al. [184—
186]. A Mustang Q (Pall GmbH, Germany) anion exchange polyether sulfone
membrane with a pore size of 0.8 mm was used as matrix for immobilization. One
of the rapidly growing field of applications of membrane chromatography is the
separation of proteins, and in past decades many efforts have been put into the
development of superior membrane adsorbers. By selecting the proper chroma-
tography membrane for the protein of question and adjusting the appropriate
conditions such as pH and temperature, efficient adsorption can be achieved. The
results obtained with a 20 % (w/w) lactose solution show a lactose conversion of
82 % and a GOS yield of 24 % at 1-h reaction time.

To conclude, immobilization of enzymes onto membranes for GOS and FOS
production is technically feasible. A wide range of techniques are available to
perform immobilization onto different polymeric and ceramic (or hybrid) mem-
branes. In addition, there is an increasing number of publications on this issue,
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most of them published within the past few years. To the best of our knowledge,
all investigations have been carried out at laboratory scale and reports on the
economics of this technology for GOS/FOS production are not available in the
published literature.

4.3 Membrane-Assisted Biocatalytic Reactors

In Sect. 4, we discussed how membrane filtration can be used as a downstream
fractionation tool for a carbohydrate mixture subsequent to the biosynthesis. Here,
we review the membrane filtration technologies that can be integrated into the
process for enhancing the biocatalytic performance of the reaction step. Generally,
microfilters can be used for retaining cells cultivated in a fermenter and ultrafilters
allow the recovery of enzymes, whereas nanofilters have the potential to eliminate
the lower molecular weight fractions from the solution during biocatalysis. These
coupled processes are briefly summarized below.

4.3.1 Ultrafiltration-Assisted Enzymatic Reactor

Ultrafiltration-assisted (UF) enzymatic reactor (EMR) represents a specific mode
for running a continuous processes in which enzymes are separated from the
resulting OS with the help of an ultrafilter. It couples the separation process with
the enzymatic reaction. One of the main advantages of this technology is its simple
configuration. A schematic of a EMR is shown in Fig. 4. In UF-EMR, fresh
substrate is supplied to the reactor, and the enzyme-free product stream is con-
tinuously removed.

In the UF model, an inhomogeneity in the local concentration of biocatalysts
arises due to the accumulation of retained species at the membrane wall. Rejected
proteins form a boundary layer adjacent to the membrane. The build-up of this so-
called concentration polarization layer depends on several factors, most impor-
tantly, protein load, applied pressure, and hydrodynamic conditions [187, 188],
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Fig. 5 Saccharide composition vs. processing time in a conventional batch (left side) and
ultrafiltration-assisted enzymatic membrane reactor operating at 1-h residence time (right side).
Reaction conditions: Pectinex Ultra SP-L (Novozyme A/S, Denmark), 7.5 g/100 g crude enzyme
dosage, 40 g/100 g substrate concentration, 50 °C, pH 5.6 adjusted by citrate/phosphate buffer.
Process conditions: 20-kDa ceramic membrane, 0.5 bar, 0.42 m/s cross-flow velocity, 1.0 h
residence time

which are crucial parameters in the design of UF-EMR. Inappropriate selection of
these operating parameters might result in a low volumetric productivity of
UF-EMR and the aggregation and denaturation of proteins [189, 190].

Also, fouling of the membrane may occur during operation. Fouling is gener-
ally a complex mechanism that may involve adsorption, pore blocking, layer-by-
layer deposition, and, in some cases, gel formation [191]. Fouling leads to a (often
partially irreversible) loss of membrane flux [192] and, as a consequence, to
troublesome cleaning [193]. It may also result in pronounced enzyme activity
losses during long-term operation.

Although it is often stated that product inhibition of enzyme catalyzed reactions
can be diminished if membranes are integrated with the reactors for continuous or
semicontinuous product removal (e.g. [166, 194, 195]), this is not the case in
UF-EMR producing sucrose-based FOS and lactose-based GOS. In fact, both
experimental data and simulation results show that the OS fraction in UF-EMR
permeate cannot reach values as high as in a batch process. In Fig. 5, we show a
set of typical experimental data from our laboratory on FOS synthesis in a batch
reactor and in UF-EMR. Although the concentration of OS obtained in UF-EMR is
lower than in batch, UF-EMR offers a better productivity (i.e. the total quantity of
OS synthesized in a given time by the same amount of enzyme) [196—198].

Czermak et al. [199] described the continuous production of GOS from pure
lactose (350 g/L) in a UF-EMR using commercial enzyme preparations. The GOS
concentrations in the product stream are reported to be between 25 and 40 % (w/w)
on total carbohydrate basis, depending on the applied residence time. Other inves-
tigators studied GOS synthesis on whey and deproteinated whey [200, 201], reaching
GOS concentrations of 9-22 % (w/w) on a total carbohydrate basis. The main factors
influencing GOS yield are the source of enzyme, enzyme dosage, residence time, pH
(and buffer composition), temperature, and substrate concentration.
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Enzyme activity decay during operation constitutes a problem that has been far
less investigated [195]. Sustainable operating performance requires a narrow
control of fouling and, in some cases, the addition of fresh enzymes to compensate
unavoidable activity losses [202-204]. In fact, Petzelbauer et al. [205] identified
enzyme adsorption onto the membrane as one of the major factors of enzyme
inactivation. They studied GOS synthesis in UF-EMR using two thermostable
f-glycosidases at 70 °C. The half-life times of the f-glycosidases from Sulofulf-
olobus solfataricus and Pyrococcus furiosus are reported to be 5 and 7 days,
respectively. It was also shown in a 2011 study [206] that the activity of
f-galactosidase from Bacillus circulans drops to 23 % after 5 h of reaction time in
an UF-EMR used for GOS production.

4.3.2 Microfiltration-Assisted Bioreactor

The principle of microfiltration-assisted bioreactor (MBR) is the same as of UF-
EMR, with the exception that MBR uses free cells instead of enzymes. Obviously,
a MF membrane with a pore size greater than an UF membrane can be employed
to retain whole cells.

An elegant technique has been proposed by Sheu et al. [160] for continuously
producing high-content FOS mixtures with a MBR. In the MBR, simultaneous
reactions take place by using fungal mycelia with FTase activity and living bac-
terial cells with glucose dehydrogenase activity. The MBR is aerated and stirred at
a constant temperature, with calcium carbonate slurry added to control the pH. The
gluconic acid generated during the reactions is rendered insoluble, and high-purity
FOS is recovered by means of a MF module. Meanwhile, sucrose solution is fed
continuously into the bioreactor, forming a system capable of continuously pro-
ducing 80 % (w/w) FOS on dry mass basis with only a small amount of calcium
gluconate in the filtrate. It has been shown that the system was stable for 7 days
with a dilution rate of 0.04/h and a volumetric productivity for total FOS more than
160 g/L per hour.

In 2011, Avalakki et al. [207] issued a US patent on a process for production of
high yield of pure GOS by MBR. Whole cells of B. singularis and Saccharomyces
sp. are mixed in a reactor equipped with a cross-flow hollow-fiber MF module. The
24-h fermentation is carried out with a 30 % (w/w) lactose solution at 30 °C. The
proposed MBR operates in a discontinuous mode. When the purity of GOS reaches
more than 90 %, the volume in the reactor is reduced to half by filtrating the broth
through the MF membrane. Then, a fresh lactose solution is added into the tank to
adjust the starting volume. This cycle is repeated until a 10 % drop in the purity of
GOS is observed. The patent claims that a more than 90 % pure GOS was obtained
in the reactor in 39 repeated cycles wherein the cell biomass was reused in the
GOS production. GOS yield on lactose basis was not indicated.



Recent Developments in Manufacturing Oligosaccharides 285
4.3.3 Nanofiltration-Assisted Enzymatic Reactor

The concept of a nanofiltration-coupled enzyme reactor (NF-EMR) was proposed
by Nishizawa et al. [83]. The configuration of the NF-EMR is practically the same
as for UF-EMR (see Fig. 4). The applied membrane, however, is different. Here,
an NF membrane is selected through which glucose permeates but sucrose and
FOS do not permeate.

It is known that the transfructosylation reaction is inhibited by the glucose that
is formed during the reaction. Thus, a higher reaction conversion can be achieved
by the simultaneous removal of produced glucose. Nishizawa et al. [8§3] made a
screening test with five commercial membranes, and NF-45 (Sanko Shokai, Japan)
was selected as best-performing membrane for the given separation task. At a
4-MPa transmembrane pressure, the observed rejection values of this membrane
were 74 %, 98 %, >99 %, >99 %, and >99 % for glucose, sucrose, GF,, GF3,
and GF,, respectively.

The authors claim that after 12 h of operation, the FOS fraction in the reactor
was 93 %, which is much higher than in the product obtained in conventional
batch operating mode (55-60 %), and residual sucrose percentage was 5 %. The
amount of diafiltration buffer, which is used to compensate permeate losses and to
keep the feed volume constant, can be estimated as ~ 1.5-fold of the feed volume.

It should be noted that an NF-EMR has to operate under a considerably higher
pressure than an UF-EMR. The requirement of a positive permeate flux is to
overcome the osmotic pressure generated by the species rejected by the NF
membrane. At the surface of an NF membrane, the polarizing species (i.e. GF,
GF,, GF3, GF,, and the rejected fraction of glucose) form a boundary layer of high
concentration that may affect enzyme stability. Long-term performance and pos-
sible enzyme activity losses were not investigated in Ref. [83].

5 Conclusion

In this chapter, we reviewed the recent developments in the manufacture and
purification of GOS and FOS. These well-established OS provide several health
benefits because they selectively support the growth of beneficial microflora of the
colon and thus improve health. In addition, they also have excellent technological
properties such as low viscosity, high pH and temperature stability, high solubility,
and fine taste. These unique properties make their use as food ingredients espe-
cially attractive.

The biosynthesis processes of lactose-based GOS and sucrose-based FOS show
similarities in terms of reaction mechanisms and product formation. Both GOS and
FOS can be synthesized either using whole cells or (partially) purified enzymes, in
immobilized or free form. A large body of literature has been devoted to study
these various biocatalytic strategies; today, a number of companies produce OS on
industrial scale.
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A considerable drawback of biocatalysis is that the reaction actually results in a
carbohydrate mixture consisting of OS, unreacted disaccharides, and monosac-
charides. The incomplete conversion poses a challenge to manufacturers because
an enrichment of OS in this mixture adds value to the product. For removing
digestible carbohydrates from OS, a variety of bioengineering techniques have
been investigated. These include downstream separation technologies, additional
bioconversion steps applying enzymes, and selective fermentation strategies.

Among the downstream separation technologies, liquid chromatography has
been long used on large scale in the sugar industry, and its employment for OS
separation seems to be a straightforward choice. However, a number of compet-
itive techniques have been recently proposed in this relatively expensive tech-
nology. In fact, activated charcoal treatment and membrane cascades might
compare favorably with simulated moving-bed chromatography in terms of purity
and yield. Also, supercritical extraction and precipitation with ethanol are potential
candidates in purifying OS.

Another approach to enhance the purity of OS is based on using mixed-enzyme
systems to eliminate the inhibiting byproducts from the reaction mixture and, thus,
to maximize substrate conversion. The batch production of high-content FOS is
successfully realized by employing a mixed-enzyme system of f-fructofurano-
sidase and glucose oxidase. High-content FOS up to 98 % can be obtained in this
way with complete consumption of sucrose and glucose. In contrast to that, the
same mixed-enzyme system performs less well for GOS synthesis, leading to a
relatively low-content GOS product (less than 53 % on dry weight basis). In the
case of GOS-containing mixtures, the removal of digestible sugars is possible
through a combined method of enzymatic treatment with laccase and chromato-
graphic separation steps.

Selective fermentation is a relatively new concept. Although a number of
promising results are available, it is still considered to be an unexplored area and
the possible advantages of this technology are not yet fully exploited. This type of
purification is technically feasible and can be performed at a low cost and on an
industrial scale. However, the substrate-based OS yield of the overall production
process is low due to the high amount of digested sugars. Because the fraction of
digested sugars typically represents ~30-70 % w/w of the initial carbohydrate
content, the utilization of the products of carbon conversion has to be addressed in
order to be able to develop an economically viable process. Moreover, the final OS
product consists of the metabolic products of microbial activity and remaining
ingredients of growth media. These components alter product quality; thus,
without further purification, the resulting product can only be used in a limited
number of food formulas.

In this chapter, we devoted special attention to membrane-based processes as
emerging techniques used for both manufacturing and fractionation purposes.
Membranes, according to their roles in OS production, can be generally catego-
rized as (i) membranes as separation tools to fractionate mixtures of OS,
disaccharides, and monosaccharides; (ii) membranes as porous matrices for
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immobilizing enzymes; and (iii) membranes as attachments of reactors that use
free cells or enzymes.

Membrane filtration—or more precisely, nanofiltration—can be used to frac-
tionate carbohydrate mixtures obtained from the biosynthesis step. Membrane
filtration is typically associated with low energy requirements, easy control of
operation, and easy scale-up. NF membranes, however, show poor permselectivity
for the carbohydrates in question due to the small differences in their relative
molecular sizes. This problem can be addressed with cascade arrangement of
multiple nanofiltration units. Recent studies based on theoretical calculations
suggest that membrane cascades technology may be an alternative to chroma-
tography for large-scale continuous fractionation of carbohydrates in the future.

There is a wide range of available techniques to immobilize enzymes onto
different polymeric and ceramic (or hybrid) membranes for GOS and FOS pro-
duction. Although an increasing number of publications prove this technology to
be technically feasible, investigations so far are restricted to the laboratory scale
and no reports on the economics of this technology are available.

Membrane filtration can also be coupled with biosynthesis for enhancing the
biocatalytic performance of the reaction step. Generally, microfilters can be used
for retaining cells cultivated in a fermenter and ultrafilters allow the recovery of
enzymes, whereas nanofilters have the potential to eliminate the lower molecular
weight fractions from the solution during biocatalysis. Such membrane-assisted
enzyme reactors allow the integration of the separation process with the biocata-
lytic reaction into a single step and enable a continuous production of OS mixture
that is free of biocatalysts. The stability decay of biocatalysts during operation,
however, constitutes a problem that has so far been less investigated.

The market for prebiotics is steadily increasing. To satisfy this growing
worldwide demand, the introduction of effective bioprocessing methods and
implementation strategies is required. In this chapter, we have critically reviewed
the state-of-the-art manufacturing strategies and the recent advances in biopro-
cessing technologies that can open new possibilities for manufacturing sucrose-
based FOS and lactose-based GOS.
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