


Industrial Exploitation of

MICROORGANISMS



I.K. International Publishing House Pvt. Ltd.

NEW DELHI • BANGALORE

Editors

D.K. Maheshwari
R.C. Dubey

R. Saravanamuthu

Industrial Exploitation of

MICROORGANISMS



Published by
I.K. International Publishing House Pvt. Ltd.
S-25, Green Park Extension
Uphaar Cinema Market
New Delhi – 110 016 (India)
E-mail: info@ikinternational.com

ISBN  978-93-80026-53-4

© 2010 I.K. International Publishing House Pvt. Ltd.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or any means: electronic, mechanical, photocopying, recording, or
otherwise, without the prior written permission from the publisher.

Published by Krishan Makhijani for I.K. International Publishing House Pvt. Ltd., S-25, Green
Park Extension, Uphaar Cinema Market, New Delhi – 110 016 and Printed by Rekha Printers
Pvt. Ltd., Okhla Industrial Area, Phase-II, New Delhi – 110 020.



Microorganisms have been exploited in multifarious ways since the dawn of human civilization.
The ancient humans developed techniques of producing alcohols, acids, beverages, fermented foods,
etc. in different countries of the world. For example, yeasts have been exploited throughout the
world in several countries for production of different kinds of preparation from kitchen to industry.
Many yeast plasmid- and chromosome-based vectors have been constructed for biotechnological
applications in industry. Still it is also a major tool for biotechnological applications. Considering the
importance of microorganisms, demand of industrial application of microorganisms got increased
gradually. Nowadays thousands of antibiotics have been produced through microorganisms during
the last 80 years from the discovery of the first antibiotic and many more have been commercialized.
In recent years the researchers have developed the techniques to produce products through
introducing the desired genes of interest in fungal/bacterial/plant/animal cells. Therefore, prokaryotic
and eukaryotic cells are being used as hosts for introduction of recombinant vector(s) containing
genes of desired functions for production of valuable products.

Though the direct use of microorganisms is known since the beginning of 16th century but
much emphasis has been given on industrial microbiology in recent years for improvement of
human and animal health. Among these the lactic acid bacteria are considered and selected as
‘Probiotics’. Some non-lactic acid bacteria are also considered as Probiotics. In addition, different
species of Spirulina have also been exploited in food industry and Spirulina-based products have
now been commercialized.

However, due to expanding population day-by-day global food shortage has alarmed the world
population. Many varieties of mushrooms have been explored and utilized in multifarious ways
since vedic period. Recently, mushrooms are looked up on for the presence of industrially important
bioactive molecules, for example anticancerous compound in Shitaki mushroom. In addition, certain
higher fungi hold much promise due to the presence of medicinal principles like digestive enzymes,
stress reliever, antiviral effects, anti-tumour activity, strengthening health resisting disease, etc. Certain
mushrooms like Cordyceps sinensis has traditionally been used for treatment of human diseases like
chronic bronchitis, insomnia, hypertension, pneumonia, tuberculosis, anaemia, etc.

There is resurgence in the search of new antibiotics in clinically important bacteria, especially
in actinomycetes. There are many companies throughout the world that are devoted to
commercialization of bioactive compounds from actinomycetes. Therefore, prospects of bioactive
compounds in Pharma industries are also increasing day-by-day for large-scale production and
commercialization of bioactive compounds. Use of bacterial consortium with or without yeast as
Probiotics has revolutionized the area of industrial microbiology because of combating the health-
related problems of humans. Several bacterial, fungal and viral preparations in different forms are
being formulated and marketed because of being eco-friendly and non-hazardous to plants and
animals.

PREFACE
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Commercial production of highly valued microbial enzymes is gaining attention in recent years
due to its great role in many areas of industry, for example, microbial proteases, lipases, cellulases,
laccases, phytases, etc. Besides, production of ‘nanoparticles’ through microorganisms has attracted
the attention of researchers throughout the world. The nanoparticles can play a key role in many
technologies of the future. One of the key aspects is the development of reliable experimental
protocols for the synthesis of nanoparticles over a range of chemical compositions, sizes and high
nanodispersity. Several microorganisms are known to produce inorganic materials intra- or
extracellularly, for example, nanoparticles of silver, gold, magnetite, siliceous materials, calcium
carbonate, metal sulphides, etc. Such microorganisms can be a boon for industries in future. The
ability of pharmaco-kinetic behaviour, of different molecules, their toxicity in mammals and the
possibility for their future application in many areas of medical sciences need to be explored in
future.

All the articles included in this book are devoted to industrial exploitation of potential
microorganisms which would be very helpful to the undergraduate and postgraduate students,
researchers and teachers of microbiology and biotechnology in India and abroad.

D.K. Maheshwari
R.C. Dubey

R. Saravanamuthu
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Chapter 1
Biotechnological Potential and Industrial

Applications of Yeast
J. VETRISELVI, R. SARAVANAMUTHU* AND V. DHIVAHARAN

Department of Microbiology, S.T.E.T. Women’s College, Sundarakkottai,
Mannargudi – 614 001, Tamil Nadu, India

*Department of Botany, A.V.C. College, Mayiladuthurai – 609 305, Tamil Nadu, India
* E-mail: rs_avcc@rediffmail.com

Yeast is one of the eukaryotic microorganisms, which has wide applications in various spheres
and is being used since very long time. Its application in the brewries and bakeries is well
known. The history of application of yeast in industries is very long. This organism is exploited
in the production of ethanol, beers, wine and bread. Besides, it is also a source of microbial
protein (SCP), and directly used as food, feed and food supplements. Hence, it is also
referred as ‘nutritional yeast’. Its use as probiotics is not uncommon. Yeast is also a major
source of enzymes such as invertase, β-galactosidase, alcohol dehydrogenase,
glyceraldehydes 3-phosphate dehydrogenase, hexokinase, etc. The processed yeast products
(yeast extract) are used as food additives or flavours. Some strains of yeast find place in
bioremediation. Yeast was the first choice among eukaryotic microorganisms for the application
of recombinant DNA technology. It is the best organism suited for gene manipulation and
transformation experiment. Thus, yeast has been used as industrial process organism, as
protein source and also as tool in gene manipulation and transformation technologies.

INTRODUCTION

Yeasts are a group of eukaryotic microorganisms classified in the kingdom of fungi. Approximately,
1,500 species of yeasts have been described (Kurtzman, 2006), most of which reproduce
asexually by budding, although a few cases also reproduce by binary fission. Yeasts are cosmopolitan
and widely distributed in almost all natural habitats. The most well-known and commercially
significant yeasts are the related species and strains of Saccharomyces cerevisiae. These organisms
have long been utilized to ferment the sugars of rice, wheat, barley and corn to produce alcoholic
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beverages, and in the baking industry to expand or raise the dough. S. cerevisiae is commonly
used as baker’s yeast and also for some types of fermentation. Yeast is often taken as a vitamin
supplement because it has 50% protein and also a rich source of B vitamins, niacin and folic
acid. During the last two decades, S. cerevisiae has been the model system of the molecular
genetic research because of the basic cellular mechanisms of replication, recombination and
cellular metabolism, which are generally considered between yeasts and larger eukaryotes,
including mammals. Yeasts have recently been used to generate electricity in microbial fuel
cells (Walker, 1998) and to produce ethanol for the biofuel industry.

HISTORY

The word “yeasts” comes from the old English language “gist”/“gyst” ultimately from the Indo-
European root “yes” meaning boil, form or bobble. Yeasts are microbes, which are probably one
of the earliest domesticated organisms. People have used yeasts for fermentation and baking
since a long time. Archaeologist digging in Egyptian ruins found early girding stones and baking
chambers for yeast mediated manufacturing bread as well as drawings depict of the 4,000 years
old bakeries and breweries. In 1680, the Dutch naturalist Antony Van Leeuwenhoek was the
first person to observe the yeast microscopically, but at that time he did not consider them to be
living organisms but rather described as globular structure. In 1857, French microbiologist Louis
Pasteur proved and reported in his paper entitled memorie sur la fermentation alcoholique “that
alcoholic fermentation was conducted by living yeast and not by a chemical catalyst”. Pasteur
showed that by bubbling oxygen into the yeast broth, cell growth could be increased, but the
fermentation inhibited an observation later called the “Pasteur effect”. Thus, yeast is one of the
earliest or the first known microorganisms.

TAXONOMY

Yeasts do not form a specific taxonomic or phylogenetic grouping. At present it is estimated
that only 1% of all the yeast species have been described (Kurtzman and Piskur 2006). The
term “yeast” is often taken as a synonym for S. cerevisiae (Kurtzman 1994), however, the
phylogenetic diversity of yeast is shown by their placement in both divisions, Ascomycota and
Basidiomycota. The budding yeast (true yeast) is classified in the Saccharomycetales.

YEASTS AS A MODEL EUKARYOTE

The yeasts species S. cerevisiae has been a very important model organism in modern cell biology
research and is the most thoroughly researched eukaryotic microorganism. Although yeast has
greater genetic complexity than bacteria, containing 3.5 times more than Escherichia coli cells,
they share many of the technical advantages that permitted rapid progress in the molecular
genetics of prokaryotes and viruses. Some of the properties that make yeast particularly suitable
for biological studies include rapid growth, dispersed cells, the ease of replica plating and mutant
isolation, a well-defined genetic system, and the most important aspect is a highly versatile
DNA transformation system. Unlike many other microorganisms, S. cerevisiae is visible with
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numerous markers. Being a non-pathogenic organism, yeast can be handled with little precautions.
Large quantities of normal baker’s yeast are commercially available and can provide a cheap
source for biochemical studies. Contrary to most of the other microorganisms, strains of
S. cerevisiae have both a stable haploid and diploid state. Thus, recessive mutation can be
conveniently induced and the manifested haploid strains can be isolated, and complementation
test can be carried out in diploid strains. The development of DNA transformation has made the
yeast accessible to gene cloning and genetic engineering techniques.

GROWTH AND NUTRITION

Yeasts use organic compounds as the source of energy and do not require light to grow, hence
they are chemoautotrophs. The main source of carbon is obtained from hexose such as glucose
or disaccharides such as sucrose and maltose and pentose sugars such as fructose. Some species
can metabolize alcohols and organic acids. Species of yeasts are aerobic, i.e., require oxygen for
aerobic cellular respiration (obligate aerobes) or anaerobic, which also have aerobic methods of
energy production (facultative anaerobes). Yeast is ubiquitous and is most frequently isolated
from sugar rich samples. Some strains are found in association with soil and insects (Slavikova
and Vadkertiova, 2003).

REPRODUCTION

Yeasts have sexual and asexual reproduction cycle, however, the most common mode of vegetative
growth in yeast takes place asexually by budding or fission (Balasubramanian et al., 2004). A
small bud or daughter cell is formed on the parent cell. The nucleus of the parent cell splits into
daughter nucleus and migrates into the daughter cell. The bud continues to grow until it separates
from the parent cell, forming a new cell. The haploid cells will generally die under high stress
conditions. However, under the same conditions, diploid cells can undergo sporulation, entering
sexual reproduction (meiosis) and reducing a variety of haploid spores, which can go onto mate
(conjugate), and regenerate the diploid daughter cells.

INDUSTRIAL AND BIOTECHNOLOGICAL POTENTIAL OF YEASTS

Yeasts are directly and indirectly very useful microorganisms to mankind. Species or strains of
Saccharomyces are widely employed by human beings in (i) baking industry – S. cerevisiae, (ii)
distilleries industry – S. cerevisiae and S. diastaticus, (iii) wine industry – S. ellipsoideous, and
(iv) the production of alcoholic beverages – S. cerevisiae and S. carlsbergengis.

The useful physiological properties of yeasts have led to their use in the field of biotechnology.
Fermentation of sugars by yeasts is the oldest and largest application, which is recognized as
old technology. Many types of yeasts are used for making many foods, such as baker’s yeast in
bread making and brewer’s yeast in the process of fermentation leading to the production of
wine and xylitol (Sreenivas Rao et al., 2004).
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Production of Ethanol

S. cerevisiae is the main producer of ethanol. It is used as a major tool for the production of
ethanol since the discovery of fermentation process by Louis Pasteur. During 1980, fermentation
of broth was discovered in sugar solution by the addition of yeast extracts obtained by its
grinding. The ability of yeast to convert sugar into ethanol has been harnessed by the
biotechnological industries, which has various uses. The process starts with milling sugar cane,
sweet corn or cheap cereal grains and then adding dilute sulphuric acid, and fungal alpha amylase
enzymes, which enhances the breakdown of the starch into simple sugars. A glucoamylase is
then added to simple sugars. After this, yeasts are added to convert the simple sugar to ethanol,
which is then distilled off to obtain ethanol up to 96% in concentration. After the products are
harvested, these yeasts are used as microbial source of protein and animal feed supplements.
Molasses, cheese, whey, sulphite liquor and gas oil fractions are used as main fermentation
media components. But these media usually need some growth stimulating nutrients such as
biotin, ammonium ions, sulphate, etc.

S. cerevisiae have been genetically engineered to ferment xylose-one of the major fermented
sugars present in cellulosic biomasses, such as crop residues, paper wastes, and wood chips
(Dujon, 1996). This development proves that ethanol can be potentially and efficiently produced
from inexpensive agricultural waste. This become an alternative source of ethanol fuel which
could be competitively produced as a low priced fuel alternative to gasoline fuels.

Beer

Dan Emil Christian Hansen classifies beer brewers yeasts into top fermenting yeast and bottom
fermenting yeast. Top fermenting yeasts are so called because they form foam at the top of the
wort during fermentation. They can produce high quantity of alcohol concentration and prefer
relatively high temperatures producing frutifier, sweetener and ale type beers, e.g., S. cerevisiae.
Bottom fermenting yeasts are used to produce lager type beers. Bottom fermenting yeasts ferment
more sugars, leaving a crisper taste, and grow well at low temperature, e.g., S. pastorianus. In
industrial brewing, to ensure purity of strain, a clean sample of yeast is stored at refrigeration
temperature. After a certain number of fermentative cycles, full-scale propagation is made from
this laboratory sample. Typically, it is grown up in about 3 or 4 stages using sterile brewing
wort and oxygen.

Root Beer and Sodas

Root beer is also produced by the methods used for the production of beer with only variation
in carbonation process—the active phase of yeast is stopped sooner producing only trace amount
of alcohol (consumed by all ages), and a significant amount of sugar is left in the drink. Low
calorie or nearly sugar free root beer and soda can be produced in such a way by using small
amount of sugar and also replacing the majority with artificial sweeteners.
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Distilled Beverages

It is a beverage that contains ethanol, which has been purified by distillation. Carbohydrate
containing plant material is fermented by yeast, producing a dilute solution of ethanol. Alcoholic
beverages such as whiskey and rum are prepared by distilling this dilute solution of ethanol.
Components other than ethanol are collected in the condensate including water, esters and other
alcohols, which account for the flavour of the beverages.

Wine

Yeast is used in wine making where it converts the sugars present in grape juice or must into
alcohol. Yeast is normally already present on the grapes, often visible as a powdery film (also
known as bloom or blush) on their exterior. The fermentation can be done with this indigenous
(or wild) yeast, however, this may lead to unpredictable results depending on the exact type of
yeast species that is present. For this reason a pure culture is generally added to the must, which
predominantly enhances the process of fermentation as it proceeds. Most of the widely used
wine yeast include S. cerevisiae, however, not all strains of the species are suitable for wine-
making (Gonzalez et al., 2001). Different strains of S. cerevisiae differ in their physiological
and fermentative properties. Therefore, the actual strain of yeast should be selected that exhibits
a direct impact on the finished wine (Dunn et al., 2005). Significant researches have been
undertaken for the development of novel wine yeast strains that produce atypical flavours, profiles
or increased complexity in wines (McBryde et al., 2006). The growth of yeast species such as
Zygosaccharomyces and Brettanomyces in wine can result in wine faults and subsequent spoilage
(Loureiro and Malfeito Ferreria, 2003). Brettanomyces produces an array of metabolites when
growing in wine, some of which are volatile phenolic compounds. Altogether these compounds
are often referred as “Brettanomyces character” and are often described as antiseptic or
“barnyard” type aromas. Brettanomyces is a significant contributor to wine faults in the wine
industry.

Baking

S. cerevisiae is used in baking as a leavening agent, where it converts the fermentable sugars
present in the dough into carbon dioxide. This causes the dough to expand or raise the carbon
dioxide formed as pockets or air bubbles. When the dough is baked and carbon dioxide pockets
remain, the baked product becomes soft and spongy in texture. The use of potatoes, water from
potato boiling, eggs or sugars in bread dough accelerates the growth of yeast. Salt fats and
butter slow down the growth of the yeast. The majority of the yeasts used in baking are the
same species, which are commonly used in alcoholic fermentation. Saccharomyces exiguus
(also known as S. minor) is a wild yeast found on plants, fruits and grains that is occasionally
used for baking. Today there are several retailers of baker’s yeasts; one of the best known is
Fleishmann’s yeast, which was developed in 1868. During World War II, Fleischmann’s developed
granulated active dry yeasts, which did not require refrigeration and had a longer shelf life than
fresh yeast.
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Yeast as SCP—Food, Feed and other supplements

Since ancient times a number of microorganisms have been used as a part of diet. Fermented
yeast (Saccharomyces sp) was recovered as a leavening agent for bread as early as 2500 B.C.
(Fleet, 2001). Importance of mass production of microorganisms as a direct source of microbial
protein was realized during World War I in Germany, and consequently baker’s yeast (S. cerevisiae)
was produced in an aerated molasses medium with ammonium salts. During the World War II
(1939-1945) the aerobic yeast, e.g., (Candida utilis) was produced for food and feed in Germany.
The dried cells of microorganisms including algae, bacteria, actinomycetes and fungi, which are
used as food and feed, are collectively called “microbial protein”. The major components of
substrates are the raw materials, which contain sugars (sugar cane, sugar beet and their processed
products), starch (grains, potato and their by-products) and lignocelluloses from woody plants
and herbs having residues with nitrogen and phosphorus contents and other raw materials.

Yeasts are used in the houses of million of families throughout the world everyday to
prepare food and beverages. Their ability and usefulness in the conversion of variety of raw
materials, low in protein, to nutritious products have increased the efforts to develop their use
as food. Although at the beginning the technology was used for making the yeast supplements
during the World War II in Germany, the field became much more active in the 1960s, coinciding
with the recognition of increasing global protein shortages. Currently yeasts are used more often
as animal feed rather than as human food. For e.g., Kluveromyces marxianus is used to ferment
whey waste from cheese making and results in the production of SCP for animal feed as well as
some alcohol with the added value of reduction of pollution by the whey—one high yeast
content product that has been available for many years for human consumption in the UK.

Nutritional Supplements

Its use, as a nutritional supplement, is popular with vegans and the health conscious people,
where it is often referred as “nutritional yeast”. It is the deactivated yeast that is usually
S. cerevisiae used in food supplements. It is an excellent source of protein and vitamins, especially
the B complex vitamins, whose functions are related to metabolism as well as other minerals
and cofactors required for growth. It is also naturally low in fat and sodium. Nutritional yeast
has nutty, cheesy and creamy flavours which makes it popular as an ingredient in cheese
substitutes. It is often used by vegans in place of parmesan cheese. Another popular aspect is its
use as topping for popcorn. They are offered along with salt or cayenne pepper as a popcorn
condiment. It is sold in the form of flakes, or as a yellow powder similar in texture to cornmeal
and can be found in most of the natural food stores. In Australia it is sometimes sold as “savory
yeast flakes”. Though “nutritional yeast” is usually referred to commercial products, prisoners
are fed with “home grown” yeast to prevent vitamin deficiency.

Probiotics

In some probiotic preparations, the yeast, S. boulardii, is used as a supplement to maintain and
restore the natural flora in the gastrointestinal tract. S. boulardii has been shown to reduce the
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symptoms of acute diarrhoea in children (Centina Sauri and Sierra,1994; Kurugol and Koturoglu,
2005), prevent reinfection of Clostridium difficle (Oswal et al., 2002), reduce bowel movement
in diarrhoea predominant IBS patients (Maupas et al., 1983) and reduce the incidence of antibiotic
(MaFarland et al., 1995), traveller’s (Kollaritcsh et al., 1989) and HIV/AIDS associated diarrhoea
(Saint et al., 1995).

Kombucha

Yeast has synergistics effect when used with acetic acid bacteria in the preparation of kombucha,
a fermented sweetened tea. Species of yeast found in the tea can vary and may include
Brettanomyces bruxellensis, Candida stellata, Schizosaccharomyces pombe, Torulapora
delbrueckii and Zygosaccharomyces baili (Teoh et al., 2004).

Yeast constituents

Yeast is a major source of enzymes, which have applications in industry, and is a biochemical
component of research.

Invertase: This enzyme is obtained from strains of S. cerevisiae grown aerobically on sucrose.
It is available in the market as an invertase rich, dried yeast preparation or as concentrated
syrup.

βββββ-glycosidase: It is obtained from S. fragilis, C. pseudotropicalis or C. utilis grown on
cheese whey. It is used in the manufacture of ice cream (to remove lactose) and to prepare
lactose free milk products.

Other enzymes: Alcohol dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase,
hexokinase and many other enzymes are also obtained from S. cerevisiae. All these enzymes are
useful in biochemical research.

Cofactor: Cofactor viz., co enzymes A, oxidized and reduced NAD, NADP and ATP and
glutathione are also obtained from S. cerevisiae. They also have application in understanding
the biochemical reaction and research activities.

Nucleic acid: Nucleic acid, particularly RNA, is obtained from C. utilis and Saccharomyces
sp. RNA is used as a raw material for the production of derivatives for biochemical compounds.
RNA is also used in the preparation of flavour compounds (guanisine and inosine 5
monophosphate).

Yeast extract

It is the common name for various forms of processed yeast products that are used as food
additives or flavours. They have free glutamic acid such as MSG (Mono Sodium Glutamate).
The general method for making yeast extract is to add hypertonic solution to a suspension of
yeast. This leads to the cells shivering up. This triggers autolysis, where the yeasts digestive
enzymes break their own proteins down into simpler compounds, and a process of self-destruction
occurs. Yeast autolysates are used in various countries of the world for various purposes.
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Bioremediation

Some yeast can find potential application in the field of bioremediation. One such yeast, Yarwinia
lipolytica, is known to degrade palm oil mill effluent, TNT (an explosive material) (Jain et al.,
2004) and other hydrocarbons such as alkanes, fatty acids, fats and oils. It has been experimentally
proved that these compounds are effectively degraded by the species of yeast.

Yeast vector as a biological tool

Generally, yeast is a unicellular eukaryotic fungus containing a small well characterized genome
unlike plant or animal cells. It is a non-pathogenic fungus and has a fast growth rate. Most of
its gene contain intrones, which are spliced during purification of mature mRNA. It appears
that introns found in yeast contain sequence for correct splicing as they are totally absent in
higher eukaryotes. Moreover, yeast can carry out post-translational modification such as removal
of signal sequences from a precursor polypeptide after the secretion of cells. This removal is
a major advantage of yeast over the bacteria. Yeast cells contain their own plasmid (Broach et
al., 1991) known as ‘2’ cm circle plasmid, which is used as vector for foreign genes. It is
present in many strains in 50-100 copies per cell. The foreign DNA taken up by yeast integrates
by a specific crossing over, such as origin of replication (ori). Yeast DNA linked with foreign
DNA has been demonstrated to transform very efficiently (about 104 cells) (Hall and Linder,
1992). The transforming cells replicate autonomously within the cell. DNA sequences of such
property known as Ars (Autonomously replicating sequence) fragment plasmid have been
constructed by using Ars fragments when joined at centromeric sequences (Cen region of
about 6-10 kb DNA) to ensure the replication and stability in yeast. Cen regions of yeast
plasmid are useful fragments because they confer stability (Glover, 1984). A wide range of
vectors is available to meet various requirements for insertion, deletion, alteration and
expression of genes in yeast. Most of the plasmids used for yeast studies are shuttle vectors,
which contain sequences permitting them to be selected and propagated in E. coli, thus allowing
for convenient amplification and subsequent alteration in vitro. The most common yeast vectors
originated from pBR322 and contain an origin of replication (ori), promoting high copy-
number maintenance in E. coli, and the selectable antibiotic markers, the β-lactamase gene,
bla (or AmpR), and sometime to tetracycline-resistance gene, tet or (TetR), conferring resistance
to ampicillin and tetracycline respectively (Brown and Tuite, 1998). In addition, all yeast
vectors contain markers that allow selection of transform ants containing the desired plasmid.
The most commonly used yeast markers include URA3, HIS3, LEU2, TRP1 and LYS2, which
complement specific autotrophic mutations in yeast, such as ura3-52, his3-Δ1, leu2-Δ1, trp1-
Δ1 and lys2-201. These complement able yeast mutations have been chosen because of their
low-reversion rate. Also, the URA3, HIS3, LEU2 and TRP1 yeast markers can complement
specific E. coli autotrophic mutations (Table 1).
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