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Products from Micro-organisms
By P. F. Stanbury - \

DIVISION OF BIOLOGICAL AND ENVIRONMENTAL SCIENCES, THE HATFIELD POLYTECHNIC,
P.0O. BOX 109, COLLEGE LANE, HATFIELD, HERTS. ALI109AB, UK.

Introduction

Micro-organisms are capable of growing on a wide range of subsc:aca‘s and can
produce a remarksble spectrum of products. The relatively recent advent of in
ilﬁﬁﬂ genetic manipulation has ex.:nded the range of products that may be
produced by micro—organisms and has provided new methods for increasing the
yields of existing ones. The commercial exploifntion 6f the‘biochenical
diversity of mlcro-organisms has resulted in the development of the
fermentation industry and the techniques of genetic manipulation have given
this well-established industry thé opportunity to develcp new pfoceesea and to
improve existing ones. The term 'fermentation' is derived from the Latin verb
fervere, to boil, which describes chg aﬁpearanee of the action of yeast on
extracts of fruit or malted grain during the production of alcoholic beverages.
However, ‘fermentation' is interpretcd differently by lic:oblologltts lnd
blochemists. To a microbiologist the word nzana any prncoss for the production
of a product by the nass cultute of Ilcro-orglnIOIl. To a blochemist, however,
the word means ‘'an energy-generating process iu uhich or;.hic Eonpnund; u;t ae
both electron donors and acceptor-', that 1-. an anaorobic proceno -bare onatsy.
is produced without the pnrticipation of oxygen or other iuo:..ndc clcctron . I
acceptors. In this chapter 'fermentation’ is used in its bFondet, ¢ ?

niéiobiolégical context.

Microbial Growth

The growth of a micro-organism may result in the production of a range of

.
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astabolites but to produce a particular mstabolite the desired organism must be
grown under precise cultural conditions at a psrticular growth rate. If a
uicro-organiss is introduced into a nutrient medium which supports its growth,
the fnoculared culture will pass through a number of stages and the system is
‘termed batch culture. Initially, growth does mot occur and this period is
referred to as the lag phase and may be considered s period of adaptation.
Following an interval during which the growth rate of the celles gradually
increases, the cells grow at a constant, maximum rate and this period is

referred to as the log, or exponenthl' phase, which may be described by the

eguation:

dx
—x (1
dt

where x 18 the cell concentration (ng c-'3)
t 18 the time of incubation (h) and
B is the apecific growth rate (h 1),

On Iintegration equation 1 gives
x =x o't (2)

where x, 1s the cell concentration at time zero and

x, is the cell concentration after a time interval, t hours.
Thus, a plot of the natyral logarithm of the cell concen:rn.c!.on against time
gives a straight line, the slope of which equals the specific. growth rate which
is the maximum for the prevailing conditions and is thus described as the
naxinulvspecific growth rate, or Hoax® Equatione | and 2 ignore the facts that
growth results in the depletion of nutriente at'\d the accumulation of toxic
by-products and thus predict that growth continues indefinitely. However, in
reality, as substrate (nutrient) is exhausted and toxic products accumulate,
the growth rate of the cells deviates from the maximum and eventually growth
ceases and the culture enters the stationary phase. After a further period of

time, the culture enters the death phase and the number of viable cells
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declines. This classic description of microbial growth is illustrated in
Figure 1 and it should be remembered that this descriptiom refers to the
behaviour of both unicellulsar and mycelial (filamentous) micro-organisms in
batch culture, the growth of the‘latter resulting in the exponential addition

of viable biomass to the wmycelial body rather than the production of separate,
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Figure 1. Growth of a 'typical' micro—orgititsm under batch culture conditions,
(Reproduced with permission from Pergamon Press, Stanbury, P.F. and Hhitakcr.

A., 1984, Principles of Permentation Technology)

As already stated, the cessation of growth in a batch culture =may be due to the
exhaugtion of a nutrient comwponent or the accumulation of a toxic product.
However, provided that the growth aedium 1s designed such that growth is
limited by the availability of "a medium component, growth may be extended by
addition of an aliquot of fresh medium to the vessel, If the fresh medium is
.added continuously, at an appropriste rate, and the culture vessel is fitced
with an overflow device, such that culture is displaced by the incoming freah
medium, a continuous culture may be established. The growth of the cells in a
continuous culture of this type is controlled by the availability of the

growth-limiting chemical comp t of the medium and, thus, the system is

described as a chemostat. In this system s steady state is eventually achieved
and the loss of biomase via the overflow is replaced by cell growth. The flow
of medium througl"l the system is described by the term dilution rate, D, which

is equal to the rate of nddiltion of -e-diun divided by the working volume of tha

culture vessel., The balance between growth of cells and their loss from the
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system may be described as

dx
-— = growth - output
dt
or
dx
“m— = ux — Dx
dt
under ateady state conditions,
dx
—_— =
dt

therefore, pux = Dx and u = D.

Hence, the growth rate of the organisms is controlled by the dilution rate
which 18 an experimental variable. It will be recalled that under batch
cﬁlture conditions an organism will grow at irs maximum specific growth rate
and, therefore, it is obvious that a continuous culture may Ee operated only at
dilution rates below the maximum specific growth rate. Thus, within certain
limits, éhe dilution rate may be used to control the growth rate of a chemostat

culture,
The nechaﬁian underlying the controlling effect of the &ilutiom rate is
essentially the relationship between ., specific growth rate, and s, the

limiting substrate concentration in the éhemostat, demonstrated by Momod! in

1962:'
o= —_— (3)

vhere L is the urilisation or saturation constant which is numerically equal

"to the substrate concentration when p is half Paax®

At steady state p = D

Therefore, D=p ———
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where 8 1s the steady state concentration of substrate in the chemostat

and 8 * - . (&)

Equation 4 predicts that the substrate concentration is determined by the
dilution rate. 1In effect, this occurs by growth of the cells depleting the
substrate to a concentration that supports the growth rate equal to the
dilution rate. If substrate {s depleted below the level that supports the
growth rate dictated by the dilution rate the following sequence of events

takes place:

i) The growth rate of the cells will be less than the dilution rate and
they will be washed out of the vessel at a rate greater than they are

being produced, resulting in a decrease in blomass concentration.

ii) The substrate concentration in the vessel will rise because fewer celle

are left in the vessel to consume it.

1ii) The increased substrste concentration will reeult in the cells growing
at a rate greater than the dilution rate and bfomass concentration will

increase,

iv) The steady state will be re—~established.

Thus, a chemostat is a nutrient limited self=~balancing culture aystem which may
be maintained in a steady state over & wide range of sub-maximum specific

growth rates.

Fed-batch culture is a system which may be considered to be intermediate
between batch and continuoue processes. The term fed-batch 1a used t¢ describe
batch cultures which are fed continuously, or sequentially, with fresh medium

without the removal of culture fluid. Thus, the volume of a fed-batc¢h culture
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increases with time, Pirt? (1975) described the kinetics of such a system as

follows: .

If the growth of am organism were limited by the concentration of one substrate

in the medium the biomasa at statlonary phase, x

max’ would be described by the

egquation

where Y is the yield factor and is equel to the mass of cells produced per
gram of substrate and

SR is the initlal concentration of the growth limiting subserate.

If 1resh medium were to be added to the vessel at a dilution rate less than

W then virtually all the substrate would be consumed as it entered the

max

system:

where F 15 the flow rate and
X 1is the total biomass in the vessel, ie the cell concentration

multiplied by the culture voluwme.

Although the rotal biomass (X) in the vessel increases with time the

. dax
concentration of cells, x, remains virtually constant, thus — = Q, 4 = D,

dt
Such a system is then described as quasi-steady state. As time progresses and

the volume of ewlture increases the dilution rate decreases. Thus, the value

of D is given by the expression

+*
VQ ¥t
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where F 1ia the flow rate
Vo is the initial cultuxe volume and

t 1s time

Monod! kineties predict thiae as;D falls tesidual substrate should also decrease
resulting in an increase in hia-.:‘. However, over the range of growth rates
operating the increase in biomass should be insignificant. The major
difference between the steady state of the chemostat and cﬁe quasi-steady state
of a fed-batch culture {s that in a chemostat, D is constant whereas in a
fed-batch system D decreases with time. The dilution rate in a fed-batch
system may be kept constant by increasing, exponentially, the flow rate using a

computer control system.

Fermentation Processes

Stanbury and Whitaker? claseified microbial fermentations into four major

groups

1) Those that produce microbial cells (bicmass) as the product

11) Thoee that produce microbial enzymes

1i1i) Those that produce microbial metabolites

iv) Those that modify a compound which is added to the ferlentaiion - the
transformation processes.

A Y

Microbial Biomass. Microbial biomass is produced commercially as single cell

protein (SCP) for human food or animsl feed and.as viable yeast cells tc be
used in the ‘baking industry. The industrial production of bakers' yeast

started in the early 1900's and yeast biomass was used as human food in Germany
during the First World War. Howeyer, the development of large scale processes
for the production of nﬂcroh&QI bionl‘s as a source of commercial protein began
in earnest in the late 1960's. Several of the processes investigated did not
come to fruition due to political and economic problems but the establishment

of the ICI pruteen process for the production of bacterial SCP was & ailestood
in the development of the fermentatiom {ndustry®. This process uytilidee

s
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I
.- continuous culture un ar caurmous seaie [ i u’') and is8 an excellent example

of the application of good engineering to the Jesign of a microbiological

process.

marginal but ICI are collaborating with Rank Hovis and MacDougalls un a process

The economics of the production of SCP as anigal feed are still

for the production of fungal biomass to be used as human food and the economics

of such a system should prcve more attractive.

Microbial Mecabolites. The kinetic description of batch culture may be rather

misleading when conaidering the product forming capacity of the culture during
the various phases, for, although the metabolism of stationary-phase cells is
considerably different from that of logarithmic ones, it is by no meaus
stationary. Bu'lLock EEﬁél? proposed a descriptive terminology of the behaviour
of microbial cells which consldered the type of metabolism rather than the
kinetics of growth. The term trophophase was suggested to describe the log or
exponential phase of a culture during which the sole products of metabolism are
elither essential to growth such as amino acids, nucleaotides, proteins, nucleic
acids, lipids, carbohydrates, etc or are the by-products of energy yielding
wetabolism such as ethanol, acetone and butanol. The metabolites pro 'uced
during the trophophase are referred to as primary metabolites. Some examples
of primary metabolites of commercial ilmportance are listed in Table !.

Table 1. Some examples of microbial primary metabolites and their

commercial significance

Primary metabolite Producing organism Commercial significance

Ethanol Saccharomyces cerevisiae 'Active ingredient' in

alcoholic beverages

Citric acid Aspergillus niger Various uses in the food

. industry

Acetone and butanol
Glutamic acid
Lysne

Pulysaccharides

Pe+++

Clostridium acetobutyricum

Corynebacterium glutamicum

Corynebacterium glutamicum

Xanthomonas spp

Thicbaciilus and Sulfolobus

Solvents

Flavour enhancer

Feed additive
Applications in the food
industry; enhanced oi}

recovery

Ore leaching
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The term idiophase was suggested to describe the phage of a culture during
which products o;hef than primary metabolites are synthesised, products which’
do not have an obvious role in cell metabolism. The metabolites produced
during the idiophase are referred to as the secoédary metabolites. The inter-
relationships between primary and secondary metabolism are illustrated in -
Figure 2, from which it may be seen that secondary metabolites tend to be
synthesised from the intermediates and end products of primary metalbolism.
Although the primary metabolic routes shown in Figure 2 are common Lo the vast
majority of micro-organisms, each secondary metabolite would be synthesised by
very few microbial taxa. Also, not all microbial texa undergo secondary
metabolism; it is a common feature of the filamentous fungi and bacteria and
the sporing bacteria but it is not, for example, a featuré of the
Enterobacteriaceae. Thus, although the taxonomic distribution of secondary
metabolism is far more limited than that of primary metabolism, the range of

secondary products produced is enormous.

Glucose ICg) . Koyre scid
-— Saccharides

Pentose (Cy) .
Aromatic pecondary ® Glycosiges
metabolites
Totrose (C )
f = .
Triose (Cy)™" Sering (CsN) Glycine (3N}
Aromatic smino-acids “*— Shikimate (C,)
Cy~poat

Polyketides (nCy} COyp Alaning (CyN} e Pyruvets (Ca) . Valine (CoN!

oL c0, co,
/ Matonate {Cy) Acetate (C;) ——e Mevaionate (Cq) 1sopenteny) pyrophosphste (Cy)

Fatty scids {nC,) COy

. Terpenai/Stevoick (nCy )

Aspartic scid (Co¥ oo
Secondery sve
metabolites ‘\\\‘\ . ’
Oxsloscetata (Cq) Citrate (Cq)
co,
€0,

Secondery a-Oxoglutarste (Cy)
metabolites

Glutamic acid (Cy N}

Figure 2. The inter-relationships between primary and secondary metabolism
(Reproduced with permission frcm Acadeuwlc Press, Turner, W.B., 1971, Fungal

Metabolites)
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.

At first sight Lt way seen snomalous that micro-organisms produce compounds
which do not appear to have any metabolic function and are certsinly not
by-products of cstabolism as are, for example, ethanol and acetone. However,
many secondary metabolites exhibit antimicroblal properties and, therefore, may
Le involved in competition in the matural environnentﬁ; otherg have, since
their discovery in idiocphase cultures, been demonstrated to be produced during
the trophophsse where, it has been claimed, they act in some form of metabolic
control’. Although the physiological role of secondary metabolism continues to
be the subject of comsiderable debate its relevance to the fermentation
industry is the commercial significance of the secondary metabolites. Table 2

summarises some of the industrially important gtoupa of ;econdu:y metabolites.

Table 2. Some examples of wicrobial secondary metabolites and their commercial

significance
Secondary metabolite Commercial significance
Penicillin Antibiotic
Cephalosporin Antiblotic
Tetracyclines Antiblotie
Streptomycin Antibiotic
Grigseofulvin Antibiotic (anti-fungal)
Actinomycin Antitomour
Pepstatin Treatment of ulcers
Cyclosporin A Immunosuppressant
Krestin Cancer treatment ®
Bestatin Cancer tresatment
Gibberellin Plant growth regulator

The production of microbisl metabolites may be achieved in continuous, as well
as batch s;'stes. The chronologicel separation of trophophase and idiophaae in
bateh culture may be studied in continuous culture in terms of dilution
race3~10, Secondary metabolism will occur at relatively low dilution rates
(growth rates) and, therefore, it should be remembered that secondary
metabolism 1s a property of slow-growing, as well as stationary, cells. The
fact that sscondary metabolites sre produced by slow-growing organisms ia
continuous culture indicates that primatry wmetabolism is continuing in
idiophase-type cells and that secoudary metaboliesm is not switched on to remove
sn accumulation of metabolites synthesised entirely in a different phase, but

that synthesis of the primary metabolic precursors continues through the period
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of secondary biosynthesis.

The control of the onset of secondary metabolism has been studied extensively
in hatch culture and, to a lesser extent, in continuous culture. The outcc‘e
of this work is that a considerable amount of information is available on the
changes occurring in the medium at the onset of secondary metabolism but
relatively little is known of the control of the process st the DNA level.
Primary metabolic precursors of secondary metabolites have been demonstrated to
tnduce their forutio‘n, for example tryptophan in alkaloidl! biosynthesis and
methionine in cephalosporin bio-ynthesis”. On the other haud, wedium )
components have been demonstrated to repress secondary metabolism, the earliest
observation being that of Saltero and Johnsonl3 in 1953 of the repressing
effect of glucose on benzyl peniciliin formation. Carbom sources which support
high growth rates tend to support poor secomdary metabolisa and Table 3 cites
sone qxnplqs of this situation. Phosphate and nitrogen sources haﬁ ‘also been
implicated in the repression of secondary metabolism, as exemplified in Table
3., Therefore, it is essential that repressing mutrieants should be avoided in
wodia to be used for the industrial production of secondary metabolites or that
the mode: of operation of the fermentation maintains the potentially repressing
companenty at sub~repressing levels, - discussed in a later section of this

chapter.
Table 3. Some examples of the repressiom of dary witabolism by medium
components
Medium component Repressed secondary metabolite
Glucose Penicillinld=1*
Glucose Chlotlnphnnieolls
Glucose Ac:img&n”
Glucose Neowycin 1
Glucose Streptomyein’?
Glucose Cephalosporin®?
Phosphate Candicidinl®
Phosphate Streptomycinl®
Phosphate Tetracycline®®

Nitrogen source . Penicillinl?
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As mentioned in the Introduction, the advent of recombinant DNA technology has
extended the potential range of products that may be produced by aicro-
organisms. Microblal cells may be endowed with the ability to produce
comgounds normally associated with higher cells and such products may form the
basis of new fermentation processes, for example the synthesis of interferon,
insulin and renin. It seems to be a widely held opinion that the methods of
genetic manipulation will revolutionise the fermentatfon industry and give rise
to a large number of new processes. However, as pointed qrt by Stanbury and
Whitaker®, the exploitation of these advances depends upon the technology of
mass cell culture which has evolved from the yeast and solvent fermentations,
via the anttibiotic fermentations, to the large scale continucus biomass
processes. Indeed, in a recent apptaiua119 of the fermentation market in the
United States it is claimed that, although the ultimate fruits of genetic
engineering are impossible to forecast, the older biotechnology of standard
fermentation will renain a highly viable, and predictably growing, method of
industrial production. A similar report2% on the fermentatfion market inm Europe

is in press.

Microbial Enzymes. The major commercial utilisation of enzymes is in the food

and beverage industries?! although enzymes do have considerable application in
clinical and analytical situations as well as their use in washing powders.
Enzymes may be produced from animals and plants as well as microbial sources
but the productfion by microbial fermentation is the most economic and
convenient method. Furthermore, it is now possible tc engineer microbial cells
to produce animal or plant enzymes, for example the production of renin by E.
coli. Most enzymes are synthesised in the logarithmic phase of batch culture
and may, therefore, be considered as primary metabolites. However, some, for

exanple the amylases of Bacillg!,ntcatothernophiluszz, are produced by

idiophase type cultures and may be comsidered as equivalent to secondary

metabolites.



