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In both the above coafigurations the input stages are fully floating
with good isolation from earth and high input impedance, so that any variable
electrical interference generated in the solution is more or less equally picked
up by the working and reference electrode sides of the measurement, being there-
fore common mode. Any difference in interference pickup in any side of the measure-
ment will result in series mode interference, caused by either differences in
interference input between electrodes and leads or by poor instrument isolation/
earthing (see Fig. 6.). Individual coaxial leads may have guarded or driven
screens, 80 that the potential difference between the screen and the core signal
is held steady and small to minimise lead leakage and lead noise pickup.

All fermenters, even small-scale versions, have high-power, coil—operated
switchgear, or motors with direct chassis connection to the fermentation broth, and
iransient (interfering) voltages greater than 200 V (hopefully common mode) are
likely. Similarly significant and variable potential differences exist across the
complex impedance of the solution and more significantly across the solution/metal
interface, one side of which (i.e. the fermenter) will be earthed. These inter—
ferences will vary with the chemical and gaseous (e.g. oxygen) composition of the
broth and with the rate of stirring. Rejection of electrical interferences is in
principle improved by the use of combined, rather than pairs of single, electrodes
because the distance, and,therefore, any differences in interference pickup between
the reference and working electrode half-cells, is minimised.

Placement of ISE probes close to surfaces over which fluid is passing
will cause localised and variable streaming potentials (195-198) to be introduced
into the measurement and these are extremely likely to be series mode. This mode
of interference is a significant proportion of 'stirrer noise' even in well-
positioned electrodes and may be reduced by increasing the conductivity of the
broth, as predicted from streaming potential theory (195). Furthermore, any
leakage paths will allow electrochemical cell currents to flow, and this may either
involve the ISEs themselves and/or other metal-solution interfaces in the broth.

The significance of some of the more demonstrable effects is illustrated
in Fig. 6. The fermentation broth is clearly challenged with large, unstable and
heterogenous interferences, even in small-gcale systems. Meter displays or out-
puts to chart recorders can appear to avoid much of the noise in the signal by

Fig. 6. (Opposite). The reliability of monitoring two combined pH electrodes
(Pye, U.K.) was estimated in 0.1M KH,PO, buffer, pH 6.8, held in a typical small-
scale fermenter ( 2 1 model 2000 véssel, L.H. Engineering, U.K.). A digital
voltmeter (Model 1051, Datron, U.K.) with a well-isolated analogue scamner (model
1200, Datron, U.K.) was used in conjunction with battery-powered, high input
impedance voltage followers to estimate ave noise (in 40 msec, filtered samples
taken over 1 sec) and long term drift (cent’::geln 3 measurement configurations
top):- differential measurement with low impedance reference electrode input
left); differential measurement with high impedance reference electrode input
?entm); measurement of both pH and reference electrodes against golution earth,
difference by software (right). The latter configuration (right) allowed measure—
ment of the source of electrical interferences (bottom):— (a) reference cell of
probe 1 with low impedance input; (b) pH cell of probe 1 with high impedance
input; (c) reference cell of probe 2 with high impedanze input. Agitation was
changed to 1500 rpm at time 1 and both probes were moved close (3~5mm) to the

glass fermenter wall at time 2. Measurement
agoabiecrs, : s were averaged over 1 minute prior
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either mechanical or long time~constant electronic damping. Although mains
frequency noise is a component of ISE signal noise, much of that caused by agitat-
ors and the other above effects is of very low frequency and, therefore, more
sophisticated signal filter networks become difficult to implement because of the
necessary long settling times. Digital instrumentation sampling times are
necessarily rapid and any signal noise will be faithfully reproduced. The use

of analogue instrumentation, therefore, can falsely condition the user into
believing that ISE gignal quality is high, allowing less than optimal measurement
configurations to be implemented. Thus, it is very common in analogue fermenter
instrumentations to employ a single relatively high impedance input for the pH
ISE and a low impedance reference electrode input and, further, to use the screen
of the coaxial cable for the reference electrode signal. This encourages inter-
ference pickup, especially when leads pass close to mains—powered actuators.
Electrical leakage pathways are also encouraged, particularly in the latter con-
figuration and by the use of poorly insulated coaxial connectors in a wet environ-
ment; thus great care must be taken in keeping dry coaxial connectors local to
ISEs.

Although this common measurement configuration can be considered to be
sub-optimal, it appears sufficient for low-performance pH measurement. However,
although noise is not a problem because of damping, it is likely that interfer—
ence will cause measurement drift. Measurement drift is widely believed fo
emanate from the electrodes, especially the reference electrode (e.g. 199).
Although, electrode performance can be improved by exercising great care (169,199)
or by using better reference electrodes (e.g. 200) a substantial component of the
drift would appear to result from sub-optimal measurement configuration (Fig. 6).

If the potential difference of each half-cell of two identical, combined
TH electrodes is measured against the solution earth (rather than differentially)
substantial drifts can be demonstrated. When all electrodes are commected to high
input impedance signal-conditioning amplifiers, the individual long-term drifts in
well-buffered and -stirred media track well and the calculated differential read-
ings barely drift at all. However, if the low impedance reference electrodes are
diverted directly intc the measurement system, even with 1 Gohm input impedance,
the drifts measured against earth did not track and calculated differential long-
term pH drift and very low frequency 'noise' was noted. Similar, simultaneous
measurements made directly (i.e. differentially) display similar drifts, even in
the combined electrode configuration. In these latter two cases the interference
pickup is clearly not balanced, resulting in series mode drift and low frequency
noise which is faithfully reproduced in the differential measurement, even when
using a high performance measurement system (50; see Fig. 6). Although the
required pH measurement resolution is not particularly high in most fermentations,
the longer term reliability of measurement is a significant problem, requiring
the frequent recalibration of the measurement system. It would appear (Fig. 6)
that reliability and calibration longevity is significantly improved by the
employment of better measurement configurations. The use of ISEs to measure
non-logarithmic activities, rather than pI, together with the lower measurement
resolution of some ISEs, inherently requires both higher resolution and more
reliable measurement configurations than are commonly employed for the measure-—
ment of pH in present fermenters.

Although flow electrodes can be well guarded electrically from extraneous
interferences, streaming potentials can be a problem. Where the size of ISEs is
reduced, the output impedance is increased and higher performance measurement is
essential. The sensing membranes of all such ISEs are very close to the flow cell
surfaces. The flow of fluid across these surfaces will cause variable potentials
to be developed close to the electrode surfaces. Careful attention to the elec-
trode and flow cell geometries and materials is necessary to minimise these
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potential differences (and to make them common mode).

7.2 From analogue to digital instrumentation

The interfacing of fermentation measurement (and control) systems to
computers or the use of microprocessor control is of undoubted importance to all
scales of fermentation. The introduction of microprocessors holding commercially-
defined machine code software must be frowned upon at this early stage of instru-
mentation development as premature. System requirements and algorithmic formu-
lations of measurement and control are not fully developed and the use of hard-
wired mieroprocessors will, therefore, inhibit further necessary developments
because users will have little access to the software and commercial suppliers

will find it too expensive to provide the necessary microprocessor development
backup (182,201).

Instrumentation exploiting microcomputers has undoubted benefits in
cost, flexibility and development terms, and many manufacturers have therefore
adopted an intermediate stage. Existing analogue measurement and control instru-
mentation has been retained and interfaced to microcomputers; data acquisition is
here achieved by analoguz to digital converter (ADC) multiplexing of the scaled
meter outputs. ‘'Supervisory control' of the existing analogue control loops is
then achieved by multichannel digital to analogue converters (DACs) which provide

a signal proportional to the control set point and override the manual potentio-
meter controls.

The 12-bit resolution of most ADC multiplexes allows approximately 1 mV
resolution over the working range (e.g. -2.0 V to +2.0 V) of ISEs or pX resolution
of approximately 0.02. This is barely acceptable particularly as practical
commercial precision specifications usually round up the last resolved digit, and
the above 4—-digit resolution is practically %%-digit. As far as most femer}tation
measurements, especially ISEs are concerned the ADC multiplex approach requires a
complete meter configuration as the signal conditioning unit. The implementation

can, therefore, be expensive despite the relatively low cost of microcomputers and
interfaces.

The cost of improving analogus performance, let alone digital resolution,
is even greater at the present time. ADC multiplexes are presently ideal for rapid
data acquisition applications where signal quality is high; neither conditioa is
apparent in fermentation applications.

Other industries have solved the requirement for high performance multi-
channel measurement by analogue scenning digital multimeters. The exploitation of
a single, high performance, multifunction digital meter seems particularly approp-
riate in fermentation technology, since the majority of the above signal condition-
ing requirements are now redundant. Transducer outputs (AC or DC voltage, resist-
ance or current) can be measured directly with better performance and resolution
(e.g. 5%-digit). Sampling times of these instruments are necessarily short and as
well as employing selectable filter networks which will increase sampling times,
the better instruments inherently reject noise, such that data acquisition rates
of 20 independent transducer measurements per second are routinely achieved.
Although the high (e.g. 1 uV) resolution of these devices requires that isolation
etc. be very good, as noted above, an appropriate measurement configuration can
improve this further by making the ISE half-cell measurements individually against
'solution earth' and acquiring the conventional (working-minus-referent:e) differ-
ential measurement by software subtraction. The performance of this configuration
in a running fermenter is high with an average noise of 40 uV - 80 uV between
consecutive, non-filtered 40 msec readings and long term drift cycles consisting
of approximately 1 mV per day excursions, even with uncombined electrodes. Since
the cost of such equipment for many channels, including a computer interface, is
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equivalent to two high quality, non-interfaced pI meters of comparable quality,
it is an obviously cost-effective, flexible solution to fermentation instrumenta-
tion.

7.3 Instrumentation for fermentation systems

A gystem implementing the above philosophy is diagrammed in Fig. 7.
This differs from conventional supervisory control systems in that both measure-
ment and control can be effected by direct inputs and outputs. Such a system
allows for direct high-level software control of both switched and proportional
feedback elements. The use of hard-wired microprocessor control for input
measurement and output control algorithms can lead to inflexibility, and diminished
ability to keep pace with relatively rapid changes in fermentation system require-
ments. However, when the machine level software is written such that the essential
variables can be passed from a microcomputer to a battery-backed read only memory
(ROM), more flexibility and resistance to power failure is achieved.

The flexibility, cost-effectiveness and power of the former types of
system (Fig. 7) lies in the use of high level software at the expense of hardware.
In such systems all device input (remote programming of the device) and output
(measured data) is controlled by the system microcomputer by standard interface
bus links of which the IEEE 483 (1978 version (202)) is becoming standard. In
these systems essential data may be maintained during power failure either by disc
storage with an autostart mechanism or by a battery-powered ROM. Whilst it may be
argued that computer failure in these systems results in complete loss of control,
a networked supervisory and backup microcomputer completely overcomes this as well
as providing useful background job computational facilities. The available flex-
ibility is illustrated by, for example, the simple provision of a sophisticated
digital polarograph largely using existing instrumentation (Fig. 8). Polarising
voltages may be provided by a precision fully floating DAC unit which most systems
will possess. The driving of various polarising voltage waveforms and ramps and
the appropriate triggering of measurement is handled at the software level, and
enables the improved measurement procedures mentioned earlier (see e.g. 274).

8. THE PROSPECT OF BIOCHEMICAL CONTROL

8.1 Widespread importance of biochemical assessment

It would be a lengthy and complex task even to begin outlining the
broad wealth of biochemical and physiological knowledge of microbial growth pro-
cesses that evidence the importance of on-line biochemical assessment, let alone
its application in real-time control. However, in truth this vast literature
provides the microbiologist with little more than stochastic peeps into the
dynamics of microbial physiology.

Although well provided with the means of studying the nature and proper-
ties of individual events, microbial biochemists are largely unable to study
simultaneously, continuously and in real time the interrelated events of growth.
Direct multiparameter monitoring is a facility lacking both in research and in
technological applications. That the majority of the benefits of this approach
remain to be discovered should be sufficient of itself to encourage its more
widespread application. However, the purpose of this discussion is to justity in
general terms the application of multiparameter monitoring to the ends of under-
standing, maintaining and improving fermentation yields.

The profound effects of all environmental parameters on microbial
metabolism must be considered a major justification for the introduction of multi-
component biochemical monitoring., The following discussion is intended to
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underline the fact that the microorganism will continuously seek to alter its
metabolism in response to subtle changes in its environment. It must be realised
that these regulatory phenomena have evolved for the survival and multiplication
of the microorganism under a wide variety of environmental conditions in its
natural "feast and famine existence" (203). The microorganism's intrinsic
regulation is selfishly geared to its own ends, not those of the technologist.

Near total reliance on the 'good technological sense' of the micro—
organism is a concept that has emanated from the industrial exploitation of near-
natural processes. Therefore, despite a wide variety of other complexities,
provision of a strain that 'works' has, in essence, relied on the natural avail-
ability of a suitable phenotype. In a background of limited environmental control
and physiological understanding, subsequent strain improvements have admitted a
high degree of serendipity, both in their gelection and subsequent technological
verformance. Although genetic manipulation techniques have drastically improved
this situation, they are still largely based on an understanding of metabolism
which itself is incomplete. Genotypic yield improvement procedures therefore lack
the means of obtaining a more definitive understanding of the dynamics of the
biochemistry and physiology of metabolism and growth and obviously ignore the
effects on product yield of dynamic changes in metabolism during "fermentation".

In effect, multiparameter monitoring is a feature bearing on the success
of the following key areas of microbial technologyi-—

(a) microbial physiological research;

(b) process improvement by physiological manipulation;

(c) process optimisation throughout upscaling;

(d) day-to—day maintenance of optimal conditioas;

(e) microbial product quality assessment and downstream processing;

(f) identification of the features requiring strain engineering and
the prediction and verification of the effects of strain engineering;

(2) maintenance of technologically improved strains under selective
conditions, avoiding strain degradation;

(n) the provision of the information to erect and test mathematical
models of "fermentation" processes.

There are only two means of improving fermentation yields, both of which
are inescapably linked to the manipulation of the microbial phenotype by alteration
of the nature, activity and/or quantity of the organism's enzymes and proteins:-

(a) control of the environment such that it affects the dynamic
function of the microbial phenotypes

(v) alteration of the microbial phenotype by manipulation of the
genome.,

A microbial process may be required to bioconvert a complex substrate
(e.g. detoxification and waste treatment (e.g. 204)), to concentrate specific
components from a complex substrate (e.g. in metal recovery (205)), to produce
biomass (e.g. 206), to produce biomass enriched in specific cellular components
Eevs- 207), or to produce and excrete metabolites and macromolecular products
e.g. 8,208,209). All microorganisms perform analogues of all of these processes
most of the time. Therefore, short of excis the particular series of enzymes
in a biochemically engineered process (209,210), all the microbial technologist
can hope to achieve is to manipulate the phenotype to maximise predictably any one
process at the expense of all the others. The genetic engineering of strainsi-—
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() to introduce previously non-synthesised products (e.g. 211,212)

(b) to provide higher produztivity by introduction of multiple gene
copies (e.g. 213,214); or

(c) to alter the regulation of metabolic pathways (e.g. 215,216)

are powerful tools whose success depends on the ill-uaderstood response of the
microorganism to its environment and to many other resultant influences on its
metabolism. Even when the genotype is expressed as the desired phenotype, mutation,
plasmid loss and unfavourable regulation (i.e. strain degradation) can confouad
productivity during "fermentation" (e.g. 217-219) in the absence of appropriate
'environmental selective pressure’, since "from the organism's point of view,
strain degradation is often strain improvement" (8). Further, it is important to
realise that the more alien or minor the process being optimised, the more likely
it is to be overriden by the primary metabolism of the microorganism.

It is unfortunate that the physiologist/bioengineer has not been availed
of the tools to advance understanding of microbial processes at a level to comple-
ment the manipulative powers of genetic engineering. It is similarly unfortunate
that the "New Biotechnology' has an all-too-common tendency to lose perspective in
the present onslaught of "cloned market insights...and...sticky-ended stockmarket
projections" (220); statements such as "fortunately today's experienced industrial
geneticist clearly understands this demanding interdependence... and it falls on
him to demand, lead, or coerce others to provide the means for tramslating esoteric
research into practical produzts" (221) draw attention to the problems of inter-
disciplinary work of this type.

8.2 A general scheme of biochemical assessment revisited

The practice of providing general schemes is particularly dangerous in
view of the complexity of the processes which are summarised. However, in the
interests of illustration certain features common to all microbial processes
(summarised in Fig. 9) can be identified and employed to gauge the prospect of
improved biochemical assessment and control.

Some of the most important properties of microbial systems of interest
to the improvement of fermentation yields are:-

(a) nutrient uptake from the environmental compartment and waste
produst removal from the microbial compartment (membrane transport);

(b) the provision of energy by catabolism and its consumnption in
transport, assimilation and growth;

(¢) provision of molecular building blocks for assimilatory pathways;
(d) the intrinsic regulation of transport, catabolism and assimilation.

8.2.1 Transport. The cell membrane is a selectively permeable ultrathin lipo-
protein membrane, which is impermeable to most of the intracellular metabolites;
however, many other metabolites or biochemicals can be treated as nutrients or
waste products by different organisms and tend to be maintained at optimal concen—
trations within the cellular compartment. The majority of the latter require act-
ive transport to drive nutrient import or waste product export against an establi-
shed concentration gradient (19,20,222,225). These envirommental parameters are
intuitively the link to biochemical control as they provide ths major means of
'communicating' with the organism's interior; indeed they are believed to provide
the organism with the means of sensing its environment (224). Transport must
therefore be considered a crucial aspect of physiological assessment, evidenced by
the estimation that microorganisms themselves can devote as much as 50% of their
energy to maintaining transport processes (225), even in a nutrient-rich
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environment. They are therefore worthy of more detailed consideration.

The transported species may be divided into:—

(a) species not modified by the organism at all and involving import
and export;

(b) species that are otherwise not synthesised by metabolism and are
largely only imported;

(c) species that may be synthesised, imported and exported; and
(d) species that are only exported.

Although some transport processes are directly linked to biochemical
energy (e.g. from phosphosnol pyruvate 2226) or adenosine triphosphate (ATP) (227)),
most are drived by electrochemical ion (especially proton (228)) gradients (e.g.
20), which appear to behave in many respects according to electrodic principles
(125. Protein carriers in the cell membrane specific to the transport species are
secondarily linked to the primary generation of proton currents by metabolite
oxidation or consumption of ATP (19,20,222,223,228). The resulting steady-state
concentration gradients of individual species are analogous to the electrochemical
potentials of ISEs. Although this may provide some ingight into the amount of
energy diverted to each transport process at steady-state, allusions to its thermo-
dynamic and mechanistic importance in chemiosmosis (19,222,223,228) are perhaps
premature (12,229-231), particularly because microorganisms are believed to operate
far from thermodynamic equilibrium (e.g. 232).

The major non-metabolised cations (potassium and sodium) provide the
bulk of osmotic buffering (20). Potassium is accumilated by bacteria, at least,
to total concentrations in excess of 200 mM, whereas godium is, in general,
actively pumped out (20). Under non-scavenging transport conditions (233), the
sodiun—potassium gradients are believed by some to be the major factors respon—
sible for "the buffering of the transmembrane pH gradient" (maintaining a constant
intracellular pH) and the bulk phase transmembrane potential (234,3%4). The main-
tenance of intracellular pH appears to be a significant feature of the physiology
of many bacteria (334).

The transmembrane distrihution of Ihe lipid-gsoluble cations, butyl and
methyl triphenyl phosphonium (BTPP" and TPMP') is believed to respond to the
"pulk phase steady-state transmembrane potential® (50,234-236,246). ISEs selective
to low envirommental levels (5 to 25 pM) of both probe ions are available (50,235,
2%6,246)., The accumulation of lipid-soluble cations hag been used as a measure of
biomass (235), although in the case cited, some correction for any changes in
transmembrane potential would appear to be necessary.

Similarly, the distribution of acetate (among other weak acids (20)),
has been used to estimate the transmembrane pH gradient and therefore intracellular
pH (19). Since acetate is metabolised by many organisms its use is gquestionable
and probes responsive to substances such as for acetylsalicyclic acid (aspirin)
may prove more acceptable. ISEs may be prepared for both proba ions (e.g. 62).
Neither of the ISEs responsive to these probe molecules has been used to assess
the dynamic properties of growing cultures but despite the doubts that exist
concerning the mechanistic and quantitative thermodynamic significance of the
measured gradients, highly useful on—line information of the physiological state
of the organisms would be forthcoming were such measurements undertaken.

In the anaerobes (e.g. Clostridia) operating a true fermentative
metabolism (e.g. glycolysing glucose to acetate and butyrate and lacking any
respiration (19)), the protonmotive coupling of energy (from ATP) to potassium
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accwmilation would appear to be linked to the environmental potassium activity.
Potassium leakage pathways constitute a considerable dissipation of energy

primarily derived from ATP via the membrane adenosine triphosphatase (ATPase (237)),
especially under potassium-replete conditions, and this was further characterised
by a high rate of glycolysis and insignificant bulk transmembrane potential. Since
in the same orgenism specific inhibition of the ATPase results in inhibition of
glycolysis (presumably resultant from ATP feedback inhibition), futile, uncoupled
ATP hydrolysis may well be linked to the need for a greater glycolytic throughput

to provide other key intermediates, a need possibly accentuated in the glucose
minimal medium in which this organism was grown. Similarly, under low (limiting)
environmental concentrations of potassiun, when the intracellular levels of
potassium remain very much the same, the efficiency of coupling of potassium
transport to ATP hydrolysis was high, as was the apparent transmembrane potential,
and the rate of glycolysis was lower, suggesting that there was no longer the
ability to dispel excess ATP and enhance glycolysis. However, growth on richer
media supports higher growth rates, with lower glycolytic rates even in the presence
of low environmental concentrations of potassium, and glycolytic inhibition as a
result of ATPase inhibition was not nearly so significant (50). The ATPase itself
is also allosterically activated by key glycolytic intermediates (241).

It is extremely interesting to the prospect of biochemical control that
the manipulation of an envirommental parameter, such as the potassiun ion concen—
tration, should have such a profound effect upon metabolism. Protonmotive energy
spillage to heat production (itself presenting a major cooling problem to the
microbial technologist) has been suggested to be a major means of energy dissipa—
tion under excess carbon supply (8,242) and has been inferred to encourage over—
flow metabolism (secondary metabolite production) (8), as in the above example.

As well as the possibility of variable "slip" in the functional cycle of the

primary protonmotive pumps (243,275-276,324), the variable coupling of proton-
motive energy to specific transport systems would also appear to be a mechanism

of energy spillage. The maintenance of relatively constant "adenylate energy
charge" in many organisms under many environmental conditions (328) can be exploi-
ted to assess the microorganism's physiological state. In this regard the over—
flow metabolisms of poorly coupled ATPase or transport mutant strains is of interest
(245). The reverse situation, namely where the organism's energy spillage and over—
flow metabolism must be minimised, is of importance in improving biomass yields.
More extensive study of the interrelation between transport, energy spillage,
inherent "ATP pool control" by the above Pasteur-like effects (8,247) and their
relationship to overflow metabolism and growth is of central importance to all
microbial processes and their biochemical control.

In many anabolic pathways which consune envirommentally supplied nutrients,
the transport or accumulation of the nutrient is the rate~limiting factor in that
pathway and even in growth. In respiring organisms when, for example, phosphate,
magnesium or potassium limits growth, and energy supply is in excess, the organism's
specific oxygen consumption rate is high. This presumably maintains the proton-
motivated transport systems with sufficient energy to overcome the more unfavour—
able ionie gradients. Maintaining oxygen supply to industrial processes is a
difficult problem and it is clear that even simple variation of inorganic composit-
ion of the medium can significantly effect oxygen demand.

Much evidence has suggested that there is a more subtle coupling between
protonmotive energy and transport (e.g. 12), and local protoneuwral networks have
been suggested as the means of coupling protonmotive sources and sinks (229,329).
These mechanisms allow close kinetic and thermodynamic control to be exerted on
transport, and explain why the accumulation of various nutrients bear only a
?ualitative or no relationship to the apparent bulk phase protonmotive force

e.g. 50,233). More significantly, such a model provides a means of understanding
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how the organism exerts variable energy coupling to individual transport systems
and how energy spillage may actually occur (275,276).

Similar transport processes are also involved in metabolite export.
Al though fewer studies have been made, the basic mechanisms are believed to de
the same (20). Of particular importance are the organic acids whose environ-
mental accumulation has long been known to inhibit growth and metabolism (248)
as do many other "staling factors". Species such as non—-ionised acetic acid are
soluble in the cell membrane and can be excreted to significantly high concen-
trations and act to dissipate the transmembrane pH gradient (20). As well as
decreasing growth rate and inereasing oxygen consumption rate in response to the
apparent uncoupling effect (8), the excretion of some metabolites (e.g. lactate)
has even been shown to drive the uptake of other nutrients (249). The above
are merely a few instances of the profound importance of transport in microbial
processes; many other examples can be found.

8.2.2 Fine and coarse metabolic control. The microbial cell operates two inter—
related metabolic regulation mechanisms. Fine control of the activity of pre-
formed enzyme molecules involves either allosteric activation or inactivation of
specific enzymes by certain key metabolites or their reversible covalent modific—
ation. This can involve alteration of the affinity of the enzyme for substrate
andfor the maximun reaction velocity at saturating substrate concentrations, and
competitive, non—competitive, mixed and cooperative effects have been established
(e.g. 250,251). Most of these regulatory mechanisms have been quantified by in
vitro assay of purified enzymes, and the information then extrapolated to the
whole cell. However, certain features can be qualitatively demonstrated in whole
cells, some of which are alluied to in this discussion.

The coarse control mechanisms not only involve induction or repression
of enzyme synthesis itself but also specific degradation of enzyme molecules which
are also effected by key metabolites. Such regulatory mechanisms often involve
whole metabolic pathways (e.g. 252,254). These mechanisms were first demonstrated
in whole cells, phenomena of which diauxie is the classical example (255), and
many more have been identified. More recently, it has proved possible to engineer
certain operons and so manipulate regulation mediated at the level of DNA trans-
cription (e.g. 252-256).

Further discussion of these regulatory mechanisms is beyond the scope of
this presentation; however, such mechanisms are largely responsible for effecting
any proposed environmentally applied biochemical control. Although some of the
gross effects of these control mechanisms have been demonstrated there is little
understanding of how they interact in the growing cell. It is the role of the
physiologist and biochemist to provide more insight into the factors affecting
these regulatory mechanisms. At present one of the major tools in studying the
metabolism of growing cells is the chemostat (8,46). Although this has provided
a great deal of understanding, it is not a culture method traditionally favoured
by the technologist. However, certain examples are worthy of mention to underline
further the effect of the microorganism's environment upon its metabolism.

Transport systems themselves, as well as undergoing specific regulation
(above), are prone to dramatic non-specific regulation under environmental stress.
Many nutrient limitations induce synthesis of high affinity transport systems (256)
which may even alter subsequent metabolic routes (257). Many organisms synthesise
chelating agents (siderophores) in response to inorganic cation insufficiency
(especially of iron or manganese) (258). However, unless transport mechanisms are
chronically limiting growth, specific regulatory mechanisms usually predominate.

Some of the effects of carbon source and oxygen have been mentioned with
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respect to transport. However, one rather obvious but important example is the
iifference between anaerobic fermentative and aerobic respiratory modes of growth.
Under aerobic conditions the major end product of sugar metabolism is biomass and
carbon dioxide, but under anaerobic conditions fermentation pathways yield a var-
iety of other partially oxidised metabolites (e.g. ethanol, succinate, lactate,
acetate). One of the ma jor metabolic bottlenecks in such growth is the production
of excess reducing equivalents, both in overflow metabolites and in the excess of
WD(P)H (e.g. 8). Anaerooes therefore 'waste' reducing power by production of
hydrogen, a process which is therefore of importance in the coatrol of anaerobic
processes (259). Significant variations in fexrmentation end product yield may be
expected upon alteration of envirommental conditions (8). The classical example
isthe production of more basic metabolites in acidic media and the production of
more acidic metabolites in alkaline media (260).

The routes of assimilation of many nutrients can suggest the reason for
switches in metabolism to accommodate the envirommental changes. Many organisms
employ glutamine synthetase and glutamate synthase to assimilate ammonia. Under
ammonia limitation the substrates for driving assimilation (ATP, NADPH and 2-
oxoglutarate) must be present in excess. This often results in overproduction of
2-oxoglutarate and in storage polymer synthesis in response to high AT? levels
(e.g. 8). Limitation of sulphate as well as of certain vitamins would similarly
be expected to limit seriously the operation of those enzymes requiring these

substances as precursors of cofactors, and either metabolic rerouting or metabolite
excretion then ozeurs (8).

Sufficient evidence has been accumulated even with the currently
inadequate procedures to underline the profound effects of most of the usually
wmeasured environmental parameters on metabolism. Many of these must be expected
to change dynamically during "fermentation" as a result of microbial growth. A
significant example is provided by the fact that many "fermentations" even rgly
on the microorganisms to change its environment before significant productc yield
is achieved (e.g. 261,262). The heuristic role of miltiparameter biochemical
assessment and control would therefore appear to be unquestionable.

8.3 Practical considerations

8.3.1 Measurement. Nearly all of the non-sensitised ISEs have a possible role in
fermentation analysis, and the prospect of enzyme—sensitised ISEs must surely result

in biochemical assessment systems being largely based upon ISEs for all the reasons
sumarised in Table 3.

In addition to the need for monitoring and controlling the constitution
of the fermenter fluid, there is also a requirement to achieve some estimate of
certain metabolites within the microbial compartment. This is more difficult, but
it ig possible, selectively or totally, to permeabilise the cell membrane, so as to
achieve measurement of internal components or to effect entry of environmentally
provided substrates without transport (263-265). Many of these procedures are

gentle, easily performed and provoke rapid equilibration of the intracellular and
extracellular compartments.

The microbial volume fraction of many fermentations varies from as little
as 0.01% to over 3%6. Since many key metabolites (e.g. ATP) are present at intra-
cellular concentrations in the millimolar range (e.g. 266), their dilution after
equilibration of aliquots containing the microbial volume fraction with the total
volume still allows direct ISE measurement. Although many detergents are inter—
ferents of most ISEs, and in the long term may extract mobile carriers (see
section 5), very low levels of the stronger (e.g. sodium dodecyl sulphate) and
low levels of the weaker non—ionic detergents are sufficient to effect rapid
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TABLE 3. Some advantages of ISE-based transducer technology
in microbial process assessment and control

(a) Continuous, real-time assay suitable for feedback control
(b) Potential selectivity for most important biological determinands

(¢) Electrode sterilisation methods available, although they can be avoided
completely

(d) Probe fouling can be minimised or avoided

(e) Good sensitivity (ca 1%) over a wide range (40-61“[ toxIM) and automatic

on=line dilution methods possible

(f) Responsive to thermodynamically- and microbially-important free activities
rather than total concentration

(g) Yo requirement for added reagents, except with a few indirect enzyme
electrodes

(h) Assay is non—destructive or determinand consumption is negligible

(i) Electrodes are, or can be made, biologically inert

(j) Selectivity good to poor, where interference can be corrected or minimised
(k) Acceptable response time, even with enzyme electrodes

(1) Good shelf-life and acceptable in-use life time

(m) Relatively low cost and disposable designs possible

(n) Can be used in turbid and viscous broths as well as in the gas rhase

(o) Can be effectively 'home made' where small market size does not encourage
comnercial interest

(p) Calibration possible on-line

(q) Can be miniaturised and incorporated into multi-ISE probes to avoid multiple
fermenter entry ports

(r) lLargely steady-state methodologies, even pseudo-equilibrium methods (e.g.
enzyme electrodes) can be made acceptably unresponsive to flow or stirring
rates.

equilibration (e.g. 267). Furthermore, under such conditions the major proportion
of detergents enters the membrane phase and relatively little is available in free
solution (26?). It is therefore quite conceivable,that, in many cases, premixing
of small samples of cell suspensions with detergent in a flow line, followed by
direct analysis, would provide effective, reliable and near real-time analysis of
the intracellular compartment. A very valuable development would be the ability
to measure biomass on-line and, although direct methods are available, all are
possessed of chronic problems z268,550 . Although there are many 'units' of
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biomass, intracellular volume fraction would appear to be the most suitable, so
that intracellular concentrations of metabolites may be estimated in real time.

5.3.2 Actuation. Addition pumps are widely used to effect envirommental change.
However, in the case of most nutrients these may only effect 'upscale actuation'.
Although addition of chelators or metabolism itself may effect 'downscale control',
1? is not widely applicable. In continuous culture basal medium continually
dilutes the culture and limited 'downsecale control' may be effected by this
:Fechanism. However, it should be noted that peristaltic pumps are notoriously
naccurate and the ability to monitor the volume of the fermentation and/or the
‘?‘Olume‘tric addition of titrants would be essential, especially when the likelihood
iz that set point feedback control is replaced with more sophisticated control
algorithms. Here, the downscale aspect of control is therefore a great problem;
nonetheless, dialysis culture, at least at the small scale, would appear to provide
a means of external removal of unwanted metabolites. Indeed, where such culture
Ifiethod.s have been used, cell yields and densities in particular have been greatly
increased (e.g. 269;. Various methods of performing controlled dialysis culture
are available (270

8.3.3 Control loops. Set-point, single-loop feedback control has proved extremely
useful in fermentation for parameters such as pH and temperature, but its applicat-
ion has been guided by the availability of electronic controllers. Although these
oIz2y possess sophistications such as proportional, differential and integral control
(271,331) it is often difficult for the fermentation technologist to engineer full
use of such intricacies, especially in the case of biochemical parameters. The
sophistication that is inherent in these control loops is that most should be
milti-input and involve multiple actuations, and in truth this holds even for those
bresently used in fermentation (e.g. oxygens-

This area is clearly the province of computer—directed digital control and is
another reason to reject the prevalence of analogue controllers in computer—super—
vised systems. The use of trus computer control allows the control loops to be
algorithmically formulated in software terms, and bestows flexibility, sophisticat—
ion and greater cost-effectiveness on the system. Since all input signals are
converted to physically meaningful units, and since the magnitudes or rates of
nearly all actuations may be calculated or measured rapidly enough to represent
real time to the microbiologist, appropriate and elegant fermentation coatrol may
readily be achieved. As well as making actuation adaptive to changing conditions,
control loops can easily be made mixed, or responsive to derived parameters as well
as to individual input signals. This type of approach is essential to biochemical
control and places control in the hands of the microbiologist and not the instru-
ment designer. Many of the arguments traditionally raised against such control
mechanisms are based on systems with much more rapid response times than those
generally present in microbial processes.

9. TFUIURE PROSPECTS

Multiparameter monitoring would appear to be inextricably linked to improve—
ments in many areas of microbial research and industrial processes, for which
purpose ISE technology has been awaiting exploitation for some tims (11). It is
hoped that the practical considerations presented in this review will at least
create an awareness of the problems of the application of ISEs in fermentation,
and underline the fact that the first few steps can bz taken now. Digitally
instrumented computer technigues would appear to bz a prerequisite for effective
ISE use, and there are demonstrable benefits from using the inherent flexibility
of software for real—-time operation as well as for off-line analysis.
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The future prospects of ISE technology appear to depend on the further
development of electronic transduction systems and the provision of a wider
variety of more selective sensor elements. The latter have been, from the
electrochemical point of view, relatively difficult to find or to synthesise.
Biology is in this sense fortunate in the possession of a great number of highly
specific ligands, and it would be beneficial both to ISE technology and to bio-
technology if this feature could be exploited more extensively. Proteinaceous
ligands as sensor elements in ISEs require considerable study if they are to find
widespread and reliable use, and the explotiation of thermophilic or chemically-
stabilised enzymes is a rather obvious first step. It is also of the greatest
interest to note the functional similarity between microbial transport proteins
and ISE sensors, and a considerable number of reagentless bio-sensors could
perhaps be developed from these ligands. The possibility of developing regenerat-
ing reagent/co-factor ISEs has already been demonstrated. The potential of modemn
molecular biological methodologies should not be overlooked in solving some of
these problems. As well as improving protein/ligand preparation methods, it is
also clear that DNA- and protein—-sequencing may shortly provide an understanding
of the molecular structure of the ligand sites of proteins and allow rather
wnstable proteins to be discarded in favour of shorter, even 'designed' poly-
peptides, which may then be further modified to comprise sensor elements.

In the biocelectrochemist's preoccupation with providing transducers, the
direct bioconversion of chemical, electromagnetic and electrical energies should
not be overlooked when considering future appropriate technologies. There is
already very little difference between bio-transdusers and bio-fuel cells other
than that of scale and purpose; improved biomolecular design and engineering will
surely lead to improved signal—-transducing systems.
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