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ABSTRACT
Methods that have been used to estimate the content, and in some cases the
nature, of the microbial biomass in a sample are reviewed. The methodr
may be categorised in terms of their principle (physical, chemical, biologicai or mathematical/computational),
their speed (real-time
or
otherwise) and the amount of automation/expense involved. For sparse
populations, where the output signal is to be enhanced by growth ojc the
organisms, physical, chemical and biological approaches may be of
equal merit, whilst in systems, such as laboratory and industrial fermentations, in which the microbial biomass content is high, physical methods
(Anne) can permit the real-time estimation; of microbial biomass.

Key words: biomass measurement, automated microbiology, microbial
biomass, microbial growth, fermentation control.

1. IN’KRODIJCITON

AND

SCOPE

‘The study of the growth of bacterial cultures does not constitute a
specialised subject or a branch of research; it is the basic method of
microbiology.’
(Monad, 1949.)
In accepting at once the foregoing truism, one appreciates immediately
that it is of the first importance to be able to quantify the number (and/or
.
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Features of an Ideal Probe Suitable for Monitoring Biomass
Concentration in Fermenters
1.
2,
3.
4.
I5 *
6.

7.
8.
9.
10.

Co:ltmuous, real-time assay, i.e. rapid zzsponse.
Sensitive (resolution of approximately O-02 mg/ml: lO’cfu/ml).
Electrodes (probes) biologically inert.
Non-destructive assay; no added reagent.
Many ekctrodes (probes) using same equipment.
Good lifetime.
Low cost.
Can be used i.n optically opaque and turbid solutions.
Cleanable ix s&x.
Sterilisable (autoclavable).

nature) of viable microorganisms, or to measure the microbial biomass, in
a variety of circumstances. Thu s, it would be especially desirable to have a
general ‘ideal biomass probe’ that would meet the needs both of industrial
and research fermentation scientists (who generally wish to encourage
microbial growth) and of others (who may not). Nevertheless, despite the
plethora of possible techniques available for measuring biomass, no
single method exists which is really satisfactory for either of these groups.
An ideal biomass probe should possess the same characteristics as any
other electrode or probe (Table 1: (Harrison, 1976; Kell, 1980; Sikyta,
reliable- biomass measurements
are notoriously
1983)).
Ho%-ever,
difficult to obtain, in particular because of the variety of environments in
which the microorganisms exist, and the diversity, both in population size
and in characteristics, of the microorganisms themselves.
In 1963 Levin commented, ‘Lt is abundantly clear that there is great
room and need for improvement in classical procedures for quantitative
microbiological determinations’; to a large extent this remains true some
20 years later. During this pe-riod, many attempts have been made to
ititrodu.ce alternative, improved -ways of monitoring microbial growth
(e.g. Bascomb, 1981):
.
.
Although it is usually taken that growth and division constitute the key
criteria of microbial viability (e-g. Postgate, 1976), and ergo distinguish
biotiass from necromass, such an analysis (of growth and division)
requires time, such that there is a lower’ limit to the time required to
establish the content of biomass Senrtc sticro. Evidently, therefore, the
goal of a ‘real-time biomass probe’ is in this sense unattainable. For an
etitree to the literature on the rather marked, and by no means irrelevant,
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philosophical difficulties invohfed in distinguishing life from non-life even
in higher organisms,
Watson’s
popular and thoughtful treatment
(Watson, 1974) is recommended. Parenthetically, we may mention that
such paradoxes, well known in physics and chemistry (Primas, 1981;
Wheeler & Zurek, 1983; Garden, 1984), are more prevalent in bioiogy
than is perhaps often realised (Welch &LKell, 1985). However, leaving
such difficulties aside, it is pertinent first briefly and loosely to consider
the appropriate means by which one might express the microbial biopruzvs
content of a sample.
Microbial content may be expressed in terms of the following:
(i) The number of viable cells present: In many cases, especially in
clinical analyses and ecological studies, the number of viable cells
provides the required information concerning the F_ptilaZioli -*ithin the
sample.
(ii) The total
microbial
biomass:
Viable counts may provide the
required information for industrial and research fermentation processes,
but this may not always be so. For example, it is biomass, and in some
cases also necromass, and not the number of viable cells, that is important
in many fermentations, such as those which produce glycerol, poly+3hydrpxybutyrate, and single cell protein (e-g. Dawes & Senior, 1973;
Smith, 1980; Anthony, 1982; Reed, 1982). Further, biomass may change
independently of cell number, for instance when a change in growth rate
induces a change in the morphology of Arthrobacter,
accompanied by a
reduction iri the number of cells, but no reduction in the ‘oiomass
(Lusconibe & Gray, 1971).
Biomass may be calculated from the number of viable cells, using the
cell dimensions and density of the cellular protoplasm, but the innate
errors are large, possibly as high as 50% (Hobbie & Watson, 1980).
(iii) The enclosed
volume
(fraction):
This quantity. the volume
(fraction) enclosed within the cytoplasmic membrane of the microorganisms, may also be used to describe the microbial biomass content
(Nestaas & Wang, 1981; Harris & Kell, 1983), and has a bioenergetically
significant basis (Konings & Veldkamp, 1980).
Whilst our own interests are primarily focussed on techniq.ues suitable
for measuring. biomass in axenic laboratory and industrial fermentors,
this review will also. endeavour to cover the perhaps more numerous
approaches to the monitoring of microbial growth undei- other conditions.
One possible categorisation of methods for determining microbial
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biomass, as employed, for example, by Bascomb (1981), differentiates
between those methods which depend upon growth (to enhance the
dutput signal) and those which do not, Snucha division may be relevant to
clinical work, but for the applications to fermentation processes, the
distinction between physical and chemical methodologies is initially more
appropriate, and is used herein. Such a taxonomy distinguishes those
methods which exploit. physical characteristics of the microorganisms,
and/or their effects upon their surroundings, and those which rely upon
chemicals added to the sample, or the measurements of cellular components or metabolites produced in the sample. Chemical methods
almost always require that the sample is removed from the fermentor, and
so are not appropriate for real-time monitoring. Conversely, the physical
methods are non-destructive, and, in principle, can allow continuous
monitoring of biomass in S&Uand in real time. For completeness, microscopical and mathematical methods are also covered. A discussion of the
problem of obtaining a representative sample is not given here.
The difficulties inherent to even the qualitative determination of
microbial biomass in general are very well illustrated both by a controversy concerning the existence of extreme thennophiles in ‘black
smokers’ (Baross & Deming, 1983; Trent et al., 1984) and by the wellknown but inconclusive experiments carried out by the Viking Lander on
the planet Mars (Sagan, 1981).
That the subject of biomass determination is of great importance (e.g.
Marten,
1972) is evident from the quantity of published reviews,
symposia and articles on the subject (e.g. Malletee, 1969; Coiiins & Lyne,
1970; Strange, 1972; Mitchell, 1974; Heden & Illeni, 1975; Pirt, 1975;
Curby & Gall, 1976; Isenberg & MacLowry, 1976; Johnston & Newsom,
1976; Mitruka, 1976; Jones, 1979;.Dermer et ad., 1980; Bascomb, 1981;
Bergan, 1981; Cundell, 1981; Washington, 1981; El-Shaarawi & Pipes,
1982; Geldreich & Kennedy, 1982; Tilton, 1982a, b; Anon, i983b;
Coonrod et ai,, 1983; O’Toole,
1983a; Clarke Ed al., 1985; Leach,
1984).

2. CHEMICAL

METHODS

As %veIl as destroying the samtile, chemicai methods generally require
disposable reagents, which makes frequent sampling expensive. The
measurements may be reasonably rapid, perhaps minutes after sampling,

but they are certainly not in real time, and cannot provide a continuous
monitor of microbial biomass in situ. Nevertheless, they are useful for
many purposes (Dermer et al., 1980; Letich, 1984).
.
2.1,

EislwrPincescence and cbm&&ceraoe
:

Several chemical reactions have been designed or identified such that
light is produced quantitatively in response to a certain factor that may be
used as an indicator of biomass. Of these reactions, bioluminescence is a
method. t!lat is currently favoured by microbial ecologists, since it may be
automated, is fairly rapid (output in under 2 min) and instrumentation
based on this principle is commercially available (e.g. Karl, 1980). The
bioluminescence assay is based upc?n the assumption that living cells of a
given type contain a reasonably constant amount of-ATP, which is lost
rapidly upon cell death. Biomass may therefore be expressed in terms of
ATP concentration (and also of NASH
under certain conditions
(Lovgren et al., 1982)) by the amount of luminescence produced as a
result of a reaction catalysed by firefly iuciferase:
ATP

+ luciferin + 02

= oxyluciferin

+ AMP

+ PPi + CO2 + light

(1)

(e.g.’ Allen, 1972; Thore eb al., 1975; Jones, 1979; There, 1979; Anon,
198ld; O’Toole, 1983a; Thore, undated).
The light produced is detected photometrically, and the method is
sensitive to cell numbers as Iow as 10’ cells/ml (Chappelle et al.,1978):
Errors in the estimated biomass may arise, for instance, from one or more
of the following sources:

W incomplete extraction of ATP;

tii ather substances
(ii) quenching by extraction chemicals, “bur^fers
in the sample;
(iii) use of impure, though relatively inexpensive luciferase (Picciolo
etai., J-978);
stress
on cells;
(iv)
(v) activity of ATPases and other kinases;
(vi) variation of cellular A,TP content with physiological conditions
(Chapman et al., 1971; Atkinson, 1977; Chappelle et ai., 1978);
(vii) the presence .of free ATP of non-microbial origin (Picziolo et al.,
1977);
.
(viii) degradation of ATP by the extraction reagents.
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A further method,
using firefly iuciferase, has been developed
to
overcome the problem of the variation in the ceIiuIar ATP content (or the

adenylate energy charge) (Karl St Hahn-Hansen, 1978; Jones, 1979).
Although ATP concentration varies with physiological conditions, it has
been observed (Atkinson & Walton, 1967; Chapman et al., 1971) that the
total concentration of adenine nucleotides (ATP, ADP, and &Pj
remains essentially constant, and may be used as an indicator of metabolic activity and the potential for growth.
The concentrations of AMP and of ADP are determined by separation,
enzymatic conversion to ATP, and a subsequent assay with firefly luciferase (Karl & HoIm-Hansen, 1978). The adenylate energy charge Esthen
calculated from:
[ATP) + O.S[ADP]

adenyiate energy charge =
[ATPI + [ADP) + LAMP]
(A&C)

(2)

For growing cells, the AEC is typically between O-8 and 0.9 (Atkinson &
Walton, 1967; Atkinson, 1977; Knowles, 1977). Absolute growth rates
cannot be predicted from the AEC ratio, but the rate of protein synthesis
and the capacity for cell growth correlate more closely to this than to
absolute ATP concentrations; hence, although it has little thermodynamic basis, the AEC is a useful indicator of metabolic activity and the
potential for cell growth.
The main disadvantage of the AEC method, regarding its application
to the monitoring of biomass in fermentors, is the separation and subsequent conversion of ADP and AMP to ATP. which would require
removal of the sample from the fermentdr, and a delay of approximately
30 min before the results were availkble.
Bioluminescence is probably the.most convenient and reliable method
for measuring total microbial biomass in most environmental samples
(Karl, 1980). It has been used to assay biomass in fermentor broths
(Cachet et al., 1984; Anon, undated, a), and Sharpe et al. (1970)
suggested it to be. ‘a better indicator of biological activity in food than the
number of colony-Forming units’,
Less successful than bioluminescence is the detection of microorganisms by the chemiluminescence of luminol. This measures the light
emitted by the haem-protein-catalysed oxidation of luminol in the
presence of hydrogen peroxide (Neufeld et d., 1965 ; Coates, 1976; Ewetz
& Thore, 1976; Jones, 1979).
An automated luminol chemiluminescence method for measuring the
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microbial content of water samples, seeded with one of six common
contaminants, was developed by Oleniacz et UC.(1968). They proposed
two separate systems, both capable of detecting 103 to IO5 cells/ml of
water. These systems measured the light emitted from the reaction of
alkaline luminol in the presence_of either sodium perborate or sodium
pyrophosphate peroxide. I3oth methods were non-specific amongst
organisms; they could not differentiate qtiantitatively one organism in the
presence of a mixed population. For each type of microorganism seeded,
however, the method exhibited a linear response to varying cell numb&s.
It was also recognised that luminol chemiluminescence may be affected
by certain transition metals, such as iron, which are known to catalyse
chemiluminescence. In the same study, Oleniacz et al. (1968) examined
the effect of ferric, ferrous, and calcium chlorjdes on the luminol perborate system. Iron (III) chloride provoked luminol luminescence
whether E.coCr’ was present or not; iron (II) chloride, below a critical
concentration, similarly increased luminescence, but above this critical
concentration iron (II) chloride had a quenching effect; calcium chloride
exhibited a similar enhancing/quenching effect about a critical concentration: The effect of these ions and various transition metal ions, on the
luminol chemiluminescence reaction could be eliminated Gy the appropriates use of filters, so as to permit the subtraction of the background
chemiluminescence from that produced by the biomass in the sample.
Miller & Vogelhut (1978) have also shown that the method is sensitive to
haem moieties in the culture fluid, necessitating the isolation of microorganisms from the growth medium, and hence greatly reducing the ease
of application of the luminol chemiluminescence technique. They have
also indicated that the method is not as sensitive to microbial biomass as
was first reported.
2.2,

QtIrer chem%eaImetho& for bhe assay of cellularcompounds

A variety of other cellular components has also been used as indicators of
.
biomass. Some of these methods are outlined below.
‘Phospholipids constitute a part of every cellular membrane and form a
relatively constant proportion of the membranes of different microbes’
(White, 1983). Measurements of the phospholipid content of a tiple
can thus offer a convenient assessment of microbial content, though they
cannot distinguish biomass from necromass. Phospholipids are quantitatively extractable, and the lipid phosphate content is readily measured,
.
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perchloric acid digestion, by calorimetric
analysis
either, following
(White,
1983), or by conversion to fluorescent derivatives and HPLC
atialysis (White,
1980). Both methods have a sensitivity equivalent to
approximately
10’ cells of the size of E.coZi. Alternatively,
glycerol from
phosphoiipids
may be assayed somewhat more sensitively, in amounts
equivalent to approximately
10” cells of the size of E,coii, using GLC
(Gehron & White,. 1983). Martz et al. (1983) have used HPLC to assay
one particular phospholipid,
phytanylglycerol ether, which is found in
methanogenic bacteria,
Watson et al. (1977) and Hobbie & Watson j1980) have used limuius
amebocyte lysate (LAL),
isolated from the blood cells of the horseshoe
crab, to estimate biomass in the marine environment, L_4L reacts specifically with lipopolysaccharide
(LPS),
which comprises
a relatively
constant proportion of the cell wall of Gram-negative bacteria, to form a
turbid solution.
The amount of turbidity measured photometrically,
minus that caused by free LPS, is linearly proportional to the amount of
LPS and hence to biomass. This method provides a reasonable estimate
for total biomass in marine samples, since they are comprised of 80-95%
Gram-negative
bacteria (e.g. Watson et al., 1977). The accuracy of the
LAL
method compares
well with ATP methods and direct counts
(Hobbie & Watson,
1980), but the consistency of the LAL method in
different hands is poor (Watson et al,, 1977).
Newman & O’Brien (1975) developed a method for detecting metabolically produced ethanol in E.coZi using gas chromatography.
The time
between
inoculation
and detection
was related to the initiai cell
concentration.
Ribbons (1970) discussed the relationship between media constituents
(e.g. carbon, energy solurce, ,nitrogen, potassium,
magnesium,
phosphorus, sodium and trace elements) and cell yields and composit.ion. A
relatively simple element to assay, using a commercially available organic
carbon
analyser,
is carbon. The amount of totai organic carbon
represents approximately
50% of the biomass present in the (washed\,
sample. However,‘carbon
alone is not a good indicator of growth and
viability, since, Iike oxygen and the energy source, it may be incorporated
or consumed after cell growth has ceased. Errors also arise owing to the
presence of non-microbial carbon (e.g. .eukaryotic carbon in ecosystems)
and incompletely
utilised
but adsorbed
medium
constituents
in
fermentors.
Muramic acid, which is found only in bacterial cell walls, including

The estimation of microbial biomms

25

those of blue green bacteria, has been correlated to biomass (e.g. King &;
White, 1977; Jones, 1.979). To this end, it may be hydrolysed to lactate,
either chemically, using alkali (King & White, 197.7; Jones, 1979), or
enzymatically
(e.g. Jones, 1979). The resulting lactate may then be
assayed in a number of ways, with- sensitivities corresponding
to lOa
bacterial cells/ml, for instance using GLC, calorimetry or pulse labelling
{King & White, 1977). The most obvious disadvantage, that the relative
proportion
of Gram-negative
to Gram-positive
bacteria needs to ‘be
known for ecological studies (Moriarty, 1980), is not important in axeatc:
fermentations,
but the method is lengthy, labour-intensive,
and certainly
not practical for monitoring fermentors.
Obviously DNA,
protein and, to a lesser extent because of the strong
dependence
of its content on growth rate (Herbert,
P961), RNA
(Koliander
et al., 1984) may be regarded,
in -favourable cases, as
reasonably biomass-specific chemicals. Methods for their assay are well
known, and since they suffer the same disadvantages as other chemica.1
assays when applied to growth in fermentor:;, we do not consider them
further here.
At
least two enzyme-based
methods have been proposed,
one to
measure faecal coliforms by a calorimetric P-galactasidase assay (Warren
et -al., 19781, and the other to measure ghrtamic acid decarboxylase
activity in water samples (Trinel et al., 1980). The hydro;lysis of
o-nitrophenyl-@-D-galactoside
by faecal coliforms, recovered by membrane filters (LeChevallier et al., 1983), can be followed co!orimetrically,
and the time taken to reach half the maximum possible absorbance
change is proportiona,
to the initial coliform concentration.
raetection
times using this method are between 8 and 20 h depending on the size of
the inoculum. The assay for glutamic acid decarboxylase activity has been
automated
(LeChevallier
et al., i983). The sample is concentrated by
ultrafiltration and incubated for 12 h. Both methods rely on cell growth
and so are unsuitable for real-time measurements in fermentors.
2.3.

lWadiom2try

Radi.ometric procedures were pioneered by Levin and others in the
1950s. Since then radiometry *has been applied to a wide range of
pro’blems, inciuding the enumeration of coliforms, particularly in water,
the search for extraterrestrial iife, selection of antibodies, prospec.ting for
oil and gas, and general microbiological research (Levin, 1963)_
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‘The principle is to supply the microorganisms with a radioisotopically
labelled substrate, the most common radioisotope being 14C. 14C02 is
produced metabolically, and the amount of radioactivity whic’h is
detected, for instance with a scintiUaiion counter, is representative of +,!z
microbial activity (e.g. Bachrach, 1976). Alternatively, heterotrophic
microorganisms capable of rapid uptake of the labelled metabolite may
be filtered, washed and dried, and tire amount of intracellular activity
counted. The amount of intracellular radioactivity may then be correlated to microbial activity (Bourgeois & Mafart, 1976). Early experiments
by Levin detected 125 coliform cells in an hour, a sensitivity which was
previously unobtainable, but the experimental protocol has now been
modified, sacrificing the low detection times for the benefits of lower cost
and lower levels of radioactivity (Levin, 1963).
Radiometry has subsequently been automated (e.g. Buddemeyer,
1976). The commercially available automated system, Bactec, has been
tested, using blood and simulated blood samples, by Washington & Yu
(197 l)., who reported, ‘it is clear from our studies that this system of ear&
detection of bacteremia lacks the sensitivity to be a suitable alternative to
conventional broth culture techniques’. This report was criticised by
DeBlanc et al. (1971), who, in testing nearly 3000 blood cultures, found a
sensitivity comparable to conventional methods, and detected 70% of the
positive cultures more quickly using Bactec.
Waters (1.972) studied the sensitivity of the radiometric method in
bacterial detection. He reported on the dependence of the detection time
upon the initial size of the inocuIum. Thus, lo7 cells were detected in
l-5-2-5
h, and 1 cekl in 8-16 h. Bachrach & Bachrach (1974) obtained
similar results in detecting 14C02 produced by Ecoii
grown on 14C
lactose; they reported a detection time of 6 h for l-i0 cells in water
samples. Rowley et af. (1976) found that 6-7 h was a time sufficient to
differentiate suspect from non-contamin.ated food samples- by radiometric procedures.
Radiometric techniques have obviou s applications in the early and
sensitive detection’ .of microorganisms in clinical analyses, monitoring of
water supplies, pharmaceutical and food industries, and ecological
studies, Unfortunately, such a method, although extremely sensitive, is
not performed in real time and is therefore unsuitable for monitoring
fermentation processes. Its use is also limited to the detection of microorganisms which metabolise the “C-source added.
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In recent years a variety of dissolved gases and volatile substances have
been assayed by membrane inlet quadrupole mass spectrometry (e.g.
Lloyd & Scott, 1983; Lloyd et,al., 1983). Such measurements, together
with a knowledge of respiratdry quotients and yield coefiicients in aerobic
organisms, may in principle b,p used to assess the biomass content of a
fermentor. Obviously, gaseous CO2 may also be estimated by infra-,red
spectroscopy, and such measurements may be correlated in certain cases
to biomass content (e.g. Park et al., 1983). Whilst such methods may
certainly be used to gain useful information about the state of a fermentation, it is to be assumed that any relations between the production of an
extracellular chemical and the content of microbia’ubiomass are likely to
be casual rather than causal. We do not therefore pursue such approaches
further.

3.

MICROSCCYY

The microscope is an essential tool for the microbiologist, not only in
revealing the stru&Ares of microorganisms, but also in quantifying them.
With the use of appropriate staining and a counting chamber, e.g. a
haemocytometer, an accurately predetermined volutne of cell suspension
may be counted; from this the cell concentration may be determined, and
biomass estimated (e.g. Norris & Swain, 1971; Quesnel, 1971; Adams,
1980).
Suitable staining is of the first importance, to ensure that only viable
cells, and not non-viable cells or background matetial, are counted. Many
stains are pf-i indicators, e.g. neutral red and phenolphthalein, atid
emphasise the difference between living and non-living ceils on the basis
of the commonly observed difference, in the former, between intracellular and extracellular ~1% (see Padan et al,,1981). Other stains aie
specific to nucleic acids, staining only the viable cells with intact nucleic
acids. The use of nalidixic acid to differentiate viable and non-viable cells
was introduced by Simidu & Kogure (IFW). The-basis of the method is
that nalidixic acid, a DNA gyrase inhibitor (Sugino et al., 1977), inhibits
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the divisiorr of cells without affecting their growth. Thus, the viable cells
become greatly enlarged, enabling easy identification and enumeration,
However, the method would seem to be too involved to be of widespread
practical use.
A further consideration prior to executing direct counts is that particulate material may be present, for instance in food samples, To eliminate
the possibility of these particles being counted as colonies the sample may
be filtered. However, filtration procedures themselves are liable to introduce secondary problems (e.g. Entis. 1981).
3.2.

Epifiuorescence

microscopy

Fluorochromes,
e.g. a&dine orange, ethidium bromide, euchrysine, etc.
(Jones, 1979), are greatly superior to the traditional stains. Of these,
acridine orange seems to be the most commonly used. It has a high affinity
for nucleic acids, and is used as a viable cell stain, since nucleic acids are
rapidly degraded upon cell death. When viewed under ultra-violet light,
stained RNA
and single-stranded
DNA
fluoresce orange/red,
whilst
double-stranded
DNA appears green.
Fluorochromes. are used in conjunction with a black membrane background for contrast. They have proved particularly useful for environmental samples, which are filtered onto the black membrane and stained.
Two types of filters are available: cellulose and polycarbonate.
Cellulose
filters have the disadvantage
that the cells are not retained on a flat
membrane surface, but on a rough surface, and since the counting is in
one plane -only, it may in principle result in an underestimated
cell
population size-Hobbie
et ai. ./,‘1977) claimed an improved accuracy in
epifluorescence
counts using nuclepore polycarbonate membranes dyed
with Irgalan black, These membran es have a flat surface, thus allowing all
the retained cells to be counted. However,
this observed increase in
accuracy was based on a comparison between filters that differed not only
in composition
but also in pore size; Jones (1979) repeated this comparison and found.that
the epifluorescence counts on the two types of
membrane
of comparable
pore size did not differ significantly, and
further fuund the cellulose filters to have the added advantage that they
enhance fluorescence contrast.
Larsson et al. (1978) compared epifiuorescence microscopy with light
and electron
microscopic
techniques for determining
the microbial
numbers in itike water, The samples were stained with acridine orange
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five times more effective than erythrosine (Jones, 1.979)). and

the microorganisms collected on a nuclepore filter. Since bacteria retain
their morphology when stained as described (e.g. Jones, 1979); and so are
distinguishable from detritus for counting pur@oses, Larsson et r?l. (1978)
were able to conclude that acridine orange epifluorescence microscopy is
the most accurate microscopic method, available for determining the total
number of microorganisms in water samples.
Zimmermann (1980) applied a statistical analysis of the data obtained
from epifluorescence microscopy to the estimation of bacterial biomass.
Rosendal & Valdivieso-Garcia (i981) used this technique to enumerate
mycoplasmas. They reported a good correlation between counts of
acridine orange-stained cells and the number of colony-forming units in
exponentially growing cultures, but a low correlation with organisms
taken from batch cultures in their lag and death phases.
Pettipher et al. (1980) (see also Anon, undated, b), in their studies on
direct enumeration of the bacterial content of raw milk, reported the
direct eyifluorescence filter technique, DEFT, to be rapid (of the order of
25 min) and sensitive, in the range of 5 X lo3 to 5 x 10’ cells/ml_ Pettipher
recognised the potential of DEFT as a rapid, sensitive and inexpensive
method for enumerating the bacterial content of samples, but wit:;1 the
major problem of operator fatigue. Pettipher & Rodrigues (1982) therefore developed a semi-automated epifluorescence technique, utilising
closed-circuit television and computer analyses, The closed-circuit
television allowed quality control checks to be undertaken, and the
computer recorded the amou.nt of fluorescence. The semi-automated
DEFT studies on raw milk have been compared with manual DEFT (94%
agreement), plate counts (83% agreement), and Coulter Counter
methods (81% agreement) (Pettipher & Rodrigues, 1982). Complete
automation would be possible, simply by coupling the available system to
a computer-controlled movement of the microscope stage (Pettipher &
Rodrigues, 1982). Such a system might, with appropriate sampling
procedures, be applied to the control of fermentors, albeit with ti
restricted response time. Pettipher’s recent (1983) monograph gives an
extensive discussion of the technique.
3.3. Viable

counts

In contrast to direct counts using traditional stains or fluorochromes,
viable counts rely on the growth of microorganisms, and hence the
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resulting colonies are counted rathe.r than the microorganisms themselves. Briefly, the method requires the dilution (or otherwise) of the
sample, aliquots of which are dispensed onto a suitable nutrient agar
plate, followed by incubation to allow the viable cells present to form
colonies (e.g. Postgate, 1969). The obvious disadvantage of such a
meGi& is the long incubation period required befor,e emumeration is
possible, often as.,long as 72 h. This is a real disadvantage in clinical
analyses and renders the method valueless as an on-line monitor in
fermenters. Nevertheless, viable counts are commonly used in microbiology laboratories as a ‘benchmark’ method.
Several attempts have been made to reduce operator time in the
preparation, and in the counting of colonies. Sharpe etal. (1972) explored
the use of a fact pump dispenser, in conjunction with serial dilutions. In
this arrangement, various dilutions of the sample are added to molten
nutrient agar, aliquots of which are then dispensed via the foot pump into
a sterile Petri dish. Don Whitley Scientific Ltd market a semi-automated
spiral .plating device, which, after incubating the plates, a.ilows either
manual or laser counting (see, e.g. Kramer et al., 1979; Couse $t Ming,
1982; Anon, undated, c). The counting time in this system has been
reduced to approximately 5, which is itself a great advance in reducing
operator fatigue, but the long incubation time is still necessary. Many
other commercial video-based image analysers may be used to cou.nt
colonies on a Petri dish in well under 5s.
Other problems encountered with viable counts are the contamination
of the sample by growth-inhibiting substances, or by particles which may
be mistaken for colonies. The food industry, in particular, suffers from
the effect of particulate food constituents inhibiting growth, or themselves being counted as colonies. To reduce this problem, Base1 et al.
(1983) explored a technique using density centrifugation to remove any
such particles prior to incubation and counting.
Attention has also been focussed on adapting the technique of viable
counts to water samples, in which the microorganisms are generally fairly
sparse. Cells of &.coli have been collected from water samples on
membrane filters, which are then placed onto a selective medium,
incubated, and the resulting colonies counted (Dufour et ai., 1981). This
method does have the advantage that it is non-lethal to bacteria. Some
previous methods, which involved measurement of zhe conversion of
tryptophan to indole. were bactericidal (e.g. Dufour et al., 1981).
Howei;~~, any method utilising filters is likely to result in some fraction of
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t h e - m i c r o b i a l c o n t e n t b e i n g lost o r d a m a g e d , y i e l d i n g a n u n d e r e s t i m a t e d
p o p u l a t i o n size. P e r h a p s a b e t t e r m e t h o d f o r c o n c e n t r a t i n g t h e m i c r o '
o r g a n i s m s p r e s e n t in w a t e r s a m p l e s is c e n t r i f u g a t i o n . . T h e p e l l e t c a n t h e n
b e s p r e a d o n t o a g a r o n a m i c r o s c o p e slide, c o v e r e d w i t h a c o v e r slip a n d
i n c u b a t e d . T h e n u m b e r o f c o l q n i e s p r 6 d u c e d a r e c o u n t e d as a p e r c e n t a g e
o f t h e t o t a l n u m b e r o f c o l o n y , f o m l i n g a n d single-celt uni~,s, g,~:":-,.,g t h e
p e r c e n t a g e a n d a b s o l u t e n u m b e r o f v i a b l e cells ( F r y & Z i a , 1982).~
V i a b l e c o u n t s a r e u s e d as a r e f e r e n c e t e c h n i q u e t h r o u g h o u t t h e field o f
t h e e n u m e r a t i o n o f m i c r o o r g a n i s m s . T h e m e t h o d ' s c o n s i d e r a b l e disadvantages, of long incubation time and operator fatigue, are outweighed
by its h i g h specificity ( o b t a i n a b l e w i t h t h e u s e o f s u i t a b l e n u t r i e n t s ) , its
r e p r o d u c i b i l i t y , a n d t h e f a c t t h a t a n initial h i g h o u t l a y is n o t r e q u i r e d . It is
conceivable that this p r o c e d u r e could be used as an occasional c h e c k on
t h e p r o g r e s ~ o f a c o n t i n u o u s f e r m e n t e r , b u t it is in n'o w a y s u i t a b l e f o r a n
on-line biomass monitoring device.

4. P H Y S I C A L

METHODS

In principle, the physical m e t h o d s are the b e t t e r m e t h o d s for a d a p t i n g to
c o n t i n u o u s , i n s i t u m o n i t o r i n g o f b i o m a s s in f e r m e n t o r s . T h e y e x p l o i t a n d
m e a s u r e p h y s i c a l c h a r a c t e r i s t i c s w i t h i n t h e s a m p l e , l e a v i n g it u n a f f e c t e d ,
and do not require the removal of the sample from the system. Many
p h y s i c a l t e c h n i q u e s h a v e a l r e a d y b e e n fully a u t o m a t e d , a n d a r e a v a i l a b l e
c o m m e r c i a l l y ; o t h e r s a r e still in t h e i r i n f a n c y .

4,1. Dry weights
D r y w e i g h t is o f t e n t a k e n as t h e d e f i n i t i v e m e n s u r e o f b i o m a s s . H o w e v e r ,
t h e m e a s u r i n g o f d r y w e i g h t s is o n e e x c e p t i o n a m o n g s t t h e p h y s i c a l
m e t h o d s , in t h a t t h e s a m p l e is r e m o v e d f r o m t h e b u l k a n d s u b s e q u e n t l y
lost. A s s u c h , it is n o t a s u i t a b l e t e c h n i q u e f o r t h e c o n t i n u o u s m o n i t o r i n g
of f e r r n e n t o r s , b u t m a y , like v i a b l e c o u n t s , p r o v i d e a o n e - o f f s p o t c h e c k .
_Tb__em e t h o d e n t a i l s t h e i s o l a t i o n o f a k n o w n v o l u m e o f s a m p l e , w h i c h is
w a s h e d w i t h distilled w a t e r , to r e m o v e any m e d i u m c o n s t i t u e n t s , a n d
dried to a constant mass. The drying process can be lengthy, and the
p r e p a r a t i o n labour-intensive. Difficulties m a y arise w h e n a d s o r b e d b u t
n o n - m i c r o b i a l s u b s t a n c e s a r e present., f o r i n s t a n c e m e d i a c o n s t i t u e n t s o r
m e t a b o l i t e s o f h i g h m o l e c u l a r w e i g h t . N e u f e l d & Z a j i c (1982) h a v e

studied this problem with regard to growth on hexadecane, to which some
cells adhere; they separated the adhered cells by freezing and centrifuging
ti known volume of sample. The free cells pelleted at the bottom of the
centrifuge tube, allowing straightforward measurement of dry weight in
this fraction. Lyophilisation of the frozen hexadecane and any adhered
cells released the remaining cells, allowing their dry weight to be determined.
O’Toole
(19836) investigated the effect of the hygroscopic nature of
microbial cells on dry weight measurements. Dried cells adsorb moisture
during weighing, which results in an error of approximately 0~6% of the
total dry weight. This error, albeit small, may easily be eliminated, by
taking readings of mass over 3 min, Good laboratory practice of linear
extrapolation to time zero gives the correct dry weight.
In spite of their disadvantages, dry weight methods are commonly used
as a spot check for fermenters, and as a standard in microbial physiological research, where the technique has been widely applied to both
general and specific problems (e.g. Stouthamer, 1979; Tempest ZL)al.,
1983). The use of dry weights in clinical and ecological studies is limited,
owing to the paucity of the microorganisms in the samples.
4.2.

Photometric

systems

‘One of the strange coincidences of nature is that the size of bacterial cells
and the wavelength of light are approximately the same. . . As a consequence of this closeness in size, bacterial cells will scatter visible radiation
in a rather complicated manner, since they are in resonance with the
incident waves.’ (Wyatt, 1973.) The scatter is mainly in the forward
direction (Powell, 1963). The turbidity of a microbial suspension depends
not only on the geometry of the instrument, the wavelength of light,
relative and absolute refractive indices, and the cuvette path length; it is
also a function-of microbial size, shape, which may alter with growth
phase (e.g. Gates, 1983), and concentration, and may therefore be used
to evaluate microbial growth.
Light scattering and transmission techniques have been made more
accurate, reproducible and easier with the advent of lasers, microelectronics, and digital computers. Lasers provide an almost ideal source
well collimated, easily polarised,
of light, which is monochromatic,
coherent and available at a variety of powers and wavelengths. Microelectronics and computers facilitate rapid manipulation of the data.

The measurement of scattered light (nephelometry) and transmitted
light or optical density (turbidimetry) may be considered separately.
4.2.1. Nephelametry
Straightforward measurements of light scattered by microorganisms in a
suspension give signals which are directly proportional to the cell mass
(e.g.. Koch, 1961; P owe11 & Stoward, 1962). However by measuring the
scattered light under certain conditions, nephelometry has been found to
give a signal propo.+xioual to cell numbers as determined by plating and
counting techniques. As such it has been used, for instance, to follow the
effect of bacteriophages on the cell division of Ecoii (Starka, 1962) and to
monitor the change in length of rod-shaped bacteria during growth
(Powell & Stoward, 1962). However, in mitochondti_a., the intensity of
light scattered is a function not only of the volume enclosed by the
suspension but also of the energetic status of the inner mitochondrial
membrane (Knight. et al., 1981).
For reliable, self-consistent data, both in nephelometry and turbidimetry, it is necessary to calibrate a growth curve against, say, dry weights.
Subsequent measurements should be made using the sarme instrument,
since the geometry varies between different instruments. Later checks on
the stability of the instrument may be made using manufactured ‘turbidity
stable blocks’ (e.g. Mallette,
1969). Values of light scattered (or
absorbed) by the microorganisms in a suspension must be measured
against a cuvette containing the suspending medium only.
At low cell concentrations, nephelometers have the advantage over
turbidimeters that the scatter is measured against a background of almost
zero, whilst the turbidimeter has to discriminate a small signal on a large
background. The lower limits of detection of E.culi by the two techniques
have been given as: 1=6 x 105 cells/ml for nephelometry and 2.4 x lo6
cells/ml (OD = OXKI2) for turbidimetry (Mallette, 1969). At higher cell
concentrations multiscatter occurs. This does not affect the linearity of
the transmitted light with cell concentration until the scatter along the
forward direction competes with the magnitude of the forward beam; this
occurs around l-8 x IO’ cells/~1
f
..= *or
E.c& (Mallette, 1969). The upper
limit for the linearity with cell number of nephelometry is of the order of
6 X 10’ E.coZi cells/ml. Nephelometers
are not widely used in the
laboratory since it has proved difficult to provide the necessary temperature control, but automated light scattering detectors are available. For
clinical work, the Autobac system monitors light scattered in the forward

direction, during an incubation period of 5 to 6 h, and correlates the
detection time with the initial size of the inoculum (Bascomb,
1983).
Keilmann ez ul. (1980) have utilised the sensitivity of nephelometers at
the iower cell concentrations,
and the linearity of turbidimeters at the
higher ceil concentrations, in a multichannei photo-nephelometer,
which
is able to measure
either tight scatter or transmission,
or both
simuitaneously.
Parenthetically.
we may mention that light scattering techniques have
proved
to be particuiarly useful in assessing the viability of bull
spermatozoa,
on the basis of their motility (Chen & Hallett, 1982). The
quasi-elastic
light scattering technique may be used as a rapid and
powerful means for determining the motile properties of these and other
ceI1 populations. It measures the spectral broadening of scattered light, at
a given scattering angle (Chu, 1974; Pusey & Tough, 1982; Earnshaw &
Steer, 1983), caus.,-d by the motile ceils (Chen & Hallett, 1982) _ The total
light scattered by a population of viable (motile) and non-viable ce!.ls is a
function of that scattered from each component. However, the deconvolution of the measured autocorrelograms
is subject to a number of
assumptions (Woolford & Harvey, 1982; Dahnecke, 1983).
An extension to the study of viability using quasi-elastic light scattering
is the use of a twin-beam laser velocimeter, which acts on the principle of
timing the transit of cells across the two laser beams in a direction
perpendicular to the beam &es (Wilson & Harvey, 1983).
.
4.2.2.
2krbidimett-y
Routine
photometric
determinations
as commonly
executed
in the
laboratory measure, indirectly, the amount of light scattered by microorganisms in suspension. They do so by recording the amount of light that
is absorbed
or transmitted by the sample, rather than that .which is
actually scattered. This provides a relatively quick and convenient way of
estimating cell concentrations + a fermentor, in general requiring only
the removal and appropriate dilution of the sample. The physics of light
scattering in this context is discussed, for instance, by Koch (1961),
Mallette (19691, Jennings. & Morris (1974), Bohren & Muffman (1983)
and Dahnecke (1983).
Highly
automated
turbidimeters
&e
available,
being
designed
primarily for clinical analyses. Despite their very widespread use (e.g.
Titus et al., 1984)) in situ optical measurements of fermentation processes

(e.g. Rancher et at., 1974) are generally unsatisfactory for the following
reasons:

(0 Commercially, the m’srroorg;Inisms are normally grown at con-

centrations outside the limits of linearity between optical density
and cell concentrations (i.e. outside
the range in which the Beer:
Lambert law holds).
(ii) 0tker (non-microbial) particmate material may be present, particularly in industrial fermentors, which often utilise media containing particulate matter. .
(iii) Gas bubbles, produced by aeration or metabolically, may be
present.
(iv) In the absence of the above three pr&!ems, accurate measurements may still be impossible, because the microorganisms can
grow preferentially on the photosensor.
Probably the most fully automated photometric (or other) system for
monitoring relativeIy sparse microbial populations is the AutoMicrobic
System (AMS)
(Vitek Systems Inc). This automated, computerised
system was developed by Aldridge et al. (1977) for the detection,
enumeration and identification of bacteria and yeasts in clinical
specimens. The biological basis for the system resides in lyophilised,
selective media enclosed in wells of a disposable plastic cuvette. The
introduction of the sample into these wells both rehydrates and inoculates
the media. An automated optical system monitors the change in light
transmission by solid state optics. This system does not require lenses or
optical condensers, and uses an array of light-emitting diodes with a peak
emission at 665 nm. The computer interprets any optical changes within
the sample, and provides enumeration withi%r.13 h. The use of selective
media enhances the detection time; they are also formulated to allow
specific microbes to thrive whilst suppressing others. The media thus
provide a means for the identification of individual types of microorganisms and/or groups of microorganisms by the visual observation of
both colour and turbidity changes. The effect of bubbles produced by the
microorganisms during growth is eliminated by scanning the entire
sample-containing cuvettes (Aldridge et al., 1977; Heslop,
1980;
Bascomb, 1981; Gibson, 1982). This system contains all the elements of a
fully automated system for detecting microorganisms by their growth and
.
division (Fig. 1).
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The sensitivity of the AMS has been extensively studied using urine
specimens. The AMS has detected 7 x 104 colony-forming units (cfu)/ml,
with a 92% agreement with plate counts. The detection time varied
between 4 and 13 h, depending on the pathogen present and its concentration (Aldridge elt ‘al., 1977). Sonnenwirth (1977) used AMS to
enumerate simulated and actual urine samples; he reported an agreement
with the number of colony-forming units of 83-S%, and an agreement in
correctly evaluating negative samples of 97.5%.
Hasyn et al. (1981)
reported the correct identification of 97% of Enterobacteriaceae samples
using the Vitek AMS.
Another automated system for use in clinical work, that measures
optical density using light-emitting diodes, is %he Abbott MS-2. It
monitors the growth in a sample at 5min intervals, and is able to

F5g. 1. Block diagram of the elements (modules) required for the full automation of
microbial enumeration. Regardless of the detection principle(s) employed, all growthassociated methodologies require the steps indicated, which are embodied in the system
described by edridge et al. (1977).
-

.

enumerate and identify the. microorganisms present with the use of
specific and selective media. Clinica studies have shown a 97-P% correct
detection of ‘positive? specimens containing greater than IO5 &u/ml, and
correctly defined 9907% of ‘negative’ specimens containing less than
IO3 cfu/ml (Anon, 1980).
Coleman et al. (1983), motjvated by. the high cost of commercial
equipment, have devised. their own automated system for measuririg
bacterial concentration by optical means. They have interfaced 24
sampling channels to a Commodore PET microcomputer, X-Y d&ital
plotter, biophotometer, inter-fare box, disc drive and printer, to study the
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effect of inocula of anti’biotics on the growth of bacteria. ‘The growth
curves obtained from the transmission data taken over a 24-h incubation
period, have been compared (satisfactorily) with viable dounts taken over
the same period. ‘l;he photometer was unable to detect any decrease in
cell number below a concentration of 5 X lo6 cfu/ml, only an increase,
and, of course, antibiotics which do not affect the ceil wall generally did
not produce a fall in turbidity.
One of the problems that is encountered when using optical density as
an estimator of biomass, as mentioned above, is the interference caused
by bubbles. Ohashi et a/. (1979) overcame this by designing a submersible
calorimetric probe, that permits easy-and continuous measurement of the
01 ltical density whilst removing the air bubbles Tom the sample. Their cell
mass sensor consists of a double-layer cylinder for defoaming,
a
measuring chamber with a light source, a photocell or phototransistor,
and a discharge port. The sample is forced through the double-layer
cylirider by the agitation of the fermentor broth, dispelling any air
bubbles; the bubble-free suspension then enters the measuring chamber,
where the photocell or phototransistor measures the transmitted light.
The optical density is determined from the photoelectromotive force
givi:n_by a d.c. voltmeter connected to the detector. This is, as are all
optical density sensors, accurate to a maximum concentration in the order
of 5 X 10’ cells/ml, which is often well below the operating cell concentration for fermenters. The problem of cell growth on the surface of the
probe does n<styet seem to have been solved generally; for photometric
systems, electrolysis using optically transparent electrodes would appear
to offer the most realistic solution.
optical density measurements combined with ‘growth delay’ analysis
have been used for estimating the tota injury of a bacterial cell population which has been subjected to potentially bactericidal conditions
(Takano & Tsuchido, 1982). The resulting growth reflects a decrease in
the number of viable cells, and/or an Increase in the lag time w’hich is
required by the injxred cells for the necessary repair processes. Automated and contia’uous optical density measurements have be&n
compared with the number of colony-forming units obtained by plating
techniques (Takanti, & Tsuchido, 1982).
4.2.3. Other
photometric techniques
A major problem with measurements. involving the turbidity of a
microbial suspension is that they are unable to distinguish viable cells
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from non-viable cells and non-microbial particulate material. Thus Ku11
&Cuatrecasas (1983) have estimated the number of viable cells using the
absorbance of a sample after staining with neutral red, a stain specific,
under many conditions, to viabie cells. This method utilises commonly
available photometers, but the necessary preparative procedures are
lengthy and labour-intensive, thus reducing its practicability.
Zabriskie & Humphrey (1978) applied culture fluorescence to the
problem of estimating biomass in fermentors. ‘Erey irradiated the culture
with near-ultra-violet
light (366 nm), and detected the resulting
fluorescence (at MO nm) using a photometer.
Over half of the
fluorescence of the intracellular material was caused by NADH, the rest
being caused by NADPH and unidentified fluorophores. The log of the
fluorescence was generally found to be linear with the log of the biomass,
but the relationship is very dependent upon the culture environment,
making the technique somewhat unreliable for accurate in siru monitoring of biomass.
4-3.

IMieroealsrirneUry

One of the most obvious changes which occur during the growth of all
microorganisms is the production of heat. The study of this thermogenesis can in principle be used to quantify microbial populations
(Forrest, 1972; Mar, 1976). Further, the heat profile produced by a given
microorganism is peculiar to that microorganism growing on a particular
medium, allowing identification (Baling & Blanchard, 1973).
1978) (see also Bettleheim et al., 1976)
Beezer et al. (1976,
used the linear relationship of heat production with microbial population
to study the survival of yeast cells .that had been frozen in liquid nitrogen,
and to detect the heat produced by 15 strains of bacteria which commonly
cause urinary infection. They reported that lo5 organisms/ml could be
detected+ after a 2-h incubation wriod, using flow microcalorimetry; this
being the population size that is considered to cause urinary infection
(Kass, 1957). Of the 299 urine specimens tested 15% were false positives
and 1% false negative. The measurement of heat production was
regularly and reproducibly detected for ah strains of bacteria studied.
This could allow fast screening of urine samples in clinica analysis, and
could eliminate a subsequent proportion of urine specimens from further
investigL:tions within 2.5 h of receipt in thejaboratory, on the basis of
their containing fewer than IO’ microorganisms/ml.
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Ishikawa & Shoda (1983) have used calorimetric analyses to follow the
growth of E.ctili in continuous culture. Their prime, purpose was to
understand the growth kinetics, rather than to estimate the biomass
concentration. They followed the growth of E.coZi in a glucose-limited
medium using in siti measuredents from a iwin-type heat cond&ion
calori.meter, in which the vessel also &ted as a fez-mentor. They also
measured the optical density at 660 nm, viable counts, dry weight, and the
concentrations of glucose (substrate) and acetate (metabolite). Enthalpies of the biomass were obtained’on the harvested, washed and dried
cells in an oxygen bomb calorimeter,. It was found (Ishikawa Bs Shoda,
1983) that the growth yields based upon calculations of the tiee energy of
catabolism or the total available energy were constant, but that growth
yields based upon the glucose consumed decr&sed as the dilution rate
increased; this was almost certainly due to the production of metabolites
other than acetate and to the transition to Q,-limiting conditions at high
dilution rates.
Nevertheless, temperature changes, or heat evolved from sources
other than the metabolism of microorganisms, may be large in any
fermentor. For example, in batch cultures heat exchange etiects are
associated with the wetting of the vessel walls above the liquid phase on
stirring, the stirring action itself, and many other factors (Biltonen &
Langerman, 1979). This may make it difficult mitiocalorimetrically to
detect temperature changes due to the heat production of the microorganisms against such a large background. This, coupled to the heat
evolution of respirin g but n&-growing cells, reduces the accuracy and
probably prevents the practical application of such a technique to the
successful monitoring
of biomass concentration
in fermentation
processes.
4.4.

Filtration methods

Nestaas and Wang (Nestaas & Wang, 1981,1983a,b; Nestaas et al., 1981)
developed a semicontinuous automated biomass probe to monitor the
growth of Penicillium chrysogenum during the produczion of peni&in, in
an attempt to over&me the ‘major bottleneck’ due to ‘the lack OEreliable
biomass sensors for mycelial fermentations’ (Nestaas & Wang, 1981).
Penicillin is not produced at a consistent rate; its production greatly
depends upon the changing morphology of the mycelia throughout their
life cycle (e.g. Nestaas & Wang, 1981). Thus, to achieve maximum
.
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production of penicillin it is desirable to use a feedback loop in order to
control the mycelial morphology by means of the fermentation conditions. Nestaas and Wang (Nestaas &LWang, 1981,1983a,b; Nes?aas et al.,
168L)
proposed such a feedback control system using a filtration probe.
Using mathematical models and experimental evidence, Nestaas eb aZ.
(1981) and Nestaas & Wang (1983u,b) showed that the filtrate volume
and filter cake volume, taken as functions of time, may be related to the
total biomass in accordance with the following equation:
x=

vc

v,+v,

lc”Xl
ij

where: X = biomass (g/litre), V, = filter cwhc volume, Vf = filtrate
votume, and 3 = specific filter cake volume (ml cake/g dry biomass).
The measurements with the semicontinuous, automated filtration
probe were initiated by pumping SO-100 ml of sample from the fermentor
into the filtration unit, where the sample was degassed. A constant
pressure ‘was then applied across the filtration unit, and both the filter
cake volume, measured either with an optical sensor or a pressure transducer, and the filtrate volume, measured with a load cell, were recorded
as a function of time. Once the measurements had been completed the
cake and filtrate were recycled into the fermentor, by way of solenoid
valves triggered by a sequential timer, and the whole cycle was repeated
after 30 min (Nestaas & Wang, 1983a). The resulting values for cell
biomass, taken at different times during the fermentation, were in
excellent agreement with those determined from dry weight measurements (Nestaak et aC.,1981). Furthermore, the number of cells obtained
from these data, in conjunction with the average dry weight of a mycelial
partide obtained microscopically; were in very good agreement with the
number of spores inoculated, as determined from plate counts: l-3 X 10’
and l-5 x 10’ cfu/ml, respectively (Nestaas et al.,1981).
The filtration probe exploits simple physical phenomena which
naturally occur during filtration; their measurement, however, may
involve relatively complex devices. In addition, the nature of the fihration
process as described Iimits the response t’me, and prevents genuinely
continuous monitoring of biomass in fermenters; However, it is not
unreasonable that measurement of the pressure transfer function using
this probe could lead to a real-time estimation of microbial biomass.
Sitiilar remarks may be made about the viscometric approach (Perley et
al.,1979).
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bnpedimnetry

Changes in the electrical impedance (Z) of microbial cultures have been
known to be associated with microbial growth since the 19th century (see
e.g. Stewart, 1899; Green & Leon,
1922; Brooks, 1923; Zoond, 1927;
Schanne & Ceretti, 1978; Anon, 198lb). They were first noticed in
putrefying blood
and samples conttiining Cb&idium
spp.
and
,$tl’eptococcm
Zactis. However, it is only in the last decade or so that the
impedance measurements have been widely exploited. This is due to the
advent of commercially available impedance bridges that are suitable for
the specific application of this principle to the monitoring of microbial
growth. Several groups of workers have developed devices which monitor
these impedance (or cond:lctance) changes, which are sometimes
expressed as the ratio of the reference impedance to the sum of the
reference and sample impedance:
zr

impedance change =
Zef

+

zample

This ratio is then related to microbial growth.
The measured change in impedance is a function of the type and
number of microorganism(s), the medium in which they are growing, the
frequency of the applied signal, the surface properties and geometry of
the measuring electrode;:? cba
L- slurface to volume ratio, the temperature
and the interelectrode distance. For a given set of conditions, however,
the impedance (or conductance) changes arise from tttttttttttttttttttto
primary sources,
outlined below:
(i) Microbial catabolism: the conversion of uncharged substrate
molecules in the medium into c:narged metabolites, e.g. carbohydrates
and lipids into lactic acid, acetic acid and bicarbonate. Such catabolic
reactions create ion pairs and smaller, more mobile, and hence more
conducting, molecules, resulting iti an increase in conductivity and a
decrease in impedance (e-g. Cady, 1975; Hadley & Senyk, 1975; Ur &
Brown, 1975; Cady, 1978; Ctidy et al., 1978; Anon, 1981a,b; Hause et al.,
1981). Conversely, ihe uptake of charged substances (NHs+, H#O;,
etc.)
will tend to raise the i~tipedtice (decrease the conductance)_
the impdance
changes are measured
(ii) Electrode impedance:
between two electrodes in response to an &plied sinusoidal electric field.
The impedance of this system, which consists of the electrodes separated
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by microorganisms and medium, may be represented by a capacitor, C,
and a resistor, K, in series, where

The reactive (capacitative) component undergoes a greater change
than the resistive (conductive) component (e.g. Cady, 1975), suggesting
that in addition to any conceivable permittivity changes occurring in the
medium, there may be changes in the surface properties of the electrodes,
thereby changing the capacitance of the electrode/electrolyte interface.
Cady (1975) presented evidence supporting this hypothesis. Me followed
the growth of EcoZi impedimetricaly. After 8 h the sample was carefully
removed and the electrodes washed in sterile medium. Immediate
measurements of the sterile medium gave an impedance value that closely
approximated the final value attained by the Ecoli culture, and not the
expected. value of the uninoculated medium. This demonstrated the
presence of an altered electrode impedance. The measured impedance
returns to its expected value after a few hours’ immersion, or immediately
upon mechanical cleaning of the electrodes or on the application of an
appropriate alternating current across them.
The frequency- and potential-dependent electrode impedance is a
function of the electrode metal (Schwan, 1963, 1966; Smith, 1966;
Geddes & Baker, 1968; Schwan, 1968; Sluyters-Rehbach & Sluyters,
i970; Geddes, 1972; Ferris, 1974; Schanne & Ceretti, 1978; Bard &
Faulkner, 1980; Bond, 1980; Gielen & Bergveld, 1982), platinum, gold
and stainless steel all giving satisfactory resolution in microbial impedimetry. Stainless steel is often preferred for its cheaper price and its
relative biological inertness (Kagan et al., 1977; Hause et al., 1981);
nevertheless, extremely thin and inexpensive platinum layers may be
deposited on a variety of substrates. The impedance of the electrodes is
also a very strong function of, the frequency of the applied voltage
(Schwan, 1963,196s; Geddes, 1972; Ferris, 1974; Kagan et al., 1977; Bard
& Faulkner, 1980; Bond., 1980; Hause et al., 1981).
Further evidence for a contribution of the electrode impedance to the
measured impedance was presented by Hause et al. (1981). They reported
that the use of a two-electrode ‘system is ‘likely to include concomitant
effects both on the medium and the electrodes. To this end, they tested
the relative roles of the medium and the eiectrodes at different frequencies (100 Hz, 1 kHz and 10 kHz). The impedance changes were
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calculated as a percentage of the values recorded after electrode stabilisation. They (Hause et al., 1981) found an increased, microorganismdependent change in the impedance measurements at the lower
frequencies, suggesting a significant role of the electrode impedance in
the impedimetric system. This same effect was noted by Magan et al.
(1977), and others. Furthermore, Hause et al. (1981) calculated the real
and imaginary components of the measured impedance. Electrical
impedance is a complex quantity, comprising a real component
(resistance) and an imaginary component (reactance):
z=

R-I-ix

where
resistance, R =
reactance, X =

G

G+z

(WC)”
WC

G + (WC)”

i=fi
w =

27rf

and G and C are the equivalent parallel conductance and capacitance,
respectively (e.g. Schwan, 1963).
Hause et al. (1981) found that at low frequencies the impedance
change closely follow6 the change in the imaginary component, whilst at
higher frequencies the impedance change closely fohows the change in
the real component. That is, the reactance’, and hence the capacitance,
predominates at low frequencies. The capacitative term, as mentioned
earlier, is overwhelmingly due to the electrode impedance, and not to
changes in the permittivity of the medium (e-g. Cady, 1975).
There are at least three different manufacturers of impedance bridges,
who market their impedimeters for the specific monitoring of microbial
growth. These bridges were developed indepndent!y from the work of
the following groups: Bactometer, produced by Bactomatic (see Anon,
1982, 1983a), from rhe. work of Cady (1975) in particular; Malthus
Instruments Ltd based their system on the work of Richards et al. (1978)
(see also Jason, 1983); and TEM developed Bactobridge as a result of ur
&L Brown’s (1975) research, Each system offers slightly different
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operating conditions (see Table 2). In the latter (Bactobridge) system,
measurements are made relative to a reference well containing sterile
medium; this eliminates environmental effects, which are common to
both wells, that do not arise fiorn the grolwth of the inoculum. These
include, for example, fluctuations in the temperature, electrochemical
reactions, adsorptiori sf gases and evaporation (Ur & Brown, 1975;
Cady, 1978). Also with the aim of eliminating enviramnexkal influences,
the impedance ratio previously given is measured in the case of the
Bactometer, whilst the Malthus instrument uses the conductance mirzus
the conductance at r = 0.
The shape of the growth cul~e, measured conductimetrically or
impedimetrically
, for a given microorganism, generally corresponds to
the shape of the growth curve measured optically or by plate counts
(Jason, 1983; Eden & Eden, 1984). However, they are not super-

TABLE
2
Operating Conditions for Commercial Impedimetew
Detection

Electrode
material

Signai
measured

Input
frequency

Temperature
time for
Voltage
10’ +/ml
control

(kwz)

w

(“C)

(h)

O*l

Z-6

Se&ted
references
.

Bactiomeier

Impedance
Conductance
Capacitance

I

stainless
steel
or Au

04

0*04

29’0

-

Cady (1975) ;
Cady ezal.
0978)

Typically:
z rcf

MalthusInstruments

Conductance
change
G-Go

Ltd

Yt

.

‘

-

10

<l

0402

4

Ri chards et al.
(‘1978);
Jason (1983)

10

l-5

04Ol

2

lir & Brown
cT1375)
;
Ur (1974)

Bactobridge

Conductake
change
G L Grer

Au
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imposable, owing to the effect of changes in the electrode surface
properties (Cady, 1978). The time which elapses before detection of a
certain impedance change is a function of the initial size of the inoculum,
generation time, lag time and the impedimetrically detectable threshold
characteristics of the medium-organism-elect+ode
combination. Therefore, if the threshold for the system and the generation and lag times of
the microorganism are known, the initial cell concentration may be
estimated (e.g. Hardy et al., 1977; Cady, 1978; Cady et al:, 1978; Anon,
1981b,c).
-

ve

0

-+

fake
-‘ve

I

Qi

E
.-

(ag viable

count

(cfu / ml)

Fig. 2. Diagram of a typical scattergram depicting the decrease in detection time with
viable counts for instruments such as impedimeters
whose output signal is growthassociated. The broken line indicates an ‘ideal’ response, whilst the solid diagonals
indicate the limits between which, say, 9V% cf all saxmples Mb. The quadrants indicated
give the false positive and negative regions using cut-off values of 2-6 h and 10” cfu/mL

A characteristic scattergram (Fig. 2) is produced when the initia! cell
concentration, as measured for example by plate counts, is plotted
against the impedimetric detection time. The large spread in the data
comprising these scattergrams may be due to error associated with the.
plate count, or it m&y arise from the impedimetric me&surements.
Variation in the exact composition of the microorganisms, or types of
r; p rise to different lag and
microorganisms, within the sample, may TV_.
generation times, tihilst the impedance method assumes the same growth
and lag times for all microorganisms, present (Hardy .et al., 1977;
Silverman & Munoz, 1979; Jason, 1983). F&thertnore, as a result of their
microscopic examinations on milk flora, Gnan & Luedecke (1982)
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showed that different microorganisms grow to differing extents on the
agar plates and the impedance media, which would also create a wide
scattering of points in the scattergram. The scattergrams do not currently
seem to possess the required accuracy for the very exact direct estimation
of the number of viable cells present, but they do provide a useful quality
control method, for example, in food processing and in clinical analyses,
by choosing an appropriate cut-off time. The cut-off time corresponds to
the detection time for a specified level of a microbial population, usually
IO5 &u/ml (see e.g. Brown & Warner, 1982). Any microbial growth
detected within this time means that the sample is pcsitlve, and if no
growth is detected within this cut-off time, the sample is considered to be
negative. The skill in using the cut-off time as a screening technique lies in
the selection of a range of cut-off points such that the number of uncertain
samples is minimised without increasing the number of false positives or
false negatives (Fi%* 3). When only a simple organism/medium corn-.
binationis considl red, the degree of scatter in such scattergrams is greatly
reduced (Eden & Eden, 1984).
Impedance measurements have been used widely to assess the bacterial
contamination in various samples. The majority of papers published to

Oo
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I
3
4
Cut-off

5
G
7
time. (hrj
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3. The effect of cut-off time on the percentage of false positives (0) and fake
negatives (0 ) in an arbitrary experiment similar to that shown in Fig. 2. The existence of
an @timtim
choice of cut-off time is evident. Points are the means of experimental data
obtained by Brown & Waker (1982).
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date on the use of impedimetric techniques seem c’o have involved the
application of one of the Bactomatic systems. Some examples are now
considered.
Martins et al. ‘(1982) evaluated the use of the Bactometer 32 against
starid.ard plate counts, psychrotrophic plate counts and coliform counts,
for dr,$_tii.mining
th*e ktieping quality of.tiilk. They found that pasteurised
milk samples with a detection time of 13-5 h or more had a shelf life of 12
days or longer, and a sample with a detection time of under 13.5 h spoiled
within 11 days. The cut-off time of 13-S h was a great improvement on the
48 h previously required for quality checks, undertaken by plating
methodr,. Gnan & Luedecke (1982), also using the Bactometer 32 to
determine the microbial population of untreated milk, found the mean
detection time for lo5 &u/ml could be reduced to 8-9 h by enhancing the
growth rate of the microorganisms by the addition of yeast extract,
The Bactometer 32 was also used by Silverman & Munoz (1979), to
detect the concentration of coliforms in the effluent from sewage plants.
They measured the impedance changes in an inoculated sample relative
to those in an uninoculated control. They rioted a large variation in the
detection times, caused by the different growth phases of the inoculum
and .the dependence of the lag time on environmental conditions at the
plant, such as temperature and rainfall. However, an extension of this
work overcame the problem of this large variation. Munoz & Silverman
(‘1979) incubated the inoculated media for 24 h, recording any increase in
the impedance ratiiti.A recorded increase in the impedance ratio greater
than or equal to O&l039 in I h, and continuing for at least l-5 h, was
considered a positive indication of growth, if it occurred inside the 24-h
incubation period. All the positive samples tested gave indication of
growth within 18 h, thus satisfactorily reducing the detection time as
compared with conventional methods. However, they reported (Munoz
& Silverman, 1979) that the detectable impedance change given above
was associated with betitieen lo6 and 10’ coliforms/ml, which is the level
that produces visible turbidity. So, providing there are no particles
present in the medium, a simple visual check might determine whether
the sample was positive or not.
Hardy et QI. (1977) achieved a 96% agreement between standard plate
counts and the Bactometer in quantifying the microbial contamination of
367 frozen-vegetable
samples. They reported that the impedance
measurements themselves did not appear to interfere with microbial
growth, and ftilund that the threshold concentration of 106-10’ &u/ml
.
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necessary for detection was attained in 5 h for a sample initial1.ycontaining
lCPcfar/ml.
A large proportion of the clinical microbiologist’s work is concerned
with the detection of microorganisms in urine samples. Conventional
methods require up to 48 h before the results are available, and also
occupy a great deal of time in counting procedures. Impedance methods
aim, as do the other novel methods reviewed herein, to decrease the test
time and to free personnel for other laboratory tasks. Urine samples have
been monitored for microbial contamination using the Eactomatic
system, with a reduction in test time, for the 10’ coiiform cells/ml which
are considered to produce bacteriuria (Kass, 1957), to approximately 3 h
(e.g. Specter et al., 1976; Zafari & Martin, 1977; Cady et QI., 1978; Anon,
1981b). On assaying ZOOurine samples with the Bactometer 32, Specter ea
al. (1976) found that the impedance method provided a rapid screen for
clinical urine specimens whilst permitting reIatively accurate detection of
bacterial growth. They reported 4% false positives and 2% false negatives
in an average detection time of 2-5 h. Zafari & Martin (1977) also used the
Bactometer to examine urine specimens. Of the 156 samples tested, they
found a 96.8% correlation with standard plate counts in the classizcation
of positive (those containing greater than 10’ &u/ml) and negative
samples. However, they pointed out (Zafari & Martin, 1977) that
bacteria with slow generation times may fail to give an impedimetrically
detectable response before the cut-off time, and thereby increase the
number of false negatives. Cady et aC. (1978) monitored the impedance
changes of 1133 urine samples. Using a cut-off t’ime of 2.6 h to be an
indicator of the presence of greater than 1.0’ &u/ml, they found 95*8% of
the samples tested were correctly classified in accordance with the
standard plate counts. They noted that the correct choice of cut-off time
was important. A cut-off time longer than the 2*6 h chosen does not
necessarily improve the correlation between impedimetry and conventional procedures, since, whilst it may produce a decrease in the number
of false negatives, it also gives an i’ncrease in the number of false positives.
Clinical analyses also involve determining microbial populations in
blood specimens, another area which has lent itself to impcdimetric
studies, For example, Hiadley (1976) examined 1271 blood samples using
the Bactometer 32. He f.ound thtit shaking the cultures and providing the
optimal medium markedly improved the detection time of those microorganisms which were otherwise detected very slowly or not at all. Hadley
(1976) considered the blood samples to be positive when the microbial
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population was greater than lo6 cells/ml, which corresponded to a detection time of between 6 and 8 h. Of the total number of samples tested
(127 I), 161 showed microbial growth by conventional methods, whilst a
further 9 were detected as being positive’by the impedance method alone.
Sixteen of the samples that wei-e considered positive by the conventional
methods were classed as negative by the Bactometer. Half of these false
negatives were thought to be caused by colonial growth of the microorganisms away from the electrodes, and consequently the number of
false negativc.?s was reduced (to 8) by shaking the culture to obtain a
homogeneous suspension.
Kahn ef nC. (1976) also explored the use of the ‘Bactometer 32 to study
blood samples, together with cerebrospinal fluid. of children. Zn testing
500 blood samples they found that positive samples-could be detected
with an average detection time of S-5 h. Some 15% of the samples were
considered positive by both impedance and conventional methods, and
1405% were positive by the impedance method only. On investigating
cerebrospina: fiuid, Kahn and co-workers found a common cause of
bacteria1 meningitis to be the presence of Haemophihs
influenzae at
concentrations above IO4 cells/ml_ Using the Bactometer 32 they were
able to detect IO4 cells/ml and 1.0’ cells/ml in 5-8 and 2.4 h, respectively,
thus greatly reducing the test time normally required by conventional
methods (see above).
Throm et at. (1976) used the presence of bacterial activity in blood as a
means of comparing radiometric methods, using the Bactec system, with
the impedance technique embodied in the Ractometer 32. At that time
the radiometric system was .well established; conversely automated
impedance systems were new to the market. Throm et aC. (1976)
appreciated the potential of the Bactometer 32, in that it offered ~more
rapid detection times (up to 10 times faster than the standard plating
methods, compared with Bactec \+hich was only three times faster).
Other advantages were said to be:
greater consistency between the detection times;
(ii) lower cost per sample;
(iii) easy adaptation to the monitoring of samples other tflan blood;
and
(iv) that impedimetry is non-hazardous both to sample and operator.

(0

However, in 1976 the Bactometer instrumentation did not offer standardised electrodes, and was capable of monitoring only 32 samples simul.
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taneously- Hence, Throm et al. (1976) selected the radiometric method
for use in their routine laboratory work. Bactomatic have now improved
the performance of their system, in that their lafi=st model is capable of
monitoring the microbial growth in over 500 sample wells simultane0zsly,
and the gold and stainless steel electrode arrangements used have now
been standardised, The Malthus ~nstNm~n~s use platinum electrodes,
which fr’om a heuristic standpoint are probably more satisfactory, owing
to their lower impedance. According to Richards et al. (‘11978), the use, as
in the Malthus instrument+ of conductance rather than impedance, is also
conceptuaiiy to be preferred.
In summary, the impedance methods offer advantages in their ease of
use, reduced test time, ability to function in opaque media, and their
ability to handle large numbers of samples while retaining a high level of
.
agreement with conventional countrrrg techniques. More specialised
applications of this methodology have included the selective detection of
bacteria by i’-IILuse of selective media (Martins & Selby ‘I1980). Currently,
however, the prime objective. by way of the cut-off times, is that it be
used as a quality control procedure, and not for providing very accurate
estimations of the, total number of viable cells in a sample. Large errors
may arise in the accuracy and consistency of measured values of the
detection time for a given number of colony-forming units per unit
volume, owing to different lag- and generation-times of the microorganisms present in the sample. These large errors, cur&led with the
detection time {which, although a great improvement in conventional
quality control procedures, is by no means in real time), make impedimetric methods of *he type discussed above unsatisfactory for monitoring
biomass in fermenters.
Wheeler and Go~~s~~idt
~~o~ds~hrnidt & Wheeler, 1975; Wheeler &
Goldschmidt,
1975) investigated the potential of an approach’ in some
respects similar to that of the impedance method, for the rapid xreening
of urine cultures from patients suspected of suffering bacteriuria. The
purpose of this apjproaeh was to eliminate the ti.tie involved in plate
counts or the accumulation of a measurable tiount cbfmetabolite. Using
relatively simple inst~.mentation,
meeler
& G~ldsc~idt
(1975)
applied a 10 V (sic) peak-to-peak square-wave signal across mierobiat
suspensions, via the outer pair of a tetra-polar stainless steel electrode
probe, and measured the change in electrical outPtit as a function of the
frequency and the input voltage. They found the maximum signal for the
different types and numbers of bacteria studied to occur at an input
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frequency of 10 Hz. Further, they found a linear relationship between
voltage change recorded on an oscilloscope at this ‘frequency of
maximum resolution’ and the logarithm of the microbial ceil concentration. This method allows, in principle, the total electrical properties of
the system to be measured jtistantaneously, without the need for the
accumulation of metabolites. Hence, the advantage of this adaptation of
the impedance method is the claimed 10-min,detection time, compared
with the hoyrrs necessary for the impedance detection time. Wheeler and
Goldschmidt tested 30 fresh urine samples against a calibration curve of
output voltage for different concentrations of E.coCi. They reported a
90% correlation with plate counts for samples containirig greater than 10’
cells/ml, and detected several samples containing 103 and IO4 ceUs/ml
which were considered to be negative ‘by the donventional methods.
However,
it has been shr.>wn that the capacitative and resistive
properties of microorganisms and similar charged objects at low
frequencies are a function not only of the applied field, but also of the
particle radius and cell wall (i.e. surface) properties (see, e.g. Schwan,
1957; Schwarz, 1962; Einolf & Carstensen, 1973; Dukhin & Shilov, 1974;
P
~aiStensen et Marquis, 1975 ; Schanne & Ceietti, 1978; Pethig, 1979;
Harris & Kell, 1983; Schwan, 1983; Harris et al.,
E&4;
K&l, 1983).
Wheeler & Goldschmidt (1975) tested their system for microorganisms of
Mferent size and shape, and found no effect cn the output signal, thus
demonstrating th:at their measurements of the passive electric& pro_~rties of th.e ‘microbial suspension are in fact dominated b;y the high
impedance of the electrode/electrolyte interface at this frequency. Also,
the electrical properties of microorganisms in the audio frequemcy range
are mainly thought to be a result of the counterion relaxation tangential to
their charged surfaces, and as such are, in principle (Harris tztal., 1984;
Kell, l-984), a strong function of the ions present in the suspending phase
as well as of the biomass. They also scale with the microbial Wncentration
and not its logarithm. Therefore, although the resolution obtained with
this technique was apparently high, the signal was not wholly (or even
mainly) due to the microbial population, Despite the reasonable results
presented by Wheeler and Goldschmidt, further investigations tiould seem
to’us to be necessary before either the value or the operating principle of
this method may be accurately assessed. Finally, the.fact that the ceils had
to be dispersed in distilled water (W$eeler & Goldschmidt,
1975)
seriously diminishes the utility of their method for measurements in
fermenters.
.
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The optical assessment of cell size and numbers, and hence the estimation
of biomass, has been superseded in many cases by the advent of electronic
counting and sizing devices, such as the Coulter Counter and Channelyser.
Electronic counting techniques monitor the effect of microorganisms on
an electric field as the microorganisms traverse the field. The microorganisms are suspended in an electrically conducting fluid, normally the
growth medium, and are forced to flow through a small aperture across
which an electric field is applied via a constant current source (Fig. 4). As
the relatively non-conducting microorganism passes through the field, the
electrical resistance within the aperture is increased, giving rise to a
transiently increased voltage drop across the aperture. ‘%twas assumed
that under certain conditions the magnitude of this pulse is proportional
to the size of the microorganism (e.g. Grover et at., 1969b, 1982; Dow,
1976), such that particles giving pulses of a given magnitude may be
differentiated and counted. However, the principle does not permit
significant discernment of particle shape, and coccoid or rod-shaped
bacteria are counted as spheres of equivalent size (e.g. Mubitschek, 1969;
Hobson & Mann,
1970; Curds et UP., 1978; Anon, undated, d, bui cf.
Bator et&., 1984). ’
Coulter Electronics Inc. indicated that their original electronic device
could count and size particles in the range of 0*4 to 500 pm diameter, from
the pulse heights produced. Empirical evidence presented by Kubitschek

..
particle

flow

eig.4.

The principle of the Coulter Counts

. See text

for

farther

explanation.
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(1969) supported this claim by demonstrating a fair degree of proportionality between measurements of optical density and the electronically
measured cell volume for bacterial cells of differing*mean cell volumes.
Potentially successful applications of the Coulter Counter require that
the following-conditions be met:
.

(9 The pulse height should be much greater than the background

(ii)

(iii)

(iv>

(4
{vi)

signal. Noise may be generated by other electrical equipment in
the vicinity of the counter, e.g. fluorescent lights, and so the
instrument must be suitably shielded to increase the reliability of
the results (Hobson & Mann, 1970). Modern versions incorporate a Faraday cage.
Unusually large pulses must be minimised since they momentarily perturb the pulse-height analyser and prevent immediate,
subsequent counting. Large signals may be produced by contaminating par&es, or by two or more cells traversing the field
simultaneously. An upper limit to the s.ize of the pulse counted
and analysed may be enforced, but there may still be momentajl
disturbance of the system (Kubitschek, 1969; Curds Edal., 1978).
The concentration of the suspension must be optimised; large
concentrations increase the occurrence of coincident counts and
10~ concentrations decrease the signal to noise ratio (e.g.
Kubitschek, 1969; Hobson & Mann, 1970; Zimrnermann et UC,,
1973).
Samples of low concentration, or those containing a high proporti.on of large non-microbial particles, should be filtered to remove
any material that may otherwise be counted (Kubitschek, 1969;
Hobson & Mann, 1970).
Aperture length, fiow rate and amplifier response must be
matched to produce output voltages of suitable magnitude
(Kubitschek, 1969).
For sizing, the suspension should be hydrodynamically focussed
to counteract the non-uniformity of the current density at
different locations in the orifice, such that the path of the microorganisms through the field is uniform (Jeltsch $r Zimmermann,
1979; Zimmermann, 1982), since the magnitude of the output
voltage is also a function of rotation and deflection of the
individual microbe as it traverses the field (Grover et al., 1969a;
Zimmermann et al., 1973; Roberts, 1980).
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Very important, and yet often overlooked, since it has only been
noted rather recently, is that the magnitude of the applied field
must be below a certain critical value, above which the measured
size of the cells decreases with increasing field strength
(Zimmermann et ai., 1973; Jeltsch & Zimmermann, 1379). Tnis
critical value, causing dielectric breakdown, is of the order of 1 to
10 kV/cm fqr most microbial systems (Hamilton & Sale, 1367;
Grover et al., 1372; Zimmermann et al., 1973; Zimmermann et
al. ) 1980; Wulsheger & Niemann, 1981). This point will be
discussed in some detail.

This non-proportionality between peak height and field strength may
be due to one or a combination of two factors in particular: either a
change in the electrical properties of the suspending medium caused by
electrolysis at the higher voltages, or the dielectric breakdown of the,
microbial membranes at the higher field strengths. In theory, nonconduciing partic1e.sshould produce a square-wave voltage pulse that is
proportional to the size of the particle when this particle crosses a d.c. (or
low frequency) electric field. However, this assumes that the conductivity
of the particle is ctinstant under different experimental conditions, For
solid particles, e.g. pollen and latex spheres, this is indeed the case, but
the electrical properties sf microorg anisms change with the magnitude of
the applied field. If the electric field is small or absent, microorganisms
consist of a relatively non-conducting membrane enclosing a relatively
highly conducting cytoplasm. An electric field applied across a microbial
cell induces a potential gradient across the cell membrane. This potential
gradient causes, inter ah, an electrical alignment of the dipolar molecules
comprising the membrane, to a degree dependent upon the field strength
and the size of the microorganism. Such an alignment of the membrane
versus elastic restoring force-ee
e.g.
dipoles
(electrostatic
1373,
1980,
1381)
can
result
in
the
dielectric
Zimmermann et ai.,
breakdown of the membrane as seen by a decrease in the capacitance and
an increase in the conductance of the suspension of microorganisms. The
extent to which dielectric breakdown occurs is a function of the applied
field strength per unit length (e,g. Hamilton SCSale, 1967; Zimmerrnann
et erl., 1373,198O; HuIsheger & Niemann, 1980,138? ).
Microorganisms being counted and sized in the Coulter Counter are
often subjected to an electric field which ;s capable of producing dielectric
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breakdown. Under such conditions, the Co-d!ter Counter will rewrd a
smaller change in conductance than if the breakdown had not occurred.
Hence, <snthe assumption that pulse height is proportional to cell size, a
smaller cell size than is actually the case is estimated. Providing that
dielectric breakdown is not.complete, and the conductance of the microorganism at this field strenkth is not equal to that of the suspending
medium, a change in conductance will still be recorded., and although this
change may not give correct sizing, it may be used for munting purposes.
Grover ebal. (1972) noted this effect, for human red blood cells, about a
critical field strength of O-8 kV/cm, but gave no explanation. Other
workers (e.g. Morrison & Tomkins, 1973; Ricketts 8r Rappitt, 1974;
Curds et al., 1978; Roberts, 1980) have observed a lower cell size
measured with the Coulter Counter than with other techniques.
Morrison & Tomkins (1973) used the Cdulter Counter to measure the
mean cell size df Tetrahymena under conditions of growth and starvation.
They compared the values of cell size obtained from the electronic sizing
with those obtained by tracing, cutting out and weighing the silhouettes of
a series of cells from photomicrographs of the suspension. This comparison revealed that the Coulter Counter underestimated the cell
volume by 8 factor of 499 for normally growing cells, and this underestimation increased during starvation of the protozoa. Morrison &
Tomkins (1973) explained this discrepancy in terms of the error involved
in the optical method because of the shap of the protczca, whereas the
error was more likely to be in the Coulter Counter method owing to the
dielectric breakdown of the Tetrahymena membranes. The increased
underestimation of the cell volume of the starved protozoa may bc
ascribed to the conditions of starvation giving rise to an electrically
weaker membrane. A weaker membrane would undergo dielectric
breakdown at a lower field strength, or the breakdown would be further
advanced at the given field strength.
Ricketts & Rappitt (1974) compared values of the cell size of
T’trahymena obtained using the Coulter Counter with cell dimensions
measured optically. They, too, found that the Coulter Counter underestimated the cell size, the electronically determined size being f-2 to 26
times lower than that determined from optical measurements. Again the
full error was assigned to the optical method and the asymmetry of the
protozoa, and no part of it to the Coulter Counter.
Curds et al. (1978) used the Coulter Counter to size ciliated protozoa,
in conjunction with optical sizing methods. They found that the mean cell
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volume of an axenic population of Tetrahymenai measured over a wide
range of sizes, was on average 3-3 times greater by optical methods than
by the electronic device. No reason was proposed for this discrepancy.
However, for a series of six separate electronic sizings they found the
values of the mean cell volume to be reproducible to within I%, and
further fc:s::nd that although the absolute values of the cell volumes
measured 5y the iwo different methods did not agree, the ratio between
them was consistent, and also that the electronically determined mean
cell volume was linear with cell dry weight.
Roberts (1980) similarly reported an underestimated cell size (in comparison with microscopic sizing techniques) when sizing Tetrahymena
with the Coulter Counter and Channelyser, In an attempt to overcome
this problem he calibrated the electronic device with pollen grains of a
known size, osmotically stabilised the cells in mannitoi, and hydrodynamically focussed the flow of cells through the field; nevertheless, he
consistently found a four-fold underestimation in cell size (Roberts,
1980). Roberts concluded that the cell size was net proportional to the
peak height under these conditions, and proposed that the underestimated cell Size was due to an increase in the conductivity of the
protozoa in the electric field. However, he offered no explanation as to
why an iiicrease in conductivity should occur.
Zimmerrnann et al. (1973), Jeltsch & Zimmermann (1979) and
Zimmermann et al. (1980) noted that the voltage applied across the orifice
of the Coulter Counter was of thP,same order of magnitude as that which
is required for the dielectric breakdown of microbial membranes. If
inembrane breakdown should occur, the high conductance of the cytoplasm contribu.es to the total conductance of the system, giving a smaller
change in conductance with respect to the sus-ending medium, and hence
an underestimation of the cell volume. Zimmermann et al. (1973) found
that dielectric breakdown did not occur in solid particles, sucfi as latex
spheres and pollen, nor in E.coZi when the membranes had been fixed
with glutaralldehyde.
The implication ‘of the phenomenon of dielectric breakdown of
microbial membranes in electronic counting and sizing systems has not
been widely appreciated, and it may be assumed that results obtained
from such systems have often .been misinterpreted. However, the technique may still be used for counting cell5, and indeed for sizing if the
a.pplied field is below the critical level, and h&s had many successful
applications (e.g. Zinxmermunn et al., 1973; Dow, 1976; Do&et al., 1979;
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Zimmermann et al,, 1980). Dow (i976) used the Coulter Counter linked
to a Channelyszr to study population dynamics and morphology in
microbial cultures. Further work of Dow et al. (19’q9) utilised this same
system for particle distribution analysis of the microbial popLhations of
600 urine samples, The microorganisms present in the samples were
sized, and those with a diamiter greater than 0.4 pm were counted. The
result was purely qualitative, in thtit urine was classed as being either
positive or negative, but an agreement of 98.8% was obtained between
classification based on this technique and that based on microscopy and
culture methods.
A major disadvantage of the electrical counting technique [it should
not be affected by the magnitude of the applied field so long as a change in
conductance is recorded) is its inability to distinguish viable cells from
non-viable cehs and non-microbial particle& Several attempts have been
made to overcome this problem (e.g. Seydel & Wempe, 198Q; Matsushita
tq al., 1982). Seydel & Wempe (1980) devised a method using the Coulter
Counter to differentiate viable and totzl cell counts in E.cdi cultures
inhibited by chemotherapeutic agents and compared these results with
the usual viable counts obtained through plating procedures. The
principle w as to administer the drugs in such concentrations that they
would inhibit the growth of some cells whilst killing others, producing a
suspension of viable non-multiplying cells and killed cells, with a fairly
constant cell count. The inoculated culture may then be diluted with fresh
broth such that the concentration of the inhibitor is negligible, allowing
the viable but inhibited cells to regrow. Coulter Counter measurements
were taken at hourly intervals between three and six hours after dilution,
thus minimising the error due to the killed cells and allowing the regrowing cells to reach a con=ntration suitable for counting. From a
simple kinetic approach the logarithm of the cell co-unt was seen to be
linear with the incubation time, and extrapolation to the time of dilution
gave the number of viable cells after the addition of the drugs. This
principle was applied to cultures of E,coli treated with three different
drugs: HN-32 (a nitrofuran derivative), TMP (trimethoprim) and tetracycline. The death rates obtained wi.ththe Couiter Counter were identical
with those obtained from plating techniques for both MN-32 and TMP,
but the Coulter Counter underestimated the death rate, that is, overestimated the cell population, for tetracycline. Seydel & -Wempe (1980)
suggested that the measured low death rate was probably due to the mode
of action of tetracycline, and not to an error in the tedhnique, since it is
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k n o w n t h a t cells r e c o v e r i n g f r o m t h e a c t i o n o f t e t r a c y c l i n e g r o w m o r e
s l o w l y o n a g a r t h a n t h e y d o in liquid c u l t u r e s . S u c h a m e t h o d h a s o b v i o u s
a d v a n t a g e s o v e r p l a t e c o u n t s in t h e s a v i n g of t i m e ; this C o u l t e r C o u n t e r
m e t h o d • w o u l d r e q u i r e a 6 h i n c u b a t i o n p e r i o d c o m p a r e d w i t h t h e 24 h
n e e d e d for plate counts, but further experiments are necessary.
M a t s u s h i t a e t a l . (1982) a t t e m p t e d to d i s t i n g u i s h v i a b l e a n d n o n - v i a b l e
m o u s e m y e l o m a cells, using a C o u l t e r C o u n t e r l i n k e d t o a C h a n n e l y s e r ,
by s u s p e n d i n g t h e cells in p h o s p h a t e - b u f f e r e d saline (PI3S) s o l u t i o n . T h e
r e s u l t i n g e l e c t r i c a l size d i s t r i b u t i o n profile w a s b i m o d a l a n d s h o w e d a n
i n c r e a s e in t h e f r a c t i o n o f Smaller cells in t h e p r e s e n c e o f P B S . T r y p a n
b l u e s t a i n i n g , a n d m i c r o s c o p i c e x a m i n a t i o n of t h e P B S - t r e a t e d c u l t u r e ,
s h o w e d t h a t P B S w a s l e t h a l a n d t h a t t h e killed cells w e r e i n d e e d s m a l l e r
t h a n t h e v i a b l e p o p u l a t i o n , h e n c e p r o v i d i n g a m e a n s to d i f f e r e n t i a t e live
a n d d e a d cells by e l e c t r i c a l sizing a n d c o u n t i n g . H o w e v e r , t h e m e m b r a n e s
o f t h e k i l l e d cells e x h i b i t e d a n i n c r e a s e d p e r m e a b i l i t y t o i o n s , a n d t h e cells
w o u l d t h e r e f o r e in• a n y e v e n t g e n e r a t e p u l s e s t~f d e c r e a s e d size.
E l e c t r i c a l c o u n t i n g t e c h n i q u e s by t h e m s e l v e s a r e n o t c a p a b l e o f p r o v i d i n g v i a b l e c o u n t s . T h e a t t e m p t s to e x t e n d t h e t e c h n i q u e h a v e n o t b e e n
w h o l l y s a t i s f a c t o r y in t h e specific s y s t e m s w h i c h t h e y w e r e d e s i g n e d to
s t u d y , a n d c o u l d c e r t a i n l y n o t b e a p p l i e d u n i v e r s a l l y to t h e e s t i m a t i o n o f
v i a b l e c o u n t s in f e r m e n t o r s . E l e c t r i c a l sizing t e c h n i q u e s a p p e a r to p o s s e s s
t h e p o t e n t i a l f o r p r o v i d i n g a n insight i n t o cell p o p u l a t i o n d y n a m i c s , b u t
h a v e b e e n s h o w n t o suffer f r o m c e r t a i n artifacts, in p a r t i c u l a r t h o s e
c a u s e d by t h e d i e l e c t r i c b r e a k d o w n o f m i c r o b i a l m e m b r a n e s , u n d e r t h e
c o n d i t i o n s of field s t r e n g t h c o m m o n l y u s e d (e,g. see Z i m m e r m a n n et a l . ,
1973; J e l t s c h & Z i m m e r m a n n , 1979; Z i m m e r m a n n et a l . , 1981).
E l e c t r o n i c c o u n t s d o h a v e t h e a d v a n t a g e t h a t t h e y m o n i t o r p assi ve
e l e c t r i c a l p r o p e r t i e s of t h e m i c r o o r g a n i s m a n d d o n o t rely o n g r o w t h , a n d
so t h e c o u n t s a r e a v a i l a b l e in m i n u t e s r a t h e r t h a n h o u r s , a l t h o u g h t h e y a r e
n o t q u i t e in r e a l tinae. T i m e - d e p e n d e n t c h a n g e s in t h e m e d i u m c o n '
d u c t i v i t y w o u l d also t e n d to c o n f o u n d t h e i r a p p l i c a b i l i t y to o n - l i n e
m e a s u r e m e n t s in f e r m e n t o r s .
.

4 . 7 . EiectrochemicRuy based detection systems
Many electrochemical detection systems have been proposed
e s t i m a t i o n o f m i c r o b i a l p o p u l a t i o n s . T h e i r a i m , as w i t h o t h e r
t e c h n i q u e s d i s c u s s e d a b o v e , is to r e d u c e t h e t i m e n e c e s s a r y
d e t e c t i o n of microorganisms, with the view ultimately to provide
effective, and simple'to-use biomass probe.

for the
physical
for "the
a quick,
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Wilkins (Wilkins, 1974, 1979; Wilkirts et al., 1974, 1978, 1980)
developed an electrical detection system for the evaluation of microbial
populations, based on the detection of gases produced ‘by actively
metabolising microorganisms. Initially the detection of these gases was
effected by means of a pres$ure transducer linked to a chart recorder
(Wilkins, 1974). The delay‘ period, for given experimental conditions,
between the inoculation of the sample and the detection of the response
was found to be linear with the logarithm of the inoculum size. As
expected, the detection time increased for decreasing inoculum size; for
example, the detection time for lo7 ce’lls/ml was 3 h, and for 1 cell/ml was
12 h. Despite the sensitivity of the pressure transducer, Wilkins (Wilkins
et al., 1974) abandoned this method in favour of a yet more sensitive
electrochemical method.
Wilkins (Wilkins et al., 1974) reported the use of an electrochemical
method, consisting of a platinum electrode and a reference (standard
calomel) electrode, which monitored the production of hydrogen by the
metabolising microorganisms. The principle behind this detector is that
the evolution of hydrogen decreases’the apparent Eh (redox potential)
(see Morris, 1974) owing to the redox equilibrium established between
(principally) the H&E’ couple and the platinum electrode:
Ma= 214+ + 2e-

.

Subsequently, Wilkins et al. (1978) reported that responses to this electrode
system w,ere also obtained with non-hydrogen-producing
microorganisms. It thus seems more likely that this electrode configuration was
monitoring changes in redox potentials resulting from the microbial
production of electroactive substances including, but not solely consisting
of, molecular hydrogen (see Kjaergaard, 1977). Using the platinum and
calomel electrode arrangement, Wilkins et ad. (1974) recorded response
curves containing the characteristic lag period before ‘detection’ was
possible. The lag period was found to be linear with the logarithm of the
initial inocuium size as determined by viable counts. Typical detection
times for E.coZi using this method were 1 h for lo6 cells/ml, and 7 h for 1
cell/ml, which is indeed quicker than for the pressure transducer. In view
of this improved sensitivity, Wilkins et al. (1978) developed a multichannel electrochemical detection unit capable of detecting and indicating the detection times for each of the+eight channels simultaneously
and automatically.
.
Wilkins (Wilkins et d., 1978) further found that the response curves
ob?sitied with ts~o platinum electrodes of differing surface area were
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similar to those obtained with the platinum/calomel electrode system.
Here the experimental arrangement consisted of a test tube containing
two platinum electrodes of differing length immersed into the sample
medium. The response curve arising from the potential difference
between the two electrodes again exhibited a lag period which was found
to be linear with the logarithm of the size of the inoculum. The platinumplatinum electrode system was (not surprisingly) less sensitive than the
combination electrode system, but was attractive by virtue of its lower
cost and ease of handling. Ft also lent itself to adaptation for a combined
membrane filtration-electrochemical method for microbial en-umeration
(Wilkins et al., 1980). The objective of this adaptation was to decrease the
detection time by increasing the initial concentration of the sample
through filtration, thereby enabling the monitoring of microorganisms in
sparsely populated environments. In practice, cells were collected on a
0.45 pm filter, on to which two platinum electrodes were clamped, and
the potential difference between them was then measured. Wilkins et al.
(1980) used this system to test nearly 100 aquatic samples. They found a
certain degree of linearity, with a correlation coefficient of OG325,
between the logarithm of the inoculum size and the detection time.
However, filtration techniques are known to induce the death of a proportion of cells, and should be avoided for consistent results (Jones,
1979). The modus operandi of this system (Wilkins et al., 1980) is not at all
evident; it may involve fuel cell-like reactions.
Holland et al. (1980) used a similar system to that of Wilki& (1979)) but
with two stainless steel (rather than platinum) electrodes of differing size.
They inoculated IOO-ml samples with 300 or 50 cfu of one of several
microbial species commonly found in the blood of patients suffering from
bauteraemia, and recorded changes in the apparent potential difference
at 15-min intervals. The sample was considered to be positive if the
voltage change was greater than or equal to 0-i mV/min and incrkased for
the following 45 min. Qf the 163 test samples seeded with the larger
inoculum, 90.8% were considered to be positive; 88.7% of the 53 samples
seeded with 50 cfu were deemed positive using the electrochemical technique. This principle was then applied to the detection of microbial
grtiwth in blood specimens from 156 patients (Holland et al., 198Oj. This
electrical detection system correctly identified the 13 positive samples
that had also beet 1identified by conventional turbidimetric methods, w.ith
an average detection time 18 h less than for the ctinventional method.
Junter and co-workers (Junter et al., 1980, 1984; Junter & Selegny,

1982a,b) followed bacterial growth using electrochemical measurements
of the decrease in redox potential associated with (i) the oxygen consumption during aerobic glycolysis and (ii) the subsequent reduction of
exogenous lipoic acid, and f?om this estimated the number of viable cells
present in an axenic populatiop of EC&. During the oxidation-reduction
reactions of glucose catabolism, lipoic acid (LA) enters the bacterial cells
where it is reduced to dihydrolipoic acid (LA&).
The reduced form may
then be transported from the cells (e.g. Junter & Selegny, 1982~). The
output VoltngE, measured using a gold electrode with respect to a
standard calomel electrode, therefore folloys the modification of redox
potential due to the reduction of dissolved oxygen, and of the lipoate/
dihydrolipoate couple, resulting from bacterial activity. The gold
eiectrodes were found to be highly sensitive to the dihydrolipoate
produced, down to concentrations of the order *of 1 pM,
owing to
adsorption of the dihydrolipoic acid onto the gold (Junter & Selegny,
1982a).
In order to maximise the consistency in the measured redox potentials
of samples containing inocula of the same size, the number of possible
metabolic pathways was restricted by growing the bacteria in a relatively
defined medium containing only salts and glucose (but sometimes a small
amount of yeast extract)_ The time preceding the characteristic drop in
potential of the output voltage was found to represent the number of
viable cells initially present in the inoculum, enabling a$ few as 10 cellsi
litre to be detected in 11 h. The experimentally observed linear relationship between the logarithm of the initial inoculum size and the time for’s
100 mV variation in potential to occur was supported by a mathematical
model (Junter et ai., 1980). The kinetic expression obtained was related
to the rate and me&an&m of lipoic acid uptake, the excretion znd
reoxidation of the dillydrolipoic acid and the concentration and
generation time of the microorganisms. Junter & Selegny (1982a)
proposed a more complex mathematical model by describing the system
tit three distinct levels, and simulating potential-time curves from the
resulting series of equations. The three levels considered were:
(i) the electrqde: this expressed the potential of the gold electrode as
a function of the concentration of the electroactive species
present;
(ii) the cell or metabolic level: inv.olving the time evob~tion of the
concentrations of the relevant electroactive species;

(iii) the culture broth: involving the physical and chemical conditions
of the culture, such as the dissolution of molecular oxygen from
the air into the broth.
The relationships of the cell population determined by colony counts with
the theoretical minimum detection time, and with the detection time
found experimentally, were of the same form for inocula sizes in the range
IO--10” celIs/litre. ‘Thus the theory agreed with the experimental
observations.
Using this electrochemical technique, 10’ Ecoli cells/ml, grown in a
medium enriched with yeast extract, may be detected in und#er7 h (Junter
et al,, 1980), and compliance with the International Standards for
drinking water, which require that disinfected drinking water contains
only I bacterium/l00 ml, may be gauged within 12 h (Junter et al., 1980).
Although this method offers features which are desirable for a probe to
monitor biomass in fermentors, such as the comparative simplicity of an
electrochemical approach, and the sensitivity obtainable, it does’,
however, have its disadvantages. First, detection relies on microbial
growth, and therefore cannot be in real time; secondly. the addition of
lipoic acid might conceivably have an adverse effect on the fermentation
process under study; and thirdly, the detection time for 10’ cells/ml is
longer than by other growth methods (e.g. impedimetry, radiometry,
etc., see above). Nevertheless, the elegant simplicity of this system seems
to indicate that it would provide a convenient assay for microbial activity
in clinical, ecological and food samples.
The detection systems of Wilkins et al.. (Wilkins et al., 1974,1978,19SO;
Wilkins, 1979), Holland et al. (1980), Junter et al. (1980) and of Junter &
Selegny (1982a,b) rely on the ch$nges in potential caused by the growth of
the microorganisms and the production of electroactive metaboCites_ As
such, these methods have the potential to detect very low ceI~.numbers,
but the detection time may still be relatively long, in the order of 10 to i2 b
for Iess than IO &u/ml, and 3 h for 10’ cfu/mi. Karube, Suzuki and
coworkers (Matsunaga et al., 1979,198O; Ishimori ebal., 1951; Nishikawa
ef al., 1982), and Turner et al. (Turner etal., 1983; Aston & Turner, 1984)
have developed a fuel cell-type electrode system (see also Wingard et al.,
1982), in which the detection time, some 15 to 20 min, is independent of
microbial growth. This IS-rniir response time, although not in real time,
could in principle enable the continuous monitoring of biomass in
fermentor5.
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Both pairs of reference and measuring electrodes of the system proposed by Matsunaga et al. (1979) consisted of a platinum anode and silver
peroxide cathode. One pair of eiectrodes was covered by ti cellulose
dialysis membrane, which allowed the free passage of the medium into
this electrochemical cell, whilst preventing the access of the microorganisms. Thus, the total electrode system measured the difference i-n
current produced in the two circuits. In this, the changes in electroactive
substances in the medium caused by the metabolic activities of the microorganisms fe.g. the production of molecular hydrogen, formic acid and

probe

.

‘probe .Adialysis
1 membrane

i-

FQ. 5, The principle

of using dual probes, one covered with a dklysis membrane, .a
nuclepore filter or other microorganism-imperme,able
membrane, to nullify the effect of
environmental changes on purportedly biomass-specifk signals. The main disadvantages
of this method are its requirement for the caIibration of both probes and a decreased
response time.

other metabolites) may be cancelled, and the measured difference in
current is due to the microorganisms aIone. This principle (Fig. 5) is
discussed in some detail by Clarke e&al. (1982) and by Clarke &al. (1985).
Further, the system is apparently measuring the current output generated
by viable cells, and not that generated by non-viable celis or other
particulate material (prevented from entering the reference electrode by
the dialysis membrane); heating, ultrasonic irradiation, and the addition
of nystatin (an antibiotic that destroys,celI membrane integrity) produced
a decrease in the output signal (Matsunaga et aZ., 1979).
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Matsunaga et ai. (1979) found the measured current difference to be
proportional to the number OLcells in the sampl~z, estimated by colony
counts, to within an average error of 67 o ‘r and evaluated the effect of pH,
temperature, and phosphate buffer and oxygen concentrations on this
relationship. They reported that the current output was independent of
the oxygen
and phosphate buffer concentrations. However, an increasing
_ _
signal was obtained with increasing pH, and also with increasing terngerature up to a maximum at XI”@, thus necessitating temperature and pH
control of the suspension. The linearity of the e!ectrode response was
tested using suspensions of known concentrations of Lac&&~il~u.s
fermenturn
and Saccharumyces cerevisiue, and the device was then
successfully applied to the continuous monitoring of ceil populations of
S. cerevisiae in a fermentor.
This proposed electrochemical system (Matsunaga et al., 1979) has the
distinct advantage over those of Wilkins (Wilkins, 1974, 1979; Wilkins et
al., 1974,1978, i980), Ho i’iand ei ar’. (1980) and Junter et al. (Junter j?tal.,
1980; Junter $c Selegny, 1982a,b) in that the detecTion time is a function of
the response time of the dialysis-membrane-covered electrode (some 15
to 20 min) and does not depend on the growth of the microorganisms per
se.. This faster response time, which would be improved by the substitution of a nucleopore filter for the dialysis membrane, when coupled with
the simplicity of an electrode system, enables continuous, on-line
monitoring of biomass in fermenters, However, the platinum-silver
peroxide system has two disadvantages: (i) the silver peroxide cathode
decomposes on autoclaving, and (ii) the system is not capable of
providing the sensitivity required over the range of cell populations that
are initially found in fermentation processes (the minimum number of
detectable cells being 10’ yeast cells/ml, and 10’ Lfermentwn
cells/ml),
nor those that are typically found in clinical or ecological specimens.
To overcome the first disadvantage, Matsunaga et ali. (1980) tested
another electrode system, similar to the platinum-silver pe~nxide system.
This new system consisted of two cells, measuring and reference, each
comprising a platinum working electrode, platinum counter electrode,
and saturated calomel electrode (SCE). Both of these electrode cells were
immersed into a culture of B.subtilis, the reference ~eii again being
covered with a cellulose dialysis membra.ne to maintain a inicroorganismfree ‘reference solution’. The platinum working electrodes of .each
electrode system were held at a constant potential with respect to the
SCE, and the difference in current flowing in the ‘measuring’ and
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‘reference’ circuits was recorded. Matsunaga et al. (1980) found that the
maximum current difference was obtained at a working potent&alofO=i V
(versus SCE), and that the output signal increased with increasing temperature to a maximum at 5O”C, cwing !o the increased reactivity of the
electroactive substances and t& subsequent inactivation of the bacteria
at 50°C. They found that it was also necessary to neutralise the organic
acids produced by actively metabolising B.subtiZ~, and hence to control
the p1-I of the culture.
The output signal was attributed to the presence of viable microorganisms, since an autoclaved sampie containing l-4 x 10’ &~&&/ml
produced a greatly reduced signal in comparison -with a viable cell population of the same size. The difference in current between the measuring
z:ud reference (electrochemical) cells was found to be linear with cell
numbers (measured by colony counts) in the rahge 10” to 4 x 10’
B.subtilis/ml, with a mean error of 4%. This potentiostatic device, as well
as being stable to autoclaving, has the added advantage ovez the
platinum-silver peroxide system in that the response time has been reduced from 20 min to only 5 min. However,.ttrt; operating range of bacterial
concentration for this system, and for the platinum-silver peroxide
electrodes, is restricted, and although their sensitivities will suffice in
some instances, many cultures are srown at concentrations outside the
limits of linearity of these devices. The second disadvantage of the
platinum-silver peroxide system is therefore shared by the platinumplatinum_caIomel arangement, and in order to overcome this lack of.
sensitivity, Karube, Suzuki and colleagues (Nishikawa et al., 1982)
adapted the fuel cell-type electrode system to include the filtration of
dilute populations: they also added redox mediators (‘signal amplifiers’:\.
Initially, they evaluated the efficiency of various redox dyes as sign211
amplifiers, using suspensions of E.coli. 0f the redox dyes tested, 2,
4-dichlorephenolindophenol
(DCIP) was found to be the most effective
signal amplifier, and like the other redox dyes it enhances the signal by
acting as an electron carrier between the electron donors in the microbiai
membrane and the platinum anode (Turner et al., 1983). The signal was
maximal under the following conditions of pHr temperature7 and DCIP
and 40 @G DCP,
concentrations (Nishikawa et al., 1982): pH ?-8,3S”C,
respectively. Subseq,uentTy, suspensions of 3. cdi and three other types of
bacteria, Pseudomonas
aeruginosa, Frankica aabrescens, and Bacihs
sub&s,
were concentrated onto acetylcr~lulose membranes, These
membranes were attached to the anode of the ll;,ozsuring electrode axid
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immersed in phosphate buffer containing DCIP. A linear relationship
was obtained betv:een the logarithm of the output current and the
iogarithm of the cell population determined from colony counts, within
the range of PO4to lo6 cells/ml (Nishikawa et ai., 1982). Samples of
industrial water, from a paper mill and a petrochemical plant, were
similarly treated and their respective microbial populations estimated
from a calibration curve for E.coZi (Nishikawa et al., 1982). The lower
limit of det ection of the platinum-silver peroxide electrode system was
decreased from 10’ to 10’ cells/ml by the use of DCIP (Nishikawa et al,,
1982). Different mediators would presumably be needed for use in
anaerobic fermentation processes.
Ishimori, Karube and Suzuki (Ishimori et al., 1981) presented a novel
electrochemical techniqre for the continuous monitoring of yeast populations in fermentzars, exploiting the properties of piezoelectric
membranes. Essentially, the probe consisted of two parallel piezoelectric
membranes 2-S mm apart which were immersed into the yeast culture..
When the input piezoelectric membrane was charged to a certain voltage
by an oscillator, the resulting ultrasonic waves were transmitted through
the culture separating the two membranes, and induced a voltage on the
output membrane.
Ishimori et al. (1981) recorded the individual
responses obtained from a yeast culture, the supematant of the yeast
culture, and wrier, and found that approximately 40% of the output
signal could be assigned to the effect of the microorganisms on the
transmission of the ultrasonic waves between the two piezoelectric
rfiembranes. The transmission cr”ultrasonic waves through fluids is also a
function of (i) the frequency of the applied voltage, (ii) the pI? and
buffering capacity of the sample;(iii) the temperature, (iv) the density of
the medium, and (v) the adiabatic compressibility of the sample. All these
variables were duly tested, and those which were found significantly to
affect the signal were suitably controlled.
The piezoelectric membrane probe was used to estimate microbial
populations in susp?nsions of B.su%ltilh and Klebsiella spp., and to
monitor the growth of yeast in a fermentor. The calibration curve for
yeast showed a linear
response between the output voltage and the
number of cells/ml (counted with a haemocytometer) in the range lo6 to
10’ cells/ml, and a different linear response between 10’ and 10’” cells/ml,
with a mean error of 6%. The level of sensitivitv is below that at which
yeast is grown in a typical COIlUTErciai
ferment&ion (Matsunaga et al.,
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1979), but it may not be suitable for monitoring other fermentation
processes. Ishimori et al. (1981) also found that although the piczoelectric
membrane seemed promising as a biomass probe for yeast, small cracks
appeared in the epoxy resin during autoclaving which resulted in the loss
of the output signal. This is hardly an insuperable problem, and further
investigation of devices based on this principle seems warranted.
The electrochemical detection systems probably offer the best techuiques for on-line and continuous monitoring of biomass in fermentors.
They are inexpensive (particularly when compared with the currently
available impedimetric, light scattering and radiometric devices), easy to
use, the electrodes may be effectively sterilised by autocltiving, they
function in the normal growth media, and they may be easily automated.
However, further work is necessary in order to provide a system which
has the desired sensitivity and a very fast, preferably real-time, response.

In certain circumstances, particularljj in sewage treatment, microbial
growth is carried out in a film on an inert support matrix such as rock or
plastic. In the former case, one method which has been proposed for the
determining of microbial biomass content involves the measurement of
the scattering of thermal (slow) neutrons (I-Iarvey et al., 1963). As is well
known, the efficiency of hydrogen as a moderator of fast neutrons is so
much higherthan that of any other element that the flux of slow neutrons.
surro!rrrding a source of fast ne!ltrons at equilibrium is determined almost
entirely by the hydrogen content of the medium. Measurement of the flux
of slow neutrons then gives a measure maimy of the water content of a
typical sample of interest (Marais & Smit. 1960), and can thus, in
favourable cases, be used to assess the microbial biomass content of
percolating filters. The method does not seem to hsve enjoyed widespread ‘use ta date.

S. MATHEMATICAL

METIIODS

AND

COMPU’I’ATION

Problems with the direct determination of microbial biomass have led to
the use of mass balancing, by which all components other than biomass
are monitored, the biomass content ‘beifig assessed by difference. This has
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obvious difficulties connected with the summation of errors. However,
mathematical models (e.g. Robinson & Tiedge, 1983) have the potential
for quantitative explanation of the phenomena observed during fermentation processes, coupled to the estimation of cell biomass. Mcvcrtheless,
their limitatiorrs must be appreciated, and apparently successful models
should not be considered final proof of any of the assumptions incorporated into the model, since two or more alternative modeis may lead to
similar conclusions (Topiwala, 1373; Reels, 1983).
The two main obstacles preventing on-rJne, real-time monitoring of
fermentations are the lack of real-time sensors, and insufficient understanding of the interaction of process variables and the dynamic response
of a fermentation to changes in environmental conditions (Zabtiskie et
al., 1976; Kell: 1980; Clarke & al., 1982; Clarke et al., 1985). Despite
these probleins, mathematical models have been proposed to describe
some simple fermentation processes (e.g. Sinclair & Topiwala, 1970;
Curds, 1971; Zabriskie et crl., 1976; Cooney et al., 1977; Wang et al.,
1979; Junter & Selegny, 198&,6; Park et al., 1983; Roels, 1983; Solomon
et al., 1983). 5ZoweverI= farther discussion of the use of the mass balancing
technique lies outside the scope of the present considerations.

6. SUMMARY

AND

PROSPECTS

(i) Many methods for the estimation of biomass have been proposed;
in cases where the microbial population is sparse, growth leading to an
increase in the butput signal of interest is required; given this delay, both
chemical and physical methods are suitable.
(ii) No wholly satisfactory biomass senscr suitable for use in typical
fermentation processes presently exists. lf a real-tilre probe is desired, its
operating principle must rely on a physical character&ic which distinguishes microorganisms from aqueous so!utions, gas bubbles and
particulate material.
.
’
(iii) It is to be ekpected that the advent of sophisticated signal
processing techniques may contribute significantly to the realisation of a
‘microbiai biomass probe’ for use in laboratory and industrial fennentors
It is our belief that the attainment of such a goal, based upon one or more
of the methods alluded to herein, awill be possible within the next
quinquennium.
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