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1 Sphere of application 

1.1 INTRODUCTION 

The indication of water pollution by bacteria is a most versatile subject, 

covering the time-honoured demonstration of faecal pollution of 

drinking water, regulated by official standards and prescriptions, as 

well as much more questionable procedures applied in the estimation of 

faecal and nonfaecal pollution of receiving waters, both fresh and saline, 

as a measure of their quality. 
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Water as a vehicle of pollution may also bring about the pollution 
of foods, including both the living animals and plants and the finished 
products. Furthermore, water may convey pollution to utensils, e.g. in 
hospitals (Bonde, 1966a), and in the food industry. 

According to the original concept of bacterial indication this implies 
a use of less harmful, but more numerous, more constantly appearing, 
and more easily demonstrable bacteria as a sign of warning against the 
presence of pathogenic microorganisms. The transmission of bacterial 
disease is, however, not the only danger for which bacteria have been 
used as indicators. 

By analogy it would seem that bacterial indicators can be used as a 
safeguard against virus and parasitic diseases, and any other kind of 
disease transmitted by faecal material, i.e. as a comprehensive sign of 
faecal pollution. It does not necessarily follow, however, that this is 
always possible or permissible. 

On the other hand, bacteria may, like molluscs, polychaetes, and 
fish, also be useful for the demonstration of chemical pollutants and 
poisons (Hansen, 1969; Hansen and Bonde, 1969). Tests of cytotoxicity 
in tissue cultures belong in this category as well (Coin et al., 1968; 
Windle Taylor, 1968). 

Quite a wide spectrum of organisms has thus been applied, sometimes 
on slender grounds. Many general and special problems still have to be 
taken into consideration, and much experimental work remains to be 
done to justify present routine procedures. 

Microbiological methods are not inferior to chemical methods as 
regards sensitivity. By means of concentration procedures, such as 
membrane filtration and enrichment media, it needs very few bacteria 
in a sample to give warning. 

1.2 DEFINITIONS AND DELIMITATIONS 

While water of all types contains microorganisms that are harmless 
both from sanitary and from technical points of view, the quality of 
the water may depend decisively on the microbial content; water 
can be rendered unsatisfactory from technical or aesthetic points of 
view by the microorganisms it contains. However, the bacteriological 
examination of water is necessary first and foremost to disclose the 
presence of microorganisms that might constitute a health hazard. 
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Fig. 1. Gutting oil broken down by pseudomonads introduced by the 
water component (control, left). 

The presence of objectionable microorganisms in water may result in : 

1. Transmission of disease. 
2. Destruction of materials (food spoilage; disturbance of industrial 

processes, e.g. the bacterial degrading of cutting oil (Fig. 1)). 
3. Destruction of equipment (corrosion, choring of pipes). 

In connection with the following historical outline it should be 
emphasized that the detection of pathogenic organisms is certainly 
possible and is steadily being facilitated, but it can never be the only 
procedure used in routine examination of drinking water and swimming 
pools etc., because the appearance of such organisms is intermittent 
and, most frequently, of short duration, and the organisms are attenu-
ated and few. In any case, the water will already have been consumed 
when such detection of a pathogenic microorganism takes place. 
Routine examination must be based on more reliable methods, such 
as the detection of the microorganisms that reveal the presence of sub-
stances excreted by warm-blooded animals or humans, namely indicator 
bacteria. 
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Ideally, the selected species or community of species would reflect 
not only the presence or absence of specific pollutants, but also relative 
pollution levels and their periodic fluctuations. The species selected 
should be of value in circumscribed geographic locations as well as in 
large water areas. Such an ideal type does not exist, of course, and the 
organisms in question may be grouped functionally into three general 
categories, with, however, no sharp demarcations (cf. Butler et al., 1972). 

a. Indicator organisms are used primarily to identify environmental 
changes or factors that may be unknown. 

b. Monitoring organisms are used primarily to quantify pollution 
levels. 

c. Test organisms can be studied under controlled conditions in the 
laboratory to interpret and further evaluate the importance of field 
data. 

Bacteria are typical monitors of faecal pollution in the aquatic en-
vironment. Many are restricted in their usefulness to areas near the 
source of pollution, e.g. E. coli, whereas spore-formers such as CL 
perfringens are wide ranging and can therefore also identify old and 
remote pollution. 

Generally, bacteria cannot be identified specifically, although for 
instance some Salmonella types (Grunnet and Brest Nielsen, 1969) and 
faecal streptococci (Geldreich and Kenner, 1969) may indicate specific 
industrial wastes or distinguish human from animal pollution. 

One of the advantages of bacteria as indicators is that they may be 
identified with simple techniques, and a large number of samples can 
be handled at one time, and the techniques are as sensitive as physico-
chemical methods. 

With many indicators too little is known about the normal densities, 
growth in nature, rates of decay and dispersion - a factor that will be 
further taken into consideration in this paper. 

When monitoring aquatic sites, large samples must be collected 
frequently. Bacterial populations in sediments, on the other hand, are 
more stable and need be checked less frequently. 

When dealing with bacterial monitors two items are of particular 
importance : precision and accuracy of the measurements and identifi-
cation of the organisms (cf. Bonde, 1962, 1966b). Within certain limits 
of error, one must be able to make a count of members of one or more 
well-defined taxonomic groups and at the same time prove the identity 
of these. 
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The investigator must be familiar with methods of quantitative 
estimation and possess a thorough knowledge of the classification of the 
groups in question (Bonde, 1966b). Examples of organisms that may, 
with a fair degree of certainty, be counted and identified at the same 
time are, lactose fermenting, thermostable, indole-positive coliforms, 
sulphite-reducing anaerobic spore-formers, streptococci, growing in 
azide broth at 45 °C, and green fluorescent pseudomonads. 

An indicator organism has the following ideal requirements (Bonde, 
1962, p . 15): 

1. I t must be present whenever the pathogens concerned are present. 
2. I t must be present only when the presence of pathogenic organ-

isms is an imminent danger. 
3. I t must occur in much greater numbers than the pathogens. 
4. I t must be more resistant to disinfectants and to the aqueous 

environment than the pathogens. 
5. I t must grow readily on relatively simple media. 
6. It must yield characteristic and simple reactions enabling, as far as 

possible, an unambiguous identification of the group or species. 
7. I t should preferably be randomly distributed in the sample to be 

tested, or it should be possible to obtain a uniform distribution by 
simple homogenization procedures. 

8. Its growth in artificial media must be largely independent of any 
other organism present, i.e. the growth of indicator bacteria 
should not be seriously inhibited by the presence of other species. 

Indicator species, by their presence, indicate pollution, but their 
absence will not absolutely guarantee a clean environment, and 
quantitative relationships to other factors are not presupposed. Moni-
tors, in addition to meeting the eight requirements given above, must 
also vary in numbers according to changes in the factors determining 
the amount of pollution (Bonde and Mork Thomsen, 1973). 

The literature dealing with indicator bacteria is comprehensive. 
Generally, reference may be made to textbooks and standard methods 
(Windle Taylor, 1958; Buttiaux, 1951, 1958; Buttiaux and Mossel, 
1961; Bonde, 1962; Scarpino, 1971), but there is considerable dis-
agreement as to many aspects, and the methods of numerical estimation 
are still rather unreliable. 
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1.3 ELEMENTS OF BACTERIOLOGICAL WATER EXAMINATION 

The standard methods applied in most countries comprise the following 
tests : 

1. Plate count at 19-22 °G (following incubation for not less than 
3 days), frequently on nutrient gelatin medium for enumeration 
of organisms that liquefy gelatin (cold count or saprophyte 
count). 

2. Plate count at 37 °C (following incubation for not less than 2 
days) on simple infusion or meat extract agar (hot count, parasite 
count). 

3. Demonstration, frequently quantitative, of an Indicator Bac-
terium: (a) organisms of the genera Escherichia Klebsiella and 
Enterobacter (ucoli-aerogenes g roup" ) ; and/or (b) organisms of 
the Enterococcus group (Strept. faecalis), and/or (c) Cl. perfringens 
("Cl. welchii"). 

The indicator bacterial count is made by methods that do not pro-
vide any proof of specific identity, namely by presumptive or prelimin-
ary counts. These are generally supplemented with a confirmative 
determination. The W H O European Standard of Drinking Water 
(WHO, 1970) may be given as a general reference. 

1.4 HISTORICAL REVIEW OF INDICATORS IN WATER EXAMINATION 

The history of water examination methods is closely linked to the pro-
gress of hygiene. The bacteriology of water was the first field within 
microbiology to be considered, in so far as Leeuwenhoek's observations 
(1674) were made on samples of canal water, although his observa-
tions had nothing to do with epidemiology. Even the ancients realized 
that water might produce or disseminate disease and tried to protect 
themselves by technical measures and through legal and religious 
conventions. The earliest examination methods were physical and 
chemical, comprising determinations of dry matter, loss on ignition, 
salts etc., and it was not until the time of the cholera epidemics of the 
nineteenth century that significant contributions were made towards 
the elucidation of the problems of water-borne epidemics. Adherents 
to the theory of transmission of infection by a miasma certainly took 
into consideration such fields as water supplies and disposal of refuse, 
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but the contagionists were the first to furnish a conclusive proof, 
through John Snow's description of the Broad Street epidemic (Snow, 
1854). 

Decisive results were not obtained until the publication of Koch's 
and his co-workers' description of Vibrio cholera and their development 
of a convenient method for the examination of, e.g. water samples : 
Koch's Plattengussverfahren. It was in Koch's institute that the general 
procedures for the detection of sources and pathways of infection and 
for combating epidemics were developed, which were taken into use 
throughout Germany during the epidemics of the nineteenth century, 
with particular success along the waterways (houseboats), in sea-ports, 
and at the frontiers. Many mistakes were made due to the primitive 
stage of bacteriology of the time and failure to identify the species (in 
connection with the numerous cholera-like, but nonpathogenic water 
vibrios), and lack of experience with regard to the virulence of the 
bacteria. 

Much experience of sanitary and hygienic nature was gained, the 
value, e.g. of sand-filtering, was realized in Hamburg-Altona ; the 
Altona water supply being sand-filtered, Altona avoided the greater 
part of Hamburg's cholera epidemic. 

During this period, although the interest was centred on the fight 
against cholera, the possible transmission of other enteric diseases was 
also considered; in the first instance such diseases as typhoid, para-
typhoid and dysentery received attention. In addition to the classic 
pathological pictures presented by these diseases a number of cases of 
Brechdurchfall were observed, these cases being of noncharacteristic 
nature and none of the known pathogenic organisms were found. It 
was assumed that such nonspecific cases increased the susceptibility to 
cholera. 

The earliest methods of water bacteriology aimed at a direct demon-
stration of the presence of the specific, pathogenic organisms, and, 
judging by contemporary descriptions, cultivation of cholera vibrios from 
samples of faeces and water was in many cases successfully performed. 

Much greater difficulties were encountered in connection with the 
differentiation of typhoid-like organisms. The German bacteriologists 
who worked with Koch's plating methods soon became conversant 
with the occurrence of other enteric bacteria that resembled, but could 
not be identified as, typhoid bacteria. First among these was Bacterium 
coli described by Escherich, which, when the species had been defined, 

10 AIA 
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was realized to be of much more frequent occurrence, but of more 
doubtful interest because of its presumed nonpathogenic nature (eine 
unschädliche Schmarotzer). As a result of this, many researchers preferred 
to determine the total bacterial count of water, soil, etc. 

When MacConkey (1905) had prepared a medium by means of 
which the presence of Bacterium coli could be ascertained more easily 
and certainly, other tests receded into the background, but maintained 
their importance as alternatives in the detection of faecal pollution. 

The fundamental methods of water and sewage examination were 
established at the beginning of this century, mainly inspired by Houston 
who advocated the superiority of microbiological methods to chemical 
methods, the sensitivity of the latter being smaller with highly diluted 
samples. Thus, Klein and Houston (1898-99) could, by the aid of 
Bacterium coli, detect pollution of pure water by sewage at a ratio of 
1:20000; by means of the "enteritidis test" (test for CL perfringens) 
they could detect pollution corresponding to a ratio of 1:500000, 
while by chemical methods it was hardly possible to demonstrate the 
presence of one part of sewage per 1000 parts of pure water. The term 
"bacteria of indication", used in the paper, referred for the first time to 
bacteria of the coli-aerogenes group, and to Bacterium enteritidis sporo-
genes. Houston's aims was to develop bacteriological methods that were 
as quantitative and specific as chemical methods. A fuller account of 
the historical facts is given by Bonde (1962, p . 17). 

1.5 THE RATIONALE OF BACTERIOLOGICAL EXAMINATION OF DRINKING 

WATER: WATER-BORNE DISEASES 

Through the fight against cholera epidemics in the nineteenth century 
water hygiene became one of the early and successful branches of 
community medicine. Since then this subject has flourished to such a 
degree as to overcome some of the dominant problems of this century, 
such as shortage of water resources, re-use, transportation over long 
distances and desalination of sea water (Burley, 1969; Oehler, 1969; 
Robinson, 1969). In the industrialized countries with centralized sup-
plies a great many people can be infected simultaneousely, though out-
breaks are happily infrequent. In the developing countries, on the 
other hand, and under primitive conditions in the countryside (e.g. 
camping) a large number of small outbreaks, each with few cases, is 
typical. 
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Water in modern society has so many different applications for 
household, cleaning and industry, and for the removal of wastes, that 
the risks through cross connection and contamination are numerous. 
Of course these varied applications do not all call for water of the same 
quality; on the other hand, there is also a great variation in the quality 
of the water resources and the degree of pollution necessitating widely 
varying degrees of treatment, but the control procedures must be 
basically the same, for the reasons mentioned. 

Although pollution is generally the result of human activities, some 
natural waters may be completely unfit for any kind of use. 

Water is not harmful to bacteria, viruses, and parasites, and may be 
an ideal vehicle for transportation, though few pathogens can multiply 
in water. Vibrio parahaemolyticus and some types of Salmonella are 
exceptions. Bacteria are seldom found free-floating in water, but are 
concentrated in debris, so that it is possible by ingesting a single particle 
of debris to consume the infective dose, even when this is large (see 
Figs 2 and 3, p . 310). 

In the aqueous environment, bacteria generally transmit diseases by 
infection rather than by production of toxins, which is an important 
phenomenon in food poisoning; but of course water can transport 
powerful producers of exotoxins, such as Cl. botulinum and CL per-

fringens, to foods and in particular to fish and shell-fish, where multi-
plication and production of the toxins can take place. 

A water supply can become polluted at various points: in the raw 
water, in water-bearing strata, around boreholes, on the works' 
premises, and in the mains by back-siphonage and cross-connection. 

Water is considered a frequent source of infection in the case of 
diseases that decline rapidly and significantly in frequency when this 
mode of transmission is interrupted. Some diseases are only occasion-
ally, and others are rarely, water-borne. According to Bonde (1962) 
and Craun and MacCabe (1973) the following diseases are considered 
water-borne : 

a. Bacterial diseases: cholera, typhoid, paratyphoid, and infections 
with other pathogenic Salmonella types, pathogenic E. coli types and 
Vibrio parahaemolyticus; dysentery, leptospirosis, tularaemia, brucel-
losis, and tuberculosis. 
b. Viral diseases: hepatitis, coxsackie, polio, adeno- and reo-virus 
infections. 

IO-2 
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c. Parasitic diseases: taeniasis, oxyuriasis, trichinosis, amoebiasis, 
lambliasis, ascariasis, anchylostomiasis. 
d. Fungi: Candida, and yeasts. 

Some of these microorganisms only infect man. The direct route from 
person to person is, however, more important than the water route for 
S. typhi and paratyphi enteropathogenic E. coli, V. cholerae and entero-
viruses, whereas V. parahaemolyticus, Giardia and Ascaris are more fre-
quently water-borne. 

Another important group of microorganisms causing water-borne 
diseases are frequently pathogenic for both humans and animals, e.g. 
Shigella, hepatitis-virus, and Entamoeba histolytica. 

The most frequent causes of water-borne infections are, however, 
microorganisms which, though chiefly animal pathogens, can also 
cause diseases in humans, often to a slight degree. Most important 
among these are various Salmonella types. 

Cholera, the classical water-borne disease, still represents a serious 
problem and has caused repeated epidemics since 1963, some of 
which were in Europe. Nowadays, however, most of the water-borne 
infectious diseases are found in countries with tropical climates or with 
low hygienic standards, but nevertheless they still constitute a health 
hazard in industrialized countries. In 1963 nine outbreaks of typhoid 
fever were registered in Europe with a total of 1123 cases; in the same 
year 2331 isolated cases of typhoid-paratyphoid were registered. Every 
year about 25 million tourists from Northern Europe visit the Medi-
terranean regions, and no less than five million of these contract 
gastrointestinal diseases of a few days' duration. 

The decline of such outbreaks in European countries is due not so 
much to improvement of technical measures, which in the countryside 
may still be very unsatisfactory, but to vaccination, better therapy, and 
better control of carriers. 

Major outbreaks of viral diseases are infrequent. Transmission of 
infectious hepatitis by drinking water has been described in about 50 
cases, the greatest epidemic being that of New Delhi (Berg, 1965). 

Some eight cases of polio transmission by the water are reported 
but only one of these could be satisfactorily explained. Water-borne 
transmission of polio must be considered a rare occurrence and polio 
virus has never been shown to be present in mains water, although it has 
on occasion been found in raw water resources (Berg, 1965; Bonde, 1969). 
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Of much greater significance are outbreaks of nonspecific gastro-
enteritis, which make up more than 60 per cent of all water-borne 
diseases. In latter years some 150 outbreaks in the USA have resulted 
in some 20000 cases. These were often considered virus infections, 
but recently information has appeared indicating that types of E. 
coli and other Gram-negative rods can produce an enterotoxin that 
acts like cholera toxins (Schroedor et al., 1968; Gyles and Barnum, 
1969; Pierce et al., 1971). On the other hand, the presence of even larger 
amounts of enteroviruses in faeces do not necessarily cause disease 
(Banta et al., 1964). Organisms previously considered harmless in-
dicators have thus become of greater importance than viruses as etio-
logical factors. In recreational waters 1-5 per cent of faecal coliforms 
have been identified as enteropathogenic types (Geldreich, 1973). 

The release of endotoxins in the intestines through the decay of 
sufficiently large number of bacteria may also cause gastrointestinal 
affections. Shellfish and water-grown vegetables are well-known vehicles 
for these diseases ; however, transmission through bathing and paddling 
is a much more vexed question. 

Transmission in swimming and padding pools of adenoviruses, 
vesicular exanthema and pharyngo-conjunctival fever is, however, 
well known and includes the case of typhoid fever described by Reece 
(1909). There are well-documented cases of infectious diseases caused 
by bathing and children playing in polluted rivers and estuaries (Conn 
et al., 1972), but the possibility of transmission of infectious diseases to 
bathers at coasts with high salinity water exposed to solar radiation, 
with turbulence caused by tides, winds and current is not universally 
accepted (Moore, 1970, 1972). 

Over the years, sporadic cases of enteric fever have been described, 
including one minor outbreak of typhoid fever in Australia (Snow, 
1959), and other sporadic, but not very well documented, cases. 
Obviously, such cases are reported more frequently from warmer climates 
(Brisou, 1968). Also, an outbreak of infectious hepatitis has been ascribed 
to bathing water (Moore, 1972), but was not thoroughly investigated. 

Three American investigations during the years 1948-1950 from the 
Great Lakes (Smith et al., 1951), inland river and pool (Smith and 
Woolsey, 1951) and coastal water (Smith et al., 1961) demonstrated 
some relationship between pollution and disease in various freshwater 
areas, but not in the coastal area (Stevenson, 1953). Another epi-
demiological investigation conducted in England (Moore, 1959) 
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concludes that bathing carries only a negligible health risk and that the 
risk, where present, was probably associated with chance contact 
with particles of infectious faecal matter. 

1.6 MINIMAL DOSE OF INFECTION 

The available data suggest a wide range of levels among the water-
borne pathogens, and there is no generally accepted minimal concen-
tration. Recent data from experiments with adult volunteers indicate 
that the dose for Shigella flexneri 2a is less than 200 cells (Du Pont, 
1969). Likewise the incidence of enteroviruses in children may be as 
low as 1-2 plaque-forming units (Plotkin and Katz, 1965), while for 
adults it may be the same or a little higher. 

However, factors such as alteration of gastric function and acidity 
greatly influence the enteric route of infection. Raising the p H of gastric 
contents or use of laxatives can reduce the necessary dose considerably. 

The influence of the aqueous environment, the occurrence of micro-
organisms in aggregates or in vacuoles of amoebae are other factors of 
importance in nature. 

I t is generally believed that for S. typhi and V. cholerae quite low doses 
suffice (3-5 organisms), whereas other Salmonella types and entero-
pathogenic E. coli require considerably higher doses (McCullough and 
Eisele, 1951). 

1.7 DEMONSTRATION OF PATHOGENS IN THE AQUEOUS ENVIRONMENT 

Although it is often difficult to prove the transmission of water-borne 
diseases by epidemiological methods, the techniques for demonstrating 
pathogenic microorganisms have improved very much in later years. 

Since the Moore sewer swab method was introduced to demonstrate 
the excretion of Salmonella from carriers (Moore, 1948), and the early 
publications of Stryszak (1949), Steiniger (1955), Buttiaux and Leurs 
(1953) and of Greenberg et al. (1957), quantitative methods have often 
also been used to demonstrate pathogens of the genus Salmonella as 
well as different types of enteroviruses, e.g. in coastal waters, in puri-
fication plants, and in raw water intakes for drinking water supply. 

Salmonella spp. were isolated from 10 of 17 bathing beaches in the 
New York area (Brezenski, 1971) and from many others throughout 
the world (McCoy, 1964; Slanetz et al, 1968; Grunnet and Brest 
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Nielsen, 1969; Brezenski and Russomano, 1969). Cholera vibrios were 
found in a harbour at Formosa (Kiribayashi and Aida, 1934). Entero-
viruses were found in sewage discharges in Israel, in New Hampshire, 
and in the Sound (Metcalf and Stiles, 1968; Shuval et al., 1971; 
Lund, 1971). A survey of the occurrence of pathogens and the decay 
of such organisms in the sea has been given by Brisou (1968), Bonde 
(1968), and Paoletti (1964). 

Sewage treatment processes were frequently found to reduce the 
content of pathogens to a very slight degree or not at all (Berg, 1965, 
p . 379; Grabow, 1968). In other cases reduction of 80-99 per cent 
were found for Salmonella densities (Mathews, 1956; McCoy, 1957). 
Enteroviruses might be reduced by 40-99 per cent (Gilcrias and Kelly, 
1954; Clarke et al., 1961). This reduction is, however, completely de-
pendent upon the proper operation of the purification plants, and under 
all circumstances the treated effluents will still contain a large propor-
tion of the microorganisms present in raw sewage (Kabler, 1959). 

Of considerable interest is the introduction of quantitative methods 
establishing levels of pathogens in various waters. Polluted estuaries 
probably contain 1-1000 Salmonella per 1 litre (McCoy, 1964; Kris-
tensen, 1971), raw sewage 2000-10000 per litre, whereas the open sea 
rarely contained more than 10 (Grunnet, 1973). In polluted areas 
north of Tel Aviv enteroviruses were found in concentrations as high as 
60 plaque-forming units per litre (Shuval et al., 1971). 

Some authors have found pathogens in areas with no faecal coli-
forms and have demonstrated a higher resistance to chlorine and to the 
aqueous environment (Miège-Cellot, 1947; Berg, 1965, p. 371 ; Grabow, 
1968; Windle Taylor, 1968). 

Among the Salmonella types there is often a fairly high proportion 
of human pathogenic species, e.g. S. paratyphi B, and as many as 40 
different serotypes have been demonstrated in the same body of water 
(Gallagher and Spino, 1968; Grunnet and Brest Nielsen, 1969; 
Kristensen, 1971). 

The effect of chlorination on Salmonella would appear to be about the 
same as on indicator bacteria in the vegetative state, whereas the de-
struction of viruses in polluted water primarily depends on other factors, 
such as the oxidation-reduction potential, and may be slower than that 
of the indicators (Shuval et al., 1966; Lund, 1970). 

Another problem recently demonstrated is the transfer of R-factors, 
entailing resistance to antibiotics, e.g. from E. coli to Salmonella and 
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Shigella strains, thus causing serious danger to future treatment (Smith, 
1979, 1971). 

2 The indicator organisms 

2.1 SURVEY OF INDICATORS 

With reference to the historical survey of section 1.4, bacteria of the 
coliform group must be considered the primary, most frequently used 
indicators. This is very much due to tradition, however, and not to any 
factors associated with the methods of demonstration, nor to the fact 
that the coli group is easiest to handle. The confusion regarding this 
group is due to two facts: (1) classificatory problems; and (2) signifi-
cance of the groups established by different workers. Some of the 
problems are related to the two concepts: "coliform" and "false 
presumptive", which will be discussed first. 

2.1.1 The coliform group 

a. On the concepts "coliform" and "falsepresumptive" To the coli group, 
besides the indicator organisms usually referred to as "coliforms" or 
"bacteria of the coli-aerogenes group" , belong also several species 
with slight or dubious sanitary importance and numerous species of no 
interest to hygiene at all. 

No single test is found, however, that will at the same time permit 
an easy and unambiguous demonstration of these different groups of 
Gram-negative rods, and this fact is an essential obstacle to a numerical 
estimation. 

Bacterium coli (E. coli) was originally chosen as an indicator of faecal 
pollution because it is related to, but was found to occur in much 
larger numbers than, the typhoid-paratyphoid organisms. Moreover, a 
majority of strains of B. coli are able to ferment lactose with the pro-
duction of acid and gas, and this property was found of use in the 
presumptive, quantitative determinations. 

Not all strains of B. coli are, however, able to ferment lactose, just as 
this property is not specific for B. coli but is also found in other related 
bacteria often present in the same samples. Microorganisms that fer-
ment lactose with formation of acid and gas in the presumptive media 
and cannot be identified as B. coli are described as false presumptives. 
The Gram-negative, non-sporing rods among false presumptives are 
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often described as coliform or coli-like, but these concepts have been 
given different definitions. In the bacteriology of water and milk 
these names are applied according to the above definition to strains 
that resemble B. coli not only as regards morphology but also in respect 
of biochemical and cultural properties (Parr, 1939). The term " coli-
form" is used in this restricted sense in current instructions for the 
examination of water. In contrast, Lovell and Taylor (1949) emphasize 
that coliform or coli-like rods should be defined as bacteria resembling 
Escherichia coli in respect of morphology and staining properties but not 
necessarily in respect of biochemical and cultural criteria. These names 
"must not be restricted to certain types of organisms or to narrower 
groups of scientific workers". They are often used in medical bacterio-
logy in this latter restricted sense. 

None of the definitions mentioned permit a delimitation of a homo-
genous group, and the names "coliform" and "coli-like" are unfor-
tunate because, besides indicating a morphological and cultural re-
semblance with E. coli, they also suggest that the organisms so designated 
are of sanitary significance. 

I t is not made clear by Lovell and Taylor whether the morphological 
resemblance should include agreement in flagellation, which is an 
essential issue. If flagellation is not considered, Gram-negative bac-
teria with polar flagella, although these belong to a different order 
(Order I : Pseudomonadales Orla-Jensen) and differ essentially from E. 
coli by having an oxidative metabolism of sugars, will be included in 
the coliform group according to the morphological definition alone. 
Even if biochemical characteristics are considered but examination of 
flagella omitted, one group of organisms, the genus Aeromonas, will be 
included in the coliform group. Bacteria of the genus Aeromonas have a 
fermentative metabolism of carbohydrates and may, by the routine 
diagnostic tests used in water-examination, be inseparable from coli-
forms sensu stricto (cf. Bonde, 1966b). 

However, Aeromonas spp., in particular A. hydrophila, have an in-
dependent significance as indicators. 

On the other hand, some organisms that belong to other families 
and can never be termed "coliforms" because of their different mor-
phology, may, because of their vigorous fermentative breakdown of 
carbohydrates, appear as false presumptives, e.g. lactose fermenting 
aerobic and anaerobic spore-forming rods {Bacillus polymyxa and B. 
macerans and clostridia, in particular CL perfringens). Many authors 
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apply the term "false presumptive" to these organisms that are not 
coliforms but still give false fermentation of the presumptive media 
{vide e.g. Greer and Noble, 1928). 

If the designation "coli-like" is applied to all Gram-negative, non-
sporing rods, a considerable number of widely different groups of 
organisms will be included in such classification, far more than men-
tioned in this paper and mostly without any sanitary importance at all. 
However, a certain indicator value may be ascribed to some bacteria 
with polar flagella, viz. Pseudomonas aeruginosa, and this and related 
microorganisms may also be included in water examination. 

The coliforms in the narrower biochemical sense, with peritrichous 
or no flagella, belong to the family Enterobacteriaceae as defined by 
Kauffmann (1954, p. 13). Not all strains belonging to this family are of 
sanitary importance. Thus mere saprophytes or plant pathogens are 
found within the family (e.g. Serratia, Erwinia) and it is insufficient 
merely to identify a strain as belonging to Enterobacteriaceae. 

To the confusion caused by different definitions and different 
authors' delimitations of groups are added the difficulties due to the 
application of different technical methods in the differentiation. Most 
papers are based on the collection and classification of strains and on 
attempts at a correlation of the characters of strains with ecology and 
sanitary significance. Thus it is evident that the criteria upon which the 
selection of strains is based are of crucial importance, but the variation 
in the work of different authors concerning the choice of typical char-
acters and the choice of culture-methods, of incubation temperature, 
etc., is considerable. 

In addition, special problems arise in connection with the quantita-
tive estimation of bacteria by inoculation of samples of water, soil and 
sewage, because the organisms under investigation may be attenuated 
by their stay in water and may grow slowly or may even have lost 
some of their characters. Sometimes the result of the incubation may be 
influenced by the presence of other microorganisms and it is then 
necessary to employ selective methods. 

The information obtained regarding the microorganisms demon-
strated in routine bacteriological examination of water is actually 
rather restricted. By means of the results of rather few diagnostic tests 
(IMVC) attempts are made to fit the strains isolated (not always with 
certainty in pure culture) into a simple system, but usually insufficient 
foundation exists for it to be possible to verify or invalidate a complete 
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morphological, biochemical, and, especially, serological agreement with 
known species. 

The principle applied for the selection of strains is the fermentation 
of lactose with formation of acid and gas at temperatures of 35 °C, 
37 °C or 44 °C, and by demonstration of this arbitrarily chosen char-
acter, one can roughly estimate the presence of microorganisms of the 
tribe Escherichiae. 

The term "coliform" is deeply rooted in sanitary bacteriology; 
hence to avoid this term systematically in the following account would 
make an affected impression. When "coliform" is used in this paper, 
it will be in the most restricted sense, conforming in biochemical and 
morphological characters (including flagellation) with the organisms 
of the genera Escherickia, Citrobacter and Klebsiella {Enter ob acter) as 
judged by the diagnostic tests applied in this paper. However, no 
a priori importance as hygenic indicators is ascribed to the coliform 
group in general. 

b. Classification of lactose-fermenting bacteria in water examination A review 
of the lengthy history of coliforms in water examination is given in 
Bonde (1962, p . 226). 

On the basis of the results of the I M V C tests, the lactose-fermen-
tation test at 44 °C, and of the test for liquefaction of gelatine, Wilson 
et al. (1935, p. 156) grouped 496 strains of lactose fermenting, Gram-
negative, nonsporing rods from 501 different samples of milk, manure 
and fodder into a total of 15 types, including B. coli, "intermediates", B. 
aerogenes, B. cloacae, and " i r regular" strains, displaying resemblance 
to the bacteria in one or more of the four main groups (Table 1). 

This diagram often forms the basis of classifications and of the esti-
mation of such bacteria from water samples, and Wilson's nomen-
clature was retained until 1956. Wilson's diagram was subjected to 
criticism because strains with other combinations of characters have 
been described. Wilson, however, was of the opinion that such aberrant 
types did not represent pure cultures, whereas Parr (1938) considered 
such types to be real and wished to reserve the designation "irregulars" 
for strains showing inability to ferment lactose. Parr suggested a 
division into three genera (repeated in Bergey's manual, 1957): (1) 
Escherichia with species E. coli, E. freundii, and E. intermedia; (2) Aero-
b acter including A. aero genes and A. cloacae; and (3) Klebsiella (K. 
pneumoniae, K. rhinoscleromatis, and K. ozaenae) (Table 1). 
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The classification in the Report of the Coli-aerogenes Sub-
Committee of the Society for Applied Bacteriology (SAB, 1956) is 
based upon the principles of Wilson et al. (1935), and stress is laid on the 
general rule of taxonomy that the gain or loss of a single character shall 
not necessarily lead to the establishment of a new species. Although the 
fermentation of lactose at 37 °C is still retained as the essential attribute 
for the identification of coliform bacteria in the assessment of the 
sanitary quality of water, it must be remembered that some strains 
belonging to the coli-aerogenes group are not active fermenters of 
lactose, while some ferment slowly and others not at all, whereas in 
other respects, including serological characters, they resemble typical 
strains. Other atypical strains are anaerogenic not only at 37 °C, but 
also at lower temperatures. These strains, which differ only in one 
character, must not be excluded from the coli-aerogenes group. The 
irregular coliforms of Wilson et al. (1935) cannot be classified more 
explicitly on the present basis with the exception of Irregular I which 
only differs from E. coli with regard to fermentation at 44 °C and must, 
therefore, be grouped with this species. 

The classification described here only refers to bacteria from water, 
e.g. not to all Klebsiella strains, but the IMVC tests usually applied in 
routine examination will not in all cases suffice. The present author 
re-examined 66 strains, all forming acid and gas from lactose, by 17 
additional tests in current use for the classification of Enterobacteriaceae. 
These tests were: Kovac's oxidase, the O/F test of Hugh-Leifson, 
reduction of nitrate, formation of phenylpyruvic acid, splitting of urea, 
pectins and gelatin, formation of H2 S, decarboxylases of arginine, 
ornithine, and lysine, fermentation of mannitol, dulcitol, rhamnose, 
and raffinose, the KCN test, and staining of flagella. Of these strains 
10 per cent were still unidentifiable, but 47 per cent previously named 
irregulars could be included in Serratia, E. liquefaciens, E. agglomerans, 
Erwinia, Klebsiella and Aeromonas hydrophila; the classification was not 
altered in the case of 20 per cent of the strains, while 26 per cent 
had been mislabelled by the I M V C tests alone. In some instances, 
on examination, as many as 40 per cent of coli-like colonies on 
membrane filters were found to bear no relation to the coliform group 
(cf. p. 326). 

The Coli-aerogenes Sub-Committee placed the motile liquefiers of 
gelatine, formerly classified as Aerobacter cloacae, within the genus 
Klebsiella. Hormaeche and Edwards (1960) suggested the name 
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Enterobacter aerogenes for the motile, nonliquefying organisms, and 
Enterobacter cloacae for the liquefying strains. The nonliquefying, non-
motile organisms were named Klebsiella aerogenes by Cowan et al. 
(1960), and Cowan and Steel (1965) advocated the creation of a genus 
Enterobacter with three motile species: E. cloacae, E. aerogenes, and E. 
liquefaciens. 

As already mentioned, the diagnostic tests and the character applied 
in routine examination of water samples provide only limited oppor-
tunity for correct classification of strains. The species subdivision as 
retained in the report of the Coli-aerogenes Sub-Committee (SAB, 
1956, cf. Table 1) is unfortunate in respect to taxonomy, and is of 
little use to water bacteriologists, which would be the only justification 
for keeping it. In its classification the Sub-Committee draws attention 
to the possibility of finding plant pathogenic coli-like strains that may 
be indistinguishable from those described in water having IMVC 
reactions like those of K. aerogenes (Table 1). Such microorganisms have 
pectolytic enzymes and may be demonstrated in considerable numbers 
in water samples by means of specific methods (pectate media). Thus 
the demonstration in water samples of bacteria fermenting lactose at 
37 °C and giving the I M V C reactions (— — + + ) cannot alone 
justify the preference of any of the five possible diagnoses: K. aerogenes, 
E. aerogenes, E. cloacae, Erwinia, or Serratia. 

Most authors refer the plant pathogenic coliforms to a separate 
tribe, either with one genus Erwinia or two : Erwinia and Pectobacterium 
(Dowson, 1957, p. 161). Pectobacterium (Waldee) representing the strains 
of interest in this connection as they can produce gas from carbo-
hydrates, whereas Erwinia (Winston) strains neither produce gas nor 
possess pectolytic enzymes. Recently the yellow pigmented Erwinia 
{herbicola-lathyri group) have been renamed Enterobacter agglomerans 
(Ewing and Fife, 1972). Very often, only the specific name is used 
colloquially : 'c coli ", ' ' intermediates ", " aerogenes ", c' irregularis ' ', 
etc. By means of these the questions at issue in practical work are gener-
ally understood. 

Current instructions for the bacteriological examination of water 
have not all adopted the rules of nomenclature described in the preced-
ing paragraph. In later years the term "faecal coliform", which is less 
committed as regards taxonomy, has come into use for the group of 
thermostable, indole + organisms (cf. W H O , 1970). 

The criterion used so far in water bacteriology cuts across all the 
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classifications mentioned, as only strains producing visible acid and 
gas within 48 hours in lactose media are accepted as belonging to the 
coliform group. It may, therefore, be dangerous in examination of water 
to use glucose media or incubation at 30 °C in the presumptive test, as 
this will result in an entirely different selection of strains. 

The characters of some coliform organisms of unknown sanitary 
interest and not generally used as indicators of faecal pollution were 
briefly mentioned previously in this section. Although the optima for 
growth of these bacteria are considered to be somewhat lower (20 °C) 
than the temperature used in routine examination, growth and fer-
mentation of lactose at 37 °C, even in MacConkey's broth, has, never-
theless, been ascribed to such bacteria. 

Thus Thomas and Lewis (1967) found that about 1/5 of their Serratia 
strains could not be distinguished from other coliforms by means of 
the tests usually applied. These strains give the I M V C reactions 
(— — + + ) , and were all liquefiers of gelatine and motile. Most of 
the strains could also grow as colourless mutant colonies, and strains 
were found that would only form prodigiosin on special media. 

Jones (1956) and others found pectate-splitting strains ascribable to 
Erwinia in considerable numbers in surface waters. These strains could 
also ferment lactose at 37 °G in MacConkey's broth, but grew better 
at 30 °C. These strains were all liquefiers of gelatine, citrate-utilizers, 
and Voges-Proskauer positives; the M R and indole reactions were 
variable. 

c. Defective fermentation of lactose (Paracolobactrum, Paracolon) One of the 
variations between strains that may cause the greatest difficulty in 
estimation of water samples is the variation in lactose fermentation. 

The classification referred to in the preceding paragraph only com-
prises such strains as will ferment lactose with production of acid and 
gas in 48 hours or less at 37 °C (35 °G according to American Standard 
Methods). The mere demonstration of gas production may cause diffi-
culties, and should be demonstrated by tapping the brim of the test 
tubes, which will release a cloud of fine bubbles in the medium. 

Following the introduction of lactose to the media (MacConkey, 
1905) instead of glucose, strains were described with varying fermenta-
tive powers of this sugar, but conforming in all other characters with the 
typical gas producers and often having pathogenic properties. 

It must, however, be remembered that in routine bacteriological 



294 G. J. BONDE 

examination of water all such strains are generally lost, but according 
to current views they cannot be considered of smaller sanitary import-
ance than the gas-forming coliforms. Windle Taylor (1958, p . 459) 
mentioned that paracolon strains will generally occur together with 
typical fermenters in polluted water samples; but this is hardly the 
case. It is the author's experience that fermentation tubes showing acid 
production alone frequently accompany tubes with gas and acid 
production, and it is no rare occurrence to find production of acid 
alone in all fermentation tubes from a sample. I t is of importance to 
employ media with an indicator to detect such cultures in order to 
make a closer investigation of them. The only sugar that is always 
fermented with production of gas by Enterobacteriaceae is glucose 
(Enterobacteriaceae Sub-Committee, vide Kauffmann, 1954). The use of 
glucose or mannitol in the presumptive test supplemented by other 
differentiation tests than the I M V C reactions (KCN, Urea, H2S, 
Kohn's test) is recommended by some authors, and these procedures 
may be of use to the water bacteriologists, when faced with strains that 
are anaerogenic in lactose media, or controversial in other respects. 

d. Choice of faecal coliform group Ten years ago the problems were much 
clearer than they are today. What has complicated the matter is the 
great progress in demonstrating pathogenic bacteria and viruses. These 
have now sometimes been demonstrated in the absence of any of the 
usual indicator species and have occasionally been found more resistant 
than the latter to chlorination and to the aqueous environment (Berg, 
1965, p. 371; Grabow, 1968; Windle Taylor, 1965-66). Furthermore, 
the increasing chemical pollution has created new problems, as the 
presence of such materials will not be demonstrated by biological 
indicators in the classical sense, but may even inhibit their growth. 

The decisive developments within the field of virus demonstration 
have been improved tissue culture techniques and improved ways of 
concentrating the inoculum (Berg, 1965, p . 45; Grabow, 1968). 

Much endeavour is still directed to improving demonstration methods 
for members of the coliform group and to studying their ecology and 
fate outside warm-blooded organisms. 

There is increasing evidence (see below under sections 2.2 and 3.2) 
that the E. coli (type I) count, in contrast to the total coliform count, 
is the most reliable indicator of fresh faecal pollution (Bonde, 1962, 
1966b, 1966c, 1968). Tests of thermotolerance are also receiving in-
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creasing attention (Geldreich, 1966). It is thus questionable whether 
coliforms can be regarded as true indicators of faecal pollution at all. 

2.1.2 The group of pseudomonads 

Since most species of the genus Pseudomonas are widely distributed in 
nature, living as saprophytes in fresh surface water and sea water, in 
soil and on plants, etc., they are obviously not good indicators of pollu-
tion. Some of the pseudomonads are plant pathogens, a smaller number 
are pathogenic for amphibians, reptiles and fish, but so far only Ps. 
aeruginosa is known as a pathogen for man and warm-blooded animals 
and to be responsible for many infections. Apparently Ps. aeruginosa 
is mainly a parasite of man and animals and is therefore important but 
a determination of the natural habitats of this bacterium is required 
prior to its admission to the company of bacterial indicators. I t was 
described as an indicator by Houston (1902), but has not been used 
consistently since. More recently Ringen and Drake (1952) have 
searched for the natural habitats, not finding in the literature any 
localities where it could be demonstrated with reasonable constancy. 
They found Ps. aeruginosa in 90 per cent of sewage samples in 11 per 
cent of faecal samples and in 2-3 per cent of samples of soil and manure, 
and they concluded that its natural habitats are sewage and human 
faeces. I t cannot grow, but may survive for months, in soil. 

The other Pseudomonas spp. are not directly mentioned as useful 
indicators of pollution, but the presence of many gelatine-liquefiers 
in counts at 21 °G is generally considered objectionable, and of these 
liquefiers a considerable number may be pseudomonads. Thomas and 
Thomas (1955) drew attention to the fact that pigment producers, 
including Pseudomonas spp., only occur in polluted well water and are 
not present in pure waters, which, by contrast, are dominated by bio-
chemically inactive Gram-negative rods. 

Windle Taylor (1958, p. 462) stated that Ps. aeruginosa never occurred 
in unpolluted water, and was always accompanied by other faecal bac-
teria. He recommended that systematic examination for Ps. aeruginosa 
should be included whenever water was suspected of being the cause 
of diarrhoea. According to Buttiaux (1952, p. 180) Ps. aeruginosa, 
being a pathogen, will always be an indicator of serious pollution and, 
generally, will be accompanied by numerous strains of Enterobacteri-
aceae, whereas Ps.fluorescens may occur unattended by other indicators 
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of pollution. Reitler and Seligman (1957), examining 1000 samples 
of drinking water from Israel, found that Ps. aeruginosa under the pre-
vailing climatic conditions was frequently found alone or accompanied 
by a few coliforms. The authors conclude that an examination for the 
presence of Ps. aeruginosa should be included in the standard tests. 

In some instances, Pseudomonas strains have caused unexpected in-
fections or poisoning with endotoxins because of their resistance to 
disinfectants or because of their ability to grow at refrigerator tempera-
tures, e.g. in bank blood, and often occur as psychrophilic destroyers 
of food and pharmaceutical preparations. Pseudomonads may also 
cause difficulties in presumptive and confirmed colitests by inhibiting 
the growth of coliforms (Reitler and Seligman, 1957; Bonde, 1962). 

Reitler and Seligman (1957) based their investigations on the fact 
that Ps. aeruginosa will grow in MacConkey broth at 37 °C and relied 
upon pigment production as the only diagnostic criterion, identifying 
the bacterium simply by streaking positive presumptives on nutrient 
agar incubated afterwards at 37 °C. 

Ps. aeruginosa determinations are important, particularly in estuarine 
waters when high water temperatures and available nutrient might 
allow growth of this organism. 

Generally the concentration of Ps. aeruginosa in sewage and receiving 
waters is quite low: 0-30 per 100 ml (Bonde, 1962; Levin and Cabelli, 
1972; Grunnet et al., 1974). Bonde (1962) demonstrated B. aeruginosa 
in all sewage samples and frequently in heavily polluted samples of 
fresh water but only rarely in the sea-water samples. In his investiga-
tion no achromogenous strains were found and pseudomonads were 
only found when more than 1000 faecal coliforms were present per 
100 ml. 

Other fluorescent pseudomonads showed a relationship to pollu-
tion and were much more frequent with E. coli counts of more than 
100 per 100 ml. Of 278 strains selected from 322 samples of fresh and 
saline waters none were Ps. aeruginosa. Pseudomonads were found in 
70 per cent of the samples. Bonde concludes that the presence of Ps. 
aeruginosa signifies recent and gross pollution of surface water. 

2.1.3 Aeromonas spp. as indicators 

Aeromonas spp. have recently contracted considerable interest through 
the works of Schubert (1967a, 1967b) who reclassifies the group and 
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also gives evidence that these bacteria, in particular A. hydrophila, 
may indicate pollution. Further information on this group is given by 
Hansen and Bonde (1973) and here under section 3. 

2.1.4 Faecal streptococci 

The significance of the enterococcus group has not been considered 
in detail by the author. Valuable early research on this group was 
reported by Hannay and Norton (1947), Lattanzi and Mood (1951), 
and in Scandinavia by Kjellander (1960). Faecal streptococci are 
supposed to indicate recent faecal pollution (Mailmann and Seligman, 
1950; Litsky et al., 1955; Slanetz and Bartley, 1957; Kenner et al., 
1961 ; Burman, 1961 ; Geldreich and Kenner, 1969). The most valuable 
application of the faecal streptococcus related to the ratio of faecal 
coliforms to faecal streptococcus. A ratio of 4 or greater indicates a 
discharge of municipal wastes, a ratio of 0-6 or less indicates storm water 
runoff (Geldreich and Kenner, 1969). 

Within the enterococcus group S. bovis and S. equinus are specific 
indicators of nonhuman, warm-blooded animal pollution. This is a 
particularly useful differential character in pollution investigations 
involving cattle feedlot runoff, farm land drainage, and discharge from 
meat and duck processing operations and dairy plant wastes. In addi-
tion, S. bovis and S. equinus are the indicator organisms that die off 
most rapidly outside the animal intestinal tract. Therefore, the detec-
tion of these two species in water indicates very recent contamination 
by farm animal waste. 

Unfortunately, the faecal streptococcus group also includes several 
biotypes that are of limited sanitary significance (Geldreich and 
Kenner, 1969; Mundt et al., 1962). The ubiquitous S.faecalis var. liqui-
faciens may detract from the significance of this system for indicating 
low density faecal contamination, since when the count is below 100 
faecal streptococci per 100 ml this biotype is generally the predominant 
strain. Therefore, until better methodology is available to include this 
streptococcal strain, the use of faecal streptococcus limits for recrea-
tional water based on counts below 100 organisms per 100 ml must be 
considered unreliable unless confirmed by parallel faecal coliform 
examination (Geldreich, 1970). 
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2.1.5 The significance of CL perfringens in water examination 

Bonde (1962) gives a review of the classification, production of toxins 
and pathogenicity and occurrence in soil, water and sewage of CL per-

fringens. The most controversial point is whether or not this organism 
is ubiquitous and found mainly as spores in nature. 

The earlier authors, Klein and Houston (1898-99), Houston (1902), 
and others, all considered CL perfringens to be a primary faecal and 
pathogenic organism, and as an indicator to be of indisputable and 
greater significance than the coli bacteria. Wilson and Blair (1925) 
considered the demonstration of cells in the vegetative form to be 
particularly valuable, and stressed that CL perfringens is an organism of 
indisputably faecal origin and of great importance for the detection of 
intermittent and occasional pollution. 

Many other such as Miège-Cellot (1947, p . 81) and Buttiaux (1951, 
p. 131) considered the search for CL perfringens to be a valuable supple-
ment to other methods of examination. Windle Taylor (1958, p . 478) 
emphasized that when water is satisfactory from a sanitary point of 
view according to all other criteria, it has never been possible to demon-
strate the presence of CL perfringens, and that the detection of this 
bacterium is particularly useful in cases when estimation based on 
bacteria of the coli-aerogenes group fails. 

A more negative attitude towards the value of the cultivation of 
anaerobes has been adopted by American workers (Prescott et aL, 
1947). Willis (1956) is also critical of the use of CL perfringens as an 
indicator of faecal pollution, having found this bacterium in great 
numbers in soil samples from areas around boreholes. He also found 
poor correlation between the occurrence of CL perfringens and coliforms 
in general and showed that filter sand contained the former in great 
numbers. He concluded from his counts of vegetative cells that CL 
perfringens is able to multiply in tap water. Windle Taylor (1958, 
p. 479) also found CL perfringens in samples of filter sand, vegetative 
cells being predominant. Considering that Willis was able, by means of 
cultures of anaerobes, to demonstrate both undesired drainage from the 
surroundings to water-bearing strata and defects in sand filters, it is 
surprising that his conclusion should be so negative. 

In water samples CL perfringens is very important because it may cause 
"false positives" in the lactose-fermentation test. Greer and Noble 
(1928) found CL perfringens among false positives more frequently than 
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any other single organism, namely in altogether 48*8 per cent of the 
samples. Windle Taylor (1958, p. 471), likewise, considered this bac-
terium a frequent false positive, dominating in filtered and chlorinated 
waters. CL perfringens accounted for 22-7 per cent of a total of 32-6 per 
cent false positive reactions. 

Bonde (1962) did not find a correlation between counts of CL 
perfringens and E. coli, but stresses that such correlation should not be 
expected. The numbers of both groups are functions of faecal pollution, 
but the natural history, ecology and applicability are widely different. 
He stresses that CL perfringens meets the specification of an indicator 
and a monitor to a higher degree than does E. coli. CL perfringens and 
E. coli must both be considered faecal organisms and will always be 
excreted together with possible pathogens. Authors opposing the use of 
CL perfringens have suggested that the number in which CL perfringens 
occurred was too small. However, the results obtained by the methods 
of Bonde (1962) are often numerically on a level with those obtained 
by estimations of E. coli (cf. Fig. 6, p . 333). According to the author: 

i. Indicators must be more resistant towards disinfectants and towards 
the action of the environments in the water than the pathogens. This 
condition is fulfilled by CL perfringens to a much greater extent than by 
any other indicator. 
ii. Indicators must display characteristic and simple reactions during 
growth, enabling rapid, and preferably, unambiguous identification. 
CL perfringens and E. coli are the only species, apart from Str. faecalis 
and Ps. aeruginosa, that may be identified by means of rapid and un-
ambiguous methods of determination. 
iii. The growth of the indicator bacterium should on the whole be 
independent of other species in the presumptive media. This require-
ment is fulfilled by CL perfringens in sulphite-alum agar, but hardly in 
milk media. 

According to the author's views CL perfringens should be used in 
preference to E. coli in the following cases : 

i. In the examination of samples that may contain toxic substances, 
including samples of chlorinated water. 
ii. In the examination of samples whose transport to laboratory lasts 
12 hours or more. 
iii. In the examination of samples of special nature, e.g. sludge 
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deposits that are suspected of deriving from effluents with faecal pollu-
tion. 

Furthermore, Cl. perfringens estimations should be included with the 
usual procedures in all single and all preliminary examination on 
untreated and treated water. 

A determination of Cl. perfringens is preferable to nonspecified counts 
of lactose- or glucose-fermenting organisms, since a great number of 
the species detected in this way are able to grow in nature outside 
warm-blooded animals. Quantitative variation in pollution may most 
readily be demonstrated, according to the author, by counting black 
colonies. This monitor function is particularly valuable in studies of 
dispersion over long distances. 

2.1.6 Indicators in extreme climates 

In hot climates the differential tests generally used for the identification 
of E. coli could not be taken advantage of, as other coliform types not 
referable to E. coli are thermotolerant and even indole positive. Boizot 
(1941) thus found 13 per cent of aerogenes strains from Singapore 
water positive to the 44° G test, while in India Raghavachari and Iyer 
(1939) found 60-70 per cent thermotolerant aerogenes strains. Lack of 
fermentation of lactose at 44 °C, which is typical for aerogenes strains 
isolated from waters in temperate climates, is not at all typical for the 
whole Klebsiella group when strains from other kinds of samples (e.g. 
clinical) are also considered (Cowan et al., 1960). 

In cold climates, on the other hand, both humans and warm-
blooded animals harbour other coliforms than E. coli in their intestines 
(Henriksen, 1954). The application of the CL perfringens count has been 
recommended as a substitute for the examination of E. coli and coli-
forms (Bonde, 1962). Evison and James (1973) recommend the use of 
Bifidobacterium (Lactobacillus bifidus) which is strictly faecal and will not 
multiply in nature to the same degree. 

2.1.7 Other indicators 

Bacteria of other genera, when they occur in higher numbers correlated 
with pollution, or unexpectedly occur in localities because of pollution, 
may also be taken into consideration as indicators, but will not gener-
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ally be applicable as monitors, since they are merely demonstrated by 
qualitative methods (presence or absence). 

Examples are given in the following section on ecology on the role of 
sulphite-reducing bacteria and of Thiobacillus spp. Bacillus spp., by their 
formation of antibiotics in presumptive media and by liquefying 
gelatine media, may interfere with water examination. On the other 
hand, the presence of certain Bacillus spp. may arouse suspicion of 
pollution, on account of their special preference for particular environ-
ments, such as soil, sewage, fresh water (Bonde, 1974, 1975). 

TABLE 2 
Distribution of Bacillus spp. according to origin 

Lichen. 
Subt. 
Pumil. 
Mega. 
Cereus. 
Pantot. 
Sphaer. 
Brevis gr. 
Unident. 
T O T A L 

Fresh 
water 

6 
5 
0 
0 
2 
0 
0 
0 
3 

16 

Sea 
water 

16~~ 
15 
3 
1 
0 
0 
0 
1 

13 
49 

Treated 
water 

3 
20 
6 
0 
0 
1 
1 
7 
3 

41 

Mud, 
coast 

6 
14 
9 
2 

15 
10 
9 
5 

20 
90 

Mud, 
sea 

15 
39 
13 
4 
5 
1 
2 
7 

10 
96 

Soil, 
dust 

4 
11 
0 
1 
3 
3 
6 
5 

10 
43 

Faeces, 
organs 

10 
33 

5 
3 
5 
1 
2 
4 
6 

69 

TOTA 

60 
137 
36 
11 
30 
16 
20 
29 
65 

404 

Bold figures are significantly above expectation. 
The "brevis group" comprises here strains of polymyxa (4), circulans (2), brevis (12), 

pulvifaciens (4), laterosporus (5), and coagulans (2). 

Table 2 displays the relationships between species and origin. Strains 
of B. licheniformis occur with a frequency above expectation in fresh 
and saline waters (including sewage), whereas treated waters and filter 
sand have a higher representation of strains with swollen spores, mostly 
B. brevis. 

Sediments near to the coast shown an increased frequency of B. 
cereus, pantothenticus and sphaericus strains and the samples of strains 
from faeces and organs are dominated by B. subtilis. Other groups in-
cluding "unidentified" have no habitat preference, just as soil and 
marine sediments show no species preference. 

Coliphages Bacteriophages are sometimes used as indicators of the 
presence of E. coli (Kott et al., 1969), and of specific diseases (Gerners 
Rieux et al., 1949). 
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Finally,it has been advocated that "total Salmonella" should bedemon-
strated. These organisms, however, are widely different in origin and 
sanitary significance, and they occur in quite small numbers, probably 
also intermittently. Without typing of the demonstrated Salmonella 
their importance will hardly exceed that of the total coliforms and, 
moreover, they are considerably more difficult to demonstrate. 

The presence of Staphylococcus is taken into account in the examina-
tion of swimming pools, as it is a valuable indicator for that particular 
environment. Indeed some authors, e.g. Favero et al. (1964), consider 
staphylococci to be the ideal indicator for swimming pools. 

2 .2 METHODS FOR DEMONSTRATING INDICATORS 

2.2.1 On quantitative methods 

a. Introduction Two fundamentally different methods are used to 
estimate the bacterial population in various materials under examina-
tion: (1) Direct counting of all visible bacteria in a counting chamber 
or in fixed and stained preparations - total count; and (2) determina-
tion of the number of living bacteria - viable count - for which two 
procedures may be followed, counting of the colonies appearing when 
a known volume is inoculated into a solid medium, or an estimation 
based upon the appearance or nonappearance of growth in a fluid 
medium when a series of dilutions of the sample are incubated. 

The reason for the uncertainty with which statistical treatment of 
bacteria is often approached is that here we have to do with discon-
tinuous distributions of unknown type. Even when it has been stated 
that with certain materials bacterial counts comply with known dis-
tributions, a perfect agreement with the latter has not been demon-
strated. When thus the term "too great variation" is used in connection 
with counts of a small number of colonies as opposed to counts com-
prising larger numbers, this is because the data have been assumed to 
be normally distributed. It is, for example, most frequently recommended 
(Wilson et al., 1935, and others) that only counts between 30-40 and 
300-400 per plate be included on the assumption that discontinuous 
distributions with means above 15-20 may with approximation be con-
sidered to be normally distributed, while when the number of colonies 
per plate exceeds 200-400, other difficulties are encountered, due, for 
example, to overcrowding and to mutual inhibition of the bacteria present. 
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In bacterial counting it is important to ascertain the type of distribu-
tion. According to the model chosen it will always be possible to obtain 
a known degree of precision, depending solely on the amount of effort 
that can be expended. 

b. Distribution of bacteria in suspensions When bacteria are counted in 
counting chambers or when determinations are made of the number of 
viable organisms by cultivation the estimates apply to bacteria sus-
pended in an aqueous phase either as individul organisms, as chains 
and aggregates of bacteria, or as aggregates of organic matter to which 
the bacteria adhere. This fact poses the problem that neither during 
cultivation nor during counting can individual organisms be distin-
guished in the chain or aggregate, but the chain or aggregate must be 
considered and counted as a unit. Homogenization procedures may 
result in a disintegration into individuals, but this, also, is not ideal 
for all purposes since a picture of the actual number of units occurring 
under natural conditions is not then obtained. 

The aim of the homogenization must be to obtain a random and 
uniform distribution of particles without further disintegration of the 
material. Suspensions of bacteria in water cannot always, however, be 
considered to be suspensions of particles in an aqueous phase. On ac-
count of the properties of the organic matter with which the bacteria 
are surrounded, the state of the material may in some cases more 
correctly be described as a colloidial solution. 

c. Colony counts; on solid media The statistical treatment of small series 
of single counts was considered by Fisher et al. (1922) who stated that 
" under ideal conditions bacterial counts from replicate plates will vary 
according to Poisson's law of distribution, and good agreement with 
this law is obtained in many cases in practice". According to Fisher 
et al., this holds good on condition (1) that all plates provide identical 
possibilities for the development of colonies, (2) the development of each 
organism is independent of other organisms present, (3) all plates possess 
the same chance of receiving the organisms in the suspension by inocula-
tion, and (4) the organisms are independently and randomly distributed. 

It may be difficult to ascertain whether a colony is actually one colony 
or several; this applies, for example, in the case of colonies so small that 
other particles may be mistaken for colonies, and in case two or more 
colonies are so close to each other that they cannot be distinguished 
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with certainty. The solution of these problems requires a very accurate 
standardization of experimental conditions and counting procedure. 

Whether or not microorganisms occur as part of a structure may 
often be ascertained by microscopical examination (cf. Figs 2 and 3). 
As regards chain-forming organisms, they are a priori parts of a struc-
ture, and results of cultivating such organisms will depend on the 
readiness with which the structure is ruptured and on the number of 
fragments resulting from the rupture. Technical questions alone can 
thus create great problems, of which those concerned with counting 
are not the least important. 

The errors involved in plate counts have been made the object of 
numerous investigations in connection with the determination of bac-
teria in milk and water. They may be distinguished as (1) counting 
errors and (2) errors resulting from pipetting and dilution (cf. also 
Bonde, 1962, p. 27). 

Even after careful standardization of procedures the results of counts 
of the same plate in two different laboratories often "may easily differ 
by 100 per cent from each other". Counts of duplicate samples often 
show a tenfold variation within the same laboratory, the variation 
being greatest when the number of colonies is small. 

A number of authors have examined the difference between the dis-
tribution of the colonies when a platinum wire is used for a surface 
inoculation and when the pour plate method is used, and found that 
the results conformed to a Poisson distribution in both cases. Wilson 
et al, (1935, pp. 104-150) gave a thorough discussion of the variations 
observed when counting on solid media and the reasons for the varia-
tions. Counting errors (errors made by the person counting) provided 
the greatest variation (maximum values 61 per cent above minimum 
values), but errors from this source might be reduced by the application 
of technical devices. The magnitude of the errors also depended on the 
number of colonies (30-300 colonies per plate were most favourable) 
and, of course, on repetition, i.e. whether the result was based on counts 
of one or several plates from the same sample. The total error was so 
great that a variation of ± 90 per cent must be assumed in the case of 
results based on the counting of one plate per sample, ± 64 per cent in 
the case of duplicate plates and ± 52 per cent when triplicate plates 
are counted. 

Some authors have called attention to the fact that variability far 
greater than this can sometimes be demonstrated with biological data 
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(e.g. Armitage, 1957). The negative binomial law (" Polya distribu-
tion") is found to be a good description of distributions of bacteria, 
viruses, and insect populations in such cases (Bliss, 1956 ; Andersen, 1964). 

Bonde (1962) demonstrated from 7080 counts of CL perfringens in 
707 samples of water, sewage, and sludges, that only within a smaller 
group of data, in unpasteurized samples of water and sewage, was the 
Poisson law obeyed, and no data followed the Polya distribution. 

Extended experiments comprising a further 5820 counts of CL 
perfringens in 582 samples of sludge, and 1652 counts of pure culture 
suspensions of E. coli has thrown light on some unexplained details 
and further confirmed that for a description of the relations between 
variance and mean the following general model could be applied : 

σ 2 ~ γμβ. 

y depended upon the nature of the material and was estimated at 
0—1-5. /5 was estimated at 1 · 12 ; it, presumably, depended more upon the 
treatment of material and was, for instance, of different value after 
heat treatment of the sample. This type of distribution is supposed to be 
produced by a splitting of clumps and chains in the sample, whereas a 
Polya distribution is caused by a more thorough inhomogeneity of 
material or procedure. Justification for these assumptions was provided 
by experiments involving controlled clump splitting and inhomo-
geneity, and by photomicrographs such as Figs 2 and 3, which suggest 
that inoculation of suspensions containing only free-floating single 
bacteria is a rare occurrence. 

Application of square root transformations would result in too small 
variances and misleading results of tests of significance in many cases. 
Variances should be computed by least squares from the data of ten-
fold incubation. However, with presumably homogeneous materials, 
the square root transformation may still be successfully applied (Bonde, 
1962, p. 134), and the applicability of the simple Poisson law is also 
confirmed in some recent papers (Roberts and Coote, 1965). 

The nature and the treatment of the material is decisive for the type 
of distribution. 

Counting of bacterial colonies on membrane filters is liable to the 
same sources of error as are encountered when pour plates are used. 
The confluence and counting errors are very often considerable. In 
addition, in many types of water the members of false positive colonies 
are a serious drawback (cf. below). 
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The possibilities of overcoming computational problems are greater 
in research work, where planning is possible, than in routine examina-
tions where a verdict must be given under less favourable conditions, 
and where in fact no sample can be replaced. 

1. Application of the central limit theorem implies that the distribution of 
the sum of n independent random variables tends to the normal 
distribution for n -> oo under fairly general conditions. In the special 
case where the variables all have the same distribution, this theorem is 
valid even when only the mean and the variance of this common 
distribution exist. This must be taken into account in planning and 
sampling. 

2. Nonparametric methods are less powerful, and will too often lead 
to acceptance of null hypotheses. Useful tests in this group are (a) the 
sign test and (b) group correlation. 

3. Transformations The Poisson distribution as an approximation has 
convenient properties for practical work such as additivity and applica-
tion of the square root transformation. 

Comparing two counts in routine work, whether from same or 
different dilutions, is a frequent and puzzling problem which may be 
solved by Poisson reasoning. The two volumes, which can be varying in 
magnitude, are designated nx and nz with sum: n1+n2 = n. The 
hypothesis to be tested [Ησ) is the probability of colony growth in unit 
volume being same in both counts, say Θ. Then corresponding number 
of colonies will be 

ηλθ = Ax and η2θ = λ2. 

The observed number of colonies is ax and a2 and their sum ax + a2 = a. 
Both follow the Poisson law with parameters λ as above: 

Ax + A2 = A. 

The conditional probability 

is thus expressed by a binomial law with known parameters, the null 
hypothesis being a common Θ in both counts in which case the test 
ratio ax\a. can be accepted as an estimate of the known ratio ηλ\η. 
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d. Counting of bacteria by the dilution method While papers on the accuracy 
of colony counts on solid media do not always consider the distribution 
of the colonies, the calculation applied in the dilution method is based 
a priori on the asumption that the results follow a Poisson distribution. 

The applicability of the dilution method thus depends on the ful-
filment of the same conditions as those mentioned in the comments on 
the distribution of colony counts. 

At first the dilution method was applied as a simple titre, and such 
titres were used in the enumeration of E. coli right into the present 
century. The use of several tubes with the same dilution was introduced 
in order to obtain a more accurate determination of the number of 
bacteria producing growth. The theoretical basis on which the estimate 
of the " t rue va lue" of the bacterial density is founded is of a compli-
cated, speculative nature (most probably numbers, generally denoted 
MPN). The earliest solution of these theoretical problems was given 
by McCrady (1915). Halvorson and Ziegler (1933a, b, c) deal with the 
deviations of the MPN from the true value and found these deviations to 
depend on the dilution ratios and on the number of tubes in each dilu-
tion. When decimal dilutions are used with five replicate tubes in each 
dilution, the deviations are so great that the MPN may be 70 per cent 
below and 260 per cent above the true value. To obtain reliable results 
from this method, it is essential to work with sufficient dilutions to 
ensure some being completely sterile. In principle, however, the method 
may be extended to other cases. 

MPNs are computed from tables, as for instance those prepared by 
McCrady (1915). The low accuracy of the dilution method was pointed 
out by Halvorson and Ziegler (1933a, b, c). As many as ten replicate 
tubes and dilution ratios of 1:2 are sometimes used to increase the 
accuracy of the dilution method. 

Statisticians have subjected the mathematical basis for the calculation 
of the MPN to a very convincing criticism (Cochran, 1950), and the 
superiority of the direct colony count is pointed out by many authors, 
the counting of duplicate plates providing an accuracy which is at least 
three times as high as that of the dilution method with - as is general 
practice - five tubes in each series. It is frequently overlooked (how-
ever, see McCrady, 1915) that differences in accuracy are closely bound 
up with the amount of work put in and that it is always possible to 
obtain equally high accuracy by both procedures given sufficient effort. 
Nevertheless, the dilution method has been used for many years and 
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"has come to be regarded as a remarkably reliable tool of very wide 
utility" (Cochran, 1950). I t has great merits in practice: (1) with a 
suitable medium it is much easier to decide whether the reactions in 
the individual tube is positive or negative than to count colonies; (2) 
the individual tubes have no influence on each other as soon as the 
transfer of samples to tube has taken place, while colonies may readily 
influence each other after the inoculation; (3) less work is required for 
the examination of larger volumes; (4) certain organisms will only 
grow in fluid media. 

For the purpose of drinking water examination, an accurate bac-
terial count of the sample is not the chief interest ; more important are 
the limits of the true value associated with the MPN estimate. Even if 
the maximum deviations of the true value range from 3 MPN to 
MPN/3, the variation will only be from 2 MPN to MPN/2 in 75-80 
per cent of the cultures. If, for example, there are 2 bacteria per 100 ml, 
this " true value " may, according to the dilution method, result in MPN 
values of 1-4 per 100 ml in 75-80 per cent of the experiments. In 
practice this will be most important when the MPN is half of the 
" t rue value" and represents the limiting figure between two grades of 
quality. According to Halvorson and Ziegler, the chance of obtaining 
an MPN less than half the true value is only 1:14. 

The greatest drawback to the method is that repetition of the pro-
cedures with a single sample reveals a very skew distribution of MPNs 
about the true value, with high values predominating. No standard 
deviation can therefore be attached to the value of d itself (d = MPN 
= the estimated bacterial density). However, the distribution of log d 
is more nearly symmetrical about the true value, and Cochran (1950) 
recommends the application of calculations of standard deviation and 
tests to log d. For n samples in each dilution, and a dilution factor a, 
the standard deviation may be expressed by 

loga\i 

With a dilution ratio of 1:10 and 5 tubes in each dilution a more 
conservative factor applies, and when the dilution factor is 10, the 
formula simplifies to Ο-58/τά. 

0-55 
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2.2.2 Media and methods for incubation of indicator species 

a. Introduction According to the definition, indicator organisms need 
not necessarily be estimated by quantitative methods, as the mere 
demonstration of their presence suffices to indicate a possible danger. 
Monitors and test organisms, however, must be quantified to indicate 
variation and degree of pollution. 

All the microorganisms mentioned except Staphylococcus can be 
estimated either on liquid media by M P N methods or on solid media 
(cf. section 2.1.4), preferably after membrane filtration. For one group 
of indicators, the faecal and total coliforms, demonstration by MPN 
methods must still generally be considered the most advantageous as 
they alone allow the gas and indole formation essential for the diagnosis. 

Most methods consist of two stages, a presumptive count, which is 
less specific as regards identification, and a confirmed count. For some 
purposes the presumptive count can give sufficient information. The 
combined presumptive and confirmed count must both give a quantita-
tive estimate. 

b. Choice of methods for the presumptive test of coliforms Wilson et al. 
(1935, p. 199) investigated and evaluated the method generally used 
for presumptive cultures and identification of lactose-fermenting organ-
isms. They divided the methods into four classes : 

METHOD 1 : Decimal dilutions of the sample are inoculated into Mac-
Conkey broth, with 1 -ml amounts in each of 5 replicate tubes, and 
incubated for 2 days at 37 °C. MacConkey agar plates are streaked 
from the most diluted tubes showing formation of acid and gas. A 
number of colonies are subcultured into lactose broth with further sub-
cultures in selective media. But there are drawbacks. Method 1 is 
time-consuming. A period of 5-6 days elapses before the result is avail-
able, and it often provides a misleading picture of the ratio in which the 
groups of coliforms occur. In practice only the predominant species is 
found. 

METHOD 2: Plate counts are made on MacConkey agar, at 37 °C and 
44 °C, 1-ml quantities of decimal dilutions being plated on duplicate 
sets of plates at both temperatures. Counts are made after 2 days. 
This method also has its disadvantages. Formation of gas cannot be 
observed. It may be extremely difficult to recognize and count the 
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Fig. 2. Clumps of bacteria entangled in debris (drinking water sample). 

Fig. 3. Clumps of chains of bacteria in raw sewage. 
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colonies, especially when many other species are present. It works best 
at 44 °C. 

METHOD 3 : Decimal dilutions are made in 5 replicate tubes of Mac-
Gonkey broth at 37 °C and 44 °C, subculturing from the positive tubes 
at 37 °C into Koser's citrate medium for the intermediate aerogenes 
count. However, the results are based on two different, mutually 
independent counts at 37 °C and 44 °C. 

METHOD 4: Dilution method as 1 and 3 in MacConkey broth at 37 °C. 
Subcultures are taken from all positive tubes into multiple tubes of 
MacConkey broth at 44 °G and into citrate medium at 37 °C. This is 
the best method for determining the ratio of E. coli (I) to the remaining 
coliforms. But there is a drawback: it requires more time than 3. 

The procedure of subculturing into citrate medium, which is included 
in both methods 2 and 4, is not very specific and does not distinguish 
betwen intermediate and aerogenes strains. I t is preferable to use pep-
tone water for demonstrating indole production. 

c. The application of Wilson's methods in examination of water and sewage 
For the examination of sea water, polluted surface water and sewage, 
Wilson found method 3 to be equally as effective as method 4, while the 
latter was the most suitable for the evaluation of altered or chlorinated 
waters and was consequently chosen as standard method for drinking 
water examination. On the basis of twelve years' experience with this 
method MacKenzie et al. (1948) suggested that, in order to diminish 
the great number of false positives (5-10 per cent) chiefly resulting 
from the presence of CL perfringens, subcultures should be made from 
tubes positive at 37 °C into brilliant-green bile broth at 44 °C instead 
of in MacConkey medium. 

For all practical purposes this test is specific for E. coli and 97 per 
cent of the total number of these may be detected after 18 hours' 
presumptive and 6 hours' confirmative incubation (44 °C acid and gas 
and indole formation). 

Bonde (1962, p. 243) examined Wilson's alternatives and also the 
application of simple lactose and glucose media in place of MacConkey's 
bile salt medium. 

Simple lactose and glucose media were abandoned because of de-
fective formation of gas and acid in single tubes, which could, by later 
experiments, be explained by the competitive growth of Pseudomonas 

AIA I I 
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and Bacillus species in such cultures. MacConkey's medium was 
found most universally applicable in large series of comparisons, in 
particular with samples of sewage and sea water. 

Subculturing into glucose media incubated at 43 °C from the differ-
ent media also showed a much smaller proportion of E. coli, but 99 
per cent acid, gas, and indole-positive cultures resulted by subculturing 
from MacConkey's medium after a presumptive incubation at 44 °C 
(methods 3 and 4). 

The application of a direct confirmation (44 °C + , indole + ) 
gave a much higher confirmation of E. coli (46-5 per cent) than did a 
confirmation from single colonies after plating (method 1), more than 
two thirds of E. coli being lost by this method. 

During and after World War I I the bile salt media fell into discredit 
because of the poorer quality of bile salts and peptone. This gave an 
impetus to the development of synthetic media. 

After lengthy experiments Windle Taylor (1965-66) found a glu-
tamic acid medium particularly suited to the examination of chlorin-
ated waters. Grunnet and Bonde (1963), however, found this medium 
less adequate for the examination of sewage, and both fresh and saline 
waters, as it resulted in significantly lower MPN values and showed a 
slower development of gas. Direct incubation of this medium at 
44 °C (method 3) resulted in even poorer results. 

d. Counting of bacteria by membrane-filtration The sources of error associ-
ated with the membrane filter method are the same as those encoun-
tered with solid media. 

In addition, it is difficult to obtain all necessary specific biochemical 
reactions on a plate, and colonial morphology alone very infrequently 
provides sufficient criteria for species determination. Comprehensive 
investigations have been made of the applicability of the membrane 
filter to E. coli estimation since the early paper by Windle Taylor et al. 
(1955), who found many false positives at an incubation temperature 
of 37 °C (only 82*6 per cent of 1624 colonies being coliforms). At 
44 °C and with preceding resuscitation, close agreement as regards 
number and specificity was found between the dilution and membrane 
filter methods. The latter is mainly useful when the object is to look 
for pathogens, E. coli, or other infrequent organisms in very pure 
water. 

The membrane filters have been incubated on MacConkey agar, 
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Endo agar, eosin-methylene blue and Burman's Teepol lactose medium 
(Windle Taylor, 1965-66), but all have their drawbacks. 

In comparisons of a fluid medium (MacConkey's lactose broth) 
with membranes, the fluid medium was found to give the higher results, 
partly because of the overestimation by MPN of the true value, but 
more seriously because of a tendency to overcrowding on the filters 
(Bonde, 1963). At an incubation temperature of 44 °G the agreement 
was quite good. The worst drawback is the considerable number of 
false positives (Aeromonas spp. on Endo's medium, Enterobacter agglomerans 
and other yellow pigmented bacteria on Teepol medium (Bonde, 1966b, 
1973) obtained with some types of water). 

As much as 70-72 per cent of colonies from filtered underground 
waters were found to be Aeromonas spp. (Bonde, 1963, 1966b). In 
agreement with this, Geldreich et al. (1967) concludes that membrane 
filtration requires more skill and personal judgement than necessary 
for the MPN test. There will be occasional water samples for which the 
M F procedure should not, or indeed, cannot be used, and in general 
there is no doubt that the procedure is most reliable when the incuba-
tion temperature is 44 °C. 

e. CL perfringens A count on solid media (Fig. 4) is best for this group 
of organisms. A count of sulphite reducers at elevated temperatures 
will generally not need any confirmation. 

A procedure was developed in the course of Wilson and Blair's work 
for the demonstration of CL perfringens by means of inorganic sulphur 
compounds. The method is now widely used for both identification and 
numerical estimation of CL perfringens in water and sewage by, e.g. 
Miège-Cellot (1947), Buttiaux (1951), Mossel et al. (1956) and Willis 
(1956). The objects aimed at are to improve the specificity of the 
method, to increase the number of colonies produced and, generally, 
to improve the technique. Wilson and Blair were of the opinion that 
colonies with a diameter of more than 3 mm were chiefly CL perfringens 
colonies, while the smaller colonies were other species. For this reason 
they also identified the colonies by cultivation in milk medium. They 
emphasized that no nonfaecal bacteria are able to reduce sulphite. 

The procedures applied in the present study are based on those de-
scribed by Buttiaux (1951, p. 102). The medium which consists of 2 per 
cent glucose and 3 per cent agar, in broth, is distributed in 20 ml 
volumes in test tubes. Immediately before use, 2 ml 20 per cent sodium 

11-2 
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Fig. 4. Black colonies of sulphite-reducing Clostridia. 
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sulphite and 4 drops of 5 per cent iron alum are added to the melted 
medium which is placed in a water bath at 60 °C. 

Buttiaux asserts that it is only in exceptional cases that the colonies 
produced are not CL perfnngens^ but recommends the following pro-
cedures for the confirmation of the diagnosis. 

1. Gram staining of material from black colony. 
2. Mannitol fermentation. 
3. Indole formation (in peptone water). 
4. Reaction in skimmed milk. 
5. Gelatine liquefaction. 
An attempt was made to improve the specificity by increasing the 

incubation temperature (Wilson, 1938, 44 °C). The presence of fer-
mentable sugar is not necessary to obtain growth and reduction and was 
omitted by Mossel et al. (1956) who instead used tryptone-meat-
yeast-extract agar. The presence of fermentable carbohydrates results 
in the production of gas bubbles, which crack the agar. 

TABLE 3 

Percentage of sulphite reducers identified as CL perfnngens 

Areas of the Sound 

Hollaender-Kongedyb 92 -85 
Lommabugt 90·0(Μ00·00 
Vedbaek-Landskrona 88-00- 92-44 
Lysegrunden 79-19- 91-03 

Sludge 95-5 
Fresh Waters 75-6 
Faeces 100-0 

Table 3 gives the percentage of black colonies that could be identified as 
CL perfringens. Those missing are mainly due to a failure of cultivation and 
not very often to the presence of other sulphite reducers (Bonde, 1962). 

Bonde (1962), after lengthy experimentation, developed a lean 
medium consisting of meat extract 1 per cent, peptone 1 per cent, agar 
0-75 per cent, pH 7-2 per cent, distributed in 10-ml amounts to which is 
added 2 ml 1 per cent solution of anhydrous sodium sulphite and two 
drops of 5 per cent iron alum. Inocula of 5 ml were distributed to each 
of 10 of these tubes, which after rapid cooling was incubated at 48 °C 
for 24 hours. 

By this procedure the highest degree of specificity was achieved. 
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Identification experiments showed a percentage of CL perfringens of 
92 per cent except in some samples of polluted fresh water (cf. Table 3). 
The sulphite-reducing colonies, not identified as CL perfringens, were 
sometimes CL sporogenes but unsuccessful identification was mainly due 
to technical difficulties. The incubation temperature chosen (48 °C) was 
found superior to 37 °C in specificity, while deviations from the concen-
tration of sulphite (0-01 M) had harmful effects both as to number and 
specificity. A separate count of spores can be obtained by first pasteur-
izing the sample (80 °C for 5 min). 

The multiple tube method for these anaerobes is carried out in a 
milk medium based upon the stormy fermentation reaction (the 
enteritidis test) and is prescribed, e.g. in W H O (1960). The speci-
ficity and precision of this medium ("Brewer-milk"), even following 
attempts at improving it and the temperature of incubation (48 °C), 
was inferior to black colony counts (Bonde, 1962, p . 208). 

f. Pseudomonas aeruginosa Purely qualitative methods are sometimes 
used for demonstrating pesudomonads because these will grow well 
in MacConkey broth at 37 °C (Reiter and Seligman, 1957) and tetra-
thionate broth (Grunnet et al., 1974) and can thus be demonstrated by 
subculturing from these media as an extra gain; but, of course, such 
procedures are neither reliable nor quantitative. Likewise, the acci-
dental appearance of green fluorescent colonies in the ordinary plate 
count media is not significant. The mere inclusion of phosphates in 
the media will increase the probability of demonstrating pseudomonads 
(Bonde, 1962, p. 307). 

The medium B of King et al. ( 1954) was designed to demonstrate 
fluorescent pseudomonads (Bonde, 1962, p. 310). A total count at 
21 °G and a differential count of green fluorescent colonies on the 
medium of King et al. (1954) is included in the Danish Standard pre-
scriptions of 1974 to replace the count of gelatine liquefiers ("cold 
count") . 

Special counts of Ps. aeruginosa could be performed by incubation of 
King's agar B or A at 42 °C or following membrane filtration by 
incubation on cetrimide agar (Bonde, 1973). For the purpose of esti-
mating Ps. aeruginosa, however, a liquid medium and the MPN method 
might also be applied. The Koser citrate medium to which was added 
2 i.u. penicillin G per ml, was found superior to either King's agar 
B or A for this purpose (Bonde, 1962, p . 328) when incubated at 42 °C, 



BACTERIAL INDICATION OF WATER POLLUTION 317 

and Ps. aeruginosa was demonstrated by this method on material from 
localities where the other methods mentioned had failed, i.e. in all 
samples of sewage, in all heavily polluted fresh waters, and in sea water 
samples where wind and current had carried faecal pollution directly 
to the sampling site. 

g. Faecal streptococci could be counted either (1) by an MPN method in 
many modifications of glucose azide broth at 45 °C, followed by con-
firmation on solid azide medium or in MacGonkey's broth, or (2) 
by counts on membrane filters or in pour plate cultures at 37 °C in solid 
azide medium with confirmation of selected colonies in azide broth 
and by microscopy (cf. W H O , 1970). 

In the author's experience the first mentioned of these methods gives 
the higher yield and the higher degree of specificity. 

h. Staphylococci These can, likelise, be cultivated after membrane 
filtration on a salt mannitol medium (Favero et al., 1964), but no 
liquid culture method has been elaborated for this group. The specifi-
city regarding Staph. aureus is quite low, but strains of Staph. epidermidis 
are also of interest in sanitary surveys. 

i. Bifidobacterium Reference is given to Evison and James (1973) 
for the cultivation of this organism. 

j . Aeromonas hydrophila This may be enumerated quantitatively by a 
bile salt-starch medium (Hansen and Bonde, 1973) of the following 
composition: Bacto beef extract 3 g, Bacto peptone 5 g, agar 15 g, 
distilled water 900 ml, pH 7*2. After autoclaving and cooling to 
45 °C are added : a solution of sodium desoxicholate 3 g, bromthymol 
blue 0-08 g, and starch 10 g in 100 ml distilled water. All yellow 
colonies on this medium could be identified as Aeromonas strains (and 
a few Vibrio). 

A diagnosis of A. hydrophila could be made by supplementing with 
Kovac's oxidase test, Hugh-Leifson's O/F test, gas formation in glucose 
media and Voges-Proskauer's reaction. 

k. Flora of heterotrophs Dilutions of water and sediments are incubated 
in 1-ml amounts in plain extract agar, Anderson's (1962) sea-water 
agar V, and King's agar B. Colonies are counted and a few picked at 
random for further investigation. 



318 G. J. BONDE 

The following tests of identification are applied on pure cultures of 
heterotrophic strains isolated from water and sediments. 

1. Motility and morphology, including Gram and flagella strains 
(Leifson). 

2. Kovac's oxidase test. 
3. Hugh-Leifson's fermentation test. 
4. Reduction of nitrate. 
5. Liquefaction of gelatine. 
6. Fermentation of lactose and glucose. 
7. Formation of indole. 
8. Formation of acetyl-methylcarbinol. 
9. Growth in Koser's citrate. 

10. Special tests. 
The classification scheme, Table 4 (modified from Shewan et al., 

1960), was applied in the diagnosis of pure cultures isolated from 
waters and sediments, leading to a classification at genus level. A 
classification to species level will often require more tests and special 
literature. 

2 .3 RELATIONSHIP BETWEEN INDICATORS 

2.3.1 General considerations 

A demonstration of possible relationships between the different indica-
tor organisms is of great importance, and numeric expressions for such 
possible relationships should be searched for. 

A functional dependence of the occurrence of one kind of organism 
on the other could not be expected, and the word "correlat ion" 
should be handled with caution. Some of the organisms, e.g. those 
originating in normal human faeces, depend upon a common third 
factor, viz. the amount of human faeces. Other organisms of mixed 
origin (human, animal, natural source, industrial products) could not 
be correlated in a strict sense with the amount of faecal matter or with 
strictly faecal organisms. 

Furthermore, the methods of demonstration may differ. Some organ-
isms (viruses, Salmonella) are demonstrated after enrichment, mostly 
as frequencies, others are demonstrated by plate counts and others 
by dilution methods. The laws governing the distribution may con-
sequently be quite different in each case. 
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A strict correlation between all indicators would hardly be useful. 
I t is much better to dispose of a set of different organisms and methods, 
each with their domains. 

2.3.2 Association of pathogenic organisms to faecal coliforms 

The need is greatest to demonstrate a numerical relationship between 
the faecal indicators and human pathogens. 

From what was previously said, one could not expect such relation-
ships between human pathogens and total coliforms because the latter 
may be of varied origin and may multiply in nature. One could not 
even expect a constant relationship between E. coli and the total coli-
form counts, for the same reason, just as it is not possible to make use of 
different types of enterococci for distinguishing human from exclusively 
animal pollution. 

Up to now an association has been most successfully established be-
tween faecal coliforms and Salmonella spp. Methods for quantitative 
estimation of Salmonella are, as yet, less developed and of unknown 
precision; its demonstration frequency following an enrichment on filters 
or gauze pads is, therefore, compared to the counts of faecal coliforms. 

With reference to the paragraph on counts by the most probable 
number method, logarithms of MPN are used in computations involv-
ing means, estimate of true density etc. A graph of log MPNs versus 
frequency of Salmonella shows a slightly S-shaped relationship, the 
frequency increasing rapidly - from 30 to 60 per cent - with counts of 
faecal coliforms increasing from 100 to 1000 per 100 ml. When the 
faecal coliform counts are beyond 100000, Salmonella species are demon-
strated in all samples (data of Grunnet et al.y 1970; Brezenski, 1971; 
Kristensen, 1971). 

The results can be expressed in a two-way table (Table 5). 
The graph of the data of Grunnet et al. (1970) from estuarine waters 

has a certain resemblance to a dose-response curve, and following a 
probit transformation the shape is quite rectilinear (Fig. 5). A count 
of 1000 faecal coliforms corresponds to an average of 50 per cent proba-
bility of demonstrating Salmonella. 

The probability of recovering viruses is not so well established. By 
means of data from Lund (1971), Shuval<tf al. (1971), and Windle 
Taylor (1959-60) the relationship shown in Table 6 can be cautiously 
established. 
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TABLE 5 

Demonstration of Salmonella, when E. coli counts are above or below 
1000 per 100 ml 

Per cent + Salmonella — Salmonella TOTAL 

E. coli > 1000 per 100 ml 80 
E. coli < 1000 per 100 ml 44 

20 
55 

100 
100 

TABLE 6 

Demonstration of virus when E. coli counts are above or below 1000 per 100 ml 

Per cent 
+ Virus 

recovery 
— Virus 

recovery 

E. coli > 1000 per 100 ml 53 
E. coli ^ 1000 per 100 ml 18 

46 
81 

100 
100 

9995 

90 
o _2> 
E σ 

S 50 

10 

ΙΟ1 ιο2 10° 10* ιο5 

ΜΡΝ £&?//'per 100 ml 

Fig. 5. Percentage of Salmonella isolations versus counts of 
faecal coliforms (probit scale). 
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With counts of faecal coliforms of 1000 or more less than 60 per cent 
of the samples contained demonstrable virus particles, a recovery 
inferior to that of Salmonella, which is possibly due as much to technical 
difficulties as to a smaller concentration. 

2.3.3 Association of CL perfringens to faecal coliforms 

Also in this case, "faecal pollution" is not a constant quantity, but will 
vary from sample to sample. In a suspension of faecal matter, for ex-
ample, the ratio of CL perfringens to E. coli may be other than that found 
in the effluents from a biological filter plant, in sea water or in sludge. 
Furthermore, the two sets of estimates are based on different methods 
of determination: the CL perfringens estimate on a colony count, the 
E. coli estimate on a multiple tube method. 

Figure 6 gives the relationship between counts of faecal coliforms and 
CL perfringens per 100 ml of nonpasteurized samples (both spores and 
vegetative cells). It is obvious that on the whole the counts of faecal 
coliforms are the greater (by a factor of 100). 

9 

8 

7 

I 
8 6 

^ 5 
8 

2 4 

5 

5 3 

2 

1 

0 

-

o 

o 

o 

V. 

o 
o 

o 
0 

o 

/ 
^ 0 

D - L -

o° 

o 

o 

c 

oo 

L 

o 

o o 
o o 

° 98 
o g^m 

CD O o °°<*>~ / 
ooo § / 

o o o / 
0 °OD(JDO 

° o o / 

o°o o / 
o/ 

o /o 
/ O 

. / . 
> o 

1 1 1 
0 1 2 3 4 5 6 

CI.perfringens, log colonies per 100 ml 

Fig. 6. E. coli counts versus counts of Cl, perfringens (log scale). 
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Counts of spores (pasteurized sample) show the same relationship. 
No distinct and constant relation exists between the E. coli and CL 

perfringens numbers whether estimated on a basis of total counts or on 
separate celfand spore counts. The graph of E. coli versus nonpasteurized 
samples show the points collected in a field of fairly constant width 
parallel to the bisector. Most of the points are located above the bisec-
tor; those below are mainly derived from settled sewage and receiving 
waters. In these latter cases the CL perfringens counts have given higher 
values than those of E. coli. Compared to the diagram representing non-
pasteurized samples, that representing pasteurized samples shows a 
smaller number of points below the bisector. Any significance claimed 
for separate counts of vegetative cells and spores must depend on the 
assumption that the occurrence of vegetative cells indicates more recent 
pollution than does that of spores alone. However, it is not in the spore 
counts representing "remote pollution" that the number of CL per-

fringens per unit volume exceeds that of E. coli, but in counts of non-
pasteurized samples, i.e. in samples which presumably represent more 
recent pollution. 

A comparison between the two methods may also be made by ex-
amining the number of cases in which, and the conditions under which, 
one method will yield information that is not obtainable by the other. 
Thus in tap water Buttiaux et al. (1948) recorded the presence of CL 
perfringens coupled with the absence of E. coli in 46 per cent, and the 
presence of E. coli in the absence of CL perfringens in 85 per cent of the 
cases. Almost the same result is obtained with spring water, whereas 
the respective counts of water from lakes and ponds differ less. 

The correlation between the counts of the two indicator bacteria is 
thus generally better in samples containing the larger number of both 
bacteria. 

2.3.4 Comparison of Str. faecalis and faecal coliforms 

These two organisms show a slightly better relationship, the faecal 
coliform counts being generally ten times higher than counts of faecal 
streptococci (Fig. 7), but here also the situation may be reversed with 
faecal streptococci giving the higher count (in about 25 % of cases). 
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Fig. 7. E. coli counts versus counts of Str. faecalis (log scale). 

2.3.5 Occurrence of pseudomonas strains related to coliform and faecal coliform 
counts 

a. Ps. aeruginosa No lactose-fermenters were found in samples of 
digested sludge and Ps. aeruginosa seems more resistant to sludge-
digestion and air-drying. With the exception of two, Ps. aeruginosa 
was always found in samples with 1000 faecal coliforms or more per 
100 ml. Furthermore, Ps. aeruginosa was only found when the current 
flowed from the source of pollution to the sampling stations. 

The distribution of samples with or without Ps. aeruginosa on the 
different groups according to the numbers of thermo tolerant coliforms 
is given in Table 7. 

Ps. aeruginosa was found in far smaller numbers than E. coli in these 
samples. On the other hand it seems to be able to survive for a long time 
(in samples of dried, digested sludge and in drinking water from ships' 
tanks). Should it occur in greater numbers it would indicate faecal 
pollution, but it occurs too sporadically to be considered an ideal 
indicator organism. The reason why Ps. aeruginosa was found more 
rarely in the present material than in Reitler and Seligman's (1957) 
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TABLE 7 

Occurrence of Ps. aeruginosa in samples grouped according to pollution 

Number of faecal 
coliforms per 100 ml 

+ Ps. aeruginosa 
— Ps. aeruginosa 

TOTAL 

> 9200 

10 
2 

12 

9200-920 

7 
20 
27 

< 920 

2 
48 
50 

TOTAL 

19 
70 
89 

from Israel may be the difference in climatic conditions. However, it was 
more frequent in the present material than in Ringen and Drake's 
(1952), in which it was found in 90 per cent of sewage samples, but in 
none of 10 surface water samples, and in only 3-11 per cent of samples 
from soil, manure, and faeces. 

b. The fluor es cens group 

(i) Surface water. The large majority of these strains were found in 
less polluted samples, 43 per cent of them being associated with the 
number of faecal coliforms below 920 per 100 ml. When the samples 
were grouped according to the degree of pollution, as in Table 8, 
according to the number of thermotolerant coliforms per 100 ml, there 
were more positive than negative records in both the more and the less 
polluted groups. 

TABLE 8 

Occurrence of Pseudomonas strains in different groups of the material graded 
according to the numbers of faecal coliforms 

+ Pseudomonas 
— Pseudomonas 

TOTAL 

^ 920 

53 
6 

59 

< 920 

94 
67 

161 

TOTAL 

147 
73 

220 

If the group of less polluted samples (below 920 per 100 ml) is 
further subdivided into groups with no thermotolerant coliforms, 
2-95, 110-920 and 920 organisms and above, the frequency of positive 
records {Pseudomonas spp. present) is distributed as in Table 9. 

Thus, among the less polluted samples it is seen that the frequency of 
successful pseudomonas demonstration rises from some 50 per cent in 
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TABLE 9 

Occurrence of Pseudomonas spp. in the subgroups of the less polluted samples 

Grouping according to 
MPN of faecal coliforms 

0 
2-95 
110-920 
^ 920 

TOTAL 

+ Ps. 

4 
43 
47 
53 

147 

-Ps. 

9 
40 
18 
6 

73 

Number 
of samples 

13 
83 
65 
59 

220 

TABLE 10 

The occurrence of pseudomonads in polluted and nonpolluted samples, and the 
frequency of polluted and nonpolluted samples among samples containing Ps. spp. 

and those which do not contain Ps. spp. 

Polluted samples 
Nonpolluted samples 

TOTAL 

+ Ps. 
/o 

72-5 
27-5 

100 

-Ps. 
% 

21-0 
79-0 

100 

+ Ps. 
% 

69-0 
18-3 

-Ps. 
% 

31-0 
81-7 

TOTAL 

100 
100 

samples with less than 100 faecal coliforms per ml to 90 per cent in 
those with more than 920 coliforms per ml. 

No constant relation was found between the frequency of fluorescent 
colonies and the degree of pollution, but both the fluorescents and the 
faecal coliforms decrease in numbers when the temperatures of the 
water increases, and while the number of faecal coliforms depends on 
wind and current, this does not apply to the fluorescents. The latter 
appear not to derive from sewage effluents. 

(ii) Drinking water. Several of these samples were unpolluted in the 
sense that no coliforms were found by incubation of not less than 55 ml, 
and that the colony counts per ml at 37 °C did not exceed 10. On nutri-
ent gelatine at 21 °C, counts of 10 per ml or below are also demanded 
in treated waters from shallow wells. The association of Pseudomonas 
spp. in some drinking water samples with pollution according to the 
above criteria is given in Table 10. 

Of the samples in which Pseudomonas spp. were found, 72 per cent 
belonged to the polluted group, and in the group of polluted samples 
Pseudomonas spp. were found in 69 per cent. The occurrence of strains 
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of the fluorescens group in drinking water samples, thus, cannot be 
disregarded, as they bear an obvious relation to the other bacterial 
signs of pollution in general use. The damage often caused by bacteria 
of this group, in foods etc., even at refrigerator temperatures, must 
also be remembered. 

3 Ecological investigations 

3.1 INDICATOR ORGANISMS IN VARIOUS SOURCES 

3.1.1 Aims of the investigations and approach to the problems 

From a sanitary point of view it is important to find out whether the 
individual indicator species are permanently associated with various 
localities or materials, to find out whether growth of such organisms is 
taking place and to establish the laws governing their disappearance. 
Such investigations are rendered difficult by the fact that neither the 
extent to which the different strains retain their characters under 
unfavourable conditions is known nor that to which the composition 
of a mixed flora may change. Most authors state that under un-
favourable conditions Escherichia die out more rapidly than Citrobacter 
and Kleb siella-Enter ob ac ter, and that the composition of a mixed flora 
will consequently change in favour of the latter. 

Investigations of this nature are often based on examination of 
individual colonies selected from the colonies on plates inoculated 
either with the sample or from a presumptive medium inoculated 
with the sample. Using such methods, most of the infrequent strains 
will invariably be lost, and the results will be quite decisively influenced 
by the media and temperatures chosen both for the primary cultures 
and for further examination of the strains. 

Considering the fact that the present investigations were based on 
samples from very different localities, that different methods and differ-
ent principles of classification were used, the uniformity that neverthe-
less characterizes the findings is astonishing. 

3.1.2 Coliform organisms in faeces, soil and water 

It is generally agreed that Escherichia coli is the coliform organism that 
occurs most frequently in faeces. Klebsiella strains are also, however, 
considered to be normal, although less frequent, enteric organisms; 
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they are sometimes the only coliform organisms in faeces, or they may 
alternate with other coliforms in the same person (Raghavachari and 
Iyer, 1939). Henriksen (1954) found aerogenes strains in one third of 
his faecal samples, and in 4 per cent of the samples it was unaccom-
panied by other coliforms. Citrobacter strains also occur in faeces (Parr, 
1938). 

Moreover, the occurrence of aerogenes strains in soil or in plants is 
not so frequent as might have been expected if these were their natural 
habitats, but Citrobacter strains also occur in soil, and even in unin-
habited localities it is possible to find strains of Escherichia (Taylor, 
1951). Soil strains are frequently anaerogenic, at any rate at 37 °C 
(Taylor, 1951), and many of them have doubtful associations with the 
Escherichia-Klebsiella groups. Sometimes the strains concerned are pre-
sumably strains of Serratia or Erwinia. It is doubtful whether there is 
actually an independent flora referable to the tribe Escherichieae in the 
soil. 

The natural coliform flora of fresh water is a matter of dispute, and 
it is certainly also more variable than that of the soil on account of 
the mobility of water, which facilitates the transport of organisms. 
Henriksen (1954) searched for a specific aquatic flora of coliforms among 
strains that were more frequently found in water than in samples of faeces, 
and suggested that ( 1 ) organisms and urease-negative Aerobacter 
strains constituted such a group. Henriksen (1954) concluded that 
about three fourths of the coliforms in water might be of faecal origin 
and that the error involved in considering all of them to be faecal 
cannot be very great. 

It may thus be asserted that all kinds of coliforms may be excreted 
with faeces. Organisms with the pattern ( + + — — 44 °G + ) dominate 
absolutely or relatively on account of the cultural methods and repre-
sent, moreover, the group that may be identified with the greatest cer-
tainty in presumptive cultures, perhaps the only one that may be 
identified with certainty. 

The result of presumptive tests depends on (a) the number of organ-
isms in the sample, but also to some extent on (b) the presence of other 
species that may appear as false positives or inhibit the development of 
the organism concerned and, consequently, on the ecology at the samp-
ling point, or (c) the temperature at which cultivation takes place and 
(d) the medium used. 

The choice of coliform bacteria as indicators is not a happy one and 
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has given rise to many problems of differential diagnosis and ecology. 
There is only one biotype, E. coli (I), that may definitely be said to 
dominate in sewage and faeces, and this type is the only one readily 
detected through its ability to form acid, gas and indole at 44 °C, irre-
spective of the presence of other organisms. Consequently, in the ex-
amination of drinking water it is good practice in the first place to 
determine E. coli (I) quantitatively, since the massive presence of this 
organism, according to all available evidence, certainly indicates 
faecal pollution, or pollution with sewage, which from a sanitary point 
of view is equivalent. The presence of other types in drinking water 
belonging to the coli-aerogenes groups not identifiable by this method 
cannot be neglected, and presumptive cultures should be made at 37 °C 
as well as at 44 °C. 

It cannot be denied that Klebsiella strains may also be of faecal origin; 
indeed, the occurrence of any kind of coliform organism in supplies of 
underground water suggests contamination with surface water, which 
means that faecal pollution is also possible. 

The fact that an organism may be obtained in cultures from faeces 
is not sufficient to make it a suitable indicator of faecal pollution. 
"Nonfaecal" biotypes are nearly always present in faeces, though in 
small numbers; indeed, both normal and pathological faeces contain 
a great variety of other species. 

Unfortunately, there is presumptive evidence that E. coli may 
survive for a long time in nature, indeed that it may be found just as 
frequently in uninhabited localities as Citrobacter-Klebsiella-Enterobacter 
(Taylor, 1951). 

In examination of surface water, particularly fresh water, it is 
inadvisable to use incubation temperatures below 37 °C, as this may 
result in growth of and fermentation by many coliforms that have no 
connection with faecal pollution. 

3.1.3 Coliforms in drinking water {defective supply systems) 

An analysis was made of the occurrence of bacteria in 600 samples of 
drinking water in the light of records of the operation and condition 
of the supply equipment and of complaints concerning the water quality 
(Bonde, 1962, p. 275). 

It was not possible to gauge the extent to which faecal pollution of 
the water may have taken place, but merely to ascertain whether or 
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not the samples derived from supply systems in which such a possibility 
existed. The object of the examination was to establish a relation be-
tween findings of all kinds of lactose-fermenting organisms or of in-
dividual coliform types on one hand and the known defects of the 
equipment and the complaints of the quality on the other. The result 
of the analysis is shown in Table 11. 

TABLE 11 

2 x 2 x 2 Contingency analysis of 600 sources of drinking water : association between 
the incidence of complaints regarding quality, defective plant and demonstration 

of lactose fermenters in a sample 

1. Lactose fermenters found 

Complaints No 
received complaints 

Supply system defective 
Supply system in order 

TOTAL 

2. No 

Supply system defective 
Supply system in order 

TOTAL 

Supply system defective 
Supply system in order 

TOTAL 

77 
29 

106 

21 
71 
92 

lactose fermenters found 

Complaints No 
received complaints 

24 
48 
72 

3. Totals 

Complaints 
received 

101 
77 

178 

18 
312 
330 

No 
complaints 

39 
383 
422 

TOTAL 

98 
100 
198 

TOTAL 

42 
360 
402 

TOTAL 

140 
460 
600 

Of the 600 samples, 140 derived from defective supply systems, 
whereas 178 had given rise to complaints of quality. There was good 
agreement between objective and subjective data. Complaints con-
cerning quality had been made in 72-1 per cent of the cases of defective 
equipment and only in 16-6 per cent of those from satisfactory plant. 
Also, defects in equipment were observed in 56-7 per cent of the cases 
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in which complaints had been made, and in 9-2 per cent of this in which 
they had not. 

The lactose-fermentation tests proved that the complaints concerning 
quality were frequently justified. 

Both bacterial contamination and complaints were most frequent in 
the case of samples from shallow wells, but the frequency of lactose-
fermenting organisms was greater in both artesian and shallow wells 
than the frequency of complaints regarding quality and of the inci-
dence of defects, so that the number of samples that would have been 
rejected on the basis of the objective laboratory criterion was greater 
than that which would result from rejection on the basis of complaints 
and knowledge of defects. Lactose fermenters were found in 71-5 
per cent of the samples from defective equipment and in 60-1 per cent 
of the samples that had caused complaints. 

On the other hand, complaints and defective equipment occurred 
equally frequently among the samples in which the presence of lactose 
fermenters and E. coli was demonstrated (see Table 12). Lactose 
fermenters were found in 77-2 per cent of samples of water that had 
both caused complaints and came from equipment with known defects, 
while in samples with lactose fermenters both complaints and defects 
occurred simultaneously in 39 per cent (Table 12). 

There was a higher incidence of complaints about samples from 
defective equipment when lactose fermenters were present, and this 
holds true for all groups of lactose fermenters. However, differences 
were still found between the coliform groups. Thus, the frequency of 
complaints was highest in the Klebsiella group and lowest in the Citro-
bacter and irregular groups (X2 = 0-7, df = 4). 

TABLE 12 

Frequency of complaints and defects in samples in which E. coli and other 

coliforms have been demonstrated 

Deep Shallow 
wells wells TOTAL 

Frequency of complaints as 
percentage of samples containing : 

Frequency of defects as percentage 
of samples containing : 

Frequency of defects + complaints 
as percentage of samples con-
taining : 

E. coli I 
Lactose-f. 
E. coli I 
Lactose-f. 
E. coli I 
Lactose-f. 

33-3 
19-1 
40-0 
23-5 
33-3 
14-7 

73-0 
71-6 
71-6 
64-6 
59-5 
52-0 

67-4 
53-8 
66-3 
50-3 
55-4 
39-2 
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From this investigation it may be concluded that a real difference has 
been established between samples with and without lactose fermenta-
tion. When the' frequency of complaints among samples from defec-
tive equipment was applied as a measure of the condition of the water, 
and no specific knowledge was at hand regarding faecal pollution, no 
coliform had a greater value as indicator of an objectionable water 
supply than any other. 

In well substantiated cases, however, e.g. cases in which wells were 
known to be polluted from leaky sewers in the immediate vicinity, and 
in the very few cases in which it seemed possible to prove the existence 
of a causal relationship between pollution of a well and cases of ill-
ness, it was always possible to demonstrate the presence of large quanti-
ties of faecal coliforms. 

On the whole, a close association was found between the indole 
positives of all coliform groups and defective supplies. 

3.1.4 Indicators in sewage and sewage eßuents 

Maximum and minimum values and arithmetic and geometric means 
of all values are given to provide an estimate of the conditions prevailing 
at the localities examined. However, according to the distribution model 
chosen, for the black colony counts (a Poisson distribution) only the 
arithmetic mean can be used, while for the MPN values the geometric 
mean is appropriate. 

Table 13 gives a survey of counts of CL perfringens and Table 14 of 
E. coli in sewage. An estimate of the reduction in bacterial counts result-
ing from the passage through the purification plants is provided by 
comparing the means of the perfringens counts for, respectively, raw, 
settled and biologically filtered sewage. 

TABLE 13 

CL perfringens. Counts of black colonies per ml sewage 

Number Maxi- Mean Per cent 
of samples Minimum mum Arithmetic Geometric reduction 

Raw sewage 27 298 3312 1323 1000 100 
Settled sewage 43 80 1160 471 380 36-38 
Biologically 
filtered sewage 23 51 515 224 162 16-17 
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It appears from Tables 12 and 13 that the rates at which the two 
organisms diminish through the plants are different. The number of 
CL perfringens is reduced both by sedimentation and in the biological 
filter. That of E. coli is only slightly reduced by sedimentation, but, on 
the other hand, the reduction in the filter is greater, the reduction in 
number throughout the whole plant being greater than that of CL 
perfringens. 

Although no firm conclusion can be drawn from the rather few data 
available, it is evident that the ratio of numbers of E. coli to numbers of 
CL perfringens will be different in different kinds of samples, and a con-

TABLE 14 

E. coli. MPN per ml sewage 

Number Geometric Per cent 
of samples Minimum Maximum mean reduction 

Raw sewage 8 11000 160000 30000 100 
Settled sewage 15 2400 160000 27000 90 
Biologically filtered sewage 14 280 9500 1600 5 

stant ratio of 100-1000:1, as often cited, cannot be expected to exist. 
According to the present investigation, in raw sewage there were c. 30 
times as many E. coli as CL perfringens, in settled sewage c. 70 times, 
and in effluent from biological filters c. 10 times. Sometimes, however, 
receiving waters contain as many as or more CL perfringens than E. coli. 
In certain industrial wastes all coliform bacteria may be killed while 
CL perfringens spores generally remain intact. The methods used in the 
present study may perhaps have lessened the discrepancy between the 
E. coli and anaerobe counts. 

3.1.5 Indicators in receiving waters and surface water 

The samples of the present material may be divided into two groups: 
(i) from waters with known pollution of recent nature (effluent from 
purification plants, septic tanks, etc) ; (ii) from waters without known 
pollution. 

The values from the two groups of samples overlap only in very few 
cases. The samples of group (i) contain more than 100 colonies of 
sulphite-reducing bacteria per 100 ml (1000 per litre), virtually all of 
which may be identified as CL perfringens. The samples of group (ii), 
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on the other hand, contain 0-100 colonies per 100 ml (1000 per litre), 
and by no means all the sulphite-reducers are referable to Cl. perfringens. 

Now, according to the above, the ratio of numbers of E. coli to 
numbers of Cl. perfringens in receiving waters may vary considerably de-
pending upon the nature of the sewage discharged into them, whether 
it is raw, settled or biologically treated. 

Many other factors (hydrographical, meteorological and biological) 
also govern the occurrence of indicators in nature. They are discussed 
in the following paragraphs. 

3 . 2 DISPERSION AND DISAPPEARANCE OF ENTERIC BACTERIA IN THE 

MARINE ENVIRONMENT 

3.2.1 General considerations 

A study of the disappearance and dispersion of terrestrial bacteria in 
the marine environment involves both taxonomic and quantitative 
and statistical problems. Many marine species can only grow in specific 
media based, for instance, upon aged sea water, while some demand 
increased pressures or low temperatures. Nevertheless, mesophilic 
bacteria able to grow on simple media may be found far from coastal 
areas, generally, however, in smaller numbers. 

Anderson (1962) reported that changes in composition of his media 
caused greater variation in the species represented than in the total 
number of colonies. This, however, is by no means universally true; 
for example, the author has found counts at 10 °C in seawater media 
of 45000000 per gramme of sediment material, but counts below 
10 per gramme in plain extract agar of the same sample. Viable counts 
of all bacteria able to grow are of little use in the study of bacterial 
decay, interesting though it is, for instance, that such high counts can 
be found even from sediments of 6000 m depth. Although a general 
study of microbial ecology is a necessity, that of the disappearance 
phenomena as such must be limited to one or more species that can be 
diagnosed and counted at the same time. This can be achieved with 
some enteric bacteria, where the combined taxonomic and statistical 
problems can partly be overcome. Even so, some of the techniques in 
current use can cause problems. 

The author has for that reason emphasized the need to use more than 
one diagnostic criterion (e.g. acid and gas and indole formation in the 
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E. coli test). Because many coliform bacteria are not faecal, not signify-
ing pollution at all, and may thrive well in the environment in question, 
the author has preferred to limit the study to faecal E. coli (44 °C + , 
indole + ) and CL perfringens. 

3.2.2 Laboratory experiments 

Studies in the laboratory will generally only allow the examination of 
one factor at a time, for instance the effect of specified salts, of ultra-
violet light, etc., but studies that simulate "natura l conditions" are 
bound to be misleading on account of the many unknown variables in 
operation. Survival times of minutes (ZoBell, 1936), days (Nusbaum 
and Garver, 1955; Carlucci and Pramer, 1960), and months (Beard 
and Meadowcroft, 1935) have all been claimed with equal justification 
from valid experiment. This difference between laboratory and field 
conditions has already been stressed by Nusbaum and Garver (1955). 

Many changes take place when sea water is stored in a container: 
a growth of marine species reaches its maximum within 2 — 8 days 
and a considerably higher stable level is achieved than that found in 
nature, and at the same time, there is a shift in species (cf. Waksman 
and Carey, 1935). The changes are less pronounced in daylight than in 
the dark (Waksman and Carey, 1935). 

As causative factors there have been suggested: the area to volume 
ratio (because of the concentration of organic matter on the walls), 
growth of protozoa (possibly grazing on the phytoplankton), size of 
inoculum (ZoBell, 1936), and kind and state of inoculum (flocculation). 
Coli bacteria in sewage are much more resistant to change of environ-
ment than are pure cultures. On mixing with sea water a considerable 
flocculation takes place, which affects counting as well as resistance to 
the hostile environment (Orlob, 1956; Bonde, 1968). A chelating effect 
of organic matter (the equivalent to the use of unwashed inocula) is 
often mentioned (Orlob, 1955; Carlucci and Pramer, 1960). Also of 
importance is the phase of growth of the inoculum (Carlucci and 
Pramer, 1960). Storing of sea water as well as autoclaving and filtration 
causes considerable changes in the survival times, raw sea water having 
the shortest (Nussbaum and Garver, 1955). 

Laboratory investigations, where sedimentation and dilution can be 
disregarded, may give an estimate of the mortality factor in isolation. 
But however useful such laboratory experiments may be for elucidating 
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one or two factors at a time, they are rather confusing and do not 
obviate the need for laborious in situ field studies. For the latter two 
procedures are in use : 
i. Studies of the distribution of different taxonomic units in the sea 
and sediments at different distances from the source of pollution in 
different conditions of weather, stream, depth etc. 
ii. The controlled quantitative study of the decline in numbers of one 
species paralleled by an examination of the rate of dilution in areas 
with only one predominant source of pollution. 

The essential difference in respect of reduction of enteric bacteria 
between primary and secondary effluent was stressed by Gunnerson 
(1954), who found the 50 per cent reduction time in primary effluent 
to be 40 min and the 90 per cent reduction time 2-3 hours; whereas 
the equivalent times in secondary effluent were 5 and 10 hours 
respectively. This is probably due to the fact that the bacterial clumps 
and chains are heavier and sediment much faster in primary effluent, 
especially immediately after discharge to the sea. The reduction, no 
doubt, takes place in several steps (Wheatland et al., 1964), but after 
some hours (5-6 for primary, 20-24 for secondary effluent) the mortal-
ity curves approach an almost horizontal, asymptotic course. The 
author's experience covers the Sound and Kattegat, the Bay of Gothen-
burg, the sea floor off Peru, and the Sargasso Sea. 

3.2.3 Simultaneous estimation of disappearance ratio by tracer and E. coli 

An experiment with a combined estimation of dilution by a radioactive 
tracer technique and E. coli counts was performed with the water 
current constant during sampling at 0-7 knots. The activity of the tracer 
could be followed for about 2 hours. Bacteriological sampling was per-
formed on stations situated every 100 metres on five lines situated at a 
right angle to the direction of current at intervals of 250-300 m. A 
sixth line was situated 700 m from line 5. 

The dilution was calculated from the measurements of the tracer. 
Logarithms of the bacterial counts were grouped and analysis of vari-
ance performed between samples inside and outside the radioactive 
spot and between lines. Samples on the same line within the spot could 
be combined to a common estimate for each line; all samples outside 
the spot could also be combined to a common "background estimate", 
which proved to be 150 per 100 ml. 
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TABLE 15 

Reduction in E. coli counts and in concentration of tracer with distance 

Per cent Dilution 
E. coli per 100 ml Average for line reduction of tracer 

0 
7 x l 0 - 2 

2 x l 0 - 2 

3 x l 0 - 3 

2 x 10-3 

1 x 10-3 

A considerable decline in numbers was found with distance from 
pollution (Table 15). The initial great drop in numbers from sewage 
plant on shore to outlet was probably due to sampling difficulties, to a 
shock effect, or to flocculation immediately sewage enters the sea - a 
mechanism presumably different from those operating in the sea. This 
initial drop was disregarded in calculating the disappearance ratio. 

Log bacterial count and log dilution of tracer were plotted against 
time, and 50 per cent and 90 per cent reduction times were estimated 
(Fig. 8). The 50 per cent reduction time of E. coli was 20 min, the 90 

0,1 
60 120 ·Ι80 240 300 

Time (min) 

Fig. 8. Disappearance ratio of E. coli and tracer (semilog scale). 
Percentage reduction : Q, tracer; φ, Ε. coli. 

Raw sewage on 
Outlet 

Line 1 
Line 2 
Line 3 
Line 4 
Line 5 
Line 6 

shore 4400000 
350000 
320000 
93000 
12000 
8300 
5400 

200 

8-5 
73-4 
96-5 
97-6 
98-4 
99-9 
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per cent reduction time 60 min, whereas a 50 per cent reduction of the 
tracer had taken place after 30 min, and 90 per cent reduction after 
1 h 30 min. Thus the bacterial counts were reduced at a greater speed 
than could be accounted for by dilution alone (as calculated by tracer). 
This was probably mostly due to sedimentation. The shorter 50 and 90 
per cent reduction times compared to those estimated previously from 
the counts at the fixed sampling stations might be due to the fact that 
this experiment only represents one observation on untreated sewage 
containing much suspended matter immediately after discharge. The 
author believes that at least three stages are operating: (1) immediate 
shock; (2) dilution, sedimentation and death; (3) death and sedimenta-
tion at a slower rate. 

There is some evidence of a mortality factor, probably an effect of 
antibiosis causing an attenuation of the bacteria, as can be demon-
strated by sampling and inoculation. 

The 90 per cent reduction time, T90, of Escherichia coli as well as the 
distance to bathing beaches and the predominant direction and velo-
city of currents and wind are parameters which all must be taken into 
consideration in the planning of sewage outlets. 

The determination of T90, however, is not easy. In the first place, it is 
very difficult to reproduce reliably in the laboratory conditions pre-
vailing in nature and one must therefore resort to field studies. 

Thus, it is not surprising that such varying results are quoted in the 
literature. A reasonable relationship between, for instance, different 
climates is not common (compare Belt (1964), from KailuaBay, Aubert 
(1968) from the Mediterranean, and Bonde (1968) from the Baltic). 

Apart from the difficulties arising from ecology, source of pollution, 
and experimental errors etc., criticism can be focused upon another 
problem of theoretical character. As is well known, bacterial decay 
proceeds according to a somewhat S-shaped curve (Fig. 9), which, 
with varying degree of success, yields a straight line on logarithmic 
transformation. In particular, the fit is generally not so good at either 
end, and at the lower end extrapolations are hardly justified by either 
theory or the quality of the actual graph. T90 is situated in a very un-
lucky region near the inflexion of the nontransformed curve. For that 
reason, very small changes in ordinate values (i.e. bacterial counts) 
may result in very large changes in the time parameter. This alone 
may often account for as much of the great variation in values given 
for T90 in the literature as differences in ecology and sewage. 
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Another way of computing the rate of bacterial decay from such 
data is by probit transformation. In our experiments we are in a situa-
tion analogous to that of the toxicologist who exposes bacteria or 
animals to varying doses of a poison or disinfectant, or to constant doses 
for varying times, and observes the response - the kill of organisms. 
By discharging enteric organisms into the sea, we expose them to 
noxious agents of relatively constant strength, observing the variations 
in time and space. That is, our treatment - resulting in a certain re-
sponse - is stated in the dimension time or distance. The decline in 
bacterial number (350 000 Escherichia coli per 100 in the present experi-
ment) is estimated by following a particular swarm of bacteria (indi-
cated by the course of an accompanying dye-spot) and sampling at 
known intervals. The percentage of organisms disappearing is plotted 
against some function (generally logarithms) of time. The change in 
numbers is slight (and asymptotic) at both 0 per cent and 100 per cent 
disappearance and greatest near 50 per cent (Fig. 9). 

15 30 
Time (min).l 

Fig. 9. Disappearance of E. coli versus time. 

The shape of the curve will depend upon the variation in sus-
ceptibility between individuals - in addition of course to that between 
experiments. The susceptibility of a single bacterium may be defined 
as the smallest influence removing this particular bacterium. The 
distribution of susceptibilities for a large number of individuals will be 
Gaussian in nature, the ordinates indicating the sum of individuals 
reacting to a certain influence and those of greater susceptibility. A 
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given stimulus divides the individuals into two groups : those influenced 
and those not. This way of presenting the problem is clearly relevant 
to the concept of T9Q or T50. The number of bacteria that have dis-
appeared is proportional to the 50 per cent or 90 per cent cut-off area 
of the density curve, and the percentage lost, to the ratio between the 
cut-off area and the whole area delimitated by the curve. 

Figure 9 gives a graph of the percentage reduction related to log 
time. This curve - like the curve of decay - also has a typical sigmoid 
shape. The transformation of such sigmoid curves to a straight line is 
easily performed by the probit transformation of the cumulative per-
centages of reduction (Bliss, 1935). 

The percentage values are transformed to probits by Bliss' tables 
(Bliss, 1935), or by means of probability paper. After plotting probit 
reduction against log time a provisional regression line is drawn by 
best fit. A probit value for 100 per cent disappearance is available in 
Bliss' tables. 

The individual values are now corrected according to their weight, 
which is taken as being proportional to the number of individuals 
represented by each experimental point and inversely proportional to 
the variance of the estimate. Weighting based upon MPN, which is a 
skew estimate of the bacterial numbers, would hardly be advisable. 
Log MPN, however, may be used in calculations of means and vari-
ances of Escherichia coli counts, and for that reason log 350 000 = 5-4 
is used in the calculation of weights. The corrected values are computed 
according to the formula for regression line : 

Y = a + b (X-x). 

Figure 10 shows the position of the provisional points and the points 
corrected by calculation. The calculated regression line is very nearly 
identical to the provisional one in this case, due to the big weight of the 
values from the beginning of the experiment. From this graph T50 

and JT90 are easily found by extrapolation or calculation, T50 being 
the intercept of 5 probits, T90 of 6-3 probits. 

An increase of about 50 per cent in time corresponds to an increase 
in probit value of 1 (e.g. 30 min-^50 min, 1 probit). T50 is estimated at 
30 min by this method, 20 min from the log versus time graph, and 
!T90 is found to be 60 min by both methods. Furthermore, a [T100 can 
be computed to be a little below 4 hours. This latter result, compared 
to the magnitude of T90, will give the essential advantages of the method 
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Fig. 10. Disappearance of E. coli versus time (probit scale). 
O, Provisional; φ, calculated; A> Lillebaelt. 

proposed here. A T100 value can practically never be found by experi-
ment, as a slight pollution from other sources will give a certain back-
ground pollution. 

If an effluent discharges 1000000 Escherichia coli per 100 ml and we 
want a concentration of less than 1000 when this pollution comes 
ashore, we are not at all interested in the time for a 90 per cent reduc-
tion which should still leave 100000 bacteria, but in the time for a 
99-99 per cent reduction, which cannot be estimated from Bonde's 
log number versus time graph (Bonde, 1968) (Fig. 8). A distance, 
measured in flow time of 4 hours, will certainly be a more realistic 
demand than 1 hour of T90 in the planning of the position of an outlet. 

Three experiments performed in the Lillebaelt with a salinity about 
twice that found in the Sound all fell within the fiducial limits of the 
regression line calculated from data obtained in the Sound and do not 
significantly change the slope or position of the latter. There is, conse-
quently, no evidence that the disappearance of Escherichia coli in the 
Lillebaelt of considerably higher salinity is more rapid than in the 
Sound, confirming the hypothesis that dilution and sedimentation alone 
determine the speed of the decline in Escherichia coli counts in these waters. 
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3.2.4 Dispersion of indicators in water 

Of the results to be reported here those concerning the Sound are by 
far the most extensive; an account of them has previously been given 
(Bonde, 1966c; Bonde and Mork Thomsen, 1973) and the reader is 
referred to the reports. 

a. The mean value of counts of bacteria in a region and its variance It is well 
known from this kind of work that the individual observations at a 
station may vary so enormously as completely to discourage many 
Health Authorities from using bacterial counts. 

The total and internal variâtes are generally smaller at coastal 
stations (below 100 per cent) but always exceed 100 per cent of the mean 
at stations in the open sea. The differences between the variances may 
be attributed to differences in time of transport, laboratory error, etc. 

One of the main objects of the investigation, besides analysis of the 
sources of variation, was to give reasonable mean values for groups, 
according to years, stations etc., and furthermore, to give reasonable 
estimates of the standard deviations of individual observations. 

However great the total variation, the variances of the means are 
quite small and quite uniform in all groups. It has been one of the most 
encouraging results from this investigation that very small residual 
variation is left for the mean after removal of the influence of the factors 
investigated. For all stations the residual variances are below 0-02 per 
cent for all stations in all years, and 0-1 per cent for all stations in the 
individual years. 

A study of the development of means over years for certain single 
regions or stations is possible, and /-tests may be successfully applied, 
e.g. between averages of all years and individual years or between the 
two latest results. The standard deviations of means based upon a large 
number of observations is consequently quite small. The overall mean 
for 5 years in the Sound, 110 E. coli, has a standard deviation of only 
± 0*6 (0-5 per cent) for the individual year. 

b. An analysis of variance of more than 19000 individual E. coli counts 
Analysis of samples taken under varied conditions of current, wind, 
week, time of the year, and distance from pollution in the Sound 
(Bonde, 1966c; Bonde and Mork Thomsen, 1973) during a five-year 
period has shown the effects of (1) current, (2) wind, (3) distance from 
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pollution, (4) week, and (5) year, to be of importance in the order 
mentioned. The factor "week" seems to correspond to the weekly 
fluctuation of the water temperature and rainfall and the effect of sun 
hours cannot be neglected. The counts show a definite maximum in 
July-August. At coastal stations the amount of, and distance from, 
pollution were the absolutely dominating factors (Table 16). 

TABLE 16 

Means of E. coli for 5 years, internal variance and significant V2 for individual 
factors. Danish groups 

Variance 
Natural 

D 1 
D 2 
D 3 
D 4 
D 5 
D 6 
D 7 
D 8 
D 9 
D 10 
D 11 
D 12 
D 13 
D 14 
D 15 

Region 

166-183 
154-165 
105-152 

a-1 
107-112 
101-103 
50-55 
28-39 
30-30e 

200-204 
210-216 
60-71 

230-240 
301-325 
330-337 

M (MPN) 

98 
117 
94 
21 

305 
60 

302 
108 
91 
83 
50 

217 
1300 

35 
442 

log 

3-37 
3-15 
2-91 
5-00 
5-79 
3-55 
5-09 
3-79 
5-44 
2-02 
3-00 
8-67 

12-21 
5-57 
6-77 

Year 

10-23 
8-52 
2-45 
— 
— 

4-02 
4-59 
5-17 
3-73 
4-26 
— 
— 

12-77 
28-91 

— 

Week 

44-51 
— 

4-31 
13-02 

— 
— 
— 
7-13 

20-81 
— 

8-88 
14-90 
4-60 
— 
— 

Current 

— 
16-48 
3-90 
— 

9-77 
42-41 

9-86 
56-82 

— 
— 

12-10 
5-76 
9-69 
— 

Wind 

— 
9-85 
— 
— 

6-52 
21-20 
4-93 

28-41 
— 
— 

6-05 
12-69 
5-15 
2-49 

A conclusion drawn from these investigations is that the value of 
E. coli as an indicator is geographically quite restricted. Another more 
resistant indicator is needed to trace distant and old pollution. 

As an effect of this it was found that sewer outlets situated more than 
3 km from the sampling stations, corresponding to a passage time of 
3-4 hours and a distance of 1J km, had a considerable influence, 3 km 
reducing the bacterial numbers by 90 per cent. One hour's passage 
gave a 50 per cent reduction. This agrees with the tracer experiment 
reported earlier and accords also with Gunnerson's (1959) figures and 
those of Wheatland et al. (1964), who found a 90 per cent reduction 
after 3 hours' passage of untreated sewage and a 50 per cent reduction 
after 1 hour. 

1 2 A I A 
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c. Distribution of species in water The E. coli counts, as well as counts of 
other heterotrophs, in particular pigmented species, depended inter 
alia upon the depths of sampling, the counts being higher in the 
epilimnion with a slight tendency to peak in the discontinuity layers 
(Table 17), corresponding to the observations of many authors (e.g. 
Jannasch and Jones, 1959). Counts from the lower strata were much 
lower, micrococci and spore-formers dominating here. The bacterial 
flora of the water was influenced by the outflow of fresh water and of 
soil washings (pseudomonads, Cytophaga, and Bacillus spp.) but were 
in fair agreement with the Anderson's (1962) data from the North 
Sea (cf. Table 17). 

TABLE 17 

Relative occurrence of different groups at different depths of the Sound 

Depth 

0- < 5 
5- < 10 

10- < 15 
15- < 20 
20- < 45 

Coliforms 

5-7 
0-0 
5-6 

25-0 
0-0 

Pseudomonas 
Achromobacter 

28-6 
33-3 
22-2 
25-0 

0-0 

Bacillus 

5-7 
11-1 
16-7 
0-0 
0-0 

Cyto-
phaga 

28-6 
0-0 
5-6 
0-0 
0-0 

Micro-
cocci 

22-9 
33-3 
38-9 
50-0 

100-0 

Others 

8-6 
22-2 
11-1 
0-0 
0-0 

TOTAL 

100 
100 
100 
100 
100 

3.2.5 Dispersion of indicators in sediments 

Sedimental bacteria form an interstitial flora between grains of sand 
etc., and may cover enormous surfaces and exert a corresponding 
influence on the total environment (Fenchel and Jansson, 1966). 
Because of its stationary character the sedimental flora is of importance 
in the estimation of long-term effects and variations over long periods. 
Another reason to study the flora of sediments is that in areas such as 
those studied by the author (moderate salinity, temperate climate) 
many of the pollutioning bacteria leave the water column by sedi-
mentation. 

The ideal indicator of pollution in sediments is the persistent anaero-
bic spore-former CL perfringens. The composition of the total hetero-
trophic flora is also of importance as an overall estimate, whereas 
Gram-negative rods of enteric origin like E. coli, according to the 
studies of decay in water, might only be expected in recently polluted 
areas. 
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a. CL perfringens This species was introduced as an indicator of old 
and remote pollution, but it has found a much wider application in this 
laboratory. CL perfringens is not ubiquitous in the field as often stated in 
textbooks. CL perfringens could not be demonstrated in 5 g of sediment 
from areas in the open sea (Kattegat and the Danish belts) and the 
counts of clostridia were linearly dependent on the amount of and 
distance from pollution. The percentage reduction with distances in 
km in the sea may be roughly estimated (Table 18). Specific spore 
counts may give further information on the age of the pollution. For 
example, at a distance of 100 km from the source of pollution 70-80 
per cent of organisms are present as spores (Bonde, 1968). 

TABLE 18 

Reduction in counts of CL perfringens with distance 

Distance (km) 0 1-5 4 6 100 
Per cent reduction 0 40 87 97 99-9 

More than 90 per cent of sulphite reducers from sewage were 
identifiable as belonging in the perfringens group, while the proportion 
was correspondingly less when the origin was sea water and much less 
when fresh water (Bonde, 1962, cf. Table 3). 

The demonstration of CL perfringens is useful when the decay of 
E. coli is so rapid as to give zero counts even near to an intense chemical 
and bacteriological pollution. No organisms of this species were, 
however, found in sandy sediments taken far from coastal areas 
(Sargasso sea) or in areas with a very rapid renewal of water. Clos-
tridia were found in 40 per cent of other samples, taken in the upwelling 
zone off the coast of Peru, which were very rich in detritus of a different 
kind (Bonde, 1968). 

An idea of the occurrence of CL perfringens in Scandinavian waters 
can be obtained from Table 19. The percentage distribution of CL 
perfringens per 2 g of sediment is given for areas of decreasing pollution. 
In area No. 1 gross chemical pollution was present along with faecal 
pollution, resulting in a very rapid disappearance of E. coli. An excellent 
correlation is also found with faunistic systems of estimation (Bonde, 
1966c). 

Although CL perfringens is an anaerobe the numbers found are 
dependent only upon the distance from pollution, not to the degree 

12-2 
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TABLE 19 

Occurrence of CL perfringens in Scandinavian marine areas 

Area number . . . 1 2 3 4 5 6 

Cl. perfringens 
0 
1 < 10 
10 < 100 
100 < 1000 

1000 < 10000 
10000 < 100000 

TOTAL 

2 
0 
2 
15 
64 
17 
100 

0 
0 
0 
39 
46 
15 
100 

0 
0 
5 
45 
41 
9 

100 

1 
8 
43 
38 
11 
0 

100 

0 
0 
63 
37 
0 
0 

100 

2 
20 
24 
45 
9 
0 

100 

of anaerobiosis at the sampling stations. Evidence for growth of clos-
tridia was never found, which would have invalidated their use as 
indicators. 

b. Demonstration of aerobic spore-formers Bacillus spp. are much more 
universally present than clostridia of the perfringens group. However, the 
distribution of different species is in no way uniform, each group of 
Bacillus having its favourite habitat (cf. Table 2). 

Strains of the licheniformis group produce powerful antibiotic 
substances, able to inhibit other microorganisms in vitro (cf. Bonde, 
1968). 

The spore-formers may also be of use as indicators of the pathogenic 
Cl. botulinum, of which type E is found in marine sediments (Johannsen, 
1963). 

c. Heterotrophic flora A few simple and selective media (nutrient agar, 
King's agar B, Anderson's sea-water medium V) are used in the 
primary isolation of marine species. In addition to their use in total 
and differential counts for fluorescent colonies and halophilic species, 
these media also serve as a basic material for a random sampling of 
colonies for assessing the distribution of species within different areas. 

The composition of the hetrotroph flora characterizes a region; it 
may be used to trace the influence of nearby freshwater outlets in a 
marine region and changes caused by chemical pollution can also be 
traced. The only survivors in a region heavily polluted with poisons 
may be certain Bacilli and Acinetobacter spp. Such a region may also be 
dominated by a specific flora active in the breakdown of a particular 
compound. 
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The species demonstrated may be grouped as (cf. Table 4, identifi-
cation scheme). 

1. Fermentative G-rods, e.g. E. coli, coliforms, Aeromonas, Vibrio. 
Most of the species below have a certain relation to pollution : 

2. Oxidative G-rods, of which some indicate freshwater admixture, 
e.g. fluorescent Pseudomonas, Alcaligenes, Achromobacter sp. 

3. Biochemically inactive or only slightly active (e.g. Comamonas sp.). 
4. G + cocci and Sarcina. 

The following groups probably belong in the marine environment: 
5. G + spore-forming aerobic rods, of which some signify pollution 

with soil, some with fresh water or sewage, and some are native to 
saline waters. 

6. Different, obviously marine, species: 
Cory neforms, Cytophaga, Spirilla (Figs 11 and 12). 

7. Very resistant to adverse conditions: 
Bacilli, Acinetobacter (Fig. 13). 

The distribution of these groups and of single species in different 
marine regions are given in Tables 20 and 21. 

Table 17 gives the distribution of species according to depth of the 
sampling place. 

Faecal coliforms are only found near to outlets; they are much 
reduced in numbers at a distance of 3-4 km from these and below 10 m 
depth. Other coliforms are dispersed over much wider areas and may 
penetrate the haloclines and thermoclines. 

Pseudomonas, Acinetobacter, Alcaligenes, and Comamonas spp. are more 
frequent near the surface, and where fresh waters flow into the sea. 

On the other hand, Coryneforms, Micrococci and some Cytophaga are 
possibly marine species, Acinetobacter and Bacilli being presumably 
omnipresent. None of these indicate pollution. 

Also some autotrophic sulphur-oxidizing bacteria of the genus 
Thiobacillus (Sulphomonas being a much more logical name) are related to 
pollution, the species thiooxidans dominating completely in polluted areas. 

d. Examination offish Examination of fish has shown that the gut of 
some demersal fish reflects the sedimental flora, the concentration of 
CL perfringens being quite high in plaice, flounders and mackerel, and 
E. coli strains are also sometimes present. Generally, the gut offish has 
its own flora of G~ rods, e.g. coliforms fermenting sugars at lower 
temperatures (Bonde, 1966c). Salmonella spp. are never harboured in 
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Fig. 11. Goryneforms from sediments (small cell type: Anderson, 1962). 

Fig. 12. Coryneforms from sediments (large cell type: Anderson, 1962). 



BACTERIAL INDICATION OF WATER POLLUTION 349 

TABLE 20 

Distribution of main groups of organisms in sediments 

Area. . . 

Organisms 
G~ ferm. 
G~ ox-in. 
G+ cocci 
G+ sp. st. 
Coryneforms 
Cytophaga fl. 
Acinetobacter 
Spirillum 

TOTAL 

(1) 

46 
33 
5 

14 
0 
1 
0 
0 

99 

(2) 

29 
39 

1 
24 

3 
3 
0 
0 

100 

(3) 

6 
19 
12 
46 

4 
3 

10 
0 

100 

(4) 

47 
43 

0 
7 
4 
0 
0 
0 

101 

(5) 

4 
0 
2 

80 
4 
2 
7 
0 

99 

(6) 

16 
31 
0 

46 
0 
0 
8 
0 

101 

(7) 

25 
14 
0 

61 
0 
0 
0 
0 

100 

(8) 

0 
32 
3 

31 
11 
19 
4 
0 

100 

(9) 

0 
0 
9 

28 
3 
0 

60 
0 

100 

(1) 0resund, (2) Göteborg, (3) Lillebaelt, (4) Svendborgsund, (5) Limfjorden, 
(6) Bandholm, (7) Kungsbacka, (8) Peru, (9) Sargasso. 

Areas (l)-(7) are nearshore areas, polluted to varying degrees. 

TABLE 21 

Distribution of individual species in sediments 

E. coli I 
Coliforms 
Proteus 
Aerobacter- Vibrio 
Pseudomonas 
Comamonas 
Achromobacter 
Acinetobacter 
Alcaligenes 
Coryneforms 
Cytophaga-Flavobacter 
Micrococci 
Bacillus 
Spirillum 

TOTAL 

(1) 

14 
14 
0 

18-4 
24-2 

8-8 
0 
0 
0 
0 
1-2 
5 

14-4 
0 

(2) 

1-4 
21-4 
0 
5-7 

24-3 
7-1 
0 
0 
7-1 
2-9 
2-9 
14 

24-3 
14 

70 

(3) 

0 
0 
0 
6 

12 
4 
1 

10 
2 
4 
3 

12 
46 

0 

124 

(4) 

0 
28-6 
0 

17-9 
35-7 
0 
7-1 
0 
0 
3-6 
0 
0 
7-1 
0 

28 

(5) 

0 
1-2 
0 
2 4 
0 
0 
0 
8 
0 
3-5 
2-3 
2-3 

80 
0 

86 

(6) 

8 
8 
0 
0 

31 
0 
0 
8 
0 
0 
0 
0 

46 
0 

13 

(7) 

0 
16 
2 
7 

12 
0 
0 
0 
2 
0 
0 
0 

61 
0 

43 

(1) 0resund, (2) Göteborg, (3) Lillebaelt, (4) Svendborgsund, (5) Limfjorden, 
(6) Bandholm, (7) Kungsbacka. 
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the gut or gills of fish and are rapidly exterminated after peroral ad-
ministration. Salmonella only appears in fish meat after secondary con-
tamination. Difficulties in the isolation of S. typhimurium and S. para-
typhi B may also be due to inhibiting compounds formed in selenite 
broths when marine samples are incubated (Gundstrup et al., 1969). 

^Ρ 10μηι 

Fig. 13. Acinetobacter Iwqffi from marine sample. 

The possible relationship of fish to bacterial diseases may also be 
brought to mind in view of the complexity of the bacterial flora in 
sediments. The frequency with which species of Aeromonas, Vibrio, 
coryneforms, and Cytophaga (Myxobacteria) are demonstrated in 
sediments, even in areas relatively unpolluted, invites comparison of such 
strains with those of the same genera causing bacterial fish disease. 

Although diseases like "Redmou th" , "Great red plague", "Fin 
rot" , etc., are considered diseases of freshwater fish, it is surprising 
how often organisms of the Aeromonas group are found in brackish and 
marine waters. Hansen and Bonde (1973) described an outbreak of 
Red Plaque in eels in a brackish water region, possibly caused by 
Aeromonas hydrophila. Aeromonas hydrophila amounted to 24-33 per cent 
of the total bacteriological counts during outbreaks, while no other 
species exceeded 1 per cent. "Bacterial gill disease", "columnaris 
disease", and "cot tonmouth" and "cold water disease" are caused by 
Myxobacteria also found in sediments. Even coryneforms may cause 
fish disease ("kidney disease"). 

e. Production of antibiotics in sediments The examination of the Sound 
provides an opportunity to demonstrate antibiotic activity, if present, 
because many other harmful factors are absent. The salt concentra-

y 
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tions are not harmful to enteric bacteria, except occasionally when the 
deep layer of heavy water from the Kattegat pushes its way below the 
brackish water. Sunshine is rather restricted in length and intensity and 
water temperatures are between 0 °C and 20 °C. Even so, it is still 
possible to demonstrate an inhibiting effect of the sea water, which is 
probably attributable to formation of bacterial antibiotics. 

Furthermore, a difference in inhibiting effect was found with different 
Bacillus strains. Four hundred and sixty strains, some of them selected 
from the cultures showing inhibiting effect, others chosen randomly 
from samples of sea water and sediments, were examined for pro-
duction of antibiotics after cultivation shake-cultures for 9 days in a 
soyabean-starch medium. A production of antibiotics was also found 
in a medium composed of autoclaved sea water and either starch or 
soyabean alone (Bonde, 1968, 1974, 1975). 

Recently, Wentz et al. (1967) also demonstrated the inhibition of 
CL botulinum in sediments by B. licheniformis, and this could also be 
verified in the laboratory. 

4 Concluding remarks and suggestions for standards 

4.1 SOME GENERAL CONCLUSIONS 

In the final appraisal of bacterial indication of water pollution it 
should be stressed that each kind of pollution should be measured by 
the method most appropriate to it. Universal pollutional indices (such 
as BOD) or attempts at correlating indicators should be handled with 
caution. 

A few examples may be recapitulated. 
For many years, by tradition, in many countries great importance 

was attributed to the gelatine liquéfier count. In point of fact at the 
temperatures and the times used the gelatine liquefiers were essentially 
of two kinds: Pseudomonads, which are of importance to spoilage of 
foods etc., and aerobic spore-formers, which have no particular sanitary 
significance, and which are unavoidable, being frequent inhabitants 
of filter sands. It would be much more appropriate to aim at a specific 
demonstration of pseudomonads by counting green fluorescent organ-
isms (Bonde, 1972). 

Another important issue is the application of methods suited to 
special types of water and environments. 

Application of membrane filtration to the control of underground 
13 ΛΙΛ 



352 G. J. BONDE 

waters have proved equally disastrous, whether Endo agar is used, 
which gives many false positives (Aeromonas spp. (Bonde, 1963, 1966b)) 
or Teepol medium, which gives many yellow pigmented forms, e.g. 
Micrococci, Bacilli and E. agglomerans (Bonde, 1973), all of which also 
grow in yellow colonies on ordinary media without lactose. 

Likewise, a direct incubation of sewage samples at 44 °C in glutamic 
acid media is not a good choice, although these media are superior for 
tubed and chlorinated water. 

Provided the total register of tests and media are mastered for each 
situation separately, the bacterial indication of pollution is a cheap, 
quick and very useful tool that cannot be replaced by other measures, 
neither by chemistry not by demonstration of pathogens. 

Another fundamental issue is the appropriate handling of quantita-
tive estimates. The distribution of data should be assessed. If no 
previous work has been undertaken such as quoted in this paper, the 
investigator should take the trouble to assess it himself. 

In many cases approximations are helpful, but they should be used 
with caution and full use should be made of the statistical laws, which 
are obeyed just like the other laws pertaining to science. Bacterial data 
may be difficult to handle statistically but without statistical treatment 
the investigation might be altogether wasted. 

4 . 2 PROBLEMS CONCERNING CRITERIA AND STANDARDS 

Relevant proposals for standards and criteria must be founded upon 
the combined knowledge of biological properties, test methods, classi-
fication, ecology, pathology, and statistical skill. In spite of these com-
prehensive conditions the resulting principles must be simple and easy 
to handle. 

A few examples should be given on the basis of information that can 
be extracted from this paper. 

Although the faecal coliform group is most important in the estima-
tion of faecal pollution the other groups of coliforms can also originate 
from faeces and should be taken seriously in drinking water, irrespec-
tive of biotype. An estimation of total coliforms and direct quantitative 
confirmation of faecal coliforms among them (44 °C + , indole + ) will 
give a graded information, but it is very essential also to state the 
amount of water examined and to examine as large an amount as 
possible (about 100 ml). 
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By examining water in nature, on the other hand, quite uninteresting 
natural coliforms may dominate, and the problem is in such cases to 
observe whether faceal coliforms are also present. For this purpose 
either the direct count at 44 °C or method Wilson 4 is safer. 

There is no hard evidence of higher resistance to chlorine with coli-
forms or Salmonella spp. than with faecal coliforms, but there is evi-
dence of much higher resistance on the part of green fluorescent 
pseudomonads, which can therefore be used to control the sufficiency 
of chlorination. Another guideline might be provided by the vegetative 
cell to spore ratio ofCl.perfringens, and the number of spores might give 
an idea of the quality of water before chlorination. 

After a discussion of literature on this subject, Bonde (1962, p. 366) 
concluded that Cl. perfringens should be absent from 100 ml of drinking 
water samples, and that more than 100 colonies per 100 ml of water, or 
per 1 g of sediment, would signify pollution in natural waters. 

Criteria and methods for drinking water are not as controversial as 
are those for estimating pollution in nature, e.g. for the risk of infection 
by bathing. The information in this paper might contribute to a 
clarification of this problem. 

The regulations given in various countries regarding the quality of 
recreational waters, some of them based upon coliform counts, others 
on faecal coli, may seem conflicting and difficult to combine in a more 
general directive. As examples, four types of instructions may be 
quoted : 

1. The coliform count must not exceed 1000 per 100 ml. 
2. The coliform count must not consistently exceed 1000 per 100 ml. 
3. The coliform count should not be greater than a median value 

of 200 faecal coli per 100 ml. 
4. The median numbers of faecal coli counts in a series of samples 

representative of the waters must not exceed 100 per 100 ml nor 
may more than 10 per cent of the samples exceed 200 per 100 ml. 

Such regulations are also inconsistent with the points of views of 
those who deny the value at all of bacteriological tests in recreational 
waters (cf. the section 2.3). 

The following comments should serve the purpose of suggesting that 
this is not necessarily the case. 

Even those opposed to the use of bacterial counts agree that waters 
with visible faecal pollution - often corresponding to 2000-5000 faecal 

13-2 
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coli per 100 ml - are potentially dangerous to health, and that a sample 
giving a count of 2000 is significantly more polluted than one giving 
200 per 100 ml. The frequency of isolation of Salmonella and viruses, 
likewise, rapidly approaches 100 per cent with faecal coli counts of 
more than 1000 per 100 ml (cf. section 2.3). 

Statements like "should never exceed 1000 per 100 m l " certainly 
need some modification. The distribution of a large number of inocula-
tions from the same sampling bottle should be taken into consideration 
before such demands are set up (cf. section 2.3). 

The constant standard deviation of log MPN (0-58/rc* = 0-259) 
given by Cochran (1950) is an absolute minimum, comprising only 
errors attributable to the method, i.e. pipetting, splitting of aggre-
gates, unequal viability of organisms, etc. 

Even under these circumstances, supposing a true mean of 200 faecal 
coli per 100 ml, an MPN of 1000 will appear about four times in 
1000 inoculations, 1500 in about four times per 10000, and 500 in 
about 6 per cent (cf. Fig. 14), and such results are as likely all to appear 
at the start of the series as be equally distributed throughout it. 

If we demand that 1000 should not be exceeded in more than 5 per 
cent of inoculations this can be fulfilled at a true value of 370; not more 
than 1 per cent excess is found with a true value of 250 etc. 

The graph, Fig. 14, gives the probability distribution for a mean of 
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Fig. 14. Graph of the probability curve for a mean of 2.30 (log MPN 200) and 
standard deviation 0-259 compared with current quality grading systems. 
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200, and a standard error of 0*259. Requirements set up for faecal 
streptococci together with some generally applied limits from different 
countries are also shown in the graph. The control of a whole area, 
however, demands more complicated considerations. Besides the 
(smaller) experimental error we must then also take into account the 
generally much larger variations due to difference between locations, 
variations over the day, variation due to wind, current, temperatures, 
etc. (cf. section 2.3). The total error due to all these factors will be 
unknown, as well as the " t rue mean" . 

It is still possible, however, to establish rules for control by utilizing 
the concept "proportion defective". Thus the excess of a certain limit 
L in a fixed proportion of samples (Θ = proportion defective) from the 
whole area must obey the inequality, 

x + st < L, 

, ,m „ Ui-e + H [1/"(1 - 4 / 2 / ) +uU2f]i 
p{) - r^W ' 

x is the mean log M N P over the whole area under observation in a 
certain period, s the standard deviation computed from these; t 
depends on the number («) of samples at hand and the permitted 
excess (Θ) ; fis the number of degrees of freedom, and u the standardized 
variable, measuring a stochastic variable from its mean, using the 
standard deviation as unit(u= (χ — ξ)/σ). 

t for some given proportion excess (Θ) and the number of samples (n) 
is given in Table 22. s will of course also depend upon the total number 

TABLE 22 

Values of tv for different Θ and n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Θ 

5 
5 
5 
1 
1 
1 
0-5 
0-5 
0-5 
0-1 
0-1 
0-1 

n 

20 
100 
500 
20 
100 
500 
20 
100 
500 
20 
100 
500 

tM 
1-2145 
0-5099 
0-2237 
1-8568 
0-7753 
0-3400 
7-2287 
2-9897 
1-3148 
8-4204 
3-4809 
1-5310 
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of samples taken, besides the variations in wind, current, location, etc. 
In the Sound s.d.s of log MPN have been estimated during six years 

for all results, as well as for all results in one year, and for all results of 
individual regions in one year (about 100 MPNs per region per year 
(Table 16)). In the latter case the results were found to be very close to 
1-00, and this was the case in all years and in all regions except one 
grossly polluted, near-shore area which had larger s.d.s (~ 1-5) in all 
years. 

Under such conditions the demand "1000 should not be exceeded 
more than in 5 per cent of 100 samples" is fulfilled when the mean of 
the area is about 300. This corresponds to an excess of 2000 in not more 
than 1 per cent. If only 20 samples are available, under corresponding 
circumstances, only one of these (5 per cent) may exceed 2000 which 
demands an average of slightly more than 100. 

Of the suggestions and tenets proposed by the author in his thesis 
(Bonde, 1962) eight have thus been further elaborated by him and 
others and some of these have been generally agreed upon also by wider 
circles. These are: 

1. The doubtful position of total coliforms as faecal indicators. 
2. The risks following from uncritical application of membrane 

filtration. 
3. The position of CL perfringens as an indicator, not unubiquitous 

organism. 
4. The value of green fluorescent pseudomonads as indicators. 
5. The value of Aeromonas spp. as indicators. 
6. Application of a wide range of indicators in the classification of a 

body of water. 
7. Examination of sediments in this classification. 
8. Application of bacteria as quantitative monitors. 
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