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The Non-medical Use of Antibiotics and the Risk
of Causing Microbial Drug-resistance*

A. MANTEN 1

One of the hazards involved in the use of antibiotics in animalfeeds is that it may lead
to the development ofbacterial drug-resistance. An analysis of the phenomenon shows that
this possibility largely depends on the size of the bacterial populations involved and on the
possibility ofselective multiplication ofthe resistant mutants that may bepresent. Additional
factors involved in the development of resistance are the type of drug applied and the time
during which the bacteria are in contact with it.

Animal experiments and general practical experience show that resistance, especially
in E. coli, Salm. typhimurium and Staph. aureus, may considerably increase as higher
doses are added to the feed. Therefore, the lowest effective level for growth promotion
(5-20 p.p.m. ofpenicillin or tetracycline) is to be preferred over higher levels.

As to the practice offood preservation by means of antibiotics, a dangerous situation
may arise if two factors combine: emergence of bacterial resistance in Salmonella and
perhaps other pathogenic bacteria in the animal as a result of the addition of a certain
antibiotic to feeds, and subsequent use of the same substance for preservation of the meat.

The discovery that small quantities of antibiotics
are able to stimulate the growth of young animals
(Moore et al., 1946; Stokstad et al., 1949) started
a trend in the use of these drugs the end of which is
not yet in sight. This trend, which began in the
United States of America about 1950, was not
preceded by any investigation of the possibility that
the use of antibiotics in animals feeds might have
undesirable or even harmful consequences for public
health. Not until experience has shown that such
use of antibiotics in the USA did not appear to
have any direct harmful effects, did other countries
follow suit.

In several countries the question has been raised
whether the present use of antibiotics for purely
economic purposes will not in the long run cause
resistance in bacteria which are important from a
medical point of view. This problem has been the
subject of much controversy, especially in those
countries where it has received considerable atten-
tion, as in the United Kingdom, Germany and the
Netherlands.

* Paper submitted to the WHO Expert Committee on
the Public Health Aspects of the Use of Antibiotics in Food
and Feedstuffs, December 1962.

1Head, Chemotherapy Department, National Institute
of Public Health, Utrecht, Netherlands.

The following pages give an analysis of this very
complicated problem, and on the strength of this
an attempt is made to estimate the risk of microbial
resistance which the non-medical use of antibiotics
may involve.

A BRIEF ANALYSIS OF MICROBIAL DRUG-RESISTANCE

Origin of acquired drug-resistance
Two theories have been advanced to account for

the occurrence of microbial drug-resistance-namely,
the mutation theory and the adaption theory.

The mutation theory was expounded by the Dutch
botanist Hugo de Vries about 1900 and was shortly
afterwards applied in the field of bacterial variability
by Beyerinck. This theory assumes that spontaneous
genotypical changes occur during the multiplication
of organisms which give rise to new races or strains
(mutants) that generally differ from the parent form
in one respect only.
Not until 1943 and the years that followed did a

series of ingenious experiments (Luria & Delbrueck,
1943; Demerec, 1945, 1948) provide strong indica-
tions that this theory might also be applicable to
bacterial resistance. More direct evidence regarding
the origin of drug-resistance was furnished by
Lederberg's discovery (1947) of sexual recombina-
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tion in E. coli K12, which has led to the conclusion
that in this organism resistance to antibiotics is
controlled by single or multiple genes (Newcombe &
Nyholm, 1950; Cavalli & Maccacaro, 1950; Cavalli,
1952). Evidence in favour of the genetic origin of
drug-resistance has also been provided by the fact
that it has been found possible to transfer drug-
resistance in certain bacteria to sensitive strains by
DNA-containing extracts (transformation: Hotch-
kiss, 1951) or by phages (transduction: Zinder &
Lederberg, 1952). Since then several reports have
been published of experiments supporting these
findings (recently reviewed by Mitchison, 1962).

It would appear from the above that the evidence
for a mutational origin of drug-resistance is almost
overwhelming and leaves no room for any alterna-
tive theory. Nevertheless, it is beyond dispute that a
number of well-authenticated phenomena, including
drug-fastness in protozoa, fungi and bacteria, have
a cytoplasmatic and therefore apparently adapta-
tional basis (Schnitzer & Grunberg, 1957).

The adaptation theory assumes that drug-resistance
is due to a physiological adaptation (training) and
therefore has a non-genetic, cytoplasmatic basis.
This theory, based on the ideas of Lamarck, has found
a strong advocate in Hinshelwood (1946, 1953). The
general validity of this theory, however, is now
accepted by only a minority of biologists.

Yet, as pointed out above, the cytoplasmatic
origin of certain resistance phenomena is irrefutable,
and for these the adaptation theory provides a
satisfactory explanation. The best-known instances
in the field of bacteriology are the fact that some
bacteria can be induced to produce penicillinase
(Pollock, 1953) and the phenomenon of so-called
microbial persistence, i.e., the occurrence of geno-
typically sensitive but phenotypically resistant cells
(" persisters ") in drug-sensitive populations of
bacteria (for a review, see McDermott, 1958).
According to Thornley & Yudkin (1959) both

adaptation and mutation may cause resistance, the
former producing an only slightly reduced drug-
sensitivity, whereas a high degree of resistance is
the result of one or more mutations. Recently
Watanaba & Fukasowa (1961) discovered that drug
resistance may be partly located in an episome. This
little cell-organ may exist in an autonomous state
in the cytoplasm or be part of the bacterial chromo-
some. Evidently the above investigations go some
way to bridge the chasm between the two schools
of thought. All the same, there can be no doubt
that for the vast majority of resistance phenomena

the mutation theory provides a more convenient
explanation than the theory of adaptation.
As we have seen, the mutation theory assumes

that during multiplication of micro-organisms small
numbers of drug-resistant variants are formed by a
process of spontaneous mutation. It should be
noted that these resistant forms occur in any sizeable
population of micro-organisms even before any drug
is introduced. However, the resistance does not
become manifest until the population is brought into
contact with some antibacterial substance. This does
not affect the resistant mutants, but eliminates all
drug-sensitive bacteria. In a suitable medium the
survivors can multiply selectively and so give rise to a
resistant culture. Hence it follows that no resistance
is to be expected if there is no possibility of a selective
multiplication of the mutants. Consequently, sub-
inhibitory concentrations of antibiotics do not induce
resistance. For a consideration of the risk of micro-
bial resistance as a result of the use of antibiotics in
animal feeds, this is an important premise.

Principles underlying the development of resistance
Types of resistance. As appears from the above,

resistance is not likely to occur (a) if the number of
organisms involved is so small as practically to
exclude the possibility of any resistant mutants
being present, or (b) if there is no possibility of a
selective multiplication of the mutants.
As a rule, populations of yeasts, moulds and

protozoa are small in comparison with those of
bacteria. Consequently, there is little chance of the
former organisms developing mutational resistance.
In a limited number of cases prolonged contact with
antifungal or antiprotozoal substances may result
in adaptational resistance, but this does not as a rule
attain any high levels and tends to disappear in the
absence of the drugs.
Owing to their very high rate of multiplication

and their small size, large populations of bacteria are
the rule rather than the exception both in vitro and
in vivo (e.g., in the intestines). Here the first con-
dition for the occurrence of resistance-namely,
the presence of drug-fast mutants-is nearly always
fulfilled. On theoretical grounds, therefore, it must
be possible to produce resistant strains of any
bacterium to any antibiotic. From the extensive
literature on this subject it would indeed appear that
in nearly every case experimental attempts to do so
have been successful.

Obviously, there will not be any selection of
mutants when a bacterium is naturally non-suscepti-
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ble to a certain drug. In the literature this form of
resistance is called natural resistance or primary
resistance.

If, on the other hand, the resistance is due to a
mutagenic or adaptive change in a previously
sensitive bacterial species it is termed acquired
resistance. Here we may distinguish at least three
types of resistance (Manten & Rowley, 1953;
Bryson & Szybalski, 1952).

1. The bacterial population includes only one
type of mutant, which is completely resistant to
the antibacterial agent in question. Application
of the agent to the population in a medium
supporting growth will automatically result in a
resistance of the so-called obligatory one-step
pattern. So far this type of resistance has been
found only with bacteriophages (Luria & Del-
brueck, 1943) and with certain growth inhibitory
amino-acids (Manten & Rowley, 1953).

2. The bacterial population includes both highly
resistant one-step mutants and multi-step mutants
that are but slightly or moderately resistant to the
agent in question. The prevailing view is that the
latter mutants are generated by a process of one or
more successive mutations. The relative numbers
of both types of mutant depend on the size of the
population and on the number of mutations
required to reach the various resistance levels.
As a result of drug action either a resistance of
the one-step pattern, or a resistance of the multi-
step pattern, or a mixed pattern may be produced.
Which pattern will arise largely depends on the
concentration level of the agent employed. This
so-called facultative one-step/multi-step pattern
is found with streptomycin, isoniazid and novo-
biocin. It is also known as resistance of the
streptomycin type.
3. The bacterial population only includes mutants
of a relatively low level of resistance. A selection
of these mutants produces populations of a
slightly higher level of resistance; successive selec-
tions by means of ever-higher concentrations of
the agent result in populations with an ever-higher
degree of resistance. The experimental procedure
that must be adopted to get this type of resistance
resembles a " training ", but differs essentially.
This type of resistance is called resistance of the
obligatory multi-step pattern. It is found with
penicillin, chloramphenicol and a number of other
substances. It is also known as resistance of the
penicillin type.

Resistance as a function of the concentration of
the drug. As stated, resistance is generally caused
by mutation followed by a selective multiplication
of non-susceptible mutants. If the concentration
level of an antibacterial substance is so low as not to
inhibit the multiplication of any members of a
bacterial population it will not induce resistance.
In other words, the organism in question is naturally
resistant to the substance at the particular con-
centration level, and therefore this case is almost
identical with a case of natural resistance.
A concentration level which corresponds exactly

to the minimum inhibitory concentration (MIC) or
just exceeds this, is, theoretically, most likely to
cause resistance. At this level the multiplication
of all sensitive bacteria in a population is made
impossible, which is a prerequisite to the generation
of resistance, whereas all resistant mutants, the low-
level, multi-step types as well as the high-level,
one-step types, remain unaffected by the inhibitory
action of the drug and can, therefore, take part in the
formation of a resistant population. What level of
resistance this population will ultimately attain
cannot be predicted, as this depends entirely on the
initial numbers of the various mutants and on their
respective rates of growth.

If, initially, only low-level resistant, multi-step
mutants are present, (as, for example, with peni-
cillin) a concentration level of this drug which far
exceeds the MIC will not cause any resistance, as
the mutants will also be suppressed. If, on the other
hand, among the mutants there are some with a
high degree of resistance (as, for example, with
streptomycin), even high concentrations of this
substance may induce resistance.

Prevention of bacterial resistance

Avoidance of "prophylactic " drug levels. From
what was stated in the preceding section, it follows
that, theoretically, the danger of inducing bacterial
resistance is greatest if the organisms are brought
into contact with drug levels that are more or less
equivalent to the minimum inhibitory concentration.
Consequently, one way of preventing resistance is
to avoid these levels whenever possible.

Use of drug combinations. The method mentioned
in the preceding paragraph is not the most efficacious,
either theoretically or in practice. The most effectual
way of preventing resistance is the use of combina-
tions of antibacterial drugs. This may be explained
as follows.
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As stated above, an antibacterial drug acting
upon a population of bacteria causes a selection of
the resistant mutants. The number of bacteria that
are not affected by the action of the drug used
depends on the mutation rate of the bacterium in
question. As a rule this rate is of the order of
lo-, to 10-10, which means that only one in 105 to
1010 organisms is resistant to the drug used. The
combination of two drugs means that the frequency
of mutation to double resistance is l0-"1 to 10-20, an
exceedingly low proportion even for bacterial
populations. Therefore, theoretically, the survivors
of the action of a drug pair are extremely few when
compared with the number that survive the action
of a single drug. This can be put even more simply:
contact with one drug results in the survival of a
small proportion of resistant mutants, contact with
the second drug results in the elimination of the
mutants resistant to the first drug but sensitive to
the second one.

This principle is valid only if the following con-
ditions are fulfilled: (a) the two drugs must be able
to act upon the bacteria in concentrations that are
at least equal to their respective minimum inhibitory
concentrations; and (b) the two drugs must act upon
the bacteria in a different way; in other words, there
should not be any cross-resistance (see page 391)
between the two components of the combination.

Provided these two conditions are fulfilled, a
suppression of resistance may be expected with any
combination acting upon any bacterium. So this
effect is aspecific. Naturally, there are specific factors
which render certain combinations less effective,
as, for example, drug incompatibility due to drug
antagonism (Manten & Wisse, 1961).
The use of drug combinations with a view to

preventing or delaying bacterial resistance has
proved of great value in human medicine, especially
in the chemotherapy of tuberculosis.

Alternation ofdrugs. In human medicine, a method
sometimes practised as a measure to prevent resist-
ance is the alternation of drug regimens, especially
in the case of staphylococcal diseases or the surgical
prophylaxis of these. There is no point in this
practice unless the resistance tends to disappear
when the use of the drug in question is discontinued,
which with staphylococci is actually the case as a
rule (see page 392).

Duration of resistance
In the absence of any drug, as acquired resistance

may either be permanent or gradually disappear,

obviously the former phenomenon is a more serious
complication than the latter.
A permanent resistance may be induced by

sulfonamides (especially in gonococci), by isoniazid
(in tubercle bacilli), by streptomycin, and by novo-
biocin. Resistance to these substances is mostly of
the facultative one-step/multi-step pattern (see
page 389). It would appear that these substances
cause two kinds of resistance: a high-level one,
which tends to be permanent; and a low-level type,
which tends to revert to the original level of suscept-
ibility. It usually depends on the dosages of the
drugs used which type of resistance will develop.
Resistance of the obligatory multi-step pattern (as
found, for example, with penicillin and chloram-
phenicol) is generally of the low-level type and
therefore not permanent as a rule.
With Staphylococcus aureus there are some

deviations from these general rules. One of these
regards the resistance to penicillin, which in this
organism is nearly always based on the ability to
produce penicillinase. This ability is rarely, if ever,
lost when contact with penicillin ceases. Therefore,
this resistance is permanent. In vitro, tetracycline
resistance in the Staphylococcus is also nearly
always permanent, as is resistance to streptomycin
and novobiocin. Resistance to chloramphenicol,
on the other hand, tends to the unstable. Resistance
to erythromycin is more stable than that to chloram-
phenicol, but less stable than that to tetracycline
(Manten, 1962).
As far as we have been able to ascertain, very

little is known concerning the permanence of
resistance in the important genus Salmonella. At
the moment experiments with Salmonella typhi-
murium are being made in order to obtain data.
The origin of the instability of resistance is

probably the emergence of drug-sensitive reverse
mutants. This phenomenon has been largely
elucidated by Welsch (1949). In experiments with
certain drug-resistant strains he found that adding
small numbers of the parent resulted in a replace-
ment of the resistant bacteria by the faster-multiply-
ing, drug-sensitive ones, so that ultimately a drug-
sensitive culture remained (Welsch phenomenon).

Some altered properties of drug-resistant mutants

Drug-resistant mutants do not always deviate
from the parent form in one respect only; some-
times there are more differences. We shall mention
only those that seem of importance within the frame-
work of this subject.
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Rate ofgrowth. As stated in the previous section,
drug-resistant mutants often multiply at a slightly
slower rate than their drug-sensitive parents. An
extreme instance of this is found in some strains of
isoniazid-resistant tubercle bacilli.

Virulence. As a rule the virulence of drug-
resistant strains does not differ from that of the
parent form. Occasionally, however, there is a
marked decrease of virulence. The best known and
most important example of this is the attenuation
of one-step, isoniazid-resistant mutants of Myco-
bacterium tuberculosis. In these mutants the loss of
virulence is coupled with the loss of the essential
enzyme catalase. The clinical significance of this
attenuation in man has not yet been definitely
established. This much is certain, however, that
these mutants only infrequently cause cross-infec-
tions. Therefore, they are apparently less dangerous
from an epidemiological point of view.

Attenuation of resistant strains has also been
found in some other species. Van der Schaaf (1957),
for instance, described a loss of virulence in a multi-
resistant strain of Salmonella dublin. Epidemio-
logically it would be of interest to know whether
in other salmonellae, more especially in Salm.
typhimurium, drug-resistance also leads to attenu-
ation. Up to now, as far as we know, this subject
has been studied only by Garside et al. (1960) in
only one tetracycline-resistant strain of this organism.
No loss of virulence was observed in this particular
strain.

Cross-resistance. Mutants that are resistant to
one drug may have developed a simultaneous
resistance to a number of chemically related sub-
stances. The classic case of this is the resistance to
sulfonamides: if bacteria have become resistant to
one of these drugs they are found to have become
equally resistant to all drugs of this group. This
phenomenon is called cross-resistance. It occurs
not only with sulfonamides but also with strepto-
mycin and dihydrostreptomycin, the tetracyclines,
neomycin and related antibiotics (kanamycin and
framycetin), polymyxin and colistin, and with the
nitrofurans.

In nearly all these cases there is complete cross-
resistance. Partial cross-resistance (e.g., between
streptomycin and the neomycin group of antibiotics)
and unilateral cross-resistance (between certain
antituberculosis drugs) have also been described.
The latter two forms of cross-resistance are of minor

importance so far as the non-medical use of anti-
biotics is concerned.
Some medical handbooks state that there is

partial cross-resistance between the tetracyclines and
chloramphenicol. This notion appears to have been
borrowed from the older literature on this subject.
Notwithstanding the many observations at our
disposal we have not been able to confirm it.

Drug-resistance in the human patient
In the foregoing we have tried to give an analysis

of bacterial resistance. In doing so we have laid
stress on the results of laboratory experiments as it is
especially these that give an insight into the nature
of resistance.
A more practical approach is to ask oneself what

up to now the consequences have been for the
medical use of antibiotics. Although there is a very
extensive literature on the subject, only the main
points will be touched upon here.
The therapeutic application of antibiotics differs

from the non-medical use in more than one respect.
Some of these differences are:

1. The dosages used in human medicine are at
least one hundred times as large as the minimal doses
that have a growth stimulating effect on animals (and
on undernourished young children).

2. In medicine drugs are used for relatively short
periods in comparison with their use as growth
stimulants.

3. Their use in human medicine is often directed
against other bacteria than those occurring in
animals.

It is obvious, therefore, that the therapeutic use
of antibiotics and their use as growth-promoting
substances may have quite different consequences.
The commensal and pathogenic micro-organisms

in man can avail themselves of several escape
mechanisms which enable them to evade the action
of the drug. A short discussion of these follows
below.

Effects of antibiotics upon mixed populations of
more than one species in man. The alimentary tract,
the respiratory passages, the skin and some other
sites are populated by several kinds of micro-
organisms. The composition of the commensal
populations of these organs is fairly constant,
though they are exposed to regular intrusions of
bacteria from the outer world, which may stay for
shorter or longer periods.
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The use of antibacterial drugs upsets this equili-
brium. Most of these drugs are taken orally and
consequently the greatest changes are to be found
in the bacterial population of the intestine. As a
rule the use of drugs with a comparatively narrow
antibacterial spectrum (e.g., penicillin and erythro-
mycin) causes only a shift: Gram-positive bacteria
(enterococci, lactobacilli, Clostridium perfringens)
disappear for the greater part and are replaced by
Gram-negative ones.
The oral intake of broad-spectrum antibiotics,

such as tetracycline or neomycin, causes greater
changes. As these drugs act both on Gram-positive
and on Gram-negative bacteria, their use does not
in the first instance bring about shifts in the microbial
population of the gastro-intestinal tract, but the large
majority of intestinal bacteria are wiped out. The
resulting vacuum may continue for some time, but
tends to be filled by organisms that are by nature
insensitive to these agents, such as the yeast Candida
albicans and the bacteria Proteus and Pseudomonas.
Sometimes, too, resistant staphylococci develop
in the intestine, and this may have disastrous con-
sequences for the patient.
Treatment with broad-spectrum antibiotics may

also be attended with microbial shifts in the mucous
membranes of the respiratory tract and some other
sites.

Effects of antibiotics upon mixed populations of
one species. One of the microbes that are apt to
become resistant in man and in animals is Staphylo-
coccus aureus. Although numerous biotypes of these
bacteria are known, experience has proved that
only a few of them can become resistant. The use of
antibiotics causes a large-scale destruction of the
staphylococci and results either in resistance due to
the survival of resistant mutants or in a recoloniza-
tion of the depopulated area by resistant staphylo-
cocci from elsewhere. The latter is especially the case
in hospitals, where the frequent use of antibiotics
has largely wiped out the original stock of drug-
susceptible staphylococci, leaving only the resistant
types. Not only the patient but also the staff are
often carriers of antibiotic-resistant staphylococci.
When a human carrier of resistant staphylococci

moves to an environment where these organisms
rarely, if ever, occur, the resistant bacteria disappear
spontaneously within some weeks or months. This
loss of resistance is due to the resistant strains being
displaced by susceptible ones.
Another type of bacterium that is liable to become

resistant as a result of antibiotic treatment is the

tubercle bacillus. The drug most frequently used
against tuberculosis is isoniazid. If resistance arises
during treatment with this antibiotic, the patient
excretes a mixed population of isoniazid-sensitive
and isoniazid-resistant bacteria, especially in the
first stage of resistance. As isoniazid-resistant
tubercle bacilli are generally less virulent than the
normally sensitive ones (see page 391), it is in the
interest of the patients to continue the isoniazid
treatment until all the sensitive and therefore fully
virulent bacteria have been eliminated.

Prevalence of resistance in some human pathogens.
It has already been stated above that Staphylococcus
aureus and Mycobacterium tuberculosis are apt to
become resistant during treatment. It has been
found that especially with these bacteria there is a
positive correlation between the dose of the anti-
bacterial drug used and the rate of resistance.

Geographically, the problems involved in the
resistance of these two organisms are not equally
serious. In technologically developed countries,
where many antibiotics are used on a large scale,
one often has to contend with a very high proportion
of staphylococci that are resistant to one and mostly
even to several antibiotics. This is especially the
case in the hospitals where these drugs are applied.
In technologically developing countries the per-
centage of resistant staphylococci is considerably
smaller owing to the shortage of antibiotics.
More or less the opposite may be observed with

regard to the resistant tubercle bacillus. In many
developing countries the incidence of cross-infection
due to isoniazid-resistant tubercle bacilli is higher
than that in the developed ones.

Drug-fastness is also frequently observed in the
bacterial species which cause infections of the urinary
tract. Streptomycins and the sulfonamides are most
frequently involved in resistance, but it also occurs
with tetracycline, chloramphenicol and nitrofuran-
toin.
An organism which is under close observation

in the Netherlands at the moment is Salm. typhi-
murium. In 1958-59 the rate of resistance to tetra-
cycline among the many thousands of strains annually
received at the National Institute of Public Health
in Utrecht was 2.5%. In 1961 we found a resistance
rate of as much as 8.18%. A similar increase of
resistance has been observed in the United States
of America.

The tendency of various drugs to cause bacterial
resistance. Extensive clinical experience with anti-
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biotics has revealed that substances which relatively
quickly cause resistance in vitro (those with a facul-
tative one-step/multi-step resistance pattern) also
do so in the patient. In practice, streptomycin,
novobiocin and isoniazid are apt to induce resistance;
with a view to preventing resistance these drugs are
mostly combined with others (see pages 389-390).
Drugs the use of which involves comparatively

little danger of causing resistance are penicillin
(except in Staph. aureus), chloramphenicol, neo-
mycin and related antibiotics, polymyxin, bacitracin
and the nitrofurans.
More or less in between these two groups of

substances are the tetracyclines, erythromycin and
related antibiotics and the sulfonamides.

Risk of the prophylactic use of antibiotics causing
resistance. At present the prophylactic use of sulfo-
namides and antibiotics in human medicine is
restricted to a limited number of well-defined
indications. This is due to the unfavourable expe-
rience frequently gained in the past when thus using
these drugs in soldiers and children. In a great num-
ber of cases this use was found to induce bacterial
resistance.

There is strong evidence that two factors co-
operate to induce resistance here: (a) the use of
dosages smaller than those required for therapeutic
purposes; and (b) the prolonged administration of
the drugs.

MICROBIAL DRUG-RESISTANCE DUE TO THE PRESENCE
OF ANTIBIOTICS IN ANIMAL FEEDS

This subject is by no means an easy one to discuss.
Every attempt at a theoretical approach to the
problem of bacterial resistance as a result of the
addition of very small quantities of antibiotic drugs
to animal feeds meets with great difficulties owing
to a number of complicated and unpredictable
factors. The preparation and distribution of anti-
biotic-containing feeds may involve losses due to
drug inactivation and the binding of drugs to heavy
metal ions, proteins, etc. When they are fed to the
animal, their antibiotic content is diluted by the
digestive juices of the alimentary tract and, when
used in semi-liquid form, by the addition of water
or milk. Before reaching the bacteria in the more
proximal parts of the intestines, the antibiotics are
exposed for varying periods to wide variations of
pH (gastric juice, pancreatic juice) and to resorption;
which makes any conclusion as to their local con-
centration difficult. Conditions under which contact

with the bacteria is made are far from homogeneous,
there being in different animals great variations
in species of micro-organisms, sizes of populations,
contents of the intestines (the " medium " in which
the antibiotics exert their action), etc. All these
factors co-operate to make any purely theoretical
prognostication of the chances of resistance highly
speculative.

Consequently, the results of animal experiments
and general practical experience provide better
starting-points. It can then be ascertained in
retrospect how far conclusions thus arrived at fit
in with theoretical views.

Influence of drugs and dosage levels upon the emer-
gence of resistance

Drugs. According to Luckey (1959) the dietary
antibiotics used in the United States of America
up to 1958 and regulated there by the federal Food
and Drug Administration are penicillin (including
procaine penicillin), streptomycin and dihydro-
streptomycin, chlortetracycline and tetracycline,
chloramphenicol and bacitracin. In Europe (Gold-
berg & Barnes, 1961) penicillin, oxytetracycline and
chlortetracycline have found wide application. In
addition to these, in France the following drugs are
used at present as growth stimulants: erythromycin
and, on a small scale, oleandomycin, spiramycin,
neomycin and framycetin. Hygromycin is also used
in that country, but mainly as an anthelminthic.

In the Netherlands experiments have recently
been made with a combination of procaine peni-
cillin (3 p.p.m.) and streptomycin (8 p.p.m.). This
combination was found to yield considerable
economic profit in pigs, though not in chickens.
In dairy calves, too, this drug combination compared
favourably with tetracycline.
Of the antibacterial drugs mentioned above,

streptomycin and dihydrostreptomycin are the only
ones that have a facultative one-step/multi-step
resistance pattern. Their use is therefore more
likely to cause resistance than the use of the remain-
ing antibiotics, which all have an obligatory multi-
step resistance pattern. And, in fact, animal experi-
ments and practical experience show that the addi-
tion of streptomycin to animal feeds fairly often
leads to the emergence of resistance (Starr & Rey-
nolds, 1951; Finland, 1956; Goldberg et al., 1957-58;
Edwards, 1961; Lovell, 1962).
The use of penicillin, on the other hand, usually

does not result in resistance. The only exception
to this rule is with Staphylococcus aureus (Smith &
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Crabb, 1960); however, the resistance to penicillin
of this organism is a special case (see page 390).
The addition of tetracycline to animal feeds may,

in the long run, cause resistance of the intestinal
flora (Smith & Crabb, 1957, 1960; Barnes, 1958;
Elliot & Barnes, 1959; Smith, 1959; Gordon et al.,
1959); although cases have also been found where
no resistance emerged or where it was only insig-
nificant (Freerksen, 1954-55, 1956; Goldberg et al.,
1958-59; Barnes & Goldberg, 1962).
As far as we have been able to ascertain, it is not

known whether the feeding of the other antibiotics
mentioned above induces resistance. Nor have we
any information about the emergence of resistance
when a combination of penicillin and streptomycin
is used.

Dosage levels. As we have stated before (see
page 389), the emergence of resistance largely
depends on the concentration of the antibiotics to
which the bacteria are exposed. It is therefore to be
expected that this will also be the case when the
antibiotic is added to food.
Knothe (personal communication, 1962) gave

daily doses of tetracycline ranging from 1 mg to
500 mg to a number of human volunteers during a
period of three months. With doses up to 10 mg
no changes were observed in the intestinal flora.
Doses of 25 mg and more were found to result in
an increase of the resistant intestinal bacteria,
according as the dosage was increased.
The same tendency has been observed by Gold-

berg et al. (1957-58) in experiments with strepto-
mycin. In mice fed 1 ,ug per day no resistance of the
coliform flora was found; with 20 ,ug per animal
per day an emergence of resistance up to a maximum
level of 10 ,ug/ml was observed; and with 40 ,ug
resistance levels of as much as 1000-10 000 ,ag/ml
were obtained.
The same phenomenon-i.e., a low degree of

streptomycin-resistance developing in mice as a
result of low-level feeding and a high degree of
resistance arising from the bigger quantities
has also been observed by Lovell (1962). Similar
results were obtained with chlortetracycline. In
the absence of drugs, low degrees of resistance to
streptomycin or chlortetracycline of E. coli in mice
tended to revert to the original drug-susceptibility
levels, whereas the higher degrees of resistance were
more permanent.
The results of the above-mentioned experiments

are interesting from a practical point of view. They
demonstrate that there is an evident correlation

between the behaviour of the drugs in question
in vitro and in vivo. As larger dosages are used,
resistance increases and becomes less apt to dis-
appear after the drugs have been withdrawn from
the feed.

Micro-organisms involved in resistance

As the antibiotics used in animal feeds act exclus-
ively on bacteria (with the exception of hygromycin,
which is an anthelminthic), no regard need be paid
to the emergence of resistance in such agents as
viruses, protozoa, moulds, yeasts, etc. Consequently,
the bacteria are our sole concern.
When considering the risk of resistance in the

latter organisms, one must distinguish between
bacteria that generally cause systemic infections and
those found exclusively or almost exclusively in the
intestine.

Non-intestinal bacteria. Ingestion by calves of
nutritional levels of tetracycline in milk causes
blood concentrations of less than 0.1 ,ug/ml (Rusoff
et al., 1954-55), which is generally below the sensitiv-
ity level of even the most sensitive bacteria. In the
urine and the gall the concentration ranges from
0.4 ,tg/ml to 0.7 ,ug/ml (Freerksen, 1954-55; Rusoff
et al., 1954-55). These concentrations, too, are so
inconsiderable that they are not likely to induce
resistance of any magnitude. Bacteria that in animals
cause infections of the deeper tissues only (e.g.,
Brucella, Pasteurella, Erysipelothrix, Listeria, Bacillus
anthracis, Mycobacterium bovis, Leptospira, and
others) may therefore probably be excluded from the
list of animal and human pathogens that might
develop resistance as a result of low-level antibiotic
feeding.
A bacterium which deserves special attention is

the Staphylococcus. Besides in man, Staph. aureus
in also found in pigs, cows (milk) and chickens.
According to Smith & Crabb (1960) long-term, low-
level feeding of procaine penicillin and tetracycline
to pigs and chickens caused considerable resistance
to these drugs. Resistant strains identical with
those found in the animals were also isolated from
the attendants.
Those who mix the antibiotics through the food

may get a little of these drugs on their skins and into
their noses, which might render the staphylococci
resistant. As it is hardly possible to ascertain what
quantities of the antibiotics can thus be brought into
contact with the bacteria, it is difficult to estimate
what risk of resistance this involves.
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Intestinal bacteria. The place where contact
between the commensal microflora of the animal
and the antibiotics is closest is the alimentary tract.
A priori conditions here favour the development
of resistance: a very varied microflora and very

large populations of the separate species.
Long-term, low-level feeding of streptomycin

often-though not invariably (Guinee-personal
communication, 1962)-results in the emergence of
resistant coliform bacteria (Starr & Reynolds, 1951;
Goldberg et al., 1957/1958; Lovell, 1962).
The same has been observed with respect to tetra-

cycline (Grimbergen, 1955; Smith & Crabb, 1956;
Gordon et al., 1959), though the negative findings
reported by other investigators (Freerksen, 1'956;
Goldberg et al., 1958-59) suggest that resistance to
this antibiotic may develop less readily.

In recent experiments carried out at the National
Institute of Public Health at Utrecht (Guinee-per-
sonal communication, 1962) it has been found that
the feeding of small quantities of streptomycin or

tetracycline to animals with complex mixtures of
various types of coliform bacteria nearly always
leads to a replacing of sensitive types by resistant
ones, whereas in animals with only a small number
of coliform types, such as rats, emergence of resist-
ance does not occur.

The ingestion of low levels of antibiotics may also
cause resistance in other intestinal bacteria, as,
for instance, Clostridium perfringens (Smith, 1959)
and Streptococcus faecalis (Barnes, 1958; Elliot &
Barnes, 1959). Bacteroides, on the other hand,
showed but little tendency to become insensitive
(Barnes & Goldberg, 1962).

Antibiotic resistance in Salmonella
The intestinal bacterial flora of healthy animals

as well as of those suffering from some latent
disease may include salmonellae. It is especially
the development of resistance in these organisms

which may be considered undesirable with regard
to public health. In the Netherlands the significance
of the antibiotic-resistant salmonellae has been
recognized since 1955.

In the United States of America Edwards and co-

workers (Huey & Edwards, 1958; Ramsey &
Edwards, 1961) have collected data concerning the
frequency of resistance to chloramphenicol and
tetracycline in Salm. typhimurium. Among the
cultures isolated prior to 1948 not a single resistant
strain was found. Of the strains isolated from men

in the periods from 1956 to 1957 and from 1959 to
1960 5% and 13.8% respectively were found to be
resistant to tetracycline. The incidence of tetra-
cycline-resistance among strains isolated from
poultry increased from 9% in 1956-57 to as much as

29% in 1959-60.
In the United Kingdom Garside et al. (1960) who

tested Salmonella strains isolated from chickens,
found a frequency of resistance to tetracycline of as
much as 13.5%. Smith (1960), on the other hand,
tested strains isolated from pigs and did not find a

single one resistant to either tetracycline or chloram-
phenicol.

In the Netherlands practically all Salmonella-
positive cultures isolated in the country are sent to
the National Salmonella Centre at the National
Institute of Public Health for definitive typing.
Since 1958 all strains have been screened for resist-
ance to tetracycline and chloramphenicol (Manten,
Kampelmacher & Guinee, 1961, 1962). Some of
the results obtained are given in the accompanying
table.
When these figures are compared with those found

by American and English investigators, it will be
seen that, on the whole, the percentages in the
Netherlands are considerably lower.

Until September 1959, the addition of antibiotics
to animal feeds was severely restricted by govern-
mental regulations in the Netherlands; since then

INCIDENCE OF RESISTANCE TO TETRACYCLINE AND CHLORAMPHENICOL

1958-59 1960 1961
Origin of
strains No. of strains Resistant strains No. of strains Resistant strains No. of strains Resistant strains

tested (%) tested (%) tested (%)

Human 9 477 2.21 5 955 1.54 9 500 4.87

Animal 1 601 1.94 2 034 1.33 1 638 3.78

Other 936 0.85 3 036 0.79 2 364 0.38
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many of these restrictions have been lifted and the
use of low-level tetracycline-supplemented feeds
has greatly increased. In spite of this, the next year
(1960) the percentage of resistant Salmonellae
decreased. This suggests that the addition of small
quantities of tetracycline to animal diets does not
influence the development of resistance in Salmo-
nella.

In 1960-61 the price of tetracycline for thera-
peutic purposes fell sharply owing to the importation
of foreign, mainly Italian, preparations. This may
account for the marked increase of the resistance
percentage for 1961 (see table). The frequency of
resistance was relatively greatest in Salm. typhi-
murium. As already stated, tetracycline-resistance in
this species increased from 2.5% in 1958-59 to 8.18%
in 1961.

Significance of resistance

We have already pointed out that long-term, low-
level feeding of antibiotics may induce resistance in
certain bacteria. But what importance should be
attached to this resistance?

Before answering this question we wish to stress
the fact that antibiotic feeding does not always
cause resistance: several investigators emphatically
state that they did not observe this phenomenon in
their experiments.
When resistance does emerge, it occurs prepon-

derantly in the commensal intestinal flora of the
animals. As far as we know, these bacteria have
never been found to pass over to man. In all pro-
bability, therefore, the public health menace of these
bacteria is negligible.
The veterinary significance of drug-resistant

intestinal bacteria is still uncertain. The feeding of
antibiotic-resistant bacteria to other animals has
been found to produce a growth-enhancing effect,
which indicates that the flora which may develop
during antibiotic feeding is a favourable one (Fin-
land, 1956). A favourable effect of implanting anti-
biotic-resistant intestinal bacteria has also been
observed by Dineen (1961). If, on the other hand,
antibiotic feeding should lead to the emergence of
resistant pathogenic strains of E. coli in pigs, this
would create a situation deserving close attention.
As far as the public health aspects of antibiotic

feeding are concerned, two organisms deserve special
attention. According to Smith & Crabb (1960),
procaine penicillin or tetracycline ingested by pigs
and chickens in doses ranging from 5 p.p.m. to
20 p.p.m. causes a considerable increase of resistance

in Staph. aureus, the resistant bacteria also spreading
to the men attending the animals. Especially in
England, these observations have not remained
unnoticed. In this connexion the nasal carriage-
rate of antibiotic-resistant staphylococci of recruits
coming from rural areas and from towns has been
investigated (Lancet, 1960). Less than 0.5% of the
recruits from rural districts carried tetracycline-
resistant staphylococci, which was the commonest
form of resistance recorded by Smith & Crabb.
Therefore, the significance of their findings remains
uncertain.

Salmonella, at present perhaps the most frequent
source of zoonosis, seems to be more important.
Up to 1961 tetracycline- or chloramphenicol-
resistant strains had been found among as many
as 38 types of Salmonella in the Netherlands, which
shows the wide-ranging capabilities of this genus
with respect to the development of drug-resistance.

Experience has shown that especially Salm. typhi-
murium, by far the commonest species among
the salmonellae, comparatively readily becomes
drug-resistant. It has already been pointed out that
in the last few years the frequency of resistance in
this organism has greatly increased in the United
States of America and in the Netherlands, and that a
considerable percentage has also been found in
Great Britain. The highest percentages have been
found in strains isolated from men, dairy calves
and chickens.
The resistance of the human strains may be

due to the therapeutic use of tetracyclines. Perhaps
the resistance of the strains isolated from dairy
calves may be explained in the same way. The high
rate of tetracycline-resistance in strains isolated
from poultry (in Ramsey & Edwards' study 29%;
in that of Garside et al., 13.5%) is, on the other hand,
very probably caused by long-term antibiotic
feeding. It would be of great interest to know
whether in poultry these high resistance rates are
entirely or almost entirely due to medium-level
feeding, or may also be caused by long-term, low-
level feeding.
The significance of tetracycline-resistant Salmo-

nella as a public health menace has not been def-
initely established. In the treatment of salmonellosis
in man the tetracyclines have, as a rule, only a
limited and irregular effect. It is generally agreed
that the drug of choice in cases of serious salmo-
nellosis in man as well as in animals is chloram-
phenicol. But in the relatively mild gastrointestinal
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infections caused by the large majority of Salmonella
types, including Salm. typhimurium, even chloram-
phenicol is often a drug of limited usefulness. Seen
in this light, it would appear that the danger involved
in the antibiotic-resistant salmonellae is less serious
than has been anticipated.

SOME REMARKS ON MICROBIAL DRUG-RESISTANCE IN
RELATION TO ANTIBIOTIC FOOD PRESERVATION

The study of the literature on this subject, a field
in which the author's previous activities have been
very limited, soon reveals that the use of antibiotics
as food preservatives is a practice which has aroused
considerable controversy. In the United States of
America and in Canada antibiotics have already
been used for this purpose for years, whereas in
the United Kingdom this application is restricted.
The opposition of public health authorities, who

consider this application objectionable, is not
directed against all antibiotics. On the whole, the
use of non-medical antibiotics, as subtilin and nisin,
is not objected to, nor is the application of fungicidal
antibiotics, as nystatin and pimaricin. But the use
of these antibiotics as food preservatives is of only
minor importance.
A more important matter is the use of some of the

medical antibiotics. Penicillin, bacitracin and
streptomycin have been found to have but a limited
value as food preservatives (Goldberg, cited by
Deatherage, 1956) and need not be taken into con-
sideration here.
The tetracyclines, on the other hand, and more

especially chlortetracycline and oxytetracycline, are
of great importance. Here the question arises what
publications have brought to light on the use of these
with regard to public health aspects.

Carey (1959), on the staff of the Lederle Lab-
oratories, American Cyanamid Company, reviewing
the subject in 1958, arrived at the following con-
clusion: " Experience [for 21/2 years, during which
200 tons of chlortetracycline-treated poultry were
processed] has shown that the use of antibiotics in
food preservation does not prove a public health
menace, nor complicates or interferes with the
medical use of the tetracycline antibiotics."

Wrenshall (1959), on the staff of Pfizer Lab-
oratories, expresses himself a little more guardedly,
as appears from the following passage: " . . reports
have appeared indicating that poultry processing
plants may become contaminated with antibiotic-
resistant spoilage organisms ". He believes ".. . that
the problem is principally one of plant sanitation

to prevent build-up of large populations of resistant
bacilli or moulds and yeasts ".
As far as could be ascertained within the limited

scope of this inquiry, these quotations indicate the
extent to which opinions in the United States of
America vary.
Some experts in the United Kingdom take a

rather different view of the matter. Here we may
mention the experiments of Garside et al. (1960).
Chicks receiving 100 p.p.m. of chlortetracycline in
their diet were experimentally infected with Salm.
typhimurium. As a result of this diet the bacterium
developed a tenfold increased resistance to this
antibiotic. The investigators also found that the
carrier rate of tetracycline-fed chicks infected with
a tetracycline-resistant strain of Salm. typhimurium
tended to be higher than that of a group of control
animals. They conclude that the creation of large
numbers of carriers of tetracycline-resistant salmo-
nellae, can be important on the following two
counts: (a) difficulties to be expected in the control
of outbreaks of disease due to Salmonella in chickens;
and (b) increase of the hazard for human consumers
and the personnel handling the bird carcasses during
poultry processing.

In another paper on the use of antibiotics in poultry
processing, the same group of workers, co-operating
with Hobbs et al. (1960), comment on the public
health hazards which may be involved and arrive
at the general conclusion that the practice is open
to the objection that, when resistant salmonellae
are present, they are likely to grow at the expense of
the spoilage organisms and render the carcasses
potentially dangerous. An additional complication
lies in the fact that Salm. typhimurium does not
cause any smell in chicken carcasses, as other
bacteria often do, so that there is a risk of consuming
birds that would otherwise have been rejected.
From the above reports it is clear that the simulta-

neous use of tetracycline as feed supplement and as
food preservative is a practice which may lead to a
situation deserving close attention.
The addition of broad-spectrum antibiotics such

as tetracycline to meat or meat products provides
a selective medium for the multiplication not only
of organisms that are naturally resistant to tetra-
cycline, such as Pseudomonas, Achromobacter,
Proteus, yeasts and moulds, but also of those that
have become resistant as a result of previous con-
tact with the drug.
When tetracycline is used as a food preservative,

the micro-organisms are exposed to small quantities
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of this drug for only a limited period (not more than
a few days), so that there is practically no chance
of resistance being developed.

Quite different, on the other hand, is the situation
which arises if the tetracycline-processed product
carries tetracycline-resistant bacteria as a result of
antibiotic feeding. In that case two factors combine:
(a) emergence of bacterial resistance as a result of
antibiotic feeding; and (b) subsequent use of the
same drug as a food preservative. Here the danger
lies, therefore, in a fortuitous coincidence.
How great a chance is there of this coincidence

occurring? In the author's opinion it might not be
negligible in the processing of tetracycline-fed
chickens. It should be borne in mind that Huey &
Edwards (1958) and Ramsey & Edwards (1961) in
the United States of America found tetracycline-
resistance rates in Salm. typhimurium isolated from
chickens of 9% for 1956-57 and of 29% for 1959-60,
and that in England this rate was found to be 13.5%
(Garside et al., 1960). These rates were determined
with a relatively small number of strains and
therefore need not be representative of the situation

RltSl

La decouverte de l'action stimulante de petites quanti-
t6s d'antibiotiques sur la croissance des jeunes animaux
a entra^n6 l'emploi generalise de ces substances par les
eleveurs. Cet emploi n'a pas e precede de recherches
sur l'eventuelle nocivite, pour la sante publique, d'ani-
maux ainsi alimentes. Dans plusieurs pays l'on s'est
demande si cet usage, purement economique, d'anti-
biotiques ne risquait pas de determiner, 'a la longue, une
antibior6sistance de la plupart des bacteries. Le but du
present article est d'evaluer le risque de r6sistance micro-
bienne qu'entraine l'utilisation non therapeutique des
antibiotiques.
A l'heure actuelle l'on estime generalement que la

resistance aux m6dications resulte le plus souvent d'une
mutation spontanee suivie de multiplication selective des
mutants non sensibles. Si cette theorie est vraie, il est
bien evident que l'apparition d'une resistance est peu
probable: a) si le nombre des bacteries interessees est si
petit que l'existence de mutants resistants est pratique-
ment impossible, b) si les mutants ne peuvent se multiplier.
D'une fagon generale les populations de levures, de

moisissures et de protozoaires sont beaucoup moins
nombreuses que celles des bacteries. Elles ont par conse-
quent bien peu de chances de devenir resistantes. Les
populations bact6tiennes sont au contraire habituellement
nombreuses, particulierement chez les grands animaux et

in the two countries. For a well-founded judgement
it would be necessary to subject all Salmonella
strains of animal origin in both countries to a
standard method of testing resistance.

In the discussion of the resistance hazard involved
in the use of antibiotics as. feed supplements it was
pointed out that the chance of resistance generally
increases as greater doses are added to the feed.
From the literature on the subject, it would appear
that chickens are often given fairly high levels of
tetracycline. It would be very valuable to know
whether the emergence of resistance in intestinal
bacteria, including salmonellae, might not be pre-
vented by using doses of 10 p.p.m. tetracycline or less.
As to the danger of resistance in the antibiotic

preservation of other meats, there is little to go on.
In the Netherlands' National Institute of Public
Health, Guinee (personal communication, 1962)
found that I % of the intestinal coliform flora of
pigs is naturally resistant to tetracycline. From
this it would appear that the risk involved in pro-
tecting pork products from spoilage by using tetra-
cycline is not negligible either.

UMt

de ce fait des mutants resistant aux drogues sont ordi-
nairement presents.
En ce qui conceme l'eventualite d'une impossibilite de

multiplication, l'on peut distinguer trois cas: 1) Aucune
multiplication selective de mutants resistants ne se pro-
duira si la concentration de l'antibiotique est si faible
qu'elle n'aura aucun effet sur la plus grande partie de la
population bacterienne cependant sensible. Par conse-
quent des concentrations infra-inhibitrices d'antibiotiques
n'entrainent pas de resistance. 2) D'un autre c6te des
concentrations correspondant a la plus petite quantite
n6cessaire a la bacteriostase ou depassant de peu cette
quantite, sont, theoriquement du moins, les plus suscep-
tibles de causer de la resistance car a ce taux toutes les
bacteries sensibles ne peuvent se multiplier tandis que
les mutants resistants demeurent indemnes et sont par
consequent a meme de prendre part a la formation d'une
population resistante. 3) Des concentrations medicamen-
teuses tres superieures aux doses-limites peuvent egale-
ment inhiber partiellement ou totalement les mutants
eux-memes. Par consequent les chances de l'apparition
d'une resistance sont moindres. Quant a la date d'appa-
rition de cette resistance, elle dependra essentiellement
du type d'antibiotique utilise. Avec la penicilline, la
tetracycline, la bacitracine et certains autres antibiotiques
la resistance se constitue en general assez lentement
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(resistance echelonnee obligatoire); avec la streptomycine
le processus peut etre plus rapide (resistance soit a un seul
echelon soit a plus'eurs).
Un facteur important pour I'apparition d'une resis-

tance bacterienne lorsque l'alimentation contient des
antibiotiques est represente par la duree pendant laquelle
la flore intestinale est exposee a l'action des medications.
Les experiences de laboratoire, comme d'ailleurs l'obser-
vation pratique, montrent que la resistance, en particulier
chez E. coli, S. typhi murium et Staph. aureus peut aug-
menter de facon considerable lorsque de plus fortes doses
sont ajoutees a la nourriture. Par consequent le taux

minimum efficace pour la stimulation de la croissance
(egal ou inferieur 'a 20 parties par million, calcule sur la
base d'aliment sec) doit etre prefere.
En ce qui conceme la pratique d'incorporer des anti-

biotiques aux conserves alimentaires, un grand danger
peut resulter de la combinaison de deux facteurs: appa-
rition d'une resistance bacterienne des salmonelles et
peut-etre d'autres bacteries, du fait de l'incorporation
d'antibiotiques dans l'alimentation de l'animal et, par
la suite, incorporation du meme antibiotique pour la
conservation de la viande.
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