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Study the past if you would divine the future
(Confucius, Analects)
And he that will not apply New Remedies must
expect New Evils; for Time is the Greatest
Innovator (Francis Bacon, Essays: Of Innovation)

Introduction

There has been considerable recent interest in
bacterial adaptation and resistance to antiseptics
and disinfectants (which, with preservatives, com-
prise the modern term, ‘biocide’).1 –5 It might thus
be surmised that this insusceptibility is a new and
worrying phenomenon, especially if it is associated
with an increase in antibiotic resistance in the
clinical, domiciliary and other environments.1 –9

It is the purpose of this short report to examine
whether insusceptibility to biocides (1) is, indeed,
an entirely new phenomenon, (2) is increasing, and
(3) if so, is likely to pose a significant clinical and
other problem.

Bacterial adaptation and resistance:
historical perspective

Early studies

It is important to appreciate that some types of
biocides have been used for a century or more,
whereas others are of more recent vintage. The
introduction of biocides as antiseptics or disinfec-
tants into clinical practice3 or for the purposes of
pharmaceutical, cosmetic or other types of preser-
vation10 have been described. Alcohol, for
example, was employed over 2000 years ago as an
antimicrobial agent, although its usage as such was
not then appreciated. In the 19th and early 20th
centuries, phenolics and hypochlorites were used.
Later came the introduction of quaternary
ammonium compounds (quats, QACs) and more
recently chlorhexidine (CHX) salts. Organic mercur-
ials, silver salts, peroxygens (hydrogen peroxide,
peracetic acid, ozone) and glutaraldehyde have
also been described. The latest, very useful,
biocide to be used in the clinical setting is ortho-
phthalaldehyde (OPA).

From time to time, there have been reports of
reduced bacterial susceptibility to some of these
agents. Many of the investigations have been
laboratory-based with little attempt to relate such
findings to the clinical or other environment. It is
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now known that laboratory findings do not necess-
arily apply in such environments.6

As far back as 1887, Kossiakoff11 found that
bacteria acquired the faculty of developing resist-
ance to gradually increasing doses of some chemical
agents (including boric acid and mercuric chloride).
Later, Masson12 described the adaptation of Bacil-
lus pyocyaneus (Pseudomonas aeruginosa), Bacillus
subtilis and Bacillus anthracis to resorcinol, sal-
icylic acid and mercuric chloride, although the
involvement of bacterial spores was unclear, and
Regenstein13 studied the adaptation of bacteria to
disinfectants including phenol. Other early papers
worthy of consideration described combinations of
disinfectants14 and the theory of disinfection,15

both pertinent to bacterial resistance.
A particularly interesting set of ideas was

propounded by Meader and Feirer,16 who examined
what they termed ‘drug fastness’ in one strain of
Bacillus typhosus, three strains of Bacterium
(Escherichia) coli and one strain of Bacterium lactis
aerogenes to ‘familiar germicides’ (silver nitrate,
mercurochrome, formaldehyde, acriflavine, hexyl-
resorcinol and phenol). These authors determined
whether drug fastness (1) developed in vitro, (2)
was specific to any type of organism, (3) was related
to reduced susceptibility to other agents, and (4)
persisted when the organisms were cultivated in a
germicide-free environment. All of these aspects
remain highly relevant.

A year later, Fleming and Allison17 described the
development of stable lysozyme-resistant cultures
of Micrococcus lysodeikticus, using a method
(individual colony development within inhibition
zones) often employed today. Stepwise training of
M. lysodeikticus and Streptococcus (Enterococcus)
faecalis also resulted in lysozyme resistance.
Furthermore, there was acquired resistance to the
bactericidal power of blood and to intracellular
digestion by leucocytes.

In 1943, McIntosh and Selbie18 produced drug-
and biocide-resistant cultures in vitro of Strepto-
coccus pyogenes group A and Staphylococcus
pyogenes by stepwise training. In the latter organ-
ism, cross-resistance was observed between the
acridine, proflavine and the diamidine,
propamidine.

Bacterial adaptation and resistance to
different types of biocides

Acridines and other dyes

In the 1940s and 1950s, a series of papers on the

adaptation of ‘B. lactis aerogenes’ to acridines
appeared from the Oxford group, led by Sir Cyril
Hinshelwood, who further considered some of their
findings in a classical book.19 In these papers,20 –32

several aspects were examined, notably the effect
of pH on the antibacterial activity of proflavine
(PF), ‘training’ to PF adaptation, the number of
subcultures needed to confer adaptation, stability
of adaptation, influence of PF on the lag phase of
growth of control (unadapted) and adapted cul-
tures, similarity in the actions of PF and methylene
blue and cross-adaptation between the two agents
(this only partially occurred to crystal violet) and
the induction of filamentous forms on agar contain-
ing PF. Baskett33 found that the ability of cells to
grow in the presence of PF was a function of their
previous treatment with the aminoacridine, and
that adaptation was greatly accelerated if PF was
added gradually to actively growing cultures rather
than on a single occasion. However, this effect of
gradual PF addition might be more apparent than
real because lowering of pH of the medium as a
consequence of metabolic activity would be
expected to lead to decreased activity of PF, as
pointed out below also.

In the late 1950s, a series of papers was
published by Yudkin and colleagues,34 – 38 who
investigated the resistance of the Gram-negative
organisms, Aerobacter aerogenes and especially E.
coli, to PF. The distribution of resistance of E. coli
was measured by the number of organisms able to
multiply in the presence of PF and then in its
absence. Their studies with E. coli demonstrated
that training to PF resistance occurred, that the
organism formed spontaneous mutants resistant to
PF with cross-resistance to chloramphenicol in five
out of six mutants,35 that there were cycles of
resistance at different stages in the growth cycle
without cross-resistance to chloramphenicol or
other antibiotics37 and that PF resistance was lost
on subculture in PF-free medium.37 They also
pointed out36 that the apparent rapid development
of resistance when PF was added gradually to
actively metabolizing cells33 was, in fact, the result
of pH changes in the culture that rendered the
acridine much less active.

Sugino39 produced mutants of E. coli that were
sensitive to methylene blue and acridines. Naka-
mura40,41 found that the acrA þ gene controlled
resistance not only to basic dyes but also to
phenethyl alcohol. Acquisition of the resistance
gene by an acriflavine-sensitive E. coli resulted in a
reduction in the cellular accumulation of the
acridine.42 Wody-Karner and Greenberg43 also
described PF resistance in E. coli. Lowick and
James44 trained cells of A. aerogenes to crystal
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violet resistance and observed alterations in elec-
trophoretic mobilities, indicating that changes in
the bacterial cell surface had taken place.

Phenolics and salicylanilides

Hinshelwood19 stated that B. lactis aerogenes could
be subcultured as many as 100 times in a sub-
inhibitory concentration of phenol without showing
any recovery towards a normal growth rate. In
contrast, the organism rapidly acquired resistance
to sulphonamides, acridines, propamidine and
triphenylmethane and other dyes. Nevertheless,
bacterial resistance to phenols has been observed,
but has been less extensively studied than the
acridines.

For example, in very early studies, Regenstein13

described the adaptation of bacteria to disinfec-
tants including phenol, and Masson12 to the phe-
nolic, resorcinol. Fogg and Lodge45 and Berger and
Wyss46 also examined bacterial resistance to phe-
nols. The latter authors used Micrococcus pyogenes
var. aureus (S. aureus) as their test organism and
showed that if it was grown just previously in the
presence of phenol, the phenol-resistant strain
appeared to be considerably more resistant to the
lethal effects than the wild-type strain. Further-
more, the resistant strain maintained its resistance
through 40 transfers in broth. Mrozek47 considered
that resistance to disinfectants was unlikely,
although by serial passage a certain increase in
insusceptibility was apparent, more so with a QAC
than with phenol.

Bennett48 reviewed the factors influencing phe-
nol action and discussed the possible resistance of
bacteria to phenols. Bean and Walters49 showed
that the intracellular material leaked from cells
inactivated by phenols could serve as a possible
source of nutrients for survivors, thereby account-
ing for the increase in colony-forming units during
the latter stages of a disinfection treatment. Hugo
and Franklin50 examined the effects of lipid
enhancement on the resistance of S. aureus to a
series of 4-n-alkylphenols (phenol to hexylphenol).
They found that not until the pentylphenol was
reached did increased cell wall lipid content
protect cells from the inhibitory action; protection
was even greater against the hexyl derivative.
However, Hamilton51,52 observed no protection of
wall lipid against the phenolic, hexachloraphane, or
salicylanilides.53

QACs

The QACs have found a useful place in reducing
microbial infection. First synthesized nearly 90

years ago, they have been used since the mid-
1930s for a variety of medical, pharmaceutical and
other purposes.3,10

Over 50 years ago, tolerance and adaptation to
the QACs were noted by several workers. Chaplin54,

55 and Crocker56 studied the resistance by training
of bacteria to QACs. It was shown that S. marces-
cens and E. coli could develop resistance to QACs,
although some of the procedures involved the use of
very high QAC concentrations in nutrient liquid
media such that precipitation or cloudiness of the
media could be a limiting factor. It was not possible
to increase the resistance of S. aureus, but this
could have been due to the high concentrations of
QAC employed.54,55 Physical characteristics of E.
coli colonies were altered.56

The role played by pH in the adaptation of S.
marcescens to RoccalR (alkyldimethyl benzylammo-
nium chloride) was evaluated by Fischer and
Larose57 and Fischer.58 QACs are more active at
alkaline than at acid pH, and it was found that at pH
6.8 S. marcescens increased its resistance from
growth in 1/100 000 [0.001% (w/v)] to 1/5000
[0.02% (w/v)] in three transfers, whereas at pH
7.7 there was an increase only to 1/45 000 [0.0022%
(w/v)].

MacGregor and Elliker59 stated that P. aerugi-
nosa could acquire tolerance during continuous
exposure to QACs, whilst Cousins60 noted that
residual QAC could remain on equipment with the
possibility therefore of acting as a selective process
for resistant organisms.

Soprey and Maxcy61 described the adaptation of
E. coli and P. fluorescens to QACs. They observed a
gradual build up in the numbers of individual cells
that tolerated the essential plateau of maximum
tolerance. A reverse process was true during
the loss of tolerance resulting from growth in the
absence of QACs. These authors also made the
important point that there was no appreciable
difference between adapted and non-adapted
cultures when exposed to lethal, standard in-use
concentrations of the QAC.

Geftic et al.62 described the long-term survival
of P. cepacia in salt solution preserved with
banzalkonium.

CHX salts

CHX salts appeared on the scene some considerable
time later. Consequently, references describing
CHX resistance are more recent in origin. Nakahara
and Kozukue63 found that most clinical isolates of E.
coli showed minimum inhibitory concentrations
(MICs) of CHX within the range of 0.39–56 mg/L. A
few isolates had MICs above 5 mg/L and these were
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also multidrug- and multiple-metal-resistant. Stick-
ler et al.64 made the important observation that
cationic biocides, including CHX, could select for
strains of Gram-negative with multiple antibiotic
resistance. These and other aspects of CHX action
and resistance have been discussed by Russell and
Day.65

Other antibacterial agents

The diamidines, propamidine and dibromopropami-
deine isethionates, find a useful place as biocidal-
type agents that are employed for therapeutic
purposes.66 Acquired resistance of S. aureus to
propamidine and of S. pyogenes to dibromopropa-
midine have been demonstrated.67,68 In each case,
there was cross-resistance to other diamidines but
not to penicillin or PF.

Wille69 examined the development of bacterial
resistance to some commonly used disinfectants,
and concluded that such an event occurred with
formaldehyde and chloramine-80. Nolte70 also
found a low increase in resistance to the former.

Hospital disinfectants and bacterial
contamination

Most of the findings presented above have been
based on laboratory studies only. It is thus
instructive to evaluate whether bacterial resistance
to hospital disinfectants was considered to be a
clinical or other problem.

Several papers have appeared that demonstrate
the, at times, inadequacy of disinfectants. Low-
bury71 described the contamination of cetrimide
with P. pyocyanea (P. aeruginosa). Keown et al.72

observed that septicaemia from this organism
resulted when another QAC, benzalkonium chlor-
ide, was used for the ‘cold sterilization’ of an
oxygenator. Von Dold and Gest73 cultivated P.
fluorescens from QACs but not from phenols or an
amphoteric surfactant. Plotkin and Austrian74

reported 40 instances of bacteraemia from use of
needles and catheters stored in QAC solutions
contaminated with P. aeruginosa and benzalkonium
chloride was considered a source of hospital
infection with Gram-negative bacteria.75,76

Alcaligenes faecalis was found to contaminate a
phenolic disinfectant77 and Parker78 stated that
places where disinfectants were inactive were
often those in which Gram-negative survivors
could multiply. Bassett79 isolated P. multivorans
from infected wounds and traced the source to

containers of a 1 in 30 dilution of SavlonR [0.05% (w/
v) chlorhexidine salt þ 0.5% (w/v) cetrimide].

Dixon et al.80 have emphasized the role played
by QACs in clinical practice and have also discussed
the disadvantages of these biocidal agents. Finzi
et al.81 considered benzalkonium chloride, CHX and
an iodophor to be problematic solutions. More
recently, intrinsic microbial contamination of iodo-
phors has again been observed,82,83 with biofilm
formation being responsible in at least one
instance.82

Several short papers have appeared on CHX.
Dulake and Kidd84 studied postoperative urinary
infections and found an organism, most nearly
identified as A. faecalis, in the urine of 30
gynaecological patients during bladder drainage
by indwelling catheter. Spigots used for the closure
of catheters and a jar of 0.1% (w/v) solution in
which the spigots were stored after heat disinfec-
tion were also heavily contaminated with this
organism. Beeuwkes85 noted that Proteus spp.
were less sensitive than other bacteria to CHX,
but Lubsen et al.86 stated that there was no
evidence that resistance of P. rettgeri had devel-
oped, a conclusion that was confirmed by Davies
et al.87 and Gillespie et al.88 Beeuwkes and de
Vries89 supported the use of CHX in urology.

At first sight, therefore, there seems to be an
occasional insurmountable problem, insofar as
bacterial resistance to disinfectants in actual
practice was known some 50 years ago, with many
reports of the same within the following 10–20
years. However, as pointed out by Russell,3 it would
be incorrect to state that bacterial insusceptibility
was always found. In many instances, inactivation
of a QAC by cotton, inadequate quality of water as
diluent, the use of cork liners for containers, poor
storage, and ‘topping up’, might all have contrib-
uted, at least in part, to the apparent bacterial
resistance found in practice.

Bacterial adaptation and resistance to
preservatives

Preservative systems in pharmaceutical/medical
and other types of products are of less interest to
clinical and environmental microbiologists than are
antiseptics and disinfectants. Preservatives are,
nevertheless, worthy of brief consideration for
three reasons. First, preservative concentrations
are normally well below those used as antiseptics
and especially as disinfectants, so that bacterial
resistance could be a more potent threat than
to antiseptics or disinfectants. Second, some
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preservatives, e.g. QACs and CHX, may also, at
higher concentrations, be used as antiseptics and
disinfectants. Third, many of these preserved
products, including cleaning solutions, are them-
selves widely used in hospitals, nursing homes and
domiciliary environments.

Over the years, several authors have described
the ability of bacteria to adapt to preservatives
used in pharmaceutical and cosmetic formu-
lations90 –100 or to chemical agents used as saniti-
zers.93 In some cases, this has meant reformulation
using a new preservative system. Borovian96 iso-
lated a strain of P. (Burkholderia) cepacia that was
not only able to grow in a product at low pH, but
was also able to adapt to two chemically unrelated
preservatives, benzoic acid and formaldehyde.

However, it must be remembered that several
factors can influence activity of preservatives
within a formulated product. These include possible
incompatibilty with the active and other ingredi-
ents, phase partitioning and pH.100 Thus, caution
and experience are needed to ensure that false
conclusions about development of bacterial resist-
ance to preservatives are not reached.

The present: lessons from the past

Biocidal agents have been used in one form or
another for very many years.53,101 –105 It is clear
from the foregoing that bacterial adaptation and
resistance to biocides is by no means a new
phenomenon. Laboratory studies conducted over a
century ago, together with many studies until the
1960s have demonstrated that this was appreciated
and that attempts were made by some workers to
determine its significance and, in some cases, to
achieve a better understanding of the mechanisms
involved. More recent studies, not considered here,
but reviewed elsewhere in some detail,1 –9 have in
many cases confirmed and extended these findings,
although the level of resistance is often not of a
high order.

Some of the chemical agents investigated in the
earlier work, e.g. acridines, crystal violet, methyl-
ene blue, are little used nowadays and so their
current relevance is minimal. In another context,
however, the awareness that adaptation and
resistance could arise, that it might be stable or
unstable and that cross-resistance to other, chemi-
cally unrelated agents (sometimes to both anti-
biotics and non-antibiotics) could occur are all of
considerable relevance. Unfortunately, much
of this earlier work cannot be related to clinical
or environmental situations.6 Furthermore, many of

the papers quoted relied solely on MIC determi-
nations as an indicator of adaptation or resistance.
It is now known that MICs provide a useful starting
point in investigations of the antibacterial activity
of biocides, but cannot be relied upon to show that
reduced susceptibility has occurred to in-use
bactericidal concentrations.6

Contamination of disinfectant solutions has been
noted by several authors, although this is not
necessarily associated with reduced susceptibility.
Nevertheless, this did lead to a more rational
approach in the correct procedures for both
preparing and storing disinfectant solutions. The
possible need for the introduction of biocide
rotation in hospitals has also been appreciated.106

Residual concentrations of QACs were considered
by Cousins.60 The possible effects of residual levels
of biocides as a selective process for resistant
bacteria have, much more recently, been re-
examined.107,108

Preservatives are an acceptable part of the
formulation of many pharmaceutical and cosmetic
products. In some instances, they were used as an
aid to a thermal sterilization process. They have
been employed for many years in both non-sterile
and sterile pharmaceutical products, including
various types of immunological ones.109 It is of
interest to note that concerns expressed some 20–
30 years ago in relation to the possible development
of resistance to preservatives90 –97 are still being
voiced today.100 Balsams and phenols were used as
preservatives in mummification,53 and it would be
thought that there would have been ample time for
resistance to have developed in the intervening
period.

There are, then, lessons that can be learned and
conclusions that can be reached. As reduced
susceptibility to biocides has been known for a
long time, it might be expected by now to have
resulted in the development of highly biocide-
resistant strains. This does not appear to be the
case.3,8 It might thus be argued that resistance to
biocides is unlikely to occur in the future. This
conclusion is also unwarranted, because in recent
years there has been an explosion in the use of
biocides, particularly in many household products.
The nature of many such products leaves much to
be desired. The inclusion of antibacterial agents is
often unnecessary110 and has unfortunately
increased the possibility of bacterial resistance
arising. It is of interest to note that at least one
testing method now requires information about the
development of resistant bacteria.111 There are
current concerns about the usage of QACs, CHX and
triclosan and possible bacterial resistance to them
and to antibiotics. These aspects have been
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considered elsewhere1–9 and will not be re-exam-
ined here.

It is thus essential that antiseptics and disin-
fectants, together with preservatives incorporated
into formulated products, should be employed only
when necessary and then only with a full appreci-
ation of the factors influencing their activity.
Additionally, more detailed information is required
about the actions and activity of biocidal agents on
bacteria and other types of micro-organisms112,113

and of the mechanisms involved in bacterial
insusceptibility.6,114
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