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●
Undoubtedly, the golden period for antibiotic
discovery took place between the 1940s and
mid-1960s when many important antibiotic

classes were first identified (Fig. 1). The subsequent
development and clinical use of these antibiotics, or
agents derived from them, produced impressive
reductions in the morbidity and mortality imposed by
bacterial pathogens. Indeed, the dramatic successes
achieved in this period led to the commonly expressed
view that antibiotic-based chemotherapy heralded the
complete conquest of infectious diseases. Reflecting 
this optimistic mood, the US Surgeon General, testify-
ing to Congress in 1969, made the historic statement,
‘The time has come to close the book on infectious disease’.

Unfortunately, this mood of optimism has not
prevailed and the widespread emergence of acquired
resistance to antibiotics in bacteria over the last 25 years
now constitutes a serious threat to global public health.

● The rise of the superbugs
The development of antibiotic resistance is a classic
example of Darwinian evolution and is a direct result 
of competitive advantage conferred to the owners.
Antibiotic resistance can result from mutation of
existing genes but the problem is exacerbated by the
ability of bacteria to acquire resistance determinants 
en bloc by genetic exchange. It is further compounded 
by demographic factors (e.g. population growth and
urbanization), which generate fertile conditions for the
transmission of infections, and new opportunities for
inter-species traffic of pathogens to man.

The biochemical basis of bacterial resistance to 
most classes of antibiotics is now known and these
mechanisms, either singly or in concert, are responsible
for the escalating problem of antibiotic resistance, in

both hospital-acquired (nosocomial) and community-
acquired bacterial infections, that has already made
many antibiotics virtually obsolete. Resistance to some
antibiotics first became problematic in certain
pathogens during the 1940s and has continued to the
present day with the recent emergence of vancomycin-
intermediate-sensitive Staphylococcus aureus (so-called
‘VISA’ strains) first reported in Japan (Fig. 2).
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BELOW:
Fig. 1. The discovery of
antibacterial agents. Empiric
screening has been based upon 
the identification of antibacterial
agents by their ability to inhibit
bacterial growth. Synthetic
approaches comprise chemical
modification of existing drug
classes to improve their properties,
e.g. circumvention of resistance
mechanisms to earlier members 
of the class. Only representative
antibacterial agents are indicated.
With the exception of the
oxazolidinones, no novel,
structurally unique, antibiotic 
class has been developed for 
over 20 years.
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Table 1. The resistance crisis

■ The bottom line is that we are not facing an organism that has 
simply one resistance – that was a surprise in itself. But now we are
facing major organisms that are multi-drug-resistant. That is, you can’t
use the first antibiotic of choice, you can’t use the second, you can’t use
the third and sometimes you have to go to the fifth or sixth. 
Levy, 1993, Tufts University Medical School, Boston, USA

■ We have now reached an unacceptable situation. Some hospital
strains of invasive Gram-negative enteric bacteria and enterococci are
not susceptible to any available drug.
Kunin, 1993, Ohio State University, Columbus, Ohio, USA

■ For the first time in five decades we now have a bacterial infection
(caused by enterococci) for which there is no cure.
Tomasz, 1994, Rockefeller University, New York, USA

■ A resurgence of tuberculosis is cause enough for concern, but the 
new outbreaks have a frightening difference from earlier outbreaks of
the disease. Many of the bacteria now causing new cases of
tuberculosis are resistant to one or more of the drugs used to treat
tuberculosis. Because the fatality rate of untreated tuberculosis is 50%,
the possibility that untreatable strains could soon arise has set off a
panic among public health workers.
Salyers & Whitt, 1994, University of Illinois, USA

■ It is generally agreed that the acquisition of resistance to the last 
few available agents by highly virulent strains of staphylococci and
pneumococci would be nothing short of a medical disaster.
Armstrong, 1995, Memorial Sloan–Kettering Cancer Center, New York, USA

■ The danger of a return to a pre-antibiotic era is now becoming a
serious threat, particularly considering that no novel chemical class of
antibiotics has been introduced in the past 20 years.
Bacquero, 1997, Ramon y Cajal Hospital, National Institute of Health, Madrid, Spain

■ The relative utility of available antibiotics is eroding, tipping the
balance in favour of multidrug-resistant pathogens, and few new drugs
appear to be on the horizon.
Cassell, 1997, University of Alabama, Birmingham, Alabama, USA

■ Our enquiry has been an alarming experience. Misuse and overuse 
of antibiotics are now threatening to undo all their earlier promises and
success in curing disease. But the greatest threat is complacency, from
ministers, the medical professions, the veterinary service, the farming
community and the public at large. Our report is a blueprint for action. 
It must start now if we are not to return to the bad old days of incurable
diseases before antibiotics were available.
Press release by Lord Soulsby, 1998, Chairman of the House of Lords Select
Committee on Science and Technology dealing with resistance to antibiotics

■ The pharmaceutical houses continued to screen new natural
products (i.e. microbial extracts) for antimicrobial activity, but
compounds suitable for development ceased to be found. Now, in the
closing years of the century, there is an uneasy sense that micro-
organisms are ‘getting ahead’ and that therapeutic options are
narrowing.
Department of Health Standing Medical Advisory Committee Report, 1998
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The serious nature of 
the current situation is
reflected by quotations
from leading infectious
disease specialists and
opinion leaders (Table 1).

Classical pharmaceutical
approaches to the problem
of antibiotic resistance 
will be insufficient to
provide new agents in this century.

One approach to the problem of antibiotic resistance,
adopted by the pharmaceutical industry, has involved
the development of agents that circumvent existing
resistance mechanisms or attack them directly. Typically,
these so-called classical approaches have involved the
following:
■ Development of analogues of existing antibiotics 

that are either stable to enzymatic inactivation, not
recognized by efflux pumps, or bind to the modified
target sites in the organisms responsible for resistance, 
or 

■ The design of enzyme inhibitors to prevent microbial
degradation of antibiotics.
The classical approaches described above have

contributed important agents (Fig. 1) for use against
resistant organisms. However, the improvements
achieved have tended to be incremental and sometimes
relatively short-lived, as new bacterial variants evolve
with modified mechanisms of resistance, encompassing
the newer analogues or enzyme inhibitors. For these

reasons it is vital that research strategies to discover and
develop the antimicrobial agents urgently required in
the future move away from the classical approaches and
towards the major opportunities now provided by
bacterial genomics.

● Genome-based approaches for the
discovery of pioneer drugs
The combination of microbial resistance and lack of
sustained progress in the discovery of structurally novel
antibiotics demands a serious reassessment of future
research and development approaches to antibiotic
discovery. The only realistic solution is to embark on 
new research avenues to identify novel, or unexploited,
bacterial gene products that can serve as targets for
antibiotics and kill bacteria by completely different
mechanisms from existing drugs. This decreases the
likelihood of resistance problems because the possibility
is high that structural novelty will circumvent any
existing mechanism of resistance.

The ability to search for novel bacterial drug targets, 

ABOVE:
Fig. 2. The global emergence 
of antibiotic-resistant pathogenic
bacteria. Examples are shown of
the first major reports of clinical
isolates expressing resistance to
individual antibiotics, or groups of
antibiotics. 7-MDRTB, strains of M.
tuberculosis multiply resistant to
seven of the eight preferred 
anti-tuberculosis agents; VISA,
vancomycin-intermediate-
susceptible S. aureus.

Table 2.Microbial genome sequencing projects either completed or under way in pathogenic 
micro-organisms (Mb)

1995

■Haemophilus influenzae (1.83); Mycoplasma genitalium (0.58)

1996

■Mycoplasma pneumoniae (0.81)

1997

■Borrelia burgdorferi (1.3); Escherichia coli (4.6); Helicobacter pylori (1.66); Mycobacterium tuberculosis (4.4); 
Plasmodium falciparum Chr2 (1.0); Staphylococcus epidermidis (2.7); Streptococcus pneumoniae (2.2); 
Treponema pallidum (1.5); Ureaplasma urealitycum (0.75)

1998 on…

■Aspergillus nidulans (29.0); Bacillus anthracis (4.5); Bartonella henselae (2.0); Bordetella bronchiseptica (4.9); 
Bordetella parapertussis (3.9); Bordetella pertussis (3.88); Campylobacter jejuni (1.7); Candida albicans (15.0); 
Chlamydia pneumoniae (1.0); Chlamydia trachomatis (1.0); Clostridium difficile (4.4); Enterococcus faecalis (3.0); 
Giardia lamblia (12.0); Legionella pneumophila (4.1); Listeria monocytogenes (3.2); Mycobacterium avium (4.7); 
Mycobacterium leprae (2.8); Mycoplasma mycoides (1.28); Mycoplasma pulmonis (0.95); Neisseria gonorrhoeae (2.2); 
Neisseria meningitidis (2.3); Plasmodium falciparum Chr1, 3, 4-14 (8.7); Pneumocystis carinii (7.7); Porphyromonas 
gingivalis (2.2); Pseudomonas aeruginosa (5.9); Pseudomonas putida (5.0); Salmonella paratyphi A (4.6); 
Salmonella typhi (4.5); Salmonella typhimurium (4.8); Staphylococcus aureus (2.8); Streptococcus mutans (2.2); 
Streptococcus pyogenes (1.98); Treponema denticola (3.0); Vibrio cholerae (2.5); Yersinia pestis (4.38)

Based on data in The Institute for Genomic Research website http://www.tigr.org

USA:
Staphylococcus aureus – 
Penicillin resistance 1944
Klebsiella pneumoniae – 
Ceftazidime resistance 1988
Mycobacterium tuberculosis – 
Multiresistance 1991 (7-MDRTB)

Ecuador:
Vibrio cholerae – 
Multiresistance 1993

South Africa:
Streptococcus pneumoniae – 
Multiresistance 1977

Australia:
Staphylococcus aureus – 
Methicillin resistance 1966
Streptococcus pneumoniae – 
Penicillin resistance 1967

Burundi:
Salmonella typhi – 
Multiresistance 1992

Philippines:
Neisseria gonorrhoeae – 
Penicillin resistance 1976

Japan:
Shigella 
flexneri – 
Multiresistance 1959
VISA – 1997

India:
Salmonella typhi – 
Multiresistance 1990

UK:
Pseudomonas aeruginosa – 
Carbenicillin resistance 1969
Enterococcus faecalis – 
Vancomycin 
resistance 1988

Spain:
Neisseria 
meningitidis – 
Penicillin resistance 
1988

Germany:
Klebsiella pneumoniae – 
Cefotaxime resistance 1983
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or validate known potential targets, has been
revolutionized by the advent of total genome sequence
analysis and associated genetic techniques which 
are rapidly advancing our knowledge of numerous
infectious agents. Thus between 1995 and 1999 some 
20 microbial genome sequences were completed and
another 50–60 are in progress (Table 2).

To exploit opportunities for drug discovery arising
from large-scale microbial genome sequencing projects,
computational and bioinformatic methods are required
in the initial identification and selection of molecular
targets, followed by a series of post-genome approaches
to validate and characterize the targets, devise screens
and pursue structure-based drug design (Fig. 3).

A particularly challenging issue for the first stage of
the drug discovery paradigm will be the development of
new algorithms to cope with some of the inadequacies 
of current methods to detect protein folds and functions
from genomic data. Improvements in this area are likely
to assist in the identification of novel genes with no
known function or homology, which even in such
thoroughly explored organisms as Escherichia coli, still
account for over 20 % of the open reading frames.

When assigning functions to genes that constitute
potential new drug targets, three broad categories will 
be identified; those required only for growth of bacteria
in laboratory media (in vitro expressed genes), those
required only for bacterial infection (ivi or in vivo induced
genes) and those required for bacterial growth both 
in vitro and in vivo (housekeeping genes). Products of
novel and essential genes falling into the second and
third categories constitute new potential drug targets.

● Conclusions
The discovery and development of antibiotics for 
the treatment of bacterial infections must be regarded 
as one of the most significant medical achievements of
the twentieth century. Unfortunately, as we enter the
new millennium many of our existing antibacterial
agents are under threat from the widespread emergence
of bacterial resistance. Furthermore, the pace of 

emergence of antibiotic-resistant bacteria has out-
stripped the discovery of new antibiotics. New agents 
are therefore urgently needed to counter the threats
posed by antibiotic-resistant organisms. Genome-based
approaches offer significant hope for the future by
providing opportunities for target-based drug discovery
rather than the empiric methods adopted in previous
years. Furthermore, genome-based approaches should
allow the selection of targets with a minimal potential 
for emergence of future resistance.
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RIGHT:
Fig. 3. The genome-based 
preclinical drug discovery process.
Abbreviations: STM, signature-
tagged mutagenesis; VITA,
validation in vivo of targets for 
anti-infectives; RT-PCR, reverse
transcriptase PCR; IVET, in vivo
expression technology; DFI,
differential fluorescence induction.
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