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●
Technological innovation in microbiology 
has been of supreme importance in the identifi-
cation and study of pathogenic and non-

pathogenic micro-organisms. The improvements that
Anthony van Leeuwenhoek made to his single-lens
microscope allowed him to observe bacteria for the first
time in 1676. His report on oral microbiology to the
Royal Society in 1684 enabled him to demonstrate 
that while saliva is essentially sterile, there is a vibrant
and living biofilm of multitudinous microbes on the
surface of teeth. Physical techniques dominated the 
early years of microbiology. Whilst the light microscope
revealed bacteria, and electron microscopy later revealed
the exquisite structure of viruses, the identification 
of individual virus particles by confocal immuno-
fluorescence microscopy is very recent. The discovery 
of new micro-organisms is currently enjoying a
renaissance. Novel flora in the oral cavity, too fastidious
to grow in culture, can now be identified by molecular
biology methods such as ribosomal RNA sequencing,
rather than morphology.

● The ability to culture
The concept of contagion dates from biblical times. 
Yet the 19th century witnessed debate between
spontaneous generation and germ theory. Ferdinand
Cohn and John Tyndall developed heat-inactivation
techniques to argue against spontaneous generation, but
were initially stymied by the problem of heat-resistant
spores, which John Tyndall solved by allowing time 
for germination between sterilization procedures. Then
the technical development of sterile defined media
deliberately seeded with germs allowed Louis Pasteur
and Robert Koch to resolve the debate firmly in favour 
of specific microbes that begat progeny in their own
kind.

In time, culture techniques, genetics and molecular
genetics came to dominate microbiological method-
ology. Robert Koch’s discovery of anthrax bacilli and
their propagation from spores in 1877, followed by his
isolation and culture of tubercles, led him to enunciate
his famous postulates of disease causation in 1884:

● that the microbe is detectable in each case of disease;

● that it can be isolated in pure form; and 

● that it can cause disease anew when inoculated into
susceptible animals.

However, even 100 years ago subtle alterations to Koch’s
postulates were necessary to account for viruses. Plant
and animal viruses were first identified at this time on
the physical basis of passing through filters with a pore
size too small to allow the passage of bacteria. Of course,
not all pathogens can be propagated in culture, but
experimental infection of animals aided the recognition
and ultimate identification of pathogens such as
hepatitis B and C viruses. However, it was not until

cloning and molecular biology technology became
available that the true extent of culturable and un-
culturable microbes became apparent.

Microbiology was the driving force behind the new
concepts of cloning and the development of molecular
biology methods. Koch may be regarded as the
grandfather of cloning technology. He first described 
the growth of discrete bacterial colonies on potato slices
and rapidly adapted the technique to gelatin-coated
slides in 1881. By 1887 Robert Petri had already
designed his eponymous dish and recommended agar as
an alternative to gelatin. Later cloning techniques can
trace their conception to Koch’s observations on the
isolation of pure colonies that breed true. Cloning
methods were also exclusively used in virology.
D’Herelle described a quantitative plaque assay to
enumerate infectious titre in his seminal 1917 report on
bacteriophage. With the development of trypsinization
and growth of human and animal cells in monolayer
culture, Renato Dulbecco and Marguerite Vogt biolo-
gically cloned polio virus in 1952. Discrete colony assays 
of transformed cells were subsequently employed for
studying oncogenic viruses such as Rous sarcoma virus
by Temin and Rubin in 1958 and polyoma virus by Sachs
and Winocour one year later.

The explosion of bacterial and bacteriophage genetics
from the late 1940s, pioneered by nuclear physicists such
as Max Delbruck and Leo Szilard, eventually led to
cloning DNA and recombinant DNA technology. The
inventions of specific DNA–DNA hybridization in
1958 through Watson–Crick reannealing of single-
stranded DNA, molecular cloning in 1973 by Boyer 
and Cohen, and polymerase chain reaction (PCR)
amplification in 1986, have provided highly sensitive,
precise and rapid tools in molecular diagnosis and
discovery that would surely have delighted Robert Koch.
The development of serology by Paul Ehrlich and von
Behring in the 1890s, and of monoclonal antibodies by
Kohler and Milstein in 1975 gave us further specificity
in distinguishing different microbes and for tracking the
incidence and prevalence of infection.

In the latter half of the 20th century multiple
approaches have been used successfully to identify hither-
to unknown pathogens. This led to optimism about 
our ability to detect all micro-organisms. Indeed, 1983
was a vintage year for pathogen discovery, using both
traditional and modern molecular methods. HIV was
discovered by classical isolation in culture and observing
a cytopathic effect, albeit corroborated by detecting
reverse transcriptase activity; Helicobacter pylori, the cause
of peptic ulcers, was identified by culture, microscopy
and the age-old principle of investigator as experimental
subject; and human papilloma virus (HPV) types 16 and
18 were initially identified in cervical carcinoma by weak
DNA hybridization of tumour DNA with related HPV
DNA from superficial warts. However, much of our
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human herpesvirus 8. RDA is based on using subtractive
hybridization to isolate nucleic acid fragments 
present in one member of an otherwise related pair 
of samples. These isolated molecules are then selectively
PCR-amplified. Multiple rounds of subtractive hybrid-
ization and selective amplification are performed 
until individual PCR products are produced which
correspond to the genetic difference between the initial
related samples. These PCR products are then sequenced
to determine their identity.

Although sequence-based methods to detect un-
culturable micro-organisms have an advantage of speed
and sensitivity, it is often far easier to generate a putative
pathological microbial sequence from clinical samples
than it is to determine their clinical relevance. This has
led to a re-appraisal of Koch’s postulates in defining the
causal relationship between the presence of microbial
sequences and a disease. While the principles behind
Koch’s postulates still hold, it is now less appropriate to
make absolute statements regarding the forms of proof.
For example, rather than rigidly adhering to ‘After being
fully isolated from the body and repeatedly grown in pure
culture, the parasite can induce disease anew’, sequence-based
methods can be interpreted as ‘A putative pathogen’s nucleic
acid sequence should be present in most cases of an infectious
disease’. The use of such pure molecular biology methods
is likely to yield further insights into the microbial
aspects of life on earth. However, the latest technological
revolution, functional genomics, should, if the trend is
followed, be the next driving force behind microbiology
and pathogen detection.

microbial world remains uncharacterized. Now seems to
be a time of consolidating molecular-biology-based
micro-organism detection whilst looking forward to the
functional genomics era for our next dramatic advances.

● Molecular biology and microbial
identification
Certain features of genetic sequences make them
particularly useful for identifying uncharacterized
micro-organisms. First, the genetic code provides a 
limit to the number of different nucleotides available to
define an amino acid. Second, functionally conserved
regions of proteins in related microbial species often
contain a stable amino acid sequence and third, PCR
enables (through the rules of Watson and Crick base
pairing) the amplification of a desired sequence to a level
detectable above all other sequences present. These
factors have been brought together in the methods of
consensus (degenerate) primer PCR where it is possible
to PCR-amplify, in theory, all known or new members of
a family of micro-organisms (Fig. 1). This approach has
led to the identification of new uncultivated bacteria
responsible for bacillary angiomatosis in 1990, namely
Bartonella henselae, and Whipple’s disease in 1991/1992,
namely Tropheryma whippelii. For bacterial identification,
conserved regions of small subunit ribosomal RNA or
DNA are used to design consensus primers. Consensus
PCR has also been used to identify uncultivated viruses
such as Sin Nombre virus in 1993, a hantavirus
responsible for hantavirus pulmonary syndrome. To
detect viruses, family- or subfamily-specific primers 
are often made to proteins
conserved between all
members of such viruses.
However, for truly broad-
range virus discovery a
collection of different
family-restricted degener-
ate primers needs to be
compiled. Such a com-
prehensive system does 
not yet exist for virus
detection.

In some part due to 
this lack of complete virus
detection primer sets,
other PCR-based methods
have been used for
pathogen detection. In
particular a subtractive
hybridization method
known as Representation
Difference Analysis (RDA)
was used to identify the
causative agent of Kaposi’s
sarcoma in 1996, namely
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BELOW:
Fig. 1. Design of degenerate 
PCR primers to the herpesvirus
DNA polymerase. Based on
sequence alignments of herpesvirus
polymerase genes, a conserved
region was identified at the amino
acid level. Back-translation of the
conversed amino acid sequence
produces a degenerate primer able
to PCR-amplify from all possible
codons for the amino acids TGYN.
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● Post-genomic
pathogens
Cross-species analysis of
complete micro-organism
genomes, particularly
bacteria, is beginning to
identify core genes con-
served amongst bacteria
and pathogen/virulence
genes associated with
certain subspecies. For example, the difference between
enteropathogenic and non-enteropathogenic Escherichia
coli is a small set of virulence genes. Similar studies on
viral genomes have been in existence for many years, but
are only now being systematically analysed using
modern bioinformatics methods. Compilation of such
data, both bacterial and viral, allows the further design of
broad-based detection methods (i.e. degenerate PCR)
that should allow detection and discrimination between
pathogenic and non-pathogenic microbes.

With the growing emphasis on genome detection and
discrimination, the massively parallel methods of
functional genomics, such as micro-arrays, also have the
potential to revolutionize pathogen detection. Micro-
arrays are essentially hundreds or thousands of individual
DNA probes immobilized at defined locations on a solid
support such as nylon membranes or glass slides. As
such, pathogen detection arrays can easily be envisaged
whereby a clinical sample could quickly be screened for
all members of a virus family, for all pathogenic viruses,
or perhaps more ambitiously, all pathogens. This last
example of a ‘broad-range pathogen detection array’
could also be used to identify mixed infections and create
an inventory of complex microbial communities, for
example in the gut during health and disease.

Micro-arrays could also be directed towards
monitoring host genes, using the host as an exquisite
sensor and discriminator of different pathogens. To
determine how the host ‘sees’ the pathogen it will be
necessary to determine gene expression profiles of cells
and peripheral tissues in response to infection by
different microbes. Preliminary studies have shown it is
not only possible to discriminate between different
bacteria and viruses, but also to identify different host
gene expression patterns induced by alternative strains 
of the same bacterial species. Microbe-specific host gene
expression patterns could therefore not only serve to
identify specific pathogens, but also provide details
about the disease time course by identifying which of 
the host genes acts as a ‘pathology clock’.

● What remains to be discovered?
Having many different technologies available to discover
pathogenic and non-pathogenic microbes, where do you
begin to look? First, there are the large environments.
Surveys of many terrestrial and aquatic ecosystems

indicate that >99% of micro-organisms cannot at
present be cultured and can only be identified using
molecular methods. The sheer extent of microbial life
was recently emphasized with the demonstration that
109 bacteria and 1010 viruses per litre occur in surface
waters. Aside from the sheer variety of microbes present
in these environments, they are dynamic, with viruses
being responsible for up to 50% of the bacterial
mortality rate (Fig. 2). Microbial populations of hosts 
are well documented with the concept of commensal
bacteria well established. With the discovery of
transfusion-transmitted virus (TTV) to add to the
increasing list of persistent virus infections, the notion 
of commensal viruses is a recurring debate.

Finally, new human, animal and plant pathogens are
almost certain to be discovered. Emerging infectious
diseases (EIDs) are now a subject of much concern in the
world. EIDs can be categorized as resurgent or recurrent
existing diseases, newly identified agents associated with
well-known diseases, or new human diseases caused 
by zoonotic agents. Already a wide range of acute 
and chronic diseases warrant investigation by culture-
independent/molecular identification methods. In
addition, doctors are often familiar with previously
healthy individuals who present with acute, sometimes
life-threatening diseases that have all the hallmarks 
of an infectious disease but no detectable pathogen. 
The Center for Disease Control (CDC) in Atlanta has
initiated a project on ‘Unexplained Deaths’ to track such
cases. The CDC suggest such deaths occur in 0.5–2
people per 100,000 per year in the USA. Translated to
the UK this would account for 300–1200 deaths per
year. Clearly discoveries in microbiology are far from
over.
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RIGHT:
Fig. 2. Fluorescence imaging of
marine microbes, namely viruses
(small numerous green dots) and
prokaryotic cells (rarer, larger
green dots).
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