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Modern molecular biology and respiratory
bacterial infections: a revolution on the horizon

Timothy F Murphy

Respiratory bacterial infections are a major
cause of worldwide morbidity and mortality in
both developing and industrialised countries.
Although antibiotics are often effective, this is
not universally the case. Initial treatment is
often empirical, being either of broad spec-
trum or targeted to an assumed pathogen.
Ideally, the organism causing infection
should be identified with accuracy as soon as
possible, enabling specific treatment to be
initiated.

Conventional microbiological techniques
still fall short of this ideal on many occasions.
For instance, acute lobar pneumonia in an
adult with chronic obstructive lung disease
with sputum containing predominantly Gram
negative coccobacilli is likely to be diagnosed
as Haemophilus influenzae infection.
Microbiological confirmation and the results
of sensitivity testing, however, may not be
available for several days even if the organism
grows in culture. In other patients with
established lung diseases several organisms
may be present and the results of micro-
biological culture may be influenced by the
viability of the organism in vitro. Some may
overgrow other pathogens, whereas more fas-
tidious organisms, such as the anaerobes, may
not survive in routine culture. Finally, some
organisms, such as mycobacteria, may require
several weeks in culture before they can be
isolated and identified. Others, such as
Legionella and Mycoplasma, may require
cytological identification or retrospective
diagnosis by detection of the immune re-
sponse.
The development of molecular probes for

specific DNA sequences of these organisms
and the application of other molecular bio-
logical techniques offers an opportunity to
obtain a more rapid and specific diagnosis in
many bacterial infections. Furthermore, the
techniques offer a unique opportunity to
investigate the pathogenetic mechanisms in
bacterial infection. With this knowledge we
will be able to devise other therapeutic
strategies as an alternative to antibiotic treat-
ment.
The purpose of this article is to outline how

advances in molecular biological techniques
will change our understanding and manage-
ment of respiratory bacterial infections. It will
focus primarily on two areas: (1) the devel-

opment ofDNA probes for diagnosis; and (2)
the application of mutagenesis studies to
elucidate molecular mechanisms of microbial
pathogenesis.

DNA probes in the diagnosis of
respiratory bacterial infections
ROLE OF DNA PROBES IN DIAGNOSIS
For the reasons I have outlined, the develop-
ment of a probe that is species specific would
have immediate application in the diagnosis of
pneumonia. Indeed, diagnostic kits using
DNA probes that detect Mycoplasma pneu-
moniae and Legionella pneumophila are now
commercially available and are both sensitive
and specific."A The refinement of these probes
and the development of similar probes to
detect Chlamydia pneumoniae and mycobac-
teria are likely to follow and will have impor-
tant and immediate application in the diag-
nosis of these infections.5
A similar problem, though not strictly bac-

terial, arises in the diagnosis of Pneumocystis
carinii infection, which is difficult with con-
ventional techniques. Recent studies have
shown that the organism can be identified in
tissue by in situ hybridisation as well as in
secretions.67 The diagnosis of mycobacterial
infection is often delayed because several
weeks are required for in vitro cultivation.
DNA probes for identifying mycobacteria will
be a considerable improvement over current
technology. Probes for distinguishing M
tuberculosis rapidly from the "atypical"
mycobacteria will have an important effect on
the management of patients, particularly in
the setting of AIDS.
When numbers of the organism are low, the

relevant sequences can be amplified by the
polymerase chain reaction before hybridisa-
tion with the relevant probe.8 The sensitivity
of this latter technique is such that a positive
result can be obtained with even one organ-
ism. Whereas this may be an advantage when
organisms are scanty, it may also prove a
disadvantage if the organism is not replicating
in the lung and causing the infection. Further
study and refinement will be required to
clarify the role of the polymerase chain reac-
tion in the diagnosis of respiratory infection.

Unfortunately, most cases of pneumonia in
adults are caused by bacteria that also colonise
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Modern molecular biology and respiratory bacterial infections

Potential advantages of analysis of lung secretions with
DNA probes over conventional culture

1 Faster results.
2 Eliminates bacterial overgrowth as a problem.
3 Quantitates bacteria more readily.
4 In situ studies with tissue samples to confirm bacterial

invasion.
5 Identify selected serotypes associated with disease.

the upper airway in the absence of disease.
Consequently, the presence of the bacterium
in a sputum sample does not necessarily
establish the diagnosis. What, then, is the role
for DNA probes in the diagnosis of bacterial
pneumonia in these circumstances?

In most instances the time honoured
method of Gram staining and culture of
sputum samples is used to predict the
aetiology of bacterial pneumonia in adults,
though there are serious limitations to this
approach.9 14 In the absence of invasive diag-
nostic techniques, however, studies of sputum
are still all we have available and these are
widely used by physicians to guide treatment.
The application of modern molecular bio-
logical techniques to sputum studies offers
several advantages over Gram staining and
culture, particularly when fastitious or mul-
tiple organisms are present.

Molecular probes will allow clinicians to
detect potential pathogens more reliably than
Gram staining and more quickly than routine

Figure I Schematic
diagram of the analysis of
a sputum sample with
DNA probes. Probes will
detect DNA sequences that
are unique to each of the
bacterial species that cause
respiratory tract
infections.

culture. In addition, these techniques have the
potential to improve the quality of the infor-
mation obtained from sputum by allowing
bacteria to be quantified more readily in a
whole sputum specimen, whereas Gram stain-
ing and culture sample only a portion of the
specimen.
The DNA from the whole sputum sample

can be extracted, and unique sequences of
DNA corresponding to pathogens can be
quantified in this aqueous extract. Where
numbers of organisms are small, the amount
of potential DNA can be amplified by the
polymerase chain reaction before molecular
probes are used as mentioned above. Analysis
with DNA probes overcomes the problem of
overgrowth of some bacterial species on cul-
ture plates, a major problem in identifying
more fastidious bacteria such as the pneumo-
coccus, particularly when swarming bacteria
are present. When invasive techniques such as
lung biopsy are used, in situ hybridisation
with probes will allow pathogens to be iden-
tified in tissue, thereby confirming that they
are invasive organisms. Finally, as we learn
more about the pathogenesis of respiratory
bacterial pathogens, certain serotypes of some
bacteria may prove to be capable of causing
pneumonia whereas other serotypes of the
same species may be capable only of coloni-
sation of the upper airway. Development of
probes to identify such serotypes in secretions
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Figure 2 Schematic
diagram depicting an
experiment to assess the
potential of antigen A as a
virulence factor in an
animal model. The wild
type and mutant strains
are isogenic, differing only
in the gene that encodes
antigen A.

Antigen A

Wild type

Disease No disease

Conclusion: Antigen A is a virulence factor

Figure 3 Classical
Koch's postulates and
molecular Koch's
postulates.

Koch's Postulates

Organism is present in association
with the disease it causes

Molecular Koch's Postulates

Trait under study is associated with
pathogenic strains of the species

Causative agent is isolated and
grown in pure culture

I

Specific inactivation (mutation) of
the gene associated with the trait

leads to measurable loss of virulence

I

Inoculation with a pure culture
reproduces disease in animal model

Same organism recovered from
animal

Reversal of gene mutation
restores virulence

Mutant lacking
O Antigen A
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Modern molecular biology and respiratory bacterial infections

Figure 4 Schematic
diagram illustrating six
methodsfor creating
mutations in afragment of
cloned DNA. See textfor
explanation.

4(a) Oligonucleotide
directed mutagenesis.

Cut out gene

utated
oligonucleotide
and DNA
polymerase

l Ligate

Mutant gene

will improve our diagnostic capabilities and
hence therapeutic interventions.
Thus the availability of DNA probes to

identify bacterial respiratory pathogens in
secretions and tissues can help to guide the
clinician at the bedside in making decisions
about antimicrobial treatment for patients
with pneumonia. Some of the potential advan-
tages of analysis of sputum samples with
DNA probes rather than conventional culture
are summarised in the table.

DEVELOPMENT OF A DNA PROBE
Developing a DNA probe to identify a bac-
terial species in a clinical specimen means
identifying a DNA sequence that is unique for
that species. This sequence must be present in
all strains of the species being studied and
must be absent in all other bacteria that might
be present in the clinical sample. In addition,
this sequence must be absent from the
patient's tissues and secretions, such as mucus
in sputum, so that false positive results are not

obtained by hybridisation of the probe with
host material. An example of this principle is
provided by molecular studies of the P6
protein of Haemophilus influenzae. P6 is an
outer membrane protein that is present on the
surface of all strains ofH influenzae.'5 16 P6 has
attracted interest as a potential vaccine anti-
gen because it appears to generate protective
antibody.'7"9 In the course of our studies on
P6 we cloned and determined the DNA se-
quence of the gene encoding P6 from one
strain of H influenzae.20 Next we studied the
extent to which the P6 genes from other
strains of H influenzae are similar to or
different from each other. To determine the
degree of molecular conservation of the gene
among strains of H influenzae, we performed
restriction fragment length polymorphism
analysis on 40 strains of diverse origin as
follows.

Five oligonucleotides of 17 bases each were
synthesised. These oligonucleotides corre-
sponded to DNA sequences from five differ-
ent parts of the P6 gene from the N terminus
of the protein to the C terminus. The probes
were radiolabelled and used to probe DNA
from 40 different strains of H influenzae in
Southern blot assays to determine whether
any parts of the P6 gene were similar among
strains. The DNA from these strains had been
previously digested with restriction enzymes
to yield fragments of DNA of defined sizes on
the basis of the known sequence of the P6
gene. Three of the five oligonucleotides
hybridised with fragments of DNA of iden-
tical size in all 40 strains.

After identifying three probes that hy-
bridise with DNA of all strains of H influen-
zae, we determined whether these probes
were specific for H influenzae. DNA was
purified from various bacterial species and
tested with the probes. They were highly
specific forH influenzae, showing no hybridis-
ation with various other bacterial species.
These probes also hybridise with H influenzae
DNA in whole bacterial colonies, making it
unnecessary to purify DNA from strains to be
tested. These probes therefore show promise
as diagnostic reagents for H influenzae in
sputum. A slightly different approach has
been used by Terpstra et al,21 22 who used
labelled DNA from the whole genome to probe
sputum samples and effectively identified H
influenzae in sputum.

It will be straightforward to use these meth-
ods to identify sequences that are unique to
each of the bacterial species that cause
pneumonia. We can then envisage that a
secretion sample submitted to the laboratory
will be rapidly analysed with probes that will
detect the presence of the major respiratory
bacterial pathogens. This idea is depicted
diagrammatically in figure 1. As a result, the
clinician will know the results of a sputum
analysis with regard to the presence or
absence of potential pathogens in a matter of
hours, (the exact time depending on the indi-
cators used to label the probes) rather than
days as with conventional bacterial cultures-
or even weeks for organisms such as the
mycobacteria.
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4(c) Gene synthesis with long oligonucleotides.

Studies ofmechanisms of microbial
pathogenesis
Bacterial pathogens possess certain character-
istics that give them the capacity to compete
successfully with other bacteria, gain access to
the host, avoid host defence mechanisms, and
multiply within the host. Studies designed to
identify and characterise the factors that allow
respiratory bacterial pathogens to cause disease
represent a critical initial step in understanding
pathogenesis at the molecular level and will
lead directly to the development of strategies of
intervention in these infections in the form of
new therapies and vaccines.
The application of modern molecular bio-

logical techniques to studies of bacteria is
leading to new and important information in
several ways.23 The capacity to clone the gene
that encodes a microbial protein antigen, for
example, can lead to a large amount ofinforma-
tion about the function of that protein for the
bacterium and the potential role of the mol-
ecule as a virulence factor. Determination of
the DNA sequence of the gene allows us to
learn the entire amino acid sequence of a

protein antigen, and structure-function re-
lationships can be elucidated. We can mani-
pulate and investigate regulation of the expres-
sion of potential virulence factors. Studies of
the regulation of expression of bacterial
antigens are particularly important in that
bacteria have an enormous capacity to express
different antigens in different environmental
conditions. Cloning of the gene encoding a
protein allows us to identify the precise por-
tions ofthe molecule (epitopes) that are recogn-
ised and bound by antibodies. Epitope map-
ping is important in studying bacterial antigens
as targets of the human immune response to
infection. Finally, the cloned gene of a putative
virulence factor can be studied by inactivating
or altering the gene. This is a powerful tech-
nique and will be considered in more detail.

In the classic studies designed to identify
microbial virulence factors pathogenic and
non-pathogenic bacterial strains have been
compared with regard to their ability to cause
disease. Identifying factors associated with
virulence in this way is limited by the many
differences among bacterial strains even of the
same species. The molecular genetic approach
allows the investigator to identify accurately the
individual molecules concerned with path-
ogenesis. The most widely used strategy is to
create a mutant that differs from the parent
strain in a single molecule. The mutant and
parent strains are then compared with regard to
their ability to cause disease in an appropriate
laboratory model. This concept is depicted
diagrammatically in figure 2.
Koch's postulates were originally formu-

lated to establish a causal relation between an

organism and a specific disease. The ability to
manipulate individual genes and molecules to
identify and study virulence factors has led to
the concept of "molecular Koch's postu-
lates".24 These are designed to be applied to
virulence factors, to see whether they have a
role in the pathogenesis of infection by an

organism. Simply stated, molecular Koch's

Cut out gene

A B
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Modern molecular biology and respiratory bacterial infections

Chemical
M utagenesis

XX~~~~~~~~~~~~~~~~~~~~~~C)
Multiple Mutations

4(d) Region specific chemical mutagenesis.

postulates are as follows: (1) The trait under
study is associated with pathogenic strains of
the species; (2) specific inactivation (mutation)
of the gene associated with the trait leads to a

measurable loss of virulence; (3) reversal of the
gene mutation restores virulence. These pos-

tulates are depicted, along with the classic
Koch's postulates, in figure 3.

MUTAGENESIS OF CLONED DNA
The power of molecular biological techniques
to determine the mechanisms underlying
microbial pathogenesis rests in the ability of
investigators to manipulate the genes of
putative virulence factors. Once the gene for a

virulence factor has been identified, isolated,
and cloned into a vector, such as a plasmid, the
gene can be manipulated in various ways. A
particularly useful approach is to alter or
inactivate the cloned gene. The parent strain is
then transformed with the altered gene by
selecting for antibiotic resistance to create a

mutant. The effect of loss of the virulence
factor on the bacterium's ability to cause dis-
ease in an animal model is then assessed. This
allows the investigator systematically to assess

the potential role of individual molecules that
mediate pathogenesis. Several strategies for

altering or inactivating genes can be used.
Some of these are summarised in figure 4 and
detailed below. Other strategies exist, but this
brief consideration of six methods provides a
survey ofthe kinds ofmanipulations that can be
performed.

Oligonucleotide directed mutagenesis (fig
4a) This method allows a DNA sequence to
be altered in a defined way. An oligonucleotide
containing the mutation of interest is synthes-
ised and incorporated into the gene to be
studied. This method is valuable for studying
the effects of specific changes in a DNA
molecule. It is also useful for introducing new
restriction enzyme sites in defined points in the
DNA molecule to facilitate future studies.

Mutagenesis with degenerate oligonucleotides
(fig 4b) Synthetically derived mixtures of
oligonucleotides are generated and used to
create genes with random mutations within a
defined region. The frequency ofthe mutations
is determined by the conditions used for
oligonucleotide synthesis. This method is
useful for generating a large number of muta-
tions within a small region of DNA. Creating
mutants in several places within a region of
DNA that codes for a single molecule allows
one to identify the portion of the gene product
that is involved in a particular pathogenic
mechanism.

Gene synthesis with long oligonucleotides (fig
4c) This procedure makes it possible to "cus-
tom design" genes. Long oligonucleotides (up
to 400 nucleotides) with homologous ends are
synthesised and converted into double stran-
ded DNA that is suitable for cloning. The
cloned DNA can be studied in isolation or in
expression systems, or be introduced into bac-
terial species.

Region specific chemical mutagenesis (fig
4d) Single stranded DNA containing the
region of interest is treated with various
chemicals that alter the DNA. When oligo-
nucleotides are used as primers the altered
region can be copied and then cloned. The
mutation frequency depends on the duration
and concentration of the chemical treatment.
This method is useful for generating random
mutations in a larger region (1-3 kilobases) of
DNA.

Nested sets of deletion mutants (fig 4e) In this
method mutants that lack progressively more
sequences from one end of the DNA molecule
are generated. TheDNA of interest is digested
for varying time intervals with an exonuclease
that cleaves nucleotides sequentially from the
end of the molecule. The DNA molecules of
varying length are then cloned. This approach
is useful for identifying regulatory sequences
and for identifying epitopes recognised by
antibodies.

Linker scanning mutagenesis (fig 4]) In this
method mutations are created by inserting
short sequences containing new restriction
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4(e) Nested sets of deletion mutants.

sites into defined regions of the cloned DNA

molecule. Creating and studying a series of

linker scanning mutations throughout a region

also allows identification of functionally impor-

tant sequences of a gene.

The application of these principles is illus-

trated in a series of experiments performed by

McDaniel, et al with Streptococcus pneumon-

iae."'2 Preliminary studies had suggested that

an antigen called pneumococcal surface protein
A (PspA) was a virulence factor for the organ-

ism. To assess directly the role of PspA in the

virulence of pneumococcal infection in the

mouse model, mutant strains (in which the

PspA gene was inactivated) were constructed.

These mutants and the parent strain were

isogenic, differing only in the PspA gene. The

virulence of PspK7 mutants was compared with

that of their parent strains (WU2 and DBL5) in

the mouse model of pneumococcal infection.

None of the mice that received the PspA-
mutants died whereas all mice that received the

corresponding parent strains died.2" The

authors concluded that PspA is a major deter-

LI4

Altered sequence with

restriction site

new

4(f) Linker scanning mutagenesis.

minant of virulence for these pneumococcal
strains. These experiments represent an

elegant example of the use of molecular

biological techniques to identify bacterial

virulence factors.

Numerous other examples have been pub-

lished in recent years. These include studies of

the P6 protein in H influenzae,'5-20 the P1

adhesin of M pneumoniae,
29-3

polysaccharide

microcapsules in Staphylococcus aureus,3233 pili

as adhesins in Gram negative bacilli,3'~' and

LI

Linker

I
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Modern molecular biology and respiratory bacterial infections

many others. The major impact of these studies
from a practical standpoint will be the iden-
tification of bacterial antigens that will induce
protection from infection. These observations
will guide vaccine development in an effort to
prevent bacterial pneumonia in populations at
risk.
Once the appropriate antigens for vaccines

are developed, the design and production of the
vaccines themselves will be facilitated by the
application of recombinant DNA technology.38
Genes encoding vaccine antigens can be cloned
and expressed in prokaryotic cells, eukaryotic
cells (yeast), or mammalian cells. This ap-
proach has yet to be applied to bacterial
antigens but it has been used for viruses. For
instance, a widely used recombinant vaccine
for hepatitis B is expressed in yeast. Alter-
natively, antigens can be inserted and delivered
in viruses of low pathogenicity, such as vaccinia
virus, resulting in a live recombinant vaccine
that produces an immune response to the
inserted antigen.

Conclusions
The recent extraordinary advances in
molecular biological techniques is providing
investigators with the tools to study molecular
mechanisms of microbial pathogenesis. The
application of these techniques to the study of
respiratory bacterial pathogens will have a
profound impact on these infections. This will
be manifested primarily in the development of
better methods for diagnosis and a more de-
tailed understanding of mechanisms of patho-
genesis, which will lead to vaccine develop-
ment. In view of the importance of respiratory
bacterial infections as a worldwide health
problem, it is appropriate to continue to devote
substantial resources to the problem.
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