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Abstract
Pseudomonas aeruginosa is seldom eradicated from the sputum of patients with cystic
fibrosis (CF).

This thesis examines two mechanisms which may contribute to its

persistence.
Having speculated that P. aeruginosa persists by adaptation to the CF mucosal
environment, growth requirements of isolates from patients with CF and non-CF
bronchiectasis were compared with each other and with isolates from other sources.
Auxotrophs are bacterial mutants which require additional growth factors to those of the
wild-type of the species (prototrophs).

For the first time, auxotrophy of P. aeruginosa in

CF and non-CF bronchiectasis has been demonstrated and auxotrophic isolates of P.
aeruginosa were detected in the sputum of 92% of CF patients. Auxotrophs predominated
in the sputum of patients with acute exacerbations and those with severe lung disease and
were shown to be more resistant to anti-pseudomonal agents than prototrophs.
Auxotrophic and prototrophic isolates were shown to be isogenic, and as methionine was
identified as a growth factor for P. aeruginosa in 44% of patients, the possibility of
inhibition of microbial methionine synthesis, acting synergistically with conventional
agents may be explored in the future.
The question of whether extra-pulmonary sites of P. aeruginosa exist and form
reservoirs which may re-seed the lungs and perpetuate infection was addressed. The upper
airways of 42 CF adults were assessed and 94% of patients with P. aeruginosa in the
sputum were found to have reservoirs of the organism in their upper airways. When
genotyped, strains from these sites were identical to those from the lungs, raising the
possibility of a microbiological association between these sites.

These results are

particularly relevant to patients undergoing lung transplantation in view of the risk of
infection from the upper airways contaminating the transplanted lungs. Also, awareness of
these sites may advance epidemiological studies of the acquisition of P. aeruginosa in CF.
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Aims of this thesis
Section A
1. To examine the growth requirements of sputum isolates of P. aeruginosa from patients
with CF and non-CF bronchiectasis and to compare these with isolates of P. aeruginosa
from other sites in CF patients and other clinical non-CF sources.
2.

Should auxotrophic growth requirements be found to characterise sputumisolates of P.

aeruginosa from CF patients, specific growth factors will be sought. If a single factor is
identified which is required by many strains, the growth and phenotypic appearance of
auxotrophic isolates following incubation in increasing concentrations of the specific
growth factor will be assessed.
3. To validate the experimental methods used in the detection of auxotrophs.
4. To quantitate the proportion of auxotrophs in stable and acutely ill CF adults and to
correlate these results with the extent of underlying lung disease and the presence of other
respiratory pathogens.
5.

To determine the proportions of auxotrophs in the sputum of non-CF bronchiectatic

patients.
6. To determine the auxotrophic requirements of isolates from single sputum samples and
from repeated specimens taken from the same patients.
7. To examine whether the adaptation of auxotrophy affects the antimicrobial
susceptibilities of sputum isolates of P. aeruginosa taken from CF patients.
8. To induce the formation of auxotrophs from a prototrophic isolate of P. aeruginosa.
9. To genotype auxotrophic and prototrophic isolates of P. aeruginosa.
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Section B

1. To make a clinical assessment of the upper airways of CF adults.

2. To examine the frequency of colonisation of extra-pulmonary sites (the upper airways
and the gastrointestinal tract) by P. aeruginosa in a cross-sectional study of adults with CF
and those with non-CF bronchiectasis.

3. To genotype isolates of P. aeruginosa from the upper airways and gastrointestinal tract
and to compare these with one another and with pulmonary isolates from the same patient.

4.

To assess the prevalence of infection with P. aeruginosa in the upper and lower

airways and the gastrointestinal tract before and after lung transplantation.

15

Chapter One

Introduction
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Cystic Fibrosis
1. 1

The disease

Cystic fibrosis (CF) is the most common autosomal recessive disease of man and
affects approximately one in two thousand Caucasians of Northern European origin^. In
general, the disease is characterised clinically by a triad of chronic pulmonary sepsis,
pancreatic insufficiency and abnormally high sodium and chloride concentrations in the
sweat. The majority (80%) of patients have both pulmonary and pancreatic dysfunction,
15% have pulmonary involvement with normal pancreatic function and five percent have
gastrointestinal disease alone. The defective gene^»^ is located on chromosome seven'* and
encodes the cystic fibrosis transmembrane conductance regulator protein (CFTR)^. 5,6
Although the exact function of the CFTR is as yet unclear, the defect results in reduced
chloride permeability across ^he apical membrane of epithelial cells'^; this disrupts ion and
water transport across mucosal surfaces®, causing disease mainly in the respiratory and
gastrointestinal tracts and an elevation of sodium and chloride concentrations in sweat.
The majority of patients with CF die prematurely from pulmonary sepsis, usually
associated with Pseudomonas aeruginosa infection^* R
The lungs of affected patients are histologically normal at birth**, although within the
first few days of life, structural abnormalities of the airways may be detected*^.

These

defects may predispose to infection of the airways with opportunistic pathogens, namely
Staphylococcus aureus^ Haemophilus influenzae and Pseudomonas aeruginosa which are
commonly found in the lungs of patients with CF*^.

In response to infection,

inflammatory changes occur which are themselves implicated in further structural
damage*'*.

Ciliary function becomes impaired and mucus clearance is decreased*^’ *^,

thereby rendering the patient more susceptible to sepsis and a cycle of pulmonary infection
and inflammation is established*'*. Patients with CF develop bronchiectasis early in life
and by the age of 20 years, the lungs of most patients are infected by P. aeruginosa *"^.
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This pathogen is seldom eradicated and its presence is associated with increased morbidity
and mortality^.

Pancreatic insufficiency, caused by inflammatoiy damage to exocrine and

endocrine pancreatic cells, secondary to duct obstruction, may lead to fat malabsorption
and diabetes mellitus respectively.

1.2

Historical background
The first reference to CF, "the child will die soon, whose forehead tastes salty when

kissed", has been traced to German folk-lore

and although Fanconi in 1936 described

congenital cystic pancreatic fibrosis and bronchiectasis in children

it was not until 1938

that Andersen gave the first detailed pathological description of the disease and introduced
the term 'fibrocystic disease of the pancreas'
High sweat sodium and chloride concentrations were recognised to be a feature of the
disease after several children with CF developed heat exhaustion and salt depletion during
a New York heat wave in 1948^^

The autosomal recessive pattern of inheritance was

recognised in 1952^2 and in 1981, Knowles et al demonstrated that there is a markedly
elevated potential difference (PD) across the nasal and lower respiratory epithelium of CF
patients*.

Clinton subsequently demonstrated a similar electrical abnormality across CF

sweat ducts and related this to chloride impermeablity of the ductal epithelium with
secondary inhibition of sodium reabsorption^- ^4
In 1985, Wainwright et al localised the abnormal gene to the long arm of chromosome
seven^ and the A F508 mutation which constitutes about 70% of all CF mutations in
Northern European populations was identified in 1989*»^.

Subsequently, more than 3(X)

other mutations have been d e s c r i b e d a n d the structure of the encoded putative
membrane protein, the cystic fibrosis transmembrane regulator (CFTR) has been
elucidated^^.

Expression of the gene has been demonstrated at many sites including the

human bronchus, sweat glands and pancreatic ducts^*- ^9
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1.3

Demography and survival
Survival among patients with CF has steadily improved over the past 40 years

and this has been attributed to earlier diagnosis^® and the subsequent institution of more
effective therapy at an earlier age^.

Such therapy is comprised of improved management

of meconium ileus^^, better dietary care and advances in pancreatic enzyme
s u p p le m e n ta tio n s ^ ^

routine physiotherapy, the development of more potent anti-

pseudomonal antibioticsS4, 35

the emergence of specialist CF centres

Approximately one in 25 healthy adults are heterozygote carriers of the gene and there are
an estimated 6000 patients with CF in the United Kingdom.

It is predicted that the

number of adults with this disease will continue to increase, irrespective of improvements
in carrier detection and prenatal diagnosis^^. Sex, social class and region of residence are
all potential determinants of s u r v i v a l M a l e s survive longer than females, as do those in
social classes with non-manual occupations^^.

The current median age of death is

approximately 25 years in England and Wales^^ and in 1991, with improvements in care, it
has been estimated that the median life expectancy of a child bom in the 1990s with CF
will be in the order of 40 years^.

1.4

Pathophysiology

Abnormalities of ion transport
In CF, there is a disturbance in ion transport across the q)ithelial surfaces of the upper
and lower airways, intestinal tract and exocrine glands.

This alters the composition of

epithelial secretions and leads to the main clinical manifestations of the disease^^k
Reduced chloride permeability across the apical q>ithelial cell surface with secondary
changes in sodium and water flux results in a relative deficiency of water in airway and
other mucosal fluids, a raised sweat salt concentration^^ and an elevated potential
difference (PD) across respiratory, pancreatic and sweat duct epithelial cells^"^.
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In the normal respiratory tract, sodium is absorbed from the lumen with little net
movement of chloride ions.

In CF, however, sodium uptake into the cell is increased and

chloride transport from the lumen across the apical cell membrane is impaired^^. There is
thus an increased negative potential difference across the membrane and as water follows
the sodium ions into the cells, the viscosity of respiratory mucosal secretions is
increased'^^.

It is considered likely that these changes lead to increased bacterial

colonisation of the airway mucosa.
Within the sweat gland, chloride reabsorption from the duct is defective but here,
sodium is retained subsequently in the sweat; this results in elevated sweat sodium and
chloride concentrations and a more negative potential difference across the luminal surface
of sweat duct epithelial cells.

The cellular defect
The basic cellular defect is thought to be an abnormality of control of chloride channel
opening which results from defective CFTR.

This regulatory protein is structurally

similar to P-glycoprotein, which confers multiple drug resistance to some human cancer
cells and to bacterial membrane proteins which have membrane transport functions
dependent on ATP27,

CFTR is comprised of 1480 amino acids and it is currently

speculated that normal CFTR removes an ion transport-modifying substance from the cell,
while defective CFTR cannot. The substance then accumulates and alters the function of
both chloride and sodium channels^. Oth«- pathophysiological abnormalities in CF cells
include structural alterations of protein phosphorylation patterns and increased sulphation
of airway cell surfaces^^; the significance of these changes remains to be established.
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1.5

Microbiology

Lung sepsis is responsible for 97% of deaths in adult CF patients and for 75% of the
hospital admissions of patients with this disease^. Infection is caused mainly by bacteria
and the spectrum of respiratory pathogens in CF is curiously limited.

S. aureus and

P. aeruginosa predominate^*^ and may persist, whilst H, influenzae is intermittent and
particularly associated with acute exacerbations. Infection with viruses, mycoplasma and
fungi also occur^*»

It is not clear whether the basic cellular defect predisposes to

susceptibility to infection although it has been suggested that it may affect bacterial
adherence^. The first pathogen is usually S. aureus which is followed by H. influenzae
in the early years, P. aeruginosa in early adolescence and P. cepacia in adult life^^.
Persistent infection produces submucosal gland hypertrophy, duct obstruction and goblet
cell hyperplasia.

Staphylococcus aureus
The prevalence of S. aureus varies between centres from 29% to 72%^f

and

decreases with age. Prior to the advent of anti-staphylococcal antibiotics, few patients
survived beyond infancy and this pathogen was the major cause of such high mortality^.
The presence of methicillin-resistant S. aureus in the sputum of CF patients is increasing
although with minimal effect on lung f u n c t i o n T h e pathogen produces teichoic acid
and an exopolysaccharide which may play a role in bacterial adh^ence to the respiratory
epithelium of CF patients^»

S. aureus binds to an epithelial cell surface glycoprotein,

fibronectin^, causing damage to cell surfaces.

Subsequently, neutrophil and bacterial

elastase production is stimulated which in turn damages fibronectin^^.
fibronectin from the cell surface increases the adherence of P. aeruginosa^^'

The loss of
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Pseudomonas aeruginosa
Infection of the airways with P. aeruginosa causes most of the pulmonary damage in
CF.

The incidence of infection rises with age and is between 70 to 90% in adult

patients^.

It is thought that the pathogen has emerged as a result of the use of anti-

staphylococcal agents and has become an opportunist in an ageing CF population. It is
striking that in this disease, infection is restricted to the lungs, in contrast with other
patients infected with P. aeruginosa and that the organism undergoes considerable
phenotypic adaptation within the environment of the CF lung^^.

A comprehensive

description of P. aeruginosa may be found in the latter part of this chapter.

Pseudomonas cepacia
This phytopathogen was first isolated in 1950 and over the past twenty years,
infection rates with this organism have increased in patients with CF^^«

The use of

selective culture media for P. cepacia has resulted in more accurate estimates of not only
its incidence in CF centres but also of the levels of contamination of hospital equipment
and environmental sites eg. wash-basins
The acquistion of P. cepacia may pose a particular threat to CF patients because of its
inherent resistance to a wide range of anti-pseudomonal agents.
the issue of the effect of this pathogen on CF patients.

Controversy surrounds

Its presence may herald rapid

clinical deterioration^^ which may occur in patients irrespective of the severity of their
lung disease at the time of acquisition^. In contrast, other workers have reported a rapid
decline in lung function only in those patients with severe disease at first is o la tio n 68,69
It is notable that in contrast to infection with P. aeruginosa, infection with P. cepacia may
be transient^^.
Although the source of the organism and its mode of transmission remain unknown,
nosocomial spread has been implicated following reports of case clustering within hospital
populations and also the observation of a decreased incidence in CF patients after
implementation of policies to control cross i n f e c t i o n H o w e v e r , controversy still
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surrounds the issue of nosocomial acquisition

72

Evidence based on ribotyping and

bacteriocin typing suggests that P. cepacia may be transmitted from patient to patient and
that infected patients may contaminate the hospital environment and thus increase the risk
of indirect transmission.

It seems that P. cepacia is more transmissible than P.

aeruginosa, although segregation of patients whilst in hospital and at out-patients clinics,
has failed to eliminate cross-infection^^.

Several studies have demonstrated the

importance of social contact outside the hospital environment^^* ^5 jn the transmission of
this pathogen.

It is currently accepted that segregation within the hospital environment

and reduction of social contacts between infected and non-infected patients in the
community should be encouraged in CF patients

^7

Other pathogens
Respiratory exacerbations due to non-capsulate, non-typable H. influenzae are
probably underestimated because this relatively fastidious organism can be obscured by P.
aeruginosa unless selective culture media are used^^.

H. influenzae tends to be isolated

intermittently and its association with acute exacerbations of pulmonaiy sepsis in CF is
well established^^;

its contribution to chronic sepsis is not clearly defined. Other

pathogens, including Xanthomonas maltophilia only become clinically significant at high
concentrations and a retrospective study of CF patients infected with X maltophilia has
demonstrated that there was no significant deterioration in lung function following
acquisition of this o r g a n i s m V i r a l infections are associated with a deterioration in lung
function and appear to facilitate secondary bacterial colonisation^*. The incidence of
mycobacterial infection in CF is between three and 11 percent *h 82 - night sweats, which
are unusual symptoms in CF may suggest such infection.

Infection with chlamydia and

mycoplasmas may also be associated with acute pulmonary exacerbations and enhance the
pathogenicity of P. aeruginosa^^.
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1. 6

Host defence mechanisms
In CF, there is no evidence to suggest that host defences are primarily defective.

Infection at extra-pulmonary sites occurs no more frequently than in other conditions'^,
suggesting that in CF, defects in defence are localised to the respiratory tract. However,
many changes in immune function have been reported®^ which probably result from
chronic immune stimulation.

The immune responses trigger a cascade of events which in

the lung result in injury and contribute to progressive deterioration in lung function.

Mucociliary clearance
In normal individuals, the respiratory tract is protected against infection by a
mucociliary escalator which entraps and expels micro-organisms.

In CF, mucociliary

transport is severely impaired*^ although it is noteworthy that there are no consistent
abnormalities of mucus viscosity or mucociliary clearance before the lungs are damaged
by chronic sepsis.

The presence of lysed neutrophils and bacteria increase the dry weight

of CF tracheobronchial secretions and the elevated DNA content from this cellular debris
probably accounts for increased viscoelasticity of CF sputum^®.

Bronchial mucus

production is itself increased by bacterial extracellular products and altered autonomic
sensitivity may contribute to airways' obstruction by an increase in airway responsiveness
to stimuli with an associated increase in mucous secretions*^' **.

These abnormally

viscid and abundant secretions distort mucociliary function throughout the airways. The
efficacy of the ciliary defence mechanism is furtha" reduced by bacterial toxins such as
proteases, pyocyanin*^ and rhamnolipid, a heat stable haemolysin^'

Impaired

mucociliary clearance results in mucus impaction and progressive damage to airways and a
cycle of infection and inflammation becomes established*^'

Humoral immunity
Hypergammaglobulinaemia is a well recognised feature of CF and progressive
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increases in serum Ig G and IgA levels are consistent with antigenic stimulation resulting
from chronic respiratory

in fe c tio n ^ ^

This increase in immunoglobulins in conjunction

with normal systemic antibody responses to immunisation with polysaccharide antigens
and an appropriate elevation of serum antibodies to the common CF pathogens, all indicate
that the systemic antibody response is preserved

High IgG levels in CF are associated

with a poor clinical condition and poor prognosis^^ and low levels with less severe
disease^.

Secretory IgA and IgA-producing plasma cells are increased in the bronchial

mucosa of CF patients

An abnormality in the assembly or synthesis of secretory IgA is

suggested by the detection of free secretory IgA in the serum of 30% of CF patients
compared with only 10% of normals^^.

High antibody levels against P. aeruginosa

antigens are associated with severe lung disease^^ and IgA antibodies to the alginate
produced by mucoid strains of P. aeruginosa are also associated with more rapid
progression of disease^*.

Circulating antibodies to pancreas, salivary glands, reticulin,

smooth muscle and nuclear fragments have been demonstrated with increased frequency in
CF and are found more often in severe disease^»

Opsonisation by antibody is reduced

in CF because of the production of IgG2 immunoglobulin which has a low opsonic
potency

Cell mediated immunity
Delayed skin sensitivity is intact^®^, T cell numbers are normaP®^ and specific
lymphocytic proliferative responses tend to parallel clinical status

Neutrophils and

monocytes function normally except in severely ill patients.

Complement
There are no consistent abnormalities in the serum complement system in CF^®^.
Lower levels of C3 and C4 were demonstrated in 14 of 18 patients infected with P.
aeruginosa^^. In contrast, higher levels of complement products have been demonstrated
in the sputum sol-phase of patients infected with P. aeruginosa compared with those
patients who are not infected ^®^.
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1. 7

Immune mediated lung damage
The immune response in normals is essentially protective and links the self-limiting

inflammatory response with healing. In CF, the process is exaggerated by the continued
presence of bacteria and the host response perpetuates the vicious cycle with more tissue
injury leading to further infection and inflammation
radicals probably contributes to the progression of disease

The release of toxic oxygen
The presence of circulating

cytokines, such as tumour necrosis factor (TNF-alpha) and various interleukins augment
and maintain the inflammatory response^^9.

These inflammatory mediators are produced

by macrophages and monocytes in response to activation by the lipopolysaccharide (LPS)
in the cell walls of Gram negative bacteria. It is of interest that TNF-alpha may also
specifically mediate the development of cachexia associated with chronic sepsis in CF^^®.
In the early stages of infection with P. aeruginosa, antibody response is mainly directed at
bacterial exo-products, but later in the disease, a response to the cell wall LPS
predominates. Immune complexes are formed in the lung and in the c i r c u l a t i o n ® ^

Early

in the disease these may be protective, especially if opsonically a c t i v e a l t h o u g h later,
complexes are found in the systemic circulation and indicate the terminal phase of
pulmonary inflammation^

Neutrophils are the predominant cell type found in the

alveolar space in CF and produce enzymes and oxygen radicals which are extremely potent
and break down the major connective tissue proteins in the lung^^^

Bacterial and

neutrophil elastases also reduce opsonic capacity by cleaving the Fc fragment from
immunoglobulins. This function in itself may have regulatory advantages as Fc-free
immune complexes do not stimulate the neutrophil oxidative burst

Levels of

lactoferrin and elastase which are released by neutrophil degranulation may be used to
monitor the inflammatory response.
There is also an increase in IgE antibodies and positive allergy skin prick tests in
CF93,115

Raised IgE levels are associated with increasingly severe lung disease^ and

the major atopic response is to Aspergillus fionigatus, the pathogenic fungus which is
responsible for non-invasive allergic bronchopulmonary aspergillosis (ABPA).

Thirty
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percent of CF patients have positive skin tests to Æ Jumigatus^^^ and approximately 10%
of CF adults may have episodes of ABPA, characterised by wheeze, fleeting lung
shadows, blood and sputum eosinophilia, raised total IgE and raised IgE and IgG
antibodies to A fuinigatus^^^.

Indeed, a correlation between IgE and IgG antibody titres

to A. jumigatus and decreased lung function has been described^^^»

and the

production of these antibodies is stimulated by a high molecular weight antigen released
by the fungus.

It is of interest that this antigen is selectively released when P. aeruginosa

and A fumigatus are cultured concommittantly from the sputum

1. 8

Histopathology of the respiratory tract
Histopathological changes in the respiratory tract are initially confined to hypertrophy

of the submucosal glands followed by mucous plugging and obstruction of small airways.
Subsequent infection leads to bronchiolitis and the centripetal progression of
endobronchial disease results in chonic bronchitis, bronchiectasis and peribronchial
inflammation.

Widespread bronchiectatic changes are most marked in the upper lobes.

The alveoli are relatively spared and pneumonia and abscess formation are uncommon,
although parenchymal changes develop late in the disease with cyst formation and areas of
atelectasis and fibrosis. The bronchial arteries hypertrophy but the pulmonary vasculature
remains relatively normal until a combination of destruction and distortion of the lung and
capillary network leads to cor pulmonale^'^.

The upper airways show a non-specific

mucositis with epithelial metaplasia.

1.9

Clinical presentation and diagnostic techniques
As there are widespread differences in the clinical expression of the CF gene defect,

the diagnosis depends currently on a combination of features which encompass abnormal
ion transport and disease in the lungs and pancreas.

Almost all patients present in early

childhood, but a few with mild disease present in adult life.

About 50% of children
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present with recurrent chest infections, 30% with pancreatic insufficiency and 10% with
meconium ileus. The remainder present in a variety of ways, eg with nasal polyps or
hepatic cirrhosis. Defective ion transport across epithelial cells is reflected by high sweat
salt concentrations21 and an increased electrical PD across the respiratory epithelium^^.
The sweat test^^o remains the definitive diagnostic test and measurement of nasal PD is of
value when the sweat test results are

e q u i v o c a l 121

. Screening neonates for CF may result

in earlier diagnosis with the subsequent institution of appropriate treatment, as well as
enabling genetic counselling to be offered to parents before a further pregnancy is planned.
The serum immuno-reactive trypsin level which is raised in the first year of life is a
reliable screening test of high sensitivity and

s p e c if ic ity 122,123

with genetic advances,

chromosomal DNA analysis can identify those patients who are homozygous for the AF
508 mutation; this genotype is found in more than 50% of neonates with CFi24. prenatal
diagnosis by DNA analysis of tissue obtained by chorionic villus sampling was first
described in 1986^25

jf both parents are known carriers of A F508, direct gene analysis of

foetal cells alone is undertaken, whereas linked marka" studies remain important in oth^
families

^26

Amniocentesis with assays of microvillar enzymes can also help in the

screening process ^2?.

1. 10 Clinical features
Lower respiratory tract
At birth, gas exchange and mucociliary clearance are normal.

The basic epithelial

membrane defect is thought to predispose to the development of bacterial infection of the
respiratory tract. The earliest detectable change in function is abnormal intra-pulmonaiy
gas mixing and as the disease progresses, widespread airflow obstruction with air trapping
and a fall in the forced expiratory volume in 1 second (FEVi) and vital capacity (VC)
occurs.

With progression of lung disease, the airways become increasingly hyper-

responsive; this is probably a reflection of the degree of mucosal inflammation rather than
atopy.

Pneumothorax occurs in up to 15% of patients.

The clinical spectrum varies
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widely and the clinical signs depend on the extent of lung damage and the chronicity of the
disease.

In almost all patients, there is a background of chronic lung sepsis which is

punctuated at increasingly frequent intervals by acute infective exacerbations, culminating
in respiratory failure.
At the age of 15 years, about 50% of patients expectorate sputum daily and 85%
intermittently^.
increases.

Initially, the sputum is clear but it becomes purulent as the bacterial load

Chest pain occurs frequently and is usually of musculo-skeletal origin due to

excessive coughing; however it can be associated with pneumothorax, pleural
inflammation or allergic bronchopulmonary aspergillosis.
dependent on the severity of lung disease.

Exercise tolerance is

Deformity of the thoracic cage develops as the

lungs become over-inflated and this may be particulary marked in patients who develop
respiratory disease early in life due to heightened compliancy of the chest wall in infancy.
The sternum becomes bowed, Harrison's sulci and spinal kyphos may occasionally be
seen.

Auscultation of the chest may reveal widespread or localised inspiratory and

expiratory crackles and wheezes.

Secondary changes in pulmonary and bronchial

vasculature in those with advanced disease lead to substantial haemoptysis in
approximately five percent of patients.

Pulmonary hypertension and cor pulmonale

develop frequently in response to chronic hypoxia.

Almost all patients develop clubbing

of the fingers early in the course of the disease, irrespective of the severity of lung
involvement.

Patients with cirrhosis who do not have significant lung disease also

develop clubbing.

Upper airways
The upper airways at birth are also structurally normal.

With increasing age, nasal

obstruction due to polyp formation and/or hyperaemia of the nasal mucosa may occur.
The drainage of the paranasal sinuses is distorted by the presence of viscid mucosal
secretions and cilial dysfunction. Sinusitis is almost invariable and may even be the focus
of initial infection.

Nasal polyposis occurs in up to 35% patients and is most frequently

observed in young children

Polyps are not associated with allergy, and nasal polyposis
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has been linked with less severe lung disease*29
not occur more frequently in CF p

a t i e n t s

Surprisingly, middle ear disease does

although sensi-neural hearing loss may result

from the frequent use of aminoglycoside antibiotics.

Mucociliary clearance is measured

clinically by the saccharin test and cilial function may be assessed directly by microscopy
and scintography of cilia from epithelial cells harvested from nasal brushings

Gastrointestinal
Pancreatic
A wide spectrum of gastrointestinal abnormalities are associated with CF and result in
disturbances of pancreatic, intestinal and hepatobiliary

fu n c tio n

^^2

The degree of

pancreatic destruction is highly variable, accounting for the wide range of pancreatic
manifestations.

At birth, there are minor changes in acinar size and luminal volume and

with increasing age, the ducts become obstructed and dilated.

Auto-digestion of the

pancreas leads to acinal atrophy with fibrosis and cyst formation. Malabsorption, which
affects 85% of CF patients is caused by the inadequate secretion of pancreatic enzymes.
Subsequent faecal loss of fats and proteins results in steatorrhoea and failure to gain or
even maintain weight.

The assessment of fat malabsorption is made by a 72 hour fat

balance study which determines stool fat output as a percentage of dietary fat intake.
About 15% of patients with CF retain sufficient pancreatic function to digest and absorb
nutrients normally; other gastrointestinal complications rarely develop in this group who
have a better overall prognosis than those who are pancreatic insufficiently^.

However,

as the CF population ages as a whole, it is becoming clear that some patients with
pancreatic sufficiency in childhood and early adulthood may develop loss of function with
increasing age and eventually may require pancreatic enzyme supplements.

This is

thought to be the result of progressive destruction of exocrine tissue which is caused by
continuing or recurrent pancreatic duct obstruction

In patients who are pancreatic

insufficient, progressive pancreatic fibrosis ultimately disrupts islet cell function and at
least 30% of these patients have an abnormal response to glucose loads.

Frank diabetes
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tends to occur later in the course of the disease and the incidence of diabetes in CF adults
is approximately 12%^.

It is of interest that about 15% of patients with pancreatic

sufficiency develop episodes of pancreatitis, resulting from duct obstruction and acinar
release of enzymes. In this situation, dietary manipulations consist of a reduction in the
intake of refined carbohydrate with the maintenance of fat and protein intakes

Hepatobiliary
Focal biliary fibrosis, multi-lobular cirrhosis and cholelithiasis may occur in CF.
Fibrotic change alone is rarely associated with clinical symptoms, whereas major
complications may result from biliary stones and cirrhosis.

A third of adults have a small

poorly ftmctioning gall bladder and gall stones are present in 10% of patients. Cirrhosis is
associated with portal hypertension and occurs in up to five percent of patients. The
pathogenesis of this process is unclear and may result from the silent progression of focal
biliary fibrosis or common bile duct stenosis due to pancreatic fibrosis and intra-hepatic
biliary changes similar to sclerosing chol angi t i si s ?.

Ursodeoxycholic acid and taurine

are being used to minimise toxicity from biliary stasis and enhance bile flowiss.

The

management of hepatobiliary disease in CF is no different from that of non-CF patients
with similar complications.

Intestinal
Defects in chloride permeability and fluid transport are also observed across intestinal
epithelial c e lls iS9,140

The major intestinal clinical complication results from partial or

complete obstruction of the bowel lumen and presents as meconium ileus, or the distal
intestinal obstruction syndrome, in neonates and older patients respectively.

The

obstruction is caused by thick inspissated meconium or intestinal secretions which
accumulate in the bowel lumen as a result of a reduction in the proteolysis of
proteinaceous secretions.

Clinically, this results in episodes of abdominal pain,

distension, vomiting and constipation and a mass may be palpable in the right iliac fossa.
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Treatment consists of rehydration, adjustment of pancreatic enzyme supplements and
laxatives.

Occasionally, the mucolytic agent, N-acetylcysteine or solutions of high

osmolarity (eg. gastrograffin) may be required.
reduced water and bicarbonate content

In addition, duodenal secretions have a

which may create an acid environment in the

small intestine; this may predispose to nictation of the lower third of the duodenum.

Vasculitis and arthropathy
Vasculitis has been reported in CF ^42 and also in bronchiectatic disease in non-CF
p

a

t i e

n

t s

in CF, the vasculitic process is usually confined to the skin, although

arthropathy occurs in about 10% of adolescents and adults and may present either as an
episodic arthritis or a hypertrophic pulmonary osteoarthropathy.

Non-steroidal or even

steroidal anti-inflammatory agents are required and the underlying aetiology remains
obscure^^.

It has been suggested that the arthropathy in CF may be attributable to the

deposition of immune complexes in the synovial membrane

Psycho-social aspects
Patients with CF are faced with the prospect of dying prematurely and also the life
long need to comply with regular drug treatment and physiotherapy.

Patients may

develop a poor self-image in response to sub-optimal growth and adolescents, by denying
the existence of their condition, may become non-compliant with treatment.

Most young

adults are particularly challenged by a deterioration in their respiratory disability
coinciding with the time when they are making plans to leave home for further education
or employment.

However, it is of note that few psychological problems develop in the

CF population, when compared with their healthy peers

and a recent survey of CF

adults in the United Kingdom confirmed that a high proportion of adults are living full and
productive Ifves*^?, School-leaving qualifications in the CF population are linked directly
to the severity of lung disease

.
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Other systems
Males with CF are almost always infertile due to aspermia which results from atretic
vasa deferentia and dilated or absent seminal vesicles

Females are fertile although

thickened cervical mucus may impair fertility slightly. There is no specific cardiovascular
lesion which affects CF patients although vascular disease secondary to diabetes has been
reported and cor pulmonale develops as a pre-terminal event in response to chronic
hypoxia.

Renal function is normal unless there is drug-induced damage.

Reports of

changes in the renal handling of drugs are difficult to interpret in view of abnormal body
mass in CF.

However, it is generally accepted that antimicrobial agents are rapidly

eliminated by CF patients and so larger doses than usual are r e q u i r e d W9.

1.11

Radiology

The first changes on plain radiography are peri-bronchial thickening, predominantly in
the upper zones, with tram-line shadows and thick-walled "ring-shadows" in cross-section.
Evidence of hyperinflation develops early and areas of collapse and consolidation may be
seen.

Rounded opacities appear in the pCTipheral lung fields, representing infected

bronchiolectatic areas.

Scoring systems which are based on radiographic changes have

been developed in an attempt to monitor the progression of the disease and to rate its
severity

A recent study suggests that the Northern system is the most efficient

method

It is, however, notable that patients with relatively normal chest radiographs

may be found to have bronchiectasis when scanned by computerised tomography i# .

1.12

Nutritional deficiencies and treatment

Nutritional deficiencies may occur as a result of one or a combination of three factors
namely, malabsorption, increased metabolic requirements and decreased food intake.
Both acute and chronic sepsis may increase metabolic requirements and also reduce
intake. Malnutrition accounts for delayed puberty and muscle wasting. Deficiencies in
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fat soluble vitamins, minerals, essential fatty acids and taurine may occur.

Vitamin A

deficiency may be caused by malabsorption or by low levels of retinol-binding p r o t e i n
Vitamin E levels are almost always low and prolonged severe deficiency may be
associated with irreversible neurological complications^^.

Iron absorption is normal and

the development of iron deficiency anaemia is usually explained by poor dietary iron
intake. Low plasma zinc levels are not uncommon and overt zinc deficiency has also been
described

Reduced selenium levels have been noted in children^^^»

^nd indeed a

recent report suggests that combined selenium and vitamin E deficiency may account for
the increased risk of carcinoma which has been reported in CF adults

Even when fats

are given in the form of fatty acids, there is still some impairment of absorption
Supplementation with pancreatic enzymes and fat-soluble vitamins is now the
standard management of malabsorption.

Balanced diets with high energy content are

required to meet the increased energy requirements which are estimated to be 120-150% of
the recommended intake for age^^L

Enteral supplementation with 1000-2000 calories a

day using elemental, semi-elemental and polymeric products via a nasogastric tube,
percutaneous gastrostomy or a jejunostomy tube has resulted in improved weight gain.
Retrospective cross sectional studies have demonstrated a correlation between optimal
nutrition and improvements in lung function and survivaU^^.

Overnight feeding and

better nutrition have also been associated with improvements in well-being, respiratory
muscle s t r e n g t h

^nd a slower decline in lung function

1. 13 Therapy of respiratory disease
Pulmonary sepsis continues to cause considerable morbidity and mortality in patients
with CF. Antibiotics in combination with physiotherapy, bronchodilators, oxygen therapy
and attention to optimal nutrition form the basis of treatment of respiratory infection.
More recently, the use of nebulised recombinant human deoxyribonuclease (rhDNase) has
been shown to be beneficial.
therapeutic measures.

Current research is focussing on preventative as well as
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Physiotherapy
Excessive secretions contribute to airway obstruction and this in turn leads to
atelectasis and h y p e r i n f l a t i o n R e m o v a l of these secretions by physiotherapy may
immediately improve ventilation and reduce airway resistance and ventilation-perfusion
mismatch.

Removal of mucopurulent secretions may also, by reducing the overall

proteolytic activity within the lungs, limit the progression of elastase-mediated damage to
the airways and mucociliary transport system

Physiotherapy, entailing postural

drainage and percussion, becomes a daily routine in early childhood.

In older patients,

the active cycle of breathing is the most commonly used and well established technique
which improves clearance of secretions and lung function

1&9 This involves a cycle of

breathing control, thoracic expansion exercises and forced expiratory manoevres.

Antimicrobial therapy
The best use of antibiotics remains an important issue.

Effective antimicrobial

therapy is difficult to achieve in CF largely because these agents do not readily penetrate
sputum 1"^^.

In addition, the mucopolysaccharide matrix in which 'mucoid' isolates of P.

aeruginosa are embedded, protects the pathogen from antimicrobial attack, and the
combination of viscous secretions and fibrotic lung tissue may reduce the delivery of
agents to the bronchial mucosa.

Usually, antibiotics are directed at H. influenzae, S.

aureus, P. aeruginosa and P. cepacia.

A recent review of the anti-microbial prescribing

practices in the United Kingdom and Eire has revealed divergent prescribing practices in
almost all aspects

in particular regarding the use of agents to maintain lung function.

Michel's review in 1988 illustrates that studies designed to evaluate the efficacy of
antibiotic therapy in CF are difficult to interpret because many agents are prescribed in
varying doses and are given by different routes for varying lengths of time^^^. Evaluation
of therapy in CF is also complicated because there is no clear definition of what constitutes
an infective exacerbation which requires

tr e a tm e n t

in addition, the usual goals of

therapy, by which efficacy is assessed, such as the eradication of the pathogen and return
of normal function, are rarely attained in CF.
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Home administration of intravenous (i.v.) antibiotics is increasing. The incidence of
complications of home i.v. therapy is extremely low and such treatment is facilitated by
the increasing availability of peripherally inserted central venous catheters and long-term
venous access devices

Staphylococcus aureus
The use of long-term anti-staphylococcal agents (e.g. flucloxacillin) is controversial.
Some centres use prophylactic agents from the time of initial diagnosis or first isolation of
the pathogen

While a lower incidence of S. aureus infection has been reported with the

long-term use of anti-staphylococcal a g e n t s p s e u d o m o n a l infection may occur more
often ^74

A study by Govan and Glass

suggested that the restricted use of anti-

staphylococcal agents may reduce the incidence of pseudomonal colonisation.

Haemophilus Influenzae
H. influenzae is usually treated with amoxycillin although resistance to this agent is
increasing. Alternatives are third generation cephalosporins, amoxycillin with clavulanic
acid or in adults, tetracycline.

The value of the new macrolides, clarithromycin and

azithromycin need to be evaluated further in CF.

Their application may be particularly

beneficial as they penetrate tissue more effectively than erythromycin and are active
against both S. aureus and H. influenzae.

Pseudomonas aeruginosa
As yet, no treatment regimen has achieved more than transient eradication of P.
aeruginosa.

In the treatment of acute infections associated with this pathogen there is

general concordance in the use of i.v. agents and oral quinolones.

For first-line therapy,

the majority of physicians use a combination of a penicillin derivative and an
aminoglycoside^7°.

A significant proportion (20%) of physicians use single agents

despite controversy regarding efficacy

^"^5 g^d the induction of resistant strains

Oral ciprofloxacin is used widely and has been shown to be as effective as i.v. therapy

36

although there is now evidence suggesting that resistance is being acquired by P.
aeruginosa to this group of a g e n t s

Broad spectrum antibiotics (e.g. chloramphenicol)

are prescribed by 50% of clinicians

presumably, this results from consideration of in

vitro evidence that these drugs reduce the production of exo-enzymes by P. aeruginosa^^^
and that H. influenzae infection often underlies P. aeruginosa infection'^*.
In vitro sensitivity results are in practice the major factor which determines the choice
of antibiotic prescribed*^®.

Whether clinical outcome is affected by selecting drugs on

this basis is an important question which remains to be answered.

Curiously, clinical

improvement has been observed when patients are treated with antibiotics to which their
pathogens show resistance in vitro

This may be partly because subinhibitory doses of

many antibiotics reduce the production of pseudomonal toxins and proteases*®*. Acquired
antibiotic resistance is often short term but may present a greater problem in patients
receiving frequent courses of treatment*®®.
Long-term benefit may be achieved by regular i.v. or continuous nebulised antibiotic
use.

PedCTsen et al reported an improvement in patients treated with i.v. antibiotics at

three monthly intervals, irrespective of lung function *^4.

The benefit derived from

nebulised anti-pseudomonal agents is well established as lung function improves and the
number of infective exacerbations is reduced by this form of therapy *®%' *®s. In the UK,
the majority of clinicians use nebulised agents although fewer than 50% of physicians give
regular i.v. courses of anti-pseudomonal therapy*^®.

Moreover, the indications for

embarking on treatment with the aim of maintaining lung function vary widely.
It is noteworthy that P. aeruginosa may be temporarily radicated from the sputum if
antibiotics are instituted shortly after acquisition of the pathogen*®^» *®^.

Three weekly

courses of nebulised colistin and oral ciprofloxacin given after the detection of P.
aeruginosa have been shown to prevent chronic infection becoming established*®^.
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Pseudomonas cepacia
It is not yet clear which antibiotics are most effective against pulmonary exacerbations
associated with P. cepacia in CF. In general, patients are treated with agents to which the
pathogen is sensitive on in vitro testing. A recent review of P. cepacia isolates from 55
CF patients attending the Royal Brompton Hospital^^ revealed that 66% of the initial
isolates were sensitive to fewer than three of 15 antibiotics tested and ceftazidime,
imipenem and temocillin were the most active agents.

Irrespective of prior in vitro

sensitivity, ceftazidime however has proved disappointing in the treatment of this pathogen
in CF*^. The recent demonstration that strains of P. cepacia were markedly affected by
cultural conditions not normally maintained in standardized susceptibility tests may
account for the discrepancy between in vitro anti-microbial susceptibility results and the
response to therapy in vivo^^^.

The successful use of temocillin for treatment of P.

cepacia has been reported in affected patients

Suppression of the host's immune response
Drug treatment aimed at suppressing the immune response of the CF host may be
beneficial.

Clinical improvement has been reported with the long-term use of oral

prednisolone

and the value of long-term inhaled steroids is being assessed currently.

Correction of the underlying cellular defect
Advances in the understanding of the basic physiological defect in CF has lead to the
development of other approaches to the treatment of respiratory disease and lung infection.
Amiloride, which selectively blocks sodium absorption across the epithelial cell apical
membrane, has been given via the nebulised route and in 1990 Knowles et al reported a
slower rate of decline and improvement in lung function in those CF patients given
amiloride

. However, subsequent studies have failed to demonstrate improvement with

this agent^^^. The induction of chloride secretion in CF tissue by bradykinin may be of
some therapeutic benefit

and the function of CFTR may be normalised directly by
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potent agonists such as the nucleotide, adenosine triphosphate, which results in chloride
channel o p e n i n g T h e combination of enhanced chloride transport and reduced sodium
uptake may normalise the potential difference in CF. Clinical studies exploring the use of
these agents are now indicated, pending the evaluation of safety and effective routes of
their administration.
The preliminary results of gene therapy are encouraging; tissues with phenotypic
abnormalites characteristic of CF, have been transformed to the normal phenotype by the
effective transfer of the CFTR gene*^^»

It is hoped that by correcting the underlying

genetic defect, mucus viscosity and the susceptibility to infection may be reduced.

In

man, gene therapy will be directed at the differentiated cells in the respiratory tract as there
is no stem cell for respiratory epithelia.

The gene is currently delivered via aerosol in

liposomal form or incorporated into a viral genome^^^.

In the long-term it is hoped that

gene therapy will prevent the development of respiratory disease.

Recombinant human deoxyribonuclease and mucolytics
Before the development of recombinant human deoxyribonuclease (rhDNase), the use
of mucolytics was highly controversial. There was relatively little evidence in controlled
studies to suggest that such agents were beneficial although sodium-2mercaptoethanesulphonate was shown to improve lung function and potentiate the effects
of azlocillin^^^'

However, with the advent of rhDNase, extracellular deoxy-

ribonucleotide (DNA) debris in the respiratory secretions is hydrolysed and the visco
elastic properties of the sputum of CF patients are altered. To date, studies of its use have
been encouraging; short-term therapy has been shown to improve lung function, and long
term treatment to maintain these benefits

200

study which evaluates rhDNase in

severely affected patients has recently been described^oi.

Nebulised hypertonic saline

induces coughing and sputum expectoration, and normal saline significantly improves
nasal mucociliary clearance in CF patients 202 .
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Heart-lung transplantation
The first successful heart-lung transplantations (HLT) for CF were performed in the
United Kingdom in 1985^°^' 204 ^nd approximately 200 CF patients have now undergone
this procedure.

It is likely that as the adult CF population increases, CF adults with end-

stage lung disease will represent the largest group of potential transplant recipients.
Operative outcome continues to improve as a result of a combination of factors which
include the refinement o f surgical techniques, the use of cyclosporin in
immunosuppression and advances in the diagnosis and management of pulmonary
infection and rejection.

Single lung transplantation is clearly inappropriate for CF

patients in view of the risk of the transplanted lung becoming infected by secretions from
the native CF lung.

More recently, lung transplantation alone (double lung or bilateral

single lung) has been successfully performed in CF.

Post-operatively, as patients are

therapeutically immunosupressed, infection of allografts is indeed the commonest cause of
early morbidity and mortality.
aeruginosa^^^'

Many organisms are implicated, in particular P.

and cytomegalovirus infection.

approximately 70%-80%

205 , 206

One year survival rates are

in addition to post-operative sepsis, obi iterative

bronchiolitis (OB) is a major complication, the exact aetiology of which is unclear. Acute
persistent episodes of rejection and chronic rejection have been implicated in the
development of O B ^ , as have lung infection^®* and ischaemic necrosis of the
bronchioles^.

Failing augmentation of immunosuppression to halt the progression of

OB, re-transplantation is the only effective o p tio n ^ .

Further improvements in the

management of infection, pulmonary preservation and the surveillance of rejection may
reduce the incidence of OB^®9_

Of interest, in vivo measurements of airway potential

difference after heart-lung transplantation indicate that the CF membrane defect does not
recur in the allografts post-operatively^^®.

As the upper airway mucosa above the

tracheal anastomosis retains the epithelial defect and therefore is susceptible to persistent
P. aeruginosa infection, attention is directed towards the pre and post operative care of the
upper airway and sinuses to minimise the risk of infected upper airway secretions
contaminating the lower respiratory tract.

Current clinical pre and post-operative
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management includes attention to sinus disease with endoscopic sinus surgay^^^ and also
the delivery of nebulised anti-pseudomonal antibiotics by face-mask.

Following surgery,

i.v. anti-pseudomonal antibiotics are given in the immediate post-operative period and
nebulised anti-pseudomonal agents are delivered by face-mask on an indefinite basis.

Prevention of respiratory infection
Attention is directed to adequate nutrition and patients are encouraged to avoid contact
with others who have current viral or bacterial infections.
programme is followed and annual influenza vaccination is r e c o m

A normal immunisation
m ended^ ^ ^

an anti-pseudomonal vaccine has not yet been of proven benefit^^^

The use of

A vaccine based on

an O-conjugate polysaccharide-toxin has recently been given to a group of non-colonised
CF patients^*^ and significant elevation of toxin A-neutralising antibodies and opsonic
antibodies has been documented. The results of any long-term effects from this vaccine
are awaited.

Patients are advised about the detrimental effects of active and passive

smoking2i5,2i6

Therapy of non-infective respiratory complications
Patients with airways obstruction who demonstrate improvement in lung function
following bronchodilators may benefit from regular inhaled bronchodilator therapy; this is
often most effective when given prior to chest physiotherapy^^^.

Wood et al have

demonstrated that mucociliary transport is increased by terbutaline^^®.

Asymptomatic

pneumothoraces are treated conservatively and those which are symptomatic require
intercostal tube drainage. Prior to lung transplantation, more extensive pleural procedures
were performed^^^.

However, it is now recognised that such procedures may preclude

selection for transplant surgery and a persistent pneumothorax is best treated by a limited
surgical abrasion pleurodesis.

Corticosteroid therapy is indicated for allergic

bronchopulmonary aspergillosis; the use of anti-fungal drugs has not been effective^.
Life-threatening haemoptyses which occur in about five percent of patients, may be treated
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by gel-foam bronchial artery embolisation^^.

Patients with areas of segmental or lobar

collapse require intensive physiotherapy, bronchodilators, antibiotics and even
bronchoscopic extraction of mucous plugs.

Pulmonaiy hypertension and cor pulmonale

are treated with controlled oxygen therapy and diuretics.

Nasal intermittent positive

pressure ventilation in addition to oxygen may be used in terminal respiratory failure as a
bridge to transplantations^^.

Pseudomonas aeruginosa
1.14

Isolation and identification

P. aeruginosa, a Gram negative, motile bacillus, is recognised to be an opportunistic
pathogen causing a wide range of infection in compromised hosts. The majority of adults
with CF become infected with P. aeruginosa^ and these patients have a worse prognosis
than those who remain uninfected

The pathogen is rarely eradicated in this disease and

10® colony forming units (cfu) or more of P. aeruginosa per ml of sputum may be
perpetually detected even after treatment with potent anti-pseudomonal antibiotics.
Evidence suggests that the pathogen adapts to the abnormal CF environment within the
respiratory tract
Nearly all strains are motile and numerous pili are attached to one pole of the bacillus.
It is a ubiquitous hospital pathogen, thriving in many niches including disinfectants,
humidifiers, mops and

s i n k s 223.

However, it is not often found outside the hospital

environment or even as a commensal in normal

i n d i v i d u a l s 224.

The pathogen is resistant

to a wide variety of antimicrobial agents and disinfectants and produces a range of virulent
exo-products.

P. aeruginosa has simple growth requirements and in 1971, Favero

reported its ability to grow even in distilled water225.

Isolation of the organism from a

source that is contaminated with other bacteria is facilitated by the use of selective media.
The organism is strictly aerobic, although it can grow under anaerobic conditions
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in a medium which contains nitrate with the subsequent production of nitrogen gas. The
cell envelope comprises an inner cytoplasmic membrane, a cell wall containing a
peptidoglycan layer and an outer membrane bilayer.

The outer monolayer consists of

LPS and proteins and the inner layer of phospholipids and proteins. The organism may be
identified by its colonial morphology, fruity odour and production of a pyocyanin pigment
which is unique to P. aeruginosa.

T h^e are six recognised colonial forms, the most

common of which is a large colony of moist appearance, with an irregular shape and
feathery edge^^. The organism produces the pigments, pyocyanin, fluorescein, pyorubrin
and pyomelanin which have anti bacterial and anti protozoal properties and their
production is enhanced by culture on media containing magnesium, potassium and iron^^.
P. aeruginosa also produces cytochrome oxidase, arginine dihydrolase and catalase,
digests casein, deaminates acetamide and oxidatively metabolises

g lu c o s e ^ ^ s

Most

strains are able to grow at 42®C and this helps to distinguish P. aeruginosa from other
fluorescent species in the genus.

1. 15

Typing methods for strain identification

Distinct types within a bacterial species are identified by different typing techniques.
Methods used need to be reproducible and rely on stable markers.

Discrimination

between different strains of P. aeruginosa is usually obtained by serological,
bacteriophage and bacteriocin typing methods which rely on bacterial surface structures,
and the production of pyocins respectively.
LPS is composed of an O-specific polymeric side chain attached to the hydrophobic
lipid A portion via a common core oligosaccharide and is the chemical basis of O-serotype
specificity in P. aeruginosa. The side chain is highly variable in contrast to lipid A and
the core region.

The detection of group-specific, heat-stable LPS antigens by

agglutination with rabbit mono-specific antisera forms the basis of O-serological typing.
The technique is reproducible, discriminating and an International Antigenic Typing
Scheme has now been

d e v e lo p e d ^ 2 9

However, serotyping of CF isolates is thwarted by
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difficulties of forming a smooth suspension of mucoid colonies in saline and also many
mucoid strains are deficient in 0-antigens^.
Bacteriophage typing is based on the lytic action of bacterial viruses and has been
used to distinguish between strains of the same O-serogroup^^®; the phage set described by
Asheshov is widely used^^. However, CF isolates are less sensitive to lysis by the typing
phages in view of altered surface receptors for bacteriophages^^.
Pyocin typing is commonly used for strain identification of P. aeruginosa. Pyocins
are proteins called bacteriocins which are produced by a bacterial strain and have
antimicrobial activity against organisms of the same or closely related species.

The

technique involves the inoculation of a panel of 13 indicator strains over the surface of a
plate which had supported the growth of the test strains and controls.

If pyocins are

produced by the test strain, a specific pattern of growth inhibition of the indicator strains is
seen. Fyfe et al have revised this typing method specifically for clinical isolates from CF
patients and demonstrated that it is a highly discriminating although not always
reproducible technique^^
Electrophoretic typing methods have recently been developed and facilitate strain
identification particularly when conventional methods have failed. Protein electrophoresis
provides a profile of cellular proteins which may characterise an individual strain.
However, the technique is limited because of the need to rely on the detection of bacterial
products, the synthesis of which may be variable.

A more reliable method is typing by

chromosomal analysis. This technique has developed rapidly over the past decade and
involves lysis of the cell, extraction of protein and precipitation of DNA.

The nucleic

acid is subsequently digested by restriction endonucleases; this alters the base pair
sequence and creates or deletes recognition sites for DNA probes.

As a result, a

restriction fragment polymorphism (RFLP) is produced and these fragments are then
separated by agarose gel electrophoresis.

Bands which are of different molecular weight

are stained with ethidium bromide and visualised under ultraviolet light. The plethora of
bands produced complicates analysis and the interpretation of banding patterns may be
facilitated by computerised methods.

Two techniques may reduce the number of bands
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to be visualised, the first of which highlights specific DNA sequences by utilising DNA
probes.

Here, separated bands are transferred from the gel to a nylon membrane by

Southern b l o t t i n g 234 and specific DNA restriction sites are detected with a radioactive or
biotin labelled probe235, in 1987, Ogle used restriction fragments derived from the
segment coding for exotoxin A in order to distinguish between isolates of P. aeruginosa
which were found to be identical when typed with other available t e c h n i q u e s 236.

The

technique was modified further by Wolz eta l'm 1989 with the utilization of the variable
region of the exotoxin A gene cloned into a plasmid, pCMtox237.

The other technique

used to simplify the interpretation of band patterns utilises "rare cutting" enzymes which
generate a small number of large DNA fragments which are separated by electrical pulses.
Carle et al introduced field inversion gel electrophoresis to separate these bands which are
of high molecular w e i g h t 238.

1.16

Transmission of Pseudomonas aeruginosa

Epidemiological study of the acquisition and transmission of P. aeruginosa has been
restricted until recently by limitations in the typing of strains which are characteristic of
patients with CF.

With the increasing availablity of genotypying techniques, significant

progress is now likely to be made239.

Previous surveillance studies suggest that most

patients are each infected with a unique strain of P. aeruginosa and with the exception of
CF siblings, cross infection is rare240.

1. 17

Antimicrobial susceptibility

Several classes of antibiotics are active against P. aeruginosa and these include the
polymixins (e.g. colistin), the carboxypenicillins (e.g. carbenicillin), the ureidopenicillins
(e.g. azlocillin), third-generation cephalosporins (e.g. ceftazidime), the fluoroquinolones,
(e.g. ciprofloxacin), aminoglycosides (e.g. gentamicin), the carbapenems (e.g. imipenem)
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and monobactams (e.g. aztreonam)^^

However, isolates of P, aeruginosa may become

resistant to a wide range of these agents. The mechanisms underlying the development of
resistance include the production of 6-lactamase^^, a reduction in bacterial outer
membrane p e r m e a b i l it y 244 ^^d an alteration in penicillin-binding protein sites
Beta-lactam resistance usually results from the induction or the de-repression of a
chromosomal class 1 6-lactamase^.

Small channels (porins) in the outer membrane may

be lost rendering the cell impermeable to antimicrobial a g e n t s a n d penicillin-binding
protein sites are reduced in some CF isolates after antibiotic therapy.

Resistance to

quinolones results fmm alteration of the target enzyme DNA gyrase, as well as reduced
antibiotic uptake.
vitro, to certain

Paradoxically, P. aeruginosa isolates may be hyper-susceptible, in

a n t ib io t ic s

This phenomenon is usually a feature of respiratoiy
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isolates and is attributed to changes in the outer cell membrane and not to the production
of alginate^.

1,18

Virulence Factors

Many cellular and extra cellular products are produced by P, aeruginosa and
contribute to its pathogenicity in CF and non-CF hosts.

The most striking phenotypic

change is the production of a mucoid exopolysaccharide (ME?) and the emergence of
mucoid colonies which are shiny and wet in appearance^^.

The mucoid phenotype is

produced in viv o '^ and characterises isolates of P. aeruginosa from patients with CF and
other chronic lung conditions.

It is of interest that in CF, mucoid strains of other

pathogens have also been isolated from sputum samples

.

ME? is often referred to as

alginate in view of its similarity to alginic acid, a constituent of sea-weed.

The

biosynthesis of ME? results from de-repression of a regulatory system which is triggered
by environmental stimuli, including exposure to antibiotics and the activity of
bacteriophages^^' 252,253

n

likely that mucoid strains of P. aeruginosa are derived

from non-mucoid parent strains^^»

and that this phenotypic adaptation helps in the

process of adhesion whilst protecting the pathogen from immune clearance.

MEP is an
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anionic polysaccharide composed of mannuronic and guluronic acids which forms a gel by
binding with calcium ions and DNA, both of which may be in excess ^in the CF pulmonary
^

e n v i r o n m e n t ' 3 , 6 i, 249, 252.

thought that microcolonies embed in the MEP matrix in

the CF a i r wa y s whi c h may explain why these strains which are also serum sensitive and
antibiotic hypersensitive remain viable. The activity of aminoglycoside and beta lactam
antibiotics is antagonised by the high electrolyte content of MEP^^»
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and mucoid

variants are more resistant to phagocytosis than iso-genic non-mucoid strains, the reason
for this remains to be established^^»,

it has been suggested that microcolony size may

exceed the phagocytic capacity of the neutrophil and once stimulated by the process of
phagocytosis, neutrophil proteases are released and trigger immune mediated damage^^^.
MEP also reduces the rate of pulmonary clearance of P. aeruginosa^^.

In vitro, MEP

activates the classical complement pathway^^^ and impedes chemotaxis of human
polymorphonuclear leucocytes^^^.

Work on urinary isolates from non-CF patients

suggests that due to a barrier effect of MEP, a defect in antibody o p s o n is a tio n ^ 6 3 develops.
In vitro, mucoid isolates are unstable^^ but may be maintained by sub-inhibitory
concentrations of anti-pseudomonal antibiotics and by the surfactant, deoxycholate265,266
It has been suggested that the persistence of mucoid strains in the CF lung may be related
in part to the lack of freely available iron, in vivo, and it is noteworthy that CF isolates
studied on primary culture retain the ability to produce iron-trapping molecules,
siderophores^^^.
Slime glycolipoprotein is another cellular factor which is produced by both CF and
non-CF strains which by activating the alternative complement pathway is
i m m u n o g e n i c ^ * 269

Other cellular products include LPS, which is a component of

endotoxin, and pili which aid in the adherence of the bacterium to epithelial cells and cellwall.
Several extracellular virulence factors are also produced by P. aeruginosa, the most
toxic of which is exotoxin

A,

a potent inhibitor of protein synthesis.

It is of interest that

this pro-enzyme is expressed more frequently by non-CF strains and may be identified in
over 80 % of non-CF isolates.

Exotoxin

A

is toxic for human

m a c r o p h a g e s 220

and in
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mice, suppresses T-cell response to antigenic s t i m u l a t i o n ^ ^ !
include exotoxin

S ,

Other extracellular products

proteases, pyocyanins and haemolysins. Protease elaboration results

in the stimulation of goblet cells and the production of excess m u c u s P r o t e a s e s which
include a general protease, an alkaline protease and elastase, may degrade elastin^^^'^74
and destroy fibronectin which in turn facilitates bacterial adherence^^^.

Alkaline protease

activity is dependent on calcium and cobalt and is inhibited by chelating agents. Bacterial
elastase, which is iron dependent, inactivates complement
immunoglobulin^^^.

c o m p o n e n ts

^^6 and degrades

The pycocyanins are pigments with anti bacterial and anti

protozoal activity which have been shown to distort human ciliary functionals.
Pyocyanin, a phenazine pigment, is produced by over 95% of clinical isolates of P.
aeruginosa.

Its production is unique to P. aeruginosa and its bactericidal action is

mediated by the production of oxygen free radicals when released, in Wvo, under aerobic
c o n d i t i o n s
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The production of two haemolysins, rhamnolipid and phospholipase C

(PLC) was first described by Liu^si. The former is heat stable and the latter is heat labile
and both are produced in an environment which is rich in carbohydrate and low in
inorganic phosphate.

PLC attracts leucocytes and hydrolyses phosphatidylcholine which

is a major component of lung surfactant^^^.

it is of interest that non-mucoid CF isolates

of P. aeruginosa produce higher levels of exo-enzymes than mucoid isolates^^^.

it is

suggested that the initial lung damage in CF is caused by bact^ial proteases and other
toxins and as the disease progresses, enzymes released by neutrophils and oxidative
processes play an increasingly important role^*^.

It is noteworthy that sub-inhibitory

levels of anti-pseudomonal a n t i b i o t i c s 2 8 5 and broad spectrum agents inhibit exo
enzyme production286.

1. 19

Adherence

In vitro studies show that P. aeruginosa adheres to buccal cells^* although
surprisingly, buccal cells of patients who are sputum positive for P. aeruginosa were found
not to be infected^k

It is thought that non-mucoid isolates colonise the upper
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respiratory tract by adhering to epithelial cells with the aid o f fimbriae^*^.

Fibronectin,

which is a protease-sensitive glycoprotein, protects the epithelial surface and a reduction in
fibronectin levels by the activity of salivary proteases has been associated with increased
colonisation by P. aeruginosa^^^.

Pathogens easily become entrapped in respiratory

mucus as a result of increased mucus viscosity and also through interactions between
surface components of bacteria and receptors in mucin and epithelial cells2*^.

Alginate,

exoenzyme S, pili, and lectins are all thought to be adhesins which facilitate the adherence
o f P. aeruginosd^^''^^^.

Also, constituent amino acids and sugars o f respiratory mucins

act as chemo-attractants for P. aeruginosa'^.

It is striking that electron microscopic

scanning demonstrated an increased association of P. aeruginosa with surface mucous
secretions rather than with underlying epithelial cells293.

In 1992, Plotkowski et al

failed to demonstrate an increased affinity between P. aeruginosa and respiratory epithelial
cells and postulated that the increased mucin secretion by CF cells might be a major factor
in bacterial adherence in vivcP-^. However, Saiman et al demonstrated that P. aeruginosa
binds preferentially to CF cells as a result o f exposure o f epithelial cell sialoganglioside
binding sites triggered by P. aeruginosa exo-products 295

Furthermore, the organism has

been shown to adhere more avidly to respiratoiy mucins than do other Gram-negative
bacteria296.

1. 20

Persistence of P. aeruginosa in patients with CF

It is possible that the CF mucosal environment favours the survival o f P. aeruginosa,
as persistent pulmonary infection with this pathogen is common despite intensive antipseudomonal t r e a t m e n t

Failure to eradicate this organism may be partly due to an

inadequate concentration of antibiotics in the sputum297 although several other factors,
pertaining to both the organism and the CF host have been s u g g e s t e d 2 9 s .

P. aeruginosa is noted for its intrinsic resistance to many antimicrobial agents24^ and
in CF, the long-term management of pulmonary infection associated with this pathogen is
complicated by the emergence of resistant

o r g a n is m s 2 9 9 .

Furthermore, heterogeneity in
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antimicrobial susceptibility of individual isolates from the same CF sputum sample has
been d oc u me n t e d a l t h o u g h this remains unexplained.

Paradoxically, both multi-

resistant isolates and those hyper-susceptible to penicillins, tetracycline and trimethoprim
have been cultured from the same sputum sam ple^.
It is recognised that strains of P. aeruginosa isolated from the sputum of CF patients
often exhibit, in vitro, a wide range of altered phenotypic properties which are not
characteristic of isolates from the environment and other clinical sources.
the elaboration of

These include

, increased sensitivity to serum complements®^, the loss of LPS

constituentsS®2, reduced exo-enzyme elaborations®^ and hypersusceptibility to 6-lactam
antibiotics 2^.

Furthermore, it is recognised that the phenotypes which are expressed by

CF isolates are related to the severity of the underlying pulmonary disease.

With more

severe lung disease, the elaboration of exo-enzymes is reduced and there is an increase in
the proportion of mucoid strains and those which are sensitive to the bactericidal action of
human serums®4.

It is likely that these phenotypic changes arise in response to factors

within the host’s mucosal secretions and that the absolute excess or deficiency of nutrients
promotes the success of this pathogen.
It is of note that C F secretions are h y p e r o s m o l a r ^ ® ^ and that in vitro, activation of the
alg D gene of P. aeruginosa is triggered by exposure to conditions of increased molarity,
thereby increasing the expression of the mucoid phenotype^®^»

It is also of interest

that the iron content of C F mucosal secretions is reduced and that in vitro, the production
of MEP is enhanced, and the elaboration of exo-enzymes reduced, by a relative deficiency
of iron^®^' ^09

The loss of the O-polysaccharide from the LPS results in a deficient

bacterial cell walP^® and in 1990, Speert et al demonstrated that culture of P. aeruginosa
in conditions of sub-optimal nutrition induced mucoid isolates that produced defective or
rough LPS^^ *.

Such isolates are exquisitely sensitive to the bactericidal action of human

serum3i2 and previous work has shown that serum-sensitive strains do not activate
complement as effectively as those which are serum r e s i s t a n t ^ T h e levels of sodium,
calcium^^^, magnesium^i^^ amino acids and

are increased in C F secretions and the

MEP produced by P. aeruginosa forms a stable gel in the presence of high cationic
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levels and DNA. Such a gel may protect the serum-sensitive organism and contribute to
the formation of microcolonies

and biofilms^^*.

The high lipid content of mucins in

CF respiratory secretions and those of patients with chronic bronchitis is related to
infection rather than being a feature unique to

Abnormalities of mucus

glycoprotein sialylation and sulphation have been described in CF^^®*

322 , 323

Sialylation is decreased and sulphation and fucosylation is increased, the effects of which
may alter mucus rheological properties and increase binding sites for P. aeruginosa^'^.
A feature of most pseudomonas species is their ability to utilise a wide variety of
compounds as single carbon sources for growth thus permitting survival in diverse
nutrient-limited conditions^^s.

in 1975, Govan observed that the conversion of isolates

of P. aeruginosa from the mucoid to the non-mucoid state was restrained by culture in a
nutrient-limited minimal broth265. />. aeruginosa has been found in the endo-bronchiolar
spaces of CF patients and indeed, Speert et al proposed that in the CF lung, the organism
probably grows in nutrient-limited conditions'^L
One way therefore in which P. aeruginosa persists in the CF lung might be by
adaptation to the CF mucosal environment.

Mutants of P. aeruginosa with specific

requirements for nutrients which are present in relative excess within the bronchial mucosa
may be selected and promote survival of the adaptive organism.

To investigate this

possibility, some of the nutritional characteristics of CF isolates were assessed by the work
described in this thesis.

Auxotrophs are bacteria that require specific growth substances

additional to those required by the wild type of the species (known as prototrophs).
the case of P. aeruginosa, prototrophs are supported by minimal media alone.

In
It is

notable that auxotrophs requiring thymidine have been described in S. aureus in CF^26 and
that auxotrophic bacteria may be selected by antimicrobial t h e r a p y ^27
The first section of this thesis will examine the nutritional requirements of isolates of
P. aeruginosa from patients with CF and non-CF bronchiectasis and compare these with
isolates from other clinical sources.

If auxotrophy of P. aeruginosa is shown to be a

frequent characteristic of sputum isolates from patients with CF bronchiectasis, the
auxotrophic requirements of isolates from single sputum samples, and from repeated
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sputum samples taken from the same patient, will be examined.

Subsequently, the

proportion of auxotrophic isolates of P. aeruginosa in stable and acutely ill CF patients
will be determined and correlated with the extent of underlying lung disease. An attempt
will be made to induce auxotrophic mutants in the laboratory from a prototrophic parent
strain and the effect of auxotrophy on antimicrobial susceptibilities, and the genotypes of
auxotrophs and prototrophs will also be evaluated.
Another mechanism contributing to the persistence of P. aeruginosa infection was
postulated to be infection of extra-pulmonary sites, such as the gastrointestinal tract and
the upper airways.

It is thought that P. aeruginosa colonises the oral cavity before the

lungs^^*, but evidence based on genotyping isolates from the sputum and upper airways
has not as yet been available.

Indeed, a recent study of paediatric patients failed to detect

P. aeruginosa consistently in the upper airways of patients with positive sputum
c u ltu r e s 329

although an increased frequency of acute and chronic inflammation of the

paranasal sinuses, presumably due to infection, is a recognised feature of CF, and P.
aeruginosa has been isolated from the maxillary sinuses330.

Similarly, faecal carriage of

P. aeruginosa is common in CF patients with pseudomonas lung infection^^i but it is
unclear whether this contributes to the perpetuation of respiratory infection.

Possible

sanctuary for P. aeruginosa from antimicrobial attack may be provided by these sites
within which effective antimicrobial concentrations may not be reached^^o.

If R

aeruginosa is harboured outside the lungs, accurate identification of the strain in each
patient is required if a relation between extra-pulmonary sites and the lungs is to be
supported.

Such reservoirs might re-seed the lungs thereby perpetuating infection and the

second part of this thesis addresses this issue.

The upper airways will be assessed

clinically and the frequency of colonisation of extra-pulmonary sites by P. aeruginosa
examined in a cross sectional study of adults with cystic fibrosis.

Extra-pulmonary

isolates of the organism will be compared with pulmonary strains by genotyping.
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Chapter Two

Methods
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General Methods

All the clinical and laboratory work was undertaken by the author unless otherwise stated.

2.1

Patients
The patients with CF from whom sputum, upper airway and gastrointestinal tract

samples were taken and subsequently analysed were children and adults attending the
Royal Brompton Hospital (RBH) under the care of Dr ME Hodson, Dr DM Geddes, Dr
RK Knight, Dr JO Warner, Mr IS Mackay and Dr A Bush.

Samples were also taken from

CF patients attending Harefield Hospital, Uxbridge under the care of Professor M Yacoub.
Patients were studied when in-patients and also when seen in the Out-Patient Department.
Microbiological samples were also taken from adults with non-CF bronchiectasis who
were in-patients at RBH under the care of Professor PJ Cole.

2 .2

Measurement of lung function
Measurements of pulmonary function were made using a Vitalograph Compact

spirometer.

The forced expiratory volume in 1 second (FBVi) and the forced vital

capacity (FVC) were expressed as a percentage of the predicted normal v a l u e s T h e
measurements were made in the Out-Patient Department at RBH by one of two Clinical
Nurse Specialists in the Department of Cystic Fibrosis, Sister FR Duncan-Skingle and
Sister FJ Foster.
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2.3

Media
All isolates of P. aeruginosa were cultured on to King's 'A' (KA) agar p l a t e s o r

Pseudomonas Isolation agar (PIA, Difco, Detroit, Michegan).

By plating cultures on agar

containing plasmid minimal salts (MS) and an agar medium selective for P. aeruginosa
(KA or PIA), prototrophic and auxotrophic isolates were detected respectively (page 60).
KA was prepared by the Media Department at the Central Public Health Laboratory
(CPHL) by dissolving the following constituents in one litre of distilled water: PeptoneBacto (Difco) agar (20g), glycerol (lOg), anhydrous potassium sulphate (lOg) and
magnesium chloride (3g). The pH of the medium was adjusted to 7.2 and the agar was
then autoclaved at 121 ®C for 15 minutes.

Glycerol enhances growth and ions

(magnesium, potassium and iron) within the KA agar facilitate pigment production.
PIA was prepared by the Media Department, Department of Microbiology at RBH.
The following constituents were dissolved in one litre of distilled water: Peptone-Bacto
(20g), magnesium chloride (1.4g), anhydrous potassium sulphate (lOg), irgasan (0.025g),
bacto-agar (13.6g) and glycerol (lOg).
autoclaved at 121

The pH was adjusted to 7.0 and the agar

for 15 minutes after which 11ml of IM calcium chloride was added.

Prepared agar was stored in Schott bottles (Sarstedt, Germany) at room temperature or
at 4®C. Before use, the agar was melted in a boiling water bath and cooled at 5®C before
pouring into plates.

The agar plates were either dried at 37®C and used immediately or

sealed in polythene and stored at 4®C until required. Prior to use, stored plates were then
dried at 37^0; all plates were 90mm in diameter and filled to 4mm depth with agar.

2 .4

Identification of P, aeruginosa
The identification of P. aeruginosa was usually made by the observation of

characteristic colonial appearances on KA^^^, the presence of a fruity odour and the
production of pigments (red, green and blue) which are enhanced by PIA and KA agar
(Figure 1).
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F igure 1

Culture of P. aeruginosa from a CF sputum sample on King's 'A' agar
showing the production of pigment and the formation o f mucoid colonies
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Strains which failed to produce pigments or had an unusual colonial appearance were
confirmed to be P. aeruginosa by the following tests: the production of cytochrome
oxidase and arginine dihydrolase, the reduction of nitrate and the oxidative metabolism of
glucose^^. Oxidase production was detected by adding a loopful of NNN'N' tetramethylp-phenylenediamine dihydrochloride to 3ml of sterile distilled water. A disc of filter paper
was soaked with a few drops of this indicator solution and three to five colonies of P.
aeruginosa were smeared across the paper with a platinum loop.

A positive reaction was

indicated by the appearance of a dark purple colour within 30 seconds.

Media for the

other three identification tests were prepared by the Media Department, CPHL and
dispensed into 75mm x 9.5mm rimless tubes and stored at 4®C until use.
were incubated aerobically at 37®C for five days.

All cultures

For the detection of arginine

dihydrolase, the test organism was stab inoculated with a platinum wire onto the medium.
Following incubation, a colour change from slate-grey to purple indicated the conversion
of arginine. Nitrate reduction to nitrite was detected by inoculating nitrate broth with the
test organism and after incubation, 1ml each of reagent A (0.33% sulphanilic acid in
glacial-acetic acid / water, 1:4) and reagent B (0.13% 1-naphthylamine-7-sulphonic acid
[Cleve’s] in glacial-acetic acid / water, 1:4) were added.

A positive reaction was

indicated by red discolouration of the broth. Zinc dust was added to tubes that showed no
colour change, after which, the absence of a colour change confirmed that the organism
reduced both nitrate and nitrite.

As P. aeruginosa oxidises glucose and is non-

fermentative, an oxidative response was seen on the Oxidation-Fermentation (O-F) test^^^.
The test culture was inoculated into the O-F medium in two tubes, one of which was sealed
subsequently with mineral oil.

Acid production was detected by a green to yellow colour

change of the media in the aerobic tube only (Figure 2).
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Figure 2

Biochemical tests used to confirm the identity of P. aeruginosa
Colour changes observed in the a) nitrate b) arginine c) oxidation-fermentation tests

a)

b)

c)
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2 .5 Storage of isolates
Each isolate of P. aeruginosa was allocated a study number and stored at CPHL in
16% glycerol broth at -70®C and also on a nutrient agar slope which, after aerobic
incubation for 24 hours at 37®C, was kept at room temperature.

Isolates were recovered

either from the broth or from slopes and were plated on KA agar and grown at 37 ®C for 24
hours before use in experiments.

2 .6

Isolation of P. aeruginosa and other pathogens from sputum
Sputum was collected into sterile containers and transported either to the

Microbiology Laboratory at RBH or to CPHL.
conditions336^ the sputum sample (approximately

Under category three containment
1 0 -2 0 ml)

was mixed with an equal

volume of Ringer's isotonic salt solution (Oxoid) and gently homogenised, either manually
(CPHL) or with the use of glass beads (RBH) for 20 minutes.

At CPHL, a 500pl aliquot

of the homogenised sample was serially diluted (1 x IQ-^ to 1 x IQ-®) in Ringer's solution
and lOOpl aliquots of each dilution were spread on KA agar. After aerobic incubation at
37°C for 48 hours, the plates were inspected and colonies identified. At RBH, 25jul were
spread over the entire surface of agar plates containing Sabouraud's and mannitol salt
media and 25pl aliquots were also spread for discrete colonies over plates of PIA,
MacConkey and P. cepacia Selectab agar (Mast Laboratories, Merseyside, UK). Twenty
five jul were also spread over the entire surface of a chocolate agar plate on which an
Optochin disc was placed centrally. All plates were incubated in air at 37®C for 24 hours
except for the chocolate plate which was incubated in CO 2 . The plates were inspected and
the relevant sensitivity tests performed.

After incubation for a further 24 hour period,

organisms which were not present at 24 hours were identified; the Sabouraud plates were
incubated for five days.

The culture and identification of respiratory pathogens were

performed as part of the routine microbiological evaluation of CF sputa by staff of the
Microbiology Laboratory at RBH.
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2 .7

Faecal isolation of P, aeruginosa
The method described by Agnarsson et al in 1989 was used^^L

Acetamide broth was

prepared as foiiows^^^: 5g NaCl, 0.2g MgS0 4 , Ig NH4 H2 PO4 , 20g CH 3 CONH2 and Ig
K2 HPO4 were dissolved in 1000ml of distilled water.

The broth (20ml aliquots) was

dispensed into universal containers and autoclaved at 121®C for 15 minutes. When cool,
it was either used immediately or stored at 4®C for up to seven days.

Stools were sent by

post to CPHL and after mixing with an equal volume of sterile physiological saline were
emulsified by vortexing. The emulsion (lOOpl) was plated on PIA and incubated in air for
48 hours at 37®C.

Another lOOpl aliquot of faecal emulsion was inoculated into

acetamide enrichment broth, and incubated at 37®C for 24 hours following which a loopful
was extracted and plated on PIA and incubated aerobically for 48 hours at 37®C.
Colonies were then identified as previously described in section 2. 4.

2. 8

Preparation of growth factors

Thirty six growth factors were evaluated, including 23 amino acids (L-forms Sigma,
St. Louis, MO : alanine, arginine hydrochloride, asparagine, cysteine, cystine, glutamine,
glycine, isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, valine, aspartic acid, glutamic acid, histidine and
hydroxyproline).

Individual stock solutions of each factor were prepared aseptically, at

the concentrations indicated by Holliday^^*, by dissolving the constituents in sterile
distilled water or the appropriate organic solvents 3^^. Growth factors were weighed into
polystyrene boats and dissolved in sterile deionised water or the organic solvents. Each
growth factor was transferred into a sterile acid-washed universal bottle and the desired
concentration of each factor was achieved by further dilution.

Each stock solution was

then filter-sterilised through a 2pm Acrodisc filtration unit (Gelman Sciences,
Northampton, England) and poured into a fresh container; these were tightly sealed and
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stored at 4®C.

To dissolve arginine, hydroxyproline, glutamic acid, glutamine, leucine

and tyrosine, it was necessary to heat the solutions up to 40°C and in order to dissolve
aspartic acid, dilute acid (HCl) or alkali (NaHCOs) was added.

2. 9 Preparation of minimal media
One hundred ml of minimal media were prepared comprising 75ml of plasmid
minimal agar, 18ml of plasmid minimal salt (MS) solution, 6 ml of deionised water and
1ml of 20% glucose solution.

One litre of plasmid minimal agar contained: 20g Oxoid

agar No.3 L13 made up with distilled water.

Five litres of MS Solution contained:

NH4 CI (lOOg), NH4 NO3 (2 0 g), anhydrous Na 2 S0 4 (40g), anhydrous K 2 HPO4 (60g),
MgSCk 7 H2 O (2g), KH2 PO4 (20g) in distilled water at pH 7 .2 ^ .

The solution of 20%

glucose was prepared by the Media Department and stored at 4®C for up to four weeks.
Prior to use, the glucose solution was inspected and cloudy suspensions discarded.
Immediately before use, the glucose solution was filtered (2pm filter) into a sterile
container.

Each constituent was warmed up to 50®C in a water bath. The jar of agar

was then removed and the minimal salt solution, deionised water and one ml of
glucose were added.

20%

After gentle mixing, the agar was pipetted into four plates which

after setting, were dried at 37®C for approximately 15 minutes and either used immediately
or stored at 4®C for up to five days.
and media was performed aseptically.

The preparation of stock solutions of growth factors
In order to avoid contamination, activity close to

the work bench which could create turbulence was minimised during the preparation of all
plates.

Preparation of minimal salt agar plates containing growth factors
The method used was identical to that described above, although one ml aliquots of up to
six growth factors were added in place of 1 to 6 ml of deionised water.
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2. 10

Genotyping

This technique involved several different processes, the first of which was the
extraction of chromosomal DNA which was subsequently digested with restriction
endonucleases. The digested DNA fragments were then separated by electrophoresis and
following transfer to a nylon membrane. Southern blots were probed with a biotin labelled
probe and visualised.

DNA extraction
A modification of the method described by Pitcher^^i was used and the following reagents
were made up:
1. TE buffer : lOmM Tris, ImM EDTA, pH 8.0
2. GES : 60g of guanidium thiocyanate and 3.7g of EDTA heated to 65®C in 20ml of
water until dissolved. After the addition of 1.7ml of 30% sarcosyl (Sigma), the solution
was cooled, made up to 100ml, filtered through a 0.45pm filter and stored at room
temperature
3. Chloroform: chloroform / 2 pentanol (24:1)
4. TBE buffer : 5.4g of Tris base, 0.23g of sodium EDTA, 2.7g of boric acid are added to
350ml of water and made up to 500ml, pH 8.0
5. Loading buffer : 50% glycerol, 0.25% bromophenol blue
6. Denaturing solution : 0.5M NaOH, 1.5M NaCl
7. Neutralizing solution : 1.5M NaCl, 0.5M Tris-HCl, O.OOIM EDTA, pH 7.2
8.

SSC : 0.37 M NaCl, 0.03M sodium citrate

9. 7.5M ammonium acetate
10.1.5M ammonium acetate in 70% alcohol

Isolates of P. aeruginosa were cultured on KA agar.

After 18 hours incubation at

37®C, five to 10 colonies were inoculated into 20ml of nutrient broth supplemented with
0.1% sodium nitrate.

After overnight incubation at 37°C and centrifugation for 20
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minutes at 1500g, the supernatant was discarded and the pellet resuspended in 1 ml of TE
buffer in a microfuge tube. After further centrifugation at 1500g for two to five minutes,
the supernatant was removed and the pellet resuspended in about 100 pi of TE buffer.
Following the addition of 500 pi of GES reagent, the suspension was shaken gently on a
roller for 20 minutes in order to lyse the cells.

Cold 7.5M ammonium acetate (0.25ml)

was added, the sealed tubes inverted and left on ice for 30 minutes after which 0.5ml of
chloroform reagent was added. The tubes were shaken by hand for 10 minutes until the
phases were thoroughly mixed.

After further centrifugation at 12000g for 10 minutes,

350pl of the upper phase were transferred to each of two 1.5ml microfuge tubes to which
aliquots of 875 pi of ice cold ethanol were added. The tubes were subsequently inverted
in ice, to facilitate DNA precipitation and stored at

for at least 60 minutes.

The

DNA pellet was recovered by centrifugation for 10 minutes and washed twice in
ammonium acetate/ethanol and once in pure ethanol (70%).
suspension was centrifuged for five minutes.

After each wash, the

The pellet was then redissolved in 50 pi of

TE buffer and left at 4®C overnight following which the two 50pl aliquots were combined.

Digestion of DNA and electrophoresis
Firstly, the DNA content was estimated by making a 1 in 1(X) dilution of the solution
and 10 pi were added to 990 pi of distilled water making a final volume of 1ml. Using a
Pye Unicam spectrophotometer and ultraviolet cuvettes, the absorbance of this dilution
was determined at 260nm, this being the wavelength which detects intact nucleic acid.
Absorbances at 230nm and 280nm were also checked to determine the contents of small
DNA fragments and protein respectively.

A reading of 1.0 at 260nm wavelength is

equivalent to approximately 50 pg of DNA. The sample was diluted to yield 5pg of DNA
in 32pl of distilled water.

Two pi of O.IM spermidine (Sigma) with 4 pi of the

appropriate core buffer were added to each microfuge tube into which 1 pi (lOU) of one of
the restriction enzymes (Xho 1, Bg] II and Sal I, Gibco, Paisley, UK) was added.

After

further centrifugation, the solution was incubated in a water bath for four hours at 37®C.
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The digest solution was then mixed with 2jLil of loading buffer (20% Ficoll, containing
20mM EDTA and 0.15% bromophenol blue) halting the reaction.

A 0.8% agarose gel

was prepared by heating 0.48g of agarose (BioRad Molecular Biology Grade agarose) in
60ml of TBE buffer and poured into a 10 x 15cm tray. A comb was placed 1cm from the
end of the tray and the gel was allowed to set. Fourteen pi of digest mixture were loaded
into the wells created by the comb.

Following overnight electrophoresis at 30V for 16

hours at 4®C in TBE buffer, the gel was stained with ethidium bromide (1 pg/ml) for 40
minutes and viewed, using eye protection, under ultraviolet light.

The gel was

photographed and a Hind III digest of Lambda phage (Gibco) labelled with biotin was
included in every gel as the molecular weight marker.

Southern blotting
The following reagents were prepared:
1. DNA fragmenting solution : 0.25M HCl
2. Denaturing solution : 0.5M NaOH, 1.5M NaCl
3. Neutralising solution : O.OOIM EDTA, 1.5M NaCl, 0.5M Tris-HCl, pH 7.2
4. Transfer buffer :SSC (standard saline citrate), 3M NaCl, 0.3M tri-sodium citrate,
pH7.0

Within the Vacugene blotting unit (Pharmacia, Biotech), the gel was soaked in
fragmenting solution for 15 minutes at room temperature and gently shaken.

After

repeating the process and pouring off the fragmenting solution, the gel was shaken with
denaturing solution for 30 minutes. Once again, the process was repeated and the solution
then exchanged for neutralising solution for another 30 minute period.

A piece of

Hybond-N nylon membrane (Amersham International, Buckinghamshire, UK) was cut to
the same size as the gel and a line drawn 1 cm from one end to mark the position of the
wells.

The gel was inverted on to the membrane which had been soaked in twice the

standard concentration of SSC (2 x SSC) and using the Vacugene blotting transfer system
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(Biotech, Pharmacia), the DNA was transferred on to the membrane.

The transfer

solution used was 20 x SSC and the transfer time was 45 minutes. The nylon membrane
was removed, washed in 2 x SSC and dried at 80®C for two hours. The gel was re-stained
in ethidium bromide and viewed on the transilluminator under ultraviolet light to check
that the transfer of DNA had been satisfactory.

Preparation of biotinylated DNA probe to tox plasmid
The probe was prepared at CPHL by Dr PS Nicholson using the method described by
VasiM^.

The host Escherichia coli (HBlOl) which contained both the plasmid

(pBR322) and the tox structural genes of P. aeruginosa was grown overnight on a shaker
in 10ml of LB medium (l%w/v tryptone, 0.5% yeast extract and 1% NaCl) which also
contained 20)Lig/ml of tetracycline (Sigma). One ml of the bacterial suspension was
transferred to 500ml of LB medium to which tetracycline had also been added and
incubated overnight with shaking at 37°C. With the aid of the Qiagen Maxi Kit (Diagen,
Hybaid Ltd, Middlesex), the plasmid was extracted from the broth by employing an
anionic exchange resin column.

This enabled plasmid DNA to be separated from other

classes of nucleic acids, proteins and carbohydrates by elution with a buffer of a specific
salt concentration.

The DNA was dissolved in 100 pi of TE buffer and its concentration

was determined spectrophotometrically.

The DNA (5pg) was labelled with the

deoxyribonucleotides (dNTP: dTTP, dCTP, dGTP).

The reaction buffer was supplied

with reverse transcriptase, and other agents comprised: 500 pg/ml of ultra-pure bovine
serum albumin (BSA), 0.4mM biotin-7-dATP and 0.4U/pl DNA polymerase I.
plasmid was labelled by nick translation.

The

In order to prepare 40pl of pCMtox probe: 3 pi

of dNTP, plasmid DNA containing 5 pg, 5 pi of reaction buffer and 5 pi of BSA, 1 pi of
biotin-7-dATP and 2 pi of DNA polymerase I were combined. After brief centrifugation,
the mixture was incubated for two hours in a water bath at 37®C.
were denatured by boiling for

10

minutes and were cooled on ice.

Before use, the probes
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Pre-hybridisation and hybridisation of Southern blots with biotinylated DNA
Ten ml of pre-hybridising mixture, (formamide (50%), SSC, Denhardt's solution, 25mM
phosphate buffer and 0.5% SDS) were warmed in a water bath to 42®C. Denhardt's
solution contained : 2% Ficoll (Sigma), 2% polyvinyl pyrrolidone (Sigma) and 2% BSA.
The phosphate buffer contained : 15.6g sodium dihydrogen orthophosphate and 28.6ml IM
NaOH made up to 100ml, pH6.5. Salmon sperm DNA was dissolved (lOmg/ml) in water
by mixing overnight at 4®C.

The solution was then sonicated for 30 minutes in five

minute bursts until a uniform suspension was formed. For one blot, a sample of 250 pi of
salmon sperm DNA was denatured by boiling for 10 minutes and after rapid cooling in ice,
was mixed with 5ml of the prehybridising mixture.

The nylon membranes which had

been soaked in SSC were placed in hybridisation bags (Gibco, UK) along with the pre
hybridisation mixture.

After removing all air bubbles, the bag was sealed and incubated

at 42®C for four hours.

The hybridisation mixture, (45% formamide, SSC, Denhardt's,

20mM phosphate buffer, 0.5% SDS and 5% dextran sulphate. Sigma) was then prepared
and warmed to 42®C.

For one blot, 40 pi of pCMtox probe and 100 pi of denatured

salmon sperm DNA were prepared.

The prehybridisation mixture was exchanged for the

hybridisation solution and the bag was re-sealed and incubated at 42°C for 16 hours.

Detection of genes
The following reagents were prepared:
Buffer 1 : O.IM Tris-HCl, 0.15M NaCl, pH7.5
Buffer 2 : BSA (Fraction V) 3% in Buffer 1, pH7.5
Buffer 3: O.IM Tris-HCl, O.IM NaCl, 50mM MgCh, pH9.5
Termination buffer : 20mM Tris-HCl, 0.5mM EDTA, pH7.5
Pre-hybridisation mixture: 50ml of formamide, 25ml of 20 x SSC, 5ml of 100 x
Denhardt's, 2.5ml of phosphate buffer (IM), 2ml of 25% SDS, 10.5ml of distilled water
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Hybridisation mixture : 45ml of formamide, 25ml of 20 x SSC, 1ml of 100 x Denhardt's,
2ml of phosphate buffer (IM), 2ml of 25%SDS, 8 ml of distilled water, 10ml of 50%
dextran sulphate

The filters were removed from the hybridisation bags and each one was washed twice
in 200ml aliquots of 2 x SSC/0.1 % SDS for five minutes at 20®C. The filters were then
washed in 200ml aliquots of 0.2 x SSC/0.1 % SDS at 20®C, although the solution was
heated up to 62®C beforehand.

Two further washes were performed in the same solution

for a period of 15 minutes at 62®C.

All washes were performed on a shaker. The final

wash solution was in 2 x SSC and the filters were left in this solution for only 30 seconds
at 20®C. The filters were incubated in Buffer 2 at 65°C for one hour and 100 pi of Triton
xlOO and 2ml of 0.5M EDTA were added per 200ml of buffer. The biotin-detection
reagent, streptavidin-alkaline phosphatase, 1mg/ml (SAAP, Gibco) with a pH of 7.6 was
diluted 1 in 1000 in Buffer 1 and 70 pi of 0.5MEDTA were added.

The filters were

incubated with constant agitation for 10 minutes and transferred to a clean tray.

After

washing three times for 10 minute periods in 200ml of Buffer 1 to which 0.4 ml of 0.5M
EDTA and 1ml of Triton x 100 had been added, the filters were then washed in Buffer 3
for a further 10 minutes.

The filters were placed in fresh hybridisation bags into which

33pl of nitroblue tétrazolium (NBT, Gibco) mixed with 7.5 ml of Buffer 3 and 25 pi of 5bromo-4-chloro-3-indolylphosphate (BCIP) in dimethylformamide were added.

The bag

was sealed after the exclusion of air bubbles. The filter was developed in the dark and as
soon as the bands were visible (usually after 1 to 3 hours), the filters were removed,
washed in the termination buffer and baked at 80°C for 2 minutes.
then inspected and the blots photographed (Figure 3).

Band patterns were

67

Figure 3

Genotype patterns of isolates of P. aeruginosa
Sal digests of two isolates following staining
with ethidium bromide. Lanes 1 and 2 - Sal
digests; Lane 3 - biotinylated Hind III digest
of Lambda DNA
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Section A : Auxotrophy of P. aeruginosa

2. A l

Stored isolates of P. aeruginosa

A collection of 580 isolates of P, aeruginosa which had been stored on agar slopes at
room temperature for up to two years at CPHL were examined for auxotrophy.

Four

hundred and seventy isolates had been cultured from a total of 152 CF patients (see page
101).

Four hundred and three were from the sputum of 136 CF patients, 20 were from

upper airway sites of nine CF adults, 23 were taken from the upper and lower airways of
four CF patients who had undergone heart-lung transplantation (HLT) and 24 were isolated
from stool samples of 12 CF adults.

Eleven isolates were retrieved from the sputum of 11

non-CF bronchiectatic patients and 99 were from other clinical non-bronchiectatic sources
(see page

1 0 2 ).

Of the 403 CF pulmonary isolates, 141 came from the following five CF centres:
Booth Hall Children's Hospital, Manchester (9); Edinburgh Royal Infirmary (32); Queen
Elizabeth Hospital, Hackney (33); Royal Brompton Hospital, London (9); University of
Wales Hospital, Heath Park (58).

These isolates were retrieved from nutrient agar slopes

which had been prepared 21 months previously for antibiotic susceptibility studies. The
remaining 262 CF isolates had been collected from the sputum of CF adults at RBH and
were taken from slopes which had been prepared at CPHL by Dr PS Nicholson 11 months
previously for genotyping studies.

The 24 stool isolates and the 20 upper airway isolates

had been collected by the author as part of a study evaluating the prevalence of P.
aeruginosa in extra-pulmonary sites of CF adults.

The 23 isolates cultured from the

sputum, bronchial lavage and upper airways of four CF patients before and after heart-lung
transplantation had been taken by the clinical staff at Harefield Hospital, Uxbridge and
RBH in 1988 and 1989 for genotyping studies.
The non-CF bronchiectatic isolates were taken from 11 adults (aged 39 to 71 years,
median 57 years) with non-CF bronchiectasis attending RBH from whom P. aeruginosa
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was isolated from the sputum during a six week period in 1989.

The 99 clinical and

environmental isolates came from the following hospitals from which requests for strain
identification had been received by CPHL : Ashford, Middlesex (1); Birch Hill Hospital,
Lancashire (5); Cardiff (1); Greenwich Hospital (7); Hackney Hospital, London (1);
Hastings Hospital, Sussex (1); Hope Hospital, Eccles, Salford (13); The John Radcliffe
Hospital, Oxford (1); New Cross Hospital, Wolverhampton (20); Newcastle General
Hospital, Newcastle-upon-Tyne (13); Pilgrim's Hospital, Boston, Lincolnshire (20);
Queen Elizabeth Military Hospital, Woolwich (6 ); Royal Marsden Hospital, Surrey (2); St.
George's Hospital, Stafford (2); Stoke on Trent (1); St. Mary's Hospital, Manchester (5).
Ninety one of these isolates had been taken from 73 patients as follows: urinary tract (27,
15 from 14 patients with in-dwelling catheters); respiratory tract (16); skin (11); wound
sites (7); stool (7); bone (7); blood (5); bums (4); drains (4); central lines (3). Strains from
eight environmental sites, such as sinks and bed-liners, isolated from four wards (non-CF)
of three hospitals were also tested.

2. A2 Testing for auxotrophy
Isolates were grown overnight on KA agar at 37®C and five to ten colonies were
dispersed in five ml of distilled water, vortexed and adjusted to give an opacity of
MacFarland 0.5 standard, containing approximately 10^ colony forming units (cfu) per ml.
This suspension was diluted 1 in 100 in distilled water and 0.3pl were spotted on to
minimal salt (MS) agar and a nutritionally complete (KA) agar, with the aid of a multi
point inoculator (Mast Laboratories, Merseyside, UK).

The final inoculum on the agar

was approximately 10^ to 10"^ cfu. Plates were examined after aerobic incubation for 48
hours at 37 ®C; prototrophic isolates grew on both types of media, auxotrophs grew only on
the complete medium (Figure 4).

Figure 4

Growth o f auxotrophic and prototrophic isolates of P. aeruginosa on nutritionally com plete and m inimal media
Plate B: minimal salt agar which supports
the growth of prototrophs alone

Plate A : King's 'A' agar (nutritionally complete)
showing growth of auxotrophs and prototrophs

/
•

*
•

•
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2. A3

Phenotypic appearances of auxotrophs and prototrophs

The phenotypic appearances of the prototrophic isolates on KA and MS agar were
compared with the auxotrophic colonies growing only on KA.

The following features

describing colonial morphology were recorded: a) pigment production, b) mucoid colony
formation and c) the density of growth.

The latter was graded as zero if absent on MS

agar, minimal if only pin-point colonies were observed and M l if a similar colonial
appearance was noted on both types of media (Figure 5).

2. A4 Identification of specific growth factors
The experimental design of Holliday was used^^s in which 36 growth factors,
including 23 amino acids (L-forms, Sigma, St Louis, MO) were evaluated.

Individual

stock solutions of each factor were prepared aseptically at the concentrations indicated by
Holliday as previously described (Section 2. 8 ).

All solutions were filta* sterilised and

six factors were combined aseptically in equal volumes to form 12 different pools (Table
1).

The MS agar plates which contained growth factors were made as described in

section 2. 9 and the MS control plates w@"e prepared by replacing six 1ml aliquots of
growth factors with distilled water.

Isolates were cultured overnight on KA and between

1(P and 10^ cfu were inoculated on: a) all 12 pools, b) KA agar plate, c) MS agar plate
alone.

The known control strains of Escherichia coliy M 254^',

jQ^pro/iiis/tryp were inoculated similarly.
48 hours at 37®C.
the

12

153.2^''''^'^^ and

Growth was assessed after aerobic incubation for

A single growth factor requirement was indicated by growth on two of

pools only; growth on one pool alone implied a need for two or more factors in that

pool i.e. multiple requirements; growth on more than two pools indicated that alternative
factors, i.e. one or other factors in the different pools were required; no growth indicates
that factors other than those tested for are required for growth.

Figure 5

A comparison of colony growth of isolates grown on minimal salt and King's 'A' agar plates

Plate A ;

Plate B:

prototrophs and auxotrophs on

prototrophic isolates only are supported

King's 'A' agar

by minimal salt agar

P

Table 1
Pool design of 36 specific growth factors (after R. Holliday^)
Pool
asparagine-

biotin (1)

phenylalanine-

alanine-

arginine-

leucine-

8

hypoxanthine*

folic acid
(50)

serine-

cysteine-

omithine-

glycine-

9

hydroxyproline-

pantothenic
acid (50)

tryptophan-

threonine-

aspartic acid-

isoleucine-

10

glutamine-

pyridoxin (50)

tyrosine-

thiosulphate*

proline-

histidine-

11

thymine^

thiamin (l)

p-ammo
benzoic acid
(50)

methionine*

glutamic acid-

lysine-

12

cystine-

riboflavin (50)

nicotinic acid
(50)

choline (lOOO)

inositol (500)

valine-

* = final concentration of 5mg/ml
~ = final concentration of 20 )ig/ml
0 = final concentration in jig/ml

# = Holliday R. 1956; Nature 178: 987

Factors are combined aseptically in equal volumes to form the pools shown in the vertical columns 1-6 and in different combinations to form the
pools 7-12 (horizontal rows). Growth on two of the 12 pools only indicates a single growth factor requirement eg. a methionine requiring
auxotroph only grows on pools 4 and 11. Growth on one pool only indicates a requirement for two or more factors in the pool. An alternative
requirement is indicated by growth on more than two pools.
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Confirmation of growth requirements
Isolates which were found to be dependent on one factor were inoculated on: a) MS
agar supplemented with the single factor at the concentrations indicated by Holliday, b)
KA agar and c) MS agar alone.

Growth on both a) and b) but not on MS agar alone,

confirmed that the isolate was auxotrophic and required a single factor for growth.
Growth only on KA confirmed that the isolate was auxotrophic and that the specific
growth factor(s) required had not been incorporated in a). Growth on all three agar plates
confirmed that the isolate was indeed prototrophic.

2. A5

Response of methionine-dependent auxotrophs to increasing

concentrations of methionine
Suspensions of 32 methionine-dependent sputum isolates of P. aeruginosa were diluted
1 in 100 in distilled water.

Using a multi-point inoculator, aliquots of 0.3 pi (10^ to 10^

cfu) were spotted on MS agar plates supplemented with methionine in increasing
concentrations : 1 pg/mi, 5 pg/ml, 10 pg/ml, 20 pg/ml and 40 pg/ml (final concentration)
in addition to plates of MS agar alone and KA agar. Following aerobic incubation at 37 °C
for 48 hours, the plates were read and the extent of growth and MEP production were
noted.

2. A6

Proportion of auxotrophs and prototrophs in fresh sputum

Patients
Forty one sputum samples were studied from 37 patients with CF (19 male, mean age
28, median 26, range 16-67years).

Samples were taken from 22 randomly selected in

patients at RBH who were receiving treatment for acute infective pulmonary
exacerbations;

11

patients were stable and sampled when seen in the out-patient

department and four patients were tested both as acutely ill in-patients and stable out-
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patients. Eleven patients had very severe lung disease (died or received heart-iung
transplants within 12 months), 17 had severe lung disease with an FEVi <40% predicted
normal, five had moderate disease (FEVi 40-60%) and four had only mildly impaired
lung function (FEV i >60%). Of the 26 in-patient samples, the numbers from patients with
very severe, severe, moderate and mild lung disease were eight, twelve, two and four
respectively, and of the 15 out-patient samples, the numbers were three, seven, four and
one respectively.

Twenty seven patients were receiving long-term nebulised antibiotics

(aminoglycosides, colistin or both), 18 were receiving inhaled steroids and all in-patients
were receiving i.v. anti-pseudomonal agents (a combination of an aminoglycoside and a
penicillin derivative) in conjunction with oxygen therapy, bronchodilators and
physiotherapy.

The mean duration of i.v. antibiotic therapy before sampling was nine

days (range two to 14, median nine days).

All patients were taking pancreatic

supplements, eight were diabetic and five were severely malnourished and had
gastrostomy feeding tubes in place.
Sputum was also collected from two children with CF aged nine and twelve, both of
whom were being treated as out-patients. Three adults with non-CF bronchiectasis, all of
whom were female and were aged between 48 and 77 years were also studied.

All three

were in-patients with acute infective exacerbations of their disease and were receiving i.v.
anti-pseudomonal antibiotics at the time of sampling.

Sputum culture
Sputum was transported to CPHL on the day of collection.

After mixing with an

equal volume of isotonic Ringer's solution, it was manually homogenised and serially
diluted (10-2 to lO'^) in isotonic Ringer's solution.

One hundred pi aliquots of each

dilution were spread uniformly using a sterile glass spreader on both MS agar which
supports only the growth of prototrophs and on KA agar which supports both auxotrophic
and prototrophic isolates of P. aeruginosa.

After aerobic incubation at 37°C for 48

hours, the colonies of P. aeruginosa on each plate were counted and isolates were
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identified as described in Section 2. 4.

Sputum samples from 24 CF patients were also

taken at the same time as the auxotrophy evaluation, and cultured for other respiratory
pathogens. In-patient samples from a further five patients were processed within 24 hours
as described in Section 2. 6 .

Calculation of the proportion of auxotrophs and prototrophs
In calculating the proportion of auxotrophs to prototrophs, it was assumed that an
equal number of viable isolates were present in each lOOjul aliquot of homogenised diluted
sputum.

The counts on KA were taken to be the total number of viable colonies,

irrespective of their growth requirements, whereas the colony count on MS agar
represented the number of prototrophic colonies alone.

The difference between the

counts on KA and MS agar at the same sputum dilution was noted and taken to represent
the number of auxotrophs.

The number of auxotrophic colonies was then divided by the

total colony count on KA and the proportion of auxotrophs was thereby calculated.

On

several occasions, the proportion of auxotrophs was determined at more than one dilution
and so the mean of these values was taken to represent the proportion of auxotrophs; in
some instances the individual values did vary widely. Occasionally, it was necessary to
compare the results of counts on KA from one dilution with those of another dilution on
MS agar.

In this instance, a ten-fold multiplication of the relevant count was made in

accordance with the ten-fold dilutional stages.

When both counts at the same dilution

ranged between one and five, the results were not incorporated into the calculation as this
difference was not considered to be microbiologically significant; a count of zero was
taken as valid.

2. A7 Intra-sputum variablity and constancy of growth factors
The intra-sputum variability of auxotrophic requirements was evaluated by selecting
at least two colonies of auxotrophs from the primary culture of

12

patients for growth
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factor identification. The constancy of the auxotrophic requirements of P. aeruginosa was
investigated in sputum samples taken from nine CF patients over various intervals ranging
from one to 52 weeks.

2. A8

Antimicrobial susceptibility of auxotrophs and prototrophs

Isolates
Sputum samples from 15 adults with CF were manually homogenised and serially
diluted (10‘^to 10-®) in isotonic Ringer's solution; lOOpl aliquots of each dilution were
spread on MS and KA agar using a glass spreader.

After 48 hours aerobic incubation at

37®C, between one and five prototrophic colonies of P. aeruginosa were selected randomly
from the MS plate and in order to isolate auxotrophs, between four and 10 colonies were
selected randomly from the complete medium.

All these isolates were confirmed to be

P. aeruginosa and subsequently re-tested for auxotrophy before being stored at -70®C in
glycerol broth.

Concurrent isolation of auxotrophs and prototrophs from the same CF

patient ensured that all isolates had had identical exposure to antibiotics.

Agar incorporation method
The agar incorporation method of antibiotic susceptibility testing, described by the
Working Party of the British Society for Antimicrobial Chemotherapy, was used®43. The
Minimum Inhibitory Concentration (MIC) end-points of four penicillins (azlocillin,
carbenicillin, piperacillin and ticarcillin), three aminoglycosides (amikacin, gentamicin,
and tobramycin), aztreonam, imipenem, colistin, ceftazidime and ciprofloxacin were
derived for all test isolates and control strains {P. aeruginosa NCTC 10662 and K coli
NCTC 10418).

Antibiotic solutions were made in doubling dilution steps and added to

cooling Iso-Sensitest agar (Oxoid, Basingstoke, UK) held at 50®C.

The agar was

supplemented with 2% lysed horse blood. Dynatec plates (12.5 x 8.5mm) were poured to
a depth of 4mm of agar, left to cool with the lids ajar, before being stored in polythene
bags at 4®C until used the following day.

The test organisms and control strains were
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cultured overnight on Iso-sensitest agar (Oxoid).

Four or five colonies of similar

morphological appearance were inoculated into Iso-Sensitest broth and the density of the
cultures was adjusted with sterile distilled water to equal a 0.5 McFarland standard. The
adjusted suspension was diluted ten-fold to achieve a standardised final inoculum of
cfu/ml and W cfu/spot were inoculated using a Dynatec multi point inoculator.
plates were incubated aerobically overnight at 37®C.

10^

The

All test inocula were inoculated also

on to MS and KA agar plates to re confirm their nutritional needs.

The MIC end-points

were read the following day by the same observer (Ms. M Warner) and were defined as the
lowest concentrations of antibiotic at which there was no visible growth.

A two fold or

greater dilutional difference in the highest and lowest MICs between auxotrophs and
prototrophs from the same sputum sample was sought for each agent, eg. MIC of
gentamicin = 32mg/ml and

8 mg/ml

for an auxotroph and a prototroph respectively.

Isolates were also classified by standard MIC breakpoints (discriminating concentrations
of antibiotic which denote specific therapeutic relevance) for P, aeruginosa into sensitive,
resistant and intermediate (where appropriate) categories eg. for amikacin, there is at
least a 3-fold difference in concentration between the range of categories: sensitive = < 8 ,
intermediate = 8 or 16 and resistant = >16mg/ml^3

2. A9 Conversion of an isolate from prototrophy to auxotrophy
A sub-inhibitory concentration of carbenicillin was determined for a prototrophic
laboratory isolate of P. aeruginosa by the use of an agar dilution method.

Iso-sensitest

agar (Oxoid) was melted and held at approximately 50®C in a water bath.

From a stock

solution of 10240 pg/ml of carbenicillin which had been stored at -20®C, 15.6 pi, 31.2 pi,
62.4 pi, 124.8 pi, 249.6 pi and 499.2 pi were pipetted into separate Universal containers to
each of which 20ml of molten agar was added.
doubling concentrations of
pg/ml respectively.

8

These volumes gave approximately

pg/ml, 16 pg/ml, 32 pg/ml, 64 pg/ml, 128 pg/ml and 256

After gentle mixing, the agar was poured into plates, allowed to set

and dried for 30 minutes at 37®C.
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The test suspension of P. aeruginosa was grown overnight in 3ml tryptone soya broth
(TSB, Oxoid) and the density adjusted to correspond to MacFarland 0.5 standard
containing approximately 10* cfu/ml.

This was then diluted 1 in 10 and 0.3 jul spotted on

each plate. A control strain, PA02 (1115) with an MIC of 32 pg/ml was grown similarly
and inoculated onto each plate.

The lowest concentration of carbenicillin which

inhibited growth of the test organism was 32 pg/ml and this concentration was therefore
identified as the MIC.
concentration.

Growth of the control organism was also inhibited at this

KA was melted in a water bath and held at 50®C.

The stock solution

(93.6 pi) of carbenicillin was mixed with 20ml of molten KA agar to give a final
concentration of 48 pg/ml which was 1.5 times the MIC. The plates were then poured, set
and dried.
A 100 pi aliquot of the test suspension (the same prototrophic isolate of P.
aeruginosa) which had grown overnight in TSB at 37®C was spread with a glass spreader,
over the surface of the antibiotic plate. After 48 hours incubation at 37®C, the colonies on
each plate were transferred by replica plating with velveteen c l o t h t o MS agar plates
and a second set of KA plates containing the same concentration of carbenicillin. After a
further 48 hours incubation, the process was repeated, each time using the KA plate as the
base for replica plating; the MS agar plate supported only prototrophs and also did not
contain carbenicillin.

After the third passage, 14 colonies were selected from the

carbenicillin-impregnated plates, some of which had not formed replica colonies on the
MS medium.

Suspensions of these isolates were adjusted to give an inoculum of

10*cfu/ml, diluted 1 in 100, and 0.3 pi (10^ -10^ cfu) aliquots were spotted on to KA and
MS agar.

After 48 hours aerobic incubation at 37®C isolates were examined for

auxotrophy and prototrophy.

80

2. A10

Genotyping of auxotrophic and prototrophic isolates

To determine whether auxotrophic and prototrophic isolates from the same patient
were isogenic, five stored isolates which had been cultured from the sputum, upper
airways and gastrointestinal tract of one CF patient, a 30 year old male, were first of all
tested for auxotrophy in the usual manner.
described previously in section 2 . 1 0 .

Isolates were genotyped using the method
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Section B : Extra-pulmonary sites of P. aeruginosa in cystic fibrosis

2. B1 Patients
Forty two adults with CF were selected randomly from the out-patient clinic at RBH.
Patients were aged between 15 and

66

years, 23 were female and the mean age was 26

years.

2. B2 ENT history and examination
Current symptoms of nasal obstruction and sinus infection were sought by asking the
following questions : a) do you consider that your sense of taste is normal? b) do you
consider that your sense of smell is normal? c) do you have a post-nasal drip? d) do you
have pain around your nose and cheek-bones? e) do you have a headache? f) do you have
nasal polyps?

The clinical history was taken by the author and Mr DW Morgan.

Anterior and posterior rhinoscopy examinations were performed on all patients by DWM.
The presence of nasal polyps, mucus strands and nasal mucosal hyperaemia was noted.
Dry swabs were taken from the inferior turbinate, external nares, middle meatus,
oropharynx (one tonsillar fossa bed) and the nasopharynx (post-nasal space).

Samples

were taken from the middle meatus because the paranasal sinuses drain into this region
(Figures

6

and 7).

In 21 of the 42 patients, the upper airways were sampled twice

during the nine month study. Twenty seven patients were regularly taking nebulised antipseudomonal antibiotics by mouthpiece.

2. B3 Gastrointestinal tract samples
Stool samples were returned by post to CPHL by 20 patients within 48 hours of the out
patient visit.

Figure 6

Schem atic representation o f the anatomy of the para-nasal sinuses
(coronal section)

F = frontal sinus
E = ethmoid sinus
M = maxillary sinus
NL = naso-lacrimal duct

Figure 7

Sites from which some of the microbiological samples were taken

para-nasal sinuses

Eustachian tube opening
external nares
naso-phamyx
oropharynx
hyi>o-phai7nx

1) the nasopharyngeal sample was taken using a swab on a wire which was hooked
up at 90® and passed through the mouth in to the posterior nasal space
2) the oropharyngeal sample was taken by swabbing one tonsillar fossa bed under
direct vision
3) the middle meatal, inferior turbinate and external nares samples were taken through
the right nostril under direct vision
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2. B4

Respiratory evaluation and sputum collection

Sputum was collected after physiotherapy and FEV i measurements were recorded as
described in Section 2. 2.

The ENT examination and sampling were performed after

sputum was collected and lung function measurements had been made.

2. B5

Bacteriological methods

Sputum was processed in the Microbiology Laboratory at RBH as previously
described (section 2. 6 ). Isolates of P. aeruginosa were plated on nutrient agar slopes and
incubated aerobically at 37^C for 24 hours before transfer to CPHL for storage and
subsequent genotyping.

The upper airway swabs were plated immediately on KA agar in

the out-patient department at RBH and the plates were transferred to CPHL the same day
for overnight aerobic incubation at 37°C.

On arrival at CPHL, the stool samples were

enriched in acetamide broth and inoculated on KA agar as described in section 2. 7. After
aerobic incubation at 37°C for 48 hours, isolates that produced the characteristic pigment,
pyocyanin, were accepted as P. aeruginosa.

Non-pigmented isolates were tested for their

ability to oxidise glucose, produce cytochrome oxidase, hydrolyse arginine and reduce
nitrate as described previously in Section 2. 4.

2. B6

Genotyping methods

Nineteen isolates from four patients were selected for genotyping using the method
described in Section 2.10.
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2. B7 Persistence of P. aeruginosa in extra-pulmonary sites after lung
transplantation
Eleven CF HLT recipients (six male) were selected at random from out-patient clinics
at Harefield Hospital.

The mean age of patients at the time of sampling was 28 years

(range 16 to 37 years) and the mean interval from HLT was 33 months (range 11 to 63
months).

After taking an ENT history, dry swabs were taken from the anterior nares,

oropharynx and nasopharynx and were plated immediately on PIA agar. All plates were
transferred to CPHL on the same day and incubated aerobically at 37®C for 48 hours. P.
aeruginosa isolates were identified as previously described.

Sputum samples were

cultured routinely by the Microbiology Laboratory at Harefield Hospital.
harboured P. aeruginosa in the sputum pre-operatively.

All patients

Stools were returned by post to

CPHL and processed as described in section 2. 7.

2. B8

Evaluation of P. aeruginosa in extra-pulmonary sites of
patients with non-CF bronchiectasis

Upper airway, sputum and stool samples were collected from four adults with non-CF
bronchiectasis who were receiving in-patient therapy for acute exacerbations of their
pulmonary disease.

The mean age of patients was 55 years and ranged from 40 to 78

years; three of the patients were female.

The microbiological samples were taken as

described in section 2. B2 and plated on KA agar before transfer on the same day to CPHL
for culture and identification.

2. C

Statistical Methods

Data were analysed by the chi-square test, using Yates' correction where appropriate,
and by McNemar's test^^^.
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Validation of methods used in the detection of auxotrophs
2. D1

Inoculum size required to detect auxotrophic and prototrophic isolates

Methods
Three auxotrophic CF sputum isolates of P. aeruginosa were extracted from storage at
-70°C and cultured on KA for 24 hours at 37®C. One isolate (A18) was known to depend
on proline, another (A15) on methionine and the remaining isolate (A49) required
histidine. Five to 10 colonies were selected from each plate with a sterile plastic pipette
and suspended in distilled water to give an opacity corresponding to MacFarland 0.5
standard. At this opacity in day-light, written text placed behind the glass tube could just
be read.

Suspensions of isolates A15 and A49 were diluted 1 in 50,1 in 500, 1 in 5000,

1 in 50,000 and 1 in 500,000 in distilled water and a suspension of isolate A18 was diluted
1 in 50, 1 in 100, 1 in 1000, 1 in 10,000 and 1 in 100,000 in distilled water.

Using a

multi point inoculator (Mast Laboratories) 0.3pl aliquots of the different dilutions were
inoculated on 10 MS agar plates, each of which contained pools of five different growth
factors, PMS agar alone and KA agar (Table 2).

After aerobic incubation at 37®C for 24

hours, the plates were read at 24 and 48 hours.

Results
Table 3 shows that none of the three isolates grew on MS medium alone thus
confirming their auxotrophic growth characteristics; all isolates grew on KA confirming
their viablility. Isolates A15 and A49 did not grow continently on KA at dilutions of 1 in
5000 and dilutions greater than this; but near-confluent growth was detected at a dilution
of 1 in 5000 for both isolates.

A similar growth pattern was identified for these two

isolates when grown on Pool 9, suggesting that 1 in 50 to 1 in 500 dilutions of the original
suspension gave satisfactory readings which facilitated interpretation.

However, isolate

A15 grew confluently on Pool 4 only at dilutions of 1 in 50 or in dilutions less than this
and isolate A49 grew confluently on Pool 1 at dilutions of 1 in 500 or less.

Isolate A18
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Table 2
Pool design of 25 specific growth factors (modified after R. Holliday)

Pool

1

6

leucine

valine

phenylalanine

alanine

argmme

7

glycine

asparagine

serine

cysteine

ornithine

8

isoleucine cystine

tryptophan

threonine

aspartic acid

9

histidine

glutamine

tyrosine

methionine

proline

10

lysine

hydroxyproline

thiamine

thymidine

glutamic acid

Final concentration of all factors = 20|ig/ml
Factors are combined aseptically in equal volumes to form the pools shown in the horizontal columns 1-5
and in different combinations to form the pools 6 to 10 (vertical columns). Growth on two of the pools
only indicates a single growth factor requirement eg. a met-requiring auxotroph only grows on pools 4 and
9. Growth on one pool indicates a requirement for two or more factors in the pool. An alternative
requirement is indicated by growth on more than two pools
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Table 3

Colony growth of auxotrophic isolates of P, aeruginosa prepared from increasing
dilutions of test suspension

Isolate and
dilution

Pool

1

Pool

2

Pool

Pool

3

4

Pool

Pool

Pool

Pool

Pool

Pool

5

6

7

8

9

10

KA

A15
1 in 10
1 in 50
lin 500
1 in 5,000
lin 50,000
1 in 500,000

-

-

-

+

-

-

-

-

-

-

-

+

-

-

-

-

-

-

-

+ nc

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

+M
+M
+M
+ncM
+/-M
+/-M

-

+

-

+

-

+

+ nc
+/+ /-

A18
lin 10
1 in 50
1 in 100
1 in 1,000
1 in 10,000
1 in 100,000

-

-

-

-

+

-

-

-

-

-

-

-

+

-

-

-

-

-

-

-

+

-

-

-

-

-

-

-

+

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

+ nc
+/-

+M
+M
+M
+M
+ncM
+M

-

+M
+M
+M
+M
+M
+M

A49
1 in 10
1 in 50
lin 500
lin 5,000
1 in 50,000
1 in 500,000

+

-

-

-

-

-

-

+

-

-

-

-

-

-

-

+

-

-

-

-

-

-

-

+ nc

-

-

-

-

-

-

-

+

-

-

-

-

-

-

-

+/-

-

-

-

-

-

-

-

KA = King's A agar
MS = minimal salt agar
M = mucoid colonial appearance
= no growth
+/- = pin-point colonies
nc = near-confluent growth
+ = confluent growth

+

-

+

+

-

+

+

+ nc
+/-

-

+

-

+ nc
+/-

-

+ /-

MS
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grew confluently on Pools 9 and 5 at dilutions of 1 in 1000 or at dilutions less than this
and retained its mucoid appearance on all plates of Pool 9.

It can be construed from this

data, that an inoculum of approximately 10^ to W cfu/ml of auxotrophic isolates of P.
aeruginosa is sufficient to give a clear indication of whether or not the isolate is growing
on different types of media.

Throughout this thesis, care has therefore been taken to

ensure that inocula of at least this quantity have been used by adjusting the Macfarland
standard to 0.5, (corresponding to 10®cfu/ml) and then diluting the suspensions by 1 in 100
in distilled water.
It was observed that isolate A 15 expressed a mucoid phenotype only on Pool 9 and
not even on KA.

This suggests that although growth of this isolate depends on

methionine, the elaboration of exo-polysaccharide is related to an additional factor within
Pool 9 or is even inhibited by constituents of the complete medium (KA).

2. D2 Enumeration of colonies in the standard inoculum

Methods
Suspensions of the same three auxotrophic isolates (A15, A18 and A49) wo*e made in
distilled water and adjusted to a Macfarland standard of 0.5. Two 20pl aliquots of serial
dilutions (10-^ to 10-^) of each suspension were inoculated on KA. Colonies were counted
after 24 hours incubation at 37®C (Figure 8).

Results
On KA agar, isolate A18 was mucoid in appearance, whilst isolates A49 and A15
were non-mucoid.

The inoculum of all three isolates gave confluent colonies at 10^

dilution and isolates A15 and A49 yielded near-confluent colonies at a dilution of 10 ®and
pin-point colonies at dilutions of 10^ and 10 ®. For these two isolates, exact enumeration
was only possible for suspensions of a 10 ®dilution.

However, colonies of isolate A18

could not be quantified in this experiment due to the development of confluence of mucoid
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Figure 8

Enumeration of colonies of P. aeruginosa in the standard inoculum

Growth o f 20iul aliquots of serial dilutions (IQ-^ to 10'^) after 24 hours incubation

10-3

10-4

10-3

10-5
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colonies at the lowest dilution.

At a dilution of 1 x 10^, 55 and 54 colonies respectively

were counted from the two inocula of isolate A15; for isolate A49, 33 and 38 colonies
were counted.

Thus, 1ml of a 10^ dilution of isolates A15 and A49 adjusted to 0.5

Macfarland standard, contained mean counts of 2725 cfu and 1775 cfu respectively; these
values correspond to the Macfarland 0.5 standard, where 0.5 is equivalent to 10^cfu/ml.

2. D3 Validation of the incubation period required to detect auxotrophs
Methods
The duration of the incubation period required to detect auxotrophic colonies reliably
was evaluated by inoculating 10^ to 10^ cfu of 98 isolates of P. aeruginosa on MS and KA
agar. Plates were read in day-light after 24, 48 and 72 hours aerobic incubation at 37®C.
Growth on KA agar was contrasted with that on MS agar and was recorded as zero,
minimal and full. Growth was defined as minimal if pin-point colonies were observed and
fiill if a similar colonial appearance was noted on both types of media.

Results
After 24 hours, all 98 isolates had grown on KA agar and 12 had not grown on MS
agar, ie. appeared to be auxotrophic. After a further 24 hour incubation period, only one
of the 12 (0.08%) had grown fully on the MS medium.

After 72 hours, none of the

remaining 11 auxotrophic isolates had grown on the MS agar. A few pin-point colonies
were observed however in the inoculum site of eight of the 11 isolates on the MS after 72
hours. However, these isolates were defined as auxotrophic in view of the full growth
observed after inoculation on KA.

At 48 and 72 hours, a rim around some of the

inoculum sites was observed on MS (Figure 9). The interpretation of this appearance was
that it was the result of an 'inoculation effect'.

This could have been mis-interpreted as

growth and for this reason, great care was placed on reading plates in day-light.

It thus

appeared that a 48 hour incubation period was optimum for the detection of auxotrophs.

Figure 9

'Inoculation effect' noted on minimal salt agar after incubation for 48 hours

The agar is marked in several places by the impression of an outer circular rim with an
area of central clearing
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2. D 4 Effect of different storage methods on the stability of auxotrophic and
prototrophic isolates

Methods
Auxotrophic and prototrophic CF isolates of P. aeruginosa which had been stored for
up to nine months on nutrient agar slopes at room temperature and in glycerol at -70°C
were plated out to obtain single colonies on KA agar; isolates were inoculated on slopes
and in glycerol at the same point in time, having been taken from the same culture plates.
After 24 hours incubation at 37®C, between five and ten colonies of each isolate were
suspended in distilled water to give an opacity corresponding to Macfarland 0.5 standard
and diluted again by 1 in 100.

Using a multi-point inoculator, aliquots of 0.3jnl were

inoculated on KA and MS agar and the plates incubated aerobically for 48 hours.

Growth

was evaluated in day-light and the production of pigment and MEP was recorded.

Results
Table 4 illustrates the effects of storage on the stability of auxotrophic isolates of P.
aeruginosa when stored at room temperature and at -70®C.

Six of 62 (9.7%) isolates (10,

11. 22. 27. 61. 62) which in previous experiments had displayed auxotrophic growth
characteristics, were found to be prototrophic on re-testing of cultures stored at -70®C and
at room temperature. Three other isolates in the auxotrophic group (34, 38,45) which had
been stored on slopes were found to be prototrophic, whereas the same isolates stored at
-70®C had remained auxotrophic.

Twenty-three isolates in the auxotrophic group

produced pigments after storage at -70®C and not at room temperature. In contrast, three
isolates (4, H , 62) were pigmented after culture from room temperature and were nonpigmented when cultured from -70°C. Two of the six isolates from -70®C which grew on
MS agar i.e. had converted to prototrophy, were pigmented but none of the nine which
grew on MS agar from room temperature were pigmented.

There was no significant

difference observed in the elaboration of exopolysaccharide (M) between the auxotrophic
isolates stored in different ways.
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Table 4
Growth of auxotrophic Isolates of P. aeruginosa on KA and MS agar
after storage at -70®C in glycerol and at room temperature on slopes
olate

Slope

-700C

Slope

-70®C

KA

KA

MS

MS

+P

+P

-

-

+P

-

-

+

-

+

-

35

+

+P

-

-

-

36

+

+P

-

-

-

-

37

+P

+P

-

-

+P

-

-

38

+PM

+PM

+

-

+

+P

-

-

39

+P

+P

-

-

9

+P

+P

-

-

40

+P

+P

-

-

10

+P

+P

+

+

41

+

+P

-

-

11

+P

+

+

+

42

+P

+P

-

-

12

+

+

-

-

43

+

+M

-

-

13

+

+

-

-

44

+P

+P

-

-

14

+

+P

-

-

45

+

+P

+

-

15

+

+

-

-

46

+PM

+P

-

-

16

+

+P

-

-

47

+PM

+P

-

-

17

+

+P

-

-

48

+

+

-

-

18

+

+P

-

-

49

+P

+P

-

-

19

+P

+P

-

-

50

+P

+P

-

-

20

+P

+P

-

-

51

+

+P

-

-

21

+

+P

-

-

52

+P

+P

-

-

22

+

+P

+

+

53

+P

+P

-

-

23

+

+P

-

-

54

+P

+P

-

-

24

+

+P

-

-

55

+P

+P

-

-

25

+

+P

-

-

56

+M

+P

-

-

26

+

+P

-

-

57

+P

+P

-

-

+P

58

+P

+P

-

-

Slope

-700C

Slope

KA

KA

MS

MS

1

+P

+P

-

-

32

2

+P

+P

-

-

33

3

+PM

+PM

-

-

34

4

+P

-

-

-

5

+

+P

-

6

+P

+P

7

+P

8

Isolate

27

+P

+P

+

28

+

+P

-

-

59

+P

+P

-

-

29

+

+P

-

-

60

+P

+P

-

-

30

+

+P

-

-

61

+P

+PM

+

+M

31

+

+P

-

-

62

+P

+

+

+P

full growth
pigmented colonies
1 = mucoid colonies

MS = minimal salt agar
KA = King's 'A' agar
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Table 5 illustrates the effects of the two diff^ent storage techniques on a group of 34
isolates which had been previously identified as prototrophs. Four of the 34 (11.8%) were
found to be auxotrophic in this experiment (3,5, 18,20).

Another two isolates (16, 21),

converted to auxotrophy following storage at room temperature and retained prototrophic
characteristics only after storage at -70°C.

Fourteen isolates produced pigment on KA

irrespective of the storage technique. Eleven isolates produced pigment after storage at
-70®C and not at room temperature, whereas one isolate (10) produced pigment only after
storage at room temperature.

Of isolates stored at -70®C, exopolysaccharide (M) was

elaborated on 19 of 64 (29.7%) possible occasions in contrast to 11 of 57 (19.3%) possible
occasions after storage at room temperature. Pigment was produced on 43 of 64 (67.2%)
occasions after storage at -70°C and on 19 of 57 (33.3%) possible occasions following
storage at room temperature.

2. D5

Reproducibility of results following the inoculation of different agar plates

Methods
Three KA and three MS agar plates were inoculated with 0.3pl aliquots of
suspensions of 62 auxotrophic isolates using the multi-point inoculator. The plates were
incubated for 48 hours at 37°C before growth was evaluated in day-light.

Results
All 62 isolates were shown to retain the same growth characteristics when inoculated
on three different KA and MS agar plates.
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Table 5

Growth of prototrophic isolates of P. aeruginosa on KA and MS agar
after storage at - 7 0 in glycerol and at room temperature on slopes

Isolate

Slope
KA

-700C
KA

Slope
MS

-700C
MS

Isolate

Slope
KA

-70®C
KA

1

+

+P

+P

+P

18

+P

+P

2

+

+P

+

+/-M

19

+P

3

-

+

-

-

20

Slope
MS

-700C
MS

+P

+

+P

+

+

-

-

-

+

4

+P

+P

+P

+P

21

-

+

5

+P

+P

-

-

22

-

+P

-

+P

6

+M

+M

+M

+M

23

+

+P

+

+P

7

+M

+PM

+

+M

24

+P

+P

+

+P

8

+M

+M

+M

+M

25

+P

+P

+

+P

9

+PM

+P

+M

+M

26

+

+P

+

+P

10

+PM

+

+M

+M

27

+P

+M

+

+P

11

+

+P

+

+P

28

+P

+

+

+P

12

+M

+PM

+M

29

+P

+P

+

+P

13

+

+PM

+/+

+M

30

+P

+P

+

+P

14

+

+P

+

+P

31

+P

+P

+

+P

15

+P

+P

+M

+M

32

+P

+P

+

+P

16

+

+PM

+

+M

33

+P

+P

+

+P

+M

34

+P

+P

+

+

17

+PM

+ = full growth
+/- = pin-point colonies
= no growth
P = pigmented colonies
M = mucoid colonies
KA = King's 'A' agar
MS = minimal salt agar
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2. D6 Intra-sputum variability of the proportions of auxotrophs

Methods
The intra-sputum variation in the proportion of auxotrophs to prototrophs between
samples taken from the same CF sputum specimen was assessed as follows:
a) Four 0.5ml aliquots of homogenised sputum from the same specimen were serially
diluted (lQ-2 to IQ-*) and lOOpl aliquots of each dilution were spread on KA and MS agar.

b) The variation of bacterial counts in lOOpl aliquots taken fourfold from the same set of
serial dilutions which had been prepared from 0.5ml of homogenised sputum was
determined.

Each lOOpl aliquot of each dilution was spread on KA and MS agar plates

and all plates were read after aerobic incubation at 37®C for 48 hours.

Results
Tables 6 a and b show that there is concordance between a) the results of plating out
different stock solutions of the same sputum specimen and b) the results of plating out
different lOOpl aliquots of the same dilutions prepared from the same stock solution of
sputum.
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Table 6 a

Intra-sputum variation in the proportion of auxotrophs in fresh
sputum

Different 0.5 m l aliquots of
ttie same homogenised
sputum sample

Colony
count

Colony
count

KA

MS

10^
10-5
10-6
10^
10-8

nc
nc
nc
8
0

700
212
100
1
0

10^
10-5
10-6
10-7
10-8

nc
nc
9
9
1

nc
17
1
2
0

Sputum
dilution

% of
auxotrophs

88%A

81%A
89%A
78%A
mean = 83%A

KA = King’s 'A' agar
MS = minimal salt agar
A = auxotrophs
nc = non-countable

10^
10-5
10^
10-7
10-8

nc
nc
nc
2
0

226
100
1
0
0

10^
10-5
10-6
10-7
10-8

nc
nc
nc
0
1

nc
23
1
0
0

95%A

>99%A
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Table 6 b

Intra-sputum variation in the proportion of auxotrophs in
fresh sputum

Different 100|jl aliquots of
the final serial dilutions
(10-4 to 10-8)

W

Sputum
dilution

Colony
count

Colony
count

KA

MS

nc
nc
nc
nc
nc

nc
nc
nc

nc
nc
nc

10-7
10-8

nc
nc
nc
nc
nc

10^
10-5
10^
10-7
10-8

nc
nc
nc
nc
nc

nc
nc
nc

10^
10-5
10-6
10-7
10-8

nc
nc
nc
nc
nc

nc
nc
nc

10-4

10-5
10-6
10-7
10^
10^
10-5
10-6

Z

MS = minimal salt agar
KA = King's 'A' agar
A = auxotrophs
nc = non-countable

% of
auxotrophs

2
1

9
5

>99%A

>99%A

4

2

6
0

>99%A

>99% A
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Chapter Three

Results
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Section A

3. Al

Screen of stored isolates of P, aeruginosa for auxotrophy

Table 7 shows that 92 of 470 (19.6%) stored isolates of P. aeruginosa taken from
pulmonary and extra-pulmonary sites of 152 adult CF patients were auxotrophic.

Five of

the 20 (25%) CF isolates which had been cultured from the upper airways of nine CF
adults were auxotrophic and were isolated from four of nine patients (44.4%).
Auxotrophic P. aeruginosa was harboured both in the naso pharynx and the middle meatus
of one patient, in only the nasopharynx of two others, and in the oro pharynx of the
remaining patient.

Auxotrophs were also isolated from each of the four CF patients

studied pre-and post HLT, from whom earlier sputum samples had been included in the
screen of 403 isolates. Table 8 shows the distribution of auxotrophic P. aeruginosa in the
different pulmonary and extra-pulmonary sites of these patients.

All 24 of the CF stool

isolates were prototrophic.
Two of the 11 sputum isolates of P. aeruginosa from 11 patients with non-CF
bronchiectasis were auxotrophic and all 99 non-CF isolates from other clinical and
environmental sources were prototrophic.

It is noteworthy that all of the stool isolates

were prototrophic.
Thus, auxotrophy of P. aeruginosa characterises CF isolates taken from the upper and
lower respiratory tract. It is not a feature of isolates from the CF gastrointestinal tract nor
from non-bronchiectatic clinical sources and environmental sites.

3. A2

Phenotypic appearance of auxotrophs

Both mucoid and non-mucoid prototrophic strains grew equally well on MS and KA
agar, although usually pigment (pyocyanin) production was reduced after culture on MS
agar.

Auxotrophs expressed both mucoid and non-mucoid phenotypes and could produce

pigment when grown on KA (Figure 10).
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Table 7

Auxotrophic screen of 580 stored isolates of P. aeruginosa

Source

Number of
isolates

Number of
auxotrophic isolates
(% of total number of
isolates)

% of patients who
harboured
auxotrophs at these
sites

CF sputum

403 ®

74 b (18.4%)

36.0%

CF upper airways

20 ®

5 (25.0%)

44.4%

Pre and post HLT

23 ^

13 d (56.5%)

100%

CF stool

24 ®

0 (0 %)

0%

Non-CF bronchiectasis

11 f

2 8 ( 18.2 %)

18.2%

99

0 (0 %)

0%

(upper and lower airways)

(sputum)

Other non-CF isolates

a = 136 patients
b = 49 patients
c = 9 patients
d = 4 patients
e = 12 patients
f = 11 patients
g = 2 patients
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Table 8

Auxotrophic and prototrophic growth characteristics of P. aeruginosa isolates taken
from 4 CF adults before and after heart lung transplantation

Post-transplantation

Pre-transplantation
Nose

Lavage

prototroph

prototroph

auxotroph

(1)

( 1)

(7 )

(1 5 )

auxotroph

auxotroph

auxotroph

(2 3 )

( 100)

Patient

Lavage

1

Sputum

Throat

(1 5 )

Sputum

Throat

auxotroph auxotroph
(1 5 )

Nose

auxotroph
(1 0 0 )

auxotroph
(1 8 0 )

auxotroph

prototroph prototroph

(3 6 )

(4 )

prototroph

prototroph

(4 1 )

(6)

auxotroph

auxotroph

(5)

(1 3 )

auxotroph

prototroph

prototroph

(7)

(7)

(2 8 )

() = days before and after transplantation
- = isolate not tested for auxotrophy / prototrophy

(9 0 )

auxotroph prototroph prototroph
(1 3 )

(9 )

(1 9 4 )

Figure 10

Phenotypic appearances o f auxotrophic and prototrophic isolates of P. aeruginosa

Kings 'A' agar supporting auxotrophs and
prototrophs; the majority of colonies are
pigmented and some are mucoid

Minimal salt agar supporting prototrophs alone;
some of these isolates express the mucoid
phenotype only on this medium
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3. A3

Specific gro>vth factors of stored isolates

Twenty-two of 55 (40.0%) isolates grew on only two pools of growth factors, ie.
required a single growth factor (Table 9).
patients were methionine-dependent.

Of these, 17 (77.3%) isolated from 13 CF

Sixteen of 55 (29.1%) grew on only one pool, ie

required two or more growth factors and eight (14.6%) required multiple factors.

The

factors required for growth were not identified for nine of the 55 (16.4%) auxotrophs
studied.

All control strains grew on the appropriate pools and the 17 methionine-

dependent isolates grew on both the minimal medium supplemented only with methionine
(20pg/ml) and also the nutritionally-complete medium.

3. A4

Growth of methionine-dependent auxotrophs in increasing
concentrations of methionine

Table 10 shows that all 32 isolates grew on KA and their lack of growth on MS
medium alone confirmed their auxotrophic growth characteristics. All but six (1, 5, 16,
20. 21. 26) of the 32 isolates grew well on MS agar supplemented with 40jug/ml of
methionine.

Of the 26 isolates which grew on methionine, all but one (27) grew fully

even at a methionine concentration of Ipg/ml; isolate 27 only formed pin-point colonies at
this concentration and developed full colonial growth at 5pg/ml.

Four of the 32 isolates

(1, 5, 16, 26) only formed pin-point colonies on the MS medium supplemented with
methionine, suggesting that they required a methionine concentration in excess of
40|ug/ml. Two isolates (20, 21) failed to grow even at a methionine concentration of 40
Mg/ml, suggesting that either higher concentrations of methionine or another growth factor
were required.

Eight of the 36 isolates formed mucoid colonies on KA. After culture on

MS medium supplemented with methionine, the mucoid character was retained by four of
these isolates (2, 15,24, 31).

It is of note that five of the 27 isolates which formed non

mucoid colonies on KA expressed the mucoid phenotype when grown on MS plates
supplemented with methionine (H , 12,23,27, 32).
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Table 9

Growth factors for 55 auxotrophs of P, aeruginosa
from 39 CF patients

Factors

Sputum isolates

Patients

Single

22

18

17

13

methionine
thiamine
argimne
proline

1

Two or more

16

Alternative and
multiple

8

Not identified
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Table 10
Growth of methionine-dependent auxotrophs on Minimal Salt
medium supplemented with increasing concentrations of
methionine

solate

KA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

+
+M
+M
+
+
+M
+
+
+
+M
+
+
+M
+
+M
+
+
+
+
+
+
+
+
+M
+
+
+
+
+
+
+M
+

MS

-

-

-

-

MS
Ipg/ml

MS
5jLig/ml

+M
+
+
+/+
+
+
+
+
+
+
+
+
+M
+/+
+
+

+M
+
+
+/+
+
+
+
+
+
+
+
+
+M
+/+
+
+

MS
MS
MS
lOpg/ml 20pg/ml 40pg/ml

+M
+
+
+/+
+
+
+
+
+
+
+
+
+M
+/+
+
+

+M
+
+
+/+
+
+
+
+
+M
+M
+
+
+M
+/+
+
+

-

-

-

-

-

-

-

-

-

-

-

-

+
+
+M
+
+/+/-M
+
+
+
+
+M

+
+M
+M
+
+/+M
+
+
+
+M
+M

+ = full growth
+/= pin-point colonies
= no growth
M
= mucoid colonial appearance
MS = minimal salt agar KA = King's "A" agar

+
+M
+M
+
+/+M
+
+
+
+M
+M

+
+M
+M
+
+/+M
+
+
+
+M
+M

+/+M
+
+
+/+
+
+
+
+
+M
+M
+
+
+M
+/+
+
+
-

+
+M
+M
+
+/+M
+
+
+
+M
+M
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3. A5

The proportion of auxotrophs in fresh sputum samples

Patients
Tables l l a - l l h show that 34 of 37 CF patients (91.9%) harboured auxotrophic
isolates of P. aeruginosa in fresh sputum samples and that auxotrophs were detected in 38
of the 41 (92.7%) sputum samples tested.

In a comparison of stable with acutely ill

patients, the majority (>50%) of P. aeruginosa colonies from each sputum sample were
auxotrophic in 20 of 26 (76.9%) in-patients with acute exacerbations and in five of 15
(33.3%) stable out-patients (chi-square = 7.59, p<0.01).

Figure 11 illustrates the growth

of P. aeruginosa after lOOpl aliquots of a 10^ dilution of sputum were spread on KA agar
and MS agar.
Four CF patients sampled at random when acutely ill and also when stable, harboured
a greater proportion of auxotrophs when ill; samples 1 and 2,3 and 4,5 and 6, 7 and 8 are
pairs taken from these four patients (Tables 11a and 11b).

The proportion of auxotrophs

ranged from 57% to 99.7% in samples taken during acute exacerbations and from <1% to
50% in samples taken when stable (Figure 12).
Auxotrophs accounted for more than 50% of the total Pseudomonas colony count in
all of the 11 patients with very severe underlying lung disease (including three who were
tested when stable), and in only 14 of 30 samples from 26 patients with less impairment of
lung function (chi-square = 7.51, p<0.01).

There was no relation between the proportion

of auxotrophs and a) the presence of other sputum pathogens isolated concurrently from 29
of the 37 patients, b) the use of inhaled steroids and c) the use of inhaled antibiotics.

S.

aureus was cultured from eight patients, Candida albicans (>10^cfu/ml) from 20, P.
cepacia from three, and Aspergillus Jumigatus from two.
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Table lia

The proportion of auxotrophic isolates of P. aeruginosa in fresh sputum samples from
37 patients with CF

Sputum Patient I-P
sample
details 0-P

Age Sex

Lung
dysfunction

Sputum
dilution

Colony
count

Colony
count

% of
auxotrophs

KA

MS

(~)

10-5
10^
10^
10-8

30
82
7
3

0
IM
0
0

100
99
100
mean =^9.7%A

10^
10-5
10^
10-7
10-8

ncM
ncM
50
10
0

nc
nc
60
0
0

0%A
100%A
mean =50%A

10^
10-5
10-6
10-7
10-8

ncM
ncM
SOM
lOM
2M

ncM
200M
30M
3M
IM

(*)
1

2

3

IS

IS

IS
neb A

I-P
(8)

23

O-P

23

I-P
(n/a)

30

M

M

M

mild

mild

severe

Other
pathogens

Sd
Ca

Sd

n/a
60%A
40%A
70%A
mean=57%A

4

5

IS
neb A

IS+OS
neb A

O-P

I-P
(7)

30

30

M

M

severe

moderate

10^
10-5
10-6
10-7

ncM
nc
ncM
ncM

ncM
ncM
ncM
35M

10-8

2M

2M

10^
10-5
10-6
10-7
10^

nc
nc
330
230
72

116
21
9
1
0

~ = calculated as on page 76
A = auxotrophs KA —King's 'A' agar
MS = minimal salt agar
IS = inhaled cortico-steroids OS = oral steroids neb A = nebulised antibiotics
* = days of i.v. antibiotic therapy before sampling
mild = FEV j >60% moderate = FEV140-60% severe = FEVj <40% of predicted normal
n/a= data not available nc = non-countable
M = mucoid phenotype M+/- = some mucoid colonies
Sa = S. aureus
Ca = C albicans
I-P = in-patient O-P = out-patient

n/a

auxotrophs
present

<1%A

97%
100%
100%
mean =99%A

Sa
Ca
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Table 11b

The proportion of auxotrophic isolates of P, aeruginosa in fresh sputum samples from
37 CF patients

Sputum
sample

Patient
details

I-P Age
O-P

Sex

Lung
Sputum
dysfunction dilution

(*)

6

IS
neb A

O-P

30

M

moderate

10^
10-5
10-6
io-'7
10-*

Colony
count

Colony
count

KA

MS

nc
400
120
16
3

nc
250
80
6
0

% of
auxotrophs

Other
pathogens

38%A
33%A
63%A

Sa

mean = 45%A
7

8

9

10

neb A
DM

I-P
(10)

neb A
DM

O-P

IS
neb A

I-P
(14)

IS

I-P
(4)

24

24

21

34

M

M

F

F

severe

severe

V. severe

mild

10-5
10-6
10-7
10-*

nc
nc
184M/34

nc
130
44M/0

10-7
10-*

ncM
80M

ncM
65M

19%A

10-5
10-6
10-7

nc
nc
nc

0
0
0

100%A

10-5
10-6
10-7

nc
400
45

nc
140
12

76%A
100%A
mean = 88%A

Ca

It

Ca

65%A
73%A
mean = 69%A

A = auxotrophs
KA = King's 'A' agar
MS = minimal salt agar
IS = inhaled steroids neb A = nebulised antibiotics DM = diabetes mellitus
* = days of iv antibiotic therapy before sampling
mild = FEV i >60% moderate = FEV 140-60% severe = FEV \ <40% of predicted normal
nc = non-countable
M = mucoid phenotype M+/- = some mucoid colonies
Sa = S. aureus
Ca = C albicans
Pc = P. cepacia
I-P = in-patient O-P = out-patient

Ca

I ll

Table 11c

The proportion of auxotrophic P. aeruginosa in fresh sputum samples from
37 CF patients

Sputum Patient
sample details

I-P
O-P

Age Sex

Ivung
Sputum
dysfunction ^ution

Colony
count

Colony
count

KA

MS

10-5
10-6
10^
10-8

ncM
400
40
4

ncM
7
0
0

10-5
10-6
107
10-8

nc
340M
84M
lOM

nc
240M
120M
0

10-4
10-5
10-6
10-7
10-8

nc
8
2
3
3

2
0
0
0
0

10^
10-5
10-6
10-7
10-8

ncM+/nc
20M
0
0

6
3
1
0
0

10-5
10-6
10-7
10-8

nc
nc

300
21
26M
6M

(*)
11

12

13

14

15

IS
neb A
DM

I-P
(4)

20

OS
EM

I-P
(11)

31

IS

I-P
(10)

32

IS
neb A

neb A

I-P

67

M

F

M

M

V.

severe

sevCTe

moderate

severe

(9)

I-P
(n/a)

29

F

severe

DC

280M

%of
auxotrophs

Other
pathogens

98%A
100%A
100%A
mean =99%A

nil

29%A
0%A
100%A
mean =43% A

It
Ca

n/a

>99.9%A

c. 99%A
95%A

Ca

mean = 97%A
n/a

98%A

A = auxotrophs IS = inhaled cortico-steroids OS = oral steroids DM = diabetic neb A = nebulised antibiotics
* = number of days of iv antibiotics before sampling
mild = FEV \ >60% moderate = FEV j 40-60% severe = FEV \ <40% of predicted normal
n/a = data not available
Sa = S. aureus
Pc = P. cepacia
I-P = in-patient O-P = out-patient
Ca = C, albicans
nc = non-countable
KA = King's A' agar
M = mucoid phenotype
MS = minimal salt
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Table lid

The proportion of auxotrophic P. aeruginosa in fresh sputum samples from 37
patients with CF

Sputum
sample

Patient
details

I-P Age Sex
O-P

Lung
dysfunction

Sutum
dilution

Colony
count

Col(Hiy
count

KA

MS

10-6
10-7
10-8

nc
nc
119

nc
212
41

10-5
10-6
10-7
10-8

nc
nc
140
27

nc
400
140
18

10-5
10-6
10-7
10^

nc
41
20
2

nc
nc
22
3

10-5
10-6
10-7
10-8

nc
DC

nc
nc

400
68

140
0

10-5
10-6
10-7
10-8

ncM
ncM
56M
3M

ncM
26M
7M
0

(*)
16

17

18

19

DM
neb A

IS

neb A
DM

neb A

I-P
(n/a)

I-P
(n/a)

O-P

I-P

25

35

19

F

F

F

27

V .severe

severe

severe

V. severe

(n/a)

20

neb A
G

I-P
(n/a)

19

M

V . severe

% of
auxotrophs

Other
pathogens

Af
66%A

Ca
0%A
33.3%A
mean =17%A

0%A
0%A

65%A
100%A
mean=82.5%A

A = auxotrophs KA = King's 'A' agar
MS = minimal salt agar
* = days of i.v antibiotic therapy before sampling I-P = in-patient O-P = out-patient
DM = diabetic G = gastrostomy IS = inhaled steroids neb A = nebulised antibiotics
mild = FEV 1>60% moderate = FEV %
40-60% severe = FEV j <40% of predicted normal
nc = non-countable
M = mucoid phenotype
Af = A fimngatus Ca = C albicans
Pc = P. cepacia

Ca
Af

Ca
ft

Ca
88%A

113

Table l i e

The proportion of auxotrophic P. aeruginosa in fresh sputum samples from 37
CF patients

Sputum
sample

Patient
details

Sputum
I-P Age Sex
Lung
dysfunction dilution
O-P

Colony
count

Colony
count

KA

MS

10^
10-5
10^
10-7
10-*

nc
nc
ncM
ncM
24M

nc
31
8
0
0

10-5
10-6
10-7
10-*

nc
114
46
1

332
63
13
1

(♦)
21

22

neb A

neb A

I-P
(14)

I-P
(6)

29

27

M

F

V .severe

mild

% of
auxotrophs

Other
path(%ens

Ca
>99.9%A

45%A
72%A

Ca

mean^9%A
23

24

25

I-P
(4)

34

neb A

I-P

35

IS+OS

(10)

neb A

neb A

I-P
(9)

30

M

mild

V. severe

severe

10-6
10-7
10^

nc
122
15

109
10

10-5
10-6
10-7
10-*

nc
nc
ncM
20M

ncM
44M
3M
0

10-5
10-6
10-7
10-*

nc
nc
nc
13

nc
nc
120
18

DC

11%A
33%A
mean=22%A

A = auxotrophs
KA = King's A' agar
MS = minimal salt agar
Neb A = nebulised antibiotics IS = inhaled steroids OS = oral steroids
* = number of days of i.v. antibiotics before sampling
mild = FEV i >60% moderate = FEV\ 40-60% severe = FEV i <40% of predicted normal
nc = non-countable
M = mucoid phenotype I-P = in-patient O-P = out-patient
Sa = SLaureus
Ca = C. albicans

Sa
Ca

Ca
c. 99%A
nil

<1%A
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Table I l f

The proportion of auxotrophic P, aeruginosa in fresh sputum samples from
37 patients with CF

Sputum
sample

Patient
details

I-P Age Sex
O-P

Lung
dysfunction

Colony
count

Colony
count

KA

MS

10-5
10-6
10-7
10-8

nc
35M
2M
0

nc
8M
0
0

10^
10-5
10-6
10-7
10-*

ncM
160M
28M
IM
0

240M
80M
9M
0
0

Sputum
dilution

(*)

26

27

neb A
IS
G

neb A
IS
G

I-P
(11)

I-P
(7)

24

23

F

F

severe

severe

% of
auxotrophs

Other
pathogens

nil

77%A

50%A
68%A

Ca

mean=59%A
28

29

30

n/a

neb A
IS
G

O-P

O-P

neb A

I-P

IS

(6)

25

16

25

severe

F

M

sevCTe

V. severe

10-5
10-6
10-7

nc
nc
nc
400

nc
nc
plate
error
240

10-8

40%A

10^
10-5
10-6
10-7

nc
70
2
0

20+/error
error
0

>99.9%A

10-5
10-6
10-7
10-8

nc
nc
69M+/6M+/-

0
0
0
0

A = auxotrophs KA = King's 'A' agar MS = minimal salt agar
neb A = nebulised antibiotics IS = inhaled steroids OS = oral steroids G = gastrostomy
* = number of days of i.v. antibiotics before sampling
mild = FEV i >60% moderate = FEV \ 40-60% severe = FEV \ <40% of predicted normal
nc = non-countable I-P = in-patient O-P = out-patient
M = mucoid phenotype Sa = S. aureus
Ca = C. albicans

Sa

Ca

nil

100%A
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Table l l g

The proportion of auxotrophic P, aeruginosa in fresh sputum samples from
37 CF patients

Sputum
sample

Patient
details

I-P Age Sex
O-P

Lung
dysfunction

Colony
count

Ccrfony
count

KA

MS

10^
10-5
10-6
10-7
10-8

ncM
nc
nc
27
3

nc
>200M+/200
15
1

10^
10-5
10-6
10-7

150M+/33
1
0

150M+/28
0
0

Sputum
dilution

(*)
31

neb A

I-P

IS

(13)

17

M

severe

DM

32

neb A

I-P

IS

(13)

severe

26

% of
auxotrophs

Other
path<%ens

n/a

44%A

0%A

15%A
Ca
mean= 8%A

33

34

35

neb A
IS

neb A
G

DM

O-P

O-P

O-P

30

21

23

M

M

M

v. severe

v. severe

moda-ate

10-5
10-6
10-7
10-8

nc
nc
nc
400

nc
nc
nc
30

10-5
10-6
10-7
10-8

nc
500
100
13

0
IM
0
0

10-5
10-6
10-7
10-8

nc
55
4
4

nc
41
6
0

93%A

Sa
Ca

&
>99.9%A

26%A
0%A
mean=13%A

A = auxotrophs
KA = King's 'A* agar
MS = minimal salt agar
neb A = nebulised antibiotics IS = inhaled steroids G = gastrostomy DM = diabetic
* = number of days of i.v. antibiotics before sampling
mild = FEV \ >60% moderate = FEV %
40-60% severe = FEV j <40% of predicted normal
n/a = data not available nc = non-countable
I-P = in-patient O-P = out-patient
M = mucoid phenotype M+/- = some mucoid colonies
Ca = C. albicans
Sa = S. aureus

Sa
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Table 11 h

The proportion of auxotrophic P, aeruginosa in fresh sputum samples from
37 CF patients

Sputum
sample

Patient I-P Age Sex
details O-P

Lung
dysfunction

Colony
count

Colony
count

KA

MS

10"^

nc

m

10-5
10-6
10-7
10-8

100
22
1
0

Sputum
dilution

(*)
36

neb A

O-P

31

M

v. severe

DM

0
0
1
0

% of
auxotrophs

Other
pathogens

prototrophs
present
100%A
100%A

nil

98%A
c.99% A

37

O-P

38

39

40

41

O-P

n/a

neb A

neb A
IS

O-P

O-P

I-P
(2)

37

19

26

25

26

F

M

M

F

M

severe

moderate

moderate

severe

severe

10^
10-7
10-8

ncM
ncM
62M

ncM
200M
49M

10"6
10-7
10-8

ncM
ncM
30M

ncM
ncM
31M

10 5
10^
10-7
10-8

nc
ncM
ncM
ncM

nc
ncM
ncM
ncM

10 5
10-6
10-7
10^

nc
260
70
7

nc
17
1
0

10"5
10-6
10-7
10-8

ncM
23M
IM
(M

0
0
0
0

nil
21%A
Ca
0%A
nil

0%A

94%A
99%A
100%A
mean=^8%A

Sa

nil
100%A

A = auxotrophs
KA = King’s ’A’ agar
MS = minimal salt agar
neb A = nebulised antibiotics IS = inhaled steroids M = mucoid phenotype
* = number of days of Lv. antibiotics before sampling
mild = FEV %
>60%
moderate = FEV %
4 0 -6 0 %
severe = FEV j < 4 0 % of predicted normal
nc = non-countable
n/a = data not available
I-P = in-patient O-P = out-patient Ca = C. albicans Sa = S. aureus

Figure 11

Growth of P. aeruginosa after 100 pi aliquots of a 10-^ dilution of sputum was spread on KA and MS agar

Complete medium (Kings 'A' agar)
showing growth of prototrophic and auxotrophic

Minimal salt (MS) agar
showing growth of prototrophic colonies

colonies

alone

Figure 12
Percentage of auxotrophs in the sputum of 4 CF patients sampled when
acutely ill and when stable. The time intervals between sampling were
49, 51, 69 and 23 weeks for patients A,B,C and D respectively. All
patients were receiving intravenous and nebulised antibiotics when
acutely ill and only nebulised antibiotics when stable.
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The proportions of auxotrophs in the sputum of the three in-patients with non-CF
bronchiectasis are shown in Table 12.

The two CF children also had a high proportion of

auxotrophs present in their sputum (98% and 58% respectively).

3. A6

Specific growth factors of auxotrophs from fresh sputum

Intra-sputum variation

At least two single colonies of auxotrophs, irrespective of colonial morphology, were
selected from the primary culture of 12 patients with CF (nine in-patients) for growth
factor identification to assess intra-sputum variation. Of the 12 auxotrophic pairs tested,
eight required the same growth factor; as in the previous study, methionine was the most
frequently required single amino acid (Table 13).

Variation with time

The constancy of auxotrophic P. aeruginosa over time was examined in the sputum of
nine patients. For seven patients, there was no variation in growth factor requirements in
the two samples taken one or more weeks apart. However, different auxotrophs were
identified in the patient from whom samples were taken over the longest time interval (52
weeks) as shown in Table 14.

Methionine dependency of isolates from fresh sputum

Methionine-dependent strains were present in the fresh sputum of seven of 16 patients
with CF (44%).

Twelve of these patients were sampled during acute pulmonary

exacerbations, four of whom harboured methionine-dependent strains (33%). An overall
comparison of the growth requirements of isolates from fresh sputum with stored isolates
revealed that the percentage of patients with methionine-dependent strains was lower at
33% (13 of 39) for stored isolates, but not significantly so (Table 9, page 106).
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Table 12

The proportion of auxotrophic P, aeruginosa in fresh sputum
of 3 patients with non-CF bronchiectasis

Sputum
sample

A

B

C

I-P Age Sex Sputum
Elution
O-P

I-P

I-P

I-P

48

60

77

F

F

F

Colony
count

Colony
count

KA

MS

10^
10-5
10-6
10-7
10-*

ncM
220M
nc
7M
0

ncM
25M
2M
0
0

10^
10-5
10-6
10-7
10-*

nc
nc
nc
nc
140

ncM
120
18
0
0

10^
10-5
10-6
10-7
10-*

nc
nc
320
16
1

160
0
0
0
0

KA = King’s 'A' agar MS = minimal salt agar
nc = non-countable
M = mucoid phenotype
I-P = in-patient O-P = out-patient

A = auxotrophs

% of auxotrophs

89%A

prototrophs present

>99%A

>99%A
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Table 13

Intra-sputum variation of growth requirements of pairs of isolates of P, aeruginosa
from single sputum samples of 12 patients with cystic fibrosis

Source of sample

Growth requirements*

Specific

same/different

In-patient
In-patient
In-patient
Out-patient
In-patient
In-patient
In-patient
In-patient

Different

Alternative in both

Same
Same

Proline
Multiple
Multiple

Same
Same
Different
Same
Different

Methionine
1 alternative, 1 methionine
Methionine
1 aspartic acid
1 not identified

In-patient
In-patient
In-patient

Same
Unknown
Same

Methionine
Not identified
Methionine

In-patient

Same

Methionine

* Growth requirements ;
alternative = mutant requiring one or other factor eg. serine or methionine
single = mutant requiring only one factor
multiple = mutant requiring 2 or more factors
not identified = requirements absent in factors tested

Table 14
Constancy of auxotrophic factors of P. aeruginosa with time in sputum samples from
nine patients with cystic fibrosis

Source of paired samples

Sampling interval (weeks)

Growth requirements *
Same / different

Specific

Different

1 methionine, 1 leucine

1 in-patient, 1 out-patient

52
1
37

Same
Same

Methionine
Thiamine

1 in-patient, 1 out-patient

12

Same

Alternative

1 in-patient, 1 out-patient

12

Same

Methionine

Both out-patient

Same

Methionine

Both in-patient

35
32

Same

Methionine

Both in-patient

1

Unknown

Not identified

Both in-patient

12

Same

Alternative

Both out-patient
Both in-patient

* Growth requirements :
alternative = mutant requiring one or other factor eg. serine or methionine
single = mutant requiring only one factor
multiple = mutant requiring 2 or more factors
not identified = requirements absent in factors tested
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3. A7

Antimicrobial susceptibility testing of auxotrophs and
prototrophs

For all 15 sputum specimens, more colonies grew on the complete medium than on
the minimal medium, thereby indicating that auxotrophic and prototrophic colonies were
present in all samples.

However, following the random selection of four to 10 colonies

from the complete medium, both auxotrophs (total of 17) and prototrophs (total of 13)
were retrieved from the sputum samples of only seven of 15 patients. Thus, comparative
studies were carried out on the 17 auxotrophs and 13 prototrophs from these seven patients
(mean age of 29 years, range 25-35years, four female), six of whom were receiving
different combinations of nebulised and/or intravenous antibiotics (Table 15).

Six had

severe underlying lung disease (FEVi <40% predicted) and Patient B had moderate lung
dysfunction (FEVi 40-60% predicted).
Figure 13 illustrates the determination of MICs using an agar incorporation method.
Following standard guidelines for the clinical interpretation of break point categories
isolates were found to be sensitive on 161 occasions, intermediate on 82 and resistant on
117 of 360 possible occasions.

With regard to absolute MIC values for isolates from

each of the seven patients tested with 12 antibiotics, th ^ e were 84 possible occasions on
which > 2-fold dilutional difference in MIC might have been observed between the lowest
values for an auxotrophic and for a prototrophic isolate.
most sensitive isolate within a patient sample.

This enabled designation of the

There was an equal number of occasions

on which the most resistant isolate could be identified, eg. for patient C, the MICs of
azlocillin were 16mg/l for each of the two prototrophs and 256 mg/1 for both auxotrophs.
These differences in MIC values were evident between auxotrophs and prototrophs for 93
of these 168 occasions (Table 15). Of those isolates that were most sensitive^ 32 were
prototrophs and 15 auxotrophs and of those most resistant^ five were prototrophs and 41
were auxotrophs (chi-square = 31.77, p < 0.001).

Table 15
Clinical data and antimicrobial susceptibilities of P. aeruginosa sputum isolates from 7 CF patients
A*

Patient

Antibiotic therapy at time
of sputum sampling

nebulised
tobramycin +
colistin

No. of auxotrophs tested
(n=17)

B

nebulised
tobramycin + iv
ceAazidime + iv
tobramycin

C

nebulised
gentamicin

D*

no antibiotic
therapy

E

nebulised
temocillin + iv
temocillin +
imipenem

F

iv gentamicin +
ticarcillin

No data for
antibiotics used

1

No. of prototrophs tested
(n=13)
Total number of tests
(n=360)

48

48

48

24

48

48

No. of occasions with > 2fold difference in MIC
between auxotrophs +
prototrophs (n=93)

13

19

17

16

9

10

No. of occasions on which
an auxotroph was most
resistant when tested
against 12 antibiotics**

in

5/8

919

7/8

6/6

6/6

1/2

2/6

3/11

0/8

1/8

3/3

0/4

6/7

96

(41146)

No. of occasions on which
an auxotroph was most
sensitive when tested
against 12 antibiotics **
(15/47)
= out-patient

** = amikacin, azlocillin, aztreonam, carbenicillin, ceftazidime, colistin, ciprofloxacin, gentamicin, imipenem, piperacillin, ticarcillin and tobramycin

Figure 13

Determ ination of M ICs of anti-pseudomonal antibiotics using an agar dilution method

Plate A:

Plate B:

Control plate showing growth of all isolates on

Test plate showing growth of isolates which were not inhibited

Iso-Sensitest agar

by the incorporation of [64 mg/ml] azlocillin in the agar

m
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Differences in MICs between auxotrophs and prototrophs were not observed for
amikacin, colistin and tobramycin in six, five, and three patients respectively.

Where

differences in MIC values were observed, auxotrophs were more resistant than prototrophs
to all the other agents but not to gentamicin.

Excluding the three aminoglycosides

(amikacin, gentamicin and tobramycin) and colistin, differences in MICs were found for at
least six agents in isolates from all but one patient (F), in whom differences were observed
with only four agents.
Following the standard guidelines for break-point c a t e g o r i e s i s o l a t e s were
designated as sensitive, intermediate or resistant (Table 16).

There were thus 84

possible occasions on which susceptibilities between auxotrophs and prototrophs from the
same patient could differ.

On 33 occasions, the MICs were the same for all auxotrophs

and prototrophs from the same patient and on 22 occasions, all auxotrophs fell into a more
resistant category than prototrophs and on eight, all prototrophs fell into a more resistant
category than auxotrophs (p < 0.05).

On the remaining 21 occasions, some auxotrophs

and prototrophs from a single sputum sample fell within the same breakpoint category
although another isolate, from the same sample, fell into a more resistant category. On 16
of these events, the latter isolate was an auxotroph and on five, a prototroph (p < 0.05).
Thus, breakpoint analysis of MICs indicates that in clinical terms, resistance to antipseudomonal agents is significantly increased in auxotrophs when compared with
prototrophs from the same sputum sample.

Table 16
Breakpoint MICs of 30 isolates of P. aeruginosa (17 auxotrophs and 13 prototrophs) from the sputum of 7 CF patients

Isolates of P. aeruginosa Amikacin Azlocillin

Sensitive isolates
(n=161)

Aztreonam Carbenicillin Ceftazidime Ciprofloxacin Colistin Gentamicin Imipenem Piperacillin Ticarcillin Tobramycin

18

18

16

12

13

10

25

21

15

11

53

77

53

41

47

92

92

61

23

%of auxotrophs (n=17)

12

47

59

59

41

24

% of prototrophs (n=13)

0

77

61

46

39

69

Intermediate isolates
(n=82)

23

%of auxotrophs (n=17)

65

12

23

41

29

23

29

35

% of prototrophs (n=13)

92

15

39

31

0

8

31

77

Resistant isolates
(n=117)

5

%of auxotrophs (n=17)

23

23

29

18

% of prototrophs (n=13)

8

0

8

0

16

11

18

12

41

20

25

41

18

59

35

47

71

39

15

61

0

92

0

23
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3. AS

Conversion of an isolate from prototrophy to auxotrophy

Of the 14 colonies selected following the growth of a prototrophic isolate of P.
aeruginosa in sub-inhibitory concentrations of carbenicillin, eight were auxotrophic, five
were prototrophic and one isolate failed to grow on sub-culture.

This suggests that

auxotrophic mutants of P. aeruginosa may be induced from a prototrophic isolate by
antibiotic exposure.

This experiment is however not conclusive as in retrospect, it would

have been desirable also to have grown the prototroph on KA agar to which carbenicillin
had not been added.

However, the work does indicate that passage of a prototroph may

result in a switch to auxotrophic growth characteristics.

3. A9

Genotyping of auxotrophic and prototrophic isolates

Genotyping indicated that auxotrophic and prototrophic isolates may be isogenic as
the genotype banding patterns were identical from all five isolates tested, one of which
was auxotrophic (nasopharyngeal) and the remainder were prototrophic (Figure 14).

Figure 14

Genotype patterns of auxotrophic and prototrophic isolates of P. aeruginosa
taken from pulmonary and extra-pulmonary sites of one patient

2

3

4

5

6

7

8

9

10

11

Kb

W

-23.1

^

- 9.4

*

-

66

- 4.3

%»

- 2.3
-

2.0

Lanes 1 - 5 = Bgl II digests; Lanes 6 -10 = Sa/ I digests; Lane 11 = Hind 3 digest of Lambda DNA
Sites; 1 & 6 - sputum a ) , 2 & 7 - sputum b), 3 & 8 - oropharynx, 4 & 9 - nasopharynx, 5 & 10 - stool
The nasopharyngeal isolate was auxotrophic and the other isolates were prototrophic
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Section B : Extra-pulmonary sites o f P. aeruginosa

3. B1

Clinical findings

Patients fell into four categories according to whether upper airway symptoms and
signs were present (Table 17).

Most (26 of 42) had symptoms of upper airway disease,

and all, but one, of these patients and nine patients who were symptom free, had abnormal
signs.

Of the 34 with abnormal signs, 24 had mucus strands, 22 had nasal mucosal

hyperaemia and 11 had nasal polyps.

Seven patients had neither symptoms nor signs of

upper airway disease; there was no relation between severity of lung disease and the
presence of upper airway disease.

The mean FEVi value was 40% of the predicted

normal (range 15-93%).

3. B2

Microbiological findings

P. aeruginosa was isolated from the sputum of 36 of the 42 patients. Of these 36, 34
harboured the organism in the upper airways, including six of the seven patients without
upper respiratory tract symptoms and signs. The nasopharynx and oropharynx were the
most frequently infected sites (Table 18), whereas the inferior turbinate and external nares
were mainly free of P. aeruginosa. One of the six patients without P. aeruginosa in the
sputum harboured the organism in an upper airway site, but only in the nasopharynx.
Twenty six of the 27 patients using nebulised antibiotics were sputum positive for P.
aeruginosa and 25 of these 26 were also infected in the upper airways.

Of these 25

patients, 21 harboured the pathogen in both the nasopharynx and oropharynx, two in the
nasopharynx, one in the middle meatus and one in the oropharynx. Of the 15 patients who
were not using nebulised agents, 10 harboured P. aeruginosa in the sputum, eight of whom
were also infected in the upper airways. Of these eight patients, four were infected in both
the oropharynx and nasopharynx, two in the oropharynx alone and two in the nasopharynx
alone.

Therefore, there was no association between the use of nebulised antibiotics and
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Table 17

Clinical findings in 42 patients with cystic fibrosis

No. of
patients

Upper airway
symptoms

Abnormal signs in
upper airways

M eanFEVi
(% predicted)
(range)

No. of patients with
P, aeruginosa in
upper airways
(n=35)

25

+

+

41 (15-93)

20

9

-

+

37 (21-74)

8

7

-

-

49 (19-93)

6

1

+

25

1
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Table 18

Prevalence and distribution of P. aeruginosa in the upper airways of
35 of 42 patients with cystic fibrosis

No. of
Inferior
patients turbinate

Upper airway and
sputum culture
positive for P.

34

External
nares

Oropharynx Middle Nasopharynx
meatus

29

13

aeruginosa
Upper airway
positive and
sputum culture
n^ ative for P.

aeruginosa

In two patients sputum culture was positive and upper airways cultures were negative for P. aeruginosa
and in five patients sputum culture was negative and upper airways cultures were also negative

30

133

the prevalence of upper airways infection in those patients who harboured P. aeruginosa in
the sputum.

There was also no association with specific sites of upper airways infection

and the use of nebulised antibiotics.

In 21 patients from whom upper airway samples

were taken on two occasions, the yield of P. aeruginosa from the nasopharynx and
oropharynx was reproduced in 19 and 17 patients respectively.
P. aeruginosa was recovered from more than one upper airway site (Table 19) in 26
of 35 patients, though only one patient was colonised at all sites.

All but three of the

patients who had P. aeruginosa in the oropharynx had at least one other site colonised. P.
aeruginosa was isolated from the stools of six of 20 patients tested. In all six, the
pathogen was cultured from the sputum and from two or more upper airway sites.
Thirteen patients harboured mucoid strains in the upper airways.

These were isolated

from the nasopharynx (12 patients), oropharynx (nine) and middle meatus (eight).
Symptoms and/or signs of upper airway disease were detected in six of seven patients not
infected by P. aeruginosa at these sites.

3. B3

Genotyping

Genotyping (Table 20) indicated that the upper airways and sputum of three of four
patients were infected by the same strain of P. aeruginosa, which was different in each
individual (Figure 15).

The stool isolates of P. aeruginosa from two of these patients

were distinct from the airway strain.

In the fourth patient the sputum and stool strains

were identical, but the airway sites were different.

3. B4

Prevalence of P. aeruginosa in the lungs and extra-pulmonary
sites following lung transplantation

All 11 patients had harboured P. aeruginosa pre-transplantation in the lungs; samples
had not been taken from the upper airways pre-operatively. Table 21 shows that following
surgery the organism was retrieved from the sputum of only four patients, in two of whom.
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Table 19

Location and concurrence of positive sites for P, aeruginosa in 35 patients
with cystic fibrosis

No. of P.
aeruginosa positive

Upper airway sites

No of patients positive for P. aeruginosa

sites in the same
patient

Total
oropharynx
middle meatus
nasopharynx

oropharynx + middle meatus
oropharynx + nasopharynx
middle meatus + nasopharynx

1

10
1

12

inferior turbinate or external nares +
oropharynx + nasopharynx
oropharynx + nasopharynx + middle
meatus

inferior turbinate or external nares +
oropharynx + nasopharynx + middle
meatus

all sites

Total

35
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Table 20

Genotyping of isolates of P, aeruginosa from extra-pulmonary
and pulmonary sites of 4 CF patients

Patient

B

D

Site

Genotype pattern

sputum
inferior turbinate
oropharynx
nasopharynx
stool

a
a
a
a
b

sputum a
sputum b
oropharynx
nasopharynx
stool

c
c
c
c
c

sputum 1
sputum 2
oropharynx
nasopharynx
stool

e
e
e
e
f

sputum
nasopharynx
external nares
stool

g
h
i
g
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Figure 15

Genotype patterns o f isolates o f P. aeruginosa taken from extra-pulmonary
and pulmonary sites

Five isolates of P. aeruginosa from patient A, digested with Bg Î II
and probed with the pCM-tox plasmid

Sites: 1 - sputum
2 - inferior turbinate
3 - oropharynx
4 - nasopharynx
5 - stool

1 2

3 4

5

Table 21 : Prevalence of P. aeruginosa in sputum and extra-pulmonary sites after heart-lung transplantation in 11 CF patients
all of whom harboured the pathogen in the sputum pre-operatively
Patient

4

Sex

10

11

P. aeruginosa in
upper airways
post-HLT

P.aeruginosa

Interval
between HLT
+ sampling

ENT history pre-HLT

M

14

15 months

nasal polypectomy at 9
years

nasal obstruction improved

neb colistin * (f-m)
co-trimoxazole*

M

31

19 months

nasal polypectomy at 7
years

hyposmia, purulent nasal
secretions, polyps

neb colistin * (f-m/m-p)
co-trimoxazole *
ciprofloxacin

35

20 months

asymptomatic

nasal polyps, FESS
3 weeks earlier

n/a

no antibiotics for previous
12 months

M

19
22

63 months since
1st HLT

FESS performed before
2nd HLT

post-nasal drip

n/a

irregular use of neb colistin
(f-m)
ceftazidime

M

19

35 months

asymptomatic

asymptomatic

33
36

44 months since
1st HLT

n/a

n/a

14

26 months

asymptomatic

asymptomatic

32

24 months

smus surgery
recurrent sinusits

improved

27

11 months

asymptomatic

asymptomatic

nasopharynx

26

54 months

polypectomy and sinus
surgery

hyposmia, post-nasal drip
recent FESS

anterior nares
oro + nasopharynx

23

53 months

symptoms of obstruction

improved

M

M

FESS = functional endoscopic sinus surgery
neb = nebulised
n/a = data not available

ENT history post-HLT

P. aeruginosa

Age at
HLT

in sputum
post-HLT

m-p = mouth piece
f-m = face mask
HLT = heart-lung transplant

in stool postHLT

anterior nares
nasopharynx

Antibiotic use at time
of sampling

neb colistin (f-m) *
co-trimoxazole *
neb colistin (m-p) *
co-trimoxazole *

oropharynx
nasopharynx

n/a

neb colistin (f-m) *
co-trimoxazole *
neb colistin (m-p) *
co-trimoxazole *

* = antibiotics which are taken on a regular basis

neb colistin (f-m) *
co-trimoxazole *
n/a

no colistin for 4 months
neb colistin (f-m) *
co-trimoxazole *
teicoplanin
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the organism was isolated also from the nasopharynx.

In two of the seven patients who

did not harbour P. aeruginosa in the sputum, the organism was also isolated from the
upper airways (nasopharynx and anterior nares).

Of the seven patients who gave stool

samples, P. aeruginosa was isolated from two (29%), one of whom was infected in both
the upper and lower airways.

Therefore, following transplantation for CF, P. aeruginosa

may be isolated from the upper airways irrespective of whether the organism persists in the
lungs.

However, the proportion of patients with P. aeruginosa in either the upper airways

or sputum is reduced post-operatively, (4/11, 36% for upper airway sites and sputum)
compared with those patients described above who have not been transplanted (34/42,
[81%] and 36/42 [86%] for upper airway sites and sputum respectively).

It is of interest

that two of these patients (8 and 9) had, before surgery, also participated in the study of
extra-pulmonary sites of infection with P. aeruginosa.

Patient 8 who had harboured P.

aeruginosa in four upper airway sites as well as the sputum pre-transplantation, when
tested post surgery had no evidence of P. aeruginosa infection in the upper or lower
airway sites although still harboured the organism in the gastrointesinal tract.

The other

patient (9) who had harboured P. aeruginosa in the lungs and three upper airway sites pre
transplantation, was still infected in the upper (nasopharynx) as well as the lower airways
post-operatively; the pathogen was also isolated in the stool sample post-transplantation.
All patients had been instructed to take nebulised colistin on an indefinite basis following
surgery, however on close questioning, three of the eleven patients (nos. 3 ,4 and 10) were
not complying with this recommendation; one of the three was found to harbour P.
aeruginosa in the upper airways and neither were sputum positive for the pathogen.
Seven of the nine patients were receiving antibiotics via a face-mask and the remaining
two by mouth-piece.

Despite taking these nebulised agents, P. aeruginosa was isolated

from both the upper airways and sputum in two patients and from the upper airways alone
in another patient, all of whom were using face-masks.

There was therefore no

association between the prevalence of upper airways infection and the devices used for the
administration of nebulised anti-pseudomonal agents.

Nor was there any clear

association between the use of nebulised agents and the prevalence of infection of the
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uppCT and lower airways with P. aeruginosa.

Howeva*, as the actual patient numbers are

small the results should be interpreted with circumspection.

3. B5

Extra-pulmonary sites of infection with P, aeruginosa in
patients >vith non-CF bronchiectasis

Three of the four non-CF bronchiectatic patients harboured P. aeruginosa in the
sputum.

The pathogen was isolated from the stool of two of these three patients and from

the upper airways (oropharynx and nasopharynx) in only one of the three. The remaining
patient harboured P. aeruginosa in the oropharynx, nasopharynx and gastrointestinal tract
although curiously the pathogen was not detected in the sputum.

None of these patients

had any symptoms referable to the upper airways at the time of sampling.
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Chapter Four

Discussion
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It is unclear why P. aeruginosa persists in the lungs of patients with CF despite
aggressive anti-pseudomonal therapy.

The first section of this thesis has demonstrated

that auxotrophy of pulmonary isolates of P. aeruginosa is a feature of CF and also occurs
in non-CF bronchiectasis.

Auxotrophs have been shown to be more resistant to a wide

range of anti-pseudomonal agents than prototrophic isolates of P. aeruginosa; such
heightened resistance may promote its survival in the CF host.

Of CF adults who harbour

P. aeruginosa in the lungs, the proportion with auxotrophic mutants in the sputum is now
shown to reach as high as 92% (34/37). Furthermore, a significant proportion of acutely
ill patients and those with very severe underlying lung disease have a preponderance of
auxotrophs in the sputum compared with stable patients and those with less severe disease.
This work has also demonstrated that growth factors of auxotrophic isolates of P.
aeruginosa differ between patients and that methionine is an important single factor
required by many auxotrophs for growth.

It is thus of interest that methionine-dependent

strains did not grow in a medium supplemented with those amino acids which may be
converted to methionine, namely serine and cysteine. This suggests that the interruption
in the bacterial methionine synthetic pathway is located distal to both these amino acids.
The factors which enable the organism to grow and multiply within the pulmonary
environment have received relatively little attention in the literature. The requirement for
particular growth factors by some and not all members of a bacterial species suggests that
an underlying specific, biosynthetic defect has developed.

It follows that auxotrophs can

survive in vivo only if the end-product of the defective pathway is present within the host
environment. Indeed, the relative excess of such factors may, by a feedback mechanism,
reduce the activity of an enzyme(s) within its own synthetic pathway, and mutants which
depend on the substrate in excess may be selected.

It is therefore of interest that in the

pulmonary secretions of CF and non-CF patients with suppurative lung disease, including
bronchiectasis, there is an excess of glycoprotein and human

Auxotrophs may

be selected out by these substrates or their breakdown products or by antibiotic therapy
and indeed both thymidine auxotrophy in S. aureus in CF^26 and methionine auxotrophy
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in Neisseria gonorrhoeae have previously been reporte#^^.

Preliminary data from this

thesis suggests that similarly auxotrophic isolates of P. aeruginosa may be induced from a
prototrophic parent strain following culture in sub-inhibitory concentrations of
carbenicillin.

It may be speculated therefore that auxotrophs in CF may be selected by

recent antimicrobial treatment, although from this work, with antibiotic data only on six
patients, it is not possible to correlate the presence of resistant auxotrophs with the specific
therapy received.
It is noteworthy that the increased antibiotic resistance of auxotrophs of P. aeruginosa
affects beta-lactams, monobactams and quinolones and the relationship of auxotrophy to
known specific factors which promote resistance, such as reduced outer membrane
permeability and enzymatic inactivation of antibiotics, remains to be explored.
Heterogeneity of antibiotic susceptibilities in isolates of P. aeruginosa from the same
sputum sample has been described previously^^ and the present findings suggest that the
emergence of auxotrophic P. aeruginosa may be one explanation. The decline of resistant
isolates of P. aeruginosa after cessation of antimicrobial therapy may be explained by the
observation in vitro that selective growth advantage of susceptible isolates occurs in media
without antibiotics^"^.

It is of note that as the culture and antibiotic impregnated media

which are used for routine laboratory testing are nutritionally complete, the nutritional
needs of auxotrophic isolates of P. aeruginosa will not affect diagnostic laboratory
practice.
In the light of these findings, two further questions arise? Firstly, are auxotrophs of P.
aeruginosa induced by a relative excess of certain substrates in the lungs of patients with
CF and non-CF bronchiectasis in addition to selection by antibiotics in such patients?
Secondly, are the pathogenic effects of auxotrophs greater than those of prototrophs?

At

present, the mechanisms underlying the selection of auxotrophic mutants of P. aeruginosa
in CF are not fiilly understood but the answers to the above questions, together with the
knowledge that auxotrophs are more resistant than prototrophs to anti-pseudomonal agents,
might explain how this pathogen persists despite anti-pseudomonal therapy.
The growth requirements of isolates from non-CF bronchiectatic patients have not, as
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yet, been evaluated.

In both CF and non-CF bronchiectasis, antibiotic therapy may

contribute to the selection of auxotrophic P. aeruginosa in a similar way to the selection
of thymidine dependent strains of S. aureus in patients with CF after long term treatment
with co-trimoxazole.

It has been postulated that thymidine, a major end-product of the

folate pathway, is procured by S. aureus from degraded DNA, thus over-riding the
trimethoprim effect and permitting survival of the pathogen.

In order to delineate the

effect of disease severity on the induction of auxotrophy and differentiate this from the
effect of antibiotic exposure, sequential sputum samples taken before and after antibiotic
therapy need to be tested.

Auxotrophy of isolates of P. aeruginosa in non-CF

bronchiectasis needs to be evaluated further as does the amino acid composition of sputum
from CF and non-CF patients in order to account for the preponderance of methionine
dependent P. aeruginosa auxotrophs in sputum from patients with CF.
From the clinical viewpoint, our findings suggest that if the auxotrophic population of
P. aeruginosa could be reduced in CF sputum, then the remaining predominantly
prototrophic population may be more susceptible to conventional antibiotics.

It is of

interest that serum levels of the key methionine precursor, sulphadenosylmethionine, are
elevated in CF^^

Moreover, a recent report of in vitro growth suppression of

Klebsiella pneumoniae by microbial methionine synthetase inhibitors^ invites similar
experimentation with P. aeruginosa.

As methionine-dependent colonies of P. aeruginosa

have now been shown to be present in one third of acutely ill CF patients and in nearly half
(44%) of all patients with CF, the therapeutic possibility of inhibition of microbial
methionine uptake or synthesis, acting synergistically with conventional agents, may then
be explored in patients with this disease.
The finding that most adults with CF who harbour P. aeruginosa in the sputum also
have their upper respiratory tract colonised make it clear that P. aeruginosa has a
proclivity for both the upper and lower airway mucosa.

These results contrast with those

of a recent study of children with CF^^^ in whom upper airway carriage of P. aeruginosa
correlated poorly with lower respiratory infection; this discrepancy may partly be due to
age differences between the populations studied.

It is of note that the absence of
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upper airway symptoms or signs did not preclude colonisation by P. aeruginosa at upper
airway sites, and most patients with upper airway infection were receiving regular
nebulised antibiotics given by mouth piece.

It is also of interest that seven of 35 patients

with abnormal symptoms and /or signs of upper airway disease were not actually infected
by P. aeruginosa at these sites.
Identical strains were found in the upper and lower airways in three of the four
patients whose strains were genotyped, thereby raising the possibility of a clinically
important association between the sites.

A prospective longitudinal study in children is

required to determine the initial site of P. aeruginosa colonisation in CF.

Establishing

this and targeting the primary site with anti-pseudomonal antimicrobial agents might help
to determine whether the extrapulmonary sites are implicated in the initiation of
pulmonary infection.

It has been suggested that colonisation of the upper respiratory tract

may precede aspiration in to the lungs^^ and reports of upper respiratory tract colonisation
sites include maxillary sinuses, tongue, buccal mucosa, saliva and dental plaque^**^» ^28,330
Evidence suggests that mucoid phenotypes are derived from non-mucoid forms in response
to environmental factors^ ^^.

Prevention of initial colonisation of the primary site by non

mucoid strains would therefore clearly be advantageous.

Knowledge of the primary site

will also permit prospective sampling to establish when P. aeruginosa is acquired and
clarify the epidemiology of infection.

Sampling techniques are non-traumatic and

inexpensive, but the patients's co-operation is required.
of P. aeruginosa are the nasopharynx and oropharynx.

The sites with the greatest yield
As the oropharynx may be

contaminated by sputum, nasopharyngeal sampling may give a better representation of
upper airway infection.
A recent report^^ indicated that aggressive surgical treatment of sinus disease
improves lower respiratory symptoms in severely ill adults with CF, suggesting that
infection in the upper airways contributes to the perpetuation of pulmonary sepsis.
Controlled prospective studies of treatment targeted at the upper airways are required to
establish whether these extra-pulmonary sites are of clinical importance. Treatment of
nasal obstruction with topical corticosteroids or functional endoscopic sinus surgery, or
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both, would facilitate delivery of topical antibiotics.

Meanwhile, to protect the donor

lungs of transplant recipients with CF from acquiring P. aeruginosa from the upper
airways, it is suggested that these sites are screened for P. aeruginosa before transplant
surgery and that any nasal obstruction is treated, so that the topical delivery of nebulised
anti-pseudomonal agents by face-mask is facilitated pre and post-operatively.
It is recognised that gastrointestinal carriage of P. aeruginosa is increased in the CF
population. This may clearly be the result of patients swallowing infected airway
secretions. The effect of gastrointestinal carriage of P. aeruginosa on pulmonary infection
has not been fully established.

As oesophogeal reflux is increased in patients with CF^^,

the pathogen which is present in gastric secretions, may presumably be aspirated
recurrently into the lungs.

However, a propsective study has failed to demonstrate that

the gastrointestinal tract is a significant reservoir of P. aeruginosa prior to colonisation of
the l u n g s .

Studies of selective decontamination of the gut to protect against retrograde

colonisation of the lungs are currently in progress.
The present demonstration of upper airway sites, in which P. aeruginosa may obtain
sanctuary, persisting despite antimicrobial attack, highlights the need for evaluating the
treatment of such reservoirs in patients with CF at all stages of their disease. With recent
advances in the typing of P, aeruginosa from CF patients, it should be possible by
sampling all these sites prospectively, to identify where the initial sites of infection occur.
This will advance the epidemological knowledge of P. aeruginosa acquisition in CF and
facilitate the evaluation of treatment directed at the initial site of infection.
The development of new approaches to treatment for CF lung disease is progressing
rapidly.

If gene therapy proves feasible and successful, then the outlook for future

generations of patients with CF should improve.

It is however salutary to realise that

many of the patients wdio participated in studies for this thesis have since died in early
adulthood from chronic lung sepsis.

There remains therefore a great need for further

advances in the understanding and therapy of persistent lung infection with P. aeruginosa
for those patients who already have or who will develop lung disease in the interval before
gene therapy becomes available.
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Summary

All these findings are thought to have been made for the first time.

1.

Standard bacteriological methods have been modified and then validated for their

ability to detect, and then store auxotrophic and prototrophic isolates of P. aeruginosa
from the sputum, upper airways and gastrointestinal tract of patients with cystic fibrosis
(CF) and non-CF bronchiectasis.

2.

Storage, both at room temperature or at -70®C, was accompanied by a change of

approximately 10% of auxotrophic isolates to prototrophic isolates and a similar
proportion of prototrophs converted to auxotrophs.

3.

Auxotrophy was found in stored isolates of P. aeruginosa from the pulmonary and

extra-pulmonary sites of 152 adult CF patients.
auxotrophic.

Of 470 isolates, 92 (19.6%) were

From the lower airways (sputum and bronchial lavage), 84 of 419 samples

(20.1%) were auxotrophic, and came from 50 of 137 (36.5%) patients.

From the upper

airways of 13 CF adults (including four who underwent lung transplantation), eight of 27
(29.6%) isolates were auxotrophs and came from five (38.5%) patients.

4.

In contrast, all 24 isolates from the stools of 12 CF patients were prototrophic, as were

all 99 isolates from non-bronchiectatic and environmental sources.

5.

Fresh samples of sputum from CF patients contained auxotrophs more frequently

(92.7%) than did stored samples (19.6%).

6.

Auxotrophs occurred more frequently and in greater numbers in sputum samples from

CF patients with acute pulmonary exacerbations than from stable patients.
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7.

Auxotrophs occurred more frequently and in greater numbers in sputum from patients

with very severe underlying lung disease than from those with less severe lung disease.

8.

Methionine, arginine, proline, aspartic acid, leucine and thiamine have been shown to

be single growth factors for auxotrophic sputum isolates of P. aeruginosa.

Methionine-

dependent auxotrophs were isolated from the fresh sputum of seven of 16 patients (44%).

9.

When methionine-dependent auxotrophs were cultured in minimal salt media, it was

found that growth tended to increase with increasing concentrations of methionine and that
even at methionine concentrations of 40pg/ml there was no evidence of substrate
inhibition.

10. In vitro tests have shown that auxotrophs are, in general, more resistant than are
prototrophs to the antibiotics commonly used in the management of pseudomonal chest
infection in CF.

11. Conversion of a prototrophic isolate of P. aeruginosa to auxotrophy has been induced
in vitro. This occurred following growth in sub-inhibitory concentrations of carbenicillin,
but may have resulted from a single passage effect

12. Auxotrophic and prototrophic isolates from the sputum, upper airways and stools of
the same patient were found to be isogenic.

13. P. aeruginosa was found in the upper airways of 35 of 42 (83.3%) patients with CF.
The nasopharynx, oropharynx and middle meatus were the sites, out of five tested, in
which the organism was most frequently found.
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14. Each of four patients in whom P. aeruginosa occurred in the sputum and upper
airways had different strains, unique to each individual.

In three patients, all sites tested

harboured the same individual strain.

15. The prevalence of infection with P. aeruginosa in the sputum, upper airways and stool
of 11 CF patients who underwent heart-lung transplantation was evaluated. Four patients
were found to have P. aeruginosa in the sputum, and two of these and two others
harboured the organism in the naso-and/or oropharynx.

16. In a separate study of the upper and lower airways pre and post lung transplantation,
auxotrophic isolates were found in the lower airways of three of four patients before
surgery. Post-operatively, two of the patients with auxotrophs previously, exhibited only
prototrophs; the third harboured both auxotrophs and prototrophs and the auxotrophs were
found in the lower airways and the prototrophs in the throat and nose. The fourth patient
with prototrophs pre-operatively, harboured auxotrophs at all sites post surgery.

17. P. aeruginosa was cultured from the upper airways of two of four patients with noncystic fibrosis bronchiectasis, one of whom harboured the pathogen in the sputum at the
time of sampling. P. aeruginosa was also isolated from stool samples of three of the four
patients studied.
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AUXOTROPHIC MUTANTS OF PSEUDOMONAS AERUGINOSA:
INCREASED RESISTANCE TO ANTIPSEUDOMONAL ANTIBIOTICS
IN CYSTIC FIBROSIS

R .F .H . Taylor**, M.Warner^, R.C. George^, M .E. Hodson*,
T .L . PitF
Royal Brompton Hospital, Sydney Street, London SW3 6NP, UK* and Division
o f Hospital Infection, Central Public Health Laboratory,
London SW9 5HT, U K ^

Summary

MIC values of 12 anti-pseudomonal agents were established for 17 auxotrophs
and 13 prototrophs of P, aeruginosa isolated from single sputum samples taken
from 7 patients with cystic fibrosis (CF). Significantly more auxotrophic than
prototrophic isolates showed increased resistance to a wide range of antibiotics,
but not to colistin, tobramycin, gentamicin and amikacin.
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Introduction
Pseudomonas aeruginosa is noted for its intrinsic resistance to many
antimicrobial agents (2) and in cystic fibrosis (CF), the long-term management of
pulmonary infection associated with this pathogen is complicated by the emergence
of resistant organisms (3).

The mechanisms underlying this resistance include

decreased outer cell membrane permeability, enzymatic inactivation and the
modification of target sites (12).

Furthermore, heterogeneity in antimicrobial

susceptibility of individual isolates from the same CF sputum sample has been
documented (10).

Paradoxically, both multi-resistant isolates and those

hypersusceptible to penicillins, tetracycline and trimethoprim have been cultured
from the same CF sputum sample (2).
Recently, we have demonstrated that auxotrophs of P.aeruginosa

(mutants

which require additional growth factors to the prototrophic wild-type which is
supported by a minimal medium alone) are a feature of sputum isolates from CF
patients (8); moreover, the proportion of these mutants is increased in patients
with acute respiratory exacerbations (9) and in those with severe underlying lung
disease (unpublished data); methionine is the single factor most often required by
the auxotrophs (8).
PMeruginosa

It appears, therefore, that nutritional adaptation of

occurs in the lungs of CF patients.

auxotrophy in Staphylococcus aureus

It is notable that thymidine

in CF has been described (7) and that

auxotrophs of Neisseria gonorrhoeae may be selected by antimicrobial therapy
(1). We have examined whether this adaptation affects susceptibilities of sputum
isolates of P.aeruginosa taken from CF patients.
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Materials and methods
Isolates.

Sputum samples from

15 adults with CF were manually

homogenised and serially diluted (10 ^ to 10 ®) in Ringer’s solution; 100/xl aliquots
of each dilution were spread on to minimal salt solution agar (M S M ).which
supports prototrophs, and on to nutritionally complete agar (King’s A) which
supports both prototrophs and auxotrophs (8).

After 48h aerobic incubation at

37°C, between 1 and 5 prototrophic colonies were selected randomly from the
MSM plate, and in order to isolate auxotrophs, between 4 and 10 colonies were
selected randomly from the complete medium (Table 1); all isolates were then re
tested for auxotrophy and stored at -70°C in glycerol broth.

Isolates which

produced the characteristic pigment, pyocyanin, were accepted to be P.aeruginosa,
and non-pigmented isolates were identified by the API 20 NE system (bioMerieux
Ltd, Hampshire, UK).

Concurrent isolation of auxotrophs and prototrophs from

the same patient specimen ensured that all isolates had identical exposure to
antibiotics.
Antimicrobial sensitivity testing.

Using an agar incorporation method (5), the

MICs of four penicillins (azlocillin, carbenicillin, piperacillin and ticarcillin), three
aminoglycosides (amikacin, gentamicin and tobramycin), aztreonam, imipenem,
colistin, ceftazidime and ciprofloxacin were derived for all test

isolates and

control strains (NCTC 10662, NCTC 10418); 10"* cfu/spot were inoculated on to
Iso-Sensitest agar (Oxoid Ltd, Basingstoke, UK) supplemented with 2% lysed
horse blood.

All strains were inoculated also on to MSM and King’s A agar

plates to re-confirm their nutritional needs.
Statistical methods.

The chi-square and sign tests were used to determine

the significance of the data.
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R esults

For all 15 sputum specimens, more colonies grew on the complete medium than
on the minimal medium, thereby indicating that auxotrophic and protrophic
colonies were present in all samples. However, following the random selection
o f 4 to 10 colonies from the complete medium, both auxotrophs and protrophs
were retrieved from the same sample in 7/15 patients. Thus, comparative studies
could be carried out only in these 7 patients (mean age 29y, range 25-35y, 4
female), 6 o f whom were receiving different combinations o f nebulised and/or
intravenous antibiotics (Table 1). Six had severe underlying lung disease (forced
expiratory volume in 1 second [F E V J < 4 0 % predicted normal) and Patient B had
moderate lung dysfunction (FEVi between 40% and 60% predicted).
Following standard guidelines for the clinical interpretation o f break-point
categories (5), isolates were found to be sensitive on 161 occasions, intermediate
on 82 and resistant on 117 occasions.

For isolates from each o f the 7 patients

tested with 12 antibiotics, there w ere 84 possible occasions on which > 2-fold
dilutional difference in MIC might have been observed between the lowest values
This enabled designation o f the most

for an auxotroph and for a prototroph.
sensitive

isolate within a patient sample.

There was an equivalent num ber of

occasions on which the most resistant isolate could be identified, e.g ., for patient
C , the M ICs o f azlocillin were 16mg/l for each of the two prototrophs and
256mg/l for both auxotrophs.

These differences in MIC values w ere evident

between auxotrophs and prototrophs for 93 o f these 168 occasions (Table 1). O f
those isolates that w ere most sensitive, 32 w ere prototrophs and 15 auxotrophs
(p < 0 .0 5 ) and o f those m ost resistant,
(p < 0 .0 1 ).

5 were prototrophs and 41 auxotrophs

TABLE 1
CLINICAL DATA ON ANTIMICROBIAL SUSCEPTIBILITIES OF P.AERUGINOSA SPUTUM ISOLATES FROM 7 CF PATIENTS

Ç

DÎ

E

I

G

Nebulised
gentamicin

No
antibiotic
therapy

Nebulised
temocillin &
iv temocillin
& imipenem

IV
gentamicin
& ticarcillin

No data

1

2

1

3

3

4

1

3

2

1

1

1

4

No.of above occasions with > 2fold difference in MIC between
auxotrophs and prototrophs
(n=93)

13

19

17

16

9

10

9

No. of occasions on which an
auxotroph was most resistant
when tested against 12 antibiotics
(41/46)**

7/7

5/8

9/9

7/8

6/6

6/6

1/2

No. of occasions on which an
auxotroph was most sensitive
when tested against 12 antibiotics
(15/47)**

2/6

3/11

0/8

1/8

3/3

0/4

6/7

Patient

Af

Antibiotic therapy at time of
sputum sampling

Nebulised
Nebulised
tobramycin & tobramycin & iv
ceftazidime & iv
colomycin
tobramycin

No.of auxotrophs tested (n = 17)

3

No.of prototrophs tested (n = 13)

B

*

= out-patient

**

= amikacin, azlocillin, aztreonam, carbenicillin, ceftazidime, colistin, ciprofloxacin, gentamicin, imipenem, piperacillin, ticarcillin and tobramycin.

30

Taylor et al.

amikacin, colistin and tobramycin in 6, 5 and 3 patients, respectively. W here
differences in MIC values were observed (in samples from these 3 and the other
4 patients), auxotrophs were more resistant than prototrophs to all the other agents
but not to gentamicin. Excluding the 3 aminoglycosides and colistin, differences
in M ICs were found for at least 6 agents in isolates from all but one patient (F),
in whom differences were observed with only 4 agents.
A ^ 2-fold difference in MICs between isolates from the same specimen were
observed in 263 o f 708 (37.2% ) possible occasions in which the MICs of 2 isolates
were compared with one another.

On 202 of these 263 occasions (76.8% ), the

nutritional status of the 2 isolates under comparison differed from one another, in
contrast to

190 o f the 445

(42.7% )

occasions on which antimicrobial

susceptibilities did not vary significantly (p < 0 .0 1 ).

Discussion
W e have described for the first time that auxotrophy o f P.aeruginosa in CF
is associated with increased resistance to a wide range of anti-pseudomonal agents.
At present, the mechanisms which underlie the selection of auxotrophic
P.aeruginosa in CF remain unknown although it is suggested that a relative excess
o f growth factors may favour the growth of these mutants. Hence, it is of note
that in C F pulmonary secretions, amino acids, small peptides and human DNA
may be found in excess (4); auxotrophs may be selected out by these substrates
and/or by antibiotic therapy. Heightened resistance to antibiotics may enable these
mutants to persist in the CF host.
As yet, it is unclear why auxotrophy is associated with increased antibiotic
resistance in isolates of P.aeruginosa in CF.

It is noteworthy that this finding

affects beta-lactams, monobactams, and quinolones, and the relationship of
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auxotrophy to specific factors which promote resistance, such as reduced outer
membrane permeability, remains to be explored. Auxotrophs may be selected by
recent antimicrobial treatment, although in this study we were unable to correlate
the presence of resistant auxotrophs with specific therapy received.
Heterogeneity of antibiotic susceptibilities in P.aeruginosa isolates from the
same sputum sample (10) has been described previously and our findings suggest
that the emergence of auxotrophic P.aeruginosa may be implicated in this
heterogeneity.
The question of whether auxotrophy also affects the expression of virulence
factors, such as the release of proteolytic enzymes, remains unanswered, as is the
question of whether an auxotrophic population of P.aeruginosa is selected in
clinical sites other than the lungs, e.g., urinary tract, thereby promoting persistent
infection despite intensive anti-pseudomonas therapy.
From the clinical viewpoint, these findings suggest that if the auxotrophic
population o f P.aeruginosa could be reduced in CF sputum, then the remaining
predominantly prototrophic population may be more susceptible to conventional
antibiotics.

It is of interest that methionine metabolism may be aberrant in CF

(6), and indeed methionine-dependent auxotrophs o f P.aeruginosa

have been

shown to be present in one third of acutely ill C F patients (unpublished data). The
recent report (11) of in vitro growth suppression of Klebsiella pneumoniae by
microbial methionine synthetase inhibitors invites similar experimentation with
P.aeruginosa.

If similar success is achieved by these agents with P.aeruginosay

the possibility o f inhibition of microbial methionine synthesis, acting synergistically
with conventional agents, may then be explored in this group of patients.
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1. SUMMARY
Seventy-four of 403 (18.4%) sputum isolates of

Pseudomonas aeruginosa from 49 of 136 (36.0%)
adults with cystic fibrosis (CF) were auxotrophic
mutants. Two of 11 (18.2%) isolates of P. aerugi
nosa taken from patients with non-CF bronchiec
tasis were also auxotrophic. All 99 strains taken
from non-bronchiectatic sources were proto
trophic. Forty-six of 55 (83.6%) CF auxotrophs
required one or more of 36 growth factors tested;
the requirements for the remaining 9 isolates
were not identified. Methionine was the sole fac
tor required by 17 of 22 (77.3%) isolated which
depended on a single factor. We conclude that
auxotrophy is a feature of P. aeruginosa infection
in cystic fibrosis.

2. INTRODUCTION
Pulmonary infection with Pseudomonas aerugi
nosa in patients with cystic fibrosis (CF) is associ-

Correspondence to: R.F.H. Taylor, Department of Cystic Fi
brosis, Royal Brompton and National Heart Hospital, Sydney
Street, London SW3 6NP, UK.

ated with significant morbidity and mortality [1].
Once acquired, the organism is seldom eradi
cated from the lungs of CF patients [2], suggest
ing that this environment favours the survival and
persistence of the organism. Strains of P. aerugi
nosa isolated from the sputum of CF patients
often exhibit in vitro a wide range of altered
phenotypic properties which are not characteris
tic of isolates from the environment and other
clinical sources. These include the production of
alginate polysaccharide [3], loss of lipopolysaccharide (LPS) constituents, increased sensitivity to
serum complement [4] and hypersensitivity to
beta-lactam antibiotics [5].
A feature of most pseudomonas species, in
cluding P. aeruginosa, is their ability to utilise a
wide variety of compounds as single carbon
sources for growth [6] thus permitting survival in
diverse nutrient-limited conditions. In 1975 Go
van [7] observed that the conversion of isolates of
P. aeruginosa from the mucoid to non-mucoid
state was restrained by culture in minimal broth.
Indeed, Speert et al. [8] proposed that in the CF
lung, P. aeruginosa probably grows in nutrientlimited conditions and they showed that pheno
typic conversion of strains to mucoid production
and LPS alterations could occur when isolates
were grown in vitro in a single carbon source. We
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Speculated that one way in which P. aeruginosa
persists in the CF lung might be by adaptation to
the CF mucosal environment; mutants of P.
aeruginosa with specific requirements for nutri
ents which are present in relative excess may be
selected. We therefore examined the growth re
quirements of isolates of P. aeruginosa from pa
tients with CF and non-CF bronchiectasis and
compared these with isolates from other clinical
sources.

3. METHODS

3.1. Bacterial cultures
A collection of 513 isolates of P. aeruginosa
which had all been stored on agar slopes at room
temperature for up to 2 years were examined for
auxotrophy. Four hundred and three were from
the sputum of 136 CF patients from six different
CF centres, 11 from 11 non-CF bronehieetatic
patients from the Royal Brompton Hospital, Lon
don, and 91 were from other clinical non-CF
sources taken from 73 patients as follows: urinary
tract (27, 15 from 14 patients with in-dwelling
catheters); respiratory tract (16); skin (11); wound
sites (7); stool (7); bone (7); blood (5); burns (4);
drains (4); central lines (3). Strains from eight
environmental sites, such as sinks and bed-liners,
isolated from four wards (non-CF) of three hospi
tals were also tested. The 403 CF isolates were
selected at random from a group of strains under
evaluation for antibiotic susceptibility and genotyping studies. The non-CF bronehieetatic strains
were taken from all patients with non-CF
bronchiectasis from whom P. aeruginosa was iso
lated from the sputum during a four-week period
in 1989. The non-bronchiectatic clinical and envi
ronmental isolates were obtained from 20 hospi
tals distributed throughout the UK from whom
requests for strain identification had been re
ceived by the Gram Negative Unit, Division of
Hospital Infection, C.P.H.L., London.

3.2. Test for auxotrophy
Isolates were grown overnight on King’s ‘A ’
agar [9] at 37°C and 5-10 colonies were dispersed

in 5 ml of distilled water to give an opacity
corresponding to Macfarland 0.5 standard, con
taining approximately 10® cfu/m l. This suspen
sion was diluted 1:100 in distilled water and 0.3
111 was spotted onto a minimal salt medium
(MSM) [10] and a nutritionally complete medium,
King’s ‘A ’ agar, with the aid of a multipoint
inoculator (Mast Laboratories, Merseyside, UK);
the final inoculum on the agar being approxi
mately 10^ to 10^ cfu. MSM eontained 75 ml of
2% agar to which, when molten, 6 ml of distilled
water, 1 ml of 20% glueose (final concentration
0.2%) and 18 ml of a sterile solution of salts were
added. Plates were examined after 48 h at 37°C;
prototrophic isolates grew on both media and
auxotrophs grew on the complete medium only.

3.3. Identification of specific growth factors
The experimental design described by Holliday
[11] was used in which 36 growth factors, includ
ing 23 amino acids (L-forms, Sigma, St. Louis,
MO) were evaluated. Individual stoek solutions of
eaeh factor were prepared aseptically, at the con
centrations indicated by Holliday, by dissolving
the eonstituents in either sterile distilled water or
the appropriate organic solvents [12]. All solu
tions were filter-sterilised, and six factors were
combined aseptically in equal volumes to form 12
different pools [11]. The MSM plates were made
similarly with 6 ml distilled water replacing 6 x 1
ml growth factors. Isolates were inoculated as
above onto: a) all 12 pools, b) King’s ‘A ’ agar, c)
MSM alone. The eontrol strains of Escherichia
coli, M254""'% 153.2^"''/'"'' and
were inoculated similarly. Growth was assessed
after 48 h at 37°C. A single growth factor require
ment is indieated by growth on two of the 12
pools only; growth on one pool alone implies a
need for two or more factors in that pool; an
alternative requirement is indicated by growth on
more than two pools [11].

3.4. Confirmation of growth requirements
Isolates were inoculated onto: a) minimal
medium supplemented with a single growth fac
tor (20 jug/ml), b) King’s ‘A ’ agar, and c) mini
mal medium alone.
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4. RESULTS

4.1. Auxotrophic screen
Table 1 shows that 74 of 403 (18.4%) CF
sputum isolates were auxotrophic and were har
boured by 49 and 136 (36.0%) patients. Two
isolates from 11 patients with non-CF bronchiec
tasis were auxotrophic and all 99 isolates from
other clinical and environmental sources were
prototrophic.

4.2. Phenotypic appearance of auxotrophs
Both mucoid and non-mucoid strains grew
equally well on MSM and King’s ‘A ’ agar, al
though pigment (pyocyanin) was not produced on
MSM. Auxotrophs expressed both mucoid and
non-mucoid phenotypes.

4.3. Specific growth factors
Twenty-two of 55 (40.0%) isolates grew on
only two pools of growth factors, i.e. required a
Table 1
Auxotrophic screen of 513 P. aeruginosa isolates
Source

Number of
isolates

Number of
auxotrophs

CF sputum
Non-CF sputum
Other clinical
isolates

403 "
11

74 ^ (18.4%)
2 (18.2%)

99

0

® From 136 patients.
^ From 49 patients.

Table 2
Growth factors for 55 auxotrophs of P. aeruginosa from 39 CF
patients
Factors

Sputum
isolates

Patients

Single
Methionine
Thiamine
Arginine
Proline

22
17
2
2
1

18
13
2
2
1

Two or more

16

8

Alternative and multiple

8

7

Not identified

9

6

single growth factor (Table 2). Of these, 17
(77.3%) isolated from 13 CF patients were me
thionine-dependent. Sixteen of 55 (29.1%) grew
on only one pool, i.e. required two or more
growth factors and eight (14.6%) required multi
ple factors. The factors necessary for growth were
not identified for 9 of the 55 (16.4%) auxotrophs
studied.
All control strains grew on the appropriate
pools, and 17 methionine-dependent isolates grew
on both the minimal medium supplemented with
methionine (20 /ig /m l) and also the nutritionally
complete medium.

5. DISCUSSION
It is unclear why P. aeruginosa persists in the
lungs of patients in vast numbers despite aggres
sive anti-pseudomonal therapy. The factors which
enable the organism to grow and multiply within
the pulmonary environment have received little
attention in the literature. The requirement for
particular growth factors by some and not all
members of a bacterial species suggests that an
underlying specific, biosynthetic defect has devel
oped. We report for the first time that auxotrophy of pulmonary isolates of P. aeruginosa is a
feature of CF and chronic lung sepsis. Growth
factors may differ between patients, and methion
ine is an important single factor required by many
strains for growth. It is of interest that the me
thionine-dependent strains did not grow in a
medium supplemented with those amino acids
which may be converted to methionine, namely
serine and cysteine. This suggests that the inter
ruption in the bacterial methionine synthetic
pathway is located distal to both these amino
acids.
Auxotrophic bacteria may be selected in vivo
by antibiotic therapy, [13] and indeed, both
thymidine auxotrophy in S. aureus in CF [14] and
methionine auxotrophy in Neisseria gonorrhoeae
have previously been reported [13]. Having de
scribed auxotrophy of P. aeruginosa in CF and
defined some of the specific growth requirements
in vitro, it may be important to investigate the
mechanisms which give rise to these mutants and
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to establish the clinical significance of these find
ings.
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Abstract
B ackgrou nd—P seu dom onas aeruginosa
has been located in the endobronchiolar
spaces o f patients with cystic fibrosis
where nutrients m ay be lim ited. In these
sites it is thought that adaptation o f the
pathogen m ight occur and growth fac
tors, present in relative excess, m ay thus
prom ote survival o f the organism.
Auxotrophy o f pulmonary isolates o f
P aeruginosa has previously been shown
to be a feature o f cystic fibrosis and
chronic lung sepsis; auxotrophic isolates
have additional nutritional requirem ents
to the prototrophic “wild types” o f the
species. A study was therefore carried
out to determ ine whether the proportion
o f auxotrophs differs between stable and
acutely ill patients, or correlates with the
extent o f underlying disease.
M ethods—Sputum sam ples were cul
tured for P aeruginosa and tested for
auxotrophy by spreading serial dilutions
o f hom ogenised sputum on to a m inim al
m edium which supports only prototrophs, and a com plete m edium which
supports both nutritional types. The pro
portion o f auxotrophs to prototrophs was
determ ined and growth factors o f con
firm ed auxotrophs were identified.
R esu lts—Thirty two (86%) o f 37 adults
with cystic fibrosis infected with
P aeruginosa harboured auxotrophs;
m ethionine dependent m utants were iso
lated from seven o f 16 patients tested
(44%). More than 50% o f the total num 
ber o f colonies were auxotrophic in 19 o f
26 sam ples (73%) from patients with
acute exacerbations and in only six o f 15
sam ples (40%) fi*om clinically stable
patients. In four patients from whom
sam ples in both the acute and stable
states were available, the proportion o f
auxotrophs fell in the sam ple taken when
stable. Auxotrophs predom inated in all
sam ples fi*om 11 o f those patients with
very severe underlying lung disease, in
contrast to 13 o f 30 sam ples firom
patients with less severe disease. There
was no association between the percent
age o f auxotrophs and the presence o f
other respiratory pathogens.
Conclusions—The m ajority o f adults
with cystic fibrosis infected with
P aeruginosa harbour auxotrophs in the

sputum . A significant proportion of
acutely ill patients and those with severe
underlying disease have a preponderance
o f auxotrophs in the sputum compared
with stable patients and those with less
severe disease.
{Thorax 1993;48:1002-1005)

Pulmonary disease in patients with cystic
fibrosis is characterised by viscid mucosal
secretions which impair natural pulmonary
host defence mechanisms^ and present a
mechanical barrier to endogenous and
exogenous antibacterial agents. The range of
bacterial species which infect patients with
cystic fibrosis is curiously restricted and con
sists primarily of Pseudomonas aeruginosa.
Staphylococcus aureus, Haemophilus influenzae,
and Pseudomonas cepacia. These opportunistic

pathogens adapt to the abnormal pulmonary
environment and the Pseudomonas species, in
particular, are seldom eradicated despite
appropriate therapy.^ In response to infection,
inflammatory changes occur which are them
selves implicated in further structural dam
age.^ The patient is thereby rendered more
susceptible to infection and a cycle of infec
tion and inflammation is established.^ ^
P aeruginosa has been found in the endo
bronchiolar spaces® in which Speert et aP
have proposed that nutrients are limited. We
speculated that nutritional adaptation of P
aeruginosa might occur in an environment of
nutrient imbalance and that growth factors
may be present in relative excess within the
bronchial mucosa of patients with cystic
fibrosis and promote survival of the adaptive
organism.
Auxotrophs are bacteria that require
growth substances additional to those
required by the wild type of the same species
(known as prototrophs); in the case of
P aeruginosa, prototrophs are supported by
minimal media alone. We have shown previ
ously that auxotrophy of P aeruginosa is a firequent characteristic of sputum isolates from
patients with cystic fibrosis and non-cystic
fibrosis bronchiectasis, that in cystic fibrosis
isolates methionine is the single additional
factor most often required,® and that, in vitro,
auxotrophic isolates are more resistant to
antipseudomonal agents than are pro
totrophs.® We have now examined whether
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the proportion of auxotrophs differs between
stable and acutely ill patients and correlates
with the extent of underlying lung disease and
the presence of other respiratory pathogens.
We have also surveyed the auxotrophic
requirements of isolates from single sputum
samples and from repeated specimens from
the same patient.
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SPECIFIC G R O W T H FA C TO R S

Individual colonies were tested for auxo
trophy as previously described® and specific
requirements of confirmed auxotrophs were
identified by modification® of Holliday’s
experimental method.'^
ST A T IST IC A L M E T H O D S

Comparison of proportions was made by the
yf test with Yates’ correction where appropri

M ethods

ate.

P A T IE N T S

Forty one samples were studied from 37
patients (19 men) with cystic fibrosis (mean
age 28, median 26, range 16-67 years).
Samples were taken from 22 randomly
selected inpatients with acute infective pul
monary exacerbations, 11 stable outpatients,
and four patients who were tested both as
acutely ill inpatients and stable outpatients.
Eleven patients had very severe lung disease
(died or received heart-lung transplants
within 12 months), 17 had severe lung dis
ease (forced expiratory volume in one second
(FEVi) <40% predicted normal value),five
had moderate disease (FEV, 40-60%), and
four had only mildly impaired lung function
(FEVi >60%). Of &e 26 inpatient samples
the numbers from patients with very severe,
severe, moderate and mild disease were eight,
12, two, and four respectively, and of the 15
outpatient samples the numbers were three,
seven, four, and one respectively. Twenty six
patients were receiving long term nebulised
antibiotics (aminoglycosides, colistin, or
botlh), 17 were receiving inhaled steroids, and
all inpatients were receiving intravenous
antipseudomonal agents (usually a combina
tion! of a penicillin derivative with an amino
glycoside) in conjunction with oxygen
therapy, bronchodilators, and physiotherapy.
The mean duration of intravenous antibiotic
therapy before sampling was nine days (range
2-14, median nine days). All patients were
taking pancreatic enzyme supplements and
eight were diabetic.
SP U T U M CULTURE

Manually homogenised sputum was serially
diluted (10“^ to 10“®) in Ringer’s solution and
100 //I aliquots of each dilution were spread
uniformly on to both a minimal salt medium"
which supports only the growth of pro
totrophs, and King’s “A” agar'^ which sup
ports both nutritional types. After aerobic
incubation at 37°C for 48 hours the colonies
on each plate were counted to determine the
total colony count and the proportion of
auxotrophs to prototrophs. Isolates which
produced
the
characteristic
pigment
pyocyanin were accepted to be P aeruginosa
and non-pigmented isolates were tested for
their ability to oxidise glucose, produce
cytochrome oxidase, hydrolyse arginine, and
reduce nitrate.'®
Sputum samples from 24 patients were
taken at the same time as the auxotrophy
evaluation and cultured for other respiratory
pathogens; inpatient samples from a further
five patients were processed within 24 hours.

Results

Auxotrophic mutants of P aeruginosa were
present in the fresh sputum of 35 of 41 (85%)
sputum samples from 37 patients with cystic
fibrosis. In a comparison of stable with
acutely ill patients, the majority (>50%) of
Pseudomonas colonies from each sputum
sample were auxotrophic in 19 of 26 in
patients with acute pulmonary exacerbations
(73%), and in six of 15 stable outpatients
(40%) (p < 0 05).
Four patients with cystic fibrosis sampled
at random when acutely ill and also when
stable harboured a greater proportion of
auxotrophs when ill than when stable. The
proportion of auxotrophs ranged from 56%
to 98% in samples taken during acute exacer
bations and from 20% to 52% in samples
taken when stable (fig).
Auxotrophs accounted for more than 50%
of the total Pseudomonas count in all of the 11
patients with very severe underlying lung dys
function (including three who were tested
when stable) and in only 13 of 30 samples
from 26 patients with less impairment of lung
function (p < 0 01). Total colony counts of
P aeruginosa ranged from 1 x 10^ to >1 x
10® cfu/ml; there was no relation between the
proportion of auxotrophs and the total
Pseudomonas colony count or the presence of
other sputum pathogens isolated concurrently
from 29 of the 37 patients. 5 aureus was cul
tured from five patients, Candida albicans
> lOVml from 16, P cepacia from three, and
Aspergillus fumigatus from three others.

lOOn
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Inpatient
(acutely ill)

Outpatient
(stable)

Percentage o f auxotrophs in the sputum of four patients
with cystic fibrosis sampled when acutely ill and when
stable. The time intervals between sampling were 49, 51,
69, and 23 weeks fo r patients A , B , C , and D respectively.
A ll patients were receiving intravenous and nebulised
antibiotics when acuuly ill an d only nebulised agents when
stable.
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Table 1 Intrasputum variation of growth requirements of
pairs o f isolates of P aerupnosa from single sputum
samples of 12 patients with cystic fibrosis
Growth requirements*
Source of
sample

Same!different

Specific

Inpatient

D ifferent

Inpatient
Inpatient
O utpatient
Inpatient
Inpatient
Inpatient
Inpatient

Sam e
Sam e
Sam e
Sam e
D ifferent
Sam e
D ifferent

Inpatient
Inpatient
Inpatient
Inpatient

Sam e
U nknow n
Sam e
Sam e

Alternative in
both
Proline
M ultiple
M ultiple
M ethionine
1 alternative, 1 m eth ionine
M ethionine
1 n o t identified,
1 aspartic acid
M ethionine
N o t identified
M ethionine
M ethionine

*G row th requirem ents (after Holliday'^): alternative—
m u tant requiring either o n e or another factor, for exam 
ple, serine or m ethionine; single— m utant requiring only
one factor; m ultiple— m u tant requiring tw o or m ore fac
tors; n o t identified— requirem ents absent in factors tested.

SPECIFIC G R O W TH FA C TO R S

Intrasputum variation

At least two single colonies of auxotrophs,
irrespective of colonial morphology, were
selected from the primary culture of 12
patients with cystic fibrosis (nine inpatients)
for growth factor identification to assess
intrasputum variation. Of 12 auxotrophic
pairs tested, eight required the same growth
factor; as in our previous study methionine
was the most frequently required single
amino acid (table 1).
Variation with time

The constancy of auxotrophic P aeruginosa
over time was examined in the sputum of
nine patients with cystic fibrosis. Table 2
shows that for seven patients there was no
variation in growth factor requirements in the
two samples taken one or more weeks apart.
However, different auxotrophs were identi
fied in the patient from whom samples were
taken over the longest time interval (52
weeks).
Methionine dependency

Overall, methionine dependent strains were
present in seven of 16 patients with cystic
fibrosis (44%) and in four of 12 with acute
pulmonary exacerbations (33%).
Table 2 Constancy o f auxotrophic factors o f P aeruginosa with time in sputum samples
from nine patients with cystic fibrosis

Source o f paired samples

Sampling
interval
(weeks)

Growth requirements*
Same!different

Specific

B oth outpatient
B oth inpatient
1 inpatient, 1 outpatient
1 inpatient, 1 outpatient
1 inpatient, 1 outpatient
B oth outpatient
B oth inpatient
B oth inpatient
B oth inpatient

52
1
37
12
12
35
32
1
12

D ifferent
Sam e
Sam e
Sam e
Sam e
Sam e
Sam e
U nknow n
Sam e

1 m eth ionine, 1 leucine
M ethionine
T hiam ine
Alternative
M eth ion in e
M eth ion in e
M eth ion in e
N o t identified
Alternative

*For defin ition o f grow th requirem ents see fo o m o te to table 1

Discussion

We have found for the first time that most
adults with cystic fibrosis infected with
P aeruginosa harbour auxotrophic mutants in
the sputum (86%). Furthermore, a significant
proportion of acutely ill patients and those
with very severe underlying lung disease have
a preponderance of auxotrophs in the sputum
compared with stable patients and those with
less severe disease.
In the light of our findings two further
questions arise. Firstly, are auxotrophs of
P aeruginosa induced by a relative excess of
certain substrates in the lungs of patients with
cystic fibrosis and non-cystic fibrosis
bronchiectasis, or by antibiotic activity in
such patients, or both? Secondly, are the
pathogenic effects of auxotrophs greater than
those of prototrophs?
At present the mechanisms underlying the
selection of auxotrophic mutants of P aerugi
nosa in cystic fibrosis are poorly understood
but the answers to the above questions,
together with the knowledge that auxotrophs
are more resistant than prototrophs to
antipseudomonal agents, might explain how
this pathogen persists despite antipseudo
monal therapy.
The need for additional growth factors by
some members of a bacterial species implies
that a specific biosynthetic defect has devel
oped. It follows that auxotrophs can survive
in vivo only if the end product of the defec
tive pathway is present in excess within the
host environment. Indeed, the relative excess
of such factors may, by a negative feedback
mechanism, inhibit an enzyme within its own
synthetic pathway, and mutants which
depend on the substrate in excess may be
selected. It is therefore of interest that in pul
monary secretions of patients with suppura
tive lung disease, including bronchiectasis,
there is an excess of glycoprotein^^ artd
human DNA.’*
The growth requirements of isolates firom
non-cystic fibrosis bronchiectatic patients
have not, as yet, been evaluated. In both nomcystic fibrosis and cystic fibrosis bronchiecta
sis, antibiotic treatment may contribute to the
selection of auxotrophic P aeruginosa in a simiilar way to the selection of thymidine depend
ent strains of 5 aureus^'^ in patients with cystiic
fibrosis after long term treatment with cotrimoxazole. It has been postulated that
thymidine, a major end product of the folate
pathway, is procured by 5 aureus from
degraded DNA, thus overriding the trimetho)prim effect and permitting survival of the
pathogen.In order to delineate the effect o f
disease severity on the induction of auxotro
phy and differentiate this from the effect o f
antibiotic exposure, sequential sputum samiples taken before and after antibiotic therapiy
need to be tested. Auxotrophy of P aeruginosia
isolates in non-cystic fibrosis bronchiectasiis
needs to be evaluated further.
The amino acid composition of sputunn
from cystic fibrosis and non-cystic fibrosiis
patients needs to be evaluated in order t(o
account for the preponderance of methionime

Aluxotrophic mutants o f Pseudomonas aeruginosa in cystic fibrosis

dependent P aeruginosa auxotrophs in sputum
from patients with cystic fibrosis. It is of
interest that serum levels of the key methion
ine precursor, sulphadenosylmethionine, are
elevated in cystic fibrosis.*® Moreover, a
report by Tower et aP^ of in vitro growth sup
pression of Klebsiella pneumoniae by microbial
methionine synthetase inhibitors invites simi
lar experimentation with P aeruginosa. As
methionine dependent colonies of P aerugi
nosa are now shown to be present in one third
of acutely ill cystic fibrosis patients and in
nearly half (44%) of all patients with cystic
fibrosis, the therapeutic possibility of inhibi
tion of microbial methionine synthesis, acting
synergistically with conventional antibiotics,
should be explored in patients with this dis
ease.
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A bstract
B a ckgrou n d
P seu dom on as a eru g in 
osa infection is seldom eradicated in
patients w ith cystic fibrosis despite inten 
sive antipseudom onal treatm ent. Upper
airway sites o f infection m ay contribute
to perpetuation o f low er airways infec
tion. This study was designed to find out
which extrapulm onary sites are infected
and w hether the strains at these sites are
identical to those in the lungs.
M eth ods Sputum and upper airway
sam ples from 42 patients were cultured
for P aeru gin osa and stool sam ples from
20 patients w ere also tested. Nineteen
isolates from
sputum and extrapulm onary sites from four patients were
genotyped with the pCM tox probe.
R esu lts P aeru gin osa was isolated
from the sputum o f 36 patients, 34 o f
whom had infection in the upper air
ways. Six o f the 20 patients tested were
positive for P aeru gin osa in the stool.
The nasopharynx was colonised in 30
patients, the oropharynx in 29, the
m iddle m eatus in 13, the external nares
in six, and the inferior turbinate in four.
Three o f four patients tested had the
sam e strain o f P aeru gin osa (a different
one in each individual) in the sputum
and the upper airways, and in two o f the
three the stool isolate was a different
strain.
C onclusion M ost adults w ith cystic
fibrosis and P aeru gin osa pulm onary
infection have upper airway reservoirs
o f the organism and strains from these
sites are identical to those in the lungs.

Persistent

pulmonary

infection

with

Pseudomonas aeruginosa is common in patients

with cystic fibrosis despite intensive anti
pseudomonal antibiotic treatment.' Failure to
eradicate this organism is probably due to an
inadequate concentration of antibiotics in the
sputum,^ though other host and pathogen
factors have been suggested.^ We postulated
that a further mechanism contributing to
persistence of P aeruginosa infection was
infection of extrapulmonary sites, such as the
gastrointestinal tract and the upper airways.
These may act as sanctuary sites for
P aeruginosa as effective antimicrobial
concentrations may not be reached here."*
Such reservoirs might reseed the lungs and

perpetuate infection. If P aeruginosa is
harboured outside the lungs accurate identi
fication of the strain in each patient is required
if a relation between extrapulmonary sites and
the lungs is to be supported.
We assessed the upper airways clinically,
and examined the frequency of colonisation of
extrapulmonary sites by P aeruginosa in a
cross sectional study of adults with cystic
fibrosis. Extrapulmonary isolates were com
pared with pulmonary strains by genotyping.
M ethods

Forty two patients with cystic fibrosis (23
female; mean age 26 (range 15-66) years) were
selected randomly from outpatients. They
were asked about current symptoms of nasal
obstruction and sinus infection before anterior
and posterior rhinoscopy. The presence of
nasal polyps, mucus strands, and nasal mucosal
hyperaemia was noted. Forced expiratory
volume in one second (FEV,) was expressed as
a percentage of the predicted value.® Sputum
was collected after physiotherapy and dry
swabs were taken from the inferior turbinate,
external nares, middle meatus, oropharynx
(tonsillar fossa), and nasopharynx (postnasal
space); samples were taken from the middle
meatus because the paranasal sinuses drain into
this region. Stool samples were returned by 20
patients within 48 hours of the outpatient visit.
In 21 patients the upper airways were sampled
twice during the nine month study. Twenty
seven patients were regularly taking nebulised
antipseudomonal antibiotics by mouthpiece.
BACTERIOLOGICAL M ETHODS

Sputum was homogenised after dilution with
an equal volume of Ringer’s solution and then
plated (01 ml) on to Pseudomonas Isolation
Agar (PIA: Difco Laboratories, Detroit,
Michigan). Upper airway swabs were plated
immediately on to King’s A agar.® Stools were
enriched in acetamide broth^ and inoculaied
similarly. After aerobic incubation at 37°C for
48 hours isolates that produced the characteris
tic pigment pyocyanin were accepted as; P
aeruginosa. Non-pigmented isolates were iden
tified by the API 20NE system (BioMerieux
Ltd, Basingstoke).
T Y PIN G M ETHODS

Nineteen isolates from four patients were selec
ted for genotyping.® DNA was extracted from
broth cultures® and digested with restrictiion
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Table 1

Clinical findings in 42 patients with cystic fibrosis

No of
patients

Upper airway
symptoms

Abnormal signs
in upper airways

25
9
7
1

Mean ( range)
FEV,
(% pred)
41 (15-93)
37 (21-74)
4 9 (1 9 -9 3 )
25

427

No of patients with
P aeruginosa in upper
airways (n = 35)
20

endonucleases X h o l, B g l l l , and S a i l (G ib co,
U xbridge). A fter electrophoresis in agarose gel
D N A fragm ents were transferred to a nylon
m em brane w ith the aid o f the V acugene system
(Pharmacia L td , M ilton K eyn es). Southern
blots were probed w ith a biotin labelled p C M tox p ro b e'°“ and hybridisation bands visual
ised w ith a B lu gen e kit (G ib co).

R e s u lt s
CLINICAL RESULTS

Patients fell into four categories according to
whether upper airway sym ptom s and signs
were present (table 1). M ost (26 o f 42) had
sym ptom s o f upper airway disease, such as
nasal ob stru ctio n , discharge, postnasal drip,
headaches, and hyposm ia, and all but one o f
these patients and nine sym ptom free patients
had abnormal sign s. O f the 34 w ith abnormal
signs, 24 had m ucus strands, 22 had nasal
m ucosal hyperaem ia, and 11 had nasal polyps.
Seven patients had neither sym ptom s nor signs
o f upper airway disease; there was no relation
betw een severity o f lung disease and the
presence o f upper airway disease. T h e mean
FEV , value was 40% (range 15-93% )
predicted.
MICROBIOLOGICAL RESULTS

1

2

3

4

5

Five isolates of
Psudomonas aeruginosa
from patient A , digested
with B g l II and probed
with the p C M -to x
plasmid. Sites:
1— sputum;
2— inferior turbinate;
3 — oropharynx;
4— nasopharynx; 5— stool.

P aeruginosa was isolated from the sputum o f 36
o f the 42 patients. O f these, 34 harboured the
organism in the upper airw ays, including six o f
the seven patients w ithout upper respiratory
tract sym ptom s and signs. T h e nasopharynx
and oropharynx were the m ost frequently
colonised sites (table 2), w hereas the inferior
turbinate and external nares were m ainly free
o f P aeruginosa. O ne o f the six patients w ithout
P aeruginosa in the sputum harboured the
organism in an upper airway site, but only in
the nasopharynx. O f the 35 patients w ith
P aeruginosa in the upper airw ays, 25 were
taking n ebulised antipseudom onal antibiotics
regularly. In 21 patients sam pled tw ice the

yield o f P aeruginosa from the nasopharynx and
oropharynx was reproduced in 19 and 17
patients respectively.
P aeruginosa was recovered from m ore than
one upper airway site (table 3) in 26 o f 35
patients, though only one patient was colon ised
at all sites. A ll but three o f the patients w ho had
P aeruginosa in the oropharynx had at least one
other site colonised. P aeruginosa was isolated
from the stools o f six o f 20 patients tested and in
all six P aeruginosa was cultured from sputum
and from tw o or m ore upper airway sites.
T h irteen patients harboured m ucoid strains in
the upper airways. T h ese were isolated from
the nasopharynx (12 patients), oropharynx
(nine), and m iddle m eatus (eight). Sym ptom s
and/or signs o f upper airway disease were
detected in six o f seven patients not in fected by
P aeruginosa at these sites.
G en otyp in g (table 4) indicated that the
upper airways and sputum o f three o f four
patients were infected by the sam e strain,
w hich was different in each individual (figure).
T h e stool isolates from tw o o f these patients
were distinct from the airway strain.

D is c u s s io n
Our finding that m ost adults w ith cystic fibrosis
w ho harbour P aeruginosa in the sputum also
have their upper respiratory tract colon ised
make it clear that P aeruginosa has a proclivity
for both the upper and the lower airways.
T h e se results contrast with those o f a recent
study o f children with cystic fibrosis,'^ w here
upper airway carriage o f P aeruginosa
correlated poorly w ith lower respiratory in fec
tion; this discrepancy may partly be due to age
differences betw een the populations studied.
T h e absence o f upper airway sym ptom s or
signs did not preclude colonisation by P
aeruginosa at upper airway sites and m ost
patients w ith upper airway infection were
receiving regular nebulised antibiotics.
Identical strains were found in the upper and
lower airways in three o f the four patients
w hose strains were genotyped, thereby raising
the p ossibility o f a clinically im portant
association betw een the sites. A prospective
longitudinal study in children is required to
determ ine the initial site o f P aeruginosa
colonisation in cystic fibrosis. E stablishing this
and targeting the primary site w ith anti
pseudom onal antim icrobials m ight help to
determ ine w hether the extrapulm onary sites
are im plicated in the initiation o f pulm onary

Table 2 Prevalence, distribution, and prevalence of Pseudomonas aeruginosa in the upper airways among 42 patients
with cystic fibrosis*
Sites sampled
No of
patients
U pper airway and sputum culture
positive for P aeruginosa
U pper airway positive and sputum
culture negative for P aeruginosa

34
1

Inferior
turbinate

External
nares

4
—

6
—

Oropharynx

Middle
meatus

Nasopharynx

29

13

30

—

—

1

In two patients sputum culture was positive and upper airways negative for P aeruginosa and in five sputum culture was
negative and upper airways negative for P aeruginosa.
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Table 3 Location ami concurrence o f positive sites fo r Pseudomonas aeruginosa in 35
cystic fibrosis patients
No of
P aeruginosa
positive sites
in the same
patient

No of patients positive
for P aeruginosa

Upper airway sites

Total
1

Oropharynx
M iddle meatus
Nasopharynx

2

Oropharynx + m iddle meatus
Oropharynx + nasopharynx
M iddle meatus + nasopharynx

3

Inferior turbinate or external
nares + oropharynx + nasopharynx
Oropharynx + nasopharynx -jm iddle meatus
Inferior turbinate or external
nares + oropharynx 4- nasopharynx
-f m iddle meatus

5

9

4

4

All sites

1

1
35

4

5

3
1
5

9

1
10
1

12

4

Total

Table 4 Genotyping of Pseudomonas aeruginosa from
selected patients
Patient

Site

Genotype pattern

A

Sputum
Iiiferior turbinate
Oropharynx
Nasopharynx
Stool

B

Sputum a \
Sputum b /
Oropharynx
Nasopharynx
Stool

a
a
a
a
b
c
c
c
c
c

C

Sputum 1 \
Sputum 2 /
Oropharynx
Nasopharynx
Stool

e
e
e
e
f

Sputum
Nasopharynx
External nares
Stool

g
h
i
g

D
'

infection. Sampling techniques are nontraumatic and inexpensive, but the patient’s
cooperation is required. The sites with the
greatest yield of P aeruginosa are the naso
pharynx and oropharynx; as the oropharynx
may be contaminated by sputum, however,
nasopharyngeal sampling may give a better
representation of upper airway infection.
Knowledge of the primary site will also permit
prospective sampling, to establish when P
aeruginosa is acquired and clarify the
epidemiology of infection.
A recent report'^ suggested that aggressive
surgical treatment of sinus disease improves
lower respiratory symptoms in severely ill
adults with cystic fibrosis, suggesting that infec
tion in the upper respiratory tract contributes
to the perpetuation of pulmonary sepsis. Con
trolled prospective studies of treatment tar
geted at the upper airways are required to

establish whether these extrapulmonary sites
are clinically important. Treatment of nasal
obstruction, with topical corticosteroids or
functional endoscopic sinus surgery or both,
would facilitate delivery of topical antibiotics.
Meanwhile, to protect the donor lungs of
transplant recipients with cystic fibrosis from
acquiring P aeruginosa from the upper airways,
we suggest that these sites are screened for
P aeruginosa before operation and that any
nasal obstruction is treated, so that delivery of
nebulised agents by face mask is facilitated.
The effect of P aeruginosa in the gut
on pulmonary infection has not been fully
investigated. Recurrent aspiration of gastric
contents might occur because of increased
oesophageal reflux in patients with cystic
fibrosis. Studies of selective decontamination
of the gut to protect against retrograde colon
isation of the lungs are in progress.
Our finding of upper airway sites in which P
aeruginosa may obtain sanctuary, persisting
despite antimicrobial attack, highlights the
need for evaluating the treatment of such
reservoirs in patients with cystic fibrosis at all
stages of their disease.
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