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IT

OBJECT OP THE RESEARCH

Although the production of a diffusible blue—green pigment, 
pyocyanine by Pseudomonas aeruginosa is one of the common place 
observations of bacteriology, many aspects of the phenomenon remain to 
be explained.

Burton, Eagles and Campbell (1948) and Ingledew and Campbell (1969a) 
showed, with the ATCC 9027 strain, that phosphate deficiency in the culture 
medium is one of the factors which induce pyocyanine synthesis.

The objects of this investigation were :
(a) To confirm the earlier work on the role of phosphate deficiency

and to explore the effect of altering other constituents of the 
medium. This was done with NCTC 6790, the type strain of
P. aeruginosa.

(b) To attempt to explain how the phosphate level of the medium
regulates pyocyanine production.

(c) To investigate the possible role of pyocyanine in the metabolism
of the parent organism.

To provide a chemical basis for the investigation, pyocyanine 
and some related phenazines were synthesized and considerable effort taken 
to characterise their absorption spectra in the ultra-violet, visible and 
infra-red regions.
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SECTION I ; PYOCYANINE

A. Original Observation of pyocyanine

The observation of blue green pus in infected wounds was made some 
years before Pseudomonas aeruginosa itself had been characterised, 
pyocyanine x-jas first isolated from Pseudomonas cultures by Fordos in i860.
He achieved this by adding ammonia to cultures of *Bacillus pyocyaneus* 
and then extracting the blue pigment with chloroform. He demonstrated 
the alkaline nature of aqueous pyocyanine solution after evaporating the 
chloroform and harvesting the long blue needle shaped crystals.

Gessard (l882 and I89O) improved the extraction procedure by 
shaking the chloroform solution with aqueous acid. The red aqueous layer, 
after restoring the blue pigment with alkali, re-extracted with chloroform 
to yield the purified blue pigment. Gessard (1890) showed that txfo 
substances were responsible for pigmentation of the culture supernatant, 
namely
(a) fyocyanine a bluish green, non-fluorescent compound formed in 
peptone medium. It was water-soluble and, from alkaline solution, could be 
extracted into chloroform;
(b) Eluorescin a greenish yellow fluorescent compound formed only in 
the presence of phosphate. It could not be extracted into chloroform, 
Gessard noted that some of the cultures were achromogenic,

Jordan (1899) studied seven strains of P. aeruginosa and found that one 
produced only pyocyanine, five produced both pyocyanine and fluorescin and 
the remaining one gave only fluorescin. He reported that fluorescin 
production required phosphate and sulphate xjhile pyocyanine required neither.

This is distinct from Fluorescein, which is the oxidised form of Fluorescin,



Using synthetic media he noted in old oultures the formation of daj:k 
degradation products and yellowish brown pigment whose origin he ascribed 
to the oxidation of fluorescin.

B. Properties, Synthesis and Structure

V/rede and Strack (1924) showed that pyocyanine, allowed to stand 
in dilute alkali exposed to air, changed colour from blue to red. The 
product of this change was not chloroform»»soluble. Addition of acetic 
acid to this liquor followed by concentration ^ve yellow needle-shaped 
crystals as precipitate. Addition of mineral acid caused the colour to 
revert to red. This yellow compound was identified as ‘hemipyocyanine* 
(Wrede and Strack, 1928) and was also obtained by heating dry pyocyanine. 
The empirical formula was given as *Hemipyocyanine* and
'1eue0pyocyanine* were described as the oxidation products of pyocyanine 
in alkali exposed to air. In an effort to determine the structure of the 
pigment, Ledderhose (i860) had synthesised the first derivative, the 
picrate, and determined the empirical formula Little further
investigation took place till McCorabie and Scarborough in I925 synthesised 
a series of different salts and concluded that the formula for pyocyanine 
was C^gllggO^N^. Wrede and Strack (1929a) revised their proposal and 

invoked the existence of a dimeric structure having the formula ^26^20^2^4' 
Earlier work (I924) had shovai that glucose or dithionite could be used to 
reduce the pigment to a colourless *Leucopyocyanine* which was reoxidised 
readily by the atmosphere. Their suggestion of a dimeric form stemmed 
from their evidence that reduction with hydrogen over platinum, followed by 
benzoylation, gave a compound (CyL^O)* Insight into the
structure of the aromatic nucleus of pyocyanine was derived from the



isolation of the tricyclic nitrogenous base, phenazine, following 
distillation of fhemipyocyanine* with zinc dust (Wrede and Strack, 19^5)* 
Later Wrede and Strack (l929b) achieved the first chemical synthesis of 
pyocyanine and showed ths,t *heraipyocyanine® was in fact, 1-phenazinol, 
the I“hydro.'xy derivative of phenazine* An identical synthetic route was 
described in greater detail by Surrey (l955) and, as will be described 
in Materials and Methods (see page 47 ), was used in this investigation*

Although the molecular weight estimations of McCorabie and 
Scarborough (1923 ) implied that pyocyanine existed as a dimer, Michaelis 
(1931) pointed out that this was unnecessary and outlined the presently 
accepted formula according to the scheme of reactions as follows :

c
OH

NaOK

O

&
? “%

CH

[ hem I pyocyaninej 
 ̂hemi pyocyaninej

resonance forms o f 

pyocyanine

reduction

Y OH 
N. 
N’ 

CH-
leucopyocyanîne



The degradation of pyocyanine to 1-phenazinol has a parallel in the 
oxidative déméthylation of methylene blue in alkali (Swan and Felton, 1957)°'

■ N,

(C „4 „ X f s X X . { C H 4 blue

The relative position of the methyl and hydroxyl group on the 
pyocyanine molecule v;as established by Hilleman (1938), employing the oxalyl 
chloride treatment of 1—phenazinol to give a cyclic addition product thus 
confirming the structure.

Resonance hybrid structures have been proposed for pyocyanine 
from dipole moment measurements (Jensen and Holten, 1949)» This dipolar 
bond character may have been the cause of erroneous estimation of empirical 
formulae quoted earlier,

C, Isolation and Determination

Spectrophotometry of pyocyanine in solution is the basis of 
reported methods of detection, although solvent and calibration material 
varies with different workers. Early literature on spectrophotometry of 
pyocyanine included the work of Babes (1890) who noted two spectroscopic 
absorptions at 350 and 66O nm. Cluzet (1921) reported a ÜV maximum at 
377 nm and Ehrisman and Noethling (1936) found X max values in alkaline 
solution at 326 and 660 nm* These values represent incomplete studies 
and more recent reports dating from the work of Kuraohi (l958b) are 
compared in Table Via (see page 69) with those Xmax values found in this 

investigation*



Fÿocyanine can be detected by its broad absorption in the 700 nm 
visible region but there is variation in their exact Xmax position :
690 nm (Karachi, 1958b) and 740 nm (Corbett, 1964)0 The two methods 
normally employed by workers in the field are as follows ;
a) (MacDonald, I966 and Ingledew and Campbell, 1969a) Exhaustive

extraction with chloroform outlined in Figure 9 (page 49 ; 

based on the Wrede and Strack method, I924), followed by 
spectrophotometric standardisation (E^^q) against pyocyanine 
perchlorate ( c = 3400)

b) (Kurachi, 1958b) Spectrophotometry (E^^q ) of a bacteria free
aqueous alkaline solution followed by calibration with freshly 
prepared pyocyanine ( e= 4IOO).

Both methods of assay avoid the possible interference, suggested 
by Kurachi (l959o), which may arise from the oxidative déméthylation of 
pyocyanine to give l«-phenazinol at low redox potentials. The extraction 
procedure in (a) removes 1-phenazinol through its insolubility at acid 
pH and in (b), Kurachi demonstrated that is not influenced by
contamination with 1-phenazinol.

D* Biosynthesis of pyocyanine

Studies on the biosynthesis of pyocyanine have been hampered by 
the fact that the labelled substrate is catabolised before its incorporation 
into pyocyanine* The work outlined in Table I is based on the study of 
the percentage of "̂̂ C incorporated into pyocyanine relative to the 
quantities found in cellular or respiratory components*

The problems of precursor metabolism were circumvented by the work



TABLE I

Literature reported Biosynthesis Studies on Pyocyanine

Author Main Conclusion

Blackwood and ÎTeish (1957)

Frank and Be Moss (l959)

Kurachi (l959d)

^^C-glycerol most effect substrate 
giving labelled pyocyanine. Other 
substrates were glucose, fructose, alanine, 
leucine, pyruvate and acetate.

^^C-alanine grown cells gave labelled 
pyocyanine. After transfer of these cells 
to "cold” alanine, unlabelled pyocyanine was 
produced indicating direct use of amino acids, 
Mixed ^'^C-alanine plus pyruvate or glycerol 
changed the percent incorporation as did 
variation of phosphate concentration and 
growth. l-phenazinol-^^C was not a 
pyocyanine precursor.

Some strains increased pyocyanine production 
when anthranilic acid was added. In 
cultures where growth was inhibited by 
acetanilide, supernatant accumulation of 
anthranilic acid occurred plus 'labile' 
compound (not characterised). 'Labile' 
compound stimulated pyocyanine production 
by other strains. Suggested as Ch orismic 
acid derivative®



Author

Millican (I962)

Main Conclusion

^'^C"Shikimic acid substrate gave h i ^  
activity pyocyanine and extensive 
"scrambling”.

MacDonald (1963) Substrates providing more pyocyanine carbon 
than cellular carbon were fructose, ribose, 
a-“'keto-gluconate, glucose, glycerate, 
N-acetylglucosamine, shikiraic and quinic acids. 
Glycerol was shown not to provide pyocyanine 
building blocks directly. Most pyocyanine 
carbon was derived from quinic acid 
although it was also best substrate for 
growth. Amino acids, malonate and acetate 
were not directly condensed to give pyocyanine



of Ingledew and Campbell (1969b) using a negative* strain (one which 
could not metabolise quinate or shikimate). Competition experiments 
using labelled 2«ketogluconate and shikimate or quinate revealed that S&fo 

and 44^ of pyocyanine carbon came from the two aromatic acids respectively. 
The assignment of precursor status to either shikimate or quinate was 
prevented by the detection of labelled shikimate in cultures supplied with 
quinate-^^C. The latter was shown to be in equilibrium with dihydro 
shikimate and dihydro quinate, any of which could act as building blocks 

for pyocyanine*

Assuming a methionine donation of the E-metlyl group (Kuraohi, 1959a' 
and Shiek and MacDonald, 1964), Ingledew and Campbell (1969b) proposed the 
biosynthesis of pyocyanine to occur via the condensation of two nitrogenous 
derivatives of shikimate* Ingledew suggested the participation of a 
precursor from the branch point between dihydroquinate and ch. orismate 
outlined in Figure 1 •

Other workers have proposed the condensation of hydro aromatic 
compounds anthranilate (Carter and Richards, I961) and of kynurenine 
sulphate (Hollstein, Burton and White, I966) from the degradation of 
tryptophan shown below :

NH.

NH

kynurenine

+NH 3

CHO

O C nhJ

tryptophan N-’ formyl anthranilato
kynurenine



e 1

Biosynthetic pathway leading to Aromatic Amino Acids 
(from Ingledew and Campbell, 1969b)

CO.

C 0 2

-O-P + 

CH2

phospho-enol
pyruvate

CHO

-OH 
-OH

C H g O - p

erythrosc-4-
phosphate

HO—
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O

-OH
-OH

H O  CO:

/  ̂ O H

CH^O"P

H c h ^
OH
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jr

CO.

HO’
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4
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Such schemes are analagous to the biosynthesis of the actinornycin 
chromophore (Katz and. Weissbach, 1962) :

which has been shov/n to result from the condensation of two molecules of 
4-methyl-»3-hydroxy anthranilate •

E. Oxidation Reduction Potentials of Pyocyanine

The structure of pyocyanine is such that it is autoxidisable 
i.e. capable of undergoing reversible oxidation and reduction, the structures 
involved having Eo values and colour changes recorded in Figure 2 ,

According to Friedheim and Michaelis (l93l), the redox reactions 
of pyocyanine fall into two categories. At pH above 6 it behaves as a 
normal quinoid type dye, two electrons being added in the reduction process 
(route l) and the blue oxidised form changing to colourless reduced pyocyanine. 
At pH below 6 the oxidised form exists as the red protonated cation.
Reduction is achieved by the one electron steps (2a) and (2b) through the 
green semiquinono form to the colourless reduced compound, Michaelis (1932) 
suggested that pyocyanine could function in a manner similar to the H-9™ 
isoalloxazine ring of riboflavine, the prosthetic group in flavoprotein, 
reacting via a one-electron intermediate product (semiquinone).

(Eo ' - Standard Reduction Potential for autoxidisable couple when 
the molar concentration of oxidised and reduced species at 
pH 7 are the same. According to thermodynamics the 
electron flow is from the negative (reducing) to the 
positive couple until equilibrium is attained).
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Oxidation-Reduction potentials for Pyocyanine at various 
pH values (from Freidheim and Michaelis, 1951)
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The structural similarity is illustrated below :

? N y o  M

oxidised

R R H

M

semiquinone

H

reduced

R=ribose

This aspect of pyocyanine activity has not yet been demonstrated in 
biological systems although Zuagg (1964) detected pyocyanine semiquinone 
at low pH,

The prediction of biological activity of a redox couple from its 
Eo* values is complicated by binding and permeability effects in an in vivo 
situation (Hewitt, I95O). In further consideration of the redox activity 
of pyocyanine, it is useful to compare its Eo* = -0,034 volts with those 
of reactions occurring in the mitochondrial system (Figirre 3 ). The
potential in volts (on ordinate) shows the correlation of electron transfer 
to oxygen in the respiratory chain. It should be noted that the flavo­
protein (Eo * - -0 ,30v ) is lower than free riboflavine (Eo* = -0.20v) and that 
pyocyanine (Eo* =-0,03v) is in a similar position to the fumarate-succinate 
couple. Zuagg proposed that chemical association of pyocyanine with the 
enzyme™substrate complex or with the lipid phase of the reaction could lead 
to stabilisation of the free radical intermediate.

P. Biological Activity of l^ocyanine

Pyocyanine prepared by synthesis has been shown to affect a variety 

of biological systems. Table II contains a sumnary of the observations



gjiSge,.?. 13

Oxidation-reduction potentials in respiratory chain carriers 
(from Eawker and Linton, 1971)
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TABLE II

Literature reported biological activity of Pyocyanine

Author

Ehrismann

Date System being 
investigated Effect of pyocyanine

1934 Variety of Bacterial 
Cells

Respiratory stimulation which 
was not counteracted by 
cyanide or fluoride. Catalysis 
of respiration in acetone dried 
cells•

Friedheim 1934 Tumour Cells Stimulated oxygen uptake of 
cells suspended in glucose. 
Effect not seen in glucose- 
bicarbonate mediumc

De Meio, Kissin
and Barron 1934 Tumour Cells Restored respiration of cyanide 

and fluoride inhibited systems.

Runnstrom and 
Michaelis 1935 Haemolysed Blood 

Preparation
Hexose phosphate synthesis 
from added glucose and DAD or 
glucose and pyocyanine.

Dickens 1936 Tumour and Normal 
Cells

Stimulated oxygon consumption 
and depressed aerobic 
glycolysis.

Weil-i'̂ felherbe 1937 Brain Tissue Cells Stimulated a-keto glutarate 
utilisation.

Young 1937 Cerebral Cortex Glycolysis and respiration on 
glucose accelerated, followed 
by irreversible inhibition.
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Author

Dickens and 
Mcllwain

Date System being 
investigated

1958 Tumour Cells

Effect of Pyocyanine

Respiratory rate of hexose 
monophosphate system 
stimulated while aerobic 
glycolysis decreased.
Anaerobic glycolysis inhibited. 
Pyocyanine was a less 
efficient electron carrier 
than FiVD. Lactate and malate 
dehydrogenase activity 
stimulated. Evidence 
suggested structural association 
between enzyme substrate complex 
and pyocyanine.

Lennerstrand 1958 Phosphate buffered 
solution containing 
gluco s e/apo enzyme/
NAD and acetaldehyde 
giving phosphoglyceric 
acid.

Pyocyanine competed with 
acetaldehyde and more phosphate 
became organically bound.

Fazekas, Colyer, 1939 
Nesin and Himivich

Whole animal (cat) Cerebral oxygen consumption 
increased and central nervous 
system disturbed.

Soresina 1939 Chick Embryo Rate of growth stimulated.

Kharchenco, 
Ryabushko and 
Petrukhova

1947 Whole animal (rabbit) Increased respiratory rate
and depressed CNS activity.

Mcllwain 1950 Tissue Cells Pyocyanine accumulation 
within the cell.
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Author

Case and 
Mcllwain
Judah and 
Williams- 
Ashman

System being 
investigated

1951)

I95I'

Mitochondria 
from 

brain and liver

Effect of Pyocyanine

Stimulated respiration and 
lowered the yield of 
phosphorylated products of 
metabolism.

Owen Jr., 
Karlson and 
Zeller 1951 Mycobacterial 

L-anino acid 
oxidase

Inhibited oxygen consumption,

Campbell, 
MacQuillan, 
Eagles and 
Smith 1957 Glucose catabolism 

of P. fluorescens 
and Pr. vulgaris

Substrate oxidation was 
stopped at 2-keto gluconate 
stage o Lactate and malate 
oxidation was inhibited at 
pyruvate and oxalacetate 
respectively. Succinate and 
fumarate oxidation was stopped 
at oxalacetate.

Hill and 
Walker

1959 Chloroplasts Increased phosphorylation 
suggested as arising through 
participation of free radical 
form of pyocyanine.
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Author Bate System being 
investigated

Marcus and 
Feeley

1962 L-amino acid oxidase 
from snake venom

Effect of Pyocyanine

Inhibition of respiration 
explained as reduction of 
FAB-enzyme complex to less 
active form. Activity was 
substrate-dependent, actively 
metabolised substrates being 
most inhibited. Inhibited 
substrates wore less affected 
as their concentration 
decreased. Findings were 
interpreted as pyocyanine 
involvement, not at substrate™ 
enzyme site but at flavoprotein- 
oxygen contact. Semiquinone 
of flavoprotein at high 
concentration was most 
inhibited through conversion 
by pyocyanine to an inactive 
reduced form.

Landau, 
Hastings and 
Zotter

1963 Hat liver slices G-glycerol utilisation 
stimulated to increased OOp 
production and incorporation 
of 14c into glycogen and fatty 
acid.

Harman and 
MacBrinn

1963 SBH from brain 
tissue and rat 
liver

Inhibition of SBH activity 
showing pyocyanine concen­
tration dependency which was 
taken as evidence for dual 
wite of action (a) enz;̂ /me 
flavoprotein and (b) cyto­
chrome chain.
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made on whole animals, isolated organs, dispersed mammalian and bacterial 
cell suspensions and isolated enzyme systems from mammalian sovuces. It 
can be seen that in most systems,pyocyanine stimulated oxygen consumption 
and/or substrate utilisation.

Various attempts have been made to explain the physiological 
significance of pyocyanine to its parent organism. From the date of 
identification of its redox activity, pyocyanine was given the role of 
accessory respiratory catalyst (stheeman, 1927)° Friedheim (I93I) found 
that the oxygen consumption rate of P. aeruginosa cells groi-m in non™ 
pigmented culture was stimulated when pyocyanine was added. He attributed 
the effect to increased utilisation of substrates provided by cell lysis. 
Lichstein and Saule (1944) showed that azide inhibited respiration of 
P. aeruginosa was counterbalanced by pyocyanine.

In i960 Kurachi, interested in the extracellular production of a 
proposed respiratory catalyst, investigated the problem using a variety of 

P. aeruginosa cell preparations. Freshly harvested glucose-grown cells 
were washed and stored (l6 h). Their endogenous respiratory activity was 
unaffected by addition of pyocyanine. However cyanide-inhibited endogenous 
metabolism was stimulated after addition of pyocyanine. Pyocyanine addition 
did not affect the rate of metabolism of the cell suspension when exogenous 
substrate was provided. Kurachi considered it unlikely that pyocyanine 
played any active part in P. aeruginosa respiration unless the cytochrome 
chain was inhibited (e.g. by cyanide),

Kurachi showed a more striking effect with the products of cell 
autolysis in non-pigmented 4 day cultures of P. aeruginosa. On addition 
of glucose, lactate or succinate the autolysate failed to consume oxygen,
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but adding pyocyanine resulted in measurable respiratory rate.

A similar stimulation v/as reported with acetone-dried preparations 
from glucose and glycerol-grown cells. With glucose-grov/n, acetone-dried 
cells, respiration with gluconate substrate and pyocyanine was twice that 
with glucose under similar conditions. The lack of respiratory activity 
in the acetone-dried cells was thought to be due to the removal of NABP*' 
and FAB during sample preparation. As pyocyanine could substitute for 
these coenzymes, a "bridging" function independent of flavoprotein was 

inferred, Kurachi concluded that P. aeruginosa cells could acquire energy 
anaerobically throu^i the use of pyocyanine as an electron coupler in 
glucose oxidation and in fumarate reduction,

Kurachi also demonstrated an aspect of pyocyanine action other 
than that of hydrogen acceptor. Although the oxidation of lactate by 
acetone-dried cell preparations could be stimulated by pyocyanine^ and by 
methylene blue, the lower activity of the latter was not reflected in 
comparing dye colour reduction rates. Tliis was regarded as evidence of an 
alternative mode of respiratory catalysis by pyocyanine.

In further examination of pyocyanine activity using cell free 
lysate preparations, Kurachi found that gluconate and glucose both reduced 
pyocyanine under anaerobic conditions and that this reaction could be 
coupled to the reduction of fumarate to succinate. Reduction was not 
observed under aerobic conditions. This reaction was also demonstrated 
with glucose-6-phosphate and the malate/lactate couple. This was cited as 
evidence of a function for pyocyanine a) under anaerobic conditions where 
the reduction in cytochrome system was inoperative, or b) where phosphate- 
deprivation led to a shortage of FAD or NAD.
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G. Other Bacterial Phenazines

Pyocyanine is one of many naturally-occurring- phenazine 
derivatives» Those which have been reported in cultures of strains of 
Pe aeruginosa are presented in Table III • Although they are suspected 
of having a common biosynthetic origin (Chang and Blackwood, I968) 
interconversion is not thought probable. The breakdown of pyocyanine in 
ageing alkaline cultures has already been discussed.

The types of phenazine derivatives produced by the family 
Pseudomonadaceae include the general class of 5? 10-dioxides the parent 
structure of which, 1,6-phenazinediol - 5,10-dioxide (lodinin) has the 
numbering system shown below, (Clemo and Mcllwain, 1930)

9 10 I

:cc)o:
6 5 4

Hydroxy phenazine derivatives have been isolated from P. aureofaciens 
(Levitch and Rietz, I966)

and OO^H
OH

2-hydroxyphenazine

2-hydroxyphenazine

2-hydroxyphenazine-l- 
carboxylic acid

Phenazine derivatives are also produced by other micro-organisms. 

For example Streptomyccs griseoluteus produces Griseolutein A and B 

(Nakamura, Maeda and Umezawa, I964)
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ccyn 0 C H 3  

' -N= '

CH^OCCHgOH
o

Griseolutein A

(l-’methoxy-=>4" hydroxyacetoxy- 
methyl -9-carboxy phenazine)

and Griseolutein 3 (l-methoxy-4 ,6,7,12-tetrahydrO".6-hydroxy-6-hydroxymethyl- 
2H-oxazino 5,4?3™l,e phenazine-ll-carboxylic acid).

The most recent novel phenazine obtained by Hanson (1968) from a 
Sorangium strain is l~hydroxy-6-methoxyphenazine 5,10™dioxide (Myxin),

1 “  

y t
0 CH 3 O
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Table III

Phenaz.ine derivatives produced by Pseudomonas aeruginosa

Structure Colour Systematic (common) 
name

Reference

QH Yellow 1-hydroxyphenazine Swan and Felton (1957)

(l-phenazinol) Gerber (1967)

N:
CC^H Yellow phenazine-l«carboxylic Toohey, Nelson and

acid ICrothov (1965)
(tubermycin B) Gerber (1969)

CONH

5 Ï
2 Yellow phenazine-“l“Carbox"

amide
(oxychiororaphine)

Takeda and Nakashini
(1959)

C%H
N 

|-t
CHs

hi

Red 5“roethyl■-'7-amino Holliman (1957.)
phenazine-”l“*carboxylic 

acid
(aeruginosin A)

C H 3

5*~me thyl-Y-aniino-l* 
carboxy phenasine- 
5-sulphonic acid
(aeruglnosin B)

Herbert- and Holliman
(1969)
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' SECTION II Î PSEUDOMONAS AERÏÏGINOSA

A. General Characteristics of the Organism

The genus Pseudomonas derives its name from the Greek meaning 
* false monad'. The same Greek root has been used for the family 
Pseudomonadaceae and the order Pseudomonadales to which the organism 
belongs. The characteristics and nomenclature of the type species were 
described by Migula (19OO): Pseudomonas aeruginosa (Schroeter). He also
used the name Pseudomonas pyocyanea (1895)» Early identification was 
attributed to Schroeter (1872) who designated the species Bacterium 
aeruginosum. The name 'aeruginosum' arose from the Latin meaning 'copper 

rust' because of the organism's green pigment. Before Migula's classific­
ation the organism was isolated in pure culture by Gessard in 1882, He 
used the name Bacillus pyocyaneus or commonly 'blue pus' organism due to 
its not infrequent occurrence in wounds.

The detailed analysis of nutritional spectra of P, aeruginosa 
was made by Stanier? Palleroni and Doudoroff (1966) and represents the 
accepted taxonomic guide. The organism is Gram-negative and monotrichous, 
the polar location of the flagellum being included as a criterion for 
identification. Agar colonies are large and spreading with a translucent 
irregular edge and greyish dark centre. The culture normally impairts a 
green or brown pigment and fluorescence to the medium and a characteristic 
odour of 2-araino-acetophenone is detected.

Many strains on nutrient agar undergo spontaneous lysis giving 
irridescent erosions on the surface growth. The mechanism of these so- 
called 'autoplaque' formations (Berk, I965) is unknown and participation
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of bacteriocins, phage or autolytic enzymes are not considered responsible 
(Berk, 1966), Growth in broth is turbid and a thick pellicle is formed. 
Pigment descriptions range from yellow green to blue with fluorescence, 
the colour changing to brown with age.

The characteristic pattern of biochemical activities (Cowan and 

Steel, 1965) is as follows:

catalane positive; oxidase positive;
oxidative metabolism in Hugh and Liefson test (1955) positive;
common sugars not fermented (Wilson and Miles, I964);
glucose oxidised to gluconate and 2-ketogluconate (Haynes, 1951);
nitrates reduced to nitrite, armnonia or free nitrogen 

resulting in a facultatively anaerobic metabolism 
(Robinson, 1952);

gelatine liquefied, milk peptonised but indole not formed.

To distinguish aeruginosa from other fluorescent aerobic 

pseudomonads the ability to grow at 42^0 and at 4°G are used as differential 
characters,

The organism lacks a complete Erabden-Meyerhoff system (Stern, Wang 
and Gilraour, I96O) and glucose metabolism proceeds via the Entner-Douderoff 
pathway (1952). V/hen P. aeruginosa is grovn on tricarboxylic acid 
intermediates it has a low level of the Entner-Douderoff enzymes gluconate- 
6-phosphate dehydrogenase and KDGP aldolase and of the oxidative part of the 
Pentose Phosphate Pathway, (Hamilton and Dawes, I960; Von Tigerstrom and 

Campbell, I966; 1% and Dawes, 196?? Lessie and Neidhardt, 1967)0

Investigations into the extracellular products found in cultures
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of P, aeruginosa include the observation of slime formation (Brown and 
Richards, I964). This was a substrate-dependent property and has been 
implicated in the mechanism of the organism's pathogenicity by Liu and 
Mercer (1965). The diffusible metabolic products regarded as characteristic 
of P. aeruginosa in specific media, are pyocyanine and fluorescin. King,
Ward and Raney (1954) devised synthetic media, Medium A and B, to promote 
separately the formation of these two pigments. The major difference in 
these media is the phosphate concentration, a higher than optimal level for 
pyocyanine resulting in improved yield of fluorescin which was not produced 
in the absence of phosphate. The conditions for fluorescin production 
have been investigated by King, Campbell and Eagles (1948) but the literature 
contains no investigation of its metabolic significance. Fluorescin has 
been characterised spectrophotometrically by its intense IJV absorbance over 
the range 550 to 200 nm (Zanker and Peter, 1958) and has the structure 
shown below:

.OHHQ.

The significance of pyocyanine has been discussed in the previous 

section. For pyocyanine detection Bi'ovm and Foster (1970) have proposed 
the use of defatted milk medium to illustrate the pigment against a white 
background. The use of chromogenic ability as a criterion of identification 
under normally pigment-producing conditions of growth must be viewed in the 
light of MacDonald's (1966) demonstration that subculturing can lead to loss 
of pigment production.
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B. Pathogenicity and Resistance

Ringen and Drake (l952) investigated the occurrence of P. aeruginosa 
and reported its presence in various environments including sewage and the 
intestinal tract. It is carried by 12^ of healthy individuals (Shooter, 
Walker, Williams, Horgan, Parker, Asheshav and Bulliraore, 1966) and is 
regarded as being an opportunistic pathogen, causing septicaemia, bacterial 
endocarditis and infections in burn wounds and in the respiratory tract 
(Curtin, Petersdorf and Bennet, I96I). The use of broad spectrum anti­
biotics may facilitate its growth in patients (Koch, 1956).

Investigations into the pathogenicity of P. aeruginosa date back 
to 1899 when Emmerich and Low demonstrated the proteolytic ability of 
culture filtrates of the organism. The presence of toxic extracellular 
enxymes contributes significantly to pathogenic activity (Fisher and Allen, 
1958)* Cell products which may be important are haeraolysin, lecithinase 
and other protease and these have been linked with the destruction of 
leucocytes (Liu, I966). Johnson, Morris and Berk, (1967) showed that 
elastase production was involved in tissue necrosis® The breakdown 
product of pyocyanine, l~phenaainol, has been implicated in the inhibition 
of mitochondrial respiration (Armstrong and Stewart-Tull, 1971)*

Problems in the treatment of infections caused by P. aeruginosa 
arise from its drug insensitivity and its ability to utilise a wide range 
of carbon compounds as nutrients. It is resistant to sulphonamides and 
penicillin, and at present the effective antibiotics are Polymyxin, Colistin 
and Gentamicin (Carrod and O'Grady, I968), There is no satisfactory 
explanation for the general resistance although an ability to inactivate
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some antibiotics has been demonstrated (boi, Ogura, Tanaka and Umezawa, 
1968).

G# Respiratory System

The respiratory chain in P, aeruginosa according to Yamanaka and 
Okunnki (1964) is outlined below ;

M D H  dehydrogenase —  cyt c^^^ cyt c : oxidase

oyt o
or
Blue
Protein

Succinate dehydrogenase-5»-'cyt c^^^ Nitrite reductase i cyt c, cyt a

This scheme does not consider the part played by the ubiquinone 
and naphthoquinone components shovm to be present in P« aeruginosa by Bishop, 
Pandya and King (1962). The ubiquinone was present at higher concentration 
and the levels of both were unaltered by growth of the organism under 
anaerobic conditions with nitrate as the terminal acceptor. The presence 
of ubiquinone and naphthoquinone has been demonstrated in E, coli (Kashket 
and Brodie, 1965) and they are thought to act between the dehydrogenase and 
the cytochrome system. The oxidation-reduction activity of the cytochromes 
in P, aeruginosa has been shown to act along with the enzyme cytochrome 0:0^ 
oxidoreductase (Asoulay and Couchoud-Beaumont, I965), In nitrite reductase? 
cytochromes a and c have been found (Horio and Kamen, I961), Another 
component of the respiratory chain is the copper-containing blue proteiny 
with one atom of copper per protein of molecular weight 17,000, It has
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maximum absorption at 65O nm in the oxidised form (Sutherland and Wilkinson. 

1962; Ambler, I965)»

The dehydrogenases which have been shown to be associated with 

fragments of cell envelope are aldehyde dehydrogenase (lieydeman and 
Azouiayg I965) and alanine and succinate dehydrogenases (Campbell, Hogg 
and Strasdine, 1962; Norton, Bulmer and Sokatch, 1965), As with the 
mitochondrial system, flavine nucleotides as prosthetic groups have been 
inferred from the suitability of artificial electron acceptors (Kornberg 
and Phizackerley, I96I).

In general the respiratory chain enzymic activity is bound to 
envelope particles and the following cytochrome-linked systems have been 
found ;

succinate oxidase, Bently and Schlechter (196O) 
glucose oxidase, Campbell et al,, (1962b)
B-alanine oxidase, Norton et al«, (l96$).

The cytochrome content of the cells has been shown to vary with the 
cultural conditions and with the phase of growth of the cultur’e, increases 
being detected after the maximal growth period (Gibson, I96I). Depletion 
of oxygen in the medium can lead to utilisation of available nitrate via 
the nitrite reductase system (be Ley and Kersters, I964).

The literature contains no report of intracellular pyocyanine 
acting in the respiratory chain described above,

D, Antibiotic Products

The antibiotic activity of pyocyanine is one of the oldest
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examples of a microbial product which is antagonistic to other bacteria 
(Emmerich and Low, 1899)* These authors made ten-fold concentrated 
culture supernatants which were lytic for Vibrio cholera and Bacillus 
anthracis, This type of activity was later attributed to the 'enzyme 
pyocyanaso'o Klimoff (19OI) refuted its enzymatic nature because it was 
heat stable and the preparation was shown to be heterogeneous,

Schoental (1941) was the first to characterise several antibiotic 
factors in P, aeruginosa cultures based on the comparison with synthesized 
compoundso Pyocyanine, 1-phenazinol and a colourless oily fraction given 
the name 'pyocyanic acid’ were described. These were considered to be 
components of ’pyocyanase'.

To date, little more is known.about the mechanism of P. aeruginosa 
antibiotic activity. Literature reports are confined to observations of 
bacteriostatic or bactericidal action and of respiratory inhibition. The 
various investigators include Schoental (1941) and Waksman and Woodruff 
(1942), and their results are characterised by variation in the reported 
inhibitory concentrations, Waksman and Woodruff also demonstrated that 
pyocyanine activity varied according to the method of growing the test 
organism.

The bacteriostatic activity against S, aureus is thought to involve 
binding of pyocyanine to thiol structures such as cysteine - an association 
which has been demonstrated. However, addition of the thiol did not reverse 
the effect in bacteria treated with pyocyanine (Cavallito, I946).
Schoental (194I) considered that 1-phenazinol obtained from 10 day old 
cultures of P, aeruginosa was a strong 'bactericidal agent*. By visual 
comparison of the growth of treated organisms S, coli and Strep, faecalis
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were among the few resistant species. Stokes, Peck and Woodward Jr.,
(1942) examined the bacteriostatic activity of 1-phenazinol in the growth 
medium. In evaluating these results it must he kept in mind that uniform 
inocula were not used. S. aureus. Strep, lactis and E. coli were 
susceptible although the concentration of 1-phenazinol required was twice 
that of pyocyanine causing a similar effect.

Other antibiotic products of P. aeruginosa were classified under 
the general term 'pyo' compounds (Hays, Wells, Katsman, Cain, Jacobs, Thayer. 
Doisy, Gaby, Roberts, Muir, Carrol, Jones and Wade, 1945) having the basic 
structure shovai below;

N ^ H 2 ) C H 3
n = 2,3,4...

These compounds were active against both Gram-positive and Gram-negative 
organisms.
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SECTION III : INELUcNCE OF CULTURAL CONDITIONS ON PYOCYANINE PRODUCTION

A. Components of the Medium

Various synthetic and semi-synthetic media have been used in the 
study of pyocyanine production by P. aeruginosa. Using his ov/n isolates, 
Gessard in I89O studied minor biochemical differences, such as the rate of 
gelatin liquefaction,to distinguish his strains and noted their pyocyanine 
production in various liquid media. He found that beef bouillon and egg 
albumin encouraged both fluorescin and pyocyanine production and that 
optimum pyocyanine production was achieved using peptone solution supplemented 
with glycerol. The yields of pignent in agar were inferior. The 
hydrolysis of albumin increased its utility as a growth and pigment 
supporting substrate, Gessard (I890) was the first to show that loss of 
pigment production by a strain might occur spontaneously,

Jordan (1899)? in his experiments to find the optimum conditions 
for pyocyanine production, used seven strains of P, aeruginosa isolated by- 
other workers who had not explored their pigment producing character.
Solutions containing asparagine or ammoni-um salts of lactate, citrate or 
acetate were successful media for pigment production. Only two pyocyanine 
producers gave pigment on succinate, Tartarate, oxalate and formate 
allowed the growth of all strains but did not give pyocyanine. Nutrient 
gelatin and beef broth were superior media in this respect and inorganic

5»» 2~ p 4- 2+growth factors such as PO^ , SO^ Na , K or Mg had no stimulatory or 

inhibitory effects on pyocyanine synthesis. One of Jordan's strains was 
described as having spontaneously lost its chromogenic capacity and a 
second was made to do so by serial transfer in the pigment-producing medium. 
The pyocyanine system of the latter culture could not be regenerated. This
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brought Jordan to the conclusion that

"the pyocyanogenic property was sometimes spontaneously lost".

An interesting aspect of the work was the demonstration that not 

a.11 cells of the one strain were equally chromogenic; plating out allowed 
the selection of subcultures of non-pigmented cells which were identical 
in all other respects. The problem was considered to have arisen tlirough 
the use of artificial media resulting in chromogenic loss and

"more degraded scions of a vigorous parent stock",

While investigating the minimum inorganic requirements for growth
of P, aeruginosa, Robinson in 1932 found that PO.^” and Mĝ *** were
necessary, while Na^, K*̂ , Cl , SO^ were not. The best synthetic medium
for pigment production contained MgSO^, KH^PO^, M^Gl with citrate and

acetate as carbon sources. No pyocyanine was produced under anaerobic
2 ~conditions even when NO^ was added to permit growth. Robinson concluded 

that pigment production required the same factors as were needed for growth 
and that bacto-peptone liquid medium gave the best yields. As will be 
appreciated later, it is interesting to note that phosphate was kept at a 
low level to augment pyocyanine formation, Robinson stated the need,in 
future work,for consideration of the concentrations of components and of
the level of dissolved oxygen in the medium.

Seleen and Stark (1943) in their investigation into the nutritive 
requirements of P, aeruginosa isolated 37 pyocyanine-preducing cultures 
from selective media containing NaCI or KCN. They found glycerol peptone 
agar the optimal medium for pyocyanine production. The effect of 
temperature on pyocyanine production paralleled its effects on growth with
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optimum at 37^0. Lack of homogeneity among strains of the species is 
exemplified in Seleen's work where 37 out of 199 strains of fluorescent 
P, aeruginosa produced pyocyanine. This type of observation coupled with 
the spontaneous loss of pigment producing ability, probably represents the 
reasons for the lack of information on the detailed requirements for 
pyocyanine production up till 1947»

Burton, Eagles and Campbell in 1947 investigated the suitability 
of various amino acids as sources of carbon and nitrogen. The strain of 
P. aeruginosa used, ATGC 9027, provided consistent results and it has been 
the strain most frequently used for the study of pyocyanine production by 
Burton and his co-workers. Leucine and alanine were found to be suitable 
sources of nitrogen, end in combination with glycerol and the salt solution 
specified in Table IV , the medium gave optimal pyocyanine yield in 
stationary liquid culture. Later Burton, Campbell and Eagles (1948) 
analysed the inorganic requirements for pyocyanine production. The best 
results were obtained with particular concentrations of MgSO^, K^HPO^ and 
PeSO^o The phosphate concentration was optimal at 0.04 g percent, lower 
levels giving no growth or pyocyanine, while higher levels gave reduced , 
pyocyanine yields, 3Iĝ *̂  added as the chloride and as sodium sulphate,
illustrated the simultaneous stimulation of growth and pyocyanine by 
magnesium and the selective promotion of pyocyanine by sulphate.

Burton's medium has been used to the present day foz* biosynthesis 
studies on pyocyanine production. Minor variations have been suggested and
these are outlined in Table IV . Bellinger (l95i) suggested adding CaCO^
to overcome the inhibitory effects of lowered pH,

The absolute amounts of pyocyanine produced in the cultures were
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measured by MacDonald (1966) under the conditions specified by the 
original £iuthors quoted in Table IV « Pyocyanine was determined by 
chloroform extraction and spectrophotometrie measurement according

to Karachi (l958b)« The quantities for ATGC vary from 100 to 300 pg/ml 
depending upon the conditions of inoculation and incubation employed.

It was on the basis of Burton's work that King, Ward and Raney (1954) 
formulated the diagnostic Medium A for the identification of 10? strains 
of Pe aeruginosa whose chromogenic property was difficult to demonstrate.
The medium was made up of K'̂ SÔ , MgCl^, glycerol and bacto peptone was 
used because of its low phosphate content.

The manipulation of the chemical components of the medium is only 
one aspect of the problem. The physical conditions of the culture have 
been assumed varying degrees of importance depending on the strain and the 

substrate, Grossowicz, Hayat and Halpern (1957) stated that aeration of 
liquid culture failed to stimulate pyocyanine production but that optimum 
production depended upon the volume of medium and the vessel, Karachi 
(1958a) compared static and aerated liquid cultures and found the latter 
gave 30% more pyocyanine. However the divergence of viable cell numbers 
and pH change caused by the aeration,could have played a part in pigment 
synthesis, Karachi found a temperature optimum of 37°G and noted a maximum 
in the graph of pyocyanine produced versus substrate concentration,

MacDonald (1966) emphasized the difficulties in generalising about 
the effect of.cultural conditions. However he concluded that greater 
consistency of pyocyanine yield was obtained in shaking cultures. The level 
of phosphate was critical in shaking cul.tuces, 0,01 g percent giving maximum 
pyocyanine while 0,005 and 0,04 g percent gave half the maximum,
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A technical problem in this work was illustrated by the use of two 
strains subcultured from the original ATCC 9027 strain of Burton et al*$ 
(1948)0 From freeze-dried stock® using subcultures of fewer than three 
transfers on Bifco Maltose Broth® MacDonald obtained the parent 9027 strain. 
Strain HUA’20 came originally from the parent, but had been subcultured 
extensively. Under identical conditions of inoculation and growth .these 
two strains exhibited marked differences in their ability to produce pigment, 
MacDonald concluded that consistently high pigment production was not 
possible unless the complicating effects of the past history of the organism 
were carefully controlled»

Ihe work just described laid the foundation for the most recent 
cultural procedure,which was developed by Ingledew and Campbell (1969a) 
and which has been used extensively in this investigation. The essential 
feadure of the procedure is that two media are used. The first is a 
medium which supports heavy growtli, but in which the cells do not produce 
pyocyanine. Stationary phase cultures of this medium are used as the 
inoculum for the second medium, "Resuspension Medium" in which production of 
pyocyanine occurs. The Resuspension Medium is nutritionally complete 
except for the total absence of phosphate (see page 103). The carbon 
source,2™ketogluconate,was the same in the growth medium and during 
incubation of the cells in Resuspension Medium» Low levels of phosphate 
were detected in the supernatant after pyocyanine synthesis had started and 
were ascribed to the breakdown of ribosomes in the organism. Some growth, 
as measured by G.D. increase, accompanied pyocyanine production in the 
Resuspension Medium, Ingledew proposed that phosphate depletion acted as 
a "trigger" for initiation and maintainance of pyocyanine synthesis.
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B» Condition of inoculum

So far, the metabolic state of P, aeruginosa cells at the onset 
of pigîient synthesis has not been established. From Table IV it can be 
seen that the time for pigment production to reach a maximum varies 
considerably. There is disagreement on whether the cells of the organism 
are dividing during the phase of pyocyanine production,

Grossowic'z et al», (1957) considered their system to consist of 
non-proliferating cells. The inoculum was taken from a, 24 h nutrient agar 
plate culture and transferred, after washing, to a liquid medium containing 
glutamate as carbon and nitrogen source, MgSO ,and phosphate buffer at pH 
7*4' Maximum pyocyanine yield was obtained using an inoculum of 2.6 rag 
dry weight of cells per ml. Lower levels of inoculation reduced the 
pyocyanine production but doubling the inoculum gave no more,or less, pyocyanine.

Franli and de Moss (1959) attempted to reproduce the results of 
Grossowicz using strain ATCC 9027. The same procedure for preliminary 
growth of the cells, followed by washing and transfer to fresh medium was 
adopted. The optimum inoculum was recorded as 1 x 10^ viable cells/ml 
and pyocyanine production was shovm to be inhibited by phosphate levels 
higher than 6 x 10 ^ M, Frank and de Moss recorded a five-fold increase 
in the viable cell count and a similar increase in bacterial protein during 
pigment production,

Halpern, Teneh and Grossowicz (1962) published a re-affirmation of 
the non-proliferating nature of their pyocyanine producing cell suspension 
and no further work has been reported to clarify the problem.
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In conclusion, pyocyanine production is strain dependent and can 
take place in either simple or complex media. As shown by MacDonald 
(1966), subculturing can lead to changes in the cultural requirements for 
pyocyanine production or to apparent loss of the chroraogenic ability. The 
level of phosphate is one of the important variables.

It is noteworthy that most of the recent work has been done with 
strain ATCC 9027 and comes from the laboratory of Campbell who was
an early collaborator of Burton.

C, Inhibition of Pyocyanine Production

Pujita (1957) was the first to investigate the effect of 
chl.oramphenicol on P, aeruginosa which had been subcultured in the presence 
of the drug to induce resistance,while maintaining the pyocyanine production, 
Tile MIC for non-resistant strains of the organism was 60 pg/ml. The 
concentration of chloramphenicol required to prevent pyocyanine production 
by the resistant strain was 1,000 qg/ml. Aureomycin, terramycin and 
streptomycin did not inhibit pyocyanine production.

In the resting cell system of Grossowicz et al,, (1959), cyanide
and azide (10™^ M) reduced the amount of pyocyanine produced by 6CÇ0, 
lodoacetate had a similar effect but azide at 10 M had no effect on 
pyocyanine production. Using cell inoculum levels below those which gave 
optimal pyocyanine production, growth was observed and was found to be 
inhibited along with pyocyanine production on treatment with penicillin, 
aureomycin and chloramphenicol, Grossowicz concluded that the selective 
inhibition of pigment synthesis required a respiratory poison. The 
observed azide insensitivity was not rationalised, Pranic and de Moss (1959)
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confirmed the inhibitory activity of chloramphenicol on pigment production. 
Although they had previously recorded cell growth, a linlc between 
pyocyanine production and protein synthesis was invoked.

Using structural analogues of metabolites Kurachi (1959&), whose 
experimental system required anthranilate as substrate, found that 
ace 'tanilide and aniline blocked pyocyanine synthesis.

An indication of inter-strain variation in the effect of 
antibiotics was obtained by Schneierson, Amsterdam and Perlman (196O)» 
Standard inocula of young cells of four pathogenic, pigmented strains whose 
chloramphenicol MIC was 100 p.g/ml, were all found to yield less than ^Ofo 

of the normal level of pyocyanine in the presence of 20 pig/ml of the drug, 
Erthromycin (50 p.g/ml) and tetracycline (5 ug/ml) were effective in the 
inhibition of pigment production with four and two strains respectively. 
Growth was reported a.s being unaltered, although visual comparisons only 
were made. The above observations could be due to bacteriostatic activity 
of chloramphenicol, selection of particular mutants, or the direct 
action on the pyocyanine synthetic system.

Espinosa, Hidalgo and Portoles (l9T2) tried to solve the problem 
by comparing the response of normal and antibiotic-resistant strains to 
BOfo of the MIC. Both exhibited the similar inhibition of phenazine 
synthesis by chloramphenicol and oxytetracyclin, even although no inhibition 
of growth occurred. The estimates of pyocyanine production were based on 
dry weight estimations on the supernatant liquor and assumed other 
extracellular products to be constant. Ho quantitative data on viability 
were included.
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The. activity of the respiratory inhibitors P”, CN”", and 
lodoacetate remains unexplained. The inhibitory activity of chloram­
phenicol implicates protein synthesis during pyocyanine production although 
the bacteriostatic effect has not been properly explained.



MTMIALS Aim METHODS
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SECTIOH I : BACTERIOLOGY

Ac Culture of the Organism

Strain of Pseudomonas aeruginosa

The national Collection of Type Cultures (liCTC) 6750 P- aeruginosa, 
type species of the genus Pseudomonas was used throughout. For 
maintainance of stock cultures, ampoules of cells which had been freeze 
dried in Mist Desiccans (3 parts serum plus 1 part 30^ glucose nutrient 
broth) were opened and plated on to Trypticase Soy Agar (TSA; BBL,
Bioquest; Appendix 1 ). Single colonies from the pigmented growth
were transferred to nutrient agar slopes which were incubated for l8 h at 37̂  

and stored at 4°C. Each slope culture was opened only 4 times and was 
discarded after 4 weeks,

2, Media

a. Growth Medium of von Tigerstrom and. Razzell (1968)

Details of the Yeast-Tryptone grow’bh medium a,re given in 
Appendix 1 . The medium used here differed in certain respects from
that of the above authors

(i) Only disodium succinate was used as carbon source, although 
von Tigerstrom and Razzell described a variety of strains 
as having different optimal carbon sources. The cell 
yields obtained compared well v.dth the 1 gm dry weight reported.

(ii) The ferrous sulphate solution was sterilised by filtration 
through a 0,22u ’Millipore^ membrane, von Tigerstrom and
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Razzell added this component before the medium was 
sterilised by autoclaving at 15 Ib/in^.

(iii) The addition of ethanol after 10 h incubation was usually 
omitted. The few occasions on which ethanol was added 
gave higher cell yields but not sufficient to justify a 
10 h period in the laboratory.

Hereinafter this medium is referred to as Y-T medium.

bo Resuspension Medium (after Ingledew and Campbell, 1969a)

Resuspension Medium was designed to stimulate pyocyanine production 
by P, aeruginosa. The following salts (g/lOO ml) were dissolved in 50 
Tris buffer (Appendix 2 ) at pH 7.4

0,02 %CL ,6H 0 

0.047 KOI 
0.05 m  Cl 

0.10 HagSO^
1,0 Disodium Succinate

This medium differed from that of Ingledew and Campbell in that 
sodium 2-ketogluconate was replaced by an equivalent weight in disodium 
succinate, (Distilled water was used in all cases). The medium was 
dispensed in 90 ml quantities in 250 ml Erlenmeyer flasks, with indentations 
to assist aeration, and was sterilised by autoclaving at 15 Ib/in^, The 
cultures were incubated at 37^0 on an IH-400 Gallenlcamp Orbital Incubator 
at 150 r.p.m. To minimise contamination all flasks were filled with 
glass distilled water, autoclaved and rinsed before use.
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c. InoGultun for Resuspension Medium

The inoculum for the resuspension medium was obtained by 
harvesting the stationary phase cells from Y-T growth medium. This had 
an optical density of 5*8 - 4*2 at 490 nm when measured on an SP600 
spectrophotometer (Rye Unicam, Cambridge) in cells with 10 mm light path, 
Where the 0,13,^^^ exceeded 0.4 the cell suspension was diluted with 
0,85/'o saline to give a reading in the range 0.1 - 0,4. Distilled water 
v;as used as the blaid'C,

The stationary phase cells were harvested and washed by 
centrifugation (12,000 x g at 4°0 for 20 min) in sterile saline. They 
were resuspended in sterile Tris at 10 times original concentration and 
2,5 ml of this suspension was transferred to the Resuspension Medium before 
it was made up to the final 100 ml volume.

The Inocu].um Suspension (is) had been less than 2 h removed from 
the growth medium and was retained, after washing at for no more than 
50 min before inoculation into Resuspension Medium, Incubation was under 
the conditions described for the growth culture,

5• Measurement of Bacterial Growth

a. Opacity of Cell Suspension

O.D. measurements were made at 490 nm using suitable dilutions of 
the cell suspension. The latter was. prepared from 1 - 5 ml aliquots of 
culture and removing the cells by centrifugation (12,000 x g at 4°0 for 
20 min). The pellet was evenly resuspended to its original culture volume 
and, if necessary, diluted with saline.
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b» . Viable Cell Count

The number of viable cells present during the incubation in 
Resuspension Medium was determined by the surface plating method. Ten­
fold doubling dilutions (l ml in ^ ml sterile saline) were made down to 
10*™̂  ̂concentration using fresh pipettes for each dilution. Using a 
calibrated Pasteur pipette,0.02 ml of each.dilution was spotted onto the 
surface of a TSA plate. Individual plates contained 4 spots and two 
plates were used for each dilution. After 24 h incubation,the total 
number of colonies on each pair of plates showing separate colonies was 
recorded. Dilutions giving a colony count in the region of 100 per plate 
were considered best for estimating the concentration of viable bacteria in 
the original sample.

c. Bacterial I

The dry weight of sedimentable bacterial matter was estimated at 
intervals throughout the incubation period in Resuspension Medium. 
Triplicate 10 ml volumes of evenly dispersed culture were centrifuged and 
washed as described above. The washed cell pellets were spun down in 
tared centrifuged tubes and all supernatant liquid carefully drained off. 
The cell weight was determined by drying for 48 h to constant weight in a
vacuum desiccator over phosphorus pentoxide,

SMGTIOH II : BIOCHEMISTRY

A, Preparation and Assay of Pyocyanine

1. Synthesis of Pyocyanine and Phenazines according to Surrey (1955)

The series of reactions involved is given in Figure 4 . The
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starting material (pyrogallol monomethyl ether) was first prepared by- 
oxidation of 2-hydroxy-3-methoxybenzaldehyde shovm in reaction 1* Using 
PbOg to generate the oxidised species (reaction 2) the presence of
o-phenylenediamine leads to a condensation reaction yielding l-meth03y- 
phenazine* The latter is demethylated with HBr to yield l-phenazinol* 
Alkylation of the latter with methyl sulphate (reaction 4 ) gives pyocyanine, 
The details of individual steps are as followsî

a. Synthesis of iVrogallol monomethyl ether.

The apparatus consisted of a, three necked ^Quickfit® flask
(2 1 volume) fitted with a nitrogen gas inlet system, a thermometer and a 
reflux condenser* 60,8 g of 2-hy dr oxy-3 -me t hoxyb enz al de by de was added, in 
finely ground aliquots, to 200 ml of Æ  HaOH* Stirring was continued 
throughout and the temperature v;as kept at 37°0* Through the thermometer 
opening 280 ml of 6fo aqueous H^O^ solution was added stepwise, to keep the 
temperature around 45 58°C* After the reaction mixture had cooled, it
was saturated with HaCl and then extracted (4 x 100 ml) with ether* The 
combined ether extracts were dried over anhydrous sodium sulphate and the 
ether was removed by vacuum distillation. The product vias purified by 
distillation under reduced pressure and was collected as a yellowish oil at 

135^0 and 22 rnra pressure*

b* 1—Methoxyphenazine

200 g of lead dioxide (PbO^) were added to a solution of 10 g of 
pyrogallol monomethyl ether in 200 ml of dry benzene in a 2 1 Erlenmeyer 
flaske After shaking for 15 min, the resulting reddish brown solid v/as 
removed by filtration on a Buchner funnel *
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To the filtrate was added, with stirring, 6 g of o-phenylene- 
diajnine in a mixture of 80 ml of glacial acetic acid and 200 ml of benzene. 
This solution was left for 90 min before being washed as follows

5 times with H^O (lOO ml)

2 times with 5% HaOH (lOO ml) 
once with E^O (lOO ml)

The benzene solution was shaken with 5 g of Norit and 50 g of 
anhydrous Ea^CO^ and then filtered on a Buchner funnel. The yellow benzene 
solution was stirared with 50 g of activated alumina and filtered. The 
alumina cake was washed with benzene to remove the residual product.

After removal of the benzene by vacuun distillation the light 
yellow solid was recrystallised from ethanol and water. The air-dried 
crystals had a melting point of 167°C,

c, 1-Phenazinol

A solution of 4*2 g of l*»methoxyphenazine in 125 nil of 55% 
hydrobromic acid was placed in a 250 ml round bottomed flask fitted with a 
reflux condenser. The flask was heated on an oil bath for 3 h at llO^C.
The cooled reaction mixture, diluted with 125 ml of distilled water, was 
neutralised with approximately 100 ml of lOE NaOH and exhaustively extracted 
using two portions (25 ml) of 2N KaOH, The extract was made acid, using 
acetic acid,and the product was extracted into 5O ml of ether. Anhydrous 
sodium sulphate was used to dry the ether extract and the solvent was 
removed by vacuum distillation. The solid residue was recrystallised from 
ethanol and water to yield orange-yellow crystals with a melting point of 
150°C.
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Reaction scheme leading to Pyocyanine
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■ d, Pyocyanine

A solution of 2®0 g of 1-phenazinol in 13®4 ë of freshly distilled 
methyl sulphate v/as placed in a 250 ml round-bottomed flask fitted with a,n 
air condenser æid an anhydrous calciujn chloride drying tube. The reaction 
mixture was heated for 10 min at 100°C and, after cooling, 75 ml of ether 
was added. The solid product was filtered and washed with 100 ml of 
ether. The dry methosulphate was dissolved in 30 ml of water and raa,de 
alkaline by the addition of 2 - 3 ml of 10% NaOH. The blue aqueous 
solution of pyocyanine was purified by the extraction procedure given in 
Figure 5

The combined chloroform solutions were dried over anhydrous sodium 
sulphate and decanted. The chloroform was removed by air evaporation and 
the solid pyocyanine recrystallised from hot water (60^C). The product^ 
when dried over calcium chloride in a desiccator,melted at 133°C. To 
avoid photocatalysed decomposition the desiccator was kept in the dark.

2. Identification

a. Thin Layer Chromatography

Thin layer chromatography (TLC) plates were soaked in Lecon 90 
washed in distilled water and oven dried before being coated with 0,25 mm 
thickness of Silica Gel G (Merck). The plates wore activated by heating 
in a dry oven at llO^C for 30 min before use.

The samples examined by TLC were (l) standard solutions of 
synthesized compounds, (2) freeze-dried bacteria-free culture supernatant 
and (3) chloroform extracts of culture supernatant. Optimum resolution 
was achieved using chloroform;methanol (9:l) as the developing solvent.
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Purification of P?/'Ocyanine
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Plate development in the chromatography tank (Shandon, London) 
was considered complete when the solvent front had travelled I4 cm. The 
dried plates were observed for visible spots and also under W  light before 
spraying with 50/6 su],phuric acid. The plates were dried at lOO^G for 
1 min and re-examined,

b. Ultra-violet and Visible Spectrophotometry

The ÜV and Visible Spectra were recorded using an SP 800A 
spectrophotometer (Pye Unicam, Cambridge, England), Matched quartz cells 
of pathlength 10 and 2 imifi were employed. The slit width was 0,06 mm and 
all spectra were recorded using solutions free from noticeable turbidity. 
Except where otherwise stated,the blank cuvette contained distilled water. 
Before use, the base line of the recorder was set using distilled water in 
the sample position,

c. Infra-red Absorption Spectra

IR spectra were recorded on a Perkin-Elmer Model 257 spectrophotometer 
over the range 4OOO to 625 cm ^. Samples were prepared either as KCl discs 
(1 mg/3  mg) or as solutions in carbon tetrachloride and tetrachlorethylene,
The pathlength was 0,1 mm.

3. Assay Procedures

a. Extraction and Gravimetric Estimation

Pyocyanine concentration in supernatants was estimated gravimetrically 
after exhaustive chloroform extraction and purification procedure outlined 
in Figure 5 . Triplicate samples were talcen and the mean dry weight of
the residual blue crystals ŵ as recorded.
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b* SpectroiDhotometrie Estimation according to Karachi (l958h)

The intensity of the hlue colour as measured by has been
shov/n to be proportional to pyocyanine concentration* A standard solution 
of pyocyanine in Tris allowed calibration of the 69O ran absorptions. The 
validity of this method is discussed later (page 83 ),

B. CELLS M il) CELL HBTELOPES

Biochemical Measrarements on Bacterial Cell:

a. Protein

The modification by Lowry, Rosebrough, Parr and Randall (I95I) 
of the Polin reaction was used to estimate bacterial protein (Appendix 4 ),
Crystalline bovine serum albumin was used as standard and the values of 

were recorded after correction for the reagent blank containing no 
protein.

To estimate protein in the bacterial cells, the cell pellet was 
suspended in O.IM NaOH containing 21/o Ka2C0^ and solubilised by sonic 

vibration at O^C, This was followed by heating the suspension in a 
boiling water bath for 10 min to give a clear solution,

b, Linopolysaccharide

LPS was extracted by the phenol-water procedure of v/estphal ,
Luderitz and Bister (1952) and pui’ified by ultracentrifugation at 100,000 x g. 
The packed cell yield from 2 1 of cu3.ture in Resuspension I-Iedium (approx,
1 g dry weight) was suspended at a concentration of 0,01 g/ml in water.
An equal volume of 90>c (w/v) phenol was added.
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The mixture was stirred at 65™68°C for 30 min? chilled to 2^0 and 
centrifuged'(l0,000 x g for 20 min at 4^0)* The opalescent supernatant 
was decanted and the residue was extracted once more by addition of an 
equal volume of water. The combined, opalescent aqueous supernatants 
were dialysed against running water for 4 days and finally against distilled 
water for 24 h,. The extract was concentrated by pervaporation against 
polyethyleneg’lycol to 20 ml„ ’ The suspension was subjected to high speed 
centrifugation (100,000 x g for 6 h at 4°0). The opalescent pellet of LPS 
was taken up in distilled water to give a final 5 ml volumeo An aliquot 
was removed for estimation of nucleic acid contamination at The
suspension was made up to 50 ml with 0.1 M EaCl and recentrifuged to give 
a final LR> suspension with essentially no absorbance at 260 nm, indicating 
the absence of any contaminating nucleic acid. An aliquot of the suspension 
was removed for estimation of total organic matter by Johnson's method 
(below).

o. Total Organic Matter

The concentration of LPS was measured by the dichrornate oxidation 
method of Johnson (l949î Appendix 4 ) using glucose as standard.
Aqueous dilutions of the LPS suspension in 0,8 ml volumes were added with 
shaking to 1,0 ml Johnson reagent. The reaction mixture was heated for 
10 min and cooled prior to the addition of 10 ml of water. Solid ha^SO^
(lO mg) was added to the blank previously treated in the same way and the 
®440 sample was measured against the reduced blank.

d. Lipid

Ebctractable lipid was estimated according to Folch, Lees and Stanley
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(1957)û The cell yield from 5OO ml of Kesuspension Medium was shaken 
with 50 ml of chloroform-methanol (2:l) containing 2 ml of 0 *05/6 aqueous 
calcium chloride. When the emulsion had separated the aqueous phase was 

removed and 4*8 ml of OHCl^-Methanol^OoO^k CaCl^ (5:48:47) was added and 
shaken. The upper layer was carefully removed and the interface washed 
with 2 volumes of 0,5 ml of the above solution. The isolated organic 
layer was evaporated to dryness under a stream of nitrogen,

e, Total Phosphorus

Phosphorus was determined by the Allen method (1948; Appendix 4 ) 
Samples of lipid extract were boiled with h^O^ (50%) for 20 min to oxidise 
the organic matter. Periodic addition of was necessary to prevent
drying out of the sample. To the contents of the cooled tubes 2,5 ml 
Amidol reagent plus 1@5 ml ammonium molybdate solution were added. The 
standards consisted of oven dried K^HPO^ dissolved in distilled water and 
stored over chloroform a,t 4^8, Standards and reagent blanlcs were run in 
parallel with samples and readings made at exactly I5 min after the
addition of the reagents,

fo Peoxyribonucleic and Ribonucleic Acid

The Munro and Fleck procedure (i960) based on the Schneider (1957) 
technique of pentose analysis was used to determine nucleic acid. D M  
was estimated by the colour reaction described by Burton (I956) involving 
diphenylamine reagent (Appendix 4 ) for the deoxy sugar, BllA detection
depends upon the conversion of purine-bound ribose to furfural which is 
sensitive to the orcinol reagent (Appendix 4 : Schneider, 1957)®

The preliminary treatment of the freshly harvested Resuspension
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Medium cells was the same for both procedures. The cell yields from 
triplicate 5 ml volumes were made 0,25 M with respect of HGIO^ and held 
at 2°C for 30 min. They were then centrifuged (l0,000 x g for 20 min at 
4°C) and the supernatant, containing free extracellular nucleotides, was 
discarded. The cellular deposits were resuspended in 4 ml of 0,5 M HCIO^ 
and heated at 75°8 for 25 min to solubilize the nucleic acids.
Supernatants from this treatment provided the samples for assay,

D M  estimation required 1 ml of supernatant to which 2 ml 
diphenylamine reagent was added. Blanks containing HCIO^ without sample 
and standard solutions of D M  were treated in parallel. After incubation 
for 20 h at 30°C, the OeD, values at 600 nm were recorded.

For the RITA estimation, 3 ml volumes of supernatant were mixed 
with 0,3 ml orcinol reagent and 3 ml of acidic FeCL^, The samples were 
heated for 45 min in a boiling water bath, cooled and E^g^measured, A 
standard solution of RITA was used for calibration,

g. Adenosine triphosphate
The ATP v:as assayed by the Luciferase method of Cole, Wimpenny and 

Hughes (1967) based on that of McElroy (1963) and modified by Holms,
Hamilton and Robertson (1972). ATP (di-sodium salt; Sigma grade), 
glycylglycine and Firefly Lantern Extract (FLE-250) were obtained from 
Sigma, London,

The PLE was reconstituted in arsenate magnesium buffer 
by adding 25 ml of cold distilled water to a vi.al of lyophilised extract.
The contents were constantly but gently mixed for 24 h at 4^8, Aliquots 
were stored at -10 C until required.
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ATP was extracted from the He sus pen si on Medium culture by tx'ansfer 
of 4 ml into 1 ml 50/6 perchloric acid at 0^0, After 10 min, 3 ml of 1 M 
KOH at 0^0 was added,and the precipitate of potassium perchlorate was 
allowed to sediment for 10 min before centrifugation at 12,000 x g and 4°0 
in glass centrifuge tubes. The cell samples were extracted from duplicate 
culture supernatants. Extracts of ATP were frozen immediately in a mixture 
of solid GOg and ethanol and were stored at -lO^C with internal standards 
treated in e ji identical manner.

The analyses for ATP were made on volumes of extract between 10 and 
100 fj.1 and on standard ATP solutions, some of which were freshly prepared, 
others which had been extracted at the time of sampling. All solutions 
were added at 0^0 to 1 ml of distilled water at O^G and 2 ml of buffer 
(6 mM MgClg and 75 itM glycylglycine) at pH 7«4 and 57^0. The temperature 
of the resulting mixture was 24^0, Then 20 pi of F.LE was added and the 
stopwatch immediately started as the components were mixed over parafilm 
(Gallenkamp, London), The cuvette was placed in front of a photomultiplier 
tube and, precisely I5 sec after FLE addition, the number of light emissions 
were counted on a scaler over a period of 10 sec, Hie count corrected for 
background was proportional to ATP concentration over the range 1 - 50 p moles, 
The photomultiplier tube was housed in a light tight box so that the cuvette 
was placed in its precise position without introducing stray light. The 
quartz (Spectrosil, Ross Scientific Co, Ltd., London) cuvettes were stored 
in the dark and the entire apparatus was earthed to avoid static electrical 
interference, (Theassay was performed at 24^c),

2, Preuaration of Cell-free Extracts
a. Enzymatic Lysis

The lysosyne treatment was based on the method of Repaske (1958)
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who found that lilDTA and Tris buffer enhanced the digestion of Gram negative 
cells by lysozyme. In a typical preparation, 10 g of frozen cells were 
suspended in 5OO ml of 50 rEl 'fris buffer (pH 7«4) and 48 mg of lysozyme was 
added in 52 ml of ÏÏDTA (4 rag/ml). At the same time 10 mg of DNAase in 2 ml 
of water was added. Hie mixture was stirred for 50 min at room temperature 
during which time it went viscous and then mobile. The mixture was 
centrifuged at 48s000 x g for 20 min at 4^8 to yield a pellet containing 
cell envelopes, protoplasts and unlysed cells. This was resuspended in 
200 ml of Tris and recentrifuged at 48*000 x g. This washing procedure was 
repeated. The final centrifugation consisted of I5 min at 4*800 x g to 
remove residual intact cells. The preparations were examined by phase- 
contrast microscopy and recentrifuged where necessary. The cell envelopes 
were washed by centrifugation three times in Tris buffer and resuspended at 
a concentration of 10-20 mg/ml,

b. Mechanical Lysis

Cell free extracts of P, aeruginosa were also obtained using the 
X-press (Biotec, London) pressure cell. Cells were suspended at 100 mg/ml 
in Tris and 0.1 ml DNAase (l mg/ml) was added, 5 rnl aliquots of the heavy 
suspension were subjected to freezing in the chamber of the pressure cell 
which had been precooled to -15°C in solid carbon dioxide-ethanol mixture.
A pressure of 14,800 lbs/inch was applied to force the frozen paste through 
the cell orifice. The unit was placed back in the cooling mixture before 
each of the three passages applied to the 5 ml aliquots. The residual 
whole cells were separated and the cell envelopes washed and resuspended as 
described under the enzpnic lysis.
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Electron Microscopy

a. Thin Sectioning

Bacterial samples were taken after different periods of incubation 
in Resuspension Medium and treated with glutaraldehyde to The cells
were then sedimented by centrifugation (5,000 x g for 50 min at 4^0) and 
resuspended in fresh fixative in Veronal - acetate buffer (Kellenberger,
Ryter and Bechaud, 1958? Appendix 2 ), at pH 6,1 for 2 h. After
thorough washing in veronal-acetate buffer, cells were again fixed in 
veronal-acetate buffered 1% osmium tetroxide for 5 b at room temperature.
The twice-fixed and washed pellets were stained with 0.5% magnesium uranyl 
acetate for 1*5 h at room temperature, washed once in veronal-acetate buffer 
and embedded in 1.5% Bacto agar. Agar blocks (0*5 mrâ ) were next dehydrated 
in an ethyl alcohol series (25%, 50%, 75%» 95%; 100% v/v ethanol), 
infiltrated and embedded with Epon (Luft, I96I) as described for Araldite 
(Olauert and Glauert, 1958). Sections (silver interference colour)'were 
cut with a diamond knife on an LICB Ultratome III Model 8802A, collected on 
distilled water and heat stretched (Roberts, 1970) with a Polaron Equipment 
Ltd. heat pen. After collection on formvar-covered, carbon-corled grids, 
sections were stained with lead citrate according to Venable and Goggeshall 

(1965) before examination,

b. Negative Staining

Washed cell envelope preparations were examined by the negative 
staining method of Brenner and Horne (1959) using ammonium molybdate. 
Samples \/ere diluted with 2f (w/v) ammonium molybdate pH 5*2 to yield a. 
slightly turbid suspension. With a capillary pipette the suspension was
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applied to grids covered with carhon-coated forravar and the excess removed 
using a filter paper point. The grids dried within a few seconds and were 
examined immediately after preparation on a Philips 0'ï 300 Electron 

Microscope at operating voltage of 60 kV.

4• Polyacrylamide Disc Gel Electrophoresis

The procedure for electrophoresis in the presence of 1% sodium 
dodecyl sulphate (SDS) was a modification of the method of Davis (1964).
Gels contained llo7% (w/v) and 7*0% (w/v) acrylamide (B.D.H,, Poole) and 
Oc31% (w/v) NN’-wnethyleriebisacrylamide (bis; B.D.H,, Poole), Stacking 
gels were mechanically strengthened by a modification of the method of 
De Vito and Santorae (I965) omitting EDTA and containing 4% acrylamide and 
1% Bis. The gels and buffer system (Appendix 3 ) were made 1% with
respect to SDS, The gel tubes 7 % 0,5 cm were run in Tris glycine buffer 
containing 4 drops of 1% Bromophenol blue as track dye. Electrophoresis 
was performed at 1 mâ per tube until the track dye added to the cathode
compartment had migrated to within 1 cm of the bottom of the gel, at which
time the current was boosted to 5 mA per tube.

The cell envelope fractions described above were diluted 1:10 and
solubilised by sonication at O^C for I5 min. The samples were made 1% with 
respect to SDS and, prior to application of 0,1 ml, 5 drops of glycerol were 
added to prevent mixing, A maximum of 200 pg of protein was applied and in 
some cases fB-rnercaptoethanol 1% was added to the sample,as described by 
Grula and Savoy (I971) to improve the resolution of the bands.

After electrophoresis, gels were fixed and stained overnight in a 
solution containing 1% (w/v) arnido black, 10)6 (v/v) acetic acid and 50% (v/v) 
methanol. Gels, prior to electrophoretic destaining, were rehydrated in T/o
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(v/v) acetic acid, Rf values were determined by comparison with bromophenol 
blue. The molecular* weights of resolved components were standardised 
according to the method of Shapiro et al«, (1967) using the following marker 

proteins electrophoresed under identical conditions

bovine serum albumin (Sigma Chemical Company, St, Louis,
Missouri, U,S,A,), 

molecular weight = 67,000;

ovalbumin (Koch-Light, Colnbrook, Bucks,),

molecular weight - 45,000»

yeast hexokinase (Sigma Chemical Company, St, Louis,
Missouri, U.S.A.), 

molecular weight = 45,000;

bovine pancreatic chymotrypsinogen (Miles Seravac, Maidenhead,
Berks.),

molecular weight = 25,000;

sperm whale myoglobin (Koch-Light, Colnbrook, Bucks.), • 

molecular weight = 17,800;

and horse heart cytochrome c (Koch-Light, Colnbrook, Bucks.), 
molecular weight = 12,400.

C. BIOCHEMICAL ACTIVITIES OP PYOCYANINE

1. Oxygraph measurement of Resniration

a. The Biological Oxygen Monitor

The change in concentration of dissolved oxygen in aqueous solution 

was measuz'ed using a polarograph electrode. The diffusion of gas across an
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oxygen permeable membrane was recorded,under constant voltage,as a 
conductivity change in the sensor system* The sensor consisted of a 
platinum anode and a silver cathode immersed in potassium chloride 
electrolyte enclosed within the membrane « The sensor was exposed to test 
solutions in an airtight cuvette surrounded by a. thermostatted jacket 
and provided with a magnetic■stirrer* The Biological Oxygen Monitor 
(Yellow Springs Instrument Co* Inc*) was employed according to the method 
of Billiar, Knappenberger and Little (l970).

The buffer in which the electrode was immersed and in which enzyme 

reactions were studied was 50 iM'i Tris which was established as having a 

capacity for dissolved oxygen, at the ambient temperature of 37°0, identical 

to that of Ringer's solution. The latter when fully saturated at 57°0 

contains 5 d-l of dissolved oxygen (Eastabrook, 1967)*

As 5 ml volumes were routinely used in the Oxygyraph a reduction by 
half in the dissolved oxygen content of the solution over a period of 1 h 
represents a rate of consumption of

5 X 5 X 10 = 12*5 |il/h*100
bo Endogenous Respiration

The rate of oxygen consumption without added substrate was 
determined as follows. The cells from 1 ml of culture in Resuspension 
Medium were sedimented (12,000 x g for 20 min at 4^0) and washed 3 times by 
centrifugation as above, in 10 ml of sterile saline. The packed cells
were stored in 50 mil Tris buffer at 4^0 for 12 h at 10 times the original 
concentration, in order to stimulate endogenous respiration (Campbell,
Gronlund and Luncan, I962). Volumes of this stored suspension (0*1 - 0*3 ml)



61

were transferred to 37^0 prior to making up to 5 ml with Tris,equilibrated 
against air at 37^8,and were placed in the Oxygraph sample chamber. The 
trace of the decreasing dissolved oxygen content of the solution was 
recorded over a 20 min period. Where the effect of adding pyocyanine was 
monitored, the system was first allowed to establish a linear rate of 
oxygen consumption (lO min) before the addition of pyocyanine (O.l - 0,3 ml 
volumes) with a microsyringe. This addition was done without exposing the 
system to the atmosphere which would interfere with the trace of oxygen 
consumption. The respiration in the presence of pyocyanine was measured 
over the linear part of the trace. The Oxygraph gave an almost immediate 
response to pyocyanine and was linear do’im to 40% dissolved oxygen,

0. Succino-oxidase Activity

The cell envelope preparation (l ml volumes) was found to have a 
negligible rate of respiration when no substrate was provided. The 
addition of 0,2 M di-sodium succinate solution (0,1 to 0,5 ml) enabled the 
succino-oxidase enzyme system, demonstrated to be envelope-bound by Campbell 
et ale 9 (1962b)to change the dissolved oxygen of the suspending buffer,

Tlie effect of adding aliquots of pyocyanine to the reaction after stabilisation 
was tested as described under endogenous respiration. As the Oxygraph was 
being used to monitor relative rates of oxygen consumption of cell- 
associated enzymes, the sensor was calibrated with 5 ml volumes of air 
equilibrated 58 mil Tris at 37^8.

2. Succinate Dehydrogenase Assay

The cell envelope preparations of P, aeruginosa were examined for 
dehydrogenase activity towards succinate, malate and lactate. Only
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succinate dehydrogenase was described by Campbell et al., (l96Zb)and,in 
agreement,the other substrates tested here gave no reaction.

The assay procedure was based on the spectrophotometric method of 

Ells (1959)0 The phenazine methosulphate (PMS) served as intermediate 
electron acceptor at the site of FAD mediated succinate dehydrogenase.
As the terminal oxidase was inhibited by added cyanide, the final electron 
acceptor 2,6-dichlorophenol-indo-phenol (dcIP) is reduced. The change 
from blue to yellow was monitored as a decrease in the absorbance at 6OO nm 
and was recorded in a Pye Unicam SP 800A spectrophotometer fitted with a 
50°C controlled cuvette holder and a slave recorder.

The test cuvette•(lO mm pathlength) contained the following reagents :

0.06 ml of 2 .5 mI4 - DCI&
0.30 ml of 10 mM - KCN
0,15 ml of IMS (3 mg/ml freshly prepared)
0,60 ml of 20 mM di-sodium succinate

(or equivalent mM of alternative) 
and 0,1 - 0.2 ml of the envelope suspension.

Tris buffer was added to give a final 3*0 ml volume. All reagents except
PMS were present in the blank cuvette so that only the reduction of DCIP
via PMS was being measured. The envelope suspension was brought rapidly 
from 0*̂ 0 to assay temperature and the reaction was initiated with substrate. 
Possible effects of pyocyanine were tested by adding it to both reaction and 
blank cuvettes.

The reaction velocity was measured by AExQ^/min over a linear part 
which occupied the initial 50/6 of the reaction. To minimise photo reduction 
effects the cuvettes were covered with aluminium foil until initiation.



RESULTS
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SECTION I : SYNTHESIS AND IDENTIFICATION OF
■PYOCYANINE AND OTHER PHENAZINES

A, Yields a,nd Melting Points of Fÿocyanine,

1-Phenaainol and 1-Methoxyphenazine

Despite the fact that pyocyanine is a relatively simple organic 

compound it is not commercially available. A probably reason for this is 

its instability,, leading to its partial conversion to 1-phenazinol* The 

water of crystallisation in pyocyanine promotes this degradation which is 

not entirely prevented by storage in vacuo over phosphorus pentoxide.

Early in this investigation it seemed desirable to prepare 

synthetic pyocyanine to act as a reference material. A survey of the 

literature indicated that the four-stage synthesis starting from 2-hydroxy- 

3-methoxybenzaldeÎD''de as described by Surrey (l955) was the most suitable. 

This route had the advantage of providing 1-phenazinol which was also of 

interest in this investigation. The alternative source of pyocyanine was 

the degradative route of Macllwain (l937)- His starting material was 

phenazine methosulphate, the photo-catalysed oxidation of which yields 

pyocyanine only.

Three separate batches of pyocyanine were prepared by the method 

of Surrey, except that the preliminary step of oxidation of 2-hydroxy-3- 

methoxybenzaldehyde to pryogallol 1-monomethyl ether was not monitored for 

yield. Constancy of boiling point during distillation under reduced 

pressure (l36-138°c/22 mm) was used as the criterion of purity as reported 

by Surrey, The three steps leading to phenazine products are summarised 

in the following sequence of reactions :
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1) Condensation of pyrogallol 1-raonoraethyl ether with
o-phenylene diamine to yield 1-methoxyphenazine;

2) Déméthylation of 1-methoxyphenazine with hydrohromic 
acid to give 1-phenazinol;

3) Méthylation of 1-phenazinol with methyl sulphate to 
yield pyocyanine,

A slight modification was introduced into the scheme in that 
1-methoxyphenazine was recrystallised from ethanol and not pyridine as 

described by Surrey,.

Table V shows that the yields of intermediates varied at 
different reaction steps and that the principal losses occurred in the 
preparation of 1-methoxyphenazine. These latter losses occurred mainly 
during the isolation of the product from the reaction mixture. The yields 
obtained were similar to the published values. Table V also shows the 
melting points of the compounds (after three recrystallisations) and a 
comparison with the literature values,

B, Chromatography of synthesized compounds

The synthesized compounds were examined for purity by thin layer 
chromatography on Silica Gel G using chloroform-methanol (9:l) as solvent. 
The compounds were resolved as homogeneous spots and the results will be 
described in a later section (page 95 ), The values of pyocyanine,
l-phenazinol and 1-methoxyphenazine were respectively 0*38, 0,64 and 0*58 
and in a mixture of the three compounds, the separated components were 

identified by their colour as described in Table V .
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Table V

Yields and properties of synthesized Pyocyanine and other Phenazines

Pyocyanine l«Phenazinol 1-Methoxyphenazine

Appearance Dark blue 
needles

Orange
solid

Yellow
needles

Melting Point (cfc) 125-126

(133)^
(135)^

(124- 128)'

152.155

(154)

169-170

(168)

Yield" 51

(58)*
75

(70)*
25

(55)'

X Yield (mole %) from immediate precursor
The values in brackets are those reported by

(a) Mcllwain (1937)
(b) Surrey (1955)
(c) Corbett (1964) using the route described by Surrey (1955)
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Ce Ultra-violet and visible spectrophotometric 
characterisation of synthesized compounds

Having' obtained pure preparations of pyocyanine, 1-phenazinoX and
1-raethoxyphenazine all three compounds were examined spectrophotometrically.

First it should be stated that the absorbance characteristics of 
pyocyanine and its phenazine precursors have been investigated in a variety 
of solvent systems by numerous workers. Table Via and VIb present the 
reported wavelengths of maximal absorbance ( X max, nm) and their 
associated molar extinction coefficients ( e, l.mole ^ cm*”̂ ) expressed as 
log e of pyocyanine obtained either by extraction of P* aeruginosa cultures 
or by synthesis.

The solvent chosen in this investigation was 50 mM Tris (pH 8.5) 
although O.IM HCl and 0,1M NaOH were also used. Emphasis was given to 
characterising the compounds in Tris because this buffer was used in the 
culture media for growth and pyocyanine production by P. aeruginosa. The 
absorption spectra from 200 to 700 run in Tris, HCl and NaOH are presented 
in the series of figures 6a to 6f . The blank in each instance was a 
cuvette containing solvent.

Figure 6a shows the ultra-violet and visible spectrum of pyocyanine 
(0*38 mM), Note that the X max values in the ultra-violet are at 230 nm, 
spectroscopically designated the (3 band, and at 312 nm and 375 nm, termed 
p band absorptions. The band designations refer to the type of electron 
transition that is responsible for the absorption. Th.e associated molar 
extinction coefficients are 17,800, 25,200 and 59900 respectively.

The visible spectrum, arising through an ii- tt* type transition is
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characterised by a broad absorbance with A max at 69O nm, e = 3,300, For 
comparison the spectrum of 0*45 Ati pyocyanine in acid solution (0,1M HGl) 
is showi in Figure 6b , The p band at 24O nm, e = 12,600 is not changed 
in position although its intensity is reduced, However it tends to be 
masked by one of the p band peaks X max 280 nm, e ^ 42,000, which has shifted 
to shorter wavelength and is increased in intensity. The other p band 
peak, X max 387 nm, e ™ 17,800 shows less shift but its extinction is almost 
three times that in alkali. The visible absorbance undergoes a red shift 
to X max 520 nm and is reduced in intensity e 2,200,

The spectra under acid and alkaline conditions show close corres­
pondence with those reported by other workers (Table Via ). The use of Tris 
does not lead to differences in the X max or e values from those reported 
under other alkaline conditions. The range of molar extinction coefficients 
for the n-7r̂  ̂ band is 3,180 to 4,000, This variation may be due to 
differences in purity of the natural and synthetic products.

Turning now to 1-phenazinol, Figure 6e records the ultra-violet and 
visible X max values of 0.21 mI4 1-phenazinol in 50 mM Tris, The p band with 

}\ max 260 nm, = 33,000 is the largest absorbance. The p band absorbance 
occurs as a complex series of peaks, the main X max being at 370 nm, e= 5,950. 
This peak has shoulders at 350 nm and 340 nm. The pale yellow colour of 
1-phenazinol in Tris corresponds to a visible X max at 420 nm, e -  2,200.

The spectrum of 0.22 mM 1-phenazinol in O.IM NaOH containing 50/6 
methanol is that of the anionic form of the molecule (Figure 6c ). The p 
band occurs with X max at 295 nm, e = 4I9OOO which is a shift to longer 
wavelength of 35 nm from its position in Tris. However the p band peaks 
are found in the same position as those in Tris with X max at 364 nm and
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575 nm. Their intensity, e =  5,040 and 5,160 respectively is a 
reduction to almost 50% of their former level. The red, anionic form of 
1-phenazinol has a broad visible n-'/r'̂ band with A max at 520 nm, 6 = 2,500, 
Although the colour changes from yellow to red with increasing pH, the 
strength of the absorption is not affected.

In O.IM HCl/50% methanol, 0.1 mM l-phenazinol has absorption peaks 
in the ultra-violet region which correspond closely to those observed in Tris. 
The major peak has \  max at 268 nm, € - 40,000. The complex p band 
absorption pefilcs occur as one major X max at 585 ( = 16,000 with a
shoulder at 375 nm, i - 11,000. These peaics are more intense than the p band 
peaks in other solvents. The 1-phenazinol is ionised in strong acid 
solution to form a cation and a similar shift of visible absorption, as 
observed in strong alkali towards the red, is found. The n-tt"**' broad
absorption has a X max at 505 nm, t = 1,800 (cf X max 420 nm in Tris),

When the absorption spectra of l*»phenazinol in strong acid and in 
strong alkali are compared with those reported in the literature, close 
agreement is foimd. The spectrum in Tris pH 8,5 is significantly different 
from that in the above solvents. The X max values and molar extinction 
coefficients are very similar to those reported by Corbett where methanol 
was used as solvent (see Table VIb ). The characteristic peaics observed 
in both methanol and Tris are :

P band, X max 260 nm
p band, X max 370 nm and

n- band, X max 420 nm corresponding to a yellow coloiued
solution.
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Figure 6Et: Ultra-violet and visible spectrum of Pyocyanine
(80 fig/ml) in 58 mM Tris, pH 8,5»
(a) 10 mm path
(b) 2 mm path
(c) 2 mm path

Figure 6b: Ultra-violet and visible spectrum of Pyocyanine
(95 Ug/ral) in O.IH HCl/50% MeOH;
(d) 2 mm path
(e) 2 mm path, 1:2 dilution
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Figure 6c; Ultra-violet and. visible spectrun of l-Phenaainol 
(42 |j.g/ml) in 0,111 FaOïl/50% MgOH;
(a,) 10 mm path
(b) 2 mm path

Figure 6d: Ultra-violet and visible spectrum of l-Phenaainol
(20 pg/ml) in O.IM HCl/50% MeOH;
(c) 10 mia path
(d) 2 mrh path
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Figure 6e: Ultra-violet and visible spectrum of 1-Phenazinol
(40 tig/ml) in 50 niî'l Tris, pH 8*5;
(a) 10 mm path
(b) 10 mm path, 1:2 dilution

Figure 6f: Ultra-violet and visible spectrum of 1-Methoxyphenazine
(58 pg/ml) in 58 Tris, pH 8*5s
(a) 10 mm path
(b) 2 ram path
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As there is no evidence for the occurrence of 1-raethoxyphenazine 
in Pc aerufilnosa cultures, this spectrum was not investigated in such detailo 
Figure 6f shows the absorption peaks.of a 0*16 mîi .1-methoxyphenaz.ine 
solution in Tris at pH 8 .5. The most intense peak, the f3 band absorption, 
has X max at 260 im, e ~ 44s000. The complex series of peaks with X max 
568 nm, É - 7,200 and two shoulders with X max $68 nm and $50 nm, 6 6,400

and 5,500 respectively give an ultra-violet spectrum which is similar to 
that of l-phenazinolo The visible absorbance has a shift to shorter wave­
length giving X max at 4IO nm, although the extinction of the peak is 
similar to tha.t of 1-phenazinol in Tris.

The Ikinethoxyphenaaine spectrum in Tris is closely similar to that 
reported by Corbett using methanol as solvent*

D. Infra red absorption spectra of synthesized
compounds

As an additional criterion for the purity of synthesized pyocyanine 
and other phenazines the infra-red spectra from 4OOO to 62$ cm™^ were 
recorded using the K'JBr disc method. This method allowed comparison of the 
spectral characteristics reported for purified preparations by Corbett (1964)-

The infra-red spectrum of pyocyanine is shown in Figure 7a . The 
-1 -1region between 4OOO cm and $000 cm is characterised by a sharp pealt at

.«,1 ^1 
$500 cm and a closely situated broad peak at $400 cm . Where additional
information was required the spectrum was recorded in a solvent which was
transparent in the wavenumber region of interest. For example, the spectrum
of pyocyanine■in carbon tetrachloride demonstrated that the two peaks
mentioned above were absent in solution. They correspond to the broad slope



75



Figure 7aï Infra-red absorption spectrum of Pyocyanine;
(a) K33r disc, 1 mg/$ mg'

a(b) $500-2500 cm , 5 mg/ml in 001^, 1,0 mm path

3(c) 1800-1600 cm 2 mg/ml in CHOI, 1,0 mm
path offset
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•”1 -Iobserved in, the solution spectrum over the 4OOO cm - 3500 cm region and 
are due to moistur-e of crystallisation in the sample.

Both the solid and carbon tetrachloride solution spectra show 
„1peaks at 305O cm and 2950 cm \  those in the liquid being much more 

distinct. Peaks in this region correspond to G - H stretching of aromatic 
and aliphatic type respectively.

Below 1650 cm ^ is the fingerprint region of the spectrum, a 
characteristic of the molecule. Major peaks were noted at 1620, I6OO,
1553, 1485, 1455, 1440, 1160, 760 and 756 cm"^.

The offset part of the spectrum at I7OO cm  ̂ shows the absorptions
of pyocyanine in chloroform solution. The form of the molecule in solution

"■1 —Igives a strong peak at I67O cm and. a smaller one at I65O cm

For ease of comparison the absorption peaks in the region 3050 cm*""'
to 625 cm investigated as a KBr disc preparation by Corbett, which corres­
pond with those found, in this investigation are arrowed in the spectrum.
The major peaks quoted by Corbett with his assignment of vibration type are 
presented in Table Vila and close agreement is observed.

The spectrum of l-»phenazinol, given in Figure 7b is separable into
two regions : those absorptions occurring above 3OOO cm ^, and those in the

“I “Ifingerprint region between I65O cm and 625 cm

The spectrum of the ICBr disc sample has a broad absorption between
3400 and 3IO8 cm ^, This corresponds to the region of (O - h) stretching
and in this case it almost completely masks the aromatic C - II absorption 

-1at 3020 cm . Using tetrachlorethylene as solvent the 1-phenazinol solution
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J’igure 7b: Infra-red absorption spectrum of 1-Phenazinol;
’(a) KBr dise, 1 mg/3 ing
(b) 3600-2800 cm 1 mg/ral in C^Cl^
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spectrum, given as an inset "between 5500 and $000 era ^ shows that the broad 
absorption is sharpened to a peak at 5400 era ^, The absorption at 5O6O cm  ̂

is more clearly resolved and observed to be a set of three closely situated 
peaks.

The fingerprint region of the spectrum has major absorptions 
which occur at the following wavenumber values (era ^); 1625? 1555, 1510,
1470, 1420, 1590? 1550, 1500, 1220, 1170, 1160, 1100, 759 and 756. For
the KBr disc preparation the absorptions according to Corbett are presented 
in Table VIlb and the close correlation observed with those in spectrum 
is illustrated by the arrowed peaks.

Turning to 1-rnethoxyphenazine the solid state spectrum (iCBr disc) 
and solution spectrum in tetrachlorethylene are presented in Figure 7o 
Absorptions above I65O cm occur only in the region 5IOO era to 2800 cm 
and are observed in the solid phase at wavenumbers (cm”^) 5080, 504O, 5000, 
2970, 2950 and 2860, The solution spectrum was recorded to monitor for the 
possibility of absorptions above these values which were not observed in the 
solid phase. None was found. The wavenurabers (cm ^) of the aromatic 
C - H vibration type are 5IOO, 504O and 5OOO with aliphatic C - H peales at 
2980, 2950 and 2880 cm ^. The solid state spectrum of 1-methoxyphenazine 
has peaks which are in close agreement with those reported by Corbett, The 

literature values corresponding to those observed in the present investigation 
are arrowed in the spectrum shown in Figure 7c . The wavenumber values 
(craT̂ ) for absorptions below I65O cmT^ are as follows: 1625, I605, 1550,
1520, I48O, 1460, 1550, 1290, 1230, 1250, 1210, 1152, 1098, 760, 745 (doublet) 
and 710.

It will be noted that by selecting the distinct infra-red features
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Figure 7c : Infra-red absorption spectrum of l-Methoxyphenazinej
(a) KBr dise, 1 mg/3 mg
(b) 5500-2800 cm"^; 2 mg/ral in CgCl^
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of pyocyanine9 1-phenazinol and l-methoxyphenazine it is possible to confirm 
the identity of individual samples. Levels of pyocyanine contamination 
with 1-phenazinol of the order of ICffo could he detected in solution spectra 
at 3400 cmT^. This aspect is useful for confirming the purity of pyocyanine 
preparations,

SECTION II ; THE EFFECT OF CULTURAL CONDITIONS 
UPON PYOCYANINE PRODUCTIONF a  •

A. Pyocyanine production by P. aeruginosa using solid
and liquid media

During the early part of this investigation P, aeruginosa was 
grown on nutrient agar or peptone agar, both being media in which readily 
visible pyocyanine production occurs. Cells harvested from these media 
were not, however, suitable for the metabolism experiments described in a 
later section (see page I59) because of their high rate of endogenous 
respiratory activity. This activity depends upon the utilisation of intra­
cellular reserve material identified as protein and RNA by Gronlund and 
Campbell (I963), In an attempt to reduce this the cells were grown on a, 
simple defined agar medium containing glucose and ammonium sulphate 
(Appendix 1 ). Such cells had a reduced rate of endogenous respiration
as hoped for, but unexpectedly it was noticed that pyocyanine was not produced 
by this culture. This was not due to lack of growth which, in fact, was just 
as abundant on the glucose-ammonium sulphate as on the peptone agar.

To explore these effects more fully it seemed desirable to change 
from solid to liquid media and initially the Yeast-Tryptone medium (Y-T) of 
von Tigerstrom and Razzell (1968; Appendix 1 . ) was chosen. Cell rrowth
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in Y“T medium invariably gave high opacity cultures (O.D« 49O of between 
3,8 and 4«2) but a problem was encountered in consistency of pyocyanine 
production. For example, early subcultures of newly opened ampoules of 
HCl'C 6750 produced pyocyanine but later subcultux’es did not. Even early 
subcultur'es gave variable yields of the pigment for no obvious reason, A 
typical series of manipulations and the variable results obtained is 
illustrated in Figure 8 , It will be noted that the amount of pyocyanine
as judged by the colour of the oxidised supernatants, was affected by the 
length of storage of the stock culture, inoculum size and other unidentified 

factors,

Aftef these and other unsuccessful attempts to obtain regularity 
of pyocyanine production in Y-T medium the difficulties were overcome by 
growing the cultures in two stages as described in a contemporary paper 
(l969a-)by Ingle dew and Campbell,

B, Pyocyanine production and determination 
in Resuspension Medium

1, I*he_Resuspension Medium

The technique of Ingledew was found to give satisfactorily 
consistent yields of pyocyanine in liqui.d medium. The two stage procedure 
which was evolved for strain ATGC 9027 consists in

(a) ■ preparation of washed cells from a culture groim
to the stationary phase in Y-T medium

(b) incubating these cells in Resuspension Medium - a 
defined medium notable for its total lack of phosphate,

Ingledcw’s technique was therefore applied to the P, aerurdnosa
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Figure

Flow diagram of a typical series of manipulations leading to variation
in Pyocyanine production

STRAIN NCTC 6?50
I

Ampoule opened and plated onto Nutrient agar (NA)
I

Growth for 24 hours at 37 C 
I

Typical pigment-producing colonies were suhcultur'ed on to NA 
Culture stored for less than 4 weeks at 4^0. Growth suspended 

in 1 ml sterile saline, Suhcultured on NA. Growth for 24 hrs at 37°G

Several colonies transferred to 
Yeast-Tryptone liquid medium (Y™T)

after 24 hrs centrifuged 
---------------— I

Growth
I --

Green
Supernatant

Cells resuspended 
in 10 ml sterile 
saline and fraction 
(% of yield) 
inoculated into Y™T

Plate stored at 4 C for less 
than 2 days

I
Several colonies transferred 
to Y-T, Growth after 24 hrs 

centrifuged

Colourless
Supernatant

Cells washed 2 times 
in saline by ^
centrifugation at 4 0 
before 10):6 inoculation 

in Y-T
10% 20%

L_ — 1Growth centrifuged after 24 hrs
Colourless Brown Colourless Variable
Supernatant Supernatant Supernatant Green - Colourless

Cells washed 2 
times in sterile 
saline by 
centrifugation 
at 4*̂ 0 before 
lOio inoculation 

in Y-T

Colourless 
Supernacant

Cells plated on NA. Growth of isolated colonies after 24 hours exhibited 
characteristic diffusible green pigment.
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strain used in this investigation, I'TCTC 6750, to determine its suitability, 
Hovrever one difficulty was the fact that Resuspension Medium contained 
2-ketogluconate which was not commercially available. The initial attempts 
to reproduce Ingledew*s conditions were done with succinate as an alternative 
carbon source. The formula of this Resuspension Medium is given in 
Table XI . Figure 9 nresents the culture technique for obtaining the 
Inoculum Suspension from the non-pigment producing, stationary phase Y-T cells. 
Before describing the results obtained with this medium, the method of 
measuring pyocyanine in culture supernatants had to be investigated and it 
is therefore discussed next.

2b Choice of method for measuring Pyocyanine 
in culture supernatants

The determination of pyocyanine concentration present in 
Resuspension Medium supernatants was made by two methods. The first was 
based on the exhaustive extraction procedure used by Ingledew and described 
earlier (page 4 9 ). The chloroform extracts of supernatants were re- 
extracted with O.IM HCl to leave any contaminating 1-phenazinol in the 
organic phase, pyocyanine was recognised as a characteristic red coloui’' in 
aqueous acid solution. Neutralisation with IM Tris was followed by chloroform 
extraction. The blue pyocyanine solution was evaporated-to dryness in air 
and the crystalline pigment estimated gravimetrioadly.

The second method was based on the more rapid spectrophotor.ietric 
determination of Kui’achi (1958b). The extinction of pyocyanine at the 
visible X max of 69O nm (e^^^) gave reliable estimates for fully oxidised, 

optically transparent culture supernatants, ^500 v/ere calibrated
against standard solutions of synthesized pyocyanine. Estimations by this 
method will be discussed more fully in a later section (see page 90 ).
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Fifyre 9,

Flow diagram for the preparation of the inoculum for Resuspension
Medium

Nutrient agar slant, stored at 4°C for less than 4 weeks
ISeveral colonies transferred to NA for overnight culture at 37 C
I

Colonies transferred to Yeast-Tryptone medium : 100 ml in a 25O ml
ïiirlenmeyex' flaskIIncubation at 37 G for 24 hours on Gallenkamp Orbital Incubator at
150 rev. per min 

1
Stationary phase growth with optical density at 490 nm of between 3,8

and 4*2, Cells harvested by centrifugation at 4°C; 12,000 x g for 20 min,

Non pigmented
Superna ban t; Cell pellet resuspended in 100 ml sterile

saline at room temperature

Cells removed by centrifugation as above and 
washed a further twice

I
Cells resuspended in 10 ml of sterile ^0 mM Tris buffer pH 7<?4 at room 
temperature. This Inoculum Suspension (l«S«) was used to inoculate the 
Resuspension Medium. Time elapsed since start of washing procedure - 2 h.
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The gravimetric method gave estimates for pyocyanine that were 
within the range 90% - 5% of the spectrophotometrically-determined value»

3. Consistency of observation of Pyocyanine in 
Standard Hesuspension Medium Supernatant

The yield of pyocyanine reported by Ingledew for duplicate flasks 
was 95 pg/ml (“« 5%)» The use of a different strain of P» aeruginosa and the 
substitution of disodium succinate for 2-ketogluconate made necessary the 
manipul action of conditions which will be described later (see page 99 ).
The optimum conditions gave a so-called ’Standard Supernatant’ and reliable 
pyocyanine production. The range of pyocyanine quantities experienced in 
several experiments are given in Table VIII , The mean of 80 pg/ml with a 
range for duplicate flasks of - 5% are in close agreement with the results 
reported by Ingledew, Tlie ‘greater variation in different experiments’ 
described by Ingledew was found in this investigation to give yields within 
a - 15% range of the mean,

4. Illtra-viplot and visible absorption spectra 
of Standard Supernatant

The ultra-violet and visible spectrum of the optically clear and 
fully oxidised supernatant is presented in Figure 10b with that of pure 
pyocyanine at an equivalent concentration in Tris in Figure 10a for comparison. 
The quantity of pyocyanine present in this Standard Supernatant was 70 pg/ml 
(+ 4) and this was used for calculating extinction coefficients.  ̂«1
corresponds to 70 pg/ml, Therefore 210 mg/ml or IM Pyocyanine has -
3300.

It will be noted that the X max values in the supernatant spectrum
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table VIII

Range of l^mcyanine levels estimated in "Standard Supernatant" by

Flask
i'icperiment

a

1- 1.22 l.M

2 1.56 1.42

5 1.28 1.40

4 1.12 1.22

Estimates for duplicate flasks fall within the range - 5/̂

Levels produced in different experiments fall within range - 15%
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Figure 10a: Ultra-violet and visible spectrum of Pyocyanine

(70 fig'/ml) in 50 rnM Tris5 pH 8o5j
(a) 10 rnm path
(b) 2 mm path
(c) 2 mm path

Figure 10b: Ultra-violet and visible spect3?ujii of Standard
Supernatant;
(d) 10 mm path
(e) 2 mm path
(f) 2 mm path, 1:2 dilution
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690 mils 575 rrniy 514 nm and 258 run correspond to those positions of maximnm 
absorption in pyocyanine0 The supernatant spectrum had a new peak at X max 
255 nm* V/hen calculating intensities of these absorptions the cell path 
length and dilutions must bo considered. It was most suitable to estimate 
^690 10 mm path and undiluted sample although it was shown that the
2 mm path gave proportional estimates in the 50O - 700 nm range. 2 mm 
pathlength cells were used below 450 nm and with supernatantsj, a 1 in 2 
dilution was necessary. The molar extinctions are given in Table IX and 
for supernatant^^ a:ce based on the molar concentration of pyocyanine (although 
all are not ascribable to that molecule) for purposes of comparison.

It will be noted that the absorptions at X max (nm) 690 and 514 
have similar extinctions in both the supernatant and synthesised pyocyanine.
The peaks at 258 nm and 575 nm are increased relative to those of pure 
pyocyanine to an extent of 15,800 and ^ j 6 0 0 molar extinction units. The 
supernatant spectrum exhibits a new peak with X max 255 nm, ( - 58,400.
These divergencies are presumably due to substances other than pyocyanine in 
the culture supernatant*

5, Spectrophotometric detection of Pyocyanine 
added to Standard Supernatant

As an additional validation of the spectrophotometric assay, pyocyanine 
was_ added in measured quantities to Standard Supernatant in orcer to confirm 
the source of the ultra-violet and visible absorption pealcs. figure 11 
illustrates the absorption changes occurring in a 1:2 dilution of supernatant
(a)̂  when pyocyanine was added to give a final concentrabion of 25 qg/ml
(b)̂  £Uid 50 M-g/ml (c). 'The spectra above 66O nm were recorded in 10 ltti 
pathlength cells and below 45O nm, 2 mm pathlength cells were used. After
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ta;bjæ IX

Absorption X max (nm) and extinction coefficients 
for "Standard Supernatant" and synthesized Pyocyanine

pyocyanine

-1 -3X max nm : <• l*mole cm

Standard Supernatant

max nm e l.mole cm

690

375

514

3,300

5,900

25,200

258 17,800

690

375

314

255

258

3,300

9,900

26,000

58,400

51,600
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Ultra-violet and visible spectra of supernatants with added Pyocyanine;
(a) 10 mm path, 1;2 dilution of Standard Supernatant
(b) as (a) with 2 5  pg/ml pyocyanine added
(c) as (a) with 50 pg'/ml pyocyanine added
(d) 2 mm path, 1:2 dilution of Standard Supernatant
(e) as (d), with 25 ug/ml pyocyanine added
(f) as (d), with 50 pg/ml pyocyanine added
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arithmetic conversion of absorbance values to the equivalent undiluted 
sample and 10 mm pathlength, the increases which correspond to the quantities 
of pyocyanine added are given in Table X » For purposes of comparison 
the absorption at 514 nm was chosen as 100% extinction and the relative 
strengths of the absorptions are quoted alongside in the Table X. The 
extinctions of the peaks for supernatant and pyocyanine solution were 
calculated in the same way.

The addition of pyocyanine caused absorption increases in the 
spectrum of the supernatant which were estimated from the absolute absorbance 
values. By comparing the relative extinctions for pure pyocyanine with the 
relative intensities of pyocyanine added to supernatant, close agreement is 
evident at four of the five tabulated X max values. The exception - the 
235 absorbance - is not present in pure pyocyanine and therefore the 
increases in absorbance at this wavelength in supplemented supernatant are 
not in proportion to the quantity added, viz» absolute increases in 
absorbance of 1,5 and 1,6 at 255 am. These increases are comparable with 
those observed at minimum absorption values and are non-specific contributions,

In these examples the relative intensities of peaks at X max (nm)
690 and 314 ioO, 15«0 for 25 pg/ml addition, 15*5 for 50 pg/ml addition and 
12o7 for standard supernatant, are close to that observed in pure pyocyanine 
(13*1). This was taken as evidence of a satisfactory correlation between 
the extinctions at X max 690 and $14 nm and the concentration of pyocyanine 
either in culture supernatant or in simple solutions of the pure pigment.

The relative absorption at the X max 375 nm in supernatant (38.O) 
is greater than the ratio for pure pyocyanine (23.4) indicating a 
contribution from some ether component in the solution at this wavelength.
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Also the non-pyoc7/aiiine absorption at 255 om overlaps with the pyocyanine 
peak at 258 X max such that the intensity is greater than for pure pyocyanine, 
(Supernatant relative intensity at 258 nm is 122 of ?1 in pure pyocyanine).

In summary, pyocyanine can be determined without interference in 

the supernatant at 6$0 and 3^4 om. Peaks at 3^5 and 238 nm have
contributions from pyocyanine and other sources. The absorption at 255 nm 
is not directly related to pyocyanine,

6. Chromatography of culture supernatant prenarations

By extracting 5 of the standard supernatant with chloroform, a 
sample was obtained for chromatographic analysis on a Thin Layer Chromatoplate 
adsorbed with 250 q thickness of Silica Gel G 'Merck'. The extract was 
concentrated five-fold by evaporation and 50 pi was applied to the plate 
using a 10 microlitre pipette. Approximately 50 pi of a 5 mg/ml lyophilised 
supernatant preparation in chloroform wa,s also spotted onto the plate. 
Authentic samples of Pyocyanine, 1-Phenazinol and l^-llethoxyphenazine (at 1 
mg/ml; 50 pi aliquots) were applied to the plate as standards. A suitable 
solvent system was chosen by applying a few drops of standard mixture to the 
chromatoplate. Solvents of gradually increasing polarity were dropped on 
to this spot until a circle of 2 cm diameter had developed. The solvent 
giving the greatest number of concentric rings was the binary mixture of 
chloroform and 10$o methanol. Trial runs indicated adequate resolution of the 
standard compounds.

The development of plates spotted with supernatant preparations 
was stopped after the ascending solvent had moved 12 cm on the adsorbent.
The dried pla.tes, before and after spraying with 50% il̂ SÔ , appeared as shown
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in Figures 12 , The authentic samples were resolved as distinct
spots and their identity confirmed by colour changes on acidification 
ITyocyanine, Ü.38, blue to red; 1-Phenazinol, R^ 0»64, orange-yellow to red; 

1-Methoxyxjhenaaine, R^ 0,55; yellow to brown. The culture extract contained 
two visible spots, one corresponding in colour and to pyocyanine and the 
other similar to 1-Phenazinol, The lyophilised supernatant sample also had 
two visible components, a faint blue region near pyocyanine O»5”0o55 o-nd 
a streaked yellow area R^ 0,6-0<,65 approximating to 1-phenazinol, A third 
and faintly visible spot was detected only under UV light (R^ 0,8-0,85),
Since the - extraction procedure could have caused degradative changes in the 
saiTiple, its value for identifying phenazines in the culturre was limited.
The chromatographic technique was not pursued as its major benefit was in 
confirming the homogeneity of the synthesized compounds,

7. Spectrophotometric detection of 1-Phenasinol 
added to Standard Supernatant

The possible contribution of 1-phenazinol to the spectrum of 
Standard Supernatant was considered because of the chromatographic evidence 
for the presence of this component. Therefore 1-phenazinol was added to a 
suitable dilution of standard supernatant to give a final 10 pg/ml. The 
effect on the supernatant spectrum is shown in Figure 13 *> As with the 
lyooyanine spectra, 10 mm cells were used between 350 nm and 700 nm and 2 imii 
cells in the ultra-violet. Increased absorption occurred in the visible 
region between 4OO nm and 5OO nm although no peak was evident. The X max 
690 nm of pyocyanine was unaltered in intensity. At the 375 nni peak, which 
was recorded in both pathlength colls, an increase in intensity from 1,0 to 
lo4 was noted in 10 mm cells and 0,25 to 0,35 lo 2 mm cells. The absorption
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at 314 nin was -unaltered by l-phenazinol addition» A new peak appeared at 
290 nm corresponding to an absorbance increase at this position of 0,45 to 
0*85. The combined peak at 255 and 258 nm (shoulder) increased from 1,1 
to 1,5 and from 0,9 to 1,2 respectively.

The position of the observed increases at X max 420, 575 a^d 260 nm 
correlate with the X max values reported for 1-phenazinol in Tris (Figure 6e )» 
The 290 ran absorption only finds an analogy where strongly alkaline pH 11,0 
solvent was used to record the spectrim (Figure 6c ), The absorption peaks 
at 290 nm could result from the interaction with other 'Standard Supernatant’ 
components through the metal chelating property of 1-phenazinol (Moos and 
Rowen, 1953)• The presence of 1-phenazinol did not lead to erroneous assess­
ment of pyocyanine at

C, Effect of changing the composition of 
Resuspension Medium

1, Effect of Inoculum size on growth and Pyocyanine uroduction

As the bacterial strain and substrate used here were different to 
those employed by Ingledew in his original work with Resuspension Medi'um, 
it was necessary to establish 'bhe conditions for maximum pyocyanine production, 
To determine the optimum inoculum ratio of stationary phase culture into 
Resuspension Medium, a series of flasks were set up in duplicate, containing 
a range of volumes of Inoculum Suspension, After 20 h incubation,when 
production had reached its maximal level, pyocyanine concentration was 
determined by This was recorded on an optically clear supernatant
(12,000 X g, 20 min, 4*̂ 8) containing a few drops of hydrogen peroxide (5OI'). 
The latter caused no change in the spectrum of the oxygenated culture
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supernatant and. rn.s added, to ensure that all pyocyanine was in the oxidised 
form. The cell pellet v;as resuspended in saline and cell suspension 
opacity O.D.^^^ determined. This wavelength was chosen because it marks 
a point of minimum absorption in the pyocyanine spectrum,

A striking result of this experiment was the difference in colour 
(Plate l) of the cultures at the end of incubation. With an inoculum ratio 
of 25 or 5O/J the flasks showed the blue-green colour characteristic of 
pyocyanine production. Higher inoculum ratios gave terminal cultures 
which were brown and very small inocula, e.g. 3!̂ , showed no colour develop­
ment. The corresponding estimates of pyocyanine and cell suspension opacity 
are presented in Figure 14 (mean of duplicate flasks).

Plato 1

The effect of inoculum size on the colour of P. aeruwinosa cultures 
in Resuspension Medium; 1 - 200^; 2 - lOOyo; 3 -
4 - 5 - 12^; 6 - 7 - 3#; 8 - 1 #

The figure illustrates a distinct maximum in pyocyanine produced by 
inoculum level between 25 and 50# of stationary phase culture. An inoculum 
equivalent to 100 of the stationary phase culture gave ôOfô of optimum 
pyocyanine yield. 12# inocula gave 30# yield.
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' A correlation between pyocyanine production and the change in cell 
suspension opacity (initial relative to final) wa-s detected. At 4O/0 

inoculum level no net change resulted. bower inocula gave net increases 
in opacity and higher ones,net decreases in opacity.

In conclusion, the optimum level of inoculation for Resuspension 
Medium in order to achieve maximum growth and optimum pyocyanine production 
was 25/4 This inoculum gave, after incubation and centrifugation, that which 
will be referred to as 'Standard Supernatant'.

2. Essential and non-essential components of Resuspension Medium

As there is no satisfactory explanation for the environmental 
conditions which cause Ih aeruginosa to produce pigment, the inclusion of 
components in the Resuspension Medium was based upon the combined empirical 
findings of investigations described in the Introduction. Ingledew's medium 
was distinct in having no phosphate although earlier workers such as Burton 
et ale, (1948) suggested that an optimum minimal level was required.

The necessity for all the components of Ingledew's system does not 
appear to have been investigated. It was therefore decided to identify 
the components of Resuspension Medium essential for pyocyanine production.
As shown in Figure 8 (page 84 )? the Inoculum Suspension (from T-T medium)
did not produce pyocyanine by transfer to fresh Y-T medium. Thus the 
stimulus for pyocyanine production must reside in the Resusponsion Medium, 
the components of which have been given in Table XI ,

All the components listed have been reported necessary for pyocyanine 
production by various aut-^ors, although the concilions and the strain of 
organism have varied. Additional components cited by Burton et al., (1948)
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Table XI

Composition of Resuspension Medium

Component mM

Na*̂ 88.0

M l / 19.0

6.3

0.98

Succinate 37.0

Cl" 27.0

7.0

Tris 50.0

The medium was made up as disodium succinate lOg, 
NH^Cl loOg, KCl 0.47gs llâ SÔ  l.Og and 
MgClg 0.2g in 1 litre of 50 mM Tris
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Table XII

Effect of changes in the components of Resuspension Medium on 
Pyocyanine production and growth

Relative Pyocyanine Relative Cell 
Medium Production (E^^^) ^ Opacity ^

Complete Resuspension Medium 100 100

Without KCl YQ«»-*80 120

Without MgClp 90-100 80

Without Tris 40-50 120

Without Ka^SO^ 10-20 70

Without Succinate 10-20 50

Without M^Cl 10 60

FeSO^ added 9O—100 85

KgHPO added 10 140

FeSO^ -i- KgHPO added 10 160

a. To serve as standard for comparison the control was arbitrarily
assigned the value 100% for Pyocyanine and final opacity level
The 10̂ 6 reading in the presence of phosphate is not due to pyocyanine.
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as being necessary are Fe^^ and PO Hy experiments were therefore of
A-

two types; the effect of a) stepwise omrnission of the components of 
Hesuspension Medium and b) addition of Fe^ ̂ and/or PO^^ . The latter 
were added at 40 |fd and 40 mM respectively, the concentrations present in 
Y-Ï mediuKU The effect on the pyocyanine produced under Standard Super­
natant conditions was monitored after the deletion or addition of the various 
components. All flasks were inoculated, as for Standard Supernatant 
production and had a, final volume of 100 ml. The cell suspension opacity 
and of the clear supernatant were monitored as previously described,
giving the estimates of growth and pyocyanine production which are recorded 
in Table XII . The results are expressed relative to the values observed 
in the ordinary Resusponsion Medium control.

The following conclusions were reached; MgCl^ and KCl arc not

'4
 ̂ Jl nil . n R I s  "h In A n "hn f . ArlrMI
A

essential components of the Resuspension Medium. In contrast, dagSO^, 
succinate and Mi^Cl are all necessary, as is the Tris buffer. Addition of
2j.Fe did not influence pigment production but addition of phosphate 

completely prevented pyocyanine from being made.

The opacity changes show no correlation with pyocyanine production 
although increases occurred in all cases. The addition of Fe^‘ and phosphate 
stimulated growth beyond that in the control.

In conclusion, the essential features of Resuspension Medium appear 
to be Tris, Na^SO^, succinate and RE^Cl and the absence of phosphate,

5. Pyocyanine uroduction and gro:;th in Resusoension Medium
with replaced components

The knowledge that the essential components of the Resusponsion
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Medium were dli^Cl, Ma^SO^ and disodium succinate led to speculation as to 
the acceptability of alternatives for pyocyanine production. The 

components chosen a.s substitutes for the Mi^Gl nitrogen source were
KhO^ and HCl. The ha^OO^ component was replaced by

possible alternative sulphur sources, ha^SO^ and In place of
succinate as a carbon source, substitutes were selected from Krebs cycle 
intermediates - citrate and glutamate and two other metabolites were 
tested - glycerol and glucose. All substitutes were added at equivalent 
mM concentrations to Resuspension Media that were otherwise as normal. 
Stationary phase culture was used as a 25% inoculum in all flasks and the 
control was set up to give Standard Supernatant,

The effects of these substitutions are given in Table XIII and are
expressed in terms of relative Pyocyonine production and gi'owth. It will
be noted that none of the replacements gave better yields of pyocyanine
than the control although growth in some cases was substantially promoted.
By adding * and 80^^ as one component 60-65% of the normal level of
pyocyanine was produced. This indicates that the Na** is not the essential
ion of ITa^SO^. Heither KNO nor MIgOR. HCl gave good pyocyanine production
(25% and 10% respectively) and some cell lysis was observed with the latter,

2*" 2—It seemed easier to supply alternative sulphur' sources, as SO^ and S^Cy
gave fairly good pyocyanine yields (40-45% and 60-65% respectively). With
these alternative sulphur sources, growth was improved relative to that 

2“achieved by SO^ in the control.

The pattern observed with the replacement carbon sources glycerol 
and glucose is one of reduced levels of pyocyanine (50% and yO/J and 
proportionate increases in growth (l9C>% and 260%). Similarly for citrate
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Table XIII

Effect of replacing essential components of Resnspension Medium on
Pyocyanine production and growth

Component Replacement Relative
Pyocyanine
produced

Relative cell 
opacity

m  Cl (%K4)2S04

mo.

NH OH.HCl

60-65

20-25

10

100

100

80

Ma^SO Na.SOz
d 3 40—45

60'"65

110

150

Succinate Glycerol 

Glucose 

Citrate 

Glutamate

45-50

25-50

65-70

60-55

190

260

180

120

a, To serve as standard for comparison the control was arbitrarily 
assigned the value 100% for Pyocyanine and final opacity level
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and glutamate, reduced pyocyanine coincided with improved growth. Overall 
it was evident that the factors promoting growth and those promoting 
pyocyanine production are quite separate.

4 • 8pec.trpphotqmetric_analy8is_pf_miPdrB@.tants from
Resusuension Media vn.th replaced components

The supernatants of Resuspension Medium cultures with replaced
carbon, nitrogen and sulphur sources were examined by spectrophotometry in
the same way as described previously for Standard Supernatant. As is
observed in Table XlVa and XI¥b where the wavelength positions of the X max (m)
values are given, there is good agreement with the peaks of Standard
Supernatant. The cultures produced pyocyanine in variable amounts although
at certain UV absorption peaks there were contributions from other components.
The estimation of pyocyanine by was shown to be well founded in the

^690Standard Supernatant case. The extinction ratio for Standanrd Super-
514

natant and pure pyocyanine falls within the range 12-15%> and this is taken
as evidence of spectral correlation at these two peak positions. In all
cases quoted in Tables, the correspondence of absorptions at 690 nm and 314

nm with those of pure pyocyanine is upheld. In the case of no pigment
production the ratio is not calculated. With Standard Supernatant the
"foreign” absorption contributing to the peak at 375 nm won reliably estimated 

E-,
by the ratio (38-42%). The trend of this ratio towards that found in

314
pux'e pyocyanine (23-27%) gives a measure of the interference with tho puce 
spectrum. These ratios calculated for the spectra in TablcaXIVare adl 
greater than 45%« Those closest to the control value of 38-42% are the 
carbon substitute, ci urate and the nitrogen substitute (nH.)2S0 ., and those 
represent the best replacements for pyocyanine production. The increasing 
values of this ratio correlate well with reduced quantities of pyocyanine 
production given in Table XIII.
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Table XIVa

Absorbance values for visible and ultra-violet spectra of supernatants 

from Eesuspension Media with replaced nitrogen and sulphur sources

Nitrogen or 
Sulphur Source Colour

Absorbance values at X ma,x (nm) ; Efin u
I?

690 375 512 255 238 314 314

Usual Blue-Green 1.1 3*4 8,2 12 10 13 a

Green 0.6 2,1 4.7 8,5 7 .4 13 45

m o . Green 0.25 1*3 1.8 3.5 NP 14 72

NH OH.HCl Clear 0.0 0..3 NP

NagSO. Green 0.45 1.8 3*2 11 11 14 56

NagSgOj Dark Green 0.65 2.0 4.2 9.2 1,2 15.5 47

NP, No peak observed. Underlined absorbances quote background values

at X max position where no actual peak was observed. Dash (-) 

indicates no meaningful, estimate
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Table XlVb

Absorbance values for visible and ultra-violet spectra of supernatants 
from Resusponsion Media with replaced carbon sources

Carbon Absorbance values at X max (nm)
Source Colour

690 375 312 253 238 ^^14 ^^14

Succinate Blue-Green 1,5 4*5 10 I5 14 15 42
(usual)

Citrate Blue-Green 0,9 3«2 7*0 10 10 I5 45

Glutamate Blue 0,8 3*2 6,4 9*6 9*2 . 12,5 50

Glycerol Green 0,7 3*0 5*2 11 NP 15*5 58

Glucose Green 0,3 3 <•4 2.4 18 NP 12,5 142

NPj No peak observed
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In siunniaryj none of these manipulations in the formula of
Resuspension Medium improved pyocyanine production; most of the alternatives
were strongly disadvantageous. The trend to reduced levels of pyocyanine
is accompanied in the case of carbon substitutes by spectral changes in the
supernatant which cause the absorptions at 575 ond $11 to change their
relative intensity. The spectra illustrating this trend away from the
spectrum of pure pyocyanine are shown in Figure 15 . The 10 mm pathlength
absorptions at 6^0 nm are in agreement with the pyocyanine level produced.

The absorptions measured at 575 nm, 5^4 nm, 255 and 253 nm in 2 inm cells
E

show the change in the ratio and the disappearance of an observable peak
h i 4

at 258 nm with glucose and glycerol.

5. Growth in Resuspension Medium under atmospheres of

hydrogen and nitrogen

To observe whether or not oxygen in the Resuspension Medium was 
necessary for the synthesis of pyocyanine, cu3.tures of the Standard Super­
natant type were incubated under hydrogen and nitrogen atmospheres (Table XV ) 
ho pyocyanine production was observed in the supernatants from incubation 
under hydrogen or nitrogen (with or without added prior to spectrophoto­
metry). Supernatants grown under hydrogen showed two absorptions at 265 nm 
and 240 nm due to unidentified substances. The coll suspension opacity 
fell during incubation, indicating cell lysis. The supernatant from 
cultures under the nitrogen atmosphere had a yellow fluorescence under bT 
light and the spectrum showed two minor peaks at 58O nm and 255 nm. The 
change in cell suspension opacity from 1.0 to 1.2 during the 20 h incubation 
indicated slight grov/th.
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Figure 15
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Do Pyocyanine production in Minimal desuspension Medium

The combined results of the experiments in Section C indicate that 
the rninimuiii requirements for pyocyanine production arc di-sodium succinate 
(57 I'i-O Ï MH^Cl (19 mli) and lia^SO^ (7 rnM) « One might therefore predict that 
under the standard conditions with the 25% inoculum level, a medium of the 
above composition should give substantial pyocyanine production« Accordingly, 
a Minimal Hesuspension Medium was made up with these components in 5O nil 
Tris* To determine the best conditions, the medium was inoculated with a 
variety of volumes of Inoculum Suspension, The pyocyanine production and 
growth which resulted are expressed in Table XVI , The colour variations 
were qualitatively similar to those observed in the complete Resuspension 
Medina experiment. However, the minimal medium supported at its best only 
55% of the pyocyanine produced in Complete Resuspension Medium This best 
value occurred at an inoculum level of 25% which is the same as complete 
medium. This reduced level of Pyocyanine was nevertheless accompanied by 
improvement in growth reaching an O.b, of 2.2 compared with 1,6 in the control. 
Higher than optimum inoculum levels in Ixinimal Medium gave net lysis in 
agreement with the results shown in Figure 14.

The spectra of supernatants from flasks with various inoculum ratios 
are shown in Figure I6 , The corresponding absorbance values for
undiluted sample in 10 mm cells are given j.n Table XVII . In considering
Figure I6 it must be remembered that for control supernatants and those 
minimal cultures having 10% and 25% inoculum levels, 10 mm pathlength was
used between 452 irn and 700 nm. Between 200 nm and 450 nm 1;2 dilutions in
2 mm pathlength gave the spectra recorded.

The lower part of Figure 16 shows the spectra of supernatants from
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Figure 16î Ultra-violet and visible spectra of supernatants 
from minimal media with different inoculum sizes;
(a) 10 mm path
(b) 2 mm path, 1:2 dilution
(c) 20 mm path
(d) 2 mm path
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Table XVI

Effect of varying inoculiam size in Minimal Kesnspension Medium on
Ifyocyanine production and growth

Inoculum 
%■ Stationary 
phase culture

Controlb

Colour

Jilue-Green

Relative
Pyocyanine
production

Change in cell 
opacity (Oh 2Ohj

100 1*6

10

25

50

100

200

Green

Blue-Green

Blue-Grey

Red

Brown

50

55

25

13

10

0*3 lo2

0*8 2*2

1*6

3.0

6*0

1*8

2*6

5.2

a .  To serve as standard for comparison the control was arbitrarily 
assigned the value 100>c for Pyocyanine level

bj Inoculum of 25% in complete Resuspension Medium
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higher inociLliim ratios. The pigment observed in these cases was of much 
lower intensity and 20 mm pathlength cells were required between 450 and 
700 nm. 2 irnn pathlength cells were suitable below 450 nm although 1:2 
dilution was necessary to record the 255 peak of lOÔ b and 200% inoculum 
ratios.

It will be observed that with 10% and 25% inoculum ratios spectra
closely correlated with those of Standard Supernatant at all A max values.

m  Î?
■'“'690 475The ratio of extinctions and z H  viero closest in these cases to the

514 ^514
standard value.

The higher inoculuii] ratios in Hinimal Medium gave distinct visible 
and ultra-violet spectra-. The 50/o inoculum level retained the X max 69O nm 
although a new peak at 56O nm was observed. The 100% inoculum level 
caused X max 69O nm to decrease and the one at 550 rim to predominate, This 
trend was more pronounced with the 200% inoculum ratio. The measurements of 
Pyocyanine by these cases can only express the maximum possible level
present.

SECTIOM III : BIOCHEMICAL CIAKACTiPdSATICN OP

P. AEPbOIKOSA CELLS

A. Kinetics of growth and Pyocyanine production

Having established that the use of Resuspension Medium gave 
reproducible production of pyocyanine, the next step was to compare the 
growth curve of KOTO 6750, uncer the defined optimal conditions of 25% 
inoculum level, with that reported by Ingledew and Campbell (1969a) for 

strain ATGC 9027. Cultures in hesuspension Medium were therefore set up
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•under the optimal conditions and samples withdrawn at various times (Oh,
2hp 3h, 5hp 7h, llhp I6h and 20h) for the measurement of cell suspension 
opacity, total bacterial mass, viable cell count, pH.and pyocyanine production. 
The results (Figure 17 ) show that pyocyanine was first detected at 3h after
inoculation of the Hesuspension Medium. From that time its level increased 
linearly until at Iph it reached a plateau level. Thereafter the concen­
tration of pyocyanine remained constant in the supernatant over the remaining 
period of observation. In other experiments where measurements were made 
after 48h, pyocyanine concentration had decreased by only 10%.

The cell suspension opacity (0.1).^^^ of l.O) at Oh changed little 
over the lag interval of. pyocyanine production. At 3h the opacity began to 
increase and the rate paralleled that observed for pyocyanine. The maximum 
opacity was reached at 7h and it remained constant until pyocyanine concen­
tration was at the plateau level (l6h). The decrease after this time was 
confirmed by the value of 1*8 - 2.0 which was regularly observed at 20h.

The number o.f viable cells at Oh (2,4 “ 0,4) ^ 10^ per ml 
corresponded to a total bacterial dry mass of 0«31 per ml. The most 
rapid increases in these two parameters occurred over the lag interval from 
Oh to 5h, Viable co-unt increased from 2.4 to 3=4 % 10^ cells/ml. This 
increase in the viable count dui’ing the lag interval, in fact, represented 
the only cell division occurring in the culture. After 3h the viable count 
decreased within the next three hours to its original Oh count. This 
point marks the 50% level of pyocyanine production. liirther changes occurred 
only after 20h when the viable count fell to much lower levels.

The decrease which occurred in t}ie viable count after ya did not 
cause the bacterial mass to stop increasing. The latter levelled off at a
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maximum üo58 rng/ml after Gh. The decline in bacterial mass at 14h 
corresponded to decreasing cell suspension opacity and started when pyocyanine 
production had ceased. At the typical observation time of 2Oh the bacterial 
mass had fallen to 0^45 mg/ial. The pK changes over the course of pyocyanine 
production showed a steady increase from 7®4 at Oh to 8,6 at 20h.

The above results on pyocyanine production cell, suspension opacity 
and pH show good agreement with those reported by Ingledew with ATGC 9027,

13, Changes in the chemical composition of cells and supcernatants

There appears to be no published information on the changes in the 
chemical composition of P. aeruginosa cells during pyocyanine production.
It was therefore decided to make a variety of chemical analyses on the cells 
over the period of incubation in Resuspension Hedium, The non-pyocyanine 
producing cells harvested from the initial growth medium were represented by 
the Oh sample. between Oh and $h there is a, phase of cell division and 
after this ’pyocyanine lag interval' the cells characteristically start to 
produce the green pigment. Cells at ^h were removed to record the changes 
that had taken place. When pyocyanine had reached the plateau level (20h) 
the cells were compared analytically with those at Oh and $h to see what 
changes had occurred.

It snould bo remembered that the "trigger” for pyocyanine production 
in the Resuspension Medium as suggested by Ingledew, and confirmed here, \'as 
the total absence of added phosphate. Therefore in this series of experiments 
attention was focussed on determining the levels of phosphate-containing 
macromolecules (bhA, RAA, FL, IPS and ATp) in the pyocyanine-producing cells.

The assay procedure,except where stated otherwise, was carried out on



122

cell samples removed at Oh, $h and 20h from the Standard hesuspension Medium. 
Suitable cell aliquots of different sizes were harvested from duplicate 
flasks, washed once with saline by centrifugation at 0 and stored at -20^0 
until required for analysis.

The results are expressed in two ways i

1) as weight of component per flask, i.e. per 100 ml of culture in
Resuspension Medium

2) as percent contribution of the component to the total bacterial mass.

This second method was included because of the 60̂ 0 increase in bacterial mass 
during the first three hours,

Some analyses were also done on culture supernatants from the 
Resuspension Medium, Before analysis, these latter samples were ultrafiltered 
at 0°C through a UM 05 grade membrane with a molecular v/eight exclusion limit 
of 900 (Amicon Corp. Massachusetts), This was done primarily to remove 

pyocyanine whose colour would otherwise have interfered with the colour 
reactions of some of the biochemical assays.

a, Nucleic acid

Immediately after the cells had been harvested and washed at O^C in 
0.25 N HCIO^, the nucleic acids were extracted. The BNA and RNA spectro- 
photometric assays were described by Munro and Fleck (1966) and are based on 
the method of Shneider (l957)* Nucleotides were acid hydrolysed and the 
purine bound deoxyribose and furfural derivative of purine bound ribose were 
determined by their colour reactions with diphenylamine ) and with
orcinol (S^^Q)respectiv0ly, Pyrimidinc-bound nucleotides do not react under 
these conditions. Cultrue volumes of between 5 and 20 ml weie used to
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estimate PITA and 2 - 5  ml for ANA, Figure 18 shows the weights of 
polynucleotides in the cells at ttie three sampling times. The yields were 
calculated after calibration of the method using purifiod samples of D M  
and HNA which had been treated in an identical manner. The percentage 
contribution to the cell was based on the measured total bacterial mass as 
described for the growth curve,

DNA increased in the first three hours from 1,21 to 2,05 rng per 
100 ml y an increase which was sufficient to maintain its level in the cells 
at 4*2 - 4®5 percent. At 20h, when pyocyanine was on the plateau level, 
the DNA had returned to its Oh level of 1,25 mg per 100 ml of cud.ture. At 
this time the-supernatant contained 0,75 nsg of soluble DNA per 100 ml.

In contrast to DNA, the increase in .RNA during the lag interval 
from 2,65 to 5.48 mg per 100 ml was not quite in proportion to the increase 
in bacterial mass and the percent value in the cells fell from 9*3 to 7®! as 
a result. After twenty hours the cells from 100 ml culture contained the 
equivalent of 1,85 mg of RNA which represented 5*9 percent of the total 
bacterial mass. The quantity of soluble RNA in the culture supernatant 

was 1 ,5 mg,

b. Protein

Protein was estimated by the method of Lowry et al», (1951) using 
bovine serum albumin as standard. Samples were prepared by sonicating the 
cells from 5 nl of Resuspension hedium in 5 ml of Lowry Reagent A at 0^0 for 
10 rain to obuain a clear suspension.

At Oh the cell-associated protein measured 15*4 mg per ICC ml as 
shown in Figure I9 . Growth during the lag interval gave a protein level



F.lg-ure

125

4 0

t) 6 0

20 g
en

40

20
I—

Houn■s

Protein content of cells and suporimtant»
@9 Values per 100 ml of Pesuspension î'Iedium 
Oj, Percent contribution to cell mass
Qj, Release of protein (mg/lOO ml) into the supernatant.



126

of 31 a4 pe%" 100 ml at 3h. This level appeared to remain steady through 
the phase of pyocyanine production and v/as 34»5 mg per 100 ml at 20h. This 
synthesis of protein had the effect of increasing the conLrihution of 
protein to the cell mass from 55 to 65/L The. 20h figure was 67/̂ - The 
observed increase and retention of cellular protein over the 2Oh period 
is thus different to the behaviour of the nucleic acids. Neverthelessj 
some protein was detectable in the supernatant. Over the first 13h there 
was less than 1 mg per 100 ml. At I8ÎI5, protein had increased to 5 mg per 
100 ml and by 2Oh to 10 mg per 100 ml in the supernatant.

The occurrence of the bulk of protein synthesis during the first 
correlates with growth as judged by viable count increase during this 
period. The release of protein into the supernatant after 18h is 
correlated with nucleic acid release and the decrease in the opacity of the 
cell suspension in the later stage of incubation in Resuspension Medium,

Co Lipid and Phospholinid

Lipid analyses were done on cells pooled from two flasks (200 ml) 
and lipids were extracted with chloroform-methanol according to Folch et ai,, 
(1957)» Figure 20 records the range of increases measured in four
separate experiments. The dry weight of extracted lipid was lo5 mg per
100 ml at Oh and increased to 5.5 mg per 100 ml at 3I1. After 2Oh the
value had fallen to boxv/ecn 3*2 and 4*2 mg per 100 ml. The range of
estimates was greater at and 2Oh than for the Oh sample possibly due to 
the varying degree of extractibility of the lipid. The mean estimates gave 
the percent of bacterial mass as 5*6 at time of inoculation increasing: to
9.0 at 3h- The value at 20h was 7*1/0,
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Although an increase in total cell lipid was detected, the 
phospholipid component as estimated hy lipid phosphorus analyses (Allen,
1940) did not show a parallel change. The Oh level of 4 = 1 / phospholipid 
in P. aeruginosa compares well with that reported hy Martin and MacLeod 
(1971)* The phospholipid at was 2'g of the total lipid and the value fell 
to only 1% after 2Oh in Hesuspension Medium«

dfi Liponolysaccharide

The cell-associated LPS was extracted from the cells harvested from
1,000 ml of Hesuspension Medium using the phenol-v/ater procedure of VJestphal 
et alg, (1992), The opalescent pellet of LPS was monitored for nucleic acid 
contamination by and was rendered froo of this contamination by two
cycles of ultracentrifugation*

Amounts of LPS were measured by the Johnson bichromate oxidation 
method with glucose as standard. The values expressed in Figure 21 show 
the range of estimates in three extractions. At Oh the level of LPS v/as 
40 |.Lg per 100 ml of culture. This increased to 85 pg per 100 ml during the 
first 3h, after which it fell to near the initial value. VJhen consideration 
is given to the changes in bacterial mass, the percent contribution of LPS 
remained fairly steady; Oh, 0.14/j, $h, 0.2A and 20h, O.l̂ A'» The latter 
corresponds to 60 pg per 100 ml. It should be remembered that this estimate 
v/as made on the cell pellet from Hesuspension Medium at 12,000 x g and as 
such may contain some sedimentable LPS from the supernatant,

0. Adenosine triphosuhats pool

The level of ATP in the cells v/as thought to be a valurholo indicator 
of cell response-to the low phospha.be environment of the Hesuspension Medium.
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0.iie assay procedure employed here is that described by Holms , (1972),

a modification of the method of Cole et al«, (1967) based on that of 
Mcdlroy (1963) and using firefly lantern extract. The method has been 
shown by Holms to be a measure of intracellular ATI in bacteria. Samples 
(4 ml) from duplicate endturcs were extracted with perchloric acid, which 
after neutralisation gave an aqueous ATP solution. This was stored at 
-20^0 for not more than 4dh. The possible instability of ATP at this 
temperature was allowed for by observing stored standard ATP solutions which 
had been extracted from complete medium and processed in parallel with the 
unknown samples. Extracts were also made of cells from Y-T medium to 
detect the effect of the washing dux’ing preparation of the Inoculum Suspension, 
At the time of the assay, standard ATP solutions in water were used for 
calibration. The values of ATP in the bacterial extracts were corrected 
for the slight decay of the stored standards and the determinations at times 
before and during Resuspension Medium growth are given in Figure 22 . In
the 4dh between extraction and measurement the standards had decayed by less 

than 99'L

The quantity of ATP in the equivalent cell weight of 1 flask at 
Oh observed before the cells were washed was 108 pg. At time of inoculation 
.(Oh) the level was 45 pg. This increased over the lag interval to 63 pg per 
100 ml at 3bj although in terms of percent of bacterial mass this represents 
a negligible change from 0.14 to 0.16. ATP synthesis continued until it 
reached a maximum at lOh, At this point it v/as IO9 pg per 100 ml, almost 

back at its pre-washing level and constituting 0 .17/v of the cell mass, when 
the cells had been in the presence of maximum pyocyanine for 6h (i.e. 2Oh) 
the ATP v/as 75 Pd per 100 ml and 0.14fj of the bacterial mass.
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It was concluded that the ATP remained relatively consbantj between 
Oel4 and 0*17% of the total cell massj through incubation of P* aeruginosa 
in the Hesuspension Hedium,

C, hlectronhoretograms of cell envelonc proteins

Acrylamide disc gel electrophoresis was employed to examine the 
pattern of cell envelope proteins at two phases of the investigation.

In early experimentsj envelopes were prepared by the method of 
Repaske (l95ô) using EDTA and lysozyme followed by DNA'ase addition. Whole 
cells were separated and the cell envelopes washed by centrifugation in 5^ mil 
Tris. Preparations were sonicated before use for 10 min at 0°C and 0.1%
SDS was added as dissociating agent to permit the proteins to migrate 
according to molecular size (Reynolds and Tanford, 19?0). Electrophoresis 
was done in separating gels containing 11.7% (w/v) acrylamide (Davis, I964) 
and molecular weight estimates were made by running proteins of known dalton 
value in parallel.

In later experiments pressure cell lysis (Biotec) was used to obtain 
envelopes in greater yield and at the characteristic time intervals for 
sampling the Resuspension Hedium growth. The preparations were washed as 
described for the lysoz;/me preparations* Meanwhile the literature at that 
time contained a reference to an analysis of E. coll envelope proteins 
(Starka, 1971) using a more porous 7% acrylamide gel system* It was decided 
to employ this under the conditions described for 11% gel. The modification 
described by Grula and Savoy (l97l) was also adopted, namely, addition of 
0o 1% |3»*mercaptoethanol to improve the separation of the resolved bands.

Eigur'e 23 shows the eleotrophoretograms of lysozyme preparation of
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Figure 23î Electrophoretograms of cell envelope proteins in
11 «7^ acrylamide gels. Cell envelope proteins were 
prepared using cells removed, from Resuspension Medium 
at zero time (EO)? 3h (E3) and 20h (E20),
The standard protein mixture described in the text 
was run in parallel (shoxm top): A = 12,4CO daltons ;
B = 17 f 800 dad tons ; G = 25,000 daltons ; I) == 4.5,000 
daltons ; E 45,000 daltons and F - 67,000 daltons.
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Figure 24î Electrophoretograms of cell envelope proteins
in 7*0% acrylamide gels. Cell envelope proteins 
were prepared using cells removed from Resuspension 
Medium at zero time (SO), '^h (E^) and 2Oh (E20),
The standard protein mixture described in the 
text was run in parallel (shown top)» B = 17,800 
daltons ; C = 25,000 daltons ; D = 45,000 daltons ; 
E = 45,800 daltons and P = 67,000 daltons.
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cell envelopes run on the 11*71 gel system. The major bands appeared at 
molecular weight 67,000 and a, characteristic band was observed in all 
samples at 25,000 daltons. In the Oh sample a band at 17,000 daltons was 
a major component. This was lost after 5h growth of the cells in 
Resuspension Medium.

Figure 24 gives the resolution achieved with the more porous 7.0^ 
gel, designed to improve separation of higher molecular weight components 
obtained from the mechanical rupture of the cells. The complex pattern of 
components in the 17,580 25,000 dalton region was essentially the same for
Oh, 5h and 2Oh samples* In all preparations the component at 17,500 
remained the same. The complex of peaks at 67,000 daltons was well 
resolved in the Oh and 5h samples although in the 2Oh sample it weis less 
well defined.

A comparison of the two methods of preparation indicates that 
enzymic lysis gave fragments of smaller molecular weight than those obtained 
by mechanical rupture. The electrophoretic technique was used to detect 
the possible synthesis of new proteins specific for pyocyaninc production. 
Since the results indicated degradation of components no fuz'ther experiments 
were done.

K • .p e lls .

Cells harvested at different times from Resuspension Medium were 
examined in the electron microscope both as thin sections and as negatively 
stained preparations.

Control cells which had been fixed in Y-T medium appeared as 
undamaged intact cells having dark stained cytoplasmic granules similar to
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those reported as polyphosphate by Garrick and Berk (l9?l)«

The washing procedure for the preparation of Inoculum Suspension 
resulted in cells of irregular shape and the release of some cellular 
components. The dark stained granules were absent. After the pyocyanine 
lag interval the cells were similar to the control although increased 
leakage was observed. The LRi released from the cell surface gave 
sectioned profiles similar to those obtained by Shands (l97l) in purified 
LPS preparations isolated by phenol water extraction. Shands interpreted 
the disc and doughnut shaped appearance as bi-layer formation, each half 
consisting of core polysaccharide and covalently linked lipid.

At the end of incubation in Resuspension Medium the leakage and 
LPS release had continued giving a higher proportion of empty cell hulls 
observed as circular profiles.

The summary Table XVIII compares the major anatomical characteristics 
of control cells with those at Oh, 3h and 2Oh as observed in low magnification 
survey micrographs. It was evident that cell leakage and disintegration of 
LPS-Lipid-Protein complex was progressive with time of incubation.

All electron micrographs were kindly provided by Dr. J.H, Freer of 
this department.
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Plates 2 « 5» Electron micrographs of thin sectioned whole 
cells of Pc aeruginosa fixed with glutaraldehyde in the Y-T 
growth medium before washing as outlined in Inoculum Suspension 
preparation,

Plate 2 shows a low power survey micrograph of undamaged 
whole cells from a stationary phase culture. X 34 5̂00.
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Plate 3 snows the details of control cell structure, Note the 
characteristic appearance of the chromatin (ch), the cell wall 
(cv/) and the cytoplasmic membrane (cm). The darkly stained 
areas of the cytoplasm probably represent polysomes (p) and the 
larger densely stained areas are of unlmovm composition,

Electron transparent areas in the cytoplasmic region of the cell 
are often seen to be membrare bound and probably originate from 
invaginations of the plasma membrane. X 72,600.
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Plates 4 ™ 6, Electron micrographs of thin sectioned whole 
cells of P. aeruginosa fixed with glutaraldehyde in the 
Resuspension Medium immediately after inoculation (Oh).

Plate 4 is a low power survey micrograph. Note the irregular 
outline of the cells and the presence of several cells showing 
extensive leakage. The nuclear material (n) appears more 
fibrillar and localised than that observed in the control cells. 
The cytoplasmic polysomes (p) are seen more closely packed than 
in the control cells. The darkly stained areas noted previously 

were largely absent, X 34?500*
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Plates 5 and. 6 show cells from Oh at higher magnification*

Plate 5 shows evidence of LPS peeling from the outer layer 
of the cell envelope (l) and the presence of some free LPS 
in the form of sheets (s) and vesicles (v). X 72,600.
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Plate 6 illustrates detail of the cell envelope structure : 
the outer triple layered profile of LPS-Lipid-Protein (lip) 
complex is clearly visible whereas the plasma membrane 
profile (pm) appears discontinuous presumably due to 
fragmentation during lysis. The rigid layer (r) is 
discernable in the cell envelope profile and appears as a 
diffuse band immediately interior to the outer element of 
the wall, X 117,300.
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Plates 7 *“ 10. Electron micrographs of thin sectioned whole 

cells of P* aeruginosa fixed in resuspension Medium at the end 

of the lag interval (ÿh) with glutaraldehyde.

Plates 7 and 8 show low power survey micrographs, Note the 

dispersed appearance of the chromatin (ch) similar to that 

observed in the control cells (PI a, te 2). Polysomes (p) are 

present as in the control although less numerous and embedded 

in an amorphous material. Increased disruption is evidenced 

by the amount of free envelope material present in the 

preparation - nuclear material (n), cytoplasmic membrane 

fragments (cm) and free LF3 (l). X 34?580 and 42,300 

respectivelya
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In Plates 9 a-nd 10 note the irregular cell wall profile in 
comparison to that in the control and Oh samples, 'i'he 
release of LP3 vesicles from the surface of the cell 
envelope and the presence of numerous characteristic LPS 
complex, profiles are observed.

The sections of LPS appear as either flattened discs viewed 
face on (a) or when these are sectioned at a variety of 
angles as trilaminar structures (b) or discs and trilaminar 
profiles viewed at an angle (c). X 117,500.
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Plates 11, 12 and 15. Electron micrographs of thin 
sectioned whole cells of P, aeruainosa fixed in Resuspension 
Medium after twenty hours (20h) with glutaraldehyde,

Plate 11 is a low magnification survey micrograph, Rote 
the empty cell hulls and the presence of released cytoplasmic 
material - nuclear material (n) and the LPS-Lipid-Protein (lip) 
complex. The predominance of circular profiles in the cell 
envelope of empty cells suggests a loss of rigidity in the 
cell wall, possibly resulting from the activity of autolytic 
enzymes, X 54,500.
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In Plates 12 and 15 the distinctive nuclear appearance is 

not the same in every cell, some cells showing the well 

defined fibrillar chromatin (ch) whereas others show 

dispersed and ill defined chromatinic areas (ch*).

Polysomes (p) are randomly dispersed in the cytoplasm 

similar to those observed in the control cells. Cell 

hulls are more frequently observed as is the release of 

LPS (l) seen in characteristic profile, X 72,600<jX 117»300 

resnectively,
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Plate 14. Electron micrograph of negatively stained $h 

envelopes of P , aeruginosa after extensive washing in 

50 mM I'ris X 72,600.

The sheets of material consist of a mixture of LPO-lipid™ 

Protein complex and fragments of plasma membrane. There 

is no indication of contamination with cytoplasmic material.
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SECTION IV s Il'ÏHIBITlOh OF PTOCYANINE PRODUCTION

A, Effect of phoaohate addition

A characteristic feature of the Resuspension Medium is its lack 

of phosphate. Results described under 'Composition of Resuspension Medium* 

(see page 103 ) indicated that when phosphate at 40 mM (concentration in Y-T

medium) was present then pyocyanine was not produced.

In order to explore this effect further, experiments were done in 

which various phosphate concentrations were added to Resuspension Medium at 

various intervals during the 2Oh incubation period, Equimolar quantities 

of K^RPO^ and KU^PO^ were used to give a range of logarithmically spaced 

concentrations from 40 pM to 4OO mM, These levels of phosphate expressed
r  3 5 - 'ao logqQ  ̂ g from 0.602 to 4.602 were added to the Standard

Resuspension Medium at the times specified in Figure 25 . The growdh medium

concentration was represented by 40 mM phosphate. The figure shows the 

values, at 20h, of the cell suspension opacity and the pyocyanine production 

as a percent of the control. At the times chosen the quantities of 

pyocyanine which had already been produced in the supernatant were as follows; 

Oh, Oÿt; 5h, 10>c; 6h, 20-50̂ ô; lOh, 60 - 70̂ :̂ ; and at I2h, 90-100^6.

.By adding- 40 |iM phosphate at Oh and at ÿh the pyocyanine production 

reached only 4O/0 of its normal level. Addition at 6h and lOh resulted in 

60/u and 7O/0 pyocyanine production respectively. The lOh colls seemed to be 

inhibited in the production of more pyocyanine by the presence of 40 pM 

phosphate.

It is possible that further synthesis took place followed by
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Pi/:;ure 25

2 3 4
Log [phosphate] g nnoles

Cell suspension opacity and Pyocyanine production in xhe presence of added
phosphateo O, Phosphate adaeu at Oh; o , at $h; a  ̂ at 6h; @ , a,t ICh and 
0 y at 12h,- 'iho same s\'Tnbols express the final cell suspension opacity 
resulting from phosphate addition at the specified time. Values at lOh and 
12h coincided. To serve as standard for comparison untreated control was 
assigned the value lüC)^ for Pyocyanine and final opacity level.
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degradation of pyocyanine to give the final levels observed. 12h addition 

of phosphate at levels below 40 tiH did not affect pyocyanine production.

Tlie addition of 4OO pit phosphate and above, at Oh and 5h resulted 

in complete inhibition of pyocyanine production. The 4OO concentration 

of phosphate added at 6h and lOh prevented further pyocyanine synthesis as 

did 4 mli at 6h. By adding 4 riiM at lOh however, the final pyocyanine level 
was lower than that at lOh and degradation may have occurred.

A similar effect was noted when 40 mM was added a,t 6h and lOh and 

the further pyocyanine production was prevented while levels fell from 20^6—* 

10% and from GOf;,i —> 50% respectively. This degradation was observed by- 

treatment of the 12h cells only with high phosphate concentration i.e. 4OO mlL

In sujnmary, at early stages in pyocyanine proauction, Oh, 5h and 6h, 

the cells were sensitive to 40 fd'l phosphate and this caused what appeared to 

be instantaneous pyocyanine inhibition. Higher levels of phosphate were 

necessary to cause the degradation of pyocyanine by older cells.

The differences in 2Oh cell suspension opacities in the presence of 

phosphate are shown in the top part of Figure 25 , The results for lOh

and 12h cells were identical.

It was noted that concentrations of between 4 mI4 and 40 mM caused 

opacity increase for Ch and 6h cells. Cells at lOh and 12h required 4OÜ mM 

phosphate to give greater opacity than the control. The $h cells seemed less 

able to use 40 mM for growth although 4OO inM did stimulate the suspension 

opacity. In general, where increased opacity of the cell suspension was 

observed it coincided witn reduced levels of pyocyanine in -the supernatant.
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j3, Fffect of chloramphenicol addition

The observation that protein synthesis accompanied the growth of 

cells in the Resuspension Medium during the interval from Oh to suggested 

a specific requirement for certain enzymes before pyocyanine could be 

produced.

Chloramphenicol as an accepted inhibitor of protein synthesis v;as 

added to the Resuspension Medium to determine if it would affect the production 

of pyocyanine. Before determining the test levels it was necessary to 

establish the Minimum Inhibitory Concentration (HIC) of chloramphenicol for 

this strain of P. aeruginosa. Cells from the Inoculum Suspension wore used 

to give a 25% inoculum in a Resuspension Medium with 40 mM phosphate added, 

to constitute a full growth medium. Chloramphenicol was tested at 6 pg/ml,

60 M-g/ml and 600 pg/ml as shown on the abscissa of Figu-re 26 . The 2Oh 

cell suspension opacity values in these flasks and in the control without 

chloramphenicol are given, 50% reduction in resulted from the

presence of chloramphenicol at 60 pg/ml and this was accepted as MIC, It 

was noted that when growth in the phosphate'»supplemented Resuspension Medium 

was inhibited, pyocyanine production was not observed.

A range of chloramphenicol concentrations close to the MIC of 

60 pg/ml were chosen and added to the Standard Resuspension Medium at zero 

time and at yb® The effect on pyocyanine production and cell suspension 

opacity are shown in Figux-e 2? where chloramphenicol is expressed on a log 

scale 60 t-tg/ml - 1,78 , From the graph of percent pyocyanine production it 

is noted there is little difference in the sensitivity of Oh and 5h cells to 

chloramphenicol. At the lowest concentration tested, 5 pg/ml, the Oh cells 

gave a.final pyocyanine level of 85%, With 5h cells the final level was 55h
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Fij^re 26
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Log [chloramphenicol ]jjg/inl

Minimum inhibitory concentration of chloramphenicol for growth in phosphate - 

supplemented Resuspension Medium, e , represents the final cell suspension 

opacity resulting from Oh treatment of the cells. A, represents the 

pyocyanine produced by the treated cells.
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Cell suspension opacity and, Pyocyanine production in the presence of 
added chloramphenicol^ O , Represent the Pyocyanine production resultir
from Oh treatment of the cells and □ « from 3h treatment, The same symbols
express the final cell suspension opacity resulting from chloramphenicol 
treatment. To serve as standard for comparison the control was assigned 
the value lOGR. for Pyocyanine and final opacity level*
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of the contrôle 20 |ig'/iiil of chloramphenicol was sufficient to cause ĵO% 

reduction in pyocyanine production in both the ^h and Oh cases. The IIIC of 
chloramphenicol caused pyocyanine to fall below the minimum detectable level 
in these experiments ( < lO/o). This was effectively complete inhibition of 
pyo cyanine produetion,

The cell suspension opacity values illustrated as percent of control 
in the upper part of Figure 27 show that with Oh cells, the opacity fell 
to 75% as a result of the addition of 10 }ig/ml. It remained at this 
lowered level with other chloramphenicol concentrations. The opacity of 
5I1 cells was higher at 9O/0 and was only lowered by treatment with the MIC of 
chloramphenicol to 85%. Although Oh cell opacities fell to lower levels 
than those at $h there was no similar divergence in pyocyanine production. 
Pyocyanine production therefore appeared to be more sensitive to suppression 
by chloramphenicol than was growth in phosphate-supplemented Resuspension 
Medium. After the three hour lag interval, during which maximum increase 
in protein has been shown to occur-, chloramphenicol also caused inhibition 
of pyocyanine production.

C. Effect of adding symthesized pyocyanine

To determine whether or not the pyocyanine producing system was 
subject to feedback inhibition by its own end product, purified pyocyanine 
was added at Oh and at $h in multiple units of the quantity normally found in 
Standard Supernatant. The quantities of pyocyanine produced biologically 
were estimated by E^oq a^ter account had been taken of the amount added.
The results are shown in Figure 28 . The lo25 unit and 2.5 unit levels of 
pyocyanine, vdien added to Oh cells, did not affect subsequent pyocyanine 
production by the culture. However when pyocyanine was added at the 5 unit
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Cell suspension opaciO and Pyocyanino production in the presence of 
added Pyocyanine. O , Pyocyanine addition at Oh and a ̂ at Jh. To 
serve as standard for comparison the control was assigned the value ICO) 
for Pyocyanine and final opacity level.
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levelj pigment production by Oh cells was reduced to a negligible quantity»
The assay was performed, on suitably diluted samples. By treating $h cells 
in a similar v/ay the response observed was quite different„ 1^25 units of
pyocyanine caused significant reduction in the subsequent production of the 
pigment to 70>o of the control value. 2o5 units of pyocyanine caused even 
greater depression ana only 20 to 5O/0 of the normal eanount was found to have 
been produced. As observed in the case of 5 units added at Oh,the ~jh cells
were completely inhibited in their pyocyanine production.

Changes in the level of cell suspension opacity were small. The
addition of 1*25 units caused 5̂  cell suspension opacity to fall to 85̂ v 
whereas the Oh cells had their opacity unaltered. The opacity at other 
points in the upper part of figure 28 indicate that values were never lowered 
by more than 155L ho stimulation of growth was observed.

It can be deduced that both cell types Oh and $h are sensitive to 
extracellular pyocyanine. Those cells on the point of producing the pigment 
are more sensitive to added pyocyanine and respond by producing lower than 
normal levels.

SECTIOh V : Tub EFfbCT OF rYOCYAhIbb Oh I. AhdbOlhOSA

A . The endogenous respiratory activity of wholo_ce11s

The preliminary observations on cells described in the section 
’Pyocyanine Production using Solid and Liquid Media’ (see page 82 )
indicatea that for cell suspensions of equivalent opacity, tne rate of 
endogenous metabolism measured in the Oxygraph varied wixh the type of nediu; 
used. A summary of the observations made is given in Table XIX. The
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Table XIX

Siimniary ol observations on P. aenifrinosa- cells groMi on solid media

Agar Medimn^
Observation Glucose-ammonium

salts llu-trient-peptone

Growth + +

Pyocyanine producti on

Itidogenous respiration^
i s d)

(i) Untreated cell
suspension 1 * 0  ( - Oal) 2 * 0  ( - 0 * l )

(ii) Pyocyanine treated
cell suspension 1^5 ( - 0«l) 2,2 ( « ü.l)

a, Composition in Appendix
b, Relative to arbitrary scale
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endogenous activity of cells grov/n on peptone nutrient agar was double that 
of cells from gluoose-ammonium salts mediunu The two media were distinct 
in that the former supported pyocyauiine production and the latter did not,

When the two cell types were treated with ^0 pg of pyocyanine, 
those which, had produced the pigment were stimulated in oxygen consumption 
rate by lü)u and those which had not given pigmented growth were also 
stimulated, but to a greater (pO)̂ ) extent.

The implication that stimulation of the cells by pyocyanine was
related to the production of the pigment led to experiments investigating
the part played by pyocyanine in the metabolism of cells during their growth
in Hesusponsion lled.ium, The cell yield from 1 ml of Re suspension Medium was
harvested and washed three times in sterile physiological saline. The
suspension at 10 times original concentration was stored a/t 2°C for 24 h
to establish a steady state of endogenous metabolism. Before use, the celj
suspension was restored to 37°C and diluted 1:5 with $0 niM Tris buffer, also
at in the Oxygraph chamber. Figure 29 shows a typical trace of
oxygen consumption by yh cells. When the system had equilibrated, estimates
were made over the 10 min steady rate of oxygen consumption. It vfas shown
by calibration of the apparatus that for the suspending buffer solution, tne
dissolved oxygen at j57̂ C was the same as that for Ringer's solution. The
latter contains 5 pi of oxygen per ml at 1001; saturation and ambient
barometric pressure. The change of lÔ i in Figure 29 in the saturation of
5 ml sample therefore means that 5 % 5 x 10 ~ 2,5 ul of oxygen consumed in

ICO
the 7 min interval studied. This gives a rate per ml of cell suspension 
equivalent to 21.4 ul of oxygen per hour. The arrow in Figure 29 represent: 
the point of addition of unit level of pyocyanine to this sample of $h cells.
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Figure 29
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Oxygraph trace of )h cell respiratory rate with added Pyocyanine 
(point of addition arrowed)
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The effect was a more rapid rate of oxygen consumption* The observed 20>b 
change in 9 = 5 niin represents a rate of $1 |xl of oxygen consumed per h*

The effect of treating other cell types from the Resiispension 
Mediumÿ with a variety of pyocyanine concentrations close to unit levelj is 
shown in Figujce 30 * The '̂ h result quoted above is shovm in the central 
part of the figure and unit level of pyocyanine is arrowed on the pyocyanine 
scale* As shown in the top part of the figure, Oh cells were not stimulated ' 
above their untreated rate of 21 ql of O^/h. The addition of pyocyanine up 
to lo5 units gave rates which varied between 18 and 22 pi of 0^ per h*.

In the case of 3h cells 0*29 units (25 pg) of pyocyanine caused
stimulation of the oxygen consumption from 21 to between 55 and 57 pi of 0 /h.
Stimulation was also observed with 0*5 and 1®0 unit level of pyocyanine 
although rates increased to only 5I - 54 pi of O^/h. 1*5 units caused a
consumption of between 55 and 57 pi of O^/h which was similar to that
observed with 0*25 units.

20h cells also had increased respiratory rates on treatment with 
pyocyanine. Maximum stimulation from the original of 25 pi of O^/h to 50 pi 
of Ou/h was observed with 1*0 and 1*5 units of pyocyanine, 0*25 and 0*50 

units gave rates of 26 and 28 respectively.

The overall results show that pyocyanine stimulated the respiration 
of 5h and 20h but not Oh cells, Tlie larger increases observed with 5h cells 
than with 2Oh are in agreement with the preliminary observation of stimulation 
in cells which had not produced pyocyanine. The marked activity of 0*25 
units in the 5h sample may indicate selectivity of the level which is closest 
to the one whicn tiie cells experience as a result of their o\m production*
The 2Oh cells responded best to unit level of pyocyanine treatmont*
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Effect of added Pyocyanine on the rate of endo^^enous respiration of 
cells from Fiesuspension I-iediurn (unit level of IVocyanine arrowed). 
Cells were removed from liesuspension Hediiun at Oh, 3h and 20h. The 
suspension of washed cells v/a.s stored for 24h before testing 
respiratory rate.
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The possibility that pyocyanine was being consumed as a substrate in 
these experiments is unlikely as the Ja response is not linear with 
concentration0 The variation in untreated respiratory rates Oh, 21;
22 and 20h, 2$ (pi O^/h) could be caused by several factorsî

(a) the rate of consumption of stored metabolites
(b) response of the- cells to washing and cold storage, or
(c) the availability of exogenous metabolites through cell lysis.

b, Cell envelope bound succino-oxidase

As outlined above, a variety of effects could be responsible for the ' 
observed effects of pyocyanine on whole cell endogenous métabolisme Campbel.I 
et ale s (1962b)demonsta:ated that both succinate dehydrogenase and succino- 
oxidase activity was associated with particulate fractions of the cell hull 
in Pa aeruginosa. As the intracellular reserve material is contained in the 
cell cytoplasm there was an opportunity to investigate the effects of 
pyocyanine on the enajmae system of the host organism using a single substrate.

Oxygraph experiments as described for whole cell respiration were 
performed using the cell envelope suspension prepared previously (see page $$ ) 
The suspension was used undiluted in volumes equivalent to 20 ml of 
Resuspension Medium cell yield. Substrate (20 mM disodium succinate) was 
added to give a final 4 concentration in a total reaction volume of 5 ml 
made up with Tris buffer at $7^0.

The rate of oxygen consumption by the cell envelope preparation 
without added substrate was negligible. In Table XX the rates with added 
substrate are given for three envelope preparations measured in duplicate.
The low rate of activity caused the trace to deviate from linearity below 6ub
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Table XX

Effect of Pyocyanine addition on cell envelope bound succino-oxidase

Cell envelopes 
from 20 rnl of 
Hesusponsion 

Medium

Pyocyanine 
added . 
(pg)

|il of oxygen consumed/h

before adding After adding %
Pyocyanine Pyocyanine Change

Oh 2$0
$00

1000

9.4
12.0
11.8

8.2
10.1
9.8

"1$
•“16
-17

3h 2$0
$00
1000

6.7
6.6

7.2

7.1
7o$
8,6

+6
pl$
+20

20h 2$0
$00
1000

13.$
12.4
13.$

13.$

9.2
12.0

0
'2$
-8

a, Values expressed are mean of three estimates (within, range - $;7) 
on duplicate envelope preparations
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The effect of Pyocyanine addition on cell envelope bound succino-oxidasc. 
Cell envelopes were prepared usin.y cells rernovod from lie suspension Podiuiri 
at zero time (PO), (dp) and 20h (F20). FyOcya.nine added (pOO uy) 
was 23/0 of unit level»
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saturation with oxygen and so all rates wore measured between 85 and 65% 
dissolved oxygen. The effect of pyocyanine addition was recorded after 
standardisation of the rate of untreated succino-oxidase activity. The Oh 
envelopes (sO) from different batches consumed oxygen at between 9®4 and 14*0 

dl/h, Pyocyanine at a concentration between 25O pg and 1,000 pg (l2o5 and 
50% of unit pyocyanine level respectively) had a similar inhibitory effect 
on succino-oxidase ranging from I3 to 1$%,

By contrast $h cell envelopes (EJ) showed stimulation on treatment 
with pyocyanine, 1,000 pg resulting in a 20% increase with 5OO pg and 25O pg 
less effective at 15% and 6% respectively.

Cell envelopes at 2Oh responded in a similar way to those at Oh 
consuming oxygen at a slower rate in the presence of added pyocyanine, 5OO pg 
reduced the activity by 25% whereas 100 pg was inhibitory by only 8%. 25O pg
had no effect.

Using a standard 500 pg dose (25% of unit level) the effect of 
pyocyanine was further investigated with one envelope preparation as shovm 
in Figure 31 * The slope of control respiration in EG and E20 envelopes 
(85 —> 68 and 82 —* 66 respectively) was greater than that in pyocyanine 
treated samples (84 —+ and 84 —  ̂72) implying inhibition of succino-oxidase,
E5 envelopes had control rates of oxygen consumption which decreased the 
saturation from 84*5 to 76% while pyocyanine stimulated the rate giving 85*5 
to 75*5% saturation in the same time,

C, Cell envelope bound_ suecina,te dehydrogenase

As described by Norton et al,, (I965) the succinate dehynrogcnase
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bound to the cell hull in P* aeruginosa can be assayed by the standard 
spectrephotometric dye reduction method of Ells (1959)* The complete 
reaction mixture contained approximately 1% of the yield of cell envelopes 
from Resuspension Medium and KGN was added to inhibit the cytochrome system.
The transfer of electrons from the dehydrogenase to the final 2,6- 

dichlorophenol-indophenol (l)CIP) acceptor was mediated by phenazine metho- 
sulphate (HiS), The oxidised form of DGIP absorbed at 600 nra and, on 
reduction, the colour change from blue to green was monitored as a decrease 

in By adding all reagents to the blank except PME, only DGIP reduction
resulting from PMS electron transfer was recorded. Substitution of pyocyanine 
at equimolar concentration in place of PMS indicated that no reduction in 
^600 occurred, Pyocyanine was not a suitable substitute or competitor for 

K'4'So The effect of adding equal quantities of pyocyanine to both blank and 
reaction cuvettes is shown in Figure 32 , It was noted that the rate of 
change of E^qq with EG and Ef envelopes was depressed by pyocyanine at unit 
level (the lowest tested). Inhibition of SDH activity increased with 
increasing pyocyanine concentration up to the 5 unit level. In contrast, 

the E20 envelopes were‘stimulated by unit level of pyocyanine ana, although 
the effect was not linear with concentration, pyocyanine produced greater 3Ph 

activity at the 2 and 5 unit levels.

The proportion of % 0Q ™Tch resulted from reduction of pyocyanine 
and from bCIP was nob determined. The variation of activity, inhibition 
and stimulation depending upon the envelope preparation being tested,implied 
an association of pyocyanine with the system: (enzyme-substrate-PMS), This
rules out the non-specific reauction of pyocyanine by IMS ana underlines the 
variable response of enzyme systems in the host to tne action of pyocyanine.
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Effect of Pyocyanine addition on cell envelope bound succinate 
dehydrogenase. Cell envelopes were prepared using cells removed from 
Pesuspension Kediuin at zero time (EO), $h (E3) and 2Oh (E20), Unit 
level of Pyocyanine is arrowed,
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A« Determination of Pyocyanine

The first problem encountered in this investigation was 
to define the conditions for obtaining high, and consistent yields of 
pyocyanine in liquid cultiroes of the type strain of Pseudomanas 
aeruginosas But before this could be done it was necessary to establish 
a satisfactory assay for the pigment. To provide a standard for this 
assayy pyocyanine was synthesized chemically and the pure material 
characterised by chromatography and spectrophotometry. In the latter 
measurements good agreement was obtained with the max absorptions and 
extinction coefficients previously reported by Kura,chi (l958b), Corbet 
(1964) and Zuagg (1964),

Because of the possibility of pyocyanine assays being 
affected by related phenazines, similar spectrophotometric and 
chromatographic studies were done with 1-Phenazinol and 1-Methoxyphenazine, 
Having the three pure compounds available it was then possible to interpret 
the visible and ultra-violet spectra of P, aeruginosa culture supernatants 
in terms of known substances « An early conclusion emerging from this 
wfork was that pyocyanine was the only pigment produced by the NCTC 6790 
type strain of P, aeruginosa grown in phosphate - deficient medium. The 
wavelengths 314 and 69O nm were foiuid. to be the most suitable for 
spectrophotometric measurement of pyocyanine because of the intense 
absorption peaks at these values and because of minimal interference 
from other substances. However^ as pyocyanine itself can change colour 
with pH and Eh, culture supernatants were routinely adjusted to pH 8*9 
and a few drops of hydi’ogen peroxide added before, spectrophotometric 
estimation*
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Although under standard conditions pyocyanine was the major 
light-absorbing substance found in culture supernatants, the spectrum 

of the supernatant was not exactly the same as that of pure pyocyanine *

In particular, the supernatant showed am absorption at 255 ivhich was 

absent from the spectrum of pyocyanine* The component responsible for 

this was not identified, but nucleic acid may be suspected since culture 

supernatants were later shown to contain this product of cell lysis* 

Another peak at 375 is less easy to explain* This wavelength 

corresponds to one of the peaks of pyocyanine but the absorbance of the 

supernatant at this wavelength is greater than could be attributed to 

pyocyanine, as measured at 314 or 69O nm. However, these unidentified 

peaks were not prominent in the spectrum, nor did they interfere with 

absorption measurements at 6 9O or even at 314 nm. In this investigation 

the 690 nm pealc was routinely used for the spectrophotometric assay of 

pyocyanine*

A further assay question which had to be settled was whether 

to measure pyocyanine by direct spectrophotometry of culture supernatants 

as done by Kurachi (l958b) or whether to follow the chloroform extraction 

procedure of MacDonald (1 9 6 6 )* The latter is technically more laborious 

and also may cause the degradation of pyocyanine to 1-phenazinol (Kurachi, 

19590 and Moos and Rowen, 1953)* It may also fail to extract all the 

pyocyanine because the pigment may be bound to other compounds (Swan and 

Felton, 1 9 5 7 )0 It was therefore decided to check the validity of the 

simple spectrophotometric measurement at 69O nm. The method for 

checking, which does not appear to have been explored previously, 

consisted in adding known amounts of pyocyanine, which had been measured
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gravirnetrically, and finding the optical density* This gave a series 
of absorbance values which obeyed Bser®s law within the desired limits 
and showed that direct spectrophotometric measurement of the of
the culture .supernatants wo.s a reliable index of pyocyanine concentration,

One final point before leaving the subject of pigment assay 
is the apparent absence of fluorescin* According to Schoental (1941) 
this pigment is characteristic of P* aeruginosa and one might therefore 
expect it to be produced by the type strain* Hov/ever, no fluorescent 
substance was detected in cultures or supernatants examined under 
ultra-violet light* Nor were the intense BY absorption pealcs of 
fluorescin at 240 and 280 nm (Zanlcer and Peter, 1958) seen in the 
supernatant spectrum* With another strain (ATCC 9027) King, Campbell 
and Ekgles (1948) stated t.hat fluorescin production required phosphate 
and iron in the culture .medium - components which wei'e deliberately 
omitted from the "Resuspension Medium" used for pyocyanine production 
in my work* A separate study would therefore be requi.red to establish 
whether the type strain is capable of fluorescin synthesis under other 
cultural conditions or whether special fluorescin-producing strains 
would have to be used to study this pigment*

B* Cultural Conditions for Pyocyanine Production

It was found during the early part of this work that 
Pe aeruginosa IfCTC 6750 consistently produced pyocyanine vjhen grovm on 
ordinary nutrient agar* In contrast, when the cells were cultured in 
a nutritionally similar, but liquid, medium the pigment was produced 
only erratically* At first it was thought that this might reflect a
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spontaneous loss of ability to produce pigment as reported, but not 
explained, by MacDonald (1966). However, in retrospect it is clear 
that the factor responsible for preventing pyocyanine production in the 
nutrient broth used in this investigation is almost certainly the high 
level of phosphate* (On the other land this does not exiDlain why 
pyocyanine is produced on nutrient agar which certainly contains phosphate.)

Eventually, success in obtaining reproducible pyocyanine 
production in defined liquid mediun was achieved by a modification of the 
two-stage culture technique of Ingledew and Campbell (1969a). This 
involved growing the cells in shake cultures of a rich liquid medium 
containing phosphate and, after harves’bing and washing, transferring them 
to 'Resuspension Medium' which was nutritionally complete apart from 
lacking phosphate. Somewhat similar tehcniques have been applied in 
industrial fermentations to produce valuable byproducts of microbial 
metabolism such as streptomycin, nystatin, chlortetracycline etc.
The method ho ever does not seem to have been much used in laboratory- 
scale cultures except by some recent workers preparing extracellular 
haemolysins from Escherichia coli (Rennie and Arbuthnott, 1971) and 
Staphylococcus aureus (Bernheimer and Grushoff, 1967)* Although not 
a two-stage process, the production of diphtheria toxin in a medium of 
low iron content (Pappenheimer, I965) may perbiaps fit into the same 
general category.

The Resuspension Medium used in this investigation differed 
from that of Ingledew and Campbell in having 0,037 M disodium succinate 
in place of O.O5 M sodium 2-ketogluconate as the carbon source. Despite 
this change and despite the fact that my work was done with a different
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strain of P* aeruginosa, there was a, remarkable similarity in the final 
concentration of pyocyanine produced* My NGTG 6750 strain in the 
succinate medium yielded 70 - 80 ug/ml whereas Ingledew and Campbell 
obtained 100 ug/ml with ATCC 9027 in the 2-ketoglucona.te medium*
MacDonald (1966) reported 100 - 300 ug/ml produced by ATCC 9027 in 
various media,*

An important consideration in the use of Resuspension Medium 
was the level of inoculum added* This was expressed as the percent, by 
volume, of stationary phase culture in the Growth Medium which was added 
(in the form of washed cells) to the Resuspension Medium* Best results 
were obtained with a 259  ̂inoculum, although 50^ was almost as good*
Very small inocula such as 1^ or very large inocula, such as 200^ gave 
much lower yields of pigment * The 25^ inoculum was therefore used 
routinely. It was surprising that in the original work with Resuspension 
Medium, Ingledew did not report on the effect of inoculum size but simply 
used a lOO/ inoculum* The only previous work with a similar observation 
of the critical effect of inoculum size is tliat of Grossowicz et̂  al * (l957) 
using his ovm isolate of P» aeruginosa. Grossowicz did not express 
inoculum size relative to his initial growth medium but the yield of 
pyocyanine was doubled by a four-fold increase in inoculum size. His 
system differed from that used here since P* aeruginosa synthesized 
pyocyanine in the presence of 20 mM phosphate buffer.

The next step in the investigation was to see if Resuspension 
Medium could be improved by further modifications of its formula* The 
changes were of four types; omission of components, substitution of 
alternative carbon, nitrogen and sulphur sources, addition of phosphate
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and/or iron, and using a hydrogen or nitrogen atmosphere above the
medium in place of air. The result of all these permutations can be
surama.rized briefly; none gave as high a, level of pyocyanine as ordinary
Resuspension Medium containing succinate; many of the alternative media
gave more growth but this was not accompanied by better pigment production.
Indeed the converse was frequently observed* Addition of small amounts
of phosphate either diminished or completely abolished pyocyanine
production. In short, production of the pigment in the two-step
procedure has an absolute requirement for aerobic conditions, suitable
metabolizable sources of carbon, nitrogen and sulphur, and the complete

2-i- “fabsence of phosphate. Other factors such as Tris, Mg and K have a
promoting effect on pigment production but are not absolutely required®

2bPe does not appear to influence the system except that it promotes 
growth® These results are in contrast to the 3 mM requirement of 
strain ATCC 9027 for phosphate, reported by Burton et al® (19^8) and 
with the pigment-promoting action of iron (Kurachi, 1958c) in an 
unspecified strain of P® aeruginosa®

The replacement experiments inLth alternative carbon sources 
merit further consideration* For maximum pigment production, succinate 
i;as superior to citrate a,nd glutamate irhich in turn were better than 
glycerol® Glucose 'as the least suitable substrate for pyocyanine 
production but it gave more growth than any of the alternatives* There 
was therefore a tendency for an inverse relationship between growth 
and pyocyanine production with the different carbon soui-'ces. The 
greater pigment production with succinate may arise from the presence 
of succinate as the carbon source in the first-stage Growth Medium®
That is, from considerations of enzyme adaptation, the organism may be
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able in the Resuspension Medium to metabolise more rapidly a carbon 
source which it has recently been using* An alternative reason is found 
in the catabolite repression i.e. where enzymes required to metabolise 
certain substrates are repressed by products of succinate metabolism.
This has been shovm to occur in P* aeruginosa (Clark and Brammar, 1964) 
and is discussed in a later section*

Co Characterisation of P. aeruginosa during Pyocyanine Production

Having developed a satisfactory assay for pyocyanine and 
having explored the variables associated with using Resuspension Medium, 
the next step v/as to define the biochemical state of the cells before, 
during and after pyocyanine production* The two questions which seemed 
most important were -
(a) Is synthesis of the pigment accompanied by growth? and
(b) Hov/ do the various phosphate-containing molecules of the cell

(ATP, DBA, RHA, Lipid and Lipopolysaccharide) respond to the lovj 
phosphate content of the Resuspension Medium?

The question of whether or not pigment production is 
associated with grovfth v;as left unresolved in MacDonald's (1967) review 
on pyocyanine* The majority of workers including Burton et_̂ ad. (1948), 
Blackwood and Heish (l957) MacDonald (1963) and Ingledevj and Campbell (1969a) 
use4experimental conditions where pyocyanine production was associated 
with growing cultures® In contrast, Grossowicz et al, (1957) and 
Halpern. et al* (1962) used washed cell suspensions* The former group, 
taking 0*Da as index of grov;th, concluded that the pigment v/as produced 
by cultures which were just entering the stationary phase* The latter
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group believed they were dealing with resting cells as judged by 
constancy of viable count. Be came of the difficulty in resolving 
this situation, the present study on the kinetics of pyocyanine 
production used a variety of growth-indicating parameters namely, 
viable count, Ool)®, dry weight and cell-associated protein*

The time-course of pyocyanine production fell into three 
phases* Phase One, which lasted for three hours, was characterised by 
no production of pigment although the cells exhibited definite metabolic 
activity* For example the cell-associated protein doubled, cell mass 
increased by 70^ and viable count by 40/. The of the cell
suspension was unchanged* Phase Two was the period of linear’ increase 
in pyocyanine content of-the supernatant and lasted from three hours to 
thirteen hours* Dmring this time, while pyocyanine level was steadily 
increasing, O.D* increased by 180^, cell mass remained almost constant 
and the viable count decreased to the level at zero time® Pr’otein 
content was not measm-ed at thirteen hours.

Phase Three, the stationary phase with respect to pigment 
production, lasted from thirteen hours to twenty-four hours* Here the 
pyocyanine level remained constant, but the dry weight, viable count and 
O.Bo all declined* This was due to cell lysis which could be detected by 
the appearance of protein and nucleic acid in culture supernatants at 
twenty hours,

The pattern of events revealed by this kinetic study is 
similar to, but more complete than, that described by Ingledew and 
Campbell (1969a)* Both are consistent with the classification of
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pyocyanine as a secondary metabolite i.e. a substance which is produced 
in circumstances where the actively growing cell is unable to sustain 
balanced growth. It is clear that the controversy emerging from 
MacDonald's (1967) review is due, at least in part, to the different 
indices used to assess growth® Mitchell eind Moyle (1956a) have 
shown that the concentration of intracellular constituents during
changes in the growth phases do not relate to cell numbers®
Schlaechter (1958) demonstrated the close parallel of cell mass and 
opacity.

As stated above, the critical role of phosphate in inducing
pyocyanine synthesis made it of interest to measure changes in the
phosphate-containing molecules of the cells incubated in Resuspension 
Medium. Such studi.es have not been reported in the literature. Cells 
were therefore harvested and analysed after zero, three and twenty hours 
in the Resuspension Medium, these being the times of most interest for 
possible correlation with pyocyanine production.

As already reported, the cell,mass harvested at three hours 
showed evidence of growth as judged by the increases of 70^, lOO/ and AOfo 

respectively in dry bacterial mass, total protein and viable count. To 
this we can now add the facts that DBA and ATP increased in proportion 
to the cell mass, while total lipid and lipopolysaccharide increased in 
proportions which were 40^ and 140/1) greater than the cell mass increase* 
In contrast, RITA increased by only half of the mass increase and 
phospholipid showed a relative decline. This pattern of events is 
similar to that which would be expected with cells going from the log 
to the stationary phase of growth where RTTA contribution to the cell mass



180

decreases and DBA contribution increases (Herbert, 1961). These 
general changes in the comporition of growing cells, described by 
Herbert correspond to a decreasing rate of bacterial growth and the 
return of RITA and DBA to the levels typical of resting cells*

The changes in viable count, protein, DBA and RITA during 
incubation in Resuspension Medium are similar to those observed by Hou^ 
Gronlund and Campbell (1966) in cultures of P® aeruginosa which were 
starved of phosphate. The phosphate required for the cell di id sion 
and protein synthesis, which these workers observed, was thought to be 
supplied through the degradation of intracellular reserve material, shovm 
by Gronlund and Campbell (1963) to be RITA. As in the Re suspens ion 
Medium, Hou detected a relative increase in M A  content of the cells and 
a decrease in RHA incubation in medium without phosphate.

Dui'ing the period from three to twenty hours in Resuspension 
Medium, during which pyocyanine was produced, the cells show a marked loss 
of RHA and phospholipid and proportionately smaller losses of DBA, JjPS 
and total lipid. ATP was maintained at a relatively constant level 
throughout the whole twenty hours of incubation - result which might be 
expected from the central position of ATP in the phosphorus metabolism 
of the organism.

In summary, pyocyanine production occurs after the phase of 
growth and during a period when net synthesis of protein, MA, lipid 
ATP and LK3 has ceased, and RITA and phospholipid levels show rather 
marked declines.
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Do Effects of Phosphate Deprivation

It would be desirable to interelate all the variables 
studied according to a unified theory of the effect of phosphate 
deprivation on microbial metabolism. The status of knowledge in this 
area of bacterial physiology is fragmentary partly because of its 
inherent cornple^dty and partly because most studies on biosynthetic 
pathways involving phosphorus have been done in phosphate-containing 
media* A leading biochemist once stated to me "Phosphate is always 
there". (Davidson, personal communication.)

In a recent review Demain (1972) reported on secondary 
metabolites which are controlled to some extent by phosphate» These 
include prodigiosin from Serratia marcescens (Jackson Bunting and 
Morrison, 1963) and streptomycin from Streotomyces griseus (Demain 
and Inamine, 1970)* Demain considered that formation of these 
secondary metabolites was prevented by feed-back repression in which 
inorganic phosphate inhibited certain phosphatases. The justification 
for this view was that since many biosynthetic intermediates of 
secondary pathways are phosphorylated, whereas the ultimate products 
are not, phosphatases must participate in biosynthesis. Streptomycin 
was considered to be a good example. Here biosynthesis was markedly 
inhibited by phosphate and the penultimate compound streptomycin 
phosphate was shown to accumulate in phosphate-limited, streptomycin- 
producing cultures (Millar and Walker, 1970)*

Phosphate was found to inhibit prodigiosin biosynthesis 
(Jackson et al., 1963), and the amount of phosphate which was added
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caused proportionate decrease in pigment synthesis. The role of 
phosphate in this biosynthetic process has not been investigated further*

The problem of generalising on the effect of phosphate 
deficiency centres on the laxk of knowledge concerning phosphate 
acquisition and metabolism® It is not known how phosphate can regulate 
biosynthetic pathways or why the organism should respond by producing 
pyocyanine and other secondary metabolites when confronted with a 
phosphate-deficient environment.

The regulation of phosphatases is not the only method by 
which phosphate can exert a decisive effect on biosynthetic pathways.
It may be significant that the level of ATP in the Resuspension Medium 
cells at zero time was 60/ lower than had been detected in the Y-T medium 
cells* The ATP of cells throughout their incubation in Resuspension 
Medium remained at the same relatively low level. There is a distinct 
possibility, according to Atkinson (1969), that secondary metabolism 
can be regulated by energy charge i.e. the activation and inhibition 
of the enzymes of primary metabolism by the relative levels of ATP,
ADP and A?!? in the cell* A low-phosphate environment in Resuspension 
Medium causes ATP to be kept at a reduced level, relative to that in 
the growth medium*

This type of low energy charge in the cell has been shown 
to promote chlortetracyclin formation where the biosynthetic process 
does not involve any known phosphorylated intermediates* Using two 
strains of Strentomyces aureofaciens which differed in their ability 
to produce the antibiotic, Janglova, Suchy and Vanek (1969) found that
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the ATP level was high during groirth and then decreased to a low level 
at which it was maintained during the fermentation cycle. An inverse 
relationship existed between the amount of chlortetracyclin produced 
and the ATP pool levels in the two strains.

Eo Control Mechanisms in Pyocyanine production

Since pyocyanine is generally considered to be a secondary 
metabolite i.e. a natural product with no necessary and obvious 
function in the growth of the producing organism, the remaining 
observations in this investigation are set within the context of 
secondary metabolism«

According to Weinberg (l97l) the relationship of secondary 
metabolism to bacterial cell multiplication is as follows: After the
period of logarithmic growth and before the onset of the stationary 
phase, the secondary metabolite is detected in the culture supernatant. 
Under usual laboratory conditions the interval between logarithmic growth 
and the establishment of stationary phase conditions is approximately 
two hours. This time is sufficient for transcription and translation 
of the synthetases of secondary metabolism i.e. a phenotypic change 
induced by the environment to exercise control over the biosynthetic 
pathways and ensure that the cells function most economically.

The secondary metabolic process is characterised by two 
phases of enzymic activity. The first is the formation of the 
synthetases which have been repressed during the growth phase. The 
phenoxazinone synthetase in the biosynthesis of actinomycin (Katz, 1967)
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is a classic example® Hero, derepression involves protein synthesis 
and not precursor activation, since it has "been observed that inhibitors 
of protein synthesis block the formation of the enzyme and subsequent 
synthesis®

The second enzymic process is the activity of the 
synthetases which involves, for example, packaging of the primary 
substances such as malonate, acetate and shikimate into the final product,

The control mechanisms governing these phenotypic changes in 
bacteria include feedback regulations which has two distinct modes of 
action -

(a) feedback inhibition, where the end product causes reduction 
in the activity of one enzyme in the chain of reactions®

(b) feedback repression, where the control is exercised over 
the synthesis of the enzymes themselves®

In this investigation it would found that the addition of 
low concentrations (4 0 u M) of phosphate caused almost immediate inhibition 
of pyocyanine synthesis. However, with cells which had been producing 
pyocyanine for several hours, higher levels of phosphate were required 
for inhibition. The point at issue is whether the reduced activity 
of the enzymes involved in pyocyanine synthesis is the result of feedback 
inhibition or repression of phosphatases. The potential biosynthetic 
precursors of pyocyanine e,g. 5-phosphoshikiraate, are phosphorylated 
I hereas pyocyanine itself is not. This could be analagous to the 
inhibition of streptomycin formation by phosphate described earlier.
The situation with pyocyanine agrees with the observation that, as
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incubation in Resuspension Redium progresses, increased levels of 
phosphate are required to inhibit pyocyanine synthesis® In the latter 
stages of the culture, phosphatase activity would have risen to its 
maximum and therefore require higher phosphate concentration for 
inhibition.

‘To investigate the requirement for protein synthesis in the 
pyocyanine-producing system, experiments were made with chloramphenicol - 
a known inhibitor of protein synthesis® During the three hour period 
in Resuspension Medium which preceded the appearance of pyocyanine, all 
the observed increases in the protein content of the cells occurred® 
Certainly pyocyanine was not produced automatically just because cell 
growth was prevented, as the addition of growth inhibitory concentrations 
of the antibiotic to the culture in ordinary nutrient medium with 
phosphate did not give pyocyanine® In the Resuspension Medium, 
chloramphenicol inhibited pyocyanine production at levels considerably 
less than were needed to inhibit growth in a full nutrient medium® 
Moreover cells at zero time and at three hours in Resuspension Medium 
were equally sensitive in respect of pigment production®

It appears that by inhibiting the protein synthesis over the 
’period from zero to three hours the formation of the required synthetases 
for pyocyanine production is prevented® Even after three hours, those 
cells which have had the necessary enzymes induced or derepressed, are 
subject to inhibition by chloramphenicol„ This implies that continued 
protein synthesis is necessary after three hours « Previously, the 
observed inhibition of pyocyanine production by chloramphenicol was 
complicated by a parallel inhibition of growth (Schneirson et al®, I960).
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It was therefore impossible to distinguish the effects of chloramphenicol 
on growth from those on the pyocyanine biosynthetic system® As it has 
been demonstrated in this investigation that growth does not accompany 
pyocyanine production after three hours in the Resuspension Medium, 
derepression of the enzymes is implied.

By exposing ’'zero-hour" cells to unit level of synthesized 
pyocyaniney i.e. that concentration of pyocyanine normally found in 
Resuspension Medium after twenty hours, the final level of naturally 
produced pyocyanine was unchanged® Similarly the addition of 
approximately three units of synthesized pyocyanine had no effect, 
although five units resulted in complete inhibition® By contrast the 
"three-hour" cells were inhibited by 30^ and 70fo when one unit and 
three units respectively were added® The "three—hour" cells were 
completely inhibited by five units of synthesized pyocyanine® One 
possible reason for the difference is altered cell permeability which 
could result in "zero-hour" cells being insensitive and "three-hour" 
cells receptive to extracellular pigment. This would also require a 
situation whereby the synthetic pyocyanine, which was added at zero time, 
was not available after three hours to act in the same way as the 
synthetic pyocyanine freshly added at that time® Mo fixation or 
inactivation was detected by the visual observation of the pyocyanine 
colour during the zero to three hour period*

The observations can be considered as an example of feedback 
inhibition of the pyocyanine biosynthesis by end product® The "three- 
hour" cells would probably be more susceptible than "zero-hour" ones cas 
the synthetases, on which feedback inhibition was operative, would only
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be present after that period of incubation* The surprising inhibitory 
effect produced by the addition of five units of pyocyanine to the 
"zero-hour" cells would result if the inactivating process found with 
lower levels of pyocyanine was unable to affect all of the added 
pigment® The residual pigment, to which the treated "zero-hour" cells 
would be exposed after three hours, need only amount to unit level 
before significant reduction in natural pyocyanine would result.

A tj'picaJ. example of feedback inhibition is found in the 
production of chloramphenicol by Streptomyces venezualae (Malik and 
Vining, 1970) here accumulation of the secondary metabolite inhibits 
its ovm formation. Malik recognised the complication of the antibiotic 
being degraded by the producing organism and the fact that different 
rates of breakdown accompanied different growth rates of the organism 
in batch culture. This is similar to P. aeruginosa in Resuspension 
Medium although no breakdown of pyocyanine was observed» The major 
metabolic activity occurs over the first three hours and the response 
of "zero" and "three hour" cells to pyocyanine is quite distinct.

The problem of the pa.st history of the culture of 
P. aeruginosa and the variation in pyocyanine production which results 
from using different substrates and inoculum ratios in Resuspension 
Medium can be regarded as examples of catabolite repression, i.e. the 
inhibition, inactivation or repression of enzymes by catabolism of 
carbon sources. Depending upon the suitability of a substrate, the 
organism will exhibit different growth rates, resulting in various 
degrees of repression of the enzymes involved in the biosynthesis of 
pyocyanine. The previous history of the organism has been shown to
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influence the consumption of endogenous substrate (Gronlund and 
Campbell, I966) and, after the log phase growth of the organism on a 
variety of nutrient media, T-IacKelvie Gronlund and Campbell (1968) 
demonstrated that the relative consumption rates of intracellular 
protein and ERA were dependent upon the previous growth substrate®
It is possible that the previous growth conditions and rate of growth 
of Po aeruginosa on different substrates could influence the enzymes 
of pyocyanine biosynthesis in a similar way to the - galactosides 
repression observed in Bocoli (Okinaka and Dobrogosz, 1967)0

The part played by endogenous substrates in catabolite 
repression in P. aeruginosa is potentially of greater significance in 
that the breakdown of intracellular protein will liberate tryptophan, 
phenylalanine and tyrosine, primary metabolic branch point products of 
the pyocyanine biosynthetic route* In this way the liberation of 
either catabolite repressors or feedback inhibitors could provide a  

reason for the control exercised by environmental conditions over 
pyocyanine production*

P. Function of Pyocyanine in P* aeruginosa

As already pointed out the function of secondary metabolites 
in general is obscure* If a definite growth requirement could be 
demonstrated the product would cease to be classed as a secondary 
metabolite* The question of the function of pyocyanine production in 
P* aeruginosa is conveniently discussed under two headings* The first 
includes those functions affecting the producer cell* The second,
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attributes to pyocyanine a fimction which is common to all secondary 
metabolites,

I'Yocyanine is indeed capable of acting as an accessory 
metabolite for the producer cell* In this investigation the effect of 
supplying exogenous pyocyanine to a cell suspension, which was respiring 
on endogenous substrate only, was found to be related to the stage of 
pigment production of the cell® Thus cells removed from Resuspension 
Medium at three hours and which were on the point of producing their 
own pyocyanine were selectively stimulated in their rate of oxygen 
consumption when pyocyanine was added at unit level* The comparable 
cell suspensions prepared at zero time and at twenty hours was 
insensitive ’to the addition of pyocyanine® These observations indicate 
that the cells which are in the metabolic state where they are required 
to produce pyocyanine, are uniquely able to use the pigment as a 
respiratory catalyst in the consumption of oxygen* These results 
contrast with the investigation of Karachi (196O) into the physiological 
significance of pyocyanine® The pigment was found to have no effect 
on the normal respiration, although the type of cells being used were 
not classified in respect of their stage of natural pyocyanine production®

Analysis of the effect of pyocyanine in respiration was 
attempted using cell envelope preparations. Campbell et al.  ̂ (1962) 
demonstrated the presence of the succino-oxidase system in cell envelope 
preparations from P. aerualnosa® This system comprises the succinate 
dehydrogenase, a flavoprotein mediated, enzyme, which transfers electrons 
to cytochrome oxidase which, in turn, uses oxygen as the final acceptor* 
The activity of pyocyanine in the succi.no-oxidase reaction depended upon
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the type of cell envelopes being tested® Envelops preparations from 
cells removed from Resuspension Mediujn at three hours were stimulated 
in their rate of oxygen consumption whereas those "zero time" and 
"twenty-hour" cells were inhibited in their ability to transfer electrons 
to oxygen in the presence of pyocyanine* This, activity was not 
proportional to the concentration of pyocyanine, nor was there any 
evidence of gross reduction of the pigment* It was therefore 
concluded that pyocyanine was not acting as a simple ®electron sink’ 
responsible for diverting the electron flow from oxygen*

With the aim of characterising the activity in the succino- 
oxidase preparation, the succinate dehydrogenase was monitored 
independently* The cytochrome system of the cell envelope preparations 
was first inactivated by cyanide* An alternative route of electron 
transfer was provided by phenazine methosulphate (PI'-IS) as carrier and 
dichlorophenol-indophenol (dCIP) as final acceptor* In the 
dehydrogenase assay, pyocyanine was unable to act in place of PMS or 
DCIP, not was it subject to gross reduction. The added pyocyanine wa.s 
found to stimulate selectively the dehydrogenase enzyme attached to the 
envelope preparation from "twenty-hour" cells. Cell envelopes from 
"zero-hour" and "three-hour" cells were inhibited by pyocyanine. Since 
the activity exhibited by pyocyanine is a function of the enzyme composition 
of the cells, specific changes in suncinate dehydrogenase must occur 
during incubation in Resuspension Medium, In this way pyocyanine is 
able to participate in the complex interaction of (succinate dehydrogenase — 
flavoprotein - phenazine methosulphate),

A possible explanation for the different effects of pyocyanine



191

on P* aeruginosa cells and cell envelope preparations can be derived 
from the activity attributed to it in the mitochondrial electron 
transport chain® Harmann and McBrinn (1963) found tlmt succinate 
dehydrogenase of mitochondria w a s  inhibited by pyocyanine at two sites 
in the respiratory chain® One site of action of pyocyanine was the 
flavoprotein itself - the stereospecific binding of the substrate was 
considered to be affected. ■ This resulted in conversion of the enzyme- 
flavine to a form which was less active. The second site of action was 
in the cytochrome chain - at cytochrome b. If the observed effects of 
pyocyanine in the succino-oxidase of P. aeruginosa are in any way similar, 
the succino-oxidase reaction would monitor both sites of activity.
In the succinate dehydrogenase assay, cytochromes do not participate and 
the flavine enzyme site would give the observed results.

In summary, pyocyanine is capable of functioning in the 
respiratory system of P. aeruginosa. The activity is governed by the 
metabolic state of the organism in relation to the condition of its ovjn 
pyocyanine-preducing enzymes.

If we look now at the broader implications of secondary 
metabolism, pyocyanine provides a good example of the current view on the 
general function of this class of compound® Woodruff (1966) has put 
forward the interesting proposal that secondary metabolism is required by 
the producing organism so that it can achieve a balanced death. The 
recent work of Gentry, Smith, Schnute, Weber aud Weinberg (1971) has shown 
that the distortion of pyocyanine formation by added phosphate gives cell 
suspensions whose longevity is lower than that in the control, \here 
secondary metabolism takes place normally.
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In nature, it is difficult to imagine a cultural environment 
where the organism would have all the required nutrients in unlimited 
amounts and where continuous multiplication would therefore occur* Thus 
the artificially contrived Resuspension Medium may resemble the low 
phosphate milieu encountered in many natural situations*

Finally the antibiotic activity of pyocyanine should not 
be forgotten for it may provide P® aeruginosa with a selective advantage 
over other micro-organisms in natural environments where competition fox' 
phosphate may be severe*

Go Further perspectives

The mechanism of phosphate uptake prior to its incorporation 
into the metabolic pool of the bacterial cell has received less attention 
than the uptake of organic nutrients® Only in the case of Staphylococcus 
aureus (Mitchell and Moyle, 1956b) and Streptococcus faecalis (Harold, 
Harold and Abrams, 1965) has the accumulation of this ion been investigated 
in detail® Mtchell found evidence of a highly specific exchange 
diffusion system which was active in transporting the phosphate in both 
directions across the membrane osmotic barrier® The proposed carrier 
had specific binding sites for phosphate and in the absence of nutrient 
it was active in transporting the ion in both directions® In the 
presence of substrate, the absorbed phosphate entered the metabolic 
pathway and efflux of phosphate was prevented® Harold described the 
problem as being that of distinguishing between transport and metabolism, 
because phosphate appeared almost immediately in the metabolic ATP pool*
The access mechanism was thought to depend on the physiological state of
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the cells fxnd the growth substrate® The observed dependence of the 
phosphate'acquisition rate on the substrate was attributed to the ATP 
content of cells grown on different substrates® Further insight into 
the physiology of phosphate utilisation may be acquired by the study 
of the pathology of cells encountering phosphate-deprivation as is 
the case with P« aeruginosa in Resuspension Medina.

The two-stage culture technique of this investigation 
could well be applied more generally in the study of secondary 
metabolism. Examples are the study of phosphate regulation of 
prodigiosin, streptomycin and other pigments and antibiotics® The 
field of bacterial toxin production is another area which merits more 
detailed consideration.in this context®

In the particular case of pyocyanine production, the two- 
stage cultiu'e method eliminates the difficulties of pigment variation, 
past history of the inoculum and presents a model non-proliferating 
system for the study of secondai'y metabolism. Useful contributions 
could be made by analysing the fate of labelled phosphate in Resuspension 
Medium or by isolation of a cell-free, pigment-synthesising system*
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SimiARY

The object of this investigation wa,s to define the conditions 
under which pyocyanine was produced by Pseudomonas aeruginosa and to 
determine the role of the pigment in the metabolism of the organism*

The type strain FCTC 6750, does not readily produce pyocyanine 
in ordinary liquid medium, but reproducible pyocyanine yields were obtained 
using the two-stage culture technique of Ingledew and Campbell (1969a)*
This involved initial (non pigmented) growth of the organism in broth 
followed by transfer of washed, stationary-pha.se cells to a Resuspension 
Medium in which pyocyanine was produced * This latter medium was
characterised by lack of phosphate, being otherwise nutritionally complete® 
Results with KCTC 6750 were similar to those previously reported by Ingledew 
and Campbell (1969a) with ATCC 9027 under somewhat similar conditions,

pyocyanine in culture supernatants was assayed spectrophotometrically 
at 690 and 314 nm using synthesised pyocyanine as a standard. By comparing 
the spectra of culture supernatants with the spectra of known phenazines, 
pyocyanine was identified as the only pigment present in significant amounts.

A detailed examination of Resuspension Medium was made to identify 
the components which were essential for pyocyanine production. Absolute 
requirements were found to be : aerobic conditions, metabolizable sources
of carbon, nitrogen and. sulphur, and the complete absence of phosphate. These 
findings are contrary to those of Burton et al, (1948) who specified a 
requirement for phosphate, and to that of Karachi (1958c) who considered iron 
essential. Maximum pyocyanine yields were obtained using succinate,

* and as metabolizable components*
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A critical variable, in the successful use of Resuspension Medium, 
was the level of inoculum used®

An attempt was made to resolve the controversy (MacDonald, I967) 
concerning nroliferation of P* aeruginosa during pyocyanine production. 
Incubation of the cells in Resuspension Medium was characterised by three 
phases® During Phase One, from zero to three hours, no pyocyanine was 
produced* However the cell protein doubled. Increases of 70^ and 4O/» were 
recorded in cell mass and viable count respectively but cell opacity was 
unchanged. Phase Two, the period of linear increase in pyocyanine 
concentration, lasted from three to thirteen horn’s and involved a 180^ 
increase in cell opacity. During this time, cell mass remained constant 
but the viable count fell. In Phase Three, pyocyanine production, v/hich 
had already reached its maximum level, stayed constant until observation 
ceased at twenty four hours* It was thus clear that the cells were not 
actively growing at the same time as pyocyanine was being produced®

Because of the critical role of phosphate in the production of 

pyocyanine, the major phosphorus-“Containing components of the cell were assayed 
and a rather complex pattern of changes in DM, RHA, lipid, phospholipid and 
lipopolysaccharide was observed® However ATP remained constant throughout.

The effect of phosphate in inhibiting pyocyanine production was 
analysed by adding graded levels at intervals throughout incubation in 
Resuspension Medium® "Zero-hour” cells were sensitive to AOnM phosphate 
and the inhibition was proportional to phosphate concentration. As pyocyanine 
synthesis progressed however, higher levels of phosphate were required for 
inhibition.

Chloramphenicol at 20/4 of its growth-inhibitory concentration
reduced pyocyanine production to one half when added to "zero-hour" or 
"three-hour” cells. As no gr-owth occurred in the latter it was inferred that
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pyocyanine-} formation required protein synthesis.

The addi,tion of synthesized pyocyanine at levels normally produced 

by the cells (unit level) had no effect on the "aero-hour" cells. "Three-hour" 
cells were 30/4 inhibited® Addition of 2*5 "units" of pyocyanine caused 70^ 
inhibition of "three-hour" cells but still no effect on "zero-hour" cells.
These results were interpreted as feedback inhibition acting on cells of 
different permeability*

Although pyocyanine is generally classified as a secondary metabolite, 
it appears to perform a function in the respiration of P. aeruginosa» The 
endogenous oxygen consumption and the succino-oxidase in isolated cell envelopes 
of "three-hour" cells was selectively stimulated® Pyocyanine also stimulated 
the succinate dehydrogenase of cell envelope preparations from "twenty-hour" 
cells but inhibited the enzyme in "zero-hour" and "three-hour" cell envelopes.

In conclusion, there is a clear need for further general investigations 
of the acquisition, transport and metabolism of phosphate in micro-organisms.
The use of two-stage growth procedures may have further application in the 
study of other pigments, and of antibiotics and toxins® The production of 
pyocyanine in Resuspension Medium presents a useful model system for the 
investigation of secondary metabolism*
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APPENDIX 1

Preparation of media

Trypticase Soy Agar (TSA ; Bioqiiest)

1*5 g Pancreatic digest of casein
0*5 ê’ Soy peptone
0=5 g Sodium chloride 
1*5 g Agar

Dissolve in one litre of distilled water*
Autoclave for 15 min at 15 psi* Pour into plastic petri dishet

Glueose-ammonium salts agar

Except where otherwise stated *Aialar’ grade chemicals were
used.

2,0 ë Glucose
20,0 g KH Cl

4*0 g KH KÔ

8.0 g Nâ SÔ

12.0 g M M
4 .0 g KH2PO4

0,4 g MgSO^

20.0 g Agar (Difco)

Dissolve in one litre of distilled water and autoclave (15 min 

at 15 psi ) * Pour into plastic petri dishes.
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APPENDIX 1 (Continued)

Yeast-Tryutone licruid medium (after Von Tigerstroin and Razzell, I968)

3.0 g (KH^)H2P0^
4.0 g KgHPOj
1.0 g Yeast extract (Difco)
1.0 g Tryptone (Difco)
2.0 g Disodium succinate

Dissolve in 9OO ml of distilled water and adjust to pH 7®4 with 
IK KaOH before autoclaving (15 min at 15 poi).

5 mg FeSO^

. 0.5 g MgSO^

Dissolve in 20 ml of distilled water and sterilise by membrane 
filtration using a Mllipore (Millipore, London) filter with pore 
size 0.22 u. Using membrane filtratioUjstei’ilise 3 ml of 70^ aqueous 
ethanol.

Add the filter sterilised components to the previously autoclaved 
and cooled medium. Make up to one litre with sterile distilled water 
and dispense in 100 ml aliquots into 250 ml Erlenmeyer flasks.
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Préparation of Buffers

Trie buffer

0.05 M Tris buffer pH 7<>4
6*05 g Tris (hydroxymethyl) aminomethane

(Purisse A.R., Koch-Light, Colnbrook).

Dissolve in I9OO ml of distilled water. Add concentrated 
hydrochloric acid till pH 7*4® Ifeke up to one litre with 
distilled water*

Veronal acetate buffer

Basic solution t

19*43 g Sodium acetate
29*43 g Sodium 5?5^Aiethylbarbiturate
34 «0 g KaCl

Make up to one litre with distilled water. To 5 ml of basic 
mixture add

7 ml 
13 ml 

0.25 ml

0.1 H HCl 
distilled water
1 M Ca Gig (lllg per litre)

The solution of volume 25*25 ml has pH 6.1
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Tri8-glycine (Electrophoresis buffer)

0,05 M Tris-glycine pH 8*3.
6,0 g Tris (hydroxymethyl) aminomethane 

28.8 g G=-lycine.

Dissolve in one litre of distilled water. For use,dilute 
above buffer 1 in 10 and make 0.1^ with respect to sodium 
dodecylsulphate.
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APPEtmiX 3

SDH Disc-’gel ElectroDhoi'esis

Stock Solutions;

A. Separation gel buffer
IK HCl 48 ml
Tris 36.6 g
0?EMED (TĜ traraetbyl ethylene diamine? 0.23 ml

BeDaH. Poole, Dorset)
Distilled water to 100 ml

pH 8.3

B» Stacking gel buffer
IK HCl 48 ml
Tris 5.98 g
TEMED 0.46 ml
Distilled water to 100 ml 
pH 6.7

C. Separat ion ge1
Ac rylami de 46.67 g
BIS (K,K -methylenebi s acrylami de 0,612 g

Puriss, AoRa, Koch-Light, Colnbrook)
Distilled water to 100 ml

Db Stacking gel
Acrylamide 16 g
BIS 4 g
Distilled water to 100 ml
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E* Stacking gel catalyst
Riboflavin 4 mg
Distilled water to 100 ml

fb Separation gel catalyst
Ammonium persulphate 0*14 g

Dj.stilled water to 100 ml

G. 40^ Sucrose in distilled water®

Ho 20fo Sodium dodecyl sulphate (SDS) (Koch-Light ) in distilled water,

Stock solutions A, B, E and P were stored at 4°C in brown glass 
bottles® Solutions C, D and G were freshly made before each experiment.

Preparation of separating gels 11® 7%
Solution A 2*5 ml 2.5 ml
Solution C 5*0 ml 3*3 ml
Distilled water 2*4 ml 4*1 ml
Solution P 10 ml 10 ml
Solution H 0.1 ml 0*1 ml

Mix well® Pipette 1,0 ml volumes into disc-gel tubes which have one 
end covered with parafilm* Carefully layer each column with water.
Place gels in dark to set (approximately 30 min)®
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Preparation of stacking gell

Solution B 1 ml
Solution D 2 ml
Solution E 1 ml
Solution G 4 ml
Solution H 0*05 ml

Mix well® Pipette 0.2 ml onto the top of each separating gel® 
Carefully layer each with water to provide a flat surface at. the top of 
the gel on setting. Photopolymerise the gels for 15 min.

Fixative and Stain

Amido Black (Gurr, London) 1 g
Acetic acid 10 ml
Methanol 5C ml
Distilled water 40 ml

The solution was filtered and stored in a capped bottle,

Tracking

Progress of electrophoresis is followed by the addition of 5 drops 
of \io  bromothymol blue to the upper reservoir®
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APPENDIX 4

Preparation of Reagents

Reagent for Polin test for protein (from Lowry et^l *, 1951 )

Reagent A: 7:% Sodium carbonate (liâ CÔ ) in
0,111 sodiun liydroxide

Reagent B: YJq copper sulphate (Cn SO^^^H^O)
in distilled water 
2^ aqueous solution of 
sodium potassium tartrate 
On the day of use mix equal volumes 
of the above two solutions

Reagent C: To 50 ml of reagent A add 1 ml of 
reagent B. Discard after one day.

Reagent D: Polin-Ciocalteu reagent 
(BoDeH®, Poole, Dorset)

Johnson Reâ rent for total carbon

Dissolve 5*0 g of sodiun dicliromate (ha^Cr^O.^® 211̂ 0) in 20 ml 
of distilled water® Dilute to one litre with 95/° sulphuric acid® 
Store in a brown glass bottle protected from the light®

Reavents for D M  and RITA determination (from Mimro and. Fleck, I966)

Diphenylamine reagent for DFA; 1*5D diphenylamine in freshly distilled
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glacial acetic acid® Add lo5 ml of cencentrated sulphuric acid®
On day of use, add 0«1 ml of l®6/4, w/v, aqueous acetaldehyde to 20 ml 
of the above solution®

Orcinol reagent for RKA: the stock solution of acidic ferric chloride
contains 330 mg of PeCl^& 6HyO dissolved in one litre of concentrated 
hydrochloric acid. Prepare a 10/4, w/v, solution of orcinol in 
absolute ethanol® Add 0,3 ml orcinol solution to 3*0 ml of stock 
solution.

Reagents for Phosphorus analysis (from Allen, 1940)

Molybdate reagent: dissolve 8.3 g of ammonium molybdate in 100 ml
of distilled water.

Perchloric acid: a.dd 60 ml of concentrated perchloric acid to 40 ml
of distilled water*

Arnino-naphthol-sulphonic acid reagents:

Add 2,0 g of l-amino-'2-naphthol-4— culphonic acid to 97 ml of 20fo 

sodiun bisulphite* Shake until dissolved* Add 2®7 ml of 20‘y sodium 
sulphite* This solution can be used for up to ten days and should be 
kept in a stoppered bottle in the dark*

Standard phornhorus solution

Dissolve 1.0967 g of oven dried potassium dihydrogen phosphate 
in 250 ml of distilled water. This solution contains 1 mg per rnl of 
phosphorus.
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