
C' 

.... 

MICROBIAL INTERACTlpNS - EFFECT OF Pseudomonas at!rouginosa 

ANl) PYOCYAJUNl': ON THE GROl.n'H OF Salmonella 'thompson 

by 

Malcolm S. McDonald 

~ 

A t'flesis 
1 

submitted to the Faculty of Graduate Studies and Research 
in partial fulfilment of the requir~~nts for 

the degree of Doctor of Ph1losop,hy 

.~ 

\ 1 
Department of Micrbbiology 
Macdonald College of McGill pni~~rsity 
Montreal, Quebec, Canada 

IL, 
~'.~ .. 

,. 

Malco1~ S" McDona1tl 1978 

,J 

March 1977 

• 

,. . 



<rI 

'. 

/ 
.-/ 

\ 

... 

Short Title: 

, .' 

MléROBIAL INTERACTIONS - PSEUDOMONAS 'AND SALMONELLA 

McDonald 

1 ( 

1 

",. 

.... \ \ . 

'C .' 

j . , 

• ·1 

• 



cf 

t 
r, 
f 

.. . 
~l_ , .. 
~, 
, 
~ 
(il 
~.'J .. 

~. 

(' '" 
.; 

~ 
,. 

" 

(j 

l' 1 w -
-:J 

, 1 
" 

, 1 

\ 

.. ' A B S T R A _C T 

Ph.D. Malcolm S. McDonald 

MICROBIAL INTERACTIONS - EFFECT'OF Pseudomonas aerugirlosa 

AND PYOCYANINE ON THE GROWl'H OF SalmoneUa thompson 

, . 
The interactions of bacteria commonly assocaated with foods . ' 

werè investigated. Preliminary studies indicated that the growth 

of Pseudomonas aeJ9U.ginoBa NHH 111 and several Salmonella species was 
. ' 

not influenèed when they were grown in mixed culture. The onset of 

• 
logarithmic growth pf S ~ thompsm:'- MCC 608 was delayed for s~veral 

~ours in media cont'aining P. aeruginosa culture filtrate. Addition' 

of pseudomonad filtrate to Salmonella cultures during logarithmic 

growth, caused viable counts to rema1n constant for ~~~al hourà. 

'. 

The .inhibitor~ capacitv of'~yocyanine was related to the avail-

ability of' oxygene Cells grown anaerobically or under reduced oxygen' 
~ 

conditions recovered from the inhibition more rapidly.\ Strict aer-
Il 

obes or facultative organisms growing ul)det.- candi,tions requiring an 
1 

aerobic mode of growth -Jid not recover in t~~ pre~ence of pyocyanine. 

Pyocyanine was.shpwn ta oxidize reduced nicotine a4enine dinucleo-

tide (NADH) in vitro and S. t horrrP8O'n cella exposed to pyocyanine had' 
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reduced levels of NADH as compare& to control cella. The level of . 

cytochrome b in ~. thomp!~ cells grown ln the presence of pyocya-

nine was also'reduced. 

The Immediate effect of 'pyocyanine addi.tion to S. ,thompstfrl 

cultures appeared to be the oxidation of reduced ,facto,rs such as' 

NADH and the long term 

mechanisms such as the 

effect was suppression of énergy prOdUdng ) 

électron transport chain. 
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Microbiolo~ie 

INTERACTIONS MlCROBIONNES - EFFET nE Pseudbmonas aeruginosa ET DE . , 

; 'LI\ PYOCYNUNE SUR LA CROISSANCE DE Salmonella t!tomps~ 

Les interactions les pJ.us fréquentes entre bactéries de~ ali-. ~ . 
ments ont ~t~ examinés. Des études préliminaires ont indiqué que la 

croissance de PseudOmonas aepuginosa NHW Ml et celle de plusieurs 
1 

espèces de Sa,lmone l la n'était pas influenGee lorsque les bactéries 

étaient miSés en ~ulture mixte. Le début de la phase logarithimiq~ 

de S. thompson Mec 608 était retardée de plusieurs heures dans les 
\ 

milieux contenant un filtrat de culture de P. aerruginosa. L'addi-, 
, 

tion de ce filtrat aux cultures de Salmonella durant la croissance 

logarithi~que eut pour effet de stabiliser les unités vIables pour 

plusieurs heures. 

Il a été d«Smontré que la pyocvanine. un pigment bleu, présent 

dans le ffltraê de culture \était un tacteur important qui affectait 

le croissance de S. thompson •. D'autre facteurs dans le' filtra~ ont 
1 ~ , 

apssi «Sté i~pliqués mais n'ont pas été identifiés. 

\ ' Le pquvoir inhibiteur de la pyocyanine a été relié à la quan-
\ 

tité d'oxygène disponible. Des cellules poussées anaérobiquement . . ~ 

ou en condition ré~ite d'oxygèn~ se sont remises de l'inhibition 
~ , . , \ 

plus rapidement. Les organismès a:érobiques stricts ou les ,faculta- \ 
,-

ti'fs pouss.ant selon les conditions exigéés par ~ 'm6de de croissance 
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aérobique ne se sont.pas remises de l'inhibition en présence de la 

pyocyanine. Il a ét~ -démontré in vit~ que la py~cyanine oxyde 

l'adénine nicotine dinucl~otide et que les cellules de S. thompson 

exposées à la pyocyanine possédaient des quantités téduites de NAnH 

comparativement aux cellules controles. Les éellules de S. thompson 

poussées en présence de pyocyanine contenaient 'aussi une quantité -..... ' 

r~duite de cytochrome h. 'L'addition de pyocyartine aux cultures de .. 
S. thompsqn semble avoir un effet i~diat, celui d'oxyder des sub­

..... 
stances réduites tel le NAnH et un effet à long terme, celui d'in-

hiber des mécanismes prod~cteurs d'énergie tel la chaine de trans­

port d'électro~ 
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of CON TRI BUT ION S to K N 0 W LED G E 

1. • . P. 'aer-ugino8a N1tW Ml and S. thomp8on MCC 6Çl8 did not inhibit 

'the growth of each other in mixed cultures. • 

, 
2. - Pseudotllonad (culture filtrate inhibited or delayed the growth 

of S. thompson Mec 608 • 

-3. Pseudotllonad culture filtrate may cause injury to S. thompson 
.;:j 

Mee 608 cells as indicated by increased sensitivity of the cellsrto 
~ ~ 

selective medi~. 

4. 
\ 

The inhibitory factors in the filtrates investigated in·this 

1 
study did not appear to invol:ve "pyocyanase" as described by Waksman 

(1~45) or the IIpyo" c~outds of Hayes et ~t. (1945) • . , 

.5. Pyocyanine had a major role in the inhibitlxy activity of P. 

aeruginosa NHW Ml culture filtrates. 

--r 
6. R~mov~l of pyocyanine and the fatty acids from pseudomonad cul-

~ ture filtrate did not caage the filtrate to iose aIl of its inhibitory 

~ctivity as suggésted by Waksman (1945). 
, ~ 

7. Gamma irradiat4.on of pyocyanine solutions caused them to lose , 

thei~ blue ~olour 'and inhibitory activity. 

8. Strict aerobes were more sensitive to pyocyanine than faculta-

tively anaerobic or strictly anaeroble bacteria • 
• 1 
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9. S. thofnpson Mec 608 was less sensitive ta pyocyanine wheti grown , 
l , 

under reduced oxygen conditio~à. , 

10. Pyocyanine at 50 ~g/m~ does not'kill S. thomp8on MCC 608 

\. 11. 

12. 

bu;~ses a shift to a slower growth rate. f ' 
Pyocyanine tr~ated S. thampson MCC 608 cultures do co~tinu tô 

grow as indicate8 by continued sensitivity to penici)lin. • 

Some S. thomp~on Mec 608 cella do beéome elongated when treated 
\ 1 

with pyocyanine. 

13. Pyocyanine treatment does not prevent compounds such as alanine, , 
, , 

glucos~ and uraeil from entering S. thamp80n Mcé 608 c' ls. 
1, , 

. 14. Pyacyanine treatment does cause decreased oxygen consumption by 

s. thompson MCC 608 cells metabolizing a, variety of substrates. 
t" 

15. Pyocyanine tre~ted S. thompson Mec 608 cella have reduced levels 

of aNAJ)H as compared ta control cells. 
a 

16. S. thomp80n Mec 60S'cells grown in the presence of pyocyanine , 

have reduced 1evels of eytochrome b. 

17. The growth of S. th~son Mee 608 in BH! medium containing pyocy-
1 

ani~ caused the concentra~ion of pyocyanine tç> decrease with time. 

.:' 

There was not a large decrease 1n concentration before the culture entered 
~ 

the logarithmic phase of growth. 
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INTRODUCTION 

~ 
The microbial flora of natural systems is usual~y composed of a 

variety of microorganisms. The types,of microorganisms found in any 
. 

environment are determined by several factors. These factors include 

temperature, pH, nutrients, ,~d the presence of toxic substances 
• 

(Waksman, 1945). _Microorganisme may ~n tul"R alter some of these sub-

" stances either into essential nutrients for other organisms or toxie 

substances which may prevent or retard the growth .of some lHe forms 

in the sarne system •. Microbial interactions are therefore important 
, . 

in determining the rj:!sultant or predominant microbial flora in any 

system. .. 

The study reported here 18 an investigation of the int.eraction 

~ 

of bacteria which are commonly a~8bciated with foods. The possible 

influence of a food spoilage organism, Pseudomonas aepugino8a~.on 

the growth and survival of a food\pathog,n, SaLmonella thompson, was 

',' studied in mixed cult·ure, culture filtrates and cul,ture filtrate ~ , 
1 

fraction systems • 

/ 

/ 
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LITERATUR,E ,R~VIEW 

Microbial inte~ction in foods: 

The interaction of bacteria commonly associated with"foods has 

been studied by several researchers. These microorganisms can be 

~ broadly divided into two groups, the food spoilage organisms and the 

food pathogens. C~llins-Thompson et al. (1973) reported that the common 

food spoilage organism, pseudbmonas ae~ginosa~ isolated from Meat, 

produced lytic enzyme(s)'which caus~d decreased yields, loss~f salt 

t~ler~ce and reduced'en~erotoxin pro~ction by Staphyloaoaau8 aureU8. 

Oblinger and Kraft (1970) showed that ,P\aeruginosa culture filtrates 

inhibited the gr~h of sever~l micrOOrg~ismS 

the EsahQPiahia~ Streptocoaaus, StaphyZoao~s 

including members of 

and SaZmoneZZa genera. 

These researchers s~ggested that the inhibition. was. probably not due 
, 

to a p~otein (enzyme). Troller"and Frazier (1963)thought that P. aeru-

ginosa inhibited g~owth of S. aureus by o~t-competing it fo,r nutrients. 

Other workers on the other band, have showo'that P. aeruginosa 
1 

can stimulate the growth of S. a~u8: De Repentigny and Mathieu (1974) 

rep~rted that both S. aureU8 cells subjected te ,rifamy~in and S. aureus 

~uxoJrophic mut~ts requiring thiamine or tryptophan were actually 
1 

stimulat-ed when grown in mixed culture ~ith P. ae~gino8a. Growth 
1 1 

stimulation of S; auNUS by P. qeruginosa was also reported by Graves 
1. 

and Frazier (1963) • 

2 
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P. aeruginosa appears to be capable of both stimulating or 

" inhibiting the growth of other bacteria found in <foods. The type of 

influence that i8 e«erte4 appears to depend on the microorganisms 

used and on the\conditions of the experiments such as the use of 

mixed cultures or culture filtrates. 

Antimicrobial products of P. aepuginosa 
/ 

P. aepugino8a is known to produce substances which inhibit the 

growth of other microorganisms. These substances can be prepared 

from PS6udomonas ce Il free culture filtrate. Waksman (1945) reported 

that P . . a~rugino8a produced three inhibitory compounds: pyocyanas~, 

pyocyanine and a oxyphenazine., Pyocyanase was considered to be .an 

enzyme which caused lysis of bacter.ial cells. The preparation with-

~ stood heating in flow steam for 2 h. Pyocyanase therefore is 
- ,....., 

'probably not an "enzyme" as they are def.ined today. Pyocyanine ia a 

, blue pigment which is produced during the stationary phase of growth. 

lt has been shawn to inhibit the growth of a variety of microorgan­

isms and seems to be mo~e active against Gram-pOsitive than against 

Gra~negative bacteria. a-Oxyphenazine is a yellow pigment, a deriva-

tive of pyocyanine and also has bacteriostatic activity • 

.. 
A series of inhibitory -"pyo" compounda were alao isolated by 

• ~ .,:. 1 ~ l' .. 

~ Hayes et aZ (1945) through extraction of who le P. aeruginOBa cells. 
• 1 • ~ • 

\ 

The pyo-compounds were again generally more active against the Gram-

~ . 
positive bacteria. Furtherlstudies by Wells (1952) showed that some 

. . 
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of ~hese compounds were qu~no11nols. 

Collins-Thompson et a~. (1973) demon~trate4 the production of a 

Staphylolytlc enzyme(s>, by P. aepuginosa. They found that S. aureus 
~ 

did not reach maximum population density, lost its salt tolerance, 

and had decreased enterotoxin production when grown in mixed culture 

" with P. aeruginosa. 

Several different factors, capable of Inhibiting various micro­
\ 

~> organisms, appear to be produced by P. aeruginosa at d~fferent times 

during Its growth cycle. Sorne bacteria such as S. aureus appear to . 
be more sensitive than others such as Esahe~ahia aoli. One of these 

, 
factors, pyocyanine, ,is an important constituent of some inhibitory 

Pseudomonas filtrates. .. 

Pyocyanine 

Py~cyanine, a phenaz~ne derivative, ia a blue pigment which can 

act as a redox compound doneting or accepting two electrons. The . 
structural formulae of the ttree major forma are given in Figure 1. 

In the oxldized.form the compound, la bluè under alkaline and red under 
\ ' 

1 !. / 

acid conditions. The reduced form. is ·/~olourles\s. Re4uced pyocyanine 

4 

Is extremely unstable in air and aut~:,oxidizes (Oppenheimer and Stem" 

"'"'" 1939). Pyocyan1ne can. act as an indicator of botlÏ pH (Blue - red / 

change) and redox state (coloured /- colourlesB change)., 

Pyocyanine has bacteriostat~c activity against a wide range of 
/ 1 

1 
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Fig.!. The principle form~ of pyocyan'ine (Mahler, H.R. and 

Cordes E.H. 1966). 
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microorganisms (Swan and Felton. 1957). The effect appears to be 

more pronounced against Gram-positive than against Gram-negative 

organisms (Wak~man, 1945). 

The mechanism by which pyocyanine influences growth is not c1ear 
~~ j 

and Hs ro1e in Jl~eudotnonad metabo1istn 1s llot known. Friedhe1m CI'}31) 

reported that it was a respiratory cat~yst becau~e it lncreased oxy­

gen consumption in pseudomonad cells grown onder conditi'ons wh.ere ' 

little pigment '"as produced. Pyocyanine cau cause increased oxygen 

consumption in ~oth' animal and bacterial systems (CaJ,trider, 1967). 

lt has been reported to decrease oxygen consumption by Vïhno ahoZ-

epae and S. aureus (Schoenta1, 1941). Oxidative phosphory1ation is 

dea-eased in the presence of ~yocyanine in brain tissue and 1iver# 

mitochondria (Case and Mcl1wain, 1951; Judah and Wi11iams-Ashm~ 1951). 

Phosphorylation was reported increased in chloroplasts (~l and ~~alker, 

1959) . 

1 
Landau et crZ. (1963) demon~l:rated inhibition by pyocyan,;1ne of 

substrate metabolism in both the phosphog~conate and Embden-Meyerhof 

pathways in 1iver sliees. They a1so showed decreased incQrporation 

of 1abeled substr~tes into glycogen and f~tty acids. In a study with 
",)" 

PS8udomonas fluoP8saens Campbell et\ al. (19,57) shoWed that pyc)cyanine 

stopped oxidation of glucose, 2-ketogluconate ," malate and lactate at 

tthe keto acid' st;age. ' They found that this W~8 "also tru~ with Proteus 

vuZgaI'is and extraets of E. aoU cells but not with E. aoU whole cells. 

6 
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From the E. coli work they concluded that pyocyanine did not pene-
, 

_ trate the ceU membrane. Pyocyanine has a1so been reported to 

inhibit the activity of a number of enzymes includin~ g1ucose-6-

phosphate dehydrogenase (Campbell et al., 1957), L-amino acid o~-

dase, succinate dehydrogenase, and stap'hylococcoagulase (Caltrlder, 

i967) . 

the activity of pyocyanine in cell systems i9 very comp1ex. " 

It has the ability to influence severa! and the effect on 

any metabolic system can be different in diffe ent organisms. The 

activity, however,.appears to revolve 1atio~8hips with 

oxygen and its high afflnlty for flavoprot~ins (Caltrlder, 1967). 

The mechanlsms of action of pyocyanine would t erefore ~epend upon 

the cel1 system in which it is used. 

Salmonella cytochromes: 

Sa~monellae are common food pathogens an are members of the , 

Enterobacteriaceae (Bergey, 1974).' They are Gram-negativè, faculta-, 

tlvelyanaerobic,rods. The principle cytoch ornes found in the Entero­

baoteriaceae are hl, al. d and a (Sasarman, 972). Cytochrome ~l 

always seems to be present in bacteria and t is often the on1y band 

that is readily visible ~n cytochrome scan~ (Smith, 1954). The 

level of cytochrômecis usually higher in ce la grown aerobica11y 

(Ishida and Hina, 01972). The carbon source in the medium can also 

effect cytochrome 1evels. Levels are higher in cells grown on sub- , 

./ 
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strates such as glutamate or succinate than on glucose or mannose 

(Richmond ~d Maaloe, 1962). Salmonella typhimu1'iwn has been shown 

to have cytochromes hl, al and d, (Srsarman, 1972). 
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MATERIALS md METHons 

,1. Cultures 

The cultures 1isted ~ Ta6le 1. vere used in this stu~y. Pseu­

domonas aerru.ginosa NHW Ml vas a meat isolate obtained ,from Dr. P . . 
Collins-Thompson at the National Hea1th md We1fare Heaith Protection 

Branch. Tunney's Pasture, Ottawa, Ontario. lt had been used in a 

study of the interaction betwee~ P. aeruginosa and StaphyZ~aoccùs 

aureus (Collins-Thompson et aZ., 1973) and was used in most.of our 

preliminaH experiments. Pseudomonas aeruginosa Maa 436 was used 

in later studies for the production of pyocyanine. TRis culture pro-

duced much larger quantities of pyocyanine bhan the Nml Ml culture. 

Salmone Ua thompson MCC 608 was used as the' ~j or test organism. The 
"'\ .... 

other cultures in Table 1. were used vhen, indicated •• 

, Stock cultures were maintained in the lyôphl1ized state in 14%" 
1 

skim mi1k powdet. In addition, S. thompson MCC 608 and P. ae1'Uginosa 

NHW Ml were maintàined on Baeto-Brain Heart InfusiOn Agar (BUIA) mini 

Blants (2 ml ~ 4 ml vials). These slants vere inocu1ated, ineubated 

overnight at ~ frozen in 1iquid air and stored in an ultra-freezer 
\ • 0 

at -80 C. These cultures ~re removed from the ultra-freezer bimonthly 

:i. or as needed, purified and uséd to prepare working stock cultures on 
\ ~ 

BUIA slants. Working cultures of s. thpmpson MeC 608 were stored at 
,~ . 

4 C and P. aeruginosa NHW Ml cultu~es were stored at room teaperature. 
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T A BLE 1: 

'Cultures used in this stu9Y. 

Culture 

, 
& PseudOmonas aeruginosa 

P8eudomonas aeruginosa 

Salmonella thompson 
\ 

Sa tmone Ua typhimurium 

Sa'lmoneUa heidelbe'I'g 

Sa'lmoneZZa infantis 

\ SalmoneZZa enter-iditis 

-·Sa"lmone Ua tenessee 

Staphy lococcus aureus -

Escherichia coli B 

BaciZZus megaterium 

,CZostridi,um pSl'fringens 

StpeptocoCCUB faecaZis 

9"ource 

NHW Ml, National Health and 
Welf are, Dt tawa 

Mce 436, Macdonald Co11ege Culture 
Co.l1ection < ' 

Mec 608 

ES 878,' Food Microbiology Labs. 

MCC 604 

MC(l 60S!­

ES 413 

MCC 600 

PHL 40, 

MCC 237 

MCC 7 

MCC 385 

Macdonald qollege 

Department of Microb101ogy, 
University of Alberta 

Mec 8034, Ame"t'ican Type Clulture 
Collect ion . 

.' 

'. 
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2. Culture filtrate production 
::s 

"\ 

, 

, P. 'aeruginosa NHW Ml was grown under shaking conditions (150 rpm, 

New Brun~ick y Gyrotory Shaker Incubator Model G2~) 

for.4 days at 35 of Bacto-Brain Reart Infusion Broth (BHI) 

,in l litre Erlenmeyer 
\ 

The culture was then ac1dified with 

5 N RCI to pH 2 to 3 and centrifug~d (40 min 7970 x g, 4 C, Sorvaii 
o / 

RC 2-B Cenfrifuge). The supe~atant fluid was decanted and filtered 

successively through Whatman 12 filter paper and 0.45 p membrane ~il-

ters to rem6ve the remaining cellular material. The acid ftltrate 

was adjusted to pH 7~4 with 5 N KOH and filter sterilized (Mill1pore 

filter 0.45 p). 
f • , 

This filtrate was then usea for inhibition studies . 

as outlined helow. Culture filtrates of other organisms were prepâred 
\ 

in a similar manner, 

\ 
3. Treatment of filtrates 

1 

a. Pyocyanine extraction 

The procedures used to extract culture ftltrate are outlined in 

Figure 2. The acid filtrate was made alkaltne (pH 8-9) by addition of 
l , ~.~ 

NaRC03 powder. The ~lkaline filtrate was extracted in a separa~ory 

funnel with an equal voIumë of chloroform. Pyocyan1ne 1s blue when 

alkal~ne and more soluble in'c~loroform than in water. \ The chloro-

form\was removed after separation of the layers and the ~iltrate was 

extracted twice more w1th additional equa~ quantit~s of chloroform. 

The pyocyanine in the combined chloroform fractions was then extracted 

11 
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P. oeruginosa NHW MI 

j 
(150 rl?a'I,35°C, 4 ddys) 

SPENT MEDIUM 

1 

(odjust pH 2- 3; centrifuge' 

r-------------ooo4- 7970xg,40min,4°C,decant). 
, . 

CELLS (discord) 

~
- AelO SUPERNATE 

(successively filter 'no.2" 
, Whatmon,0.45)J membrane 

\ . filfers) 

\ AelO FILTRATE 

1 1 
FIGURE 2B FIGURE 2e FIGURE 20 

Fig:. 2A.' Medium extraction precedure to yield acid flltrate. 
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ACID FILTRATE, 

'(eX1roct ~W!.'h chloroform) 
, i 1 

EXTRACTED ACID FIL TRATE .CHLOROFORM EXTRACT 

(heaf to ,60oCl 
....... ,adjus1 10° pH 7'.4', .-

sterilize) , i 
1 (extra cf 50mM 1 

~ 1 EXTRACTED \ACID FILTRATE 
1 TRI S pH 9.0) 

: , -- i 
i 
1 

" 
\ 

CHLOROFORM (discord) , 
, 

FATTY ACID FRACTION 

{!teot 60°C, , 
adjust pH 7.4, 
sterilize) 

FATTY ACIO FRAGTION 

D 
, , .. 
", 

" 
>. 

~ig:2B. Medium extraction proc~dure to yield the fatty acid 
, { 1 

fraction. 1 
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ACtO FJLTijATE. . 

'/ {odJuSI pH a",9 NaHC031 

a • ALKALlNE· FIL TRATE 

., 
.EXTRACTEO ALKALINE 

( (extract with chloroform) 
1 

CHLOROFO~M EXTRACT 
.,' 

" FILTRATE 
/ 

(heot 60°C,odjust pH 7.4, 
sferilize) 

1 

! 

EXTRACTED AL~LlNE .,. 
.~\ 

~extrocf with 
a.IN HCI) 

) 

FILTRATE , 

. 
'l"" 

CHLOROFORM (discard) HCI EXTRACT 

(adjust pH 8-9 
with NaHC03 , 

extroct with chloroform) 

.--, -------tl, 
HCI (discord) CHLOROFORM EXTRACT . 

1 1 

CHL<OROFORM (discard) 

• 

1 

(repeof HCI 
extraction) 

HCI ExtRACT " ( 

(heat 60°C, 
adjust pH 7.4, 
sterilize) 

PYOC'ANINE 

Fig. 2e. ~diUlll' extraction proçedure to yield pyocyanine. 
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into 0'.1 N RCL This u!fually required only one extraction beeause 

pyocyanine is readily soluble in 0.1 N HCI. The HCI pyocyanine solu-

tion was made a1kaline by addition of NaHC03 and extracted with three 

portions of chlotoform. This procedure was repeated once more with 
, 
extraction into HCl as the final step. The final volume of 0.1 N HCl 

could be reduced to pKoduee a more concentrated,pyocyanine solution. 

The pyocyanine solution W8S heated to 60 C to evaporate any remaining 

chloroform and was stored at.4 C as an acidic solution. Pyoeyanine 

solutions used in inhibition studies were adjusted to the ~eslied con­

centration with disti1led water. adjusted to pH ~ vith 5 N KOH and 

~~ter st~rilized. Pyocyaniné'~oncentration in the acid solution was 

determined by use of the extinction coefficient: 

t-

E ~r.em • 117 at 520 nm (Macdonald, 1963) 

The filtrate from whieh pyocyanine had been extracted (extracted 

alkallnè filtrate) was used for inhibition studles. lt was heated to 
/ 

60 C to remove residua1 chloroform, adjusted to pH 7.4 with 5 N HCL 
\ 

and lilter ste~ized. 

b. Extraction of other'iuhibitory factors 

Alkaline filtrate prepared as outlined above was extracted vith 

three portions of petroleum ether. Th~ total volume of the ether por-

tions was equal to the volume of thel spent medium being extracted. 
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The ether layer contained a material whictrWas white., This white 

" material was then extracted into sb mM trihydroxymethylaminomethâne 

(TRI~} huffer (plI 9.0). The TRIS buffer -~her extract) was heated 

to 60 C to remove residual ether, adjùsted t\ pH 17.4, filter steril­

i.ed, and used as an additive to media for inhibItion studies as 

described below. , The extracted spent medium (ether extract,d fil­

trate) was adjusted to pH 7.4 with 5 N Hel, heated to 60 c,jfilter 

sterilized and also used in inhibition studies. 

11 Chlo'1'oform extmation -of aaid fi ltI'ate 

Acid filtrate as described in }mterials and Methods, section 2 
. r 

was extractea three times w~th chloroform to ~e a to1:al volume of 

chloroform equal to that of the extracted medium. The chloroform 

fraction was extracted with 50 mM TRIS buffer (pH 9.0) and the re-

sulting solution (fatty acid fraction) was heated to 60 é~ adjusted 
• 

" to pH 7.4 with 5 N KOH, filter sterilized and used in inhibition studies. 

The extracted medium (extracted acid filtrate) lo1as also used to inves-
v 

tigate its inhibitory activity. 

c. Sephadex fractio~ation 

A 100 ml portion of spent BUI medium was concentrated ten times 

in a flash evaporator (Thomas Magne-Flash Evaporator Model 38). The 

inhi&>ltory activity of the distillate was investigated. The 'Volume 

of the' concentrated spent medium was adjusted to a x 10 concentration 

by addition of distilled water. A column (Pharmacia 1. 8 x \JO cm) 

'. 
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1 r 
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was prepared by suspending Sephadex G-25 beads in 50 mM TRIS buf~r, 

" pH 7. 4 and slowly pouring them ih to the column. The colunm was 
\ 

washed by allowing 250 ml of the buffer to run through". One ml of 

the concentrated medium was applied to the-top of the column with a 

Pasteur pipette and carefully allowed 'to move below the Sephadex bead 

surface. Additional bMfer was added and with a 400 ml reservoir in 

place the column was .,.luted with 50 mM puffer, pH 7.4. The fractions 

were collected in 1 ml amounts (Gilson Micro Fractionator). The pyo-

cyanine was observed to move down the colwnn as a distinct blue band. 

Addition of Hel to these fractions /caused them to turn red - êonfirm-

ing the presence of pyocyanine. Sequential fractions l that had simi-

lar colours were CPmbined, fUter sterilized and used for inhibition 

studies. 

4. Preparation of pyocyanlne 

P. ae~gino8a NHW Ml produeed low"amounts of pyoeyanine in BRI. 
\ 

18 

When larger quantifies of pigment were required P. aerugin08a~36 

was grown in the medium of Ingram and Blackwood (1962). Thi medium . . 

was modified by the addition of 6.06 gm TRIS buffer per litre and ad­

\ 
justing the pH to 7.4 with 5 N HCI. CaC03 vas O1Ilitted from the medium. 

,One litre amounts of the medium in 2800 ml Fembach flasks wet'~ inoey-' 

lated with P. a6ruginoea MCC 436 cells from a 16 hour BRIA lilant ,sus­

pen.ded in 10 ml of the mediU(U,jI' Th~ flasks vere incubated vith shaking 

(150 rpm) ~t 25 C fpr 4 days. The pyocyanine was extracted as described 

previous1y, (Materials and Methods seètion 3a5. 
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5. Preparation of growth flasks for inhibition studies 

a. Aerobic growth 
, ~ 

Inhibition studies were usually done in 50 ml Erlenmeyer flasks 

with sidearms for optical density (O.D.) measur~ment ~d were in cu-

bated at 35 C with shaking at 150 rpm. The desired medium was prepared 

in a concentrated form (2 or 4 times single ·strength). The amount of 

concentrated medium to give a final volume of 20 ml singl!e strength . \ 

medium in' 50 ml flasks stoppered with cotton plugs was sterilized by 

autoclaving at 121 C for 15 min. After cooling, the desired 'amount of 
, 

the preparation being studied was added. The flask was made up to 19 
\ . 

ml with sterile distilled water and 1 ml of inoculum was added. Growth 

control flasks contained only concentrated medium, distilled water, 
, 

and inoculum. Blanks used to calibrate the spectrophotometer contained 

concentrated medium, water, the inhibitor under study and 1 ml of 

sterile BHI. The concentration of culture filtrates and pyocyanine in 

initial experiments are described as percentages. This indicates that .. 
the volume of the preparations were adjusted to b~ equal to that of 

the original spent medium. 
"\ \ 

of the medium in the gr~h 

being s,tudied. 

b. Anaerobic growth 

The percent~ge given is then t~e pottion 
• \ 1 r 

flasks that is composed of the preparation 
! 

Inhibition st,udies t.mder anaero'bic conditions were done in \50 ml 
\ 

sidearm flasks prepared a~ described above. Flasks containing sterile 

.' 
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medium were Btoppered with sterile rubber Suba seals. A sterile 

needle was then introduced through the seal 'and a vacuum was applied 

'alternatively with nitrogen fl~shing. After three cycles of evacu­
..k 

ation and nitrogen flushi~g, the nitrogen pressure in the flasks was 
~ , 

adj us ted ta ± atm. The: fl~sks were incubated for 24 h to él~minate" 

those whlch were contaminated. lnoculum was .added or samples re~ove~ 
-, 

by use of sterile# 1 ml syringes. Growth was follOWèd by either 0.0. 
1 

measurement or plating. 1 

6. Inoculum preparation 

Cultures to be used as inoculum were prepared by growing them 
'\ 

through three 18-20 h seriaI transfers i~ the medium. The final cul-

ture was diluted (10-~ for P. aeruginosa and S. auPeus and 10-5 for 

others) in the sarne medium equilibrated to the temperature of incuba-

tion. The inocu1um level ln 50 ml sidéarm flasks was 5% (1 ml into 

19 ml) and 1% in other cases (1 ml into 99 ml). 

7. Me'asurement of growth 

a. Optica1 density 

Growth in 50 ml sidearm flasks was followed by, measurement of 
~ 

O.D. 'at 540 nm (~oleman Junior II Spectrophotometer ,odel 6/20). The 
\ \ 

instrument was calibrated using blank flasks prepared as described in 

Materlals and Methods section Sa. 

1 
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b. Viable count 

Viable counts were determined by a dtop plate ~ethod. The media 

were poured into plastic petri dishes and allowed to dry in a.~aminar 

flow hood (Envirogard, Envirogineering Ltd. model EVG-424) for aa. 2 h 

wit~ the lids partially removed. Plating was done by applying drops 
1 

of appropriate dilutions to the aRar surface with a l ml biotip pipettor' 

(Clay Adams. 22-295). Two drops 'of eac~ of three dilutions were applied 
1 > " 
, to the agar surface in each plate. The drops were allowed to qry before 

inverting the plates and incubatton. The drops 1lavin& tien to thirty 
1 

colonies were counted and uS~,d to determine' the number of! colony fom-

!ng units (CFU) per ml according ta the following formula. 

CFU/ml .. colony count x 43 x dilution 

where 43 ls a correction factor for numbers of drops/ml. 

c. Slide culture technique 

BHIA agar blacks l:.v-ere preparec;l on microscope slides (75 x 25 mm). 

The BHIA was prepared in test tube~, sterilized and cool~d to 45 C in, 

a waterbath. If desired, pyocyanine was added immediately before pre-

paration of the.sIldes. The sterile agar was then applied to the Blide 

by allow~ng 1 to 2 ml of agar to run over the slida surface held at an 
, , 

angle of.aa. 20·. The agar strip was al10Wed to cool an~ solidify. 

The excess ag~r was cut away t~ leaVe'two smal1 blocks (15 x 15 mm). 

The blocks were allowed ta dry and one 2 to 3 1IDD loopful of the culture 
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was streaked across one bloJ:k and then the other. Using this method 

and a culture with ca. 5 x 106 cells per ml, separated cells .... could. be 

obtained on either the latter or both agar blocks. Af~er drying for 

10 to 20 min, coyerslips (22 x 22 mm) were placed ove"; each block . 

The coverslips were sealed in place by applying melted wax around t'he 
~ . 
edges. This wax seal pr~vehted the agar from drying further. The 

\ 

slides were inc~bated for 3 h and the n4crocolony formation by 300 
1 

cells was observ~d u,sing phase microscopy (Carl Zeiss 'photomicroscope 

63454 mage x 800). The number of m.icrocolonies formed by 300 cells 

observed was used to calculate the percentage of viability. 

Sealing the agar blocks may resul t in reduced oxygen tension. To 

insure that the observations made were due to the pyocyanine al one and 

not due to a combined action of pyocyanine and reduced oxygen tension, 
, .. l ' 

microcolonies were also studied under nomal .oxygen tension conditions. 

Agar strips were prepared op sterile glass sîide~ which were supported 

on a bent glass rod in a glass petri dish. The culture was streaked 
\ 

on the agar strip, sterile va~er\was added to the bottom of the dish 

to prevent drying and t.he assemb1y was incubated at 35 C. After an 

appropriate incubation time, a coverslip, was dropped into the agar 

strip and the cel1 gr~~h was studied uaing the phocomicroscope. The 
\ 

effect of pyocyanine appeared to be the same under both' incubation 

con~itions • 

1 
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\ 8. 'Resting cel! suspensions 

The inoculum for the desired culture was prepared as described 
1 

in section 6. A dilution of the' final cultuI;e was pr~pared to yiel,d 

2 to 6 x 103 CFU/ml. Pour ml of the dilution was added to 400 ml of 

BHI in a 1 Jitre flask. The culture was incubatèd tior 12 h at 35 C 

with shaking (150 rpm). A portion (150 ml) of the culture was cen­

trifuged p970 Je g, 10 min, 4 C), resuBpended in 'Straka and Stokes 

(1959) synthetic medium (S-medium) which was carbohydrat: free (CF-S,~ 

medium) (Appendix 1). ,The centrifugation and washing were repeated 

three times~' The cel1s were resuspehded in 100 ml of CP-S medium. Ten 
1 

ml of the cel1 suspension were added to each of two 250 ml flasks con-
l , 

'taining a) 90 ml CF-S medium and b) 90 ml CF-S medium with sufficient 

pyocyanine to give the désired concentration. These f1asks were ,~ncu-

bated :at 35 C with shaking (150 rpm). Viability ~as determined by plate 
1 \ 

counts at varllous times'J on BHIA and Bacto-Eosin Methylene Blue agar 

~\~ supplemented Wit~ 2% sodium chIo ride for S. thOmp8on MCC 608 and 
• "1 

E. (JO i B f1CC 237 and BHIA and lBacto-Mannitol sa1ts agar (MSA) for 

S. aureU8 PHL 40. 

\ 

9. Protein det'ermination 

Protein was determined,'by the Lowry method 'for bacteriai cella 
1\. 

was described by Herbert ,et aZ. (1971). The preparation of solution C 

. was Sli,shilY mOdifi~~~)~use of precipitate fo~ation upon storage. 
~ J~~ ./-

~ ~. y 

Copper sulfate and sodiilln.~po~assium tartarate were prepared as land, 

/ 
• 

Il 
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2% solutions respectively. One ml of eaeh of these was added to 50 

ml of a 5% sodium carbonate solution immediately before use (solution 
1 

c). 
Il 

10. Penicillin experiment 
/ 
/ 

The effect of penicillin on' cultures was studied by adding 

\ growing cultures to fresh 'medium contalning sufficient penicillin G 

to give a ~inal concentration of li90 units per ml. Samples were 

'withdrawn at various tintes into 0.1% peptone containing 2000 units per 

ml penicillinase ta 1nactivate the penieillin G. Further dilutions 

were"prepared in 0.1% pe~tone and viable eounts were determined by 

plating on BIlIA. 

Il. Çytoch~ome determinatipn 

gelJ.,s were grown in the desired medium to the stlltionary phase. 

The volume of medium used was adjustzed 80 that a concentrated cell 

population could be~Obtained containing 5 to 25 mg p~dtein per ml. 

The cells were centrifuged (7970 x g, 20 min,' 4 C), washed three times 

in CF-S "medium' and resuspended in 10 ml of CF-S medium. The celle in -

7 ml of this preparati~n were disru~ted in a French Pressure cell (Pow­

er Laboràtory Press, American Instrument Co.,' Silver Spring, Md., U.S,A. 
1 

\ 

12000 - 16000 psi) and the debris removed by centrifugation (12,000 

x g. 30 min, 4 C). The supernatant fluid was use~ ,for cytochrome de­

tennination by me~uring the oxidized minus the reduced difference 

, ' 

, 
1 
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apectra. This was done by reducing the contents of one c~vette with 

a few grains of Na2S204 and oxidizing the contents of the other cu­
~ 

vette by adding a few grains. of K3Fe(CN)6' Measurements were done 

at room temperature with. a two wave1ength double beam spectrophoto-

meter (Perkin-Elmer 356). T~vettes had a p~th 1ength of 1 cm. . \ 

Cytochrome b concentration W4S expressed as nmole per mg prote in 

usfng the standard absorption coefficient (11\5) given by J~ and 

Redfearn (1967). 

12. Oxygen uptake 

, , 

Oxygen consumption wes ~tudif.ed in nonnal and 'in pigment treated 

cell prepatations. S. thompsDn ~cc 608 cells were grown in S-medium 

for .12 h, wsshed three times and rèsuspended in CF-S medium to give 

a fi?a1 prote!n concentrà,ion of ca. 12 mg/ml.' These ceU prepara­

tions were incubated at 35 C with shaking (150 rpm) for 1.5 h tQ re-

duce endogenous energy supplies. Suffi~ient pyocyanine was added to 

~ one.flask ta give a ftnal co~centration of 50 pg/ml. Incubation was 

continued for l h. These cell preparation!i were used in an enclose d 

" plexiglsss chamber fitted with a Clark type oxygen electrode '(Rank 

Brothers UKC B 163) 'connected to a linear recorder (Linear Instrument 

Corp~ 10 MV output). CF-S' med:l!um was used as the buffer solution, 
~.~--.... 

l '- .-- . 1 
'the total reaction volUJQ.e.:was :3 ml and temperature wa8 maintained at 

35 C. The oxygen uptake was calculated using the 02 concentration 

value (0.41 Jlg atom of oxygen/ml) given by Chappell (1964). ' 
,1 

'. 
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13. Amino acid incorporatipn 

The incorporation of l 'tC a1anin~ was followed by using a modifi-

cation of the trichloroacetic acid (TCA) precipitation method des-

cribed by Deutch and Pauling (1971) • Cells were grown for 16 to 18 h 
~ 

at 35 C in S-medium supplemented with alanine (0.5 mM). A 1/10 dilu-

tion was prepared in fresh medium and incubatetI for 4 h. The culture 

was centrifuged (7970 x g, 20 min, 4 C) and resuspended in fresh 

1 l ' 
S-lILedium with no alanine to give a cell ~oncentration of 7 to 8 x 108 

~FU/m1. Reaction vesse1s were 50 ml Erlenmeyer flasks containing 5 

Jl S-medium, 5 ml of ce11 suspension, 20 ul of l'te alanine and 50 ~g/ml 
pyocyanine where appropriate. Cells were incuhated for l h with pyo­

cyanine before addition of' l4C alanine. Samp1es of 0.1 ml were with-

drawn at various times and pipetted into 5 ml of ice co Id TCA. The'\ TCA 
.~ 

waa stored overnight in a refrigerator (4 e) and filtered through 0.45 

~ HA membrane fUters (MUlip'ore Corp., Bedford, Mass.). The tubes 

and filters were w~shed twice with 10 ml amount's ootTeA. \ The filters 

were placed in scintillation vials, 10 ml of Aquasol counting fluid 

(New England Nuclear NEF-934) were added and radioactivity measured in 
1 

a liquid s~intil1ation spe~trometer (Nuclear Chicago i~ocap~300) •. 

14. Transport assay 

Transport of J various l'te 1abeled c:ompounds into cells was followed 

/ in a manner similar to that descr:lbed by Ames (1964). Samples, of 0.5 

ml were withdrawn at varioqê tintes and filtered iDlDediately. Washed 

\ 

\ 
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filters were placed in 
( 

scintillation vials and counted as described 

previously. 

dioactive materials 

\ ' Radioactive materials used in this study were purchased from 
\' 
'---

New ~gland Nuclear Corp. The specifie activities (S.A.) were 50 

(- llciluM for lltC (u) alanine, lltC (u) D-glucose, lltC (u) glycerol, lite 

3-0 methyl D glucose and 55 pCih.lM fpr uraci!. 

\ 

16. Nicotlnamide adenine dinucleôtide (NADH) determination 

The internal concentration of NADH was tneasured in S thompson 

MCC 608 cells. A culture was grown in S medium (5.9 gm/ml succinate, 

0.454 gm./l DL-alanine and ID-SM Feei3) for 12 h at 35 C with shak-

ing (150 rpm). Pyocyanine was added to one flask to give a final 

concentration of 50 ug/ml and an equivalent volume of 0.1 N HCl 

adjusted ta pH 7.4 with 5 N. KOH was lIdded to the control. Incubation 

was continued for 1.5 h. The cultures were cooled rapidly"on ice for 

0.5 h, the cells were centrifûged (7970 x 9, 10 min, 4 Cl ~d washed 

o four times with CF-S medium at 4 C. NADH vas extracted br the méthod 
, 

of toTright and Sanwal (1969) and' the concentration of NADH was measured 
.:>' 

according to the method of Klfngenberg (1965). The lact:ic dehydrogen-, 

ase \1sed was EC 1.1.1. 27 fr.om rabbi t muscle type XI (SigDUl: Ghemical 

Co., St. Loui~, Mo., U.S.A.). 

,1 

\ ' 
\ 
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17. Ethylene diamine tetraacetic acia (EntA) treatment 

o 
A procedure similar to the one reported by Leive (1965) was 

used to treat cells with 'EDTA. An inocu1um of 1% from an 18 to 24 h 

BH! culture (35 C, 150 rpm) of S. tho.mp8on MCC 608 was used to inocu-

1ate 200 ml of fresh BHI. Tp~s was incubated for 2 h (35 Ct 150 rpm) 

and then washed once with 3.3 x 10-2 M TRIS (pH 8.0). The washed -
cells were resuspended in 7 ml o~, 1. 0 x 10-2 M filS (pH 8.0). !WO ml 

of the ceU suspension were pipetted into each of three 50 ml flasks. 

These flasks contained 1. 0 x 10-~ M TRIS (pH 8.0)0' One flask was a 

control and contained TRIS oo1y \. the second contained 5 mM EDTA, and 

the third la mM EnTA (final concentration). After 10 min incubation 

(35 C, 150 rpm)t 10-2 dilutions in BRI were made from each prepara-

~oo and ,these wére used to inoculate flaèks of fresh BHI (1% i~ocu1um) 

with- and without· 50 llg/ml pyocyanine. The EDTA was diluted to 10- 3 • 

These flasks were then incuba ted and growth "{as fo11owed by plate 

counts at various Ume intervals. 

18. Gamma irradiation 

The solut:(ons to be exposed to g8JJlJl8 irradiation were placed in 

15 ml glas's tubes and exposed rin the irradiation chamber of a Gamma 

Cell 220 (283 Krad/h) for sterilization (radurization). The total 

dose was 3396 Krad. Steril1ty was testec1 by. inocu1at:f..ng a portion of 

<1) the preparaU~s into BH! and incuba ting for 48 h at ·35 c. 

o 
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REStJLTS and DISCUSSION 

PAR T A Pseudomonas - SalmoneUa INTERACTION 

1. Growth in mixed culture 

The preliminary work in this study involved an investigation of 

the interaction of a pseudombnad with Salmonellae in mixed cultures. 

Inoculum cultures were prepa/red and diluted sa that approximately the 

,/ same numher of each organistn could he added to the growth flasks. 

Three 1 litre F.rlenmeyer flasks. containing 400 ml of BHI, were inocu-

lated with (1) Salmonella (~) Salmonella plus the pseudomonad and (3) 

the pseudomonad. These flasks were incubated at 35 C with shaking 

r (150 rpm). Samples were withdrawn at various times and ~lated on BHIA. 

The larger white Sal~onella colonies were easily distinguished from 

the smaller brownish gseudomonad colonies on these plates. The growth 

of each organism in pure culture was compared with its growth in the 

mixture. Figures 3 and 4 show the results of a study in which S. thomp-

80n MCC 608 was grown with P. aeruginoBa NHW Ml. These figures illus-

trated that the growth of both organisms was very similar in the pure 

and in the mixed culture. This·experiment was repeated using several 

species of Salmonella including S. heidelberg MCC 604, S. infantis Mee 
. 

605, S. enteroiditis ES 413, s. typhirmJttium ES 878, and S. tennessee 

Mec 600. The results of these trials were similar to those observed 

in Figures 3 ~d 4. 
?-

The Salmonella and the pseudomonad had similar .J 
( 

growth patterns in both the pure and mixed culture. 

o 
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2. Action of pse'udomonad culture filtrate 
.:il \ 

The experimenes outlined above showed that Salmone~la and P • 
. ' 

ae~gind8a NEW Ml grew independent~y of eac~ other when grown in 
l 

mixed culture. However, pseudomonads are known to producè factors 

that inhibit the growth of microorganisms (Waksman, 1945). The effect 

of adding spent culture f~ltrates of P. aerugino8d NHW tU ta S. thorrrp-

80n MCC 608 cultures was investigated. The growth of S. thOmp8on 

Mee 608 was followed in 50 ml flasks containing BHI medium with var-

ious concentrations of pseudomonad culture filtrate added (Material 

and Methods section Sa). Figure 5 shows thai when th~ conc~ntration 
't 

of added' pseud6monad filtrate was 10% or less there was no effect on 

the ~rowth of the S. thompson cultures. Higher concentrations of 

culture filtrate caused the lag phase ta increase from 2 to 5.5 h. 

• 1 
The P. aepug~no8a NHW Ml cu}ture filtrate therefore contained sub­

.~ . 
stances that delay the onset of the .log phase of growt·h of S. thompson 

• 
Mee 608 cultures. The inhibitory a~tion of t~ P. aerugino8a filtrate 

(P-filtrate) against other microorganisms was next assessed. 

The P-f1ltrate at 25% concentration in BHI had no effect on the .. 
growth of P. aeruginosa ~HI Ml up to 12 h (~igure 6). Increasing thè 

P-filtreate concentration ta> 30% and recording the growth from the llth 
. 

to the 20th h resulted ih great~r differences between control and. 
"" 

treated cultures (Figure 7) •. P. ae1'Ug1.nosa - NHW Ml exposed to 30% 

/ of its own culture filtrate had reached an D.D. of D.?l)UD~ts after 

32 

, l 



r 
~ 
~ 

~ 

t 
~ . , 
; 

, 

! 
. 

1 
1 

1 
1 

1 

Cl 

! 
~ 

/ 

1 

., 

\ 

33 

.,-

" \ 

FIGURE 5. 
.' 

\ 

\ 

...,..-
~ . 

--' 
".' 

" 

1 



(> 

( 

'!' •• .' 

. ,--...... __ .,~_I_ ........... _· ........... -. __ ...- ... ______ ~~.__ -__ ._ ~ . __ - -- ..... .,.- . __ -_. 

~ 
0 
~ 

" en 
.' '6 

CS 
d 

, 

1.2 

1.0 

.8 

.6 

:4 

,,2 

6 

'\ 

8 10 
TIt.E (h.) 

." 

, 
1 

Fig. 5. The growth of S. thompson MeC 608 in BH! with added 

P. aeruginosa NHW Ml cultu~ filtrate. 

fUtrat'e added '0% D 

1% A 

10% , 
"- • " 

'50% ~ • 
70% T 

, (l 

\ 

o 
\ 

.-

" 

'e ~ ,.; . " 

. ' 

~ -1 :<!' ... I .. ' 
>-,t~ 1 -" 



---- - --~ ---- ~------ -----

1 
,34 

FIG URE 6. 

o 
1 

• 

/ 

\, 

\, 

\, 

-[ 

J 



, , 
1 
! 

\ 

rJ 
L2 

LO 

É .8 c 

~ 
le) .6 -0' 

C 
d .4' 

p2 

8 

" ~-- ... ,. 

," 

10. 12 

TIME (6.) 

---~_ ... ~ ~. 

F~'g. 6. The growth of P. aepuginosQ NHW Ml in BR! with added 

P. aeruginosa NHW Ml culture filtrate. 

(/ filtrate added 

1/ 

\ 

\ ' 

• 1 

0% 

25% • 

\ 

------
\ 

1 
\ 

1 

0 
1 ,,;l 

\ o 



\ 

35 

" 

1 

F l, G URE 7. 

o 

\ 

1) 

/ 

\ 



'., ". 

' .. 
!~ \ .. -' 

.. , ",' 

/ 
1 

\ 

\ 

12 14 16 
TIME (hJ 

./ 
~ 

Fig. 1. The growth of S. thompson Mée 608 and P. ae~gino8a N'HW Ml 

in BR! with and without 30% added P. aerugirio8a NHW Ml 

culture f1ltrate. 

Growth of: S. thOhrpson -_ no filtrate 
0 

·-s. thompson with filtrate • 
P. ae~pino~a no :iltrate 0 

P. ae~g;,no8a vith' f11trate 1. 

i 

.. 

\ 

\ . 

le" 

{ 

l!i!J\ 
~ 

o 
\ 



i' 

r 

" 

p.. t ." 

•• l.. J .,...,. ... ~}"" "'~""'1""""j:"I.\V"!'I>..,~",",~,..,..'~'" ~ ........,.,. __ ........... _.-... _ .......... ~_-..~ "'~ __ L ...... ,.~~ __ ..... " __ .. _.....-.,..._._ .. ___ -__ 

1 

Il h, whi1e the control culture had reached 0.67 units. The differ-

ence (0.15 O.D. units) was much less than the d1fference between S. 

thOmpSOrl Mee 608 cultures grown under the same conditions (0.68 O.D. 

units). These experimertts 11lustrated that P. aerugino8a Nlrn Ml f11-

trates are inhibitory to bath S. thomp8on and P. aeruginosa NHW Ml. 

The degree of inhibition of the pseudomonad is however much 1ess than 

that observed with the Salmonella culture. P. aeruginosa NHl~ Ml 

therefore had some resistance to the inhi~itorv factor or factors 

th~t are present in its spent culture filtrate. 

The P-filtrate inhibite~ the growth of E. aoti B MeC 237 (Fig­

ures 8 and 9) an8 S. aureus PHL 40 (Figure 10). With E. coZi~ the 

lag phase was extended by more than 6 h (Figure 8) and after 12 h, 

incubation, the difference in the amount of growth between the con-

, trol (no filtrate) ~d that in th~ presence of 30% filtrate (0.8 O.D. 

units) was greater than the difference observed with S thompoon Mee 

608 un~imilar conditions (0.68 O.D. units). E. coli B Mec 237 

appea~therefore to have greater sensitivity to the culture filtrates 

than S. thomp8Dn Mec 608. These findings are contrary to those 

, . " 

reported by Waksman (1940) who reported that P. aerugino8a filtrates 

had no effect on E. aoti. 

The outgrowth of· the Gram-positive organism S. QUPeUS PHL 40 W8S 

even more affected by the pseudomonad filtrate, Aftèr 21 h incuba-
\ 

tion the culture ~ontaining 30% filtrate had reached an O.D. of 0.37 

. 
~_. ~-- -------
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units while the control culture was at 1.35 units (Figure 10). This 

organism was even sensitive to low levels of fi1trate and reached an 
\ 

O. D. of 0.25 units after 21 h with only l(}% filtrate in the medium. 

, 

Results thtu far have indicated that P. aeruginosa éulture fi1-

tr'ate extended the lag phase of "growth of P. aeruginosa Nm-1 Ml, S. 

tho771pSOn Mec 608, E. coU B MCC ~37, and S. aureua PHL 40. The pseudo­

monad culture waB shaWn to be the least sensitive of tnese bacteria 

whi1e S. aureua, PHL 40 was the Most sensitivè. E. ~oZi B MeC 237 

appeared to he mor~, sensitive than s. thorrtpson MeC 608. The time of 
" 

extension of the lag phase increased with increased amounts of fil-

trate added to' the growth "inedium. 

3. Effe~ of SaÛftoneZla filtrate.on growtb 

The' activity' of SaZmoneZZa filtrates was then ·studied. S. thomp-

son Mce 608 was grown'in BR! for 4 days and a filtrate was prepared 

as described for the pseudomona1 filtrate (Materials and Methods sec­

'tion 2). This fi1trate at 25% level did not appear to greatly extend 
, , 

the lag phase or to greatly inh1bit the growth of P. ae~no8a NHW 

Ml. (Fi~ë 11). Addition of 70% of the SaZmoneUa fHtrate to an 
, 

(' 

thompson MeC 608 culture did not result in a large increase in th lag 
( 

1 

Ume as é'bserved with similar concentrations of pseudomonad filt 
, 

(Figuré 12). Although there was a slight inhibitory action wh 
, " 

SaLmonelLa f11trate wss added to the' growth medium, 

much less than observed when similar cohcentrations 

• f11trate were used. \ 
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4. Concentration effect 

The experiments outlined above involved andi tl·.m of up to 70;; 

fil trate to me~1a whlch alrea1Y contained the manufacturer 1 s re,com­

mended concentration of BBI. Thereforelit may be that the inhibition 
\ 

in growth was due to increased ~oncentration of so~omponent in the 

BOl medium. This was 'proved. not to be the case b';cause growth of S • 

. 
thompson MCC 608 in single strengeh BR! medium (x 1) and in con~en-

trated BR! medium (x 1.7 single strength) did not differ ' ,to any grea~ 

extent (Figure 16). The inhibition caused by culture flltrates must 

therefore have been due"to by-products of microbial gr~~h a~d n~due 
to a mere increase in the concentration of compounds such as salts 

, 1 

when these filtrates were added to single strength BRI. 
) 

" 
5. Action of cuitur~ fi1trates 

When microorganisms are 

\ 

\ ' 

subjected to inh1bitory substances. the 

direct reault can be injury to the celle This injury may be repaired 

if the cells are exposed to suitable conditions post treatment. ~ 

43 

Tomlins and Ordal )(1971) demoostrated that heat injured cells from 1 

"" cultures of S. typhimurium could grotl readily on nC?lÎselective 1JI8dium 
- .' 

but were inhibited on Bacto-eos1n methylene blue agar (~) supple­

tIletlted With 2% sodium chlotide. The difference between viable counts 
/ 

, on the nonselective medium and the selective medium (EMBA and 2% NaCl) 
'- ' 

'was a measure of the injured portion of the population. 
" 

" 

\ 

/ 
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A simllar experiment was performed with S. thompsml Mec 608 

cells exposed to J~u~ture flltrate follm.7ed by plating the control 

and exposed cultures on BHIA and EMBAwith 2% sodium chloride. The 

results in Figure 14 showed that cells from control cultures devel-

oped equally well on both media. Viable counts from f1ltltlte exposed 

cultures were 'consisten~ly lower on the EMBAwith 2% sbdium chloride 

as compared to counts on BHIA. Simllar results vére ~btained by com-

paring viable counts, on BHIA with those on Bacto Sa1mouella-Shigella 

agar (SS agar) (Figure 15). The results indicated that S. thompson 

MCC 608 may be injured when exposed to P. aepugino8a NHW Ml culture 
") 

filtrate and that the injury' makes them more sensitive td selective 

agents. 

6. Summary 

a. Salmonella anél P. aeruginosa NHW Ml did not inhibit the growth 

of each other when grown in mixed culture from the log to the sta-

t ionary phase. 

b. ~ 
Cu+ture f11trates of P. aeruginosa NHW Ml inhibited the growth 

of S. thompson MeC 608 but the Sa~ellq ftltrates did not inhiblt 

the growth of the pseudomonad • 

c. The pseudollOnad filtrate caused an extension ln the log phasé 
, 

of growth and the Ume of extension incres,sed with increasing fUtrate 

concentration. 
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J d. Complete pseudomonad filtrate appeared to injure S. ·thompsDn 

Mee 608 cells in some way which rendered them more sensitive ta 

selective media. 

,e. S. aureus PHL 40 and E. ~oZi B Mee 237 werè more sensitive to J 

pseudomonad filtrate than S. thompson MCC 608. P. aeruginosa NHW 

Ml ~ppeared to be resistant to the "riltrate. 
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PAR T B INHIBITORY coMPœumTs OF Pseudomonas 

aerugln~~ FILTRA~E 

1. EYocyanine extraction 

,The initial approach to the investigation of the growth inhibit-

ing factors of the pseudomonad culture filtrat'e was to ~xtract it with 

various solvents. The ant~biotic act1vitles of the extracted cOmpon­

e~ts ~nd the rema1ning f1~trate were then comparedwith the act1vity 

~f the complete f11trate. ln most of the subse9uent experiments S. 
~ 1 $, 

thompson MCC 608 wa~ used as the test organism but in som~ cases other, 

organisms were used for comparative purposes. 

The first component extracted was pyocy~nlne. This pigment has 

l been reported to have ant1biotic properties but spent P. aeruginosa 

medium from whtcn pyocyanlne had been extracted, w~s said to lose very 
1 

little of its inhibitory activity (l~aksmani' 1945). In this study, 
1 

rernoval of pyocyanine from the spent medium filtrate resulted in' a 
1 

fl1trate that extende~ the lag time of s. thompson Mee 608 cultures by 
\ 

almost one h~lf the time observed with the complete filtrate (Figure 

16). Uhen the pyocyanine ~as added to the culture medium, at the con­

centration found in the original filtrate, it had 'inhibitory activity 

that was similar to the extracted filtrate. 

2. Fatty acid extraction 

Waksman (19~S) also reporfed that pseudomonad"culture filtrate 
o 0 
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> 
lost aIl of its inhibitory actiyity when both the pyocyanlne dnd fatty 

acids were removed. With the removal of either pigment or pigment and 

fattyacld (Materials and Methods section lb li), residuai ant1microb-
, 

laI activity was still evident in ~he fi1trate (Figure 17). thi, ob-

servation was cbntrary to the information reported hy Waksman (1945). 

He a1so stated that the fatty acid fraction had no inhibitory eetivity 

and that was true of the fatty acld fraction prepared in this study. 

1 
3. Residuel pyocyanine, 

The Inhibitory activitv in the extracted ~u1ture fl1trates cou Id 
.-

h~ve been due t~ residual pyocyanine •• This p'ossibi1ity was investigated 

by studying the inhibitory activity of' severa1 preparations. Pyocyanine 

was added to fresh BH! medium and then removed by the extraction proce­

dure (Materia1s and Methods section 3a). The addition of 10% of thls 

extracted BHI to BHI cultures caused an extension in't6e lag phase of 
'\ 

growth of S. thompson MeC 608 of 2 h (Vlgure 18). This extension ls 
'\, , . 

1ess than the 5'h extension observed when extracted ,spent medium was 

added to a culture (Figure 17). The difference in the amount of pig-

ment added (44 ~g/ml) and the amount recovered (30.0 pg/ml) was 13.2 

~g/m1. A growth flaak was prepared eontafning p'yocyanine at a eoncen-

tratlon equivaient to the unremoved amount that wouid be present tn , 

the above flaak tnat contained 70% extracted-BHI., In thls case th~ 
\. 

ODset of log phase of growth was delayed by 1 h. Inéorporatlon of 70% 

of a BR! medium preparation which was subjected to the extraction pro-

,,-' , 
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l, cedure, but to which pyocyanine had not been added, a1so caused the 

lag phase to be extended hv 1 h. When 70% addition~1 fresh BHI was 

incorporated in the medium ln this ex~eriment no lag phase extension 
'\ , 

was evident but O.D. readings were'slightly lower than the control 

(single strength BHI). The residual inhibitory activity could n~t be 
, " 

attributed sole1y to any of the factprs examined in this experiment. 

It appears that spent pseudomonad medium must contain factors other 
. 

than pyocyanine which are inhihitory and these are not removed by 

chloroform extraction. 

, 

4. Ether extraction 

There have been reports in the fiterature concerning the prepara- . 
~ . 

"'-
tian of antimiucrobial subst8l!ce's from. e~her ell!tracts of spent pseudo- ,t 
monad ~dium. Waksman (1945) reported the i601at1on of pyocyanasè 

whfch had lytic activi~y. Hayes et aZ. (1945) als~ reported that eth~i 
• 0 , ..' 

extract~on of pseudomonad cultures' yielded inhib1t~y substances which 
r ~ 

they c,lassified ~s PYO, l, II, III and IV.', 'Ether extracts ~ere prep.ared ' 
c: 

from the P. aepugin08a NEW Ml ffltrates and were founa to have no de-
, 

tectable it{h1bitory activity (Figure 19) ~ .. \1 ( , 
-i 

( 
.,. 

5. Sephadex frac(ionatilon 
, ' 

" 

A turtHer ~~teœpt was made to iSora~e.~nhlbitbry(fract~ons by use 

Qf a Sephadex G-25 column (MBterlals' aDd,Me~hod8 section 3e).) The pyo-
, ,1. . • ' 

cyaplne Cont~:!ÙiD8 fJriutbicm!'yaa the only, one whlch had mealJurable 
<l 
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• , 
inhibitory activity (Figùre 20). The growth of cultures exposed td 

other fractions were similar to that of the 1contro1. Since E. coLi B 

1 
Mec 237 was more senSitive than S. thomp8on MCC 608, this experiment 

was repeated using E. aoU B MeC 237 as the test organisme oAgain the 

pyocy~nine fraction was the on1y one that had antim1èrobia1 activity 

(Figure 21). 

Cultures which had been extracted with chloroform we~ a180 frac-
1 

tionated on the Sephfdex co1umn. There W8S no pyocyanine visible in 

any fraction and the fractions corresponding in elution time to the 

pigment fractions from complete filtrate showed no measureable O.D. 

reading at 520 nm, indicating the' total absence of pyocyanine. AlI the 

fra~ti~ng collected under these conditions had no inhibitory activity. 
. ,f 

The Sephadek frsctionation was not helpful in isolating inhibitory 

factors other thsn pyocyanine from the culture filtrates. The other 
1 

factors may have been diluted too mucrr'dut~g separation to retain - ,. 

measureable inhibltory act~on or they mayohave b~en.lost through bind­

ing to the column. If the factors were protein or lipid they should 

be eluted from the column before the pypcyanine which is a relatively 
.-/ 

low molecular weight molecule. 'A brown resldùe was'retained on the 

top portion of the column, and it i8 pos8~ble that the other inhibitory 
'. . .. 

factors reside in this fraction. 

.' ,r .' 

6. Effect of heating 
" . 

Sorne èarly researchers (Waksman, 1945) h~ve ~ggested t~ P. ae~-
; , 

~. 
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ginosa produced pyocyanase wh~ch inh1.bi ted growth. There was some 
~ • a ~ \ 

controverst about this materià1 because it was considered to be an 
, ' , 

enzyme ~nd Itherefore according to defin!tion wou1d be a proteine It 

waB also r~ported to be soluble in ether. A~toc1aving of our cul-
~ Il ~ 

ture filtrate at 121 ç for 15 min did not reduce lt!!! antimicrobia1" 

~ activity (Figur~ 22). It is unlikely therefore, that the other'fac~ 
tor in this fi1trate is a proteine The exact nature of pyocyanàse 

• 
as described by Waksman (1945) has Dot been clearly defined and the ' 

results of this study indicate that lt was probably not an important 
) , . 

component of the inhibitory factors because heating did not fnactivate 

lt and the ~ extraets prepared showed no lnhibltory activity. 

7. Gamma irradiation 

Gamma irradiation was considered at one stage of this work as a 

possible method of filtrate sterilization. As a result of irradiation 

the pyocyanine changed colour from blue to colourless. The resulting , 
[ 

solution had no antimicrobial activity (Figure 23) and such treatment 

could therefore be used to eliminate the antimicrobla1 activity due to 
, l' 

pyocyanine without subjecting the' flltrate' to the extracti,on procedures. 

Exposure of complete filtrate to gaama irradiation resulted in a larAe 

decrease fn its inhibitory activity. The irradiated fUtrate cauBed 
o 

a d~lay of 1 h in the caBet of log phase growth of S. thompeon MeC 608 .. 
whila filter sterilizetl filtrate,eauaed a delay of mo~e'than 3 h (Figure 

24). Growth of S. tnompeDn in filtrate from which pyocyanine had been 
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extracted re~~lted in a similar' decrease in its inhibitory activity 

(Figure 25). These experiments again substantiate the fact that the 

major inhibitory component in this pseudomonad filtrate was in fact 

pyocyanine • 

8. Effect of pyocyanine concentration 

BH! was used as the growth medium for preparation of culture fil- <. 

trates. There were variations in pyocyanine production betwe~n the 
., , 

various lot numbers of the BRI used. Some lot numbers 'res\tlted in 
'. 

63 

filtrates that contained no detect,able pyocyap:i~e. 
r <y-. r> .... ... r 

ln these cases·'the.,~,u . 
~-. 

antimicrobial activity should 'be''11la.inly due to .the "other factors" 

alone sJnce the, pYOC~a~ine ,.lev~l would be very 7W if present at aIl. 

The outgrowth of S. thompsorl ~CC(608 was followed in two fi1trates one 

of which contained no pyoc;yanine. The pigment defic1en t filtrate 

dela~ed the onset of log phase grQwth by 1 h while a similar filtrate 

containing pyocyanine caused a .. de1ay of more than 3 h (Figure 26) .. 

Since the Pvocyanine free filtrate should contain the "-ether factors" • 

• this experiment wou1d~again suggest that pyocyanine p1ayed the most 

important ro1e in the antimicrobia1 activity of the fi1trate prepared 

in this s tudy • 

9. Summary 

a. P. aerruginosa' N'HW Ml culture f11trate contained two or more 

factors that caused inhibi~ion of growth. These did not appear to in-

volve pyocyanase as described by Waksman (1945) or the pyo compounds 

. -
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of Hayes ,et aZ.(1945). 

; 
b. The major inhibitory factor in this study was the bIne pi8me~t 

" 

pyocyan1!l~' " • 
/ 

c. Gamma irradiation of pyocyanine solutions tesulted in'a 108s of 

1 the blue colour and aIl of its inhibitory activity. 

d • The factors other than pyocyanine that inhibited growth were not' 

!dentified. 
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PA RT "C INRIBITORY ACTlyITY OF PYOCY~I~ 

( 

~. Antimicrobial activity'of pyocyanine 

The addl·tion of' pyocyanine to a culture of S. tnompson l1CC 608 
'., 

in BRI medium 'caused inhibition of growth. When the pyocyanine was , 
" . 

added prior to the inoculum, a concentratioh depend, ent exten~on of 
/ . 

, ' 

the lag phase of growth resulted (Figure 27). As shown in Figure 27, 

the higher the concentration of pyocyanine added the greater the ex-
{ 

tension of the lag phase of growth. Addition of pyocy~ine to S. ,thomp-
. ~ 

Bon cultures during log phase of growth causea the viable count to . , 

remain stable for several hours (Figure 28). This was followed by an , . 
increase in,viable ~umbers an~ the logarithmi~ phasé was reached. 

1 2. Antimicrobial effect of pyocyanine on other organisms 

a. Effeat on S. aul"BUS (a Gram-positive) and on E. ao,ii ra Groam, 
1 

negative) 

The re~ults reported in PART A shawed that both Gram-positive 

and Gram-negative\organismS were sena;J,t1ve to the P8~domona8 culture 
o . 

filtraté. The Gram-positive S. aureus ,pnL 40 was more sensitive to 

67 

) 

the complete filtrkte than were severa! Gr~-negative organisms~ Simi-~ 
\ 

lar observations were fotmd when pyocyanine alone was' used as the 
, 1 

inhibltory substance. . S. au~us was extremely sensitive to pyocyanine 

.when lt was added ta ,an actively growing culture in BRI medium at 35 C 
, 

(Figure 29). There vaslno recovery as was observed with S. thornpson 
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S, tnorrrpson ~CC 608 in B~ ~edi.um. The ~pyocyanine 

solutian was p~epared by ch,oroform extraction and 

the concentration vas adjusted'to be equal to that 
" } ~' 

\ , 
of .the original filtrate. 
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MCC 608 in BHI medium at 35 C. Thé culture ~as grown 
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The effect of pyocyaninè on th~ growth of S. auPeUB 
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(Figure 28). The control culture had reached stationary phase (> 109 

CFU/ml) after 24 h while the pyocyanine treated culture had declined 

to lO~ CFU/ml. E. coli B Mec 237 was also sensitive to pyocyaninè 

but unlike S. aureus was able ta recover in the' pyocyanine containing 

system. The extent of the inhibition of E. coli B wa~ dependent ~n 
• 1 

th~ ~centration of pyocyanine used (Figure 30). 
/p" 

Pyocyanine was capa~le of inhibiting the growth of a IGram-posi-

tive and a Gram-negative organism. The Gram-positive or~anism, S. 

aureu8 appeared ~o be more sensitive than the Gram-negative organisme, 

S. thomp80n and E. coli B. 

b. Effect of pyocyanine on the gr'OlJth of B. megatenum (A stroiat ' 

ael"Obe) and on Cl. perfroinglMs rA striat anaerobe} , . 
~hus far, the effect of pyocyanine on facultftive (with respect , 

to oxygen) organisms was tested. The work was extended to include a 

strict aerobe and a strict anaerobe. The anaerobe, Cl. perfri~8 

MCC 387 was ,s~sitive to pyocyanine (FigIJre 31)'. Although the cûlture 

recovered and grew after 24 h it did not attatD the maximum viable 

count observed with the control. The aerobe, B. megaterium MCC' 7 wa~ 

.ery 8ensiti~e to pyocyanine and no growth was measureable in the 

culture up to 25 h after inoculation (Figure 32). 

~ . \ 

c. Effect of pyoayanine on the 'grolJJth of P. ae1!Uginosa NHII Ml\ , 

Th~ addition of pyocyanine tQ a P: ae1!Uginosa NHII Ml culture 

which had been grown for 5 h in BUI at 35 Chad l1ttle effect (Fig-'­

ur~ 33). 
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Fig. 30. The effect of pyocyanine on the ~rowth of E. ~oZi B 

Mec 217 in BRI at 35 C. The figure shows growth curves 

after 12 h because in previou8,experiment8 inhibition 

was ~omp1ete up to 12 h. Pyocyanine concentration was 

adjusted to be the same as that in the original filtrate 

used. 
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Pyocy.anine inhibited both Gram-positive and Gram-negative organ-

isms. The Gram-positive organismB, B. megateriwn MCC 7 and S. aureus 

PHL 40 were more sensitive than the Gram-negative organisms S. thomp-

Bon "MCC 608, E. coU B MCC 237 and P. aerugif7.ooa NHW, Ml. The strict 
1 J 

aerobe, B. megaterium MCC 7 was total1y arrested, -whereas the strict 
.< 

anaerobe Cl. perfringêns MCC 387 was inhibited for seme time but even-
<;Ii 

tual1y returned to normal within 24 h. P. aeruginoBa NHW Ml possessed 

some mechanism of resistance to the antimicrobia1 activity of pyocya-. " 

nine. This resistance aspect was not further investigated. 

3. Effect of reduced oxygen tension on pyocyaninè activity 
~ 

The marked difference in response tO.pyocyanine by the aerobic 

organism, B. megatettium and the anaerobic organism Cl. pez-fringérts~ 

suggested a comparison of the effects ofJpyocyanine on S. thompson 

grown under both aerobic and anaerobic conditions. The organism was 

grown aerobieally and anaerobical1y for 5 h. Each culture was then , 

dividéd into two equal portions. Fresh BR! alone was added to two " 
'.:\ 

portions (one aerobic and one anaerbbic). An equa1 volume of BR! con-

taining 100 pg/ml pyocyanine wa~ added to the1remaining two flasks. 

The final concentr~tion of pyocyanine in the treated flasks was,thus 
1 .. 

50 pg/ml. Care ~as taken to minimize the amount of air added to ~he 

anaerobic 'f1asks. The fresh BR! ~nd BR! with pyocyanine were pr~pared 

in sea1e,d flask!l', flushed with nitrogen, "and added asepticall~ tht;:ough 

the scuba seal vith a syringe. 
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~able counts were determined at various time intervals. As 

shown in Figure 34 the growth of both the aerobic and anaerobic cul-

tures was affected by the pyocyanine. However, the extent bf inhibi-

tion was less under anaerobic conditions. After 24 h, the aerobic ' 

'control had reached 8.4 x 109 cru/ml whereas the number of the pigment 

treated cella remained static at 1.7 x lOS CFU/ml. Under anaerobic 

conditions the control reached 1.7 x 109 CFU/ml while the pigm~nt 

treated anaerobic culture was only slightly lower in number (8.2 ~ 

108). The inhibitory effect of pyocyanlne was therefore ~re pro-

nounced under aeroble than under anaerobie conditions. The recovery 

in the anaerobie culturè was almost complete after 24 h while growth 

appeared to have $topped in the pigment treated aetobic culture. 

This experiment indicated that oxygen must play a role in enabling 

pyocyanine to inndbit growth of S. thomp8on MCC 608. When available 

oxygen was redueed the inhibitory effect of pyoéyanine was lessened. 

4. Effect of pyocyanil'le' on the growth of S. thompson in BHI medium 

eontainlng a reducing eomppund. 

,Sodium thiog1ycolate, a strong Teducing agent, was added to BH! 

medium (pH ~o lower. the avai1able oxygen content of the medium. 

The control'flasks, one containing BHI alone and the othet vith BHI 

and 5% sodium thioglyeolate, followed very similar growth p4tterns 
o 

(Figure 35). Pyocyanine'inhibited growth in both the normal (BHI and 

pyocyanine) and the reduced medium (BRI and 5% sodium thiog1ycolate 
1 
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Fig. 34. The effect of pvocyanine on the aerobic and anaerobic 

grmrth of S. th0'"P.,son MCC 608 at 35 C in BR!. Pyocya-

nine w~ added after S h incubation. ~ 

aerobié no pyocyanine 

aerobic 50 pg/ml pyocyanine 
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Fig. 35. The effect of pyocyanine on the growth of ~. thompSDn 

Mec 608 at 35 C in BHI with and without 5% 80d~um thio-

glycolate added. Pyocyanine was added after 5 h growth. 

" Additions: 

no pyocyanine and no thioglycolate o 

'pyocyanine 50 ~g/m1 and no thioglycolate • 
no pyocyanine and 5% thioglycolate 
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pyocyanine 50 pg/ml and 5% th10g1ycolate Â' 
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and pyocyanine). Recovery was more rapid in ehe reduced medium. 

Limiting the amount of available oxygen' enabled S. thomvson Mee 608 , . 
cultures to more rapidly overcome the inhibitory activlty of pyocy-

anine. 

5. Summary 

a. Pyocyanine inhibited or delayed,th~ growth of a variety of micro-

organisms. 

b. 
• , 1 

Gram-positive organisms were more sensitive than Gram-negative 

organislIIS • 

v c. . ~th str::t aerobes and anaerobes were affected but the aerobic 

strain was more sensitive. 

d. P. aepuginosa NHW Ml was resistant to the inhibitory effect of 

pyocyanine. 

e. Pyocyanine inhibition of S. th0111p{Jon Mee 608 decreased in anaer-

obic systems and in reduced medium. 

f. Oxygen appeared to play ~ important role in the ability of pyo-... 
cyanine to inhibit growth. 
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PAR T D ACTION ORI PYOCYANINE ON 

s. thompson MCC 608 

1. Injury 

The addition of pyocyanine to a log phase culture of S. thompson 
, 

Mec 608 caused the number of viable cells in the culture to remain 

'constant for several hours. Thi~ was followed by recovery and normal 

cell,multiplicatiop (Figure 28). This change cou Id reflect a change 

in growth rate or the death of a portion of the cell population. A 

change in the growth rate might be the result of Injury to a majority 

of the cells. A period of time might then be required for the tnjury 

to be repaired before the normal logarithmic growth could resume. If, 

on the other hand, 'some cells were sensitive and kil1ed, the resis-

tant cells would have to continue to grow at a rate sufficient to 

replace those killed by the pigment treatment. 

The tesults in Part A, Figures 14 and 15, suggested that S. thomp-

son Mec 608 might be injured by exposure to complete culture filtrate. 

Therefore, attempts were made to demonstrate injury to S. thompson 
\ 

culbures exposed to pyocyanine alone. Control and pyocyanlne treated 

samples (see Figure 28) were plated on EMBA and 2%, NaCI às vell as , 

on the normal BRIA. The viable counts vere slmilar for both pigment 

treated and control cells on both media and therefore indicated no 

(.fJ injury~ Injury could not be detUonstrated when other selective media, 

s~ch as brilliant green agar, Salmonella Shigella agar or Synthesis 

S medium counts were compared with those'on BRIA. These results indi-
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cated that if S. thornpson Mec 608 cells were injured by e~osure to 

pyocyanine, the injury could not be detected through the differen-

tial plating methods used. 

2. Effect of pyocyanine on resting cell suspensions 

Th~ possibility that pyocyanine had a lethal effect was investi-
, 

gated by studying the actions of pyocyanine on cells maintained under 
, ~ 

resting conditions. The cell suspensions were prepared as described 

in the Materials and Methode section 8. CF-S medium was used as the 

suspending fluid so that cell division should not occu~. If sorne 

cells were killed by addition of pyocyanine, the viable counts should 

decrease with time. As shown in Table 2, the number of viable cells 

remained relative1y constant, when S. thompson Mee 608 was exposed for 

8 h to 150 ~g/ml pyocyanine. In growing cultures and at lower pigment 

concentrations '(50 lJg/ml) , the effect' of the pyocyanine1is detectable 
\ 

within an hour of pigment addition. Similar experiments with the more 

sensitive o~ganisms E. eoZi n MeC 237 or S. aureU8 PHL 

that cell death after addition of pyocyanine could not be de 

,up to 5 h after pigment addition. There were dec):'eases in viable 

cell numbers after 24 h with S. thompson Mec 608 and E. eoZi B M~ 

237 but no de~rease was detectéd with the more sensitive S. ~~ 
PHL 40. ]bese experiments tndicated that pyocyanine.does not kill 

cells. 
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T A BLE 2. 
. .. 

Viable counts in resting ~e11 suspensions of bacteria in CF-S medium 
vith and ~hout pyocyanlne 
\ 

Pyocyaniné Ume Viability 
"-

Organism concent1'ation 
4 

... ' Ilg/m1 h Log CFU/m1 

Cont1'ol Pigment 
\ \ 

1 • , exposed 

S. thompson Mec 608 150 O· 7.24 7.33 . 
2.0 7.41 7.41 
6.0. 7.41 6.86 
8.0 7.48 7.41 

(. 11.5 7.41 6.67 
24.0 7.24 6A3 

E. coli B MCC 237 50 0 8.67 8.84 
2.5 8.81 8.67 

@ " 5.0 -8.98 8.67 
24.0 8.89 7.59 

S. aureus PHL 40 50 0 8.42 8.42. d 

2.5 8.23 8.42 
;,. 5.0 8.34 8.67 

24.d 8.53 ' 8.42 

'f' 

0' 
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3. Effect of penicillin on pyocyanine tr~ated s. thompson Mec 608 

Penicillin is known to Act on actively growing and dividing bac-

terial oells by disrupting ce~l wall synthesis (B1umberg and Stromin­

ger, 1974). The killing ac~ion of penic111in on an active1y growing 

culture is therefore more rapid than on ~ culture mu1tiplying at a 
" 1 

much slower rate. A culture of S. thompson Mec 608 was grown in BHI 

for 5 h and one h~lf was exposed to pyocyanine (50 pg/ml) and the 

other half was maintained as a control in BHI a1one. These two cul-
, 

tures were incubated for 1.5 h and again divided into two portions. 

One half of each culture was exposed to penicillin (1590 units/ml). 

The pyocyanine concentration was maintained at 50 pg/ml in the pigment 

treated culture·s. Viable counts vere determined by plating on BHIA. 

The results of this experiment are i1lustrated in Figure 36. As 

observed previously, addition of pyocyanine caused the viable count -

in the treated culture to remain constant. When penicillin was added 

to the pprtion of the,control there was a rapid decline in the viable 

count and viable cell numbers dropped below the detectable level 

within 2 h. Penicillin. also caused a decrease in the viable count 

of the pyocyanine treated culture but the decline vas not ~s rapid 
",,' 

as observed with the control culture and minimal levels were only 

reached after 6.5 h. The results of this experiment indicated that 

pyocyanine treated ~. thompson Mec 608 cultures do continue to grow 

but at a slower rate. One would therefore have expected an increase 
1 

in the viable count in the pyocyanine treated penicillin free sysçem' 
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Fig. 36. The effect of penicillin on the growth of control 

and 'pyocyanine t-reated s; thornpson Mec 608 in BR! 

at 35 C. Pyocyanlne W8S added after 5 h growth 

fo11owed by penicillin G after an additional 1.5 h. 

~ddition8: 
\ 

none 0 

. • pyocyanine 50 J,lR/ml 
" 

penicill,in G 1590 unita/ml " 0 
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but this did not occur. This aight indicate that the cells are not 

actua~ly dividi~g but ~hat some wall s~thesis does take place and 

that this renders the cells susceptible to the penicillin or that 
. 

the increase in cell numbers in the pyocyanine treated penicillin 

free ~ystem may be t09 small ta be detectable by the plating method 

used. These results might also suggest that some process other than 
"t" 

division such as 'cell elongation, was taking place which would also 

not be detected by the viability measurements. 

4. Slide culture 

The fa te of ~og phase cells streaked on BHIA'with ând without 

pyocyanine was followed using tbe slide cul~ure teéhnique described 
, , 

in Materlals and Methods, section 7C. Log phase cells of S. thompaon 

MCC 608 wer~ streaked on BHIA and BHLA containing 50 ~g/ml pyocyanine 

and obsèrved under, the phase microscope (Figure 37a). After incuba-

tion for 2 h at )5 C cells on BHIA produced colonies (99.5% frequency 

Figure 371'), whereas celIs on BHIA plus pyocyanine usua1ly did not 

(2.6% frequency Figure 37c). After 24 h incubation control slides 

\ 

~re completely overgrown whlle in the pigment treated slides there 

was limited microcolony f\rtaation and some cells were elongated to 

as much a9,10 x normal cell length (Figure 38A). The numbers of 

elongated cells were small as compared with the number of cells of 

normal size. There was a large increas~ in the proportion. ôf elon-

gated cells on pyocyanine containing agar if the pH vas adjusted to 
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Fig. 37. The effect of pyocyanine on the growth of S. thompsGn 

MCC 6'08 in slide' culture %BHIA at 35 C (mag. x 1600). 

rA. Slide culture on' BRIA at time zero. 

,B. Slide culture on BHIA at time 3 h. 

C.' Sl1de culture on BHI wÙh 50 IlS/ml-

pyoeyanine at time 3 h. 
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The effect of pYOCyan1ne on the growth of S. thompsDn 

Mec 608 in slide culture on BH!A containing 50 pg/ml 

pyocyanlne at pH 7.4 and 5.5 st 35 C. (mag. x 1600) 

, A. Slide culture BRIA with 50 pg/ml pyocyanine at pH 7.4 

after 24 h incubation. 

B. S11de culture BHIA with 50 pg/ml pyocyanine st pH 5.5 

'sfter 24 'h incubation. 
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5.5 rather than 7.4. A typical field is showd in Figure 38B. Ta 

\, insure that the elongation was due to the pyocyanine and not ta some 
~ 

other factor such as reduced oxygen tension under the cover slips, 

cultures ~rown with shaking in liquid medium, on agar plat~ surfaces 

and on slide culture slides with no coversl1ps in < place were exam-

ined for elongated cells. The same proportions of elongated cells 

were also found under these three different conditions. Cell elonga-

tian was considered to be due to pyocyanine exposure. 

5. Effect of pyocyanine on protein synthesis 

A culture of S. thompson HCC 608 was grown in BHI for 5 h and 

then divided into two parts. One part was maintained as a control 

and the other half was exposed to 50 ~g/ml pyocyanine. Incubation . 
was continued and samples were withdrawn at vàrious times for viable 

cdunts and protein content determination. Figure 39 shows that addi-

tian of pigment caused the viable counts to increase at a slower rate 

for several hours. The protein concentration also showed very little 

increase until after 24 h. This suggested that cell elongation did not 

happen to a large proportion of the population when S. thompson MCC 

608 cells were exposed ta pyocyanine. Growth must have simply shifted 

to a slower rate. Final yields were also lower as reflected by lower 

protein concentration in the treated culture. 
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Fig. 39. The effect of pyocyanine (50 ~g/m1) ~ the growth of and 

protein concentration in S. thompson MCC 608 cultures in 

BHI at 35 C. 
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6. Summary 

a. 'Pyocyanine probably acts on S. thompson MCC 608 to cause a shifç 

to a slower growth rate. 

, 
b. Cell injury caused by py~cyanine could not be demonstrated by 

differe?tial plating methods. 

c. sensitfvity of pyocyanine treated cells to penicillin suggested 

there was sorne cell wall biosynt~etic activity. 

d. _ Pyocyanine did not kill cells as indicated by constant viable 

numbers in pyocyanine treated resting cell suspensions. 

e. Cell elongation did happen in pyocyanine treated cultures but 

1 
this did not appear to be a general phenomenon because there was n~ 

detectable increase in protein content of pyocyanine treate~ ~ultures 

during the inhibtory periode 

f. There was a decrease in final yield in pyocyanine treated cul-

~~~: as reflected by d~cre~sed final protein concentration in pyocy­

anine treated cultures., 
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... PAR T E SITE OF ACTION OF PYOCYANlNE 

The work thus far ~uggests that pyocyanine inhibits the growth 
~ 

of S. thompson MCC 608. EXperimente with resting cell suspensions 

suggested that cells are not kille~ by exposure to pyocyanine. There 

appeare~ merely to be a decrease in the rate of growth. The follow-

ing section of this investigation was an attempt to show what the 

mechani$m of inhibition was and to confirm that cells were not actually 

killed by pyocyanine. 

1. Mutation and selection; 

The structural formula of pyocyanine is very similar to that of 

acridine orange (AO) (Figure 40). Acridine orœnge at a concentration 

of 100 pg/ml cau~d lethal mutations of E. aoli (Southwick et al., 

1972). lt seemed possible therefore that pyocyanine might aèt in a 

àimU~r manner and causa lethal mutations of S. thorrrpson MCC 608. The 

action of AO qnd pyocyani~e on slide cultu~ès of th~s organism was 
1 

studied. 

Acridine orange at concentrations of 10~to 200 pg/ml h~d lit~le 

effeot o~ microcolony formation on BHIA after 3 h incubat~on (Table 3)~ 

In aIl cgses viâb~~ty was greater than 96%. The molar concentration 

of AO that was equivalent to 50 pg/ml pyocyanine was 70 pg/ml. 200 
" 1 

Pg/~, twice that used by Southinck et aZ. (1972) had Iittle effe~t 

,on the growth of S. thcmrpson MCC 608. 

\ , 
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ACRIDINE ORANGE 

Fig~ 40. ~tructura1 formu1ae of PyocJanine and acridine 
. 

orange, (Southwick et al.. (1972) J. Bacteriol. 110 

(1): 439~ 
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The effect of acridine orange on microco1ony formation by S .. thtX11pSGn 
MeC 608 

Concentration of acridine orange 
in medium 

1Jg/nü 

0 

100 

150 

250 

Viability 
after 3 h 

% 

99 

96 

99 

100 

, 

\ 

, ' 

.. 1'" 
.. _t 

.,.. 

-, 
, 



o 

1; 

·.. P J co 4 ~f • M'... a _J;I Ge" ... , J d ... _ ,. ...... ""'" 

Experiments reported ear11er in which the effect of pyocyanine 

on resting cèlls 'suspensions ~as studied (Table 2), suggested that 

pyocya~in~dld not kill cells. This possibility was further inves-

tlga~ed by s~udying the effect of pyocyanine on S. thompson Mee, 608 

growing on BHI. In thls experiment an attempt was made to show that 

pyocyanine did not cause viable counts to remain constant by killing 

a proportion of the population and thus seleçting the resistant cells. 

Two cultures were grown in BHI for 24 h. One culture was grown in 

BRI alone and the second in BHI supplemented with 50 Ug/ml pyocyanine. 

At the end of the growth period a portion of each culture vas diluted 

and plated on BHIA alone and QI\ BHIA containing 50 Ug/ml pyocyanine. 

,If a resistant population vere selected. a higher proportion of the 

cells from the pyocyanine grown culture·'would be expect.:rd to form 

colonies on the pyocyanine containing BHIA plates. Results in Table 

4 show the differences in colony.formation between BHIA and BHIA vith 

pyocyanine under aerobic anq anaerobic conditions. The per cent diff-

erenCe ln the counts vere lower on the pyocyanine grown culture. 

However, if pyocyanine actual~! ki1led a sufficiently large proportion 

of the cells to cause the growth to become stationary, 90% or more 

of the cells woulahave to be killed. The highest difference vas ooly 

35%. Therefore, this experiment again suggests that pyocyanine did . \ 

not kil! S. thompson Mee 608,cells or select a reslstant popula;ion. 

These results sugge~t that pyocyanine does not act by ~aus1ng lethal 

,mutations or by selecting a reelstant popula~ion. , 
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T A BLE 4. 

Potential development and selection of a pyocyanine resistant population of S. thompson MCC 608. 

Cells initially grown in 

BHI BRI + pyoéyanine 

+ 

+ 

+-

+ 

+ -
+ 

+ 

+ 
--

-1 

Plating medium cre/ml % 

BHIA BHIA + pyocyanine differenêe 

Aerobic plate incubation 

+ 6.5 x 109 

20 

+\ 5.2 x 10 9 

+ \ .. 3.0 x 10 8 

13 
+ 2.6 x 108 

Anaerobic plate incubation 

+ 6.0 x 10"9 
35 

+ 3.9 x 109 

+, 3.4 x 108 

o 12 
+ 3.0 x 108 

~ 

8 -. v 
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2. Pyocyanine uptake by S. thompsGn MCC 608 

The extent to which pyocyanine was taken up by S. thonrpsGn Mec 

608 ws stud:f,ed by preparing lite 1abelled pyocyanine. This was done 

by growing P. aeruginosa MCC 436 in the modified medium of Ingram 

and B1aekwood (1962) (Materials and Methods, secti~ 4). This medium 

was supplemented with lltC g1ycer01 (9.6 mc/mM). The pyocyanine 

\ 
extracted had a specifie activity of 2 x 10- 3 mc/mM. This prepara-

tion was used to prepare a pyocyanine solution containing 500 ~g/m1. 

\ 

A suspension of cells was -exposed to 50 ~g/m!. _of-- 14C pyoeyanitle 

for 1. 51 h. --------Samples were taken in tri~téâte and averaged resu1ts are 
. ----- --------

reported in Tah1e 5. _;r~r~sults indieate that uptake or adsorp-

tion of_pyo~âOine by S. thompson MeC 608 was negligible. 
~ ...------

Ethylenediaminetetraacetic aeid (EDTA) can render cells more 

permeable and thus more sensitivè to antibioticB. Leive (1965) 
''1' 

reported that E. cou. eells pretreat~ with l,mM EDTA became permeable 

and sensitive to actinomycin. S. thotnpson cells pretreated with 5 mM 

EDTA prior tb a~dition of pyocyanine were not more sensitive to pyocy-
~. 

anine (Figure 41).· lncreasing th~ EOTA concentration to 10 mM. had 

no effe~t. 

, 
These resu1ts suggest that pyocyanine acts in seme w~y that does 

not necessitate pyocy,anfne uptake by the cells. lt appears therefore 

to act at the peripherY'of the cell. 

• <, , 
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14C-pyocyanine uptake by log phase 

Sample description 

0.5 ml reaction mixture 

• 
0.5 ml~ernate from centr1fuged 

18 

0.5 ml cells filtered (filters 
counted) 

0.5 ml into 50 ml S-medium with 
50 llg/ml cold pyocyanine 
filtered after 1 h (filters 
counted) 

0.5 ml S-medium filtered (filters 
counted) 

0.5 ml co1d pyocyanine solution 
filtered (filters cou?ted) 

0.5 ml S-medium counted direct1y 
(used as background) 

Average of triplicate observations 

'~. 

, 

• (J 
5. 

" 
l, 

cells of S. thompson Mec 608 

fCPMl CPM % of 
corrected total 

for 
• background 

349 321 100 

G 
297 269 84 , 

33 5 2 

IJ 

27 -1 6) 

26 -2 

~ 

33 5 2 ~~: 

2B () 

o 
., 
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Fig. 41. The effect of EOTA pretreated on the inhibition of growth 

of S. thompson Mec 61)8 by 1'yocyaniné. 

t 

'-

Treatment: 

none 

Pretreatment with S m..M EDTA 

Treated with 50 pg/ml pyocyanine 

-Pretreatment with 5 mM EDTA and ~Q lIg/ml 

pyocyanine added 

o 

o 
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3. -Biosynthesis 

The'~esults reported in Figure 39 showed that pyocyanin~ treated 

cells had ;'decre~ed level of proteÂn per ml of' culture. Pyocyanine 

might there~ore act by disrupting protein synthesis. 'The effect of 

" the pigment on protein synthesis was studied in S. thornpSDn MeC 608 

by following the incorporation of 14C alanine fot 1 h in a su~pension 
o 

pf l.g P~~lS; • The suspension' w.~ then divided int. two por-

t ions a~1 one haH was maintained in the S-medium and the other in S­

medium ~ 50 ~g/m1 pyocyanine. As shown in Figure 42 alanine incor-

poration stopped within' 20 min after the addition of pyocyanine. One 
, " r 

possible method by which pyocyanine might act to inhihit protein bio-

synthesis could involve disruption of transport systems so that essen-

tiaI nutrients would not he availahle to the cells. This was investi-

gated by folldwing the transport of various l~C labelled compounds 

into pigment treated and control cells. 

4. Transport 

a. Alanine 

The transport of 14C alanine into pigment treated and control 

~ells was followed us~ng the procedure described in Màteria1~ and 
, 

Methods, section l4J The celle were exposed to 50 ~g/m1 pyocyanine 

before the. beginning of the uptake. Fip're 43 shows that uptake 

1 

, appeared to be similar in both control and t~eated cell preparations. 

~ 
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Ug. 42. The effect of pyocyanine on the incorporation of 14C 

alanine into cells ot S. thompson MCC 608 grown in s-
1/ 

medium lit 35 C. 

Adclti~ns: 

none. \ . o 

pyocyanine 50 pg/ml • 
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Fig. 43. The effect of pyocyanine on the uptake of IltC ~lanine ~ 

by S. thomp8on Mec 608 cells grown in g- medi~ at 35 'Co 

Pretreatment: 
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none 

pretreated with pyocyan1ne 

50 ug/ml. • 
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Pyocyanine ther~fore did not appear, to affect alanine uptake. 

b. Uracil 

Uptake of 14C uracil was followed in a manner similar to that 

for alanine. AlthGugh the amount of uptake appeared to be low, trans-... 
port in the pyocyanine treated cells appeared to~e similar or 

\ 

slightly greater than in the control cells (Figure 44). " 

c. Glu~ose and a-methyl 'glucose uptake' 

Prelim1Rary studies with 14C glucose indicated that glucose ~ptake 

was greater in control than in treated cells (Figure 45). However, 

when uptake was followed using the ~onmetabolizable a-methyl derivative 

of glucose, the results (Figure 46) showed greater uptake in, the 

~ 
pyocyanine exposed cells. The higher levels of counts observed in 

control cells when 14C glucose was used was probably due to glucose 

incorporation. 

This series of transport experiments indicated that the action 
. 
of pyocyanine probably d!d not involve disruption of transport systems. 

The p~gment exposed cells transporteâ-the amino acid, carbohydrate 
\. 

/ 

and nucleotide studied, as readily or at a faster rate than the normal 
'l1'-

untreated cells. 
.. l ' ___ --

The.pyocyanine treated cells ~~~~eforé appeared ta 

r 
have nutrients available for biosynthesis. The pigment must therefore 

inhibit growth by acting at some other sitè. 
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Fig. 44. The effect of pyocyanine on the upta~e of. l~C uraeil by 

s. thampson MCC 608 eells grown in S- medium at 35 C. 

Treatment: 

none o 

pretreatment with pyocyanine 
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Fig. 45. Th~ effe~t of pyocyanine on the uptake of l~C glucose by 

S.' thompson MCC 608 celle grown in S- medium at 35 c. 

Treatment: 
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pretreatlllent with pyocyanine, 
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Fig. 46. The eff~ct of pyocyan1ne on the uptake of l~C a methyl ~ 
,\ , 

glucose by S. thOmpS011 MeC 608 cells grown in S- medium. 

~c. 

TreatJllE!nt: . 
o 

'none ' _ . 7 ' 
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5' O,?,gen consumption 

Cells must have a system of generating energy to drive various 

cel! processes. When growth ia aerobic and energy i~ derived from 

oxidat1ve proceaaes, the de~ree of activity can be estimated by 
,l 

~asur1ng the rate of oxygen consumption. Pre11minary ~Xperimenta 

demonstrated that oxy.en consumption in control and pyocyanine treated 

cultures were similar when th~ pigment was added to the treated cul-

ture immed:J.ately prior to measurement. It was nec~ssary therefore \ ' 

to incubate the cell suspension in pyocyanine for more than l'h be-. ' . 

fore differences in oxygen consumption could be detected. 

A cell suspension was prepared from washed log phase S. thOmp8on 
, '" r q 

MCC 608 cells. One portion was incubated in 50 pg/ml pyocyanine and 

the other in CF-S med~ alone for 1.5 h. The oxygen consumed during 
, , 

clte oxidation of ~arious suhstrates was'then estimated using an 

oxygén electrode. As shown in Table fi the oxygen ~onsumption was 

" lower in the treàted culture than in the control with most substrates. 
1 

The notable exception to t;:his was NADH.' However, when 'the treated 
, . 

cells were washéd free of'pyocyanine before measurement, the oxygen 

consumption w~lower than observed with the control cells (Table 6). 

These experime«ts detnC?nstrated that exp08ure of S,' thomp8on :t«:,C 
, 

608 to pyocyanine resulted in reduced levels of oxidation of a variety 
'. 

of substrates. This would then result in reduc~d energy production 

and would necesaitate ehe treated cell preparat1~s having reduced 

.gr~h rates~, .. 
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T AB LE 6. 

The effect of pyocyanine on oxygen 
MCC 608 ce11s met~olizing 

consumption by starved S. thompSOrl 
a variety of substrates 

Substrate ~centratiOn 02 uptake 

mM 
n atoms/min/mg proteiri 

Control cells lt Pigment4 

treated 
1· cells 

Glucose 10.0 359.1 222 

10.02 233 161 

Succinate 10.0 44 37 

Pyruvate 10.0 37 25 

NADH 1.4 
( 

25 102 . 
,,: 

1.42 23 10 

Lactat~ 10.0 21 P 
Nicotinateo 10.0 ND3 ND 

Isocitrate 10.0 3,9 18 

Galactose 10.0 ... 328 1?0 
'4f 

Acetate 10.0 ND ND 

G1ycero phosphate lQ.O ND ND 
g ,~ " 

1 . Average of duplicate result. -,. 
2Treated cells washed free of pyocyanine prior to oxygen consumption 
measurement. 

3ND * no measureab1e oxygen consomption. 
4Protein concentrations 

1 1 

mg proteln/ml 
control treated 

-'~ 

. no w-ashing . 12.:L" 1 12.5 
piguent removed6. 6 4 7. P 

l' 

1. 

~ " 

:e 
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6. In vitro Activity of pyocyanine 

Previous resulta indicated that pyo~yanine may react directly 

with NADH resulting in meaaureable oxygen consumption. Since pyocy-

anlne ia autooxidizable (lmhler and Cor~es, 1966), it cou Id possibly 
Cl ,o::J 1 \ 

oxidize the NADH and then itself be reoxidized by any available oxygene 

r Four flasks were prepared containing 0, 10, 25 and 50 pg/ml 

pyocyanine. A known quantity of NADU was then added to each and these 
1 

were incubated at 35 C with shaking (150 rpm) for 1.5 h. The level of 

NADH remaining was then determined using the lactic dehydrogenase 

method (Klingenb~rg, 1965). Table 7 shows that the on~y flask ~ith 

measu le residual NADH was the one'''Which had no pyocyanine added. 

The level,o recovery was low however, oindicating that NADH was oxi-

d:J.z~d 'in th The possibility that the CF-S medium 

or pyocyanine inhibited the enzym~ reaction directly was\ investigated 
• 1 

by adding an additional quantlty of NADH to each of the reaction mix-
, ~ 

tùres just prior'toOmaking NADH measurëments. The NADH recovered in 

the pyocyanine free system was greater than the amount added th~ second' 

time. The per cent recovery in the pyocyanine treatments decreased 
1 l' 

with increasing pyocyanine concentration. The results indicated a 

direct relatlonship between NADH and pyocyanine. Since NADH ia an 

important component of the electron transport chain (ETC), ft was'o~ 

interest then tô as certain what effect pyocyanine might have on the 

Etc of S. thompson MCC 608. 
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T A BLE 7. 

The interaction· between Pyocy~ine and NADH\ in CF-S medium 

Py,pcyanine iNADH 
concentration % 

l1g/ml recovery 

02 .. 17.5 

" 10 
(J 

0 

25 0 

50 0 
'" 

0
3 

50.~ J 

10 .16.5 

25 7.4 
-, 

50 0 

1 

l NADH - 0.0846 lImo1. 
2 Recovery after 1.S h incubation. 
3 Same as 1 but an additional 0.0846 l1mo1 NADH àdded jUlt 

prior ta absarbance measurement. 
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7. Electron transport chai~ 

Pyocyanine i8 known to influence the ETC by reaction with flavo­

proteins (Ca1trider 1967). Howevert the éxact mechanism of reaction 

~s not clear. In this wo~k lt has been observed that pyocyanine could 

react directIy with NADH. The redox potential of pyocyanine (-O.34 

volts) ia close to that of NADH (-0.32 volts).(Figure 47). lt seemed 

possible therefore that the ihhibitory effects of pyocyanine mir,ht 

be bypassed . by ~8ing a c~rbon source other than glucose. The meta­

'bolism of succlnate for exampIe, does not involve the NADH portion of 

the ETC. 

An inoculum culture of S~ 
, 

608 was prepared in fS-

medium vith succinate as the carbon source. cells vere 

streaked on slide culture agar b1oç~s, the control cultures produced 

?3% microcolony formation withln 3 h. When the S- 1'Qedium 19a,r bl~CkS 

contained 50 ~g/mï pyocyanine microcolony formation after ~ h ~as on1y 

0.2%. 

Richmond and ~aIoe (1962) demonstrated that a functional ETC 
~-

was necessary'when S. typhimuPium was growing on minimal medium with 

suc~inate,a~;i~arbon source. 

a high leve ~~ETC activity. 
"'1 . , 

Glucose grown cells can develop without 

The effect of the addition of pyocy-

anine to'a S. thompson Mec 608 culture growing in succinate S- medium 

W8S studied. Figure 48 shows that addition of pyocyanine to this , 

culture c~~ed growth 
~ 

~9 stop and no recovery followed within 24.5 h. 
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ELEGTRON TRANSf'ORi .CHAIN 

ll.OL.IS ygm 
10 

o .8 . Oz (.816) 

t 
.6 CVTOa 

.4 T 
CYT,OC 

.2 CVTOb 
f ASCORBATE (,09) 

0 
COQ._ FpS~SuccfnGle 
l' 

(,031) 

NHFc 
-.2 FprttFpr .,. f:22) 

NADH NAD (".321 
-.4 t PYOCYANINE (-.Ml 

CoO CliO (-,57) 

./' 'H.r- ~OH '- ~ , -.6 
PYRUVATE ISOCITRATE (;LUTAUATE" 

-,8 

Fig. 47'. 'A diagrani of an electton tr~sport chain showing . the' 

redox potential of pyocyanine as compared with other 

~ommonly founc! components. 
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Fig. 48. The eff~ct of pyocyanine on the "growth of S. thompson 

Mec 608 in S- medium with succinate as the carbon 

source. 
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Recovery usually happens within 24 h when glucose ia the C source. 

An experiment waa then done to compare recovery of S. thompaon 

MCC 608 in S- medium with glucose or succinate as the carbon source 
\ 

with various levels of pyocyanine. The mediu~ had to be supplemented 

with 0.2% vitamin free casamino acids to get r~covery in the pyo­

cyanine c01ltainlng cultures. Table 8 shows ,that S. thompson MeC 608 

could only recover-' in glucose medium if the pyocyanine concentra1;ion 

was 20 ~g/ml or less. éells in succinate S- medium did not recover 

-in any medium containing pyocyanine. 

These expe~imenês indicated that pyocyanine activity could not 

be bypassed by using substrate~ such as succinate which does not in-

volve NADH in its metabo1ism through the ETC. This might indicate 

that the activity of pyocyani~e 18 not re8tricted to the ETC hut may 

involve several Sites in ihe bacterial celle 

Pyocyanine at 5 ~g/ml caused oxygen consumption of 100 n mol/min 
, 

in a solution containing 3 m mol/ascorbate. Since ascorbate has a 

redox p,otentia1 of 0.08 V, pyocyanine seemed capaBle of reacting with 

compounds with different redox potentials. 0 The pigment may dfsrupt 
o' • 

the ,ETC by reaction with a variety of compounds in the chain. 

8. gytochrome levels 
1 

Richmond 'and Maa~oe (1962) demOftstrated that cel~s grown in 

8uccinate contained high levels of cytochrome. S. thompson MCC 608 
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T A BLE 8. 

Growth of S. thompson Mec 608 in S-medium with glucose or succin­
ate as the carbon source and various concentrations o'f pyocyanine. 

Carbon 
source 

Glucose 

Succinate 

Pyocyanine 
concentration 

J.lg/ml 

o 
10 
20 
30 
40 
50 

o 
10 
20 
30 
40 
50. 

Growth 
at 

48 h 

+ 
+ 
+ 

+ 

4) 

o 



;\, 

. , 

1 

gtown in RHI contained 0.14 to 0.15 nmol. cytochrome b per mg pro-

tein '(Tab~e 9). Cytochrome b could not be detected in cells groWn in 

BHI containing 50 ~g/m1 pyocyanine. Under anaerobic conditions 

recovery from pyocyanine ls more rapid (Figure 49) and the level of 

cytochrome b, with or without pyocyanine, was 0.05 n mol/mg proteln. 

Glucose ls the carbon source in BHI. Growth in minimal media [S-

medium or Richmond ~aaloe (1962) medium (R-M ~edium~] with glucose as 

the carbon source yielded cytochrome b 1evels of o"'l.lf and 0.08 n moll 

mg protein, respectively. If succinate is substituted for~glucose in 

these medi~ the cytochrome b level is hi~her, being 0.17 n mol and 

\ 0.19 n mol/mg protein in S-medium and R-H medium, respective1y. Inclu-

~9ion of pyocyanine in the ,minimal media resu1ted in complete inhibition 

of gro~h if succinate was the carbon source. ' Recovery in the minimal 

media with glucose as carbon source only occurred if the concentration 
\ 

of pyocyanine was 20 ~g/ml or lower. Ce11s grown on glucose S- medium 

with 20 ~g/m1 pyocyanine produced 0.09 n mol cytochrome b/mg prote!n. 
1 

The same concentration of pigment in BH! resulted in 0.07 n mol cyto-

chrome b/mg proteine 

cells grown in the presence of pyocyan~e produçe reduced amounts 

of cytochrome b. T~S might; alao refle~t à general.decrease in the 

level of cytochrome or ETC.runction in these cells. Cells growing with 
, 

a functiona1 Etc can prQduce much more ene/gy than ce1~s which are 

901ely glyc01ytic process~s. This dec~ased" leyel of 

" 

, , 
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T A BLE 9. 

Cytochrome h levels in S. thompson MCC 608 ce1ls grown under various 
conditions 

Growth conditions ~ 

medium 

BR!l C 
S-medium 

glucose 2 

- succinate 

RM-medium 
- glucose 
- succinate 

BR! 

pyocyanine 

(\.Ig/ml) 

0 
0 

20 
50 

o 
20 
o 

o 
o 

o 
50 

- 1 Bl11'. Brain heart infusion 

cel! protein .. 
mg/ml 

aerohic incubation 

25.5 
6.9 

31. 3 
13.5 

15.8 
18.1 
18.9 

20.6 
20.1 

anaerohic in cubation 

\ ' 16.9 
115 •0 

cyt~chrome b 

n mol/mg 
protein 

0.14 
0.15 
0.07 

ND3 

0.11 
0.09 
0.17 

0.08 
0.19 

0.06 
0.05 

2 S-medium ) 
RM_medium)glucose or succinate concentration ~_m mol. 

---3 
ND -.not detected 

/ 
/ 

f - -~--- --~ 

o 
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Repeat of Fig. 34.' The effect of pyocyanine on the 

aerobic and anaerobic growth of S. thornpson MCC 608 

at 35 C in BHI. Pyocyanine was added after 5 h 

'\ .r incuba tian. -,-
aerobic no pyocyanine c 

aero1>ic 50 ~g/ml pyocyanine • .. 
anaerobic no pyocyanlne 

anaerobic' 50 pg/tnl pyocyanine 
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energy production 1s generally reflejted in decreased ~rowth rates. 

The observations made here of low levels of cytochrome b and 
.. " 1 • 

reduced 

growth rates in the presence of pyocyanine may indicate that the'p1g-

ment causes a shift fram an ox1dative pathway to a predom1nantly 

glycolyt1c type of Metabolisme This shift wou1d resu1t in 1e9s energy 

being availab1e f~r var10us ce Il processes and tn~hange would be 

, 

reflected by a decrease in the rate of growth as observed in this study. 

9. Efhct of pyocyanine on "cytochre~eless growtb" 

~YQcy~nine has been shown te cause a reduction of the level of 

cytochrome b produced by cultures of S. thompson MCC 608. If the 

inhibitory action of the pigment was coqfined sole1y to suppression of 

cytochrome biosynthesis or disruption of the ETC, organisms wh~ch had 
, 

no functiona1 ETC should be resistant to pyocyanine. This hypothesis 

was tested in two ways. 

Potassium cyan ide (KeN) is known to inactivate the terminAl oxi-
\,' 1 

dase of ETC (Cox et al.. , 197~ and ~back and Barnes, 1971). S~mp8on 

MCC 608 was grown in BRI witb 5 mM KCN and in BRI with 5 mM KeN ànd 
J 

50 \.I8!ml pyocyanin'e. The control tubes (BRI and KCN) produced visible 
1 

growth within 31 h whlle no growth was observed in the KCN-pyocyanine 
, '\ ' 

tubes up to 72 h. The second experiment involved a study of the effect 
\ ' \ 

of pyocyanine on S. faecal.is ATCC 8034 which has no detectable cyto-
" 

chromés. Inclusion of ~yocyanine in a BR! 9ulture of thls organ1sm 

resulted ln no growth after 72 h • 
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These experiments demonstrated that while pyocyailine may act on 
\ ", , 

some bacteria such as S. thompson MeC 608 to inhibit cytochrome b 

biosynthesis or disrupt the ETC its a~tivity la not 11mlted to the se 

areas~ The fact that the pigment i8 capable of oxidiz~g NADHsuggests . 
that pyocyanine May influence a wlde range of cel! func\i~s. 

In' vivo NADH levela 

We have previously shown t"hàt NADR la readi~y oxid1ted in vitro 

by pyoc:yanlne. NADU cao play an important energy yielding l'ole in 

1 ce11s witn an active ETC.- lt seemed possible therefore that pyocyanine 

might be capable of causi~g the oxidation of reduced (energy yielding) 

compounds, such as NADH, in bacterial ce11s: This 10S9 of energy 
1 / 

could pos,Bibly account for, at least in Pltrt, -the observed decrease 

in growth rate. 

120 

i( 
A culture Qf S. thompson Mec 608 was gr<1.Wn in S- medium with suc- /~f'-' 

cinate as carbon source. The culture W8a grown in 1. 5 litre of ~d1um \.J 
\ 

in li 2.8 litre Ferribach flask at 35 C with shaktng (150 rpm). After . 
,2,4 h incubation sufficient pyocyanine 'was added to give a final con-

centration of 50 lIg/ml. Incubation was cant inuèd ~or 1. 5 h. The 

internaI ce11 concentration of NADH Was then determined as described 
1 

in Materials and Methods, section 15. The NADH extraction was done / 

in triplicate and tbe NADH determination in duplicate. 

The average NADH concentration in control cells was 1. 29 }lmo'l/S 
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dry weight as eOlllpared to 0.10 lJmollg in pigment exposed cells (Appen-

dix II). There was a.signifieant differenee at the .001 level. This 

experiment c1early shows that pyocyanine can aet on S. thompSDn Mec 

608 cells to reduce the'internal 1evel of NADH. This 10ss o~energy 

yie1ding reduced compounds could ace~unt for the observèd inhibitory 

action. 
'. 

11. Summaty 

a. Pyocyanine probably does no~nhihit growth of S. thompSDn Mec 

608 by causing lethal mutations and/or selection of resistant popula-

tions. 

b. Pyocyanine does not appear to be taken up by or adhere to S. 

thompSDn MeC 608 cells. EDTA treatment does not render S. thompsDn 

cells sensitive to pyocyan1ne • 

c. Pyoeyanine causes d1sruption of protein biosynthesis when added 

to growing culture of S. thompsDn Mée 608. 

d. Pyocyanine does not appear ta disrupt transport mechanisms, of S. 

thompsO!' Mee 608. 

e.I-~ Pyocyanlne causes reduc,d oxygert eonsumption by S. thompSDn Mec 

~--.,7 
608, cella metabolizing a variety ~f substrates. 

f. 
; 

pyocyanine can oxidize some compounds such as NADU and ascorbate 
l. " 

in vit1'O. .. ~, ... 
" 

• 1 
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g. Inhibition of growth of S. 1hompSOrl MCC 608 cannot he bypassed 

by growinp, cells on succinate which does not involve NADH in its 

metabolism. 

h. Cytochrame b levels in S. thompson cells are reduced when grown 

in media containing pyocyanine. 

i. Pyocyanine inhibits the grawth of S. thOmpSOrl MÇC 608 under con-

ditions where there iB no 

is ATCC 8034 which has no 

functiOn"'ETC and t~e growth of S. 

dete~tab~CYtochromes. 
. ' 

faecal-

j. S. thompsDn MCC 60~ cells exposeq ta pyocvanine have a redoced 

internaI NADH level as compared to control cells. 

." , 

" 

122 

, 
., ., 



• 

", 
!'t . ,- , 

PAR T F RECOVERY IN THE PRESENCE 

OF PYOCYANlNE 

The growth of S. thompson MCC 608 is inhibited in the presence 

of pyocyanine. When added to a culture ~efore inoculation, the pig-

ment causes an extension of th& lag phase. Viab~e cel1 nnmbers 

rema1n constant for several hours if pyocyanine is added to cultures 

during the log phase of growth. In most cases the cultures recover 

and eventually reach stationary phase. This section of the study 

reports some of the factors ~hat influencè recovery of S. thompson 

MCC 608 in the presenc~ of pyecyaalne. 

1. Effect of cell numbers, 

A cultu~e of S. thompson MCC 608 log phase cells grown in BRI 
..... t 

J 

was washed three times anp resuspended in CF-S medium to a concentra-

tion of 7.0 x lOS cru/ml. Tbe cell suspension was diluted and the 

dilutions were used to inocula te 50 ml sidearm flasks containing BRI 

or BRI with 50 Jlg/ll!lr pyocyanine. As shown in Table 10 aIl cultures. 

were capable of recovery in BHI-pyocyanine medi~. 'The time required 
. 

to reach stationary phase of g~oWth decreasëd with increased numbers 

of cells added as inoculum. ... 

2. Effect of pyocyanin~ concentration ' , 

A standard washed inoculum (to give 3 x lOS cru/ml)was added to 

\ 
\ 

• 
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The effect of'ce11 density of log phase cel1s of S. thomp8an MCC 
608 on the "recovery ,time in BRI containing pyocya~inel. 

-----
0 h to visible growth Inocu1um 

CFU/ml BHI BRI + py.ocyanine 
, 

1.8 x 105 242 48 

9.0 x 104 24. 48 

1.8 X 10'" 24 48 

9.0 x 103 24 48 

1. 8 x 103 24 72 . , 
9.0 x 102 24 48 . 

1.8 x 102 24 72 

9.0 x. 101 " 24 72 

1.8,x ).01 ,24 72 

50 ~g/m1 pyocyanine , 
2 

24 h or lees-
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BHI medium containing various concentrat~ons of pyocyanine (0 to 250 

us/ml). Increasing the pyocyanine concentration caused an· increase 

in the time required for the culture to show Vlisible growth (approxi-

mately 1 x 107 CFU/ml). At concentrations of 80 J,lg/ml an~ higher, 

recovery was not observed within 46 h (Table Il). Recovery is there-

fore dependent on pigment concentration and increased pyocyanine 

concentration causes increased time of inhibition. 

3. Fate of pyocyanine 

The growth of S. thampson MCC 608 in BHI containing pyocyanine 
, . 

results in a decrease in the amount of recoverabie pigment (Figure 

50). However, the times at which minimal pyocyanine concentration 

and active growth occurs do not seem to correspond (Figure 51). The 

pyocyanine level remained relatively constant (> 20 UR/ml) while the 

viable cell numbers had reached > 1.6 x 109 CFU/ml). 

4. Oxidation 'state of pyocyanine 

Èxperiments reported previously'(Figures 34 and 35) showed that 

in a more reduced environment (anaerobiosis or chemica1ly reduced 
t> 

medium) S. thompson MCC 608 could more'rapidly overcome the Inh1bi-. 

« tory effect of pyocyanine. This o7ganism a~peared to be less sensi­

tive to the reduced form of pyocYanme. An experlme~ wasl done tO' 

study the capacity of S. thompson Mec 608 to reduce pyocyanine. 

Washed cells were suspended in CF-S medium ln test tubes so that 

.. 
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T A BLE 11. 

The effect of increased concentration of pyocyanine on the time 
required for S. thomp8Dn Mee 608 to shaw visible growth in BRI. 

Pyocyanine Visible 
concen trat ion /1 growth 

lJg/ml h 

0 13 

10 13 

20 13 

30 24 

40 30 

50 32 
:. .. 

60 48 

70 48 

80 __ 1 

90 

100 

125 

150 

175 

200 

250 

lAt concentrations greater than 80 lJg/ml no visible growth was 
observed at 48 h. 
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Fig. 50. R~coverable pyocyanine in a pyoc~~ine contai~ing 
\ 

RHI culture of S. thompsOrt MeC 608\grown at 35 C • 

• 
pyocyanine concentration in culture fluid 0 

" , 
pyocyanine concentration in the c·ells \ • 

r' 

total final pyocyanine concentration 
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FIGURE 51. 
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Fig." 51. Viable counts and the culture fluid pyocyanine concentra-
~ 

tion of a S. thompaon MCC 608 culture grown at 35 C in 

BR! containing an initial concentration of 50 Ug/ml pyo-

cyanine. 
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Pyocyanine concentration • 
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they contained 50 US/ml pyocyanine. The pyocyanine was cOmpletely' 

reduced (colourless) vithin 3 h with 7 x 108 Cre/ml. ,When glucose 

vas included in the medium reduction vas complete after 3 h with 7 

x 107 Cru/ml. The tubes were incubated at 35 e with no shaking. 
'( ~ 

This 1ndicated that S. thompson Mec 608 cells were capable of pyocy-

mine reduction and thi~ mechanism may be a part of the proce8S by 

\ 

vhich the organism. can overcome the inhibito~, action of the pyocyanine. 

129 

5. Summary 

" 

..---­
a •. Increases in cell numbersdecrease8 the time of inhibition of 

S. thompson MCC 608 by pyocyanine. 
\ 

b. Recovery of S. thàmpson' Mec 608 i8 more rapid vith decrease,d \ r 
con- ~j/ 

centration of pypcyanine. 

c. The amouht of recoverabl'e pyocyanine is decreased in the medium 

/ in wh1ch S. thanpson MCC 608 18 able to grqv. 

d. Pyocyan1ne does not appear to reach minimal levels before or 

during the onset of rap~d S. thompsDn MCC 608 cell multiplJcation. 

e. S. thorÎrpson MCC 608 i8 capable of converting pyocyanine to its 

reduced colourle8s forme 

. \ 

t. 
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GENERAL SUMMARY 

The princlple interaction betwee aerugino8a mm Ml and S. 
1 

thompson MCC 608 involved inhibition 0 S. thompson functions by 

compounds produced by the pseudomonad. Products of S. thompson 

possessed none or very l~ttle antimicrobial activity. The pseudomonad 

filtrate caused an ext~nsion of the lag phase of not only S. thomp8on 
1 

\ 

bpt also of S. au~us and E. aoZi. The latter two or~anisms were 

more sensitive. P. aepuginosa, itself was resistant. 
1 

The ability of S. thompson to recover in the presence of pyocy-

,anine was dependen t on the cel! population. at the timeoof addition 

" bf pi~ent and on'the concentration of pigment. The hlgher the cell 

humbe and the lower the concentration of pyocyanlne, the more rapid 

ecovery. High numbers of cells were capable of reduclng 

1 

pyocyanf e to the colourless forme Pyocyanine concentrations in the 

cultures decreased with time. The culture dld, however, appear to 

reach the logarit?mic phase of growth before there was a large 

measureable decrease in the p:l\gme~t concentration", 

Reports in the literatyre Indicated that pseudomonads produced 

a variety of compounds that caused growth inhibition of other organ-

lsms. In this study, pyocyanine appeared to play the major role in 

causing decreases in the growth rate of S. thompson cultures. Irra­

diation of the ~yocYàn1ne solutions resulted in the 10ss of the b1ue 

_"!, 

1 
1 
/ 
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colour and antimicrobial act'ivity. Filtrates from which pyocyanine 

had been extracted retained ~o~e antimicrobial activity indiéating 
. . 

that êome other inhibitory factors were present. The latter were 

not identified. 

\ 

Pyocyanine was also observed ta be active against a variety of 

microorganisme. Some were more sensitive than others. Gram-positive 

bacteria and those that are strict aerobes vere the most sensitive. 

The facultatively anaerobic organism. S. thompson, which vas capable 
\ 

of recovery in the presence of pyocyanine, did so more rapidIy under 

reduced oxygen conditions. The avai~ability of oxygen was therefore 

considered ta be ~n important factor. in enabling pyocyanin~ to inhi~ 

bit growth. 

Pyocya~lne appeared to act on S.thOmpson by causing a shift to 
_ ,' ... 1 

- '. 
/

"'" ' . '1 s1()W~ .zrowth rate rather than by destroying a segment of the ~opu-

~ lation. This was substantiated by the fact that viable counts remained 

. , 

~onstant during exposure to pyocyanine and the fact that'viahle 

counts were reduced more r~pidly in cont~ol cultures e~osed to peni-

cil1in than in pyocyanine treated cultures exposed to pènic!llin. 
""'" -

Although cell elongation was observed in ~igment treated slide cultutes, 

this did not appear to he a general phenamenon as there was not an 

accpmpanying increase in culture celi 'prote'in concentration. 

The exact mechanlsm by which pyocyan~e acts to cause a shift 

in growth rate was not established. Pyocyanine does not appe~r to 

.! 
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be taken up by or bound ,to the cells. EDTA treatment of S. thomp8Dn 

cells did not render them more sensitive to the pigment. Studies 

with several compounds showed that the pigment treatment did not 

prevent them from moving into the cells. Pyocyanine did, however, 

disrupt protein synthesis and caused reduced oxygen consumption when 

the organism was metabolizing a variety of substrates. Pyocyanine 

oxidized NADH ih vitro and cells exposed to pyocyanine had reduced 

irlternal levels of NADR. The level of cytochrome b in pigment grown 

S. thompson cells was also,lower than those observed in control cul-

tures. This inhibition caused by the pigment could not be overcome 

by growing the culture with a carhon source such as succinate which 

supp!~~s electr~s to the electron transport chain at a site other 

1 than NADH. Pyocyanine also inhibited the growth of other organisms 

tbat had no functional or detectable cytochrome system. Pyocyanine 
1 

therefore appeared to act on S. thompson by oxidizing reduced inter-

Î 

mediàtes such as NADH and by suppression of ~nergy producing processes . \ 

" 
such as electron transport. The capacity of pyocyanine to cause 

rapid oxidation of NADH would indicate that it could influence a w1de 

variety of cell processes. 
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APPENDIX I 

STRAKES AND STOKES MEDIUM (1959) 

Chemica1s 

Basic composition: 

K2HPO .. 

KH2 PO .. 

Sodium citrate 

MgSO ... 7H20 

(NH")2 SO .. 

Additions: 

Glucose 

Succinate 

DL Alanine 

Caseamino Acids (Vitamin free) 

Agar 

. gll 

7.0 

3.0 

0.1 

1).1 

1.0 

2.0 or 4.0 

3.0 or 5.9 

0.445 

2.0 

15.0 

The basic salts solution without sodium citrate was used as a wash . 
solution. The additions suah as glucose were autoclaved separately 

and added to the salts solution after cooling. AlI preparations 
\ 

were adjusted ta pH 7.4 with 5 N NaOH or Hel before autoclaving. 
o 

1 

", 
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APPENDIX II 

The effect of pyocyanine on the concentration of NADH Jin S. thompson 

MCC 608 cells treated with pyocyanine! 

Sample2 NADH 
Treatment 

none 

1. A 1.22 

B 1.12 

2. A. 1.67 

B 1. 75 

3. A 1.02 

B 0.98 

Average 1.29 

1 50 ~g/ml pyocyanine 

2 A and B are duplicate measurements 

3 ND • none detécted 

~mol/g Dry weight 

pyocyanine 

0.11 

0.15 

0.20 

0.11 

ND3 

0.01 

0.10 


