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1.

INTRODUCTION

Proteus vulgaris and Proteus mirabilis, members of the family 

Enterobacteriaceae, exhibit the phenomenon of swarming on moist 

agar media. Swarming is a cyclic pattern of active motility and 

stationary growth away from a point of inoculation giving rise to 

concentric rings of growth on the agar surface (Fig. 1). On media 

that is exceptionally moist, the concentric rings may be absent and 

swarming may only appear as a thin film of growth over the entire 

surface.

The presence of swarming species of Proteus in mixed culture 

with other bacteria has always presented a problem of isolating 

the latter in clinical specimens. Many methods have been devised 

for preventing the swarming of Proteus species with varying degrees 

of success. For example, an increase in the agar concentration of 

solid media to 6% (17), or growth on a salt-free medium (40), will

inhibit swarming. The addition of a number of chemical agents to 

the median, such as sulfonamides, surface active agents, or narcotic 

drugs, to mention only a few, will inhibit swarming (32)„

Halkias and Fulton (14) observed that pigmented strains of 

Serratia marcescens grown in mixed culture with Proteus species 

exerted an inhibitory effect on swarming. The purpose of this 

research is to determine what effect the pigment, prodigies in, and 

the other metabolic products of Serratia marcescens have on

Proteus swarming.
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LITERATURE REVIEW 

A. The Phenomenon of Swarming

1« The cause of swarming. Hauser (16) first described Proteus 

swarming in 1885. Many studies have been conducted in an attempt 

to establish the cause of this phenomenon which, although 

fascinating, is provoking to the diagnostic microbiologist (25,

37, 39).

Moltke (37) described swarming as a response to starvation 

due to a depletion of essential nutrients in the medium. This 

explanation was also proposed by Russ-Munzer (39).

Lominski and Lendrum (35) proposed a theory that swarming 

is caused by the negative chemotactic response of the organism 

to its own metabolic products. Hughes (25) demonstrated that the 

filamentous forms (swarmers) which develop at the edge of the 

colony are identical to those forms produced when grown in the 

presence of toxic substances such as penicillin.

The most recent work describes swarming merely as a special 

form of motility that is part of the natural life cycle of Proteus 

(23, 28).

2• The changes in cellular morphology during the life cycle.

The morphological changes that occur from the time of inoculation 

to when swarming is visible with the unaided eye, have been 

elaborated by a number of workers (22,23,28). Time lapse photography 

and phase contrast microscopy have demonstrated each successive
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step. When species of swarming Proteus are inoculated on fresh, 

moist agar plates, the small coccobacilli enlarge in size and 

cellular division occurs. After a period of time, usually about 

2-4 hr, division ends and the cells elongate, giving rise to 

l°n§5 nonseptate, filamentous forms (10-80̂ u) possessing a large 

number of evenly spaced nuclei. These forms, possessing numerous 

flagella, are the typical swarmers which move en masse from 

the edge of the colony. The distance of movement depends upon 

the medium, but usually at some point the mass stops and a period 

of stationary growth begins with a division of the filamentous 

forms giving rise to short forms. Multiplication of the latter 

forms proceeds until another point in time, when they revert to 

the long forms and the cycle repeats itself.

3. Inhibition of swarming. To the clinical microbiologist the 

importance of swarming lies not in its cause, but rather in its 

effect upon isolation of other species of bacteria in the presence 

of swarming Proteus species„ Extensive work has been conducted 

to find a method of inhibiting swarming which permits the growth 

of the fastidious organisms isolated in clinical specimens. 

Numerous methods, both physical and chemical, have been proposed, 

but few have consistently insured inhibition of Proteus swarming 

with the subsequent recovery of other bacterial species in mixed 

culture. A number of these methods are presented below.
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Kramer and Koch (30) tested the effect of chloral hydrate 

on swarming and reported that it inhibited 26 of 100 strains of 

Proteus. Lode and Howard (33) achieved similar results with 

chloral hydrate. Fry (11) referred to work by Cooper, in the 

same laboratory, in which only 2 of 12 strains of Proteus were 

inhibited by this chemical.

Fry (11) devised a method of isolating other bacteria in the 

presence of Proteus species by covering the surface of a freshly 

inoculated plate with melted agar cooled to 45C. However, this 

technique will not support the growth of obligate aerobes, and 

difficulty arises in the identification of colonies submerged 

in the medium. Fry admits that generally part of the Proteus 

culture spreads around the edge of the agar and over the surface. 

When this happens, he recommends flooding the surface of the agar 

with mercuric chloride for 30 sec and then washing with tap water. 

To recover the desired bacteria, they must be picked from the agar 

with an inoculating needle. On a plate containing a mixed culture 

of many closely spaced colonies, Proteus organisms may contaminate 

the needle, in which case the entire procedure must be repeated 

until well isolated colonies are present. The procedure is rather 

complicated, and does not lend itself to practical use in the 

clinical laboratory.

The incorporation of 5-6% ethyl alcohol into a variety of 

media enabled Floyd and Back (10) to consistently isolate Bacterium 

necrophorum from mixtures containing Proteus.
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Snyder and Lichstein (43) reported that a concentration o£ 

0.01% sodium azide added to sheep or rabbit blood agar completely 

inhibited swarming. This medium was selective for gram-positive 

organisms, partially or completely inhibiting the growth of gram- 

negatives. In addition, the hemolytic pattern of the Streptococci 

was altered in that the usual clear zone of beta hemolysis was 

green, while the zone of alpha hemolysis appeared brown. Although 

this medium may have value in the isolation of gram-positive 

organisms, its general laboratory use is precluded.

The effect of 55 surface-active agents on swarming was studied 

by Lominski and Lendrum (34). Forty-two of these agents were 

reported to have specific action against swarming at a concentration 

well below that inhibiting the growth of Proteus species or other 

bacteria. On the other hand, Hayward and Miles (17) tested a 

number of these agents and reported that none inhibited swarming 

without a suppression of some organisms commonly isolated in 

wounds. They proposed a more satisfactory method which requires 

an increase in the agar concentration of the medium. While 

inhibiting swarming, growth of Proteus species and other bacteria 

were not affected.

A polyvalent serum was prepared by injecting rabbits with 

killed or living Proteus organisms. Four or five strains which 

did not cross-agglutinate were used by Beattie (2) to prepare the 

antiserum. Dilutions of 1:1000 in various media inhibited the
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swarming of most strains tested. However, an occasional strain 

which was not specific for the antiserum was not inhibited.

Sykes and Reed (44) determined that the swarming of Proteus 

vulgaris is inhibited on a heated blood-agar medium containing 0.1% 

(w/v) boric acid. The growth of a number of more delicate organisms, 

such as, Neisseria gonorrhoeae, Neisseria meningitidis, Shigella 

sonnei, and Diplococcus pneumoniae, was not inhibited at this 

concentration.

Twelve sulphonamide compounds, incorporated into heated blood 

agar, were tested for swarming inhibition by Holman (24). 

Sulphamezathine most actively inhibited swarming (1:8000) without 

suppressing the growth of more fastidious organisms, such as 

No gonorrhoeae and N. meningitidis.

Sandys (40) cultured Proteus species on nutrient agar without 

sodium chloride and reported that this medium did not support 

swarming. This has been confirmed in my investigations using a 

salt-free medium.

Jeffries and Rogers (26) reported that if the agar 

concentration of a chemically defined medium was reduced to 

less than 1.0%, swarming failed to develop. Jeffries et al. (27) 

observed that Proteus species failed to swarm on tryptose agar 

(Difco), buffered at pH 6.0, which contained 0.5% DNA (sperm 

deoxyribonucleic acid). The purine and pyrimidine bases were 

tested individually in the above medium, and they 

reported that guanine and adenine inhibited swarming, whereas
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thymine and cytosine were ineffective.

Trimethoprim lactate, when added to Thayer-Martin chocolate 

agar (8jig/ml), inhibited the growth of Proteus without inter

fering with the growth of N. gonorrhoeae (42).

This review by no means exhausts the list of methods found 

to inhibit swarming, but it does indicate the extent and variety 

of work conducted. It does point out the important fact that 

alteration of the growth conditions of Proteus species on agar 

media by physical and chemical means can cause inhibition of 

swarming.
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B. The Properties of Serratia marcescens

1» The pigmentation of Serratia marcescens. Serratia marcescens, 

a gram-negative, motile rod, is a member of the family 

Bnterobacteriaceae. Certain strains, under special conditions, 

produce a red, water insoluble pigment named prodigiosin. Kraft 

(29) prepared a crude extract of this pigment in 1902. Prodigiosin 

was first purified by Wrede and Hettche (55), who also prepared 

several of its salts. Early studies by Wrede and Rothhaas (56) in 

1934 led to the proposal that prodigiosin was a tripyrrylmethene 

based mainly on its spectral characteristics. This was of consid

erable interest since they proposed that prodigiosin could be a 

model of a possible tripyrrylmethene intermediate in prophyrin 

synthesis. It was not until the early 1960’s that a comparison 

of synthetic tripyrrlmethenes with prodigiosin revealed that the

originally proposed structure was untenable. Santer and Vogel (41),
14using labelled glycine-2- C, isolated a compound excreted by mutant 

9~3-3 of Serratia marcescens which they proposed to be a precursor 

of prodigiosin. Wasserman et al. (45) identified the precursor as 

a 2,2’-bipyrrole aldehyde with the probable structure of 4-methoxy- 

2,2’-bipyrrole-5-carboxaldehyde (MBC). This compound could condense 

with 2-methyl-3-amj3pyrole (MAP) to form prodigiosin. Condensation 

of MBC with MAP assigned a pyrryl-dipyrrylmethene structure to 

prodigiosin. The structure of prodigiosin was confirmed by the 

synthesis of MBC and condensation of MBC with MAP to form



prodigios in (38). The synthetic compound was reported as 

being identical to the precursor described by Santer and 

Vogel (41).

Although the complete biosynthetic pathway for the 

production of prodigios in is unknown, the final condensation 

reactions are diagrammed in Fig. 3. This is in contrast to 

the original tripyrrylmethene structure proposed by Wrede and 

Rothhaas (56) as illustrated in Fig. 4.

2• The chromatographic separation and spectral characteristics 

of prodigiosin. Prodigios in can be separated into a number of 

bands by paper chromatography. Williams et al. (52) have 

separated prodigiosin into four bands with Rf values of 0.18, 

0.48, 0.70, 0.89. The band at 0.18 is blue, while the other 

three are red. These investigators proposed that the various 

bands are derived from alterations in the basic structure of 

prodigiosin during extraction and purification. Other workers 

have achieved the same results using paper chromatography (5, 

46). Lynch et al. (36) reported the separation of prodigios in 

into six bands using column chromatography and elution with 

several organic solvents.

The spectral properties of the different fractions of 

prodigiosin are similar to those of the whole pigment (52). An 

analysis of the whole pigment reveals that the spectral 

characteristics of prodigiosin differ depending upon the
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hydrogen ion concentration of the solution. In an acid medium 

the pigment is red and exhibits a sharp peak at 535 mp with a 

shoulder at 510 mp. In an alkaline medium the pigment changes 

to an orange-yellow and possesses a broader spectral curve 

centered at 470 mp.

3. The antibiotic properties of prodigiosin. Reports of the 

antibiotic properties of pigmented cultures of S_;_ marcescens 

antedated the isolation and identification of prodigiosin.

Since its isolation, prodigiosin has been tested against a 

variety of bacteria, fungi and parasites. Hettche (21) reported 

that prodigiosin is bactericidal for Bacillus anthracis (20pg/ml) 

and Staphylococcus species (40 jug/ml). However, Escherichia coli, 

Salmonella paratyphi, and _S_̂_ marcescens were resistant to concen

trations of 1,000 pg/ml.

Felsenfeld et al„ (8) determined the sensitivity of several 

strains of Vibrio cholera to prodigiosin and reported that the 

Inaba strain from Egypt was susceptible to 0.5 pg/ml, while the 

Ogawa strain from Bombay was susceptible to 1.12 pg/ml.

Felsenfeld et al. (7) also tested prodigiosin against Entamoeba 

histolytica in rats and reported that the parasites were eliminated 

in 85% of the population by a single dose of 650 jug. Balamuth and 

Brent (1) determined that dilutions of prodigiosin of 1:400,000 

were amebicidal for the NRS strain of E. histolytica when grown

in a monobacterial culture with Aerobacter aerogenes. Prodigiosin



(1:100,000) was also effective against the UG strain of E. 

histolytica. The bacterial flora, oxidation-reduction 

potentials, and pH were not adversely affected by the experi

mental treatment.

Lack (31) investigated the antibiotic properties of 

prodigios in and reported its fungistatic and fungicidal 

effects against Coccidioides immitis in vitro. Wier et al„

(47) treated fourteen cases of disseminated Coccidioidomycosis 

with prodigios in. Six of the patients recovered or showed 

clinical improvement, while the remaining eight did not respond 

to this therapy. The adverse side effects of prodigiosin 

precluded further human experimentation.

It was reported by Fischl (9) that 10 mg of prodigiosin 

injected subcutaneously into mice infected with a strain of 

Trypanosoma brucei caused the protozoa to disappear from the 

blood after 24 hr. Although the parasites later reappeared, 

the animals survived longer than the control animals that were 

untreated.

4. Environmental factors affecting pigmentation. There are 

many factors which affect the elaboration of pigment by 

S» marcescens. The very production of pigment, not to mention 

the quantity produced, is dependent upon the environment for 

growth. A consideration of the more important factors is

presented below.



a. Oxygen requirements. Although marcescens is

facultative in its oxygen requirements for growth, 

pigment biosynthesis only occurs in an aerobic 

environment (49). The final step in the biosynthesis 

of prodigies in involves condensation of 4-methoxy- 

2,2s-bipyrrole-5-carboxaldehyde (MBC) with 2-methyl- 

3-amylpyrrole (MAP) (45). Williams and Gott (49), 

using mutants of marcescens strain Nima, determined 

that the growth of this strain in an anaerobic environ

ment blocks the synthesis of MBC and prevents the 

coupling of MBC and MAP, thus inhibiting the formation 

of pigment.

Heinemann et al. (18) reported that the production 

of pigment paralleled dissolved oxygen levels in broth 

cultures. A sufficient supply of dissolved oxygen could 

only be achieved in baffled flasks or in a fermenter 

supplied with both aeration and agitation, 

b. Incubation temperature. Gott and Williams (13) 

determined that pigmentation occurs over a temperature 

range from 12-37C. The optimum is 28C, with the 

quantity of pigment decreasing rapidly above and below 

this temperature. Williams and Gott (48) reported that 

temperatures above 37C prevented the synthesis of MBC.

It was later discovered that MAP synthesis is also



affected (50). Williams et al. (5l) indicated that the 

enzyme responsible for the coupling of MBC with MAP in 

the final step in pigment synthesis is destroyed by 

temperatures above 35C. Temperatures below 15G do not 

destroy the enzyme but reduce its activity, 

c- Nutritional requirements. There are a number of 

nutrients that have been reported to be important in 

pigment biosynthesis. The quantity of pigment produced 

varies depending upon the composition of the media.

Dewey and Poe (6) proposed a synthetic medium which 

supports maximum pigment production. They stated that 

the elements essential to pigmentation by Serratia 

organisms are magnesium, a phosphate, a sulfate, and an 

organic source of nitrogen. Bruce and Duff (3) demon

strated a requirement for potassium ion, but achieved 

similar results by substituting rubidium ion. Bunting 

et al. (5) achieved similar pigment yields when sodium 

was substituted for potassium in peptone-glycerol 

medium.

Williams et al. (53), using labelled 59Fe and ^5Ca, 

determined that iron is specifically incorporated into 

the pigment, whereas only traces of calcium are present. 

Dewey and Poe (6) reported that iron was not essential to 

pigment formation, but they did not rule out its possible
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incorporation into the pigment when present in the 

med ium«,

Goldschmidt and Williams (12) have suggested that 

thiamine induces the formation of the monopyrrole moiety 

(MAP) of prodigiosin. The highest levels of prodigies in 

were obtained when thiamine was incorporated into media 

in a concentration of 100 pg/ml„

A variety of carbon sources can support pigment 

production; however, Lack (31) achieved high pigment 

yields using 2.0% mannitol, while Earned (15) reported 

maximum yields with 3.0% mannitol or sorbitol. Bunting (4)

reported the production of very highly pigmented colonies 

with the use of glycerol.
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MATERIALS AND METHODS

A. Stock cultures. Three strains of Proteus vulgaris, 8 strains 

of Proteus mirabilis, and 6 strains of Serratia marcescens were 

isolated from clinical specimens. S. marcescens strains Nima,

HY, OF, WF and 9-3-3 were received from R. P. Williams. (Depart

ment of Microbiology, Baylor University College of Medicine, 

Houston, Texas 77025). All stock cultures were maintained on 

trypticase-soy agar (BBL) slants at 4C, and were subcultured 

every two to three weeks. Stock cultures from the Department 

of Medical Microbiology, Creighton University, were also used 

in this study (Table 1). Bacteria were identified by colonial 

morphology, staining reaction, and the biochemical tests listed 

in Table 2.

B • The growth of S. marcescens and Proteus species in mixed 

culture. A loop of an overnight broth culture of £3o_ marcescens 

was inoculated in a straight line on the surface of a trypticase- 

soy agar plate containing between 20-25 ml of medium. The plate 

was incubated aerobically for 18 hr at 28C. A loop of a broth 

culture of Proteus species was then inoculated approximately 

IcO cm from the growth of S. marcescens. Incubation continued 

under the same conditions for an additional 24 hr. The plate was

Baltimore Biological Laboratories, Baltimore, Maryland



examined to determine if swarming had been inhibited by S. 

marcescens. The criterion for inhibition was failure of the 

Proteus organisms to swarm over the line of inoculation of 

£3. marcescens.

The above procedure was repeated under conditions which 

prohibited the formation of pigment. In one experiment 

the plates were incubated anaerobically, and in another, the 

temperature of incubation was raised to 38C. 

c* Prodigiosin extraction and testing. Ten ml aliquots of 

an overnight broth suspension of a pigmented strain of S. 

marcescens were spread over the surface of large petri dishes 

(135x20mm) containing trypticase-soy agar with 3% mannitol 

and 0.1% thiamine (100 ml/plate). The plates were incubated 

aerobically at 28C for 5 days. The cells were harvested 

mechanically with a bent glass rod. The agar was washed with 

10 ml of distilled water to remove as many of the remaining 

cells as possible. These washings were added to the harvested 

cells. The pigment was extracted by the method of Williams 

et al. (52) as outlined in Fig. 5. The pigment was stored at 

-20C until used.

The antibiotic activity of prodigiosin was tested against 

2 species of staphylococci (_S. aureus and S. epidermidis).

This was done in order to determine whether our method of
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extraction destroyed this activity. A stock solution was 

prepared by dissolving 1,600 pg of prodigiosin in 0.2 ml 

of acetone, which was added to 9.8 ml of peptone-glycerol broth. 

The antibiotic effect was determined by the tube dilution method 

of antibiotic sensitivity testing. It was found that the minimal 

inhibitory concentration of prodigiosin was 80 pg/va.1 for both 

species of staphylococci.

Prodigiosin was incorporated into peptone-glycerol agar 

in concentrations of 50, 275, and 500 pg/ml. A single concen

tration of 500 pg/xa.1 was also incorporated into trypticase-soy 

agar (BBL), nutrient agar (BBL), and eos in-methylene blue agar 

(BBL). The prodigiosin was dissolved in acetone and added to 

the above pre-sterilized media, resulting in a 1-2% acetone 

solution. Growth of the Proteus species used in these experiments 

was not inhibited by this concentration of acetone. A loop of 

an overnight broth culture of Proteus species was streaked for 

isolation on the media containing prodigiosin. The plates were 

incubated aerobically at 28C or 37C for 24 hr.

In another experiment 100 ̂ ug of prodigiosin was dissolved 

in 1.0 ml of acetone. This solution was placed in a small pool 

on the surface of the agar. The acetone evaporated leaving a zone 

of prodigiosin approximately 1.0 cm in diameter. Stock cultures 

of Proteus species were inoculated outside the zone, and the plates 

were incubated for 24 hr at 37C. The plates were examined for
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swarming within the zone of prodigiosin.

D. Preparation of filtrates and incorporation into media. One-liter 

Erlenmeyer flasks, containing 200 ml of peptone-glycerol broth, were 

each inoculated with 1.0 ml of an overnight broth suspension of 

pigmented and nonpigmented strains of _S. marcescens. After 5 days 

incubation in a water bath at 28C, the broth cultures were centri

fuged. The supernatant was sterilized by Seitz filtration. This 

removed the bacteria and the pigment which is associated with the 

cell envelope. These filtrates were added aseptically to 

freshly prepared peptone-glycerol agar in concentrations (v/v) of 

5, 10, 20, 40, 50, and 60%. The pH of this media with the added 

filtrates ranged from 7.0 to 7.2. A loop of an overnight broth 

culture of Proteus species was streaked for isolation on the 

filtrate medium. They were incubated at 37C for 24 hr.

Filtrates of a stock culture of Escherichia coli and Ŝ. 

epidermidis were prepared by the method outlined above and 

incorporated into peptone-glycerol agar (50% v/v)= This agar was 

also inoculated with broth cultures of Proteus species.

A variety of other bacteria which can be isolated in conjunc

tion with Proteus species in clinical specimens were inoculated 

on peptone-glycerol agar containing 5 and 20% filtrates of £3. 

marcescens strain Nima to determine if the filtrate would inhibit 

the growth of these organisms = Ten percent heated sheep blood was 

added to this medium for cultivation of stock cultures of N.gonorrhoe ae .

II
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To better determine the nature of the substance which appears 

to cause the inhibition of swarming, filtrates of £3. marcescens 

strain Nima were autoclaved at 121C for 15 min before addition to 

peptone-glycerol agar. This tested the heat stability of 

the substance. An attempt was made to remove the protein in the 

filtrate by precipitation with trichloroacetic acid. The following 

procedure was followed. A series of tubes were filled with 2, 4,

6 and 8 ml of filtrate. Eight, 6, 4 and 2 ml of 5% trichloroacetic 

acrd was added to these tubes, respectively. The procedure was 

repeated using 10, 20 and 30% trichloroacetic acid. A precipitate 

did not form at any concentration of acid indicating that proteins 

were not present.

^• Acetic acid incorporation. Glacial-acetic acid was auto

claved separately and added to sterile peptone-glycerol agar to 

give a final concentration of 1:100. The pH of the medium was 

adjusted to 7.2 with NaOH (50% w/w). Eight strains of Proteus 

species were streaked for isolation on agar plates containing 

this medium. The plates were incubated at 37C for 24 hr.
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RESULTS

A. Inhibition of Proteus swarming by cultures of S. marcescens. 

A comparison of the inhibition of swarming of P^ mirabilis by 

S» marcescens strains Nima (pigmented) and WF (nonpigmented) is 

presented in Fig. 2. In the photograph, strain Nima appears to 

inhibit swarming at the line of inoculation, whereas strain WF 

does not.

The results of the preliminary experiments involving the 

inhibition of Proteus swarming by cultures of S, marcescens(as 

described above) are presented in Tables 3 and 4. It was 

observed that in 77.6% of the cases, pigmented strains inhibited 

swarming. Inhibition was observed in only 47.0% of the tests 

involving nonpigmented strains.

S. marcescens strain Nima inhibited the swarming of all 

stock cultures of Proteus species tested in two different 

experiments in which incubation was carried out aerobically at 

28C. It was observed that this strain, when incubated under 

conditions which prevented pigment formation, i.e. anaerobically 

or at 38C, failed to inhibit swarming on over 50% of the test 

plates. (Table 5).

B - Prodigiosin testing. Fifty, 275 , and 500 jig of prodigies in 

per ml of peptone-glycerol agar failed to inhibit the swarming 

of any of the 11 stock cultures of Proteus species inoculated

on this medium. Inhibition of swarming could not be demonstrated
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when 500 /ig/ml was added to trypticase-soy agar (BBL), nutrient 

agar (BBL), or eos in-methylene blue agar (BBL). For this reason, 

100 jig of prodigiosin was dissolved in acetone and placed on the 

surface of trypticase-soy agar in a method simulating paper disc 

sensitivity testing. Prodigiosin, however, appeared to have no 

effect since there was never a zone of inhibition where the 

prodigiosin was placed.

The failure of prodigiosin to inhibit swarming presented 

the possibility that the extracted pigment was different than 

that reported in the literature. The antibiotic activity of 

prodigiosin, however, did not appear to be altered by the 

extraction procedure of Williams et al. (52), since it was 

demonstrated that 80 jig/ml inhibited the growth of two strains 

of EL aureus and _EL epidermidis when tested by the tube dilution 

method of sensitivity testing.

C* jghi-bi-tion of swarming by filtrates. The effect of 5-60%

(v/v) broth filtrates of S. marcescens strain Nima on the 

swarming of 11 stock cultures of Proteus species when incorp

orated into peptone-glycerol agar is presented in Table 6.

When 5% filtrate was added to this medium, 4 of 11 Proteus species 

swarmed. Ten, 20 and 40% filtrate of strain Nima, however, 

completely inhibited the swarming of every species. Higher 

concentrations of filtrates, 50 and 60%, inhibited the growth 

of the Proteus species tested. It was observed, however, that
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50% filtrates of other strains of S. mareescens, i.e., strains 

HY, OF, WF and 9-3-3, did not inhibit growth, but did inhibit 

swarming. The results showing inhibition by these filtrates 

of the swarming of 11 stock cultures of Proteus species are 

presented in Table 7. The effect of the addition of 50% 

filtrates of S. epidermidis and E. coli is also presented in 

this Table. Swarming was not inhibited by 50% filtrate of 

S. epidermidis, whereas this concentration of filtrate of E. coli 

was found to possess the same inhibitory activity as S. mareescens 

strains HY, OF, WF, and 9-3-3.

Peptone-glycerol agar containing 5 or 20% filtrates of 

S. mareescens strain Nima supported the growth of all the species 

of bacteria listed in Table 1. The only species which was not 

always cultured on this medium was gonorrhoeae, for only 3 

of 10 strains were recovered.

The substance in the filtrate which apparently inhibits 

swarming appears to be heat stable since the swarming of 11 

stock cultures of Proteus species was inhibited on peptone- 

glycerol agar containing 20% filtrate which had been autoclaved 

before addition to the medium. The heat stability of this 

substance should eliminate the possibility of it being a protein. 

Furthermore, protein was not precipitated from the filtrate by 

trichloroacetic acid before autoclaving.



D» Inhibition of swarming by acetic acid. Eight stock cultures

of Proteus species did not swarm on peptone-glycerol agar 

containing 1.0% acetic acid.
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DISCUSSION

The observation by Halkias and Fulton (14), and later by 

this investigator, that pigmented strains of S. marcescens 

inhibited the swarming of Proteus species when grown in mixed 

culture on agar plates, suggested that this inhibition might be 

due to the presence of the pigment, prodigiosin. Preliminary 

experiments with whole cell cultures, comparing the inhibition 

of Proteus swarming by pigmented strains to that of nonpigmented 

strains, are illustrated in Fig. 2. These were designed to 

demonstrate a correlation between pigmentation and inhibition 

of swarming, iln 98 tests with pigmented strains, 77.6% 

inhibited swarming, as compared with 47.0% inhibition in 34 

tests with nonpigmented strains. The experiments in which 

—  marcescens strain Nima was grown anaerobically at 28C or 

aerobically at 38C, conditions under which this strain will not 

produce pigment, further support the hypothesis that prodigios in 

may be a factor in swarming inhibition, since inhibition was only 

evident in 27.3 and 45.5% of the tests, respectively, as compared 

with 100% inhibition when pigment was formed by the strain. It 

can be argued, however, that the absence of a zone between the 

line of inoculation and the swarming Proteus species indicates 

that inhibition is merely due to a mechanical blockade caused 

by the growth of S. marcescens. If this were the case, no
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variation between strains of S_̂  marcescens in the percent of 

inhibition should be noticed, since the gross morphology of 

the lines of inoculation of the pigmented and nonpigmented strains 

are almost identical. Furthermore, a zone of inhibition would 

not be expected since prodigios in is insoluble in water and, 

therefore, diffuses poorly into the medium. Although the results 

of these experiments do not eliminate the possibility of at 

least a partial mechanical inhibition, they indicate that 

inhibition may be associated with pigmentation, and therefore, 

was considered sufficient grounds for testing the extracted 

pigment.

However, prodigios in failed to inhibit swarming when 

incorporated into a variety of media in concentrations as high 

as 500 jig/ml. This finding leads to a number of possible 

conclusions, (i) the media used in these experiments may have 

suppressed or altered the activity of prodigios in. This inter

pretation is supported by the work of Jeffries et al. (27) who 

reported that 0.5% DNA in tryptose agar inhibited swarming, but 

was ineffective in other media. For this reason, 4 different 

media were used for incorporation of prodigios in. Since the 

prodigios in failed to inhibit swarming in every experiment, a 

possible inhibition of its activity by any one medium may 

reasonably be excluded. (ii) Prodigios in does not diffuse 

through the medium and therefore remains bound in the agar so
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that the organisms are not exposed to a concentration which is 

sufficient to inhibit swarming. However, when 100 ̂ ug of 

prodigiosin was placed on the surface of agar in a method 

simulating paper disc sensitivity, no inhibition of swarming was 

observed. (iii) The extraction procedure of Williams et al. (52) 

altered the prodigiosin so that its reported (54) antibiotic 

properties were lost. This was not found to be the case, since 

80 ̂ ig/ml inhibited the growth of two species of staphylococci 

in peptone-glycerol broth. (iv) Prodigiosin does not inhibit 

the swarming of P. vulgaris or P„ mirabilis. The last 

conclusion is favored by this investigator.

The negative finding with prodigiosin left the mechanism for 

the antiswarming activity of pigmented S. marcescens still 

unexplained. Experiments that were performed involving the 

incorporation of the broth filtrates of a number of strains of 

S. marcescens revealed that media containing these filtrates 

inhibited swarming. It was observed that media containing 50% 

(v/v) filtrate of strain Nima inhibited the growth of all 

cultures of Proteus species tested, while lower concentrations 

permitted growth, but inhibited swarming. Growth occured on 

media containing filtrates (50%) of strains HY, OF, WF, and 9-3-3, 

but swarming was inhibited. Fifty percent filtrate of a strain of 

S. epidermidis, however, failed to inhibit any of the 10 cultures 

of Pcoteus species. Filtrates (50%) of E. coli were found to

inhibit swarming, which may indicate that the inhibitory substance
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is produced by a number of the members of the family 

Enterobacteriaceae. This substance may have a non-specific 

toxicity for Proteus species« It is presumably not a 

protein, since protein could not be precipitated from the 

filtrate by trichloroacetic acid. Furthermore, the inhibition 

of swarming was demonstrated after the filtrate was autoclaved, 

indicating that the substance is thermostable, which would most 

likely preclude it as being a protein or enzyme.

It has been reported by Hentges (I9 , 20) that acetic and 

formic acids produced by Klebsiella species inhibit the growth 

of Shigella species« In light of these studies, 1.0% acetic 

acid was added to peptone-glycerol agar and was found to 

inhibit swarming. The testing of this concentration of acetic 

acid was completely arbitrary« The experiment was performed 

merely to determine if a non-specific metabolite had any effect 

on swarming.

The results of this study indicate that the inhibitory 

substance is most likely a metabolic product of some species of 

bacteria, i.e., _S_« marcescens and coli, but not of others, 

i,e*’ Staphylococcus species. It is suggested that the quantity 

of the substance produced in a given media under defined cultural 

conditions varies between strains of S. marcescens, and that 

the concentration over a certain range inhibits swarming, whereas 

higher concentrations inhibit growth of Proteus species.
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The growth of a variety of other bacterial species (Table 1) 

was not inhibited by the incorporation of 5 or 20% filtrate of 

marcescens strain Nima into peptone-glycerol agar. This fact 

raises the possibility that the medium containing filtrate might 

be used for isolation of bacteria in the presence of swarming 

Proteus species.
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CONCLUSIONS

Based on the fact that prodigiosin incorporated into a 

number of media was never shown to inhibit the swarming of 

Proteus species, it is concluded that the pigment of 

—  5L££££J!cens has no inhibitory effect on the swarming of 

-~?teus -g rci^g- when the two genera are grown in mixed 

culture. Inhibition by the filtrates of S^ marcescens strains 

and Eh_ coli, incorporated into an agar medium, leads this 

investigator to conclude that S_L marcescens produces a 

metabolite which interferes with the ability of vulgaris 

and P^ mirabilis to swarm. This metabolite is not a protein 

or enzyme since it is heat stable, but is a non-specific 

substance produced, not only by marcescens. but by e . coli, 

and possibly other members of the family Enterobacteriaceae. 

Production of this metabolite varies between strains of

—  ~ - CeS~—  and appears to be Produced in higher concentrations 

by pigmented strains under conditions favorable for pigmentation. 

The fact that acetic acid inhibited swarming indicates that this 

acid alone, or in combination with other metabolic products, 

inhibits swarming. The final conclusion, which would explain 

the inhibition of the swarming of Proteus species by cultures 

of ^  marcescens strains, rests with identification and testing 

of the individual metabolites of S. marcescens.



SUMMARY

The apparent inhibition of swarming of Proteus species 

by the growth of marcescens in mixed culture led to an 

examination of the effect of the extracted pigment, prodigies in, 

on Proteus swarming. Incorporation of the pigment into common 

bacteriological media in concentrations up to 500 jug/ml failed 

to inhibit any of 14 strains of Proteus tested. However, 

filtrates of broth cultures of S. marcescens strain Nima, 

incorporated into Bunting's agar medium, inhibited swarming 

in concentrations of 5 to 40%. Growth was inhibited above 

this concentration. The filtrates of other strains of 

S- marcescens inhibited swarming at a concentration of 50%.

One per cent acetic acid added to the same media paralleled 

the inhibitory activity of the filtrate. It is concluded 

that a metabolic product present in the filtrates of 

S♦ marcescens (possibly acetic acid) inhibits the swarming of

P. vulgaris and P. mirabilis.



Fig. 1. A trypticase-soy agar plate demonstrating the 

concentric rings of growth produced by the swarming of a 

strain of P^ mirabilis and the inhibition of swarming by 

S. marcescens strain Nima. The agar plate, streaked with 

S. marcescens strain Nima, was incubated at 28C for 18 hr 

prior to inoculation of the plate with P^ mirabilis. 

Incubation continued for an additional 24 hr under the

same conditions.
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INTERMEDIATES INTERMEDIATES

Fig. 3. Schema for biosynthesis of prodigiosin showing structure 

of intermediates that have been identified (54).

CH 0 (CH9)ilGH„
3X ___  ____ Z  2 4 3

Fig. 4. Original tripyrrylmethene structure proposed by Wrede 

and Rothhaas(1934)„
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Add four volumes of acetone to a 
cell suspension of marcescens. 
Shake for 3 hr at room temperature. 
Centrifuge

Filter. (Whatman No d  filter 
paper)

Extract pigment from small portions 
of filtrate by addition of two 
volumes of petroleum ether in a 
separatory funnel.

Remove acetonte by addition of 
ten volumes of water to the 
funnel

N/
Evaporate petroleum ether at 
room temperature under a hood.

V
Dry pigment.

Supernatant- ^  Wash cell debris with acetone 
Centrifuge.

Fig. 5. Procedure of Williams et al. for the extraction of 

pigment from cells of S. marcescens.
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TABLE 1. Species of bacteria which were cultured on peptone- 

glycerol agar containing both 5 and 20% filtrates of 

S. marcescens strain Nima.

Culture
ho« a/b Species Culture 

no. c/d Species

1 1/1 Shigella sonnei 154 1/1 Citrobacter sp.
2 1/1 Shigella flexneri 171 1/1 Salmonella pullorum
4 1/1 Salmonella paratyphi B 172 1/1 Alkaligenes sp.
5 1/1 Salmonella derby 176 1/1 Salmonella oranienberg
21 1/1 Salmonella sp. group B 180 1/1 Salmonella senftenberg
24 1/1 Salmonella sp. group C 181 1/1 Salmonella thompson
26 1/1 Salmonella C 2 182 1/1 Salmonella enteritidis
42 1/1 Salmonella javiana 183 1/1 Salmonella dub1 in
65 1/1 Shigella boydii 184 1/1 Salmonella heidelberg
72 1/1 Salmonella cholerasuis 185 1/1 Salmonella typhimurium
76 1/1 Shigella dispar 192 1/1 Salmonella C-|
88 1/1 Alkalescens dispar 8/8 Streptococcus sp.

89 1/1 Shigella D 8/8 Neisseria sp.

102 1/1 Escherichia coli 3/10 Neisseria gonorrhoeae
103 1/1 Mima polymorpha 1/1 Pseudomonas sp.

113 1/1 Enterobacter aerogenes 1/1 Sarcina lutea

125 1/1 Klebsiella sp. 1/1 Staphylococcus aureus

127 1/1 Salmonella typhosa 1/1 Bacillus subtilis

129 1/1 Pseudomonas sp. 9/9 Staphylococcus epidermidis

+=swarming, -=no swarming, NG= no growth
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TABLE 2. Biochemical identification of bacterial species.

Biochemical Test*3 S. mareescens P. vulgaris P. mirabilis

Glucose F F F
Lactose - - —

h 2s - + +
Oxidase - - —

Lysine decarboxylase + - -

Lysine deaminase - + +

Ornithine decarboxylase + - +

Indole - + -

Urease - + +
Gelatin + +

Sorbitol + —

Dulcitol - -

Nitrate + 'ir

Motility + +

Mannitol + - —

Maltose Not tested + -

Schema outlined by the Department of Bacteriology, Creighton 
Memorial St. Joseph’s Hospital, Omaha, Nebraska.

F=fermented, +=pos itive, — negative.
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TABLE 3. Comparison of the inhihit-i'™ „ee UL mniDition of swarming of Proteus

by cultures of marcescens strains.3

Strain
no. Species

Effect of S. marcescens strain no.b
1 2 3 4 5 6

1 P. vulgaris 0/1 1/1 1/3 0/1 NT NT
2 P. mirabilis 2/3 3/3 4/4 0/1 NT NT
3 P. mirabilis 0/3 0/3 1/4 0/1 3/5 3/5
4 P. mirabilis 3/3 3/3 4/4 0/1 NT NT
5 P. mirabilis 3/4 3/4 5/5 0/1 NT NT
6 P. mirabilis 2/2 2/2 4/4 0/1 NT NT

Method as described in text and illustrated in Fig. l.

Results expressed as ratio of the number of times Proteus species 

inhibited at line of inoculation to number of times tested.
NT = not tested.
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TABLE 4. Comparison of the inhibition of swarming of Proteus 

species by cultures of S. marcescens strains.3

Strain
no.

Species

Effect of S.  ̂ . bmarcescens strains
pigmented non-pigmented

Nima HY OF WF 9-3-3
1 P. vulgaris - - - + —
2 P. mirabilis - + - + -

3 P. mirabilis - - - + +
4 P. mirabilis - + - + +
5 P. mirabilis - - - - —

6 P. mirabilis - - - - _
7 P. vulgaris - - - - -

8 P. vulgaris - - - - -
9 P. mirabilis - - + +
10 P. mirabilis - + + + +
11 P. mirabilis - - - - -
12 P. vulgaris - + - +
13 P. mirabilis - - + «
14 P. vulgaris « - - - -

Method as described in text and illustrated in Fig. 1.

— inhibition of swarming at the line of inoculation of S. marcescens 

+=swarming over the line of inoculation of S. marcescens
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TABLE 5. Comparison of the inhibition of the swarming of Proteus 

species by cultures of marcescens strain Nima under 

various cultural conditions.a

Strain
no.

Species
Effect of S. marcescens 
strain Nima incubated ^

aerobically
28C

aerobically
38C

anaerobically
28C

i P . vulgaris - + —

2 P» mirabilis - + +
3 P« mirabilis - - +
4 P. mirabilis - - +
5 P. mirabilis - + +
6 P. mirabilis - - —

7 P. vulgaris - + +
8 P. vulgaris - - 4*
9 P. mirabilis - - +
10 P. mirabilis - -
11 P. mirabilis - + +

Method as described in text and illustrated in Fig. 1.

“ inhibition of swarming at the line of inoculation of marcescens 

+=swarming over the line of inoculation of S„ marcescens.
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TABLE 6. The effect of varying concentrations of the filtrate of 

S- marcescens strain Nima on the swarming of Proteus 

species when incorporated in peptone-glycerol agar.

Strain Effect of filtrate (% v/v) of
no. Species S. marcescens strain Nima. a

0% 5% 10% 20% 40% 50% 60%
1 P. vulgaris + - NG NG
2 P. mirabilis - - - - NG NG
3 P. mirabilis + + - - - NG NG
4 P. mirabilis + - - - - NG NG
5 P. mirabilis + - - - - NG NG
6 P. mirabilis - - - - NG NG
7 P. vulgaris + + - - - NG NG
8 P. vulgaris + - - - - NG NG
9 P. mirabilis - - - - NG NG
10 P. mirabilis + + - - - NG NG
11 P. mirabilis - - - - NG NG
12 P. vulgaris - - - - NG NG
13 P. mirabilis + - - - NG NG
14 P. vulgaris + - - - - NG NG

aNumber tested / b Number cultured
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TABLE 7. The effect of the filtrates (50% v/v) of S. marcescens

strains HY, OF, WF, 9-3-3, and E. coli and S« epidermidis 

on the swarming of Proteus species»3

Strain
no.

Species

Effect of 50% filtrates of b

S. marcescens strain S. epi- 
dermi-HY OF WF 9-3-3 E.coli

1 P. vulgaris - - - - - +
2 P. mirabilis - - - - - +
3 P. mirabilis + - + + +
4 P. mirabilis - - + - + +
5 P. mirabilis - - - - - +
6 P. mirabilis - - - - - +
7 P. vulgaris - - - - - +
8 P. vulgaris - - - - - +
9 P. mirabilis + - + + - +
10 P. mirabilis + + - + -

a
Filtrates incorporated into peptone—glycerol agar. 

b ♦-swarming, — no swarming.
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