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From a population of cells of Pseudomonas aeruginosa sensi-

to 33 parts per million (ppm) and 0.1 mg per ml of quaternary

ammonium (QAC) and chloramphenicol respectively, pure strains

resistant to 750 ppm and 50 mg per ml of these antibiotics were iso-

lated. Lipids from the sensitive and resistant cells grown under

various environmental conditions were extracted and characterized.

Increased lipid biosynthesis as a possible factor in the resistance of

this bacterium to chloramphenicol and QAC also was investigated.

Sensitive cells, QAC resistant cells grown in the absence of

germicide, resistant cells grown in the presence of QAC, and chlor-

amphenicol resistant cells grown in the absence of and presence of

the antibiotic were grown in ten- to 30-liter volumes at room tem

perature, 32 C, and also in a New Brunswick Fermacell fermentor



at 37 C. Cells were washed three times and lyophilized. Lipids

present were extracted from the lyophilized cells, weighed, and

characterized by thin layer and gas liquid chromatography. Total,

free and bound lipids were quantitated; free fatty acids from these

lipid classes also were quantitated and identified.

Resistant cells grown in media containing 207 parts per million

QAC at room temperature contained 25% more total lipid than sensi-

tive cells. Resistant cells grown in the absence of QAC at room

temperature retained their resistance but did not produce more lipid

than sensitive cells. Cells grown at 32 C in the presence of QAC

contained 8% more lipid than sensitive cells but less than cells grown

at room temperature under the same conditions. There was no in-

creased lipid production in QAC resistant cells grown at 37 C in a

Fermacell fermentor. Cells grown in chloramphenicol-containing

medium (2. 5 mg per ml) at room temperature developed 28% more

lipid than sensitive cells grown in antibiotic-free medium.

Thin layer chromatography plates of the lipid classes extracted

from various cell types, contrary to total lipid analyses, revealed no

significant differences in amount and type of lipid present. Also,

separation and analysis of the phospholipid fraction demonstrated no

alteration in the kind or amount of phospholipid produced by the cells

as a consequence of mutation to antibiotic resistance.

Chromatograms of methyl esters of fatty acids of phospholipid,



free fatty acid, triglyceride and hydrocarbon fractions of the various

cell types indicated that the same fatty acids were present in the

lipid extracts. There was a 10% increase of the C-18:1 fatty acid

in both the phospholipid and free fatty acid fractions of the free lipids

of cells grown in a Fermacell fermentor in the presence of chlor-

amphenicol or QAC. However, there was no compensatory decrease

in any single lipid but instead there was a general decrease of lipid.

Sensitive Ps, aeruginosa cells contained 14% free lipid and 3 to

6% bound lipid. The major phospholipid was phosphatidylethanolamine

which comprised 59% of the total phospholipid fraction of the sensitive

cells. C-16 amounted to 34%, C-18:1 19% and 16:1 and G-18 each

approximately 5% of the fatty acids present. These four fatty acids

accounted for 63% of the lipid present in the sensitive cells.

Cells resistant to QAC produced no pigments; those resistant

to chloramphenicol produced two pigments, pyorubrin and fluorescin;

sensitive cells produced only one pigment, pyocyanin.
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A STUDY OF THE LIPIDS OF PSEUDOMONAS AERUGINOSA,
SENSITIVE AND RESISTANCE TO CHLORAMPHENICOL

AND QUATERNARY AMMONIUM COMPOUND

INTRODUCTION

The statement has been made that the science of bacterial dis-

ease prevention in man is moving out of the antibiotic age. Although

man has developed a number of potent antibiotic substances, selec-

tion of bacteria resistant to these antibiotics has occurred in many

instances.

Due to marked antibiotic resistance some organisms, which

in the past have been regarded as secondary invaders with feeble

pathogenicity, have become of primary medical importance. Fur-

thermore, the problem of antibacterial resistance has been com-

pounded by the existence of bacterial episomes which are genetic

elements capable of transferring multi-antibiotic resistance to an-

other cell in one transfer. One group, of episomes is transferable

from one member to another of a number of related gram negative

bacteria. In addition, it is known that there are no effective anti-

bacterial agents for some gram negative bacteria such as Pseudo-

monas aeruginosa.

The failure of research to produce a major new antibiotic in

the last decade has suggested that an urgent need exists for a tan-

gential attack on the problem. If a method can be developed to



2

potentiate antibiotic activity, it is possible this same method will be

useful with antiviral and artifungal angents.

Research into the mechanism of resistance of microorganisms

to antibiotics is a logical step to this end. Studies by a number of

investigators have indicated an increased amount of lipid to be a fac-

tor in the resistance of bacteria to antibacterial substances. How-

ever, investigations of increased lipid content as a contributory fac-

tor in resistance to antibacterial compounds have not involved de-

tailed quantitative and qualitative analysis of the lipid.

This study was undertaken to compare the lipids of Ps. aerugi-

nosa resistant to quaternary ammonium compound (QAC) and to

chloramphenicol with the lipids of the sensitive parent strain of this

organism.
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REVIEW OF LITERATURE

Acquisition of Resistance to Antibiotics

Many bacteria can acquire resistance to various chemothera-

peutic drugs and antibiotics, offering a serious threat to the future

usefulness of several important antimicrobial agents. Two theories

have been advanced to explain the origin of this bacterial resistance:

1) adaptation, or resistance induced by some interaction of the drug

and organism when together; 2) selection of resistant cells arising

independently of the antibiotic by mutation. In the latter case the

drug acts only as a selective agent in the isolation of the resistant

mutants by the destruction of the susceptible organisms. An envi-

ronment favorable for the growth of the mutant and unfavorable for

the growth of the normal parent type is required for the appearance

of the mutant. Evidence is overwhelming in favor of the latter the-

ory of selection of preexisting mutants (11).

Demerec (18) suggested that the stepwise increase of resis-

tance to penicillin can be explained by assuming that mutations in

several equally low potency genes occur successively during acqui-

sition of resistance. Low degrees of resistance are due to the muta-

tion of one gene, with higher degrees attributable to additional muta-

tions of equally potent genes in successive generations. In the case
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of streptomycin, the rapid appearance of highly resistant strains is

explained by assuming that several genes of varying potency are in-

strumental in the process The degree of mutation may be fixed at

a low level (multistep pattern subject to further increase) or it may

be quite variable (facultative one step pattern) allowing full resis-

tance to arise either by one mutation or by a series of mutations.

The multistep pattern is often referred to as the penicillin pattern

and is also shown when resistance against tetracyclines and chloram-

phenicol is acquired. As a rule, the degree of resistance to a certain

drug corresponds to the concentration of the drug giving rise to se-

lected survivors. The discovery of resistance transfer factors which

possess the ability to transfer resistance to several antimicrobial

compounds to another cell fits into the one step resistance pattern.

The actual event leading to resistance may be caused by: 1)

increased production of an essential drug antagonist or metabolite;

2) development of a nonsensitive alternative pathway for the synthe-

sis or degradation of an essential metabolite; 3) development of the

ability to detoxify a drug either by conjugation or oxidative destruc-

tion. There also is considerable data suggesting that resistant organ-

isms differ in important metabolic activities from the sensitive par-

ent strain (102), An interesting difference in this regard is the acqui-

sition of drug dependence by the resistant cells where the microorgan-

ism must have the drug present to grow.



Mode of Action of Antibiotics

Cell Wall

5

When considering the mode of action of antibiotics, effects on

the bacterial cell wall must be considered because the antibiotic must

initially act on the cell wall. This is especially true since the cell

wall and cytoplasmic membrane are more than osmotic barriers,

since oxidative phosphorylation and other enzymes systems are found

attached to the membrane, Also, replication of the cell wall and DNA

are influenced by cell membrane systems (57). Adsorption alone is

unlikely to be fatal and the secondary processes which occur leading

to inhibition of metabolic processes of the cell are important focal

points of antibiotic action.

Permeability and Lysis

Altered cell permeability with consequent leakage of cell con-

tents is an effect caused by several antibiotics. In the case of peni-

cillin this agent prevents the formation of the completed cell wall

leading to eventual lysis (76).. The bacterial cell wall is known to

contain a number of compounds not present in the mammalian cell:

alpha epsilon diaminopimelic acid, teichoic acids, muramic acid,

D-glutamic acid and D-alanine. Interference with the synthesis of
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any of these compounds could cause damage to the bacterial cell wall

while causing no reaction in mammalian cells.

Cycloserine acts by inhibiting the incorporation of D-alanine

into the bacterial cell wall. This is accomplished by competitive

inhibition of D-alanine dipeptide synthetase and alanine racemase

(92).

Griseofulvin and other antibiotics which affects cell permeabil-

ity interfere with the growth and development of many fungi which

cause skin and hair diseases in man. All fungi sensitive to griseo-

fulvin have chitin in the cell wall although all chitin containing fungi

are not sensitive to the antibiotic (39).

Bacitracin, novobiocin, vancomycin and ristocetin, which affect

membrane and cell synthesis, cause an accumulation of UDP-mur--

amyl peptides in bacteria. The primary action of these antibiotics

is not clear. The varied structures of these antimicrobial compounds

precludes the likelihood that their site of action is the same (39).

Cyclic peptides, including tyrocidin, gramicidin-S, and the

polymixin group including circulin and colistin, cause leakage of low

molecular weight substances such as inorganic ions, amino acids,

and purines and pyrimidines from the organisms. The action is

direct and immediate on the cell membrane(39).

Polyene antibiotics such as nystatin, philipin and candicidin

are all potent antifungal agents (53, 65). There is evidence that
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these polyenes bind to sterol components in fungal membranes (52).

Electron Transport

Antibiotics acting as uncoupling agents and inhibitors of elec-

tron transport are antimycin A, gramicidin, and valinomycin (13,

38, 71).

Metal Effect

Streptomycin, tetracyclines and novobiocin act to chelate and

inhibit metallo protein synthesis; however, this is not known to be

a primary method of action of any of these antibiotics (8, 29, 82).

Nucleic Acid Base Synthesis.

All of the antibiotics which inhibit purine and pyrimidine nucleic

acid polymer synthesis are analogs of various nucleotide intermedi-

ates. For example, azaserine and DON are analogs of glutamine

and inhibit transfer of the amide group from glutamine to formyl

glycinamide ribotide (36). Hadacidin, an analog of aspartic acid,

inhibits the synthesis of adenylic acid (88). Psicofuranine is a

structural analog of adenosine (84).

DNA Synthesis

Mitomycin C causes a selective inhibition of DNA synthesis without



8

concomitant inhibition of RNA or protein synthesis. A breakdown of

DNA and an accumulation of precursors may occur (94). Covalent

linking between the antibiotic and the DNA molecules occurs forming

cross links between complimentary DNA strands. The mechanism of

action in vivo is not too certain, however.

Phleomycin and porfiromycins have the same action as mito-

mycin C. Falaschi and Kornberg (23) suggested that binding of the

antibiotic to the DNA primer is a method of action.

Transcription

Actinomycin D inhibits RNA and protein synthesis but DNA is

less affected (54). Weiss, and Kirk (54, 104) showed actinomycin D

to be a potent inhibitor of an RNA polymerase which catalyzed the

synthesis of RNA on a DNA template. The antibiotic does this by

combining with the DNA template.

Protein Synthesis

Several antibiotics known to inhibit protein synthesis have been

studied. With puromycin the overall rate of protein synthesis in

growing bacteria was greatly reduced but DNA and RNA replication

continued unimpaired (95). This antibiotic may act by combining

with a carboxyl activated peptide on the ribosome, thus blocking

further synthesis (1).
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Nathans and Lipman (77) first showed that chloramphenicol acts

by blocking the transfer of amino acids from transfer RNA to ribo-

somes. Numerous investigations on cellular changes caused by

chloramphenicol showed these changes to be the result of the primary

action of chloramphenicol on protein synthesis (7). Chloramphenicol

does not inhibit oxidative, hydrolytic, or degradative processes; nor

does it interfere with cell permeability, small molecule synthesis,

polysaccharide synthesis, cell wall synthesis or DNA or RNA syn-

thesis.

The streptomycin group of antimicrobial agents includes strep-

tomycin, kanamycin, neomycin, viomycin, paramomycin and strepto-

thricin all of which are polybasic antibiotics. Streptomycin inhibits

the oxidation of a number of substrates in intact bacteria (107), dam-

ages cell membranes (20), inhibits protein synthesis and breaks

down RNA (19). The primary effect is not known.

Actidione (cyclohexamide) is an inhibitor of protein synthesis

in mammalian cells and is one of the most potent antibiotics known.

It is effective at much lower levels than puromycin. The primary

action may be on DNA or protein synthesis (75).

The mechanism of action of tetracyclines has not been exten-

sively studied. They chelate metal ions (82), inhibit protein synthesis

(31), and strongly inhibit the transfer of amino acids from amino

acyl transfer RNA to ribosome bound protein (30). Streptogramin
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(99), erythromycin (96), mikamycin (108), lincomycin (49) act by

inhibiting protein synthesis, according to brief reports.

Mode of Action of Antibacterial Agents

Permeability and Lysis

Changes in cell permeability with subsequence leakage of cell

constituents has been shown to result from treatment of bacteria

with QAC (38), phenol (33), and chlorhexidine (33). Solvents such

as ethanol, butanol and toluene also will cause a release of intra-

cellular constituents. Detection of leakage materials has been used

as an indirect measure of membrane damage. Complete lysis may

be observed in cultures treated with various antiseptics such as

phenol, formalin, mercuric chloride, sodium hypochlorite and

merthiolate. Lysis has been ascribed to a number of mechanisms;

among them have been activation of lytic enzymes, interference with

the formation of disulphide bonds in the cell wall, action on cell wall

lipids, and general interference with cell. wall biosynthesis.

Denaturation and Coagulation

Cytoplasmic components likely to be involved in cell denatura-

tion and protoplasmic coagulation are proteins and nucleic acids.

The specificity of enzymes is due to their orientation in tertiary and
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quaternary structural forms and to the distribution of charges on

this structure. Any changes in this delicate mechanism may be fatal

to the organism. Examples of studies by electron microscopy of

whole cells treated with antibacterial compounds include those of

Mitchell and Crowe (70) (tyrocidin), and Dawson, Lomin.ski and

Stern (17) (cetyltrimethyl ammonium bromide). Other methods

available for studying protoplasmic coagulation are light scattering

and direct observation on cytoplasm obtained from crushed cells

(41).

General Effects on Metabolism

General effects of antibiotics on metabolism have been investi-

gated by many workers over a period of about two decades. Studies

have been done of effects on bacterial respiration and biological oxi-

dation of alcohols, various solvents and phenol. Antiseptics and

solvents were studied in relation to their effects on dehydrogenases

by Bach and Lambert (3). Work was done with a number of intra

and extra cellular enzyme systems. Some antibacterial agents

caused stimulation of cell processes in sublethal doses and this effect

was ascribed to increased permeability of the cell as well as to the

different location of some cellular enzymes. Baker, Harrison and

Miller (4) concluded that the cationic detergents were effective in-

hibitors of respiration and that the depression of metabolism and
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extent of kill were parallel. Other investigators who studied the

effect of QAC on oxidation systems were Ordal and Borg (79), Sevag

and Ross (86), and Knox, Auerback, Zarudnaya and Spirtes (50).

Armstrong (2) concluded that the initial reaction of QAC was to

cause disorganization of the cell membrane which was followed by

enzyme inactivation. These studies indicated that where effects on

general metabolism were concerned the action was usually non-

specific and secondary.

One of the primary effects of antiseptics on bacterial enzymes

is alteration of SH groups. The SH groups may combine with metal

ions or may be oxidized to disulfide, sulfoxide or sulfone groups.

Cramer (16) showed that nitrofurans are reduced by bacterial

enzymes and suggested that their inhibitory action arises from their

preferential reduction over the natural energy yielding substrates in

the cell. This would deprive the cell of needed energy.

Formaldehyde is thought to act by combination with amino

groups and this action may be reversed by the addition of ammonia

(39).

Triphenylmethane dyes (crystal violet) may be used to "train"

cells to resistance in response to exposure to the dye. To produce

such resistance, the cells form a lipid layer on their surface.

Acridine dyes have been found to interfere with the function of

nucleic acids. The method of interference is intercalation between
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adjacent base pairs in the double helix of the DNA molecule (58).

Halogenation of the benzene nucleus increases the antibacterial

activity of this compound as does alkyl substitution. Combination of

these substituents results in further increased activity. Where a

single substituted group is concerned the para position results in

more activity than the ortho or meta isomers (93).

A comparison of the homologous series of primary alcohols

from n-ethyl to n-hexyl shows the relationship of toxicity to solubil-

ity in water and oil (97). Surface activity and partition coefficients

appear to be significant in determining toxicity which for different

isomers may vary for different bacteria (26). A general conclusion

which can be drawn from this work is that any differences in distri-

bution between oil and water phases can account for differences in

killing effects.

It has been known for some time that organisms do not develop

resistance against drugs whose action is that of a general poison.

In drugs in which the action is limited to a single point the anti-

bacterial substance may be rendered ineffective if one or another

of the processes of resistance acquisition take over to enable the

organism to survive.

To date there are two mechanisms of resistance definable with

some precision: the first concerns the accumulation of lipids by the

cell during the acquisition of resistance and the second involves the
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ability of some strains of bacteria to decompose the antibacterial

agent (39).

Lipids in Resistance

Dyer and Ordal (21), using electrophoretic mobility as an

experimental technique, showed that the presence of increased amount

of lipid in the cell offered protection from killing by cetylpyridinium

chloride. In addition, Chaplin (14) obtained greatly increased resis-

tance in lipid enriched cells of Escherichia coli and Serratia marces -

cens exposed to QAC; this did not occur with Staphylococcus aureus,

however. In a later paper, staining with Sudan Black B and electro-

phoretic mobility studies clearly demonstrated an increase in lipid

in the resistant cells; lipase treatment resulted in loss of resistance.

Lowick and James (59) grew Aerobacter aerogenes in the presence of

crystal violet and demonstrated surface lipid by electrophoretic

techniques, whereas, in the case of untrained cells the surface was

predominantly polysaccharide.

Vaczi, Szila and Cillesky (98) found that certain gram negative

bacteria in the process of acquiring resistance to chloramphenicol,

experienced a change in their lipid composition. An increase in the

proportion of ether soluble fraction closely paralleled the increase

in resistance. The cells resistant to chloramphenicol were found to

be more resistant to QAC although resistance to phenol was less than
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in the unadapted organisms.. Hill, James and Maxted (37) concluded

that changes in the cell wall lipid of Streptococcus pyogenes may be

caused by the tetracyclines.. Also, enhancement of lipid was obtained

by growing S. aureus, Bacillus subtilis and Streptococcus fecalis

in glycerol by Hugo and Stretton (43). The fattened organism showed

resistance to a variety of penicillins; lipase treatment of these

organisms caused increased sensitivity. Later, Hugo and Franklin

(40) showed that lipid protected bacteria from the antibacterial drug

by a nonspecific blanketing mechanism. It was not possible however,

to enhance the lipid content of E. coli or Pseudomonas aeruginosa

by growth in glycerol.

The removal of lipid or lipid complexes from the cell renders

the organism more susceptible to the activity of certain antibacterial

agents (61). Ethylenediaminetetraacetic acid (EDTA) treatment at

alkaline pH allows extraction of a lipopolysaccharide from Ps.

aeruginosa; this treatment also renders the cell permeable to sev-

eral unrelated molecules (34). Treatment of Ps. aeruginosa with

light petroleum removes 22% of the cell lipid and increases the sensi-

tivity of the cell toward streptomycin, chloramphenicol, and other

compounds (45).

Biochemical Mechanisms of Resistance

Most evidence shows that mutations to resistance are random
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events unaffected by the presence of a drug. The drug serves as a

selective agent favoring the survival of resistant strains over sensi-

tive strains once the genetic alteration has taken place. Possible

mechanisms for the acquisition of drug resistance are decreased

penetration of the drug, increased destruction of the drug, increased

concentration of a metabolite antagonizing the drug, increased con-

centration of an enzyme utilizing this metabolite, decreased require-

ment for a product of the metabolite, use of an alternative metabolic

pathway by-passing the metabolite and presence of an enzyme with

decreased affinity for the drug compared with the metabolite.

An example of modification of the drug is shown by the ability

of some organisms to produce penicillinase which changes penicillin

to a harmless molecule; beta-lactamase is the enzyme involved.

Penicillins refractory to penicillin lactamase have been developed,

such as methicillin and dimethoxyphenyl penicillin. There are other

possible methods of resistance to penicillin, one of which is the

production of another kind of penicillinase, amidase. So far, there

has been no evidence of the use of this mechanism as a resistance

producing factor (74).

Enteric organisms are capable of reducing chloramphenicol to

an inactive compound (67). This reaction has not been shown to be

the cause of resistance to chlorarnphenicol, but mutations could oc-

cur leading to this result.
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Some drugs must be converted to active compounds in the body

to be effective (74). The loss of nucleotide phosphorylase appears

to be the most common chemical basis for resistance to purine and

pyrimidine analogs among both microorganisms and animal cell

lines. This enzyme is not necessary for the cell's growth if the

cell is capable of de novo synthesis of purine and pyrimidine nucleo-

tides. The loss of the enzyme results in the failure of the organisms

to convert the base analogs to the active inhibitory forms, thereby

conferring resistance on the cell to the analogs.

Many structural analogs of essential metabolites, in addition

to purine and pyrimidine analogs, are known to be incorporated into

cellular components in place of the corresponding normal compound.

This results in disruption of cellular functions. For example, a

strain of E. coli, selected for resistance to the amino acid analog

para-fluoro-phenylalanine was found to be incapable of activating

the analog although phenylalanine was activated in the normal man-

ner. Mutation of the amino acid activating enzyme allowed the enzyme

to function when exposed to ortho or meta fluorophenylalanine but not

to function with the compound in the paraconfiguration (74). This is an

example of resistance to an incorporable amino acid analog which can

be traced to an alteration in the incorporating mechanism.

Impermeability to drugs frequently accompanies drug resis-

tance. Such impermeability may be the result of decrease in the
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number, affinity, or activity of the intracellular receptors for the

drug, or it could be a consequence of the loss of a stereo specific

mechanism necessary for the drug to penetrate an otherwise im-

permeable cell membrane. With parafluorophenylalanine the activity

of an internal receptor was altered as was uptake of the analog. Both

the mutant and the parent strain had identical capacities to concen-

trate the material into the intracellular spaces under conditions in

which the analog can not be utilized, that is, inhibition of protein

synthesis by chloramphenicol (78).

There is evidence to prove that impaired uptake of antibacter-

ial agents is due to alterations in membrane activity, such as the

loss of stereo specific concentrating systems or permeases. Mu-

tant strains of E. coli selected for resistance to D-serine and to

canavanine are unable to concentrate these analogs from the medium.

The D-serine resistant strain is unable to concentrate glycine and the

canavanine resistant strain is unable to concentrate arginine. Appar-

ently these analogs gain entrance via the permeases designed for the

entry of the natural amino acids (85).

When considering altered sensitivity of enzymes to drugs, the

long standing assumption that sulfonamides are competitive inhibitors

must be reconsidered; it has been shown that they are in fact competi-

tive substrates (9). Another reaction illustrating the sensitivity of

enzymes to drugs is that streptomycin has been shown to be, at low
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concentrations, a potent inhibitor of messenger RNA stimulated in-

corporation of amino acids into bacterial proteins by bacterial ribo-

somes (20).

Enzymes sensitive to end products may be altered. A struc-

tural analog can be used to mimic the end product inhibitory effect

of its corresponding normal metabolite. The basis of this bacterio-

static action is the ability of the analog to mimic an end product.

Mutants selected for resistance to such analogs were found by Moyed

(73) to produce enzymes that had become partially or completely in-

sensitive to inhibition not only by the analogs but also by the corres-

ponding normal metabolites. The loss of sensitivity to the analogs

accounted for the resistance.

The regulatory system controlling the enzymes of a biosyn-

thetic sequence include the end product of the pathway and the hypo-

thetical repressor substance which is activated by combining with the

end product and the operator locus on the gene where the active re-

pressor exerts its command to cease or reduce enzyme production

(46). Theoretically it should be possible to break this regulatory

chain at any one of three points; as a result of mutation, the supply

of the end product may be limited; the repressor substance may be-

come defective; or the operator locus may become unresponsive to

the repressor. The first two mechanisms have been shown to ac-

count for drug resistance based on increase of a sensitive enzyme but
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not as yet to changes in the operator locus.

The first report of increased production of competitive sub-

strates by drug resistant organisms described the over production

of para amino benzoic acid (PABA) by a sulfonamide resistant strain

of Staph. aureus (56). Other cases of analog resistant mutants being

sought and tested for excretion of metabolites revealed at least a

half dozen excretors. Most of them excrete the normal metabolite

for which they are resistant.

Analytical Technique for Bacterial Lipids

It can not be too strongly emphasized that certain conditions

must be rigidly controlled to insure reproducibility of results dur-

ing quantitation of lipids extracted from bacteria. The composition

of culture media should be simple and as chemically defined as pos-

sible and use of media containing biologically produced materials

should be avoided. For example, it has been shown by Hill, James

and Maxted (37) that the use of glycerol or other related compounds

in culture media may alter the lipid present both qualitatively and

quantitatively. In fact, any uncontrolled variation in the medium

may alter the amounts or kinds of lipid present.

Another important consideration to insure reproducibility of

results in studies on bacterial lipids is the selection of a specific

period in the growth curve of the microorganism for harvesting cells
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in repeated experiments. Adherence to a particular time of cell

harvest is extremely important because aging of the culture tends

to alter the lipid content (66). Also, the physical conditions under

which cultures are incubated must be as well controlled as available

equipment will allow. A continuous culture fermentor which controls

aeration, pH, and temperature is ideal.

Having selected a culture medium, age of harvesting and the

physical conditions for growth prior to lipid extraction, the nature

of the cell should be given consideration, since the method of cell

removal from the culture and cell washing can influence results

markedly. Sensitivity of cells to centrifugation pressures or osmotic

shock in hypotonic wash solution frequently causes lysis with subse-

quent loss of lipid material. The possible removal of external lipid

layers by processing techniques as well as contamination of the cells

must be guarded against.

Concomitant with the removal of the cells from the culture

is the necessity for processing the cells as rapidly as practicable.

Even a minute amount of lysis may supply enough nutrients for whole

cells to grow under conditions different from those in the controlled

culture. This poses experimental difficulties if the organism is able

to grow at temperatures close to freezing.

Various techniques have been used to extract lipids from bac-

teria. Some authors (105) use the original culture vessel and acidify
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the culture prior to removal of the cells. One technique (105) is to

extract the lipids by refluxing the cells for a period of time in alco-

hol and resuspending the cells in another solvent to complete the

extraction. Another method is direct extraction with several com-

binations of organic solvents to remove all possible lipids followed

by a reflux in potassium hydroxide to release more tightly bound

lipids which are then also extracted in organic solvents (44). There

are some who feel that it is impossible to be certain of the removal

of all lipids from the bacteria unless the cell wall and the cell mem-

brane are ruptured to allow the most intimate contact possible of the

cell contents with the extracting solvents (62). It is obvious that the

effect of various extraction methods on the lipids to be examined

must be considered.

Ethyl ether has been reported to activate lipolytic enzymes (35),

resulting in breakdown of the more complex lipid. Some authors (50)

have indicated that extraction at room temperature is desirable to

protect lipids from hydrolysis. Also shielding the lipid from strong

light to prevent their breakdown is advocated (6). Because some

lipids are so easily oxidized, the addition of 0. 01% p-hydroxytoluene

or other antioxidant is desirable and whenever possible lipids should

be stored in a nitrogen atmosphere (22). In fact, certain lipids such

as carotenoids which are particularly sensitive to oxidation require

both an antioxidant and nitrogen atmosphere for their protection. The



23

problem of obtaining a total lipid extract that is sufficiently dry to

weigh with accuracy also poses a formidable problem. This has

been solved by some workers by drying extracts over phosphorous

to remove the last traces of solvent prior to weighing. Vacuum dry-

ing has been used also.

In the last ten to 20 years the study of lipids has been greatly

stimulated and advanced by the introduction of gas liquid chromatog-

raphy (47). Other recently developed techniques used in lipid analysis

include thin layer chromatography, infrared spectrometry and mass

spectrometry.

Lipids must be methylated to prevent the occurrence of dimeri-

zation during gas liquid chromatography. According to the litera-

ture (48) methylation is easily accomplished by strong acid hydroly-

sis of the sample with concurrent methylation of the carboxy groups

of the fatty acids. However, this technique usually proves difficult

and often time wasting. Nevertheless, methylation may be easily

accomplished by the use of boron trifluoride (14% in methanol) ob-

tainable from Applied Science Laboratories, State College, Pennsyl-

vania.

Gas liquid chromatography (GLC) allows separation of very

closely related lipids and at the same time provides a method for

their identification. This may be accomplished by processing known

standards and comparing their retention times with those of the
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unknowns. The use of various solids to carry the liquid phase and

the use of liquid phases with different characteristics greatly extends

the capability of this method. The use of polar and nonpolar columns

for the analysis of a specimen aids in identification of unsaturated

and other lipids. Unsaturates also may be hydrogenated and analyzed

to confirm suspected identities. Lipid fractions may be further stud-

ied and characterized by collection, at the time of separation by GLC,

in a fraction collector. For example, after treatment by oxidation

to destroy double bonds, fractions may again be methylated; the bond-

ing site can then be determined by measuring the carbon chain lengths

in the fractions by further gas liquid chromatography.

Thin layer chromatography has been developed by Malins and

Mangold (63), Stahl (91) and others to provide very efficient identi-

fication of lipids. Separation may be enhanced by altering the mater-

ials making up the thin layer itself, by changing the solvents used

to move the lipids over the thin layer, and by varying the chemical

methods used to alter the migrating characteristics of some of the

lipids. Silver nitrate chromatography is an example of the first

method, allowing separations on thin layer otherwise unobtainable

by this method. Reversed phase chromatography where the thin

layer is nonpolar instead of polar is effective in increasing the effi-

ciency of separation of such materials as carotenoids (91). Separa-

tions of natural lipids such as those of bacteria may however,
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become a matter of trial and error because the natural lipids of one

organism may require entirely different conditions for resolution

than those of another bacterium. A table showing increasing polar-

ity values of solvents can be consulted when this difficulty occurs,

and such tables are available in handbooks of chromatography (91).

Even so, phospholipids are particularly difficult to separate and it

has been the author's experience that some sprays do not work as

well as claimed in reference texts.

Application of lipids to thin layer plates should be controlled

to as small an area as possible when sharp separations for identifi-

cation purposes are desired. Touching the thin layer plate with the

application instrument should be carefully avoided because the resul-

tant hole in the thin layer alters the solvent flow. The use of paper

lined tanks is helpful since solvent saturation of the atmosphere of

the tank produces a straight rather than a sagging solvent front and

allows rapid travel of the solvent front over the thin layer. To ob-

tain reproducible results, fresh solvent must be used daily.

Column chromatography also has been used successfully for the

purification and separation of lipids. For example, non-lipid con-

taminants may be removed by the use of Sephadex columns (103) and

silica gel G with different elution solvents used to separate neutral

lipids, glycolipids and phospholipids (105).

Bacterial lipids which contain a variety of types are usually
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separated into homogeneous lipid classes as the initial step in reso-

lution into separate compounds. Bacterial lipid generally consists of

large amounts of phospholipids and free fatty acids, small to insig-

nificant amounts of triglycerides and a nominal amount of hydrocar-

bons. Initial separation of these classes may be obtained by use of

thin layer plates of silica gel G with a solvent system of hexane-

methanol-glacial acetic acid (90:10:1, v/v/v) (91) or by use of column

chromatography with suitable solvents.

The phospholipid class may be further separated and charac-

terized by the use of silica gel G thin layer plates and a solvent of

chloroform-methanol-water (60:30:5, v/v/v) (63). Spraying for

phosphate, amine groups, reducing sugars and other components will

help to identify lipids present and suggest further tests for character-

ization of the lipids. Known standard substances chromatographed

together with the phospholipids will help characterize them (48).

When lipids are present in large enough quantities, infrared

spectrometry may be used to characterize them individually. This

technique may be combined with mass spectrometry for further iden-

tification.
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MATERIALS AND METHODS

Organisms

Cultures used in this study were obtained from the collection

maintained in the Department of Microbiology at Oregon State Uni-

versity. Strain QRM was used in all experiments. In reference to

cultures used for lipid extraction, the letter S denotes sensitive

cultures, which have not been exposed to antibacterial agents; R

indicates cultures resistant to quaternary ammonium compound (QAC);

RQ identifies QAC resistant cultures which have been grown in the

presence of QAC; CH indicates cultures resistant to chlorampheni-

col; CHCH denotes cultures resistant to chloramphenicol which have

been grown in the presence of chloramphenicol.

Cultures were maintained at room temperature (25 C) in tryp-

tone, glucose, yeast extract broth (TGY) and transferred weekly.

Composition of the TGY broth medium was tryptone, five grams;

glucose, 2.5 grams; potassium hydrogen phosphate monobasic, one

gram; yeast extract, one gram; and one liter of distilled water. This

medium was used to grow all cultures as well as to maintain the

organisms.

Cells used as an inoculum for R and RQ final cultures were

carried in broth containing 515 parts per million (ppm) germicide.

Experimentally these cells were carried in TGY broth in the absence
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of QAC for several months. Testing revealed these cells maintain

their resistance indefinitely.

Development of Resistance to Antibiotics

Selection of an antibiotic to use in experiments accompanying

the studies of QAC necessarily was restricted to antibiotics to which

Ps. aeruginosa was sensitive. Five possibilities were tested: 1)

nalidixic acid; 2) chloramphenicol; 3) neomycin; 4) colymycin; 5) poly-

mixin B. The organism proved to be sensitive to all but colymycin.

Nalidixic acid was not available in sufficient quantity for experimen-

tation, therefore, chloramphenicol, neomycin and polymixin B were

each used in a series of tube dilutions. Vials of these antibiotics were

diluted with sterile water to make a concentration of 100 mg per ml

of chloromycetin and neomycin and 2500 units per ml of polymixin B.

These initial dilutions were further diluted into five tubes (Table 1).

The tubes then were inoculated using a 3 mm bacteriological loop

immersed in a sensitive cell culture of strain QRM. Growth oc-

curred at a concentration of 0.001 mg per ml of neomycin and in

chloramphenicol there was growth at a concentration of 0.1 mg per

ml. In polymixin B growth occurred at a concentration of 0.25 units

per ml.

Another dilution series containing 50% more antibiotic per tube

was prepared. This series was inoculated from the tube in the



Table 1. Dilutions of antibiotics in TGY broth prepared as the first step in the selection of resistant
cells of Ps. aeruginosa.

Chloramphenicol and Neomycin

Tube # 1 2 3 4 5 6

Dilution 100 10 10 10 10 0

Drug concentration
in milligrams 1 0.1 O. 01 0, 001 0. 0001 0

Polymixin B

Tube # 1 2 3 4 5 6

Dilution 100 10 10 10 10 0

Drug concentration
in units 25 2. 5 0. 25 0. 025 0. 0025 0
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original series which had bacterial growth in the highest antibiotic

concentration. This procedure was continued at biweekly intervals

for a period of three months. Growth of bacteria in polymixin B

and neomycin was discontinued after 12 increases of antibiotic con-

centration because the organism was clearly more resistant to chlor-

amphenicol than to the other two antibiotics. Cross resistance among

the three antibiotics was tested. After three months a culture of Ps.

aeruginosa was obtained which was resistant to 50 mg per ml of

chloramphenicol. This was in contrast to the original culture which

would not grow at a concentration of chloramphenicol greater than

0.1 mg per ml.

Cells used as inoculum for CH and CHCH final cultures were

carried in a TGY broth with no chloramphenicol present. Testing

at intervals showed these cells maintained their resistance to chlor-

amphenicol for the duration of the investigation.

Quaternary Ammonium Solution

The quaternary ammonium compound, Accoquat 1602, used in

this study was supplied by Klenzade Corporation, a division of Eco-

nomics Laboratory, Minneapolis, Minnesota. The chemical name

for the compound is alkyldimethylethylbenzyl ammonium chloride

and it will be referred to as QAC. The concentration of the stock

solution was 51.5%. It was diluted with distilled water to the desired
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sired strength.

Chloramphenic ol
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Chloramphenicol used was manufactured by Eli Lilly under the

trade name of Chloromycetin.

Culture Conditions

S, R, RQ, CH and CHCH cells were grown under each of the

following conditions:

1) in 16-liter quantities at room temperature in TGY broth

under six pounds of aeration dispersed through a coarse dispersion

tube for 48 hours.

2) in ten-liter quantities in a water bath at 32 C in TGY broth

under six pounds of aerations dispersed through a coarse gas disper-

sion tube for 48 hours.

3) in 30-liter quantities in a Fermacell fermentor in TGY broth

for 48 hours with the temperature controlled at 37 C, the pH con-

trolled at 7.0 and with aeration by sterile air at 0. 25 cubic foot per

minute.

The inoculum for these cultures was obtained from one liter

of an overnight culture of cells grown on a shaker at 30 C. The cul-

tures were checked for purity by gram stain and by observing for
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typical growth on TGY plates solidified with 1.5% agar.

The cells were harvested by centrifugation at 50,000 rpm in

a water cooled Sharpies Super Centrifuge, washed three times by

suspending the cells in distilled water and centrifuging in a Serval

refrigerated centrifuge. The supernatant fluid was discarded and

the cells were suspended in a minimal amount of water and lyophil-

ized.

Reagents

All solvents and chemicals used were reagent grade with the

exception of hexane which was high purity. Hexane, chloroform and

methanol were glass distilled twice before being used. Absolute

methanol and anhydrous ether also were used.

Extraction of Free Lipids

To determine the percent of lipid present, the lyophilized cells

were weighed to 0.1 mg prior to extraction of the lipid. Lipids

were extracted separately from each of the bound and free lipid ex-

tracts, weighed to 0.1 mg and the amount of lipid extracted from

the weighed cells was calculated as percent of cell dry weight. To

obtain total lipids present, the bound and free lipid figures for each

sample were combined.

Lipid extraction was done by the method of Huston and Albro
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(44). Lyophilized cells (one to two grams) were extracted with 100 ml

of acetone on a shaking machine for one hour. The cells were filtered

using Whatman #1 filter paper and resuspended in chloroform-meth-

anol (2:1, v/v). This suspension was shaken for two hours. The

cells were again filtered through Whatman #1 filter paper, resus-

pended in chloroform-methanol (2:1, v/v) and shaken again for two

hours. A final extraction was made using chloroform-methanol (1:1,

v/v). The solvents were combined and evaporated to dryness in a

50 C water bath under a stream of dry, high purity nitrogen and taken

up in chloroform-methanol (2:1, v/v). This extract was washed by

salt partition using the method of Folch, Lees and Sloan-Stanley (28).

The washed lipid was dried, lyophilized, weighed and taken up in

chloroform-methanol (2:1, v/v) to a concentration of 20 mg per ml;

then it was stored in screw cap tubes with a foil liner under nitrogen

in a refrigerator at 5 C until used.

Extraction of Bound Lipids

The extracted cells were suspended in two normal potassium

hydroxide and refluxed for two hours in a nitrogen atmosphere. The

resulting liquid was extracted after acidification using 200 ml of

chloroform in 50 ml aliquots. The solvent containing the lipid was

dried, washed and dried again and weighed to determine total lipid

present. Complete dryness was obtained by overnight lyophilization.
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The extract was taken up in chloroform-methanol (2:1, v/v) to a

concentration of 20 mg of lipid per ml of solvent.

Extraction and Separation of Lipids

Lipid extraction was performed by the method of White and

Frerman (105). Lyophilized cells (2.5 grams) were extracted by

refluxing under nitrogen in 300 ml of doubly distilled isopropanol for

20 minutes. The isopropanol mixture was reduced to 90 ml volume

under a stream of nitrogen in a 50 C water bath. The extract had

300 ml of chloroform and 60 ml of methanol added. The mixture then

was shaken for 20 minutes on a reciprocating shaker and then filtered

through Whatman #1 filter paper. The residue was extracted again

for one half hour on a shaker with 100 ml of chloroform-methanol

(2:1, v/v); the extracts were then pooled. The lipids were concen-

trated under a stream of dry, high purity nitrogen in a 50 C water

bath.

Twenty grams of Sephadex 25 was suspended in a 250 ml cylinder

and the remaining fine particles (fines) removed after standing by

careful pouring. This was repeated five times. The residue was

filtered through a Buchner filter and spread on Whatman #1 filter

paper to dry overnight. The dried material was resuspended in a

20-gram quantity in 25 ml of chloroform-methanol-water (60:30 :4. 5,

v/v/v) and the suspension then poured in a 1 X 50 cm column.
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Trapping of bubbles in the column was prevented by pouring the

Sephadex suspension into 20 ml of the chloroform-methanol-water

mixture. Lipid to be purified was dissolved in a small amount of

chloroform-methanol-water and washed into the column with 5 ml

of chloroform-methanol-water. The lipid was eluted from the column

with 15 ml of chloroform-methanol-water per gram of Sephadex. The

column was then eluted with 25 ml of chloroform-methanol (2:1, v/v)

and this was combined with the original eluant. This method for re-

moving nonlipid contaminants was described by Wells and Ditmer

(103) .

Lipids were fractionated by silicic acid chromatography as

described by Vorbeck and Marinetti (100). The column was prepared

with silicic acid especially designed for lipid chromatography (Bio-

Sil HA minus 325 mesh Bio-Rad control 3653, distributed by Calbio-

chem, P. O. Box 54282, Los Angeles, California).

The silicic acid was slurried in hexane and poured into a 1 X

50 cm column. The column was washed with 60 ml of diethyl ether

and then with 60 ml of chloroform. The lipid sample was applied to

the column in 5-ml of chloroform and washed in with two 3-ml por-

tions of chloroform. The column was eluted with the following

solvents, each of which was collected separately: a) 60 ml of chlor-

oform; b) 60 ml of chloroform-acetone (1:1, v/v); c) 60 ml of ace-

tone; d) 100 ml of chloroform, 10% methanol; e) 100 ml of
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chloroform, 30% methanol; f) 100 ml of chloroform, 50% methanol;

g) 60 ml of methanol. The neutral lipids were removed as the chloro-

form fraction, which contained the pigments. The chloroform-ace-

tone and acetone fractions were pooled and these contained the glyco-

lipids as well as some of the pigments. The methanol fractions

containing phospholipid were also pooled.

Separation of Lipid Classes

The lipids extracted by the Huston and Albro method were sepa-

rated on 20 X 20 cm thin layer plates which had been spread with

silica gel G to a thickness of 250 microns by means of a Desaga

spreader. These plates were activated by heating at 110 C for one

hour prior to use. The solvent used was hexane-ether-water (90:10:

1, v/v/v) and the plates were developed in an ascending manner in

unlined tanks. The lipids were separated into a phospholipid frac-

tion, a free fatty acid fraction, a triglyceride fraction, and a hydro-

carbon fraction. Lipid samples from S, R, RQ, CH and CHCH cells

were each separated on four thin layer plates using 20 mg of lipid

per thin layer plate, the maximum amount which could be placed on

one plate without the occurrence of tailing. The classes were visu-

alized with iodine vapor, scraped into screw cap tubes, and eluted

from the silica gel G using chloroform methanol (2:1, v/v). Stand-

ards used were oleic acid and stearic acid for the free fatty acid
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fraction and Wesson oil for the triglyceride fraction.

Separation of Phospholipids

Phospholipids were separated on thin layer plates using a

solvent of chloroform-methanol-acetic acid (60:30:5, v/v/v). Two

directional separation was attempted with various additional solvent

systems. The figures quantitating the phospholipid fractions were

obtained by densitometry with a Densicord densitometer. Cutouts of

the densitometer peaks were weighed to 0.1 mg to determine quanti-

ties present.

Preparation of Methyl Esters

The phospholipid, free fatty acid, hydrocarbon, and triglycer-

ide fractions were separated by scraping their respective spots from

the thin layer plates into individual tubes. The lipids were eluted

from silica gel G using chloroform-menthol (2:1, v/v) and separated

from the gel by filtration into screw cap tubes. These extracts were

dried by the addition of anhydrous sodium sulphate which was allowed

to remain in contact with the extracts overnight to remove traces of

water. The extracts were again filtered into screw capped tubes

and dried.

Boron trifluoride (14% in methanol) was added in 6 ml quanti-

ties to the dried lipid. The tubes were fitted with foil lined caps
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tightly screwed in place and were placed in a boiling water bath for

30 minutes. The contents of the cooled tubes were then transferred

to a 150 ml separatory funnel with three 10 ml portions of petroleum

ether. Water (20 ml) was added and the funnel then shaken 100

strokes by hand to thoroughly mix the contents. The petroleum

ether layer was filtered through Whatman #1 filter paper into small

erlenmeyer flasks and evaporated to dryness in a stream of nitrogen

on a 50 C water bath. The methyl ester residue was taken up in

four 1 -ml portions of hexane and the hexane methyl ester solution

then was reduced to 0.2 ml under a stream of nitrogen in a 50 C

water bath and stored under nitrogen in a foil lined screw cap tube

at 5 C in the dark. These samples were analyzed by injecting them

into the gas liquid chromatograph.

Hydrogenation of Fatty Acid Methyl Esters

Hydrogenation of methyl esters was accomplished by the method

of Farquhar et al. (25). Methanol was used as the solvent instead

of ethanol to prevent transesterification (60). The hydrogenation

flask was kept saturated with hydrogen by steady flushing with hydro-

gen gas. These reaction conditions were maintained for two hours

to insure complete hydrogenation of the fatty acids present.
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Coating and Packing of Gas Chromatography Columns

Two columns were prepared; the polar column with diethylene

glycol succinate (DEGS) and the nonpolar column with apiezon L (APL).

Chromosorb W (60-80 mesh) was used as the inert support for

both columns. DEGS (7.5 grams) was dissolved in chloroform and

42.5 grams of chromosorb W were stirred into this solution. APL

(ten grams) was dissolved in toluene and 40 grams of chromosorb W

were added. These mixtures were stirred at intervals and allowed

to stand overnight. The solvents were removed by stirring on a

steam bath. The powder was spread on foil and dried thoroughly at

110 C.

Aluminum tubing six feet long and one-eighth inch in outer di-

ameter was plugged at one end with washed glass wool and packed with

the assistance of a vibratory tool. The DEGS column was conditioned

overnight with a small flow of helium at 180 C. The APL column was

conditioned for two days at 250 C with a small flow of helium. The

instrument used was an F and M gas chromatograph equipped with

hydrogen flame ionization detector.



Column Operating Conditions

Size:

Nature:

Operating temperature:

Carrier gas:

Detector gas:

Detector gas:

Sample size:

Flame detector:

Flash heater:

Column I (DEGS)

6' x 1/8" o.d.

15% DEGS on Chromosorb W

(60-80 mesh)

175 C

helium at a flow rate of

50 ml per minute

hydrogen at a flow rate of

25 ml per minute

air at a flow rate of 200 ml

per minute

2 microliters

210 C

210 C
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Size:

Nature:

Operating temperature:

Carrier gas:

Detector gas:

Detector gas:

Sample size:

Flame detector:

Flash heater:

Column II (APL)

6' X 1.8" 0. d.

20% APL on Chromosorb W

(60-80 mesh)

250 C

helium at a flow rate of 32

ml per minute

hydrogen at a flow rate of

20 ml per minute

air at a flow rate of 200

ml per minute

2 microliters

280 C

280 C
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To observe for the possible presence of short chain fatty acids

with chain lengths less than eight carbons, the DEGS column was

programmed from 40 C to 175 C at an increment of 5 C per minute.

Theoretical Considerations

The number of theoretical plates in a column is the number of

equilibrations of the sample which occur between the gas and liquid

components of the column. Plates may be determined by the formula:
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n = 16 (tr/w) 2
, where

n = number of theoretical plates

w = base width of the component

tr = retention time of the components measured from the

injection point of the sample to the mid-point of the

component's elution curve.

The number of theoretical plates for the DEGS column was

1488 when measured on the methyl stearate curve. The number of

theoretical plates for the APL column was 2960 when measured on

the methyl stearate curve. The efficiency of a column is determined

by the number of theoretical plates which it contains; the larger the

number of theoretical plates the more efficient the column.

Because equilibria do not occur, the height equivalent of a

theoretical plate (HETP) is measured. The HETP equals the length

of the column in centimeters divided by the number of theoretical

plates. The DEGS column had a HETP of 0.12 cm and the APL

column had a HETP of 0.06 cm.

A column's ability to separate components is measured by the

formula:

2Ay
CR = where+ yb
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CR = component resolution

Ay = distance between peak maxima of two components

ya+yb = base widths of components a and b

A solution to this equation of 1 or greater indicates complete

separation. The components usually used are methyl stearate and

methyl oleate. The DEGS column separated at the rate of 1.2 and

the APL separated at 1.3. As the column ages the ability to separate

components tends to decrease.

Identification and Quantitation of Fatty Acid Methyl Esters

All samples were chromatographed in two microliter quantities.

Standard mixtures of methyl esters of fatty acids were chromato-

graphed at spaced intervals between the samples and a combination

of methods was used to identify the components of the sample. Also

the carbon number of each component was determined (106). Com-

parison of retention times of unknowns with those in the literature,

recalculated as carbon numbers, was also used to identify some

samples. The retention times of the unknowns were compared with

those of known fatty acid methyl esters. Standards used included all

saturated odd and even-numbered fatty acids from an eight carbon

chain length through 22 carbon chain length. Unsaturated fatty acids

used as standards were palmitoleic, oleic, linoleic, linolenic,

11-eicosanoic, and the 22 carbon monoenic acid. Branch chain
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fatty acids used as standards included C-14 iso, C-15 anteiso, C-16

iso and C-17 anteiso. The chromatograms of the samples processed

on nonpolar and polar columns were compared. Samples were com-

pared prior to and after hydrogenation by the method of Fahrquar

(25). Carroll's method (10) was used to make quantitative analyses

of the peak areas.

Thin Layer Chromatography of Lipids

In addition to separation of the lipids into classes, thin layer

plates were used to separate phospholipid components. The basic

solvent used for this purpose was chloroform-methanol-acetic acid

(60:30:5, v/v/v). Phospholipid components were determined by the

use of sprays to identify component compounds: nitrogen, glycolipid,

phosphate, choline, ethanolamine, inositol, glycerol, plasmalogens

and esterified fatty acids. Many solvents were used in an attempt

to separate the pigment fraction of the lipid on thin layer plates.

Experimental Variation

In preliminary phases of this research concern was expressed

because of considerable variation which was encountered in experi-

mental results. Therefore, experiments were carried out to see if

reproducible results could be obtained when a single batch of cells

was divided and each half analyzed. Also, three different batches



of cells grown under the same conditions were analyzed and the re-

sults compared.

Pigment Production
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The complex media devised by King, Ward and Raney (51) was

used to test for pigment production by the various cell types of Ps.

aeruginosa used throughout these studies.

A schematic summarization of the analyses performed on the

lipids obtained from Ps. aeruginosa is presented in Figure 1.



Lyophilized Cells
I

Free Lipid Bound Lipid

Methyl Esters

Thin Layer Chromatography

Hydrolysis and Methylation

Gas Liquid Chromatography

Methyl Esters

Identification Identification

P = phospholipicis F = free fatty acids T = triglycerides H = hydrocarbons

Figure 1. Pseudomonas aeruginosa lipid analysis scheme.
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RESULTS

Data obtained on the various types of lipids found in the S, R,

RQ, CH and CHCH cell types of Ps. aeruginosa are shown in Table 2.

From the extracts of both the bound and the free lipids the fol-

lowing lipid classes were separated: phospholipids, free fatty acids,

triglycerides and hydrocarbons (Figures 2 and 3). Table 3 shows

that the concentrations of phospholipids in the free lipid fraction

in the extracts range from 33 to 55%. The free fatty acids varied

from 23 to 41%. The triglycerides comprised a small amount (1 to

4%) of the lipids present. The hydrocarbons varied from 20 to 33%.

The bound lipids of the S, R, RQ, CH and CHCH lipid class fractions

were phospholipids, 25 to 33%; free fatty acids, 25 to 40%; triglycer-

ides, 10 to 15%; and hydrocarbons 23 to 32% as shown in Table 4.

In both the bound and the free lipid extracts the fatty acids of

the phospholipid fraction and the free fatty acid fraction were analyzed

as methyl esters by gas liquid chromatography. As shown in Tables

5, 6, 7, 8, and 9, the patterns of lipids present were similar in both

cases; the phospholipid fractions and the free fatty acid fractions con-

tained the same fatty acids, although the quantities of those present

varied more in the free fatty acid fraction than in the phospholipid

fraction. The triglyceride fraction was so small in quantity in the

free lipid that good graphs of the fatty acids present were not obtain-

able even when the gas chromatograph was operated at the most



Table 2. Percentages
aeruginosa.

of total, bound and free lipid present in various
Cells were grown in a New Brunswick Fermacell

cell types of Pseudomonas
fermentor.

Lipid analyzed
Cell type

S R RQ CH CHCH

Total

Bound

Free

20.4

6.0

14.4

14.0

3.0

11.0

19.3

2.9

16.4

13.5

4.2

9.3

16.8

3.3

13.5



Figure 2. Photograph of thin layer chromatogram showing
separation patterns of lipid classes from free lipid
extract of Ps. aeruginosa cells grown at 37 C for
48 hours in a New Brunswick Fermacell fermentor.
From left to right, the cells are: S, R, RQ, CH,
CHCH, oleic acid and Wesson Oil (triglycerides).
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Figure 3. Photograph of thin layer chromatogram showing separa-
tion pattern of lipid classes from bound lipid extract of
Ps. aeruginosa cells grown at 37 C. for 48 hours in a
New Brunswick Fermacell fermentor. From left to
right the cell types are: S, R, RQ, CH, CHCH, oleic
and Wesson Oil (triglycerides).





Table 3. Percentage composition
of Ps. aeruginosa.

of lipid classes of the free lipid fraction from various cell types
Cells grown in a New Brunswick Fermacell fermentor.

Cell type
Lipid class S R RQ CH CHCH

Phospholipids 38 44 55 33 33

Free fatty acids 27 30 23 41 35

Triglycerides 2 1 2 4 1

Hydrocarbons 33 25 20 22 31



Table 4. Percentage composition of the lipid classes of the bound lipid fraction from various cell
types of Ps. aeruginosa grown in a New Brunswick Fermacell fermentor.

Cell type
Lipid class 5 R RQ CH CHCH

Phospholipids 33 30 27 27 25

Free fatty acids 25 31 35 40 36

Triglycerides 10 11 13 10 15

Hydrocarbons 32 28 25 23 24



Table 5. Percentage composition of the major fatty acids of the phospholipid fraction from bound
lipids of various cell types of Ps. aeruginosa grown in a New Brunswick Fermacell
fermentor.

Cell type
Fatty acids S R RQ CH CHCH

C 16 16.3 16.8 10.0 9.0 17.0

C 16:1 19.5 9.3 26.0 51.0 18. 0

C 18 7.5 3.3 2.0 2.5 4.5

C 18:1 7.5 3.9 1.5 3.5 4.5



Table 6. Percentage composition of the major fatty acids of the free fatty acid fraction from bound
lipids of various cell types grown in a New Brunswick Fermacell fermentor.

Fatty acids
Cell type

S R RQ CH CHCE-1

C 16 38.0 21.8 37.0 23.0 26.0

C 16:1 O. 0 20. 0 7. 0 13. 5 35. 0

C 18 22.5 8. 2 9. 0 15.0 8. 0

C 18:1 15.5 16.6 14.0 13.5 10.0



Table 7. Pe rcentage composition of the major fatty acids of the free fatty acid fraction from free
lipids of Fermacell cells.

Fatty acids
Cell type

S R RQ CH CHCH

C 16 48.1 51.0 31.9 45.8 23. I

C 16:1 10.4 15.9 9. 3 O. 0 2. 7

C 18 14.2 7. 7 18.1 IL. 8 0. 0

C 18:1 27.9 33.4 40.5 37.1 75. 0



Table 8. Percentage composition of the major fatty acids of the phospholipid fraction from free
lipids of Fermacell cells.

Cell type
Fatty acids S R RQ CH CHCH

C 16 52.5 56.5 44.4 48.0 46.4

C 16:1 7.0 9.0 8.4 9.4 6.8

C 18 6.6 4.4 6. 7 11.3 3.9

C 18:1 33. 7 34.5 44.0 31.2 46. 2



Table 9. A comparison in percentage of the four major fatty acids found present in free lipids of five
cell types of Ps. aeruginosa cells grown in a Fermacell fermentor.

Phospholipid fraction Free fatty acid fraction
Trial I Trial II Average Trial I Trial II Average

S 16 53. 9 51.1 52.5 47. 0 50. 2 48.1
16:1 5.9 8.1 7.0 12.9 7.9 10.4
18 6.4 6.8 6.6 16.4 12.0 14.2
18:1 33. 7 33. 8 33. 7 25.9 29. 9 27.9

R 16 54.1 58.9 56.5 51.4 50.7 51.0
16:1 9.0 obsa 9.0 7.1 8.1 15.9
18 3.3 5.6 4.4 8.4 7. 1 7. 7
18:1 33.5 35.4 34.5 32.9 33.9 33.4

RQ 16 40.4 48,4 44.4 39.4 24.5 31.9
16:1 8.4 8.3 8.4 11.4 7.3 9.3
18 2.8 3. 9 6.7 8.0 28.3 18.1
18:1 48.4 39.5 44.0 41.0 40.0 40.5

CH 16 48.0 47.9 48.0 40. 7 51.0 45.8
16:1 11.1 7.6 9. 4
18 3.2 19.4 11.3 27.9 5.8 16.8
18:1 37.6 24.8 31.2 31.2 43.1 37.1

CHCH 16 46.6 46.2 46.4 24. 0 22. 2 23.1
16:1 6. 8 obs 6. 8 2. 7 2. 7
18 4.3 3.5 3.9
18:1 42.1 50.4 46. 2 75. 0 75.0 75. 0

a obs = obscured due to size of adjacent peak
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sensitive adjustment. The major triglyceride fatty acid peaks were

however, similar to those of the phospholipid and free fatty acid

fractions. Separation of the bound lipid fraction into lipid classes

by thin layer chromatography revealed a triglyceride group which

migrated ahead of the longer chain triglyceride standard (Figure 3).

Absence of this lipid group from the lipid classes separated from

the free lipid fraction suggested the possibility that this group was a

decomposition product caused by refluxing the bound lipids in potas-

sium hydroxide. It was noted that decomposition products of the

oleic acid standard migrated with this group of lipid.

Separation of the phospholipid by thin layer chromatography

revealed no differences except in the extract containing QAC in

which there was much less lipid than in the other cell type extracts

(Figure 4).

Fatty acids present included straight chain saturated and un-

saturated types (Table 10). Odd-numbered fatty acids were present

as well as the usual even-numbered fatty acids. The presence of

branched chain acids also was domonstrated. The predominant

acids in all three fractions were palmitic acid, palmitoleic acid,

stearic acid and oleic acid. These four acids accounted for 65 to

80% of phospholipid fractions and 33 to 61% of the free fatty acid

fractions. Typical chromatocharts of the fatty acid methyl esters

of the phospholipid fraction are shown in Figures 5 and 6. Straight
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Table 10. Methyl esters of fatty acids found in the phospholipid
fraction of the free lipids extracted from Ps. aeruginosa
type S cells.

Peak # Compound
by

carbon no.

FERMACELL
Carbon no.

1
identification

CELLS
Percentage composition
Before H2 After H2

1

2
3

4
5

12
12:1
13
14br15

12
12.5
13.2
14
14.3

.3

. 3

.4

. 7

.5

. 5

. 0

.5

. 7

.6
6 15 15 . 7 . 7

7 15:1 15.4 1.2 . 8

8 16 15.8 35.1 28.6
9 16:1 16.3 obs 1.5

10 17 br 16.5 1.1 1.2
11 17 16.9 1.5 1.3
12 17:1 17.1 1.3 0.0
13 18 17.8 5.1 18.5
14 18:1 18.0 25.2 0.0
15 18br 18.2 obs 6.0
16 18:2 18.5 3.0 1.2
17 19br 18.7 2.4 2.8
18 18:3 19 2.4 0.0
19 20br 19.3 .9 .7
20 20br 19.8 1.7 2.5
21 20 20.2 1.3 11.0
22 20:1 20.3 9.1 6.7
23 21 20.9 2.1 7.2
24 21:1 21.1 2.7 1.9
25 22 22.0 . 5 4.5

br = branched chain acid
1 = number of carbon atoms in acid: number of double bonds

obs = obscured by an adjacent peak



Figure 4. Photograph of thin layer chromatogram showing
separation pattern of phospholipid extracted from
Ps. aeruginosa cells grown at 37 C. for 48 hours
in a New Brunswick Fermacell fermentor. From
left to right the compounds are: QAC, S, R, CH,
RQ, CHCH and a standard indicating, from the
origin, lysophosphatidylcholine, phophatidylcholine,
phophatidyl ethanolamine and cholesterol esters
on the solvent front.
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Figure 5. Reproduction of the gas chromatogram pattern
resulting when methyl esters of fatty acids of
the phospholipid fraction of S cells of Ps.
aeruginosa were analyzed. This was the free
lipid fraction.
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Figure 6. Reproduction of the gas chromatogram pattern resulting
when methyl esters of fatty acids of the phospholipid
fraction of S cells of Ps. aeruginosa were analyzed
after hydrogenation of the unsaturated lipids. This was
the free lipid fraction.
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chain saturated fatty acids were identified by their retention time

compared to that of known standards. These esters did not change

their chromatographic position when hydrogenated. Their relative

positions were unchanged when compared on DEGS and APL columns.

Their carbon numbers were whole numbers. Peak #1 represented

lauric (C-12); #3--tridecanoic (C-13); #4--myristic (C-14); #6--

pentadecanoic (C -15); #8- -palmitic (C -16); #11- -heptadecanoic (C -17);

#13--stearic (C-18); #21--eicosanoic (C-20); #23--heneicosanoic

(C-21); #25--docosanoic (C-22).

Unsaturated straight chain fatty acids were identified by their

retention times as compared to the retention times of known stand-

ards. Unsaturated esters were eluted before the corresponding sat-

urated esters on nonpolar columns while the reverse' was true when

polar stationary phases were used. In addition, identity of unsatur-

ated fatty acids was confirmed by chromatography following catalytic

hydrogenation. When hydrogenated the unsaturated acid will migrate

with the corresponding saturated fatty acid of the same length.

Hydrogenation will therefore cause disappearance or marked diminu-

tion of an unsaturate peak and corresponding increase of the related

saturated fatty acid peak on a gas liquid chromatography chart.

Peak #2 represented dodecenoic (C-12:1); #7--pentadecenoic (C-15:1);

#9--palmitoleic (C16:1); #12--heptadecenoic (C-17:1); #14--oleic

(C-18:1); #16--linoleic (C-18:2); #18--linolenic (C-18:3); #22--
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eicosenoic (C-20:1); #24--heneicosenoic (C-21:1). (Table 10 and

Figures 5, 6).

Branched chain acids were identified by comparing their carbon

numbers to the carbon numbers of known branched chain acids identi-

fied at comparable temperatures on both polar and non-polar columns

(106). Carbon numbers available in the literature (106) were also

used to aid in identification. Branched chain esters were eluted be-

fore the corresponding straight chain ester on both polar and non-

polar phases. They were characterized by carbon numbers which

were not whole numbers and which were not usually similar to the

carbon numbers of monounsaturates. Peaks on Figure 5, 6 char-

acterized in this manner were #5, #10, #15, #17, #19 and #20. Cy-

clopropane fatty acids may be separated from branched chain fatty

acids by their propensity to migrate ahead of the corresponding

saturated fatty acids on non-polar columns and behind on polar col-

umns.

Components of the phospholipid fraction of S cells which were

isolated by thin layer chromatography were three phosphate bearing

spots (Figure 4). These were separated and labeled I, II and III in

increasing distance from the origin. Spot I migrated with the lecithin

or phosphatidylcholine standard, however, attempts to identify the

spot as phosphatidylcholine with two sprays specific for this com-

pound failed. The ninhydrin reaction of these spots was negative.
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The iodine test was positive. These findings indicated the presence

of lipid and phosphate and the absence of amine groups. Hence the

compound appeared not to be lecithin. Spot II migrated so as to

provide the same Rf value as the phosphatidylethanolamine standard.

Reaction for phosphate was positive; reaction with ninhydrin was

positive; and the test for phosphatidylethanolamine was also positive.

Therefore, Spot II was identified as phosphatidylethanolamine. This

compound constituted the major faction of the phospholipids. Spot III

was positive for the phosphate test; negative for the ninhydrin test;

positive for the iodine test; negative for the phosphatidylcholine test

and the phosphatidylethanolamine test. The migration of Spot III

in reference to the migration of phosphatidic acid in various solvent

systems as reported in the literature (89) provided identification of

this spot as phosphatidic acid.

When the phospholipids were chromatographed the QAC (Figure

4) standard included migrated the same distance as phosphatidyl-

ethanolamine but was spread out over a larger area. QAC standard

in phosphatidyl ethanolamine migrated to the same area but over-

lapped the reference compound. The phosphatidylethanolamine was

identified by p-quinone spray in spite of the large amount of QAC

present.

Results presented thus far have concerned cells grown in a

Fermacell fermentor at 37 C, pH 7. 0 with an aeration flow one fourth
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cubic foot per minute, which was the minimum air flow possible. The

amount of aeration removed most of the QAC from the culture, form-

ing a black scum on the surface of the medium. The removal of at

least the majority of the QAC was confirmed checking the clarity

of the culture medium; a small amount of QAC renders a protein-

containing medium turbid. Quantitative testing revealed that 25% of

the phospholipid fraction present in the bacterial extracts was QAC.

Because the fatty acids of the phospholipid and free fatty acid

factors comprised the bulk of the lipids present, they were studied

in detail.

The phospholipid fractions of S, R, RQ, CH and CHCH cell

lipids yielded free fatty acids which were reproducible in two batches.

S, R, and CH cell type fatty acids from the phospholipid fraction

were almost identical. In the RQ extract the C-18:1 fatty acid was

increased by approximately 10%. This was also true of CHCH. The

S, R, and CH extracts of the free fatty acid fraction were similar.

The RQ fraction had approximately 10% more C-18:1 than the S

extract. CHCH extract had more than double the amount of C-18:1

than was present in the S extract.

Cells Grown at Room Temperature

Total, free and bound lipids of various cells types grown at

room temperature may be seen in Table 11. The concentration of



Table 11. Comparison of total, free, and bound lipids from cell types grown in a Fermacell fermen-
tor and at room to -nperature.

Cell types
Room temperature Fermacell

Lipid analyzed S R RQ S R RQ

Total 18.0 23.0 40.0 20.9 14.2 19.3

Free 14.3 18.0 32.0 14.4 11.0 16.4

Bound 3.7 5.0 8.0 6.5 3.2 2.9
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lipid classes of free and bound lipid classes may be observed in

Tables 12 and 13. Table 14 shows percentage composition of phos-

pholipids of cell types grown at room temperature.

The methyl esters of the lipid class fractions of the room tem-

perature cells were analyzed by gas liquid chromatography (Tables

15, 16). The patterns of lipid present were similar to the lipids

present in the fermacell grown cells. The major peaks were approxi-

mately the same and ranged from 63 to 86% of the phospholipid frac-

tions and 34 to 66% of the free fatty acid fractions. Chromatograms

of the fatty acid methyl esters were similar to the fermacell charts

in the kind and amount of methyl esters present. This was true for

both the phospholipid and free fatty acid fractions of both the bound

and free lipid classes. Chromatograms revealed the presence of

fatty acids in the methylated hydrocarbon fractions; however, short

chain fatty acids were present in greater amounts than in the phos -

pholipid and free fatty acid fractions though the lipid pattern re-

mained the same. Furthermore, components of the phospholipid

fractions isolated by thin layer chromatography were the same as

those isolated from the Fermacell grown cells.

The phospholipid fractions of S and R cell type free lipid

when grown in three separate batches were reproducible quanti-

tatively. However, the RQ extract differed not only from the S

and R cells but also from batch to batch in no reproducible pattern.



Table 12. Percentage composition of lipid classes
of Ps. aeruginosa grown at room temperature.

of the bound lipid fraction from various cell types

Lipid classes
Cell types

S R RQ

Phospholipids 17.0 26.0 25.0

Free fatty acids 38.0 21.0 25.0

Triglycerides 23.0 28.0 28.0

Hydrocarbons 22.0 25.0 22.0



Table 13. Percentage composition of lipid classes
of Ps. aeruginosa grown at room temperature.

of the free lipid fraction from various cell types

Lipid classes
Cell types

S R RQ

Phospholipids 24.5 23. 0 34. 0

Free fatty acid 17.5 38. 0 23. 0

Triglycerides 1.0 0. 0 1. 0

Hydrocarbons 57. 0 39. 0 42. 0



Table 14. Percentage composition of phospholipids
Ps. aeruginosa grown at room temperature.

from free lipids of various cell types of

Phospholipid
Cell types

S R RQ

Spot I 14. 0 12.0 11. 0

Spot II 59.0 70.0 50. 0

Spot III 9. 0 5.0 20. 0

Solvent front 18. 0 13.0 19. 0



Table 15. Percentage free fatty acid and phospholipid composition of various cell types of Ps.
aeruginosa grown at room temperature for 48 hours. This was the free lipid fraction.

Fraction

Compound

Free fatty acids Phospholipids
S R RQ S R RQ

C-16 24.7 24. 0 25.4 23. 7 28,4 29. 8

C-16:1 16.1 9. 7 14.3 15. 0 2. 5 9.1

C-18 6.0 13.6 6.4 3. 3 1.1 2. 2

C-18:1 33.5 29.6 35.9 41. 9 53. 6 52. 0



Table 16. Percentage free fatty acid and phospholipid composition of various cell types of
Ps. aeruginosa grown at room temperature for 48 hours. This was the bound lipid
fraction.

F raction

Compound

Free fatty acid Phospholipids
S R RQ S R RQ

C-12 17.8 20.7 1.6 0.4 0.2 1.1

C-16 24.5 23.5 15.5 68.6 69. 0 38. 2

C-16:1 7.3 7.0 5.1 7. 7 7.3 11.8

C-18 4. 8 5,1 7.4 1. 9 1.3 3. 7

C-18:1 4.3 6.2 10.3 2.8 1.3 5.8
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Free fatty acids of both the free and bound lipid S and R extracts

were reproducible and the RQ fractions again were found variable.

Experimental Variation

When a single batch of cells was divided into halves and each

half analyzed separately, the four major fatty acids components of

the free fatty acid fraction varied by percentages of 0%, 1%, 3%,

and 7%. In four batches of cells grown separately the variations in

these same components, were 2%, 10%, 12% and 13%. The proces-

sing method used proved to be very accurate but the growth conditions

were less reliable.

Pigments

Washam (102), in his investigation of the pigments of Ps.

aeruginosa, stated that this organism when grown in the presence

of QAC to which it had been made resistant produced no pigments

when tested with King's agar (51). Repetition of his experiment con-

firmed his results and showed that the normal organism produced

pyocyanin. Testing of Ps. aeruginosa which had been made resis-

tant to chloramphenicol revealed the presence of only pyorubrin

and fluorescin (Figure 7).



Figure 7. Photograph of Ps. aeruginosa pigments produced on
petri plates containing King's agar of either the A or B
types as indicated. Top left: pyocyanin on type A agar
by the sensitive strain; bottom left: pyorubrin by the CH
strain; bottom right: fluorescin on type B agar by the
CH strain; top right shows lack of pigment by the S strain
on the B medium; center plate shows typical lack of pig-
ment by the R strain.
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Penicillin Resistance

The cells of Ps. aeruginosa which had been made resistant

to chloramphenicol and the cells which had been made resistant to

QAC were both tested for penicillin resistance. The sensitive cells

when repeatedly examined were resistant to 100 units of penicillin.

The cells resistant to QAC were resistant to 100 to 3000 units of

penicillin. The cells resistant to chloramphenicol were resistant

to 27,000 to 33, 000 units of penicillin. The reason for testing the

cells with penicillin was to determine if there was any similarity

of the mechanism of resistance to QAC to the mechanism of resis-

tance to penicillin since both are known to affect the cell surface.

There was no similarity. However, resistance to chloramphenicol

conferred substantial resistance to penicillin.

Short Chain Fatty Acids

The R and RQ methyl esters when programmed from 40 C to

175 C produced, at the lower temperatures, a series of eight peaks

of very short chain fatty acids. The shortest chain standard available

was eight carbons in length. These peaks were of shorter chain

lengths. The S cells did not produce these short chain peaks nor

did the CH and CHCH cell types (Figure 8).



Figure 8. Reproduction of the gas chromatogram pattern of
lipids of RQ cells showing the presence of fatty acids
with carbon chain lengths shorter than C-8. This
was the free lipid fraction of cells grown at room
temperature.
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Cell Size and Growth Rate

QAC resistant bacteria were very small in comparison with

the sensitive cells, whereas chloramphenicol resistant cells were

20 to 30 times as large as the sensitive cells. In correlation with

cell size was the slow growth of the QAC resistant cells and the

rapid growth of the chloramphenicol resistant cells.

White and Frerman Method

Ps. aeruginosa cells extracted by the method of White and

Frerman and purified by Sepandex column chromatography produced

almost identical quantities of lipid in the S, R, and RQ cell extracts

and an increased amount of lipid the the CHCH extracts (Table 17).



Table 17. Total lipid and fatty acid composition in percent in various cell types of Ps. aeruginosa
extract purified by Sephadex column chromatography of cell extracts.

Total lipids

S

9.7
R

9.8
RQ

9.7
CH

4.4
CHCH

12.4

Predominating fatty acids

C-16

C-16:1

0-18

25.0

18.0

45.0

21.0

21.0
47.0

42.0
9.0

46.0

43,0
9.0

43.0

23.0

16.0

51.0
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DISCUSSION

This research was undertaken to test the theory that resistance

of bacteria to various antibacterial agents was in some way related

to the amount or type of lipid present in the organism. Some of the

early investigators showed that when lipase was used to destroy

lipid, resistance to antibiotics also was lost. As methodology for

research improved, more sophisticated experiments demonstrated

that the lipid content of bacteria could be increased by growing the

organism in certain nutrients, One of these nutrients which was

apparently quite successful in inducing the accumulation of lipid in

bacteria was glycerol. The lipids present were extracted and vari-

ous tests performed to show that this material was indeed lipid.

It was demonstrated that increased lipid protected organisms against

various penicillins, quaternary ammonium compounds and crystal

violet. Some investigators attempted, without success, to find

differences in these lipids.

In this investigation, an increase in lipid was found in Ps.

aeruginosa which had been made resistant by exposure to 750 ppm

of QAC. The same was true for this organism which had acquired

resistance to 50 mg per ml chloramphenicol. Increased lipid was

not found in either of these cases when no antibacterial agent was

present. These organisms remained resistant for the duration of



88

these studies although grown in the absence of the specific antibac-

terial agent to which they had become resistant. Washam (102) found

a 48% increase of lipid present in strain QRM cells resistant to QAC

compared to QRM sensitive cells. The method he used to extract the

lipid was to reflux the cells in chloroform (2:1, v/v) for 30 minutes.

The defatted cells were weighed and the lipid content was calculated

by the weight difference between the extracted cells and the unex-

tracted cells. Non lipid contaminants and QAC present in the lipid

extracted by this method would tend to increase the weight of the

lipid fraction causing a higher estimation of lipid than was actually

present. Nevertheless, results of this investigation generally sup-

port Washam's results, as increased lipid was demonstrated by re-

sistant cells grown at 32 C in QAC-containing medium.

In man infected with Ps. aeruginosa, the use of chlorampheni-

col as an antibiotic would cause the microorganism to produce lipid

which would accumulate on the surface of the bacterium. (40, 59).

This lipid coat could block action of the first antibodies formed be-

cause they would have no effect against the lipid coated organism.

Other protective mechanisms of the body such as phagocytosis may

also be prevented or hindered by this lipid layer. If a method can

be found to prevent the formation of this lipid it is possible that we

may be able to prevent resistance of the microorganism to anti-

bacterial host mechanisms.
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Although the microorganisms may be resistant to antibiotics

in vitro when no increased lipid is present, it is possible that the

additional lipid coating may be the factor interfering in vivo with

the antibacterial mechanisms of the host and that with removal of

the lipid or prevention of formation of the lipid the host antibacterial

mechanism may efficiently overcome the microorganisms. Because

the bacterium is resistant in the absence of lipid it also is possible

that lipid provides a primary defense mechanism allowing time for a

secondary genetic defense mechanism to become operative.

The total lipid content of cells resistant to and grown in, the

absence of QAC was essentially the same as that of sensitive cells.

Resistant cells grown in the presence of QAC at room temperature,

however, revealed a large increase in the amount of lipid present.

Although it must be kept in mind that QAC also is extracted with

lipid solvents, in these experiments a definite increase (25%) of lipid

present in QAC grown cells was noted. That there was a genetic

change in the makeup of the resistant cell was demonstrated by the

permanence of alteration to resistance. The microorganism re-

mained resistant to QAC even when grown for long periods of time

in the absence of the antibacterial agents. These results suggest

that in addition to a permanent genetic alteration in the cell, there

was also a change induced by environment.

A great many factors must be considered when evaluating data
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supporting any hypothesis to explain the production of more lipid in

resistant cells grown in the presence of antibiotic. In this study the

control of factors such as salt concentration, pH and ionization which

may affect the mechanisms of lipid production was considered. These

factors were maintained as constant as possible in all studies done.

It is believed therefore that the data obtained in this work are more

reliable than those reported by other workers.

The increase in 18:1 unsaturated fatty acid in both phospholipid

and free fatty acid fraction of the microorganism grown in QAC leads

to the speculation that QAC penetrates the cell envelope to some ex-

tent and affects lipid metabolism. Because this increase occurs

with the 18 carbon acid it may be hypothesized that the control

mechanism for fatty acid synthesis is one which is effective at the

particular metabolic site leading to the synthesis of the 18 carbon

unsaturated acid. This suggested that the synthesis of lipid in this

organism may be controlled by an automatic stop system for the

C-16 and the C-18 chain lengths as these fatty acids constitute the

bulk of those present in all extracts examined. This metabolic

control to enhance fatty acids of this chain length appears to be sub-

ject to some alteration by the presence of QAC. This alteration may

be a genetic change which requires the presence of a cationic mole-

cule to complete the control mechanism. Therefore in the absence

of QAC molecules, as in R cells, an alteration in the 18 carbon



91

lipids does not occur even though the organism has been genetically

changed to QAC resistance. In this regard, it is of great interest to

note that Wakil (101) in a review of lipid metabolism states that there

is evidence for two synthetic mechanisms, one of which is extra-

mitochondrial and adds to two carbon fractions to make lipids up to

a chain length of 16 carbons. The other mechanism, which is mito-

chondrial, adds two carbon fractions to the longer chain length acids

beginning with C-16. Even though bacteria do not have mitochondria

the possibility that the two synthetic systems are present should be

considered. In bacteria the intramitochondrial processes could take

place in the cell wall. Therefore it is conceivable that the QAC

molecule would not need to move a great distance within the cell to

contact this site.

The presence of large amounts of unsaturated 18:1 fatty acid

in both the phospholipid and the free fatty acid fractions of the lipid

in the presence of QAC demonstrates the possible need for this fatty

acid as an essential component of the cell wall or membrane. Also

most of the 18:1 fatty acid present in the phospholipid fraction must

be bound in phosphatidylethanolamine, the largest component of the

phospholipids present. This may indicate that the predominating

unsaturated fatty acid acts in a protective capacity to change the

amount of unsaturated material present altering the charge. This,

in turn, would alter the permeability of the cell to extracellular
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nutrients and possibly alter the speed of normal cellular metabolism.

The increase of this component in the free fatty acid fraction accumu-

lating as reserve material then would be available for replacement

when needed in the phospholipid fraction to maintain the integrity of

the cell wall.

It is interesting to consider how QAC might cause cells of Ps.

aeruginosa to synthesize more lipid. In this regard, Reeves et al.

(81) noted that EDTA stimulated fatty acid production in yeast. The

K for acetyl CoA was markedly affected by the presence of the

chelating agent whereas the K for malonyl CoA was unaffected.

Other studies lead to the opinion that the stimulatory effect of EDTA

could best be interpreted in terms of an allosteric effect on the acetyl

CoA binding site of the yeast fatty acid synthetase. Perhaps QAC

acts in a similar manner in Ps. aeruginosa. The production of

short chain fatty acids by R and RQ cells but not by S cells at room

temperature may also be related to an allosteric effect of QAC. The

R cells grown in the absence of QAC may be genetically able to pro-

duce these short chain acids but unable to do so unless QAC is pres-

ent to allosterically inhibit the acetyl CoA binding site of the synthe-

tase. In the presence of QAC this stimulation may lead to the syn-

thesis of larger amounts of all of the fatty acids usually present thus

resulting in a non specific increase. This supports the mechanism

suggested by Hugo and Franklin (40) of a nonspecific blanketing action
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of the lipids to protect the microorganism. The increase of 18:1

fatty acid as previously mentioned could result from interference

by the QAC with the control mechanism operative later in the syn-

thetic cycle of the fatty acids.

The absence of lipid increase in cells grown in QAC-containing

medium in the Fermacell fermentor was thought to be the result of

QAC loss during aeration. The intensely aerobic nature of Ps.

aeruginosa made it essential that a good supply of oxygen be pro-

vided. As a result a black scum of QAC and protein appeared on

the surface of the medium soon after the germicide was added.

Consequently the RQ cells were grown in a much lower concentra-

tion of QAC than provided for by medium addition. This black scum

was produced by cultures growing at room temperature also but to a

much smaller extent because of reduced aeration. Another factor

considered in the lack of increased lipid under Fermacell conditions

was the much higher temperature (37 C) used in this case as com-

pared to room temperature grown cells (25 C). Another parameter

possibly involved here was the control of the pH at 7.0 in the Ferma-

cell fermator as compared to the fluctuating pH at room temperature.

Measurement of the amount of QAC in extracts of S and RQ

cells grown at room temperature in comparison with the amount of

germicide in extracts of S and RQ cells grown under Fermacell

conditions revealed that the amount of QAC present in both extracts
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was the same. No QAC was present in the control (S) samples.

This indicated that although the cells were grown in presence of

varying amounts of QAC, the cells appeared to take up the same

amount of germicide per unit of dry cell weight. This finding would

tend to discredit control of the amount of the lipid synthesized by

the amount of QAC available.

It appeared that the amount of lipid produced in the presence

of QAC was directly related to the temperature at which the cultures

were grown. Cultures grown in the Fermacell fermentor at 37 C

produced 19% total lipid; those grown at 32 C produced 24% total

lipid while those grown at room temperature (25 C) produced 40%

total lipid.

It is noteworthy that the growth of cells resistant to QAC for

several months in the absence of germicide did not lose resistance.

Yet no more lipid was present in the R cells than in S cells. How-

ever, when the R cells were challenged with QAC they immediately

expressed their resistance by surviving the exposure and enhancing

lipid biosynthesis. This indicated that these organisms were resis-

tant prior to the build up of a large amount of lipid in or on the bac-

terial cell. In short, resistance was not due to the presence of lipid.

Experiments in which microorganisms were grown in the pres-

ence of QAC and then extracted for lipid, may be subject to criti-

cism because the bacterial surface is known to be electro negative
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and the QAC molecule is electro positive, therefore, conditions were

present favoring formation of an electrostatic bond. This bond would

resist any attempt to remove the QAC from the surface of the bacter-

ium and certainly a mild treatment such as triple saline washes pre-

sumably would be quite useless in removing the bound QAC. There-

fore, all experiments in which the total lipid content of a microorgan-

ism was determined after exposure to QAC must be evaluated with

this in mind. Also, this investigation has demonstrated that QAC

extractable with lipids in organic solvents will appear upon separa-

tion of the phospholipid fraction as an entity migrating at an R f sur-

rounding that of phosphatidylethanolamine.

The greater reproducibility of data on the phospholipid frac-

tions of the lipids suggests the existence of a rather stable membrane

wall. The lipids comprising the wall appear to be present in definite

ratios and are reproducible within 1 to 2% from different lots of cells.

In contrast to the phospholipid data, much greater variation

was found in the free fatty acid composition of the various cell types.

This might be expected in view of the generally accepted belief that

free fatty acids exist as a pool and are available to supply or ex-

change with the membrane at any time. Even under the stress of

challenge by an antimicrobial agent, it seems reasonable that a

stable structure such as a bacterial cell membrane could respond to

that stress by attempting to preserve its structure and configuration;
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perhaps alteration of that structure occurs to the extent of incorpo-

rating slightly different components in an effort to adjust to physical

or chemical stresses such as acidic or basic conditions.

Cells resistant to QAC lose the ability to synthesize pigments.

Aromatic biochemical compounds, according to the acetogenin hy-

pothesis, are built up from acetate residues into chains and then

folded and joined into the requisite structure to make various aro-

matic compounds. The other principal source of naturally occurring

aromatic compounds is glucose by way of the shikemic acid pathway.

The pigments of Ps. aeruginosa are phenazines, aromatic structures

containing three rings and approximately two nitrogen atoms, These

pigments are not produced by the microorganism when growth is

initiated but appear later after a period of 24 to 48 hours. Thus,

the pigments are produced after other requirements of the organism

are fulfilled. If the pigments are constructed via the acetogenin

pathway, the acetate moiety is again the starting point. The slow

growth rate of microorganisms resistant to QAC may be associated

with the previously discussed phenomenon of stimulation of fatty

acid synthesis at the expense of acetate molecules present. This

would leave the organism short of acetyl CoA to feed the Krebs cycle.

Since the acetyl CoA would be decreased in amount, any available

acetyl CoA would tend to go first to the Krebs cycle because of its

vital function in metabolism, thus leaving no raw material for the
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construction of pigments. Cultures of QAC resistant organisms

when held for a week at 30 C on special pigment producing media

did not develop pigments; therefore it was assumed there was not

enough acetate present to produce pigments even after an extended

period of time. If the glucose pathway through shikemic acid is

used to produce the pigments this would also tend to be blocked since

one effect of QAC on the cell, according to Washam (102), is to re-

duce the uptake of glucose. Both pathways are involved in more

vital functions than pigment production.

Many pigmented organisms appear to be able to develop sig-

nificant resistance to antibiotics. It is tempting to speculate that this

resistance may be due to the presence of pigment or pigment pre-

cursors. This study with QAC would tend to disprove the presence

of pigments as a necessary requirement for resistance. Resistance

to chloramphenicol results in the presence of two new pigments,

pyorubrin and fluorescin. Therefore, the pathway for pigment

production is disturbed in both organisms, though obviously not

in the same manner.

For the first 24 hours cultures of S and R cells growing in

the Fermacell fermentor produced a great deal of alkali and for the

second 24 hours a great deal of acid was produced. In contrast to

this was the behavior of the RQ, CH and CHCH cells, all of which

produced mild amounts of alkali for the entire 48 hours of growth.
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Attempts were made to relate these phenomena to growth rates.

Cells resistant to QAC grew more slowly than cells sensitive to QAC

while the cells of CH resistant organisms grew more rapidly than

either the sensitive cells or the cells resistant to QAC. Therefore,

growth rate was not related to acid or alkali production in the

Fermacell fermentor. Basic metabolic differences in the organism

must account for these variations in catabolic end products.

The transferase which transfers the peptide chain from the

ribosomal donor site to the ribosomal acceptor site is inhibited by

chloramphenicol (31). This is the primary mechanism of action for

this antibiotic. The mechanism of action of penicillin is to prevent

cell wall synthesis in growing bacteria. Therefore, the question

arises: why should an organism which is resistant to high levels

of chloramphenicol also be resistant to high levels of penicillin?

The high degree of penicillin resistance by Ps. aeruginosa

made resistant to chloramphenicol would suggest a common mech-

anism is shared, especially since resistance to penicillin is acquired

in a stepwise manner. In this case, the chloramphenicol resistant

organism was resistant upon first exposure to 27, 000 to 33, 000 units

of penicillin, whereas the sensitive parent organism was resistant

to only about 100 units.
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SUMMARY

Lipid composition of Pseudomonas aeruginosa was studied using

organisms which were sensitive and resistant to chloramphenicol and

QAC. Organisms were grown at room temperature, 32 C and in a

Fermacell fermentor at 37 C. At room temperature, cells grown

in the presence of QAC and chloramphenicol produced more lipid

than sensitive cells. Cells resistant to chloramphenicol and QAC

retained their resistance when grown in the absence of these com-

pounds.

Separation of the lipids into lipid classes revealed no marked

differences between the various cell types in the amount or type of

lipid present. Further fractionation of the phospholipid class into

component phospholipids indicated that there was no effect by the

antibacterial agents on the kind and amount of lipids produced by

the cell. Methyl esters of the fatty acids of the four lipid classes

which were separated by thin layer chromatography revealed no

alteration as a result of mutation to antibiotic resistance in the num-

ber of fatty acids present among the various cell types when exam-

ined by gas liquid chromatography. However, there was a repro-

ducible increase in the C-18:1 fatty acid in the phospholipid and

free fatty acid classes of the free lipids of cells grown in the

Fermacell fermentor in the media containing either QAC or
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chloramphenicol.

Sensitive cells contained 17 to 20% total lipid; 3 to 6% of this

total lipid was bound lipid. Phospholipids represented 38%, free

fatty acids 27%, triglyceride 2% and hydrocarbons 33% of the free

lipid fraction. The lipid classes of the bound lipid fraction were

similar to those of the free lipid fraction. Phosphatidylethanolamine

was the major phospholipid present, amounting to 59% of that frac-

tion. Fatty acids included all the straight chain saturated acids from

C-10 through C-22. The predominating saturated fatty acid was C-16

which averaged 34% of the total fatty acids. Nine unsaturated fatty

acids were present; the major unsaturated fatty acid was C-18:1

which averaged 19% of the total fatty acids in the sensitive cells.

In addition six branched chain fatty acids were present in small

quantities. The four major fatty acids, C-16, C-16:1, C-18, and

C-18:1, constituted 59 to 70% of the total fatty acids present.

Cells resistant to QAC produced no pigments; those resistant

to chloramphenicol produced two pigments, pyorubrin and fluorescin;

sensitive cells produced only one pigment, pyocyanin. Organisms

resistant to QAC grew slowly; cells resistant to chloramphenicol

grew more rapidly than sensitive cells. QAC resistant bacteria

were very small in comparison to the sensitive cells, whereas

chloramphenicol resistant cells were 20 to 30 times as large as

the sensitive cells. Cells resistant to chloramphenicol were
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resistant to high concentration of penicillin in contrast to QAC resis-

tant cells which were not. Organisms resistant to chloramphenicol

were not cross-resistant to neomycin or polymixin B.
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