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The rigid peptidoglycan layer of the cell wall is respon-

sible for maintaining the structural integrity of bacteria.

Antibiotics such as penicillin exert their anti-bacterial ef-

fect by inhibiting synthesis of peptidoglycan, and enzymes

such as lysozyme destroy cell integrity by hydrolyzing specific

bonds in the interior of this macromolecule. Defective cells

can no longer withstand the high turgor pressure within the

cell because they are no longer protected by a rigid wall

and tend to become fragile and spherical or irregular in shape.

While all bacteria are pleomorphic under certain conditions

of culture, some lose integrity under conditions which do not

normally affect other bacteria. This is exemplified by the

pleomorphic growth of Azotobacter in nutrient agar or peptone-

containing medium.

The purpose of this investigation was to study the nature

of peptone-induced pleomorphism of Azotobacter. The first

phase of study dealt with the effects of peptone on the growth



growth and morphology of A. vinelandii. Many diverse forms

were observed in peptone-containing media, but it was shown

that all cell types were related to the "fungoid" family of

pleomorphic cells. Cultures of Azotobacter grown in the pres-

ence of 5 per cent peptone consisted almost entirely of elong-

ated, swollen, osmotically fragile cells during the long lag

phase of growth. After approximately 24 hours of incubation

these cells became filamentous and divided by budding or seg-

menting. After 48 hours virtually the entire population had

reverted to a more conventional cocco-bacillary form,and os-

motic stability approached that of the control cultures grown

in N-free medium. It was concluded that fungoid morphology

results from loss of structural integrity of the cell wall

and from inhibition of septum formation and subsequent divi-

sion. Although electron microscopy revealed no detectable

lesions in the walls of fungoid cells, it was evident that

large quantities of internal membrane accumulated in peptone-

grown cells. This may have resulted from the continuation of

membrane biosynthesis under conditions which were inhibitory

to synthesis of cell wall.

Fractionation of peptone revealed that the active prin-

ciple probably consisted of one or more amino acids. Experi-

ments in which synthetic media were prepared according to the



amino-acid analysis of several active fractions indicated

that glycine was the active component. Glycine induced pleo-

morphism over a narrow concentration range; at higher levels

growth was completely inhibited. It was concluded that peptone-

induced pleomorphism in Azotobacter is due to growth of the

organism in concentrations of glycine just below the lethal

threshold.

Although Azotobacter failed to accumulate detectable

levels of cell-wall precursors in response to glycine treat-

ment, it was shown that glycine acted only on metabolically

active cells. In addition, incorporation of glycine into cell

wall of Azotobacter was not required for induction of pleo-

morphism. Methionine and aspartic acid, and to a lesser degree

alanine and isoleucine, were found to competitively inhibit

glycine toxicity.

Induction of pleomorphism by glycine may account for some

of the extreme morphological variation which has been reported

in Azotobacter.
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CHAPTER I

INTRODUCTION

Bacteria With Defective Cell Walls

The structural integrity of bacterial cells is maintained

by a rigid cell wall. Cells which are unable to synthesize

wall material or which produce a defective wall constitute a

broad class of fragile, morphological types that includes pleo-

morphic forms, protoplasts, spheroplasts, L-forms, and Myco-

plasmas. Attempts to define these and other proposed terms

have met with difficulty because there is seemingly a contin-

uance of intermediate forms between the slightly deformed cell

and the true protoplast,which completely lacks a cell wall. It

is essential, then, to describe the general physiological and

anatomical features of these types of cells as they will be

used here.

Pleomorphic Bacteria

In cultures of pleomorphic cells the size and shape of

the bacteria are varied. Cells are often filamentous and

swollen,and large, irregular forms may be present. The struc-

ture of colonies containing pleomorphic bacteria is not

1
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altered and growth does not invade the agar medium. Multi-

plication generally occurs only in the slightly altered cells

(29). The pleomorphic forms, like all bacteria with defective

cell walls, are soft and quite sensitive to osmotic and mechan-

ical stress (118), but they are considered to be relatively

less fragile than the other forms. This observation is gen-

erally interpreted to mean that pleomorphism represents the

first outward sign that an organism is producing a faulty cell

wall. In cases where the wall continues to deteriorate, sphero-

plasts (see below) may be produced. In some organisms such as

Azotobacter (15), Streptobacillus moniliformis or Bacteroides

(30), and in root nodule cultures of Rhizobium, the presence

of pleomorphic forms is regarded as a characteristic of the

species.

Protoplasts

Protoplasts represent the internal cytoplasmic content

of the bacterial cell, surrounded by the cytoplasmic membrane,

free of all remnants of the cell wall (29, 47). These forms

are spherical in liquid media and are so sensitive to osmotic

lysis that they generally require high concentrations of os-

motic stabilizers (for example, 20 per cent sucrose) to pre-

vent disintegration. Although transformation to protoplasts
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is not a necessary step in the development of L-forms (see

below), protoplasts do occasionally multiply and their progeny

are indistinguishable from L-forms which have developed from

intact bacteria. The cell which is completely devoid of cell

wall cannot multiply as a protoplast. Serological, electron

miscroscope, and phage receptor site-studies are generally re-

quired to demonstrate that a cell lacks all traces of cell

wall (16).

Spheroplasts

While protoplasts have been produced primarily from gram-

positive bacteria by a variety of methods, similar structures

which possess some remnants of the cell wall are found in the

gram-negative organisms. These forms, called spheroplasts,

are thus a result of weakening of the outer wall rather than

its complete removal (114). Spheroplasts are large and spher-

ical in liquid media and are not considered to be as delicate

as protoplasts. They commonly reproduce the granules of L-

forms (see below) and may regenerate into normal bacteria

under suitable conditions (29, 47, 84, 141).

L- Forms

L-forms may be distinguished from other cell wall-

deficient cells on the basis of their peculiar mode of
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multiplication. Their growth involves the production of

elementary corpuscles (about 0.05Adiameter) or granules (ljt

diameter) which extend from the surface of the ill-defined cells

and embed themselves into an agar substrate (10, 29, 89, 141).

In fact, multiplication of these granules generally occurs

only within the agar matrix. Development of L-form colonies

is usually preceded by spheroplasting and initially by pleo-

morphic growth, although reversion of the L-form to the bac-

terial state occurs directly. The morphology of cells in an

L-colony is virtually undefined. There is a continuous varia-

tion in size from the elementary corpuscles to large bodies

which may be up to 50,, in size; shapes vary from spherical

forms to large irregular masses which branch and extend in

different directions. Both the morphology and method of multi-

plication of L-forms is reminiscent of pleuropneumonia-like

organisms (PPLO, Mycoplasma). In fact, Klieneberger (62),

who first observed L-forms in cultures of Streptobacillus

moniliformis, initially thought that they were PPLO which were

living symbiotically with the Streptobacillus. Although it

may be possible to distinguish between L-forms and PPLO on the

basis of several criteria (28, 75), it is possible that Myco-

plasmas are merely L-forms which developed from the parent
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bacteria in nature rather than in the laboratory, and have

since lost the ability to return to the bacterial form (10,

122).

The Bacterial Cell Wall

In order to understand how certain defects in cell wall

architecture may lead to the formation of the aberrant struc-

tures described above, it is essential to understand how the

intact wall maintains the rigid framework in normal cells.

Cell Wall Anatomy

Electron microscope studies have been instrumental in

revealing the function and ultrastructure of the cell wall.

As early as 1941, Mudd et al. (82) demonstrated with shadowed

preparations that when bacterial cells were broken, portions

of cell walls were present among the recognizable fragments.

From the shapes and forms of these fragments, they concluded

that the walls were rigid and that their structure determined

the characteristic shape of the organism from which they were

derived. These observations have been repeatedly confirmed

by subsequent investigators and the conclusions of Mudd et al.

are generally accepted (78, 114, 115). Walls of Staphylococcus

aureus are typically spherical (114), those of Streptococcus
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faecalis are ellipsoidal (116), and walls of Bacillus maga-

terium and other rod-shaped bacteria are cylindrical (113).

Preparations of walls from spiral-shaped organisms retain the

helical shape and even the isolated walls of branching orga-

nisms such as Streptomyces show a branched appearance (107).

Salton and Williams (117) demonstrated the three-dimensional

structure of cell walls obtained from Bacillus magaterium

using the technique of freeze-drying. Their photomicrographs

showed the wall to be a crisp shell enclosing the cytoplasmic

contents of the cell.

Although cell wall ultrastructure has been revealed chiefly

through recent refinements in thin-sectioning, earlier studies

using shadow-casting did point out some of the detail of wall

organization in isolated organisms. Walls of Spirillum s.

examined by Houwink (55) were found to be multi-layered.

Moreover, one of the layers was composed of hexagonally packed,

spherical macromolecules measuring about 120 Angstroms in

diameter. This type of construction was subsequently observed

in walls and intact cells of Halobacterium halobium (56),

Selenomonas palpitans (114), and Rhodospirillum rubrum (117).

Studies using Lampropedia hyalina revealed a very complex

surface structure consisting of many interconnecting layers
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and a "honeycomb" arrangement of sub-units (114). The surface

of several organisms studied had a fibrous nature and in some

cases a woven appearance. However, the early investigations

using more frequently studied organisms (Bacillus, Staphy-

lococcus, Escherichia, and Salmonella) failed to reveal the

fine structure of their cell walls. It was assumed at the

time that the majority of bacteria possessed rather homogen-

eous, amorphous cell walls. With advances in fixing, embedding,

and thin-sectioning cells for electron microscopy and with the

advent of new techniques such as freze-etching, it became ap-

parent that the walls of gram-negative bacteria, and to a lesser

extent those of gram-positive bacteria, possessed characteristic

ultrastructures.

Studies of the surface anatomy of bacteria drawn from dif-

ferent taxonomic groups indicate that considerable variation

exists in the degree of differentiation and complexity of the

cell envelope. Thus, the structure of the bacterial shell

may range from the single membrane found in PPLO, Halobacterium,

protoplasts, and L-forms to the well-differentiated walls and

plasma membranes of gram-positive bacteria to the double "mem-

brane" systems of gram-negative bacteria.

The simplest of these systems consists of a single limiting

membrane of about 75 Angstroms in thickness for PPLO or a
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slightly larger "compound membrane" (114) in the halophilic

bacteria. In organisms of this type it appears likely that

wall and membrane functions are combined into a single struc-

ture. For the most part, these forms are quite sensitive to

the lytic action of alcohols and detergents and must be main-

tained in a hypertonic environment. Correlated with the sim-

plicity in surface organization is the absence of the typical

cell wall components such as glycosaminopeptides and diaminopi-

melic acid.

The next higher level of organization is illustrated by

the majority of gram-positive bacteria. These organisms gener-

ally possess a rather thick wall (varying from about 150 Ang-

stroms to as much as 800 Angstroms) which is closely associated

with the plasma membrane. It is accepted that the wall and

membrane are non-integrated structures since digestion of the

wall portion with lysozyme or other specific wall-degrading

enzymes leaves the membrane intact (78, 140). Complete sepa-

ration of the plasma membrane from the wall was also demon-

strated in thin sections of plasmolyzed cells of Bacillus

subtilis (114). The electron density of thin sections of

gram-positive cell walls is generally uniform. In some in-

stances there is a suggestion of a multi-layered appearance,
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but such alternately electron dense and transparent zones are

rarely as clear-cut as the layers of the plasma membranes (83,

141).

The majority of gram-negative bacteria possess a cell

envelope which is structurally more complex than the analo-

gous structure in gram-positive organisms (114). This en-

velope consists of two "double track" components. The inner

track is considered to be the plasma membrane and the outer

multi-layered track (about 150 Angstroms) is the wall component.

In most gram-negative bacteria, the outer "double track"

(plastic layer) tends to separate from the underlying taut

layer during preparation and produces a wrinkled profile. The

inner portion of this outside track, however, does not collapse,

indicating that it may be the actual site responsible for main-

taining structural integrity of the cell. Furthermore, when

spheroplasts are produced in gram-negative bacteria by the

action of lysozyme and EDTA (ethylenediaminetetraacetic acid)

or penicillin, it is this layer (the rigid R-layer or pepti-

doglycan) which disappears (143). The R-layer is thus a thin

strip (about 30 Angstroms wide) which appears to be the inner-

most layer of the cell wall, and which is sometimes separated

from the plasma membrane (83).
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Chemical Composition of Cell Walls

The initial studies on the chemical composition of bac-

terial cell walls were generally concerned with making quali-

tative chemical determinations on whole wall preparations.

Traditionally, cells were disrupted by mechanical disintegra-

tion or other suitable means (114), and the walls separated

from residual whole cells by differential centrifugation (116).

The walls were then acid-hydrolysed and analyzed for the pres-

ence of monomeric components such as amino acids, amino sugars,

and monosaccharides. Although the inventory of cell wall con-

stituents soon became quite large, it was possible to make two

important generalizations. First, the cell walls of gram-

negative and gram-positive organisms were qualitatively dif-

ferent, and second, certain amino acids and amino sugar de-

rivatives were common to all cell walls regardless of their

source.

The fact that all cell walls contain a single essential

constituent and various non-essential substances became in-

creasingly clear when it became possible to strip off the

components which did not function directly in maintaining

rigidity. Such treatments left behind a polymer which con-

sisted of alternating units of N-acetylglucosamine (acGN)
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and N-acetylmuramic acid (acMA) with a short peptide (generally

four or five amino acids) attached by amide linkage to the acMA

moiety. Furthermore, the individual chains of the polymer

were corss-linked to form a rigid three-dimensional structure

like a "bag" encasing the cell. This unique polymer was re-

ferred to as the peptidoglycan (murein (144), mucopeptide (95),

muropeptide, glycosaminopeptide (114), mucopolymer). When the

other wall constituents were solubilized by specific enzymes,

organic solvents, or detergents, the remaining purified pep-

tidoglycan retained the shape of the cell (43, 142, 143, 144).

Thus, the critical component of the cell wall is now looked

upon as an enormous bagshaped macromolecule, termed the "murein

sacculus" by Weidel and Pelzer (144). The chemical composi-

tion and biosynthesis of peptidoglycan will be more fully dis-

cussed later.

The mucopeptide of gram-positive bacteria accounts for

approximately 40-60 per cent of the dry weight of the cell

wall (114). A large portion of the remainder is made up of

a unique group of polymers, the teichoic acids. Teichoic

acids contain repeating units, either glycerol or ribitol,

connected by phosphate ester linkages, and usually have other

sugars and D-alanine attached (Figure 1). Occasionally,
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Fig. 1--Glycerol teichoic acid from Lactobacillus case,
after Brock (17).

various amino sugars, generally galactosamine or glucosamine,

may also be present. The teichoic acid portion of gram-

positive cell walls may be extracted with trichloroacetic

acid (TCA), hot formamide (144), phenylhydrazine (4), or other

solvents to leave behind the insoluble peptidoglycan. Ghuysen,

Tipper, and Strominger (44) have suggested that the teichoic

acid may be joined to mucopeptide by its terminal phosphate

residue. This group of compounds is probably more important

in determining the serological properties of cells from which

they come than in determining the structural properties.

Hydrolysis of gram-positive walls occasionally yields

significant amounts of additional sugars, generally fucose,
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galactose, mannose, rhamnose, and arabinose, and some amino

sugars. In situ these occur as independent polysaccharides

which may be extracted with various solvents, including tri-

chloroacetic acid and hot formamide (106). Polysaccharides

constitute a significant portion of Streptococcus cell wall

and, in part, determine its antigenic specificity. Additional

polymers, for example teichioronic acid, found in B. subtilis

cell walls, and the "waxy substance" of Mycobacterium have

been detected in isolated groups (106).

Hydrolysates of whole cell walls from gram-positive

bacteria generally contain only the specific amino acids char-

acteristic of peptidoglycan. The most common of these are D-

and L-alanine, D-glutamic acid, 2,6-diaminopimelic acid, and

lysine. Glycine and aspartic acid are found with moderate

frequency; in rare instances, ornithine, serine, threonine,

homoserine, and 2,4-diaminobutyric acid may substitute for

some of the more usual compounds. Additional (non-murein)

amino acids occur in extremely low amounts or not at all.

It is apparent that, as a rule, gram-positive organisms con-

tain little protein in their cell walls. An immediate excep-

tion to this rule is the M protein of streptococci (5, 106).
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The multi-layered gram-negative walls are chemically more

complex than those of gram-positive cells (Table I). In

TABLE I

COMPARISON OF THE MAJOR CHEMICAL COMPONENTS OF CELL WALLS
FROM GRAM-POSITIVE AND GRAM-NEGATIVE BACTERIAa

% Dry Wt. of % Dry Wt. of
Component Gram-Positive Gram-Negative

Cell Wall Cell Wall

Peptidoglycan 40-90 5-10

Teichoic acid 30-45 0-trace

Lipopolysaccharide
and polysaccharide 2-5 10-20

Lipoprotein 0-trace 40-50

Free lipid 2-3 10-20

Protein (co-valently
bound to peptidoglycan) trace 5-10

aCompiled from reviews by H. H. Martin (77), M. R. J.
Salton (114), and H. J. Rogers and H. R. Perkins (106).

addition to the mucopeptide which constitutes only about 5-10

per cent of the dry weight of the cell wall (43), gram-

negative bacteria may contain copious amounts of polysaccharide

and protein, often associated with lipid, but little if any

teichoic acid (105, 108). The endotoxin or 0-antigen of many

gram-negative bacteria accounts for a significant amount of
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the cell wall (for example, about 13 per cent of the dry weight

in Escherichia coli B) (77) and is an important serological

tool. The lipopolysaccharides contain between five and nine

sugars in addition to phosphate, ethanolamine, and the con-

stituents of Lipid A (87). The lipopolysaccharides and lipo-

proteins are commonly found in the outer "double track" of

gram-negative cell envelopes (37, 43).

Hydrolysates of whole gram-negative cell walls, differing

from their gram-positive counter-parts, contain a full range

of amino acids, much like one would detect in protein hydroly-

sates. The greatest portion of this protein is associated

with lipid, but some of it is co-valently bound to murein (77).

Because the peptidoglycan represents such a small portion

of the total wall mass and because there is such a variety of

other substances present, it has proven a tedious task to

isolate the purified product from gram-negative organisms.

With the proper techniques, however, this isolation is now

routinely performed to obtain a rigid peptidoglycan layer

which is identical with that of gram-positive organisms.

Lipid-containing polymers are easily extracted with phenols

or ethanol-ether, while the lipids which may be co-valently

bound to murein are hydrolyzed by pancreatic lipases. Poly-

mers containing large amounts of carbohydrate may be extracted
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with TCA, picric acid, formamide, or phenols, and occasionally

by enzymatic digestion (106). Co-valently-bound protein is

usually removed with proteinases, but sometimes treatment with

substances such as copper ethylenediamine may be required for

complete removal of protein and polysaccaharide (76). Electron

microscopy has proved invaluable in demonstrating the stepwise

removal of accessories from murein sacculi (143). "Clean

walls" under the electron microscope are now accepted as an

important criterion of purity (114).

Structure of Peptidoglycan

The generalized cell wall contains a host of "accessory"

components which make up a major portion of wall mass, but

which contribute little, if anything, to the mechanical strength

of the cell. The basic murein architecture, being the founda-

tion of cellular construction, is conspicuously uniform. The

structure of a representative peptidoglycan unit is illustrated

in Figure 2. The amino sugars which form the backbone of the

polymer are joined byB 1-4 linkages; the pentapeptide is at-

tached by amide linkage to the carboxyl group of muramic acid.

Muramic acid, diaminopimelic acid, and the D-isomers of amino

acids have not been found anywhere else in nature (43) and,

therefore, appear to be unique to the bacterial cell wall.
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Fig. 2--Structure of a typical subunit of peptidoglycan,
after Brock (17). ala = alanine; glu = glutamic acid; DAP =
diaminopimelic acid.

The physical properties of this enormous macromolecule

(the "murein sacculus"t) are largely due to the cross-linking

of individual peptidoglycan chains. In a traditional example,

the penultimate D-alanine of one chain is cross-linked to the

diaminopimelic acid moiety of the opposing chain, thus forming

a tightly woven thr ee- dimensional s truck ture (Figure 3) . In

the process of this cross-linking reaction, the terminal D-

alanine residue is released. It has been shown that the degree
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Fig. 3--The structure of cross-linked peptidoglycan, after
Weidel and Pelzer (144). GM = N-acetylglucosamine--N-
acetylmuramic acid; / = uncross-linked peptide; S = cross-
linked peptide; --+ = B(1,4) glycosidic bond.

of cross-linkage in the cell wall affects the physical integrity

of the cell (92). Enzymes which hydrolyze the peptide bridge

at various loci, or inhibitors, such as penicillin, which pre-

vent its synthesis, induce the formation of fragile protoplasts

and spheroplasts (43).

There are several sites in peptidoglycan construction

where variation may occur without affecting the ability of the

finished product to confer rigidity. For example, lysine fre-

quently replaces diaminopimelic acid in satisfying the require-

ment for a dibasic amino acid, and in rare instances, this is
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accomplished by ornithine or diaminobutyric acid. As a general

rule, the murein of a single strain contains only one type of

dibasic amino acid, although certain exceptions have been ob-

served (43). As noted previously, a limited number of other

amino acids may find their way into the peptide side-chains of

isolated organisms.

The manner in which peptidoglycan chains are cross-linked

also shows some variation. This topic has been extensively re-

viewed by Ghuysen (43). The peptidoglycan of one group of or-

ganisms, represented by Staphylococcus aureus, contains a

pentaglycine bridge linking the D-alanine and lysine residues

of opposing chains. The synthesis of this cross bridge in-

volves glycyl t-RNA (18), but the placement of other amino

acids into murein does not generally require activation by an

appropriate t-RNA molecule. In addition, ribosomes are not

required, and the process is insensitive to chloramphenicol.

This indicates that the synthesis of peptides found in the

peptidoglycan layer involves a mechanism other than "normal"

protein synthesis (43). A second type of cross bridge is the

D-isoasparaginyl bridge found in some species of Streptococcus

and in numerous Lactobacilli (57). Bridges containing various

L-amino acids or mixtures of L-amino acids and glycine have

also been detected. The subtleties of these and other aspects
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of peptidoglycan structure have been revealed through the use

of specific bacteriolytic enzymes and the usual biochemical

reagents for amino acid-sequence determinations of protein

(43, 45).

Biosynthesis of Peptidoglycan

The peptidoglycan of bacterial cell walls is apparently

constructed to provide a protective corset around the cell.

The biosynthesis of this molecule has been studied extensively

in a variety of organisms. A generalized scheme for the bio-

synthesis of peptidoglycan is shown in Figure 4.

The first stage of synthesis, involving the formation of

uridine nucleotide precursors, occurs in the cytoplasmic ma-

terial of the cell. The end products of this sequence are

the "Park nucleotides" (uridine diphosphate--acetylmuramyl--

pentapeptide) (90, 91) which are known to accumulate in cul-

tures treated with penicillin (77, 106, 127), novobiocin

(151), glycine (39, 129), or a variety of other antiobiotics

(77). Starting from UDP-acMA, the peptide side chain is formed

by the serial addition of L-alanine, D-glutamic acid, lysine,

and a preformed dipeptide, D-alanyl D-alanine. Requirements

for the addition of a specific amino acid or dipeptide include:

the incomplete UDP-mucopeptide with the preceding amino acid
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the incomplete wall polymer, which acts as an acceptor molecule.

Peptidoglycan transpeptidase, the enzyme which catalyzes the

final cross-linking reaction, is associated with the outer

membrane surface; this step also occurs outside the cell.

Since little or no ATP is available at this remote site, it

is not surprizing that ATP exerts a stimulating function only,

and is not an absolute requirement (77, 106).

The plasma membrane plays an important role in the devel-

opment of the cell wall and in the process of cell division.

Upon fractionation of the cell, murein-synthesizing enzymes

are specifically associated with particulate cell fragments,

consisting largely of cytoplasmic membrane. The membrane is

then "certain to be the site at which the machinery for trans-

port and assembly of murein precursors is located, and any

model of 'in vivo' murein biosynthesis must explain how the

intracellularly formed precursors arrive at the polymer outside

the living cell, proper" (77).

In addition, the swirled or vesicular invaginations of

the plasma membrane (mesosomes) are found most frequently at

the cell septa where active cell division and separation occur.

Mesosomes have been shown to be physically associated with

DNA (111) and may constitute the "mitotic apparatus" of
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prokaryotic cells. They are more often observed in gram-

positive bacteria than in gram-negative organisms. When found

in gram-negative organisms, mesosomes generally consist of

lamellar membranes rather than vesicles.

The importance of autolytic enzymes in division and sepa-

ration has long been hypothesized, but their function is just

now being revealed in the laboratory (50, 51, 99, 119). It

is becoming apparent that to insure cell division without cell

destruction, lytic enzymes must be delivered to the right place

outside the cell at the right time. It has been proposed (105)

that as a group, these enzymes may have three functions: (1),

to open the "sacculus" of mucopeptide and provide new acceptor

sites for wall growth; (2), to allow remodeling of the sacculus

by relative movement of units within the polymer; and (3),

to separate the compartmentalized cells.

An important consideration is the manner in which cells

are able to regulate the activities of their autolysins. The

loss of this control is undoubtedly partly responsible for the

pathology (i.e., filamentous cells which grow but are unable

to separate or fragile spherical bodies) of cells treated with

penicillin, vancomycin, etc., or starved for an essential cell

wall constituent (72). Pooley et al. (100) suggest that the
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mechanism which controls the level of active autolysin and

the cross-bridging reaction may interact. This is one way in

which the cell could integrate the biosynthetic activities of

cell wall synthesis and the autolytic activities of cell di-

vision. The mechanism by which bacterial cell division is

controlled should provide an interesting avenue for future

research.

Inhibition of Peptidoglycan Biosynthesis

A number of enzymatic reactions in the biosynthetic path-

way of peptidoglycan are sensitive to the effects of specific

inhibitors (Figure 4). Probably the most widely studied of

these cell wall inhibitors are the penicillins (and the re-

lated cephalosporins). These agents, which readily convert

bacteria into L-forms, block murein biosynthesis by interfering

with the final cross-linking reaction, mediated by peptidoglycan

transpeptidase (92, 128). Tipper and Strominger (131) have

proposed a mechanism of action of penicillins based on their

structural similarity to acyl D-alanyl D-alanine. When grown

in inhibitory levels of penicillin, a bacterium may produce

cell wall, but it is defective (uncross-linked) wall.

Other antibiotics including bacitracin, vancomycin, and

ristocetin exert their their inhibitory effects by blocking
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the polymerization reaction leading to the formation of the

disaccharide, acGN-acMA-pentapeptide-P-P-phospholipid. Baci-

tracin specifically inhibits the dephosphorylation of the

pyrophosphate lipid, which appears as an end product of the

cycle, and thus prevents the lipid carrier from re-entering

the cycle (120). The actions of vancomycin and ristocetin

are not yet fully understood.

Novobiocin has been shown to inhibit cell wall synthesis

and to induce the accumulation of wall precursors, but its

effect, like that of genetian violet, appears also to involve

inhibition of protein and nucleic acid synthesis (151). D-

cycloserine affects one of the initial steps of peptidoglycan

structure which occurs in the cytoplasmic fraction. This anti-

biotic competes with alanine for the site on the enzyme alanine

racemase, and also inhibits formation of the depeptide D-alanyl

D-alanine (85).

Inhibition of cell wall biosynthesis may be blocked by

the erroneous incorporation of various D-amino acids (especially

the D-isomers of methionine and serine) into the peptide side

chain, in which case the following enzyme in the sequence of

reactions cannot find its normal substrate (67, 68, 128).

Synthesis may also be blocked by growing an organism, such as
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E. coli strain 26-26 (a lysine requiring mutant), in sub-

optimal levels of its essential wall nutrient (72)

Glycine is yet another important inhibitor of cell wall

synthesis and inducer of protoplasts, spheroplasts, L-forms,

and pleomorphic forms (31, 39, 41, 110, 145). This amino acid

reportedly exerts its effect by inhibiting the reaction in

which L-alanine is added to the lactyl group of muramic acid

(129). Although the above inhibitors differ as to their sites

of action, the physiological effects of their actions are

similar. Thus, it appears that whenever an advanced stage

in peptidoglycan synthesis is interrupted, cell morphology

and mechanical stability are altered, and there is a tendency

to accumulate UDP-containing intermediates.

Enzymes that Degrade Peptidoglycans

Enzymes which hydrolyze specific murein bonds are commonly

used to induce protoplasts and spheroplasts. In addition,

they have been utilized extensively to establish the structure

of bacterial peptidoglycans by dismantling the murein into

recognizable fragments (43).

The endo-N-acetylmuramidases (egg-white lysozyme, Chalar-

opsis B enzyme, Limax amoeba enzyme and Streptomyces 32 enzyme)

(43, 61), hydrolyze the glycosidic bond between acMA and acGN,



27

releasing fragments with acMA residues at the reducing end.

Of course, lysozyme (38) has long been known for its ability

to lyse bacterial cells and is still routinely used for this

purpose. It is interesting that lysozyme, and for that matter

competitive inhibitors such as penicillin, lyse gram-positive

organisms more readily than gram-negative organisms. This

phenomenon has generally been attributed to the dense lipopoly-

saccharide layer in gram-negative bacteria which inhibits dif-

fusion of the lytic agent to the internal rigid layer. (114).

The fact that the lytic action of lysozyme on gram-negative

organisms i -'oed by the addition of chelators, such as

EDTA, sugg ( f'hilizing

factor in!CM

particular p,1

some bact /HHOHf/

non-utilP Hum,

cells te 0 C-lC I
o I

Wh n

portion of murein, other enrzyev-,

of the peptide subunit or the interior of the peptide bridge.

The sites of action of various wall-degrading enzymes are

shown in Table II.
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TABLE II

ENZYMES THAT DEGRADE BACTERIAL PEPTIDOGLYCANa

Enzyme Site Susceptible
Affected Linkages

Endo-N-ace tylmuramida s e
(lysozome, Chalaropsis Glycan 3-1,4 acMA-acGN
B enzyme, etc.)

Endo-N-acetylglucosaminidase Glycan -l,4 acGN-acMA
(muralysin, glycosidase)

N-acetylmuramyl-L- Glycan acMA-L-Ala
alanine amidase

KM endopeptidase C-terminus of D-Ala-(D)meso DAP
the peptide D-Ala-Lys
subunit

SA endopeptidase C-terminus of D-Ala-Gly
the peptide D-Ala-L-Ala
subuni t

ML endopeptidase C-terminus of D-Ala-L-Lys
the peptide

subunit

Lysostaphin Interior of Gly-Gly
endopeptidase the peptide

bridge

aCompiled from review article by J. M. Ghuysen (43).

The Genus Azotobacter

The peptidoglycan layer of bacterial cell walls plays a

universal role in maintaining cellular integrity. It is not

surprising, then, that enzymes which degrade this layer, or
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antibiotics which inhibit its synthesis, produce similar

physiological consequences in different organisms. Of course,

the outward expression of this effect may be dependent on the

properties of a given species of bacteria, but it is generally

a simple task to recognize the fact that a cell is producing

defective cell wall. For example, Bacillus s. may produce

L-forms on media containing a certain amount of penicillin,

while a strain of E. coli may produce pleomorphic forms on

the same media. It is undeniable that penicillin acts by in-

hibiting cell wall synthesis in both cases.

It can be concluded that many, if not all, bacteria ex-

hibit pleomorphism under certain conditions of culture. It

is an unexplained fact, however, that some species of genera

tend to produce pleomorphic forms as a result of conditions

which do not affect the majority of bacteria. This is exem-

plified by the genus Azotobacter which readily produces aber-

rant cells under a variety of cultural conditions, especially

when grown on ordinary nitrogen-rich media such as nutrient

agar (27, 35). In addition, the morphology and mode of re-

production of Azotobacter seem to be particularly sensitive

to special conditions of culture which affect these proper-

ties in other organisms (133). Senescense, extreme incuba-

tion temperature, and the presence of gentian violet (Vela,
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unpublished results), lithium salts, antibiotics, or high con-

centrations of common salts in the growth medium have been

associated with production of aberrant forms and deviations

in reproduction from normal fission (133). Consequently,

Azotobacter has been traditionally designated as a "pleomorphic"

organism. However, this term may be misleading because if one

observes Azotobacter cells only in young cultures grown on

nitrogen-free medium, there is no hint of pleomorphism. Under

these conditions cells assume a uniform bacillary appearance.

Azotobacter is pleomorphic, but probably only by virtue of

the fact that cell wall function is altered by conditions which

have little or no effect on other bacteria.

Probably more papers on pleomorphism have dealt with the

azotobacter than with any other bacterium (58). In this genus,

the tendency toward pleomorphism is so great that it is, in

the final analysis, difficult to ascertain the typical morphol-

ogy of these organisms (132). The extreme morphological vari-

ation of the azotobacter is the focal point of this study.

General Features

When Beijerinck (7) first isolated members of the genus

of nitrogen-fixing bacteria Azotobacter in 1901, study began

on a unique organism which is in many ways distinctly different
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from the other microorganisms comprising the Order Eubacter-

iales. Bergey's Manual of Determinative Bacteriology (15)

includes Azotobacter (meaning "nitrogen rod") as the single

genus of the Azotobacteraceae. The group is described as con-

sisting of gram-negative, obligately aerobic, large, pleomorphic

rods or cocci which have the ability of fixing atmospheric nitro-

gen when provided with a suitable energy source. In fact, op-

timum growth is obtained in a nitrogen-deficient medium. The

cells are peritrichously flagellated and may occur in both

soil and water. Most strains also form special resting cells

called cysts. Bergey's Manual of Determinative Bacteriology

(15) lists three species: A. chroococcum; A. agilis; A. indi-

cus. A. agilis is also referred to as A. vinelandii.

Upon initial investigation, the property of Azotobacter

which best serves to distinguish it from other aerobic free-

living bacteria is the ability to fix atmospheric nitrogen.

Other than Azotobacter, the only heterotrophic bacteria that

unquestionably utilize atmospheric nitrogen non-symbiotically

are some members of the genus of anaerobic sporeformers Clos-

tridium, best represented by Clostridium pasteurianum (149).

It has been shown in several investigations that representa-

tives of other groups of microorganism are able to utilize

free nitrogen. These include some species of Aerobacter,
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Bacillus, Pseudomonas, and Serratia, although to a far lesser

extent, as well as several of the blue-green algae and a num-

ber of photosynthetic bacteria (147). The acetylene reduction

method is currently used to assay for the presence of the nitro-

genase enzyme system (33), but it is recognized that only iso-

tope (N15) incorporation is a certain proof of nitrogen fixa-

tion.

In addition to free nitrogen, it is reported (15) that

only a limited number of relatively simple nitrogen compounds

seem available to Azotobacter. Studies by Horner and Allison

(54), using A. chroococcum, indicate that only ammonia and

compounds readily convertible to ammonia, such as nitrite,

nitrate, urea, and asparagine, may serve as the source of

nitrogen when free nitrogen is excluded. Peptone, uracil,

and guanine may be used to a slight degree, while oximes and

nitrous oxide are unavailable, and hydroxylamine is toxic even

in small concentrations (146). The toxicity of hydroxylamine

is interesting because some investigations have implicated

this compound in the pathway by which free nitrogen is con-

verted into ammonia, a compound which can be readily added to

alpha ketoglutarate to form the primary amino acid, glutamic

acid. This apparent inconsistency can be explained by the
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fact that in nitrogen-fixation, hydroxylamine probably appears

as a short-lived enzyme-bound intermediate and not in the free

form (19). The presence of ammonium salts in the growth medium

has an immediate inhibitory effect on nitrogen-fixation (54,

147) indicating the organism's preference for combined nitro-

gen. The inhibition caused by nitrate on the nitrogen-

fixing mechanism is more complicated in that the utilization

of nitrate depends on previous adaptation. Nitrate is used

to the exclusion of atmospheric nitrogen in pre-adapted strains

of A. vinelandii (147). Other studies indicate that some free

nitrogen is utilized in nitrate medium when the organism is

not previously adapted (49, 54).

An apparent nutritional requirement for the growth of

azotobacter in nitrogen-free medium is molybdenum, an activa-

tor of the nitrogen-fixing enzyme system (14). Molybdenum is

not, however, specific for nitrogen-fixation since it also

promotes growth with nitrate but not with ammonia (20). Vana-

dium is the only trace element which has been shown to be

capable of replacing molybdenum in nitrogen-fixation (53).

Utilization of the metals molybdenum and vanadium is rare in

biological systems, probably indicating the unique nature of

the nitrogen-fixing system.
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A second distinctive characteristic of the Azotobacter

involves its respiratory activity. The efficiency of oxygen

utilization reaches a peak in A. vinelandii, which has a

respiratory quotient of 4000, the highest observed in any

kind of living organism (73). Furthermore, Azotobacter shows

a great versatility in the utilization of non-nitrogenous

organic compounds as an energy source. With the many alcohols,

organic acids, sugars, and cyclic compounds available for

azotobacter metabolism, it is easier to mention some of the

non-utilizable compounds. These include methanol, xylose,

rhamnose, and mannose (58).

The genetic nature of Azotobacter is also of interest

in that mutants have not been easily obtained by means nor-

mally employed with other bacteria. The status of many of

the mutants reported is questionable and all are unstable

(i.e., have a high rate of reversion to the wild type) (58,

79). It has been suggested (112) that the difficulty in ob-

taining mutants and the high rate of reversion may be related

to large amount of DNA which may contain gene duplications.

Morphology and Reproduction

Historically, Azotobacter has been an excellent subject

for cytological studies. The vegetative cells grown in
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nitrogen-free media are quite large for bacteria (approxi-

mately 2 x 4A) (109), and appear almost yeast-like. In ad-

dition, the morphology of Azotobacter demonstrates a remarkable

heterogeneity which varies with species, strain, age of cul-

ture, and growth conditions. However, with the exception of

ultrastructural studies on the encystment process, interest

in Azotobacter morphology has declined rapidly over the past

twenty years. Currently, there is great interest in studying

the biochemical basis of cell morphology and division, but

Azotobacter has been used sparingly in this regard.

Jensen (58) has noted that it is virtually impossible to

obtain a culture of Azotobacter containing only one form;

there are many morphological variations in azotobacter cultures

known to be pure or even in those said to be clonal (10, 11,

12, 74, 80, 102). In fact, the extensive pleomorphism in this

group has prompted several investigators including Lohnis and

Smith (74) and Bisset and Hale (12) to claim that Azotobacter

possesses a complex life-cycle.

Considering the vast amount of research devoted to the

morphology of Azotobacter, surprisingly few conclusions have

been made regarding pleomorphism in this genus, and little

concrete evidence exists to correlate the inconsistent find-

ings of various workers. The early investigators were, by
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necessity, content merely to describe the multitude of forms

produced under various conditions and to debate the pros and

cons of a life-cycle. In the final analysis, the only un-

equivocal statement that can be made regarding Azotobacter

morphology is that the organism shows extreme pleomorphism.

There are several possible reasons to explain the state

of confusion of the literature regarding Azotobacter morphol-

ogy. As previously mentioned, many studies were of a strictly

descriptive nature and made no attempt to explain why Azoto-

bacter, among all the bacteria, is particularly prone toward

pleomorphism. In addition, several authors failed to publish

photomicrographs along with some of their descriptions. This

merely serves to confuse the nomenclature in that several dif-

ferent names may be given to what is, in reality, a single

morphological type. Of course, the list of legitimate pleo-

morphic types is so lengthy that it is difficult to distinguish

between different forms and understand existing terminology,

even when adequate micrographs are presented.

A major controversy in this field has been whether pleo-

morphism is a result of a natural life-cycle (12, 59, 60, 74,

96) or is a product of external growth conditions (70, 71,

133). From the standpoint of understanding the complexity
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of bacteria and their relationship to higher plants and ani-

mals, the evidence obtained from these studies is certainly

valuable. However, it is possible that these points may have

been overemphasized to the extent that other important con-

siderations (such as the genetic or biochemical nature of

pleomorphism) have been overlooked. The stimuli for morpho-

logical change may come from "within" (in which case morphol-

ogy is determined by the metabolism of an organism in different

stages of a life-cycle), or it may come from "without" (in

which case morphology is determined strictly by external con-

ditions). In either case, additional study is required to

determine the biochemical basis of pleomorphism in Azotobacter.

Lohnis and Smith (74) and more recently Bisset and Hale

(12) have claimed that morphological variation in pure cul-

tures of Azotobacter represents complex life-cycles. This

conclusion was based on the observation that many different

cell types occurred as discrete stabilized stages in the growth

cycle of the organism. Frequently encountered forms include

large non-sporeforming rods, coccoid budding cells, dwarf cells,

giant cells, "fungoid" cells, branching cells, gram-negative

rods, gram-positive rods, arthrospores (cysts), microcysts,
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gonidia, and spores. Claims of morphological variation of

this magnitude have been largely negated (34, 35, 70, 71,

132).

In an extensive cytological study, Eisenstark et al. (34)

employed nuclear-staining technique to examine a pleomorphic

strain of Azotobacter. These investigators observed tiny

intracellular corpuscles which stained specifically for DNA,

thus implicating them as nuclear bodies which these authors

interpreted as gonidia. Gonidia were important to the life-

cycle theories, but these workers found only four different

cell types to be predominant, depending upon the age of the

culture. At twenty-four hours the cultures consisted almost

entirely of large plump rods, while three-day-old cultures

contained mostly small rods. After two to three weeks growth,

the cultures consisted of pleomorphic cells, with the most

predominant forms being branched elongated "fungoid" cells,

and the second most numerous type being tiny motile cocci.

By the end of the second month, the cultures were composed

almost exclusively of these highly motile cocci.

Van Schreven (132, 133) observed cell forms similar to

those described by Eisenstark, McMahon, and Eisenstark (34)

in his studies on the effect of the growth medium on the
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morphology and reproduction of Azotobacter chroococcum. These

forms included the tiny motile cocci and large irregular ba-

cilli, especially apparent when cultures were grown in the

presence of small amounts of penicillin. Van Schreven also

indicated that these minute cells were gonidia which functioned

in some unknown reproductive capacity. He concluded, however,

that pleomorphism was due to growth under unfavorable culture

conditions.

The tiny granules associated with growth of Azotobacter

were studied by Bisset and Hale (12), who claimed that these

bodies were dwarf reproductive cells. They found these gonidia

incapable of independent growth, but that under some conditions,

these forms could revert to normal Azotobacter. Lawrence (69)

demonstrated that some particles found in old cultures could

pass through three-micron filter membranes and grow into nor-

mal Azotobacter cells. Jones (59, 60), employing stained pre-

parations of Azotobacter cells, identified two types of gran-

ules. He found non-stainable vacuolated regions of the cell

which he ascertained to be food reserve (glycogen), now known

to be poly hydroxybutyrate, and tiny stainable bodies believed

to function in some reproductive capacity. When filtered and

sub-cultured, however, these particles did not develop into



40

Azotobacter cells. Bonazzi (13) found no glycogen in the cell,

but indicated that certain of the granules were metachromatic

(volutin).

Jensen (58) presented evidence to support the existence

of the following cell types in pure cultures of Azotobacter:

(1) Bluntly rod-shaped or oval cells measuring about

2 x 4,,^but subject to great variations in size.

(2) Spherical cells about 2 -3 4 in diameter which arise

by a shortening of the rod-shaped cells.

(3) Very small rod-shaped or spherical cells sometimes

less than 1 A in diameter which arise in aging cultures or

under special conditions of nutrition.

(4) Resting cells (cysts), originally called "arthro-

spores" by Jones (60). These cells are roughly spherical in

shape with contracted cytoplasm and double-countoured wall.

Their formation is stimulated by the presence of short-chained

organic compounds, such as butanol, in the medium (150).

(5) Large, often irregularly swollen or filamentous cells

('gonidangia"r (74) and "fungoids"). These forms arise under

the influence of an unfavorable environment or in media contain-

ing organic nitrogen.

The work of Jensen (58) is especially significant in that

he recognized the three most widely observed forms of
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Azotobacter: blunt oval rods, spherical cells, and cysts. All

of the other pleomorphic types are found only in very old cul-

tures or under special cultural conditions.

The presence of gram-positive variants and heat-resistant

endospores are an important part of Lohnis and Smith's life-

cycle theory (74). While the presence of these forms has been

reported by subsequent investigators (9, 11), their presence

has been adamantly refuted by others (34, 60, 70, 71, 96, 132).

Some workers such as Callao and Gimenez (23) noted "sporelike

cellules" which showed some heat resistance, but did not resist

85 C for five minutes. These variants were acid-fast and ap-

peared under adverse culture conditions. Garbosky and Giam-

biagi (40) found heat resistance to be a property of the vege-

tative cells of certain strains of Azotobacter, and related

this resistance to the presence of intracellular corpuscles.

One of their (40) strains could survive 100 C for five minutes,

while one of Bisset's spore-containing cultures remained viable

after heating at 100 C for 15 minutes (9). However, Socolofsky

and Wyss (124) found that both the vegetative cells and cysts

of Azotobacter were equally susceptible to the effects of heat.

The presence of endospores in cultures of Azotobacter is no

longer considered a possibility by most workers, but the ques-

tion of heat resistance in this group remains unsettled.
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Lewis (70, 71) was one of the chief antagonists of the

"life-cycle theory." This investigator filtered old cultures

of Azotobacter which contained the granular forms and found

no viable cells in the filtrate. Lewis also illustrated that

certain "symplasticr stages in the life-cycle of Azotobacter

consist of empty cells with fragments of attached membrane.

Using stained preparations, he found that the stainable gran-

ules were volutin rather than gonidia, and that the non-stainable

inclusions were glycogen. Lewis eventually concluded that the

life history of Azotobacter is very simple, depending for re-

production solely upon binary fission, and that under certain

culture conditions cysts are formed from vegetative cells. Also

challenging the concept of reproductive gonidia in Azotobacter,

Gray (48) reported the tiny cells to be latent contaminants

which were difficult to remove from cultures. He identified

these contaminants as species of Pseudomonas and Achromobacter.

Lohnis and Smith (74) claimed that the many variations in

Azotobacter reproduction is a function of a complicated life-

cycle. Although many of their proposed reproductive structures

have been refuted by subsequent investigators (34, 70), vege-

tative propagation in Azotobacter may occasionally rely on

means other than simple binary fission. Petersen (96) has



43

demonstrated conclusively that Azotobacter cells may undergo

a type of budding similar to that observed in yeast. Obser-

vations on this accessory mode of reproduction have been suf-

ficiently substantiated (34, 35, 80, 150). There is also some

evidence for fragmentation (12, 132) and cell fusion (96),

although the "conjugation" cells of Lohnis and Smith (74) have

been explained as stages of incomplete cell division by Lewis

(70) and Dondero and Zelle (32). Large filamentous cells may

divide by budding at one or both ends or by segmentation into

numerous normal-appearing cells (97, 132). Binary fission is

undoubtedly the major mode of reproduction in Azotobacter, but

the significance of accessory modes of reproduction is not well

understood.

The large, irregularly swollen, filamentous cells, fre-

quently found in peptone-containing media, have played an im-

portant role in discussions on pleomorphism in the azotobacter.

The confusion concerning the nature of these cells seems to

epitomize the problems of Azotobacter morphology. Lohnis and

Smith (74) refer to these cells as "fungoids." According to

them (74), these cells may fill up with gonidia or contain

normal vegetative cells of Azotobacter, in which case they are

described as "gonidangia," and are important in the azotobacter
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life-cycle. Van Schreven (132, 133) also noted the occurrence

of vegetative cells inside the large bodies, and claimed that

their presence was dependent on the medium and strain employed.

According to Bisset and Hale (12), large bodies may fill up

with "glistening granules" or gonidia and subsequently frag-

ment. Morales (80) claims that they are related to the L-

phase growth of Azotobacter, while others (32, 58, 97) inter-

pret them as involution or dying forms which are incapable of

reproduction. Studies by Eisenstark et al. (35) tend to dis-

count a simple explanation, such as involution forms, and tend

to agree with Lohnis and Smith's interpretation (74). With

the aid of a micro-manipulator, these investigators (35) trans-

ferred the abnormal cells to fresh medium and found that ap-

proximately 36 per cent developed into colonies. For compari-

son, normal cells showed only about 50 per cent viability when

transferred in this manner. In addition, the large bodies

were observed to produce normal progeny. In the same study,

Eisenstark et al. (35) confirmed a previous report by Ward

(139) on the effect of nutritional substances which might

stimulate the production of large forms. Of the many agents

tested, only the chemically undefined additives such as soil

and beef extract were consistently effective. Peptone was
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poorly effective (139), but its presence was required to stim-

ulate formation of large bodies when beef extract was also

added. In one trial glycine induced somewhat enlarged cells.

Ward (139) concluded that the complexity of nutritional fac-

tors made it impossible to draw justifiable conclusions.

In 1933, Porchet (102) reported that peptone induced the

formation of the giant filamentous cells, while Mouraret (81)

found that the presence of peptone in the growth medium caused

azotobacter cells to encyst. Van Schreven (133) noted that

the formation of spheroplasts and filamentous forms on agar

media in the presence of penicillin was greatly stimulated by

peptone. The large spherical bodies (12, 133) were probably

true spheroplasts. They were closely related to the swollen

"fungoid" cells but may have represented a more advanced state

of cell wall deterioration.

Perhaps the most unique and certainly the most studied

form of Azotobacter is the cyst. Studies performed mainly

within the past decade have yielded significant information

on the fine structure and role of this resting cell in the life-

cycle of the organism. The cyst has a low endogenous metabol-

ism in comparison to the vegetative cell and occurs in cultures

which are about five days old when short-chain organic compounds

like butanol or ethanol are used as the chief carbon source.
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Accurate physical descriptions of the cyst have been

presented by various investigators (22, 130, 136, 150, 152).

Early studies (150, 123) revealed three distinct regions of

the cyst:

(1) The central body--a spherical, electron dense, cen-

trally located area, which represents the compacted vegetative

cell. The width of the cell wall in the central body is di-

minished in comparison to the vegetative cell. This region

contains numerous inclusions (3-hydroxybutyric acid) which are

dispersed throughout the central body.

(2) Intine--a homogeneous layer of capsule-like material

immediately surrounding the central body.

(3) Exine--a heavy bark-like coat composed of laminations

of carbohydrate material. The exine was initially considered

to be the outermost region of the cyst. Collectively, the

intine and exine are referred to as the cyst coat.

Vela and Wyss (137) have developed a polychromatic cyst

stain useful in differentiating these areas.

Recent ultrastructural studies have revealed that the

organization of the cyst is more complex than was originally

believed. Tchan, Birch-Andersen, and Jensen (130); Wyss,

Neumann, and Socolofsky (152); and Vela, Cagle, and Holmgren



47

(136) reported that the intine is actually composed of two

regions with different electron densities. These two layers

of the intine have been assigned the terms CC1 and CC2 (130).

Vela, Cagle, and Holmgren (136) demonstrated the presence of

electron-dense fibrils embedded in the intine, and further

showed that the CCI and CC2 layers are separated by a contin-

uous membrane.

A fascinating group of subcellular organelles, which are

formed during the encystment process, has been described (101,

136) and named intine vesicles. These structures are also

referred to as "cell wall particles" by Oppenheim and Marcus

(86) ; 'blebs" by Hitchins and Sadoff (52). These vesicles

are seen to "pinch off" of the cell wall complex of vegetative

cells prior to formation of mature cysts. They reportedly

migrate through the capsular matrix and form the lamellae of

the cyst exine (52, 101, 136).

The Azotobacter cell surface has been studied using carbon-

replica and freeze-etching techniques (22, 52, 64, 101, 135).

It was found that while the surface of the vegetative cell is

only slightly distorted, the surface of the cyst is more con-

voluted. Furthermore, it was shown (22, 101) that the inner

layers of the exine are composed of hexagonal subunits.
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Although at one time the exine was considered to be the outer-

most region of the cyst (130, 152), recent studies by Pope

and Wyss (101) and Cagle, Vela, and Pfister (22) revealed

that the exine is not formed at the periphery of the capsule.

These investigators found that copious amounts of capsular

polysaccharide are present outside the limits of the exine.

Very recently, Vela and Cagle (135) demonstrated that cysts

of Azotobacter vinelandii appear to be connected to each other

by a common, continuous layer of extra-exinic material.

Pope and Jurtshuk (98) initially reported the presence

of microtubules in vegetative cells of Azotobacter vinelandii

strain 0. Studies by Oppenheim and Marcus (86) noted the

presence of large amounts of internal vesicular membranes and

microtubules only when the organism was grown in media contain-

ing no supplemental nitrogen. The extensive inner network of

membranes had been previous reported by Wyss et al. (152) and

Pangborn et al. (88). Vela et al. (136) recently reported the

presence of microtubules and nuclear apparatus in cysts of

Azotobacter.

The presence of the appropriate short-chained organic

source of carbon in the medium and capsular polysaccharide

are prerequisites for encystment (36). In addition, Stevenson

and Socolofsky (125) report that cyst formation is dependent
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upon the accumulation of poly-p-hydroxybutyrate, probably to

be used for the cyst's endogenous metabolism and to provide

energy required for germination (25). Germination refers to

the reversion of resting cell to the vegetative form, which

occurs when cysts are transferred to a medium containing glu-

cose. Various metals have also been reported to be instrumen-

tal in cyst formation, including calcium, copper, and magnesium

(46, 126). Divalent metals probably help to maintain the in-

tegrity of the exine, for when cysts were treated with chelat-

ing agents, the compact lamination was lost and the integrity

of the cyst destroyed (46, 123).

The distinguishing characteristic of the cyst is its

ability to protect the cell from various deleterious effects.

Vela and Wyss (138) showed soil azotobacter to be more resis-

tant to the effects of gamma irradiation than laboratory cul-

tures and have implicated the cyst as the protective agent.

Socolofsky and Wyss (124) showed the cyst to be responsible

for the resistance of the azotobacter to UV and ionizing ir-

radiation, mechanical stress, and desiccation. This resis-

tance has been attributed to the laminated nature of the cyst

exine (94, 124), but Vela and Cagle (134) presented data which

suggest that resistances to irradiation and desiccation are



not entirely due to the cyst wall. Socolofsky and Wyss (124)
indicated that the cyst is only slightly more resistant to the

effects of heat than is the vegetative cell.

Although the cyst is less subject to morphological varia-

tion than are the vegetative cells of Azotobacter, several

aberrant types have been described. Vela and Cagle (134) iso-

lated a cyst-forming variant of Azotobacter chroococcum which

possesses a convoluted irregular exine and which has different

physiological properties from "normal" cysts. These "fragile"

cysts were genetically stable. Layne and Johnson (65, 66)

claimed to induce cysts in response to mineral deficiencies

with the same resistant properties as butanol-induced cysts.

However, their (65) cysts lacked the characteristic intine

and exine structures. Giant cysts and cysts with multiple

central bodies have also been described (6, 21). Beaman et

al. (6) reported that these variants arise in media contain-

ing yeast extract, while Cagle and Vela (21) found that they

occur in small proportions in normally germinating cultures.

There are many morphological forms of Azotobacter. Even

in pure cultures of this bacterium pleomorphism may be so

striking that the neophyte is likely to assume that his cul-

tures have become contaminated. Azotobacter is similar to

50
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many other bacteria in that cells tend to become pleomorphic

in old cultures and in cultures containing inhibitory substances

such as penicillin. Azotobacter is unlike most bacteria, how--

ever, in that its morphology is grossly affected by common ni-

trogenous substances such as peptone. The addition of peptone

to the growth medium stimulates the formation of a variety of

aberrant forms in cultures of Azotobacter, foremost of which

are the filamentous "fungoid" cells.

The purpose of this investigation was to study the physi-

ological basis of the "peptone effect" on Azotobacter vine-

landii. This investigation consists of the following three

phases of study:

(I) The effect of peptone on the growth and morphology

of Azotobacter.

(2) The identification of the pleomorphism-inducing fac-

tor in peptone.

(3) The mechanism of action of the "peptone effect."



CHAPTER II

MATERIALS AND METHODS

Organisms

The principal organism used in this study was Azotobacter

vinelandii ATCC 12837 (American Type Culture Collection, Rock-

ville, Maryland). Cultures of the following organisms were ob-

tained from the stock culture collection of North Texas State

University: Escherichia coli ATCC 11775, Klebsiella pneumoniae

ATCC 13883, Proteus vulgaris ATCC 13315, Flavobacterium arbores-

cens ATCC 4358, Pseudomonas aeruginosa, Staphylococcus aureus,

and Bacillus megaterium. Staphylococcus aureus 655 HT, a

tryptophane-dependent histidine auxotroph, was kindly supplied

by Drs. C. M. Good and D. J Tipper, University of Massachu-

setts Medical School, Worchester.

Media

The basic culture medium (basal medium) consisted of Burk's

N-free salts solution and 1 per cent (w/v) glucose, autoclaved

separately (Table III). In some experiments the basal medium

(BM) was supplemented with peptone, amino acids, or other in-

gredients as indicated below. Difco peptone (Difco Labora-

tories, Inc., Detroit, Michigan) was used in most experiments

52
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TABLE III

COMPOSITION OF BURK'S NITROGEN-FREE MEDIUM

Component

KH2PO . . . . .

K2 HPO4 . . . . .

MgSO4 .7H 2 0.--

CaSO4  . .

FeSO4 .7H 2 0 . .

Na 2 MoO4 .2H 2 0 .

Glucose . . . .

Distilled water

Amount

. .. . . . . . . . 0.2 grams

. . .. . . . . . 0.8 grams

- -.-.-.-.-.-.........0.2 grams

. . . . . . . . . . . . 0.085 grams

. . . . . .. .. . 0.005 grams

. . .. ... 0.0003 grams

.. . . . . . . .10 grams

. . . . ! . . ". ". ". . . . 1 liter

and the amino acids were pure and designated Grade A by the

supplier (Calbiochem, Los Angeles, California). All liquid

media were adjusted to pH 7.0 prior to inoculation and cultures

were incubated in a rotary shaker at 28 C. Solid culture media

were prepared by adding 20 grams of Difco Agar per liter of

the desired liquid medium. Stock cultures of Azotobacter

vinelandii were maintained on Burk's agar slants. Stock cul-

tures of the other organisms were maintained on Nutrient Agar

(Difco) except Staphylococcus aureus 655 HT, which was kept

on Brain Heart Infusion (BHI, Difco) slants and cultured in

BHI broth.
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Assay for Pleomorphism

The presence of fungoid cells was determined by phase con-

trast microscopy. Fungoid forms were those which were 10&m or

more in length and which, at given times during the growth

cycle, became swollen or spindle-shaped and divided by branch-

ing, budding, or fragmenting. The ability of peptone or its

constituents to induce pleomorphism was measured by adding the

substance in question to a given volume of basal medium and

inoculating with approximately 106 "normal" (non-fungoid) cells.

This inoculum consisted of log phase cells grown in N-free

media which were washed three times by centrifugation and re-

suspended in sterile Burk's salts solution. The test cultures,

final volume of 1-ml, were examined by phase contrast micro-

scopy at regular intervals and scored + or - indicating pleo-

morphism or the lack of it. Controls were the basal medium

in which pleomorphism in the form of fungoid cells did not

appear and the basal medium with 5 per cent (w/v) peptone in

which pleomorphism was plainly evident within 18 hours. Re-

lative concentrations of substances capable of inducing pleo-

morphism were established by making dilution series and ex-

pressing relative strength in terms of the highest dilution

which would convert at least 1 per cent of the normal cells
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to the fungoid state. This semi-quantification of fungoid-

inducing substances was recorded in arbitrary units.

Fractionation of Peptone

Aqueous solutions of peptone were fractionated as des-

cribed in Figure 5, and each component was assayed for the

ASH (no act.)

5% PEPTONE
(5-10 units) ACTIVATED (activity not

CHARCOAL absorbed)
DIALYSIS

OR
(NH 4 )2 sO4 PPT.

DIALYSATE RESIDUE
(5-6 units) OR ACID

P PT. HYDROLYSIS (25-so units)
ETHER (no act.)
EXTRACT
pH 6.8

EETHEFR WATER
(no act.) (5-6units)

ETPHRER
EXTRACT
pH 1.2

ETHER WATER UL T RA F ILTR ATE

(na act.) (5 units) FIL TRA TION (48nIs

PYRIDINE

EXTRAC T

Ir I
PYRIDINE RESIDUE

(no act.) (2-4 units)

Fig. 5--Fractionation of Difco peptone. Figures in paren-
thesis indicate relative concentrations of fungoid-inducing
principle in various fractions.
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ability to induce pleomorphism. In order to compare activities,

all fractions were reconstituted to the same relative concen-

tration as the original solution. A 10 per cent peptone so-

lution was used as starting material, but since each fraction

was diluted 1:1 in preparation of growth medium, titres indi-

cate the activity of a fraction at its concentration in 5 per

cent peptone. Peptone control media were, therefore, used at

5 per cent concentration.

Individual steps in this fractionation scheme are described

below:

1. Peptone solution was combusted at 600 C for two hours

in a muffle furnace.

2. Peptone solution was treated with 0.02 grams per ml

Grade G-60 Darco Activated Carbon (Atlas Chemical Industries,

Wilmington, Delaware) for 15 minutes with constant agitation.

The unabsorbed material was collected by filtration.

3. Peptone solution was dialyzed against forty volumes

of distilled water in the cold. The dialysate was concentrated

back to the original volume by flash evaporation.

4. The dialysate was extracted three times with an equal

volume of petroleum ether at pH 6.8.
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5. The water-soluble component from step 4 was adjusted

to pH 1.2 with H2 SO4 and extracted three times with an equal

volume of petroleum ether.

6. The water-soluble component from step 5 was adjusted

to pH 6.8 with KOH. This was evaporated to dryness by flash

evaporation and extracted with an amount of pyridine equal to

the volume before evaporation.

7. The ether-insoluble component from step 5 was adjusted

to pH 6.8 with KOH and passed through an Amicon Ultrafiltration

Cell, Model 52 (Amicon Corporation, Lexington, Massachusetts)

equipped with a UM-2 diaflo membrane. This filter retains

molecules having a molecular weight of 1000 or greater.

In the above steps which employed acidification or ex-

traction with pyridine, each fraction was washed three times

by flash evaporation and resuspended in distilled water prior

to testing or subsequent fractionation.

In some studies a solution of peptone was initially pre-

cipitated with a saturated solution of (NH 4 ) 2 SO 4 at room tem-

perature. The precipitate was redissolved in distilled water

and dialyzed until a sample of the dialysate no longer formed

a cloudy precipitate on addition of barium chloride. The resi-

due of dialysis was then reconstituted to the original volume.
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Part of the residue was sealed under vacuum and hydrolyzed

with 6N HCI for 24 hours at 110 C. This hydrolysate was washed

several times by flash evaporation, adjusted to pH 6.8 with

KOH, and tested for pleomorphism-inducing activity as described

before. The remainder of the residue served as the unhydro-

lyzed control and was also tested for pleomorphism-inducing

activity.

Chromatographic Separation

The effluent from ultrafiltration was concentrated ten-

fold by flash evaporation and a 1.0-mi sample applied to a

2x25 cm column packed with Sephadex G-15, fine bead form

(Pharmacia Fine Chemicals, Inc., Piscataway, New Jersey) which

had been washed and equilibrated in distilled water. The sam-

ple was eluted with distilled water at a flow rate of 0.9-ml

per minute. Fractions of 1.0-mi were collected and tested

for their capacity to induce pleomorphism. Void volumes were

determined using Blue Dextran 2000 (Pharmacia).

Osmotic Shock

Cultures in various liquid media were adjusted to a cell

density of approximately 5x107 per ml. Portions of 5-ml were

centrifuged, the supernatant discarded, and the cells resus-

pended in 5-ml of distilled water. Controls were resuspended
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in their own supernantant or in new growth medium. These cell

suspensions were allowed to stand at room temperature (ca. 26 C)

for 5 minutes and then viable cell counts were determined on

BM plates by the spread plate method.. Burk's salts solution

was routinely used as diluent and on some occasions tubes con-

taining distilled water or BM plus 5 per cent peptone were

used. Although the reliability of this method for study of

Azotobacter has been questioned (1) and certain precautions

must be taken (8, 104, 121), it has been used extensively.

Microscopic examinations of all cell suspensions were also

made in order to verify viable cell counts.

Amino Acid Analyses

The amino acid composition of several solutions was de-

termined with a Beckman 120-C Amino Acid Analyzer (Beckman

Instruments Co., Palo Alto, California) according to the manu-

facturer's instruction manual.

Electron Microscopy

Specimens were prepared for observation in the electron

microscope according to Method II as described by Vela, Cagle,

and Holmgren (136):,
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C1 4-Glycine Labeling

The uptake of glycine by azotobacter cells and its local-

ization in various cell fractions was determined by radio-

activity tracer studies using uniformly labeled C1 4 -glycine

(104 mc/mmole) obtained from Schwarz BioResearch, Orangeburg,

New York. Cultures of azotobacter were incubated in BM con-

taining C1 4 -glycine and varying amounts of unlabeled glycine.

At the designated time after inoculation, the culture filtrates

and various cell fractions were assayed for radioactivity.

The volume of all fractions was carefully noted so that the

rates of incorporation into various fractions could be compared.

The various methods for cell fractionation are described

below; ultimately, however, 0.05-mi of any given fraction was

dried on a Whatman no. 1 filter pad (%x in.), suspended in

10-mi of scintillation fluid (Table IV) and counted in a Beck-

man LS-100 Liquid Scintillation Counter.

When cells grown in relatively high concentrations of

glycine (usually 0.05 M) were allowed to lyse prior to count-

ing, "ghost" cells plus unlysed whole cells were centrifuged

down at 15,000 rpm for 20 minutes in a Sorvall RC2-B centri-

fuge and the supernatant fluid collected. After resuspending

the sediment in 0.05 M phosphate buffer with 0.02 M MgSO4 ,
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TABLE IV

COMPOSITION OF SCINTILLATION FLUID

Component Amount

PPO( 2 ,5-Diphenyloxazole) (Sigma) . . . . . . . . . 6.0 grams

POPOP (7L,4-bis 2- (5-phenyloxazolyl)-
Benzene; Phenyl-oxazolylphenyl-
oxazolylphenyl) (Sigma)............ . 0.1 grams

Toluene . .......-.-.-.-.-.-.-..-....... 1 liter

cell envelopes were separated from whole cells by differential

centrifugation at 3000 rpm for 10 minutes (116). The envelopes

present in the supernatant were collected by centrifugation at

15,000 rpm for 20 minutes, washed three times in 0.05 M phos-

phate buffer with 0.02 M MgSO4, and resuspended in a volume

of buffer equal to 1 per cent of the original volume.

In some experiments, washed whole cells were concentrated

100-fold in buffer and lysed using a Model W185D Sonifier Cell

Disrupter (Heat Systems-Ultrasonics, Inc., Plainview, New

York) at 60W output, until approximately 99 per cent lysis

was observed using phase contrast microscopy (about 4 minutes).

Cell envelopes were separated from unlysed cells as before.

Part of the sonicate, representing the cytoplasmic fraction,

was treated with an equal volume of 10 per cent trichloroa-

cetic acid (TCA) in the cold. The precipitate was separated
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from the soluble fraction by centrifugation at 2500 rpm for

7 minutes and both components were analyzed for radioactive

carbon in the scintillation counter.

In some other experiments, washed whole cells were con-

centrated 100-fold in distilled water and extracted with boil-

ing water for 15 minutes. In all experiments, whenever two

components were separated by centrifugation, the pellet was

washed three times and the collected washings were analyzed

for radioactivity.

Free Amino Nitrogen Determination

Estimation of free amino nitrogen content in the filtrates

of azotobacter cultures was accomplished using a quantitative

ninhydrin test. Ninhydrin (Triketohydrindene hydrate) reacts

specifically with amino groups to form a product which can be

measured colorimetrically (26). The reagent was prepared by

adding 3 grams of ninhydrin (Fisher) per 100-ml of n-propanol.

A solution of glycine dissolved in 0.05 M phosphate buffer

served as standard. Two-tenths ml of ninhydrin reagent were

added to test tubes containing 1.0-mI of standard or sample

and the tubes agitated. This mixture was heated in a boiling

water bath for 20 minutes and cooled, and then 5.0-ml phosphate

buffer were added to each tube. After the tubes were agitated,
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color was allowed to develop for 10 minutes at room temperature

before the optical density of each was read at 570 nm in a

Beckman DB-GT spectrophotometer.

Accumulation of Acetylamino Sugar-Containing Nucleotides

Accumulation of derivatives of uridine diphosphate (UDP)-

acetylmuramic acid, which are cell wall precursors (93, 128),

was measured essentially as described by Wishnow et al. (151).

Cultures of Azotobacter (1.5 or 3-1) were grown to mid-log

phase in BM, and the cells washed in sterile Burk's salts

solution. One-half of the cells were resuspended in fresh

BM and the other half in BM plus glycine (usually 0.05 M).

After the designated incubation time (generally three hours)

cells were harvested, washed in distilled water, and resus-

pended in a volume of water equal to about 1 per cent of the

original culture volume. Cells were extracted for 15 minutes

with boiling water and N-acetylamino sugar esters were mea-

sured colorimetrically by the Reissig et al. (103) modifica-

tion of the method of Aminoff, et al. (2).

Accumulation of nucleotides in Staphylococcus aures 655

HT induced by glycine was carried out as previously described

(129) for Staphylococcus aureus strain Copenhagen, except that

BHI broth was used as culture medium in these studies.



CHAPTER III

RESULTS AND DISCUSSION

The "Peptone Effect"

Effect of Peptone on Growth

The effect of peptone on the growth of Azotobacter vine-

landii 12837 is indicated in Figure 6. The effect of peptone

and other nitrogenous substances on azotobacter growth has

been reported previously (35, 58, 132) but growth kinetics

and cell morphologies were not described fully. A. vinelandii

is able to grow in concentrations of peptone up to 10 per cent,

but the length of the lag phase of growth is increased when

peptone is added to the medium. Observations based on the

data (Figure 6) also make it apparent that cells grown in the

lower concentrations of peptone may undergo a normal division

cycle before growth is inhibited. Once growth is re-initiated

in peptone-containing media, the logarithmic rate of growth,

as indicated by calculations of generation time, differs from

that of control cultures. Based on the formula,

.301(t 2 -t1 )
G = logNT-logNQ
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Fig. 6--Effect of Difco peptone added to the basal medium

on the growth of A. vinelandii. 0 = zero a0, " = 2%, " = 570,
X = 107 10 = 207, g = 30% peptone. Arrows indicate fewer

than 109 viable cells per ml of culture.

where G = generation time, NT = number of cells at time t2 and

NQ = number of cells at t1, G = 2 hours for control cultures

and G = 5 hours for cultures grown in various amounts of pep-

tone.

Effect of_ Peptone on Morphology

The concentrations of peptone which allow growth (Figure

6) induced a pleomorphism which became evident during the lag
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phase and most pronounced during early log growth when virtually

100 per cent of the cells were affected. Difco peptone induced

the kinds of cells called "fungoid forms" with predictable re-

gularity. The cells shown in Figures 7-9 are typical but not

all of the other morphological types described by previous au-

thors (11, 12, 74, 80, 132) were evident in these cultures.

Under the conditions of the experiment, the morphology of the

organism was determined by the presence of peptone, and the

cultures could be described as pleomorphic with regard to one

type or family of aberrant cells.

Attempts were made to correlate the appearance of certain

morphological forms with different stages of the growth cycle

of A. vinelandii in peptone-containing media. The photomicro-

graphs in Figure 7b-f are representative of cells found in

BM plus 5 per cent peptone. Differences in morphology from

cells grown in BM without peptone (Figure 7a) first became evi-

dent between 3 to 5 hours after inoculation. These cells

(Figure 7b) were noticeably longer than control cells (Figure

7a) and the first signs of swelling were apparent. It was

evident, even at this time, that normal cell division and sepa-

ration were impaired. Cells grown in 5 per cent peptone were

frequently connected by a broad bridge (Figure 7b), whereas

cells grown in BM separated normally.
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Fig. 7--Phase contrast photomicrographs of young cells
of A. vinelandii grown in basal medium (a) and in basal medium

plus 5 % peptone (b-f). Each micrograph X3000.

During the remainder of the lag phase of growth and during

early log phase, cell elongation and swelling became more pro-

nounced, so that after 18 to 24 hours, cells had a typical

f,

Apo
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"fungoid" morphology (Figure 7c-f). During this stage of

the growth cycle virtually all of the cells were 10 or more

in length but there was great variation in cell size. Cells

occasionally reached an estimated length of between 100 and

150p. . In view of the size of fungoid cells, it was assumed

that the effect of peptone was to permit cell growth while

preventing septum formation and subsequent division. During

the lag phase of growth, some fungoid cells became so swollen

that very large spherical bodies (about 25-50, in diameter)

were formed. It was assumed that these spheroplasts repre-

sented a more advanced stage of cell wall deterioration than

did the pleomorphic fungoid cells.

During the phase of accelerated growth, some fungoid cells

divided by budding (Figure 8a) either at one or both ends.

a b

Fig. 8--Phase contrast photomicrographs of A. vinelandii
grown in basal medium plus 5% peptone reproducing by budding
(a) and segmentation (b). Each micrograph X3000.
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More frequently, however, the cells became filamentous and

generally segmented into six or eight normal-looking vegeta-

tive cells (Figure 8b). In some cases it appeared as if the

daughter cells emerged from within the fungoid cell. Lysing

fungoid cells of this type presented a classical picture of

parent cells releasing "gonidiar (74), but light and electron

microscopy of these cells indicated that they were mature ve-

getative cells of azotobacter. The resultant progeny of these

modes of division reverted to a morphology more similar to

that of cells grown in basal media after 36 to 48 hours of

incubation. At this time, cells from both control and treated

cultures were spherical or oval in shape and frequently con-

tained large vacuoles (Figure 9). The stationary phase cells

a ," b

Fig. 9--Phase contrast micrographs of stationary phase

cells of A. vinelandii grown in basal medium (a) and basal

medium plus 5% peptone (b). Each micrograph X2500.
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of cultures grown in 5 per cent peptone could usually be dis-

tinguished from cells grown in N-free medium in that the former

were larger and more ellipsoidal in shape, but the transforma-

tion of the long swollen cells into cells with more typical

bacterial morphology was unmistakable.

When young fungoid cells induced by 5 per cent peptone

were transferred to fresh basal medium without peptone, morpho-

logical recovery faithfully occurred within three hours. Under

these conditions, fungoid cells initially divided by budding

and segmenting, but the progeny obtained by these modes of

division reproduced by normal binary fission in subsequent

divisions. This resulted in cultures containing only typical

vegetative cells of azotobacter, except for a few fungoid

"ghosts" which presumably had lysed upon inoculation. In the

same experiment, when fungoid cells were transferred to fresh

media containing 5 per cent peptone, cultures continued the

morphological sequence shown in Table V as if they had not

been transferred at all. In other words, budding and segment-

ing fungoid cells, harvested during log phase (Stage III-Table

V), continued to bud and segment when transferred to fresh

peptone-containing medium. They did not go through the long

lag period again. Cells harvested during early stationary
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TABLE V

DISCRETE STAGES OF THE MORPHOLOGICAL CYCLE OF
AZOTOBACTER INDUCED BY 5 PER CENT PEPTONE

Approximate
Stage Time After Cell Types

Inoculation Present

I. Early lag phase 0-4 hrs. Pairs of plump "typi-
cal" vegetative
cells

II. Lag phase through 4-20 hrs. Fungoid forms,
early log phase branching forms,

spheroplas ts

III. Log phase 20-48 hrs. Budding and segment-
ing fungoid forms

IV. Stationary phase after 48 hrs. Spherical or ellip-
soidal-shaped cells;
generally vacuol-
ated; not unlike
"typical" old azoto-
bacter cells

phase (Stage IV-Table V) divided by binary fission immediately

after being transferred to fresh peptone-containing medium;

these cells had acquired the ability to reproduce normally in

the presence of peptone and continued to divide by binary fis-

sion.

It is evident from the above data that azotobacter cells

can be induced to grow in 5 per cent peptone. The ability to
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overcome the effects of peptone on growth and morphology is

an acquired trait, gained from previous exposure to the in-

hibitor.

Although fungoid forms were consistently observed in

media containing from 2 to 10 per cent peptone, 5 per cent

peptone gave optimal results. At this concentration, extreme

pleomorphism was observed in cultures during the first day of

incubation, and there was not an excessively long lag period

before reproduction in the form of budding and segmenting was

initiated.

It is evident that the appearance of specific pleomorphic

forms in cultures of A. vinelandii is related to the growth

cycle of the organism in peptone-containing media. Lag phase

cultures contain the pleomorphic fungoid cells, apparently

arising from inhibition of cell division. Log phase cells

overcome this transient disorder and divide by budding and

segmenting, so that the morphology of cells in stationary

phase cultures is similar to that of stationary phase cells

grown in basal medium. Discrete stages of peptone-induced

pleomorphism in Azotobacter are described in Table V.

It is inferred from these data that a specific type of

pleomorphism can be induced by the addition of peptone to the
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growth medium, and that this reaction represents a unique

opportunity for the study of pleomorphism. In addition to

this, the data in Table VI show why the phenomenon had probably

TABLE VI

THE EFFECT OF VARIOUS PEPTONES ON THE MORPHOLOGY
OF A. VINELANDII 12837a

Concentra-
Pep tone tion (%) Effect

Difco Peptone 0.5 No effect
(3 different Lots)

Difco Peptone 1 Very slightly lengthened
(3 different Lots) lag period; some cells

slightly elongated and
swollen

Difco Peptone 5 Lengthened lag period;
(3 different Lots) almost all cells in cul-

ture in fungoid form af-
ter 18-24 hr.

Difco Peptone 10 Same as above but growth
(3 different Lots) very scanty; cells hard

to classify because of
low numbers

BBL Phytone
Lot #505621 5 Little effect on lag per-

iod; no fungoid cells
produced; other forms of
pleomorphism evident but
only to a very slight de-
gree
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TABLE VI- -Continued

Peptone Concentra- Effect
tion ()f

Difco Proteose 5 Same
Pep tone
Lot #489565

Difco Proteose 5 Same

Peptone No. 3
Lot #512435

Difco Casamino Acids 0.5 Same
Lot #549478

Difco Tryptone 5 Same
Lot #480535

aAll cultures were studied simultaneously for a period

of 10 days and all media were prepared by adding peptone to
the same batch of basal medium.

not been described previously. It is obvious that only Difco

peptone induces fungoid cell production and only over a nar-

row concentration range. The addition of 5 per cent peptone

to the growth medium has a drastic effect on the morphology

of A. vinelandii, but as shown in Table VII, this amount of

peptone has little or no effect on other selected organisms.

Phase contrast microscopy of cells grown in nitrogen-

free media (Figures 7-9) and in the same media with 5 per

cent peptone shows that pleomorphism is pronounced but that

it is limited to a recognizable set of morphological
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TABLE VII

EFFECT OF 5 PER CENT PEPTONE ON THE MORPHOLOGY
OF SELECTED BACTERIA

Organism

Azotobacter vinelandii 12837

Bacillus megaterium

Staphylococcus aureus

Pseudomonas aeruginosa

Klebsiella pneumoniae 13883

Flavobacterium arborescens 4858

Escherichia coli 11775

Proteus vulgaris 13315
4.

Effecta

pleomorphism repre-
sented by the family
of fungoid cells

no effect

no effect

no effect

no effect

no effect

slight swelling noted
in a small proportion
of cells

a few filaments noted

aDeviation from morphology observed in control cultures.
Control cultures of Azotobacter were grown in basal medium.
Control cultures of the other organisms were grown in Nutrient
Broth (Difco).

configurations. The effect of peptone on the morphology of

these organisms was confirmed by electron microscopy (Figure

10). Fungoid cells have an irregular form and appear to lack

structural rigidity, although the structures labeled CW in
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Fig. 10--Electron micrography of A. vinelandii grown in
basal medium (a) and in basal medium plus 5% peptone (b). Cell
walls (arrows) are evident in both micrographs. (a) X 26,400,
(b) X 13,000.
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the fungoid cells shown in Figure 10 seem identical to the

cell wall of the cells grown in basal media.

Structural Integrity of Fungoid Forms

Based on the ultrastructure of fungoid cells, as seen

with the electron microscope, it appears as if the cell wall

is intact. However, the very fact that these cells are con-

sistently swollen indicates that the wall is unable to main-

tain structural integrity. The sacculus appears to become

elastic in the face of high internal osmotic pressure and may

then bulge at the weakest point.

The structural integrity of peptone-grown cells was com-

pared to that of cells grown in basal medium by osmotic shock.

The data shown in Table VIII indicate that fungoid cells were

osmotically fragile, by comparison. In addition, the morpho-

logical recovery of fungoid cells was accompanied by changes

in osmotic stability, which eventually approached that of the

controls. Older peptone-grown cultures contained large num-

bers of forms with more typical bacterial morphology, which

were not as osmotically fragile as fungoid cells. These data

(Table VIII) were confirmed by direct observations of the de-

gree of cell lysis in osmotically shocked cultures using phase

contrast microscopy.
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TABLE VIII

COMPARISON OF OSMOTIC FRAGILITY OF CELLS GROWN
IN BASAL MEDIA AND IN BASAL MEDIA

PLUS PEPTONE

Growth Cell Survival
Medium Type

Basal medium Log phase L.os

Basal medium Stationary phase 1.00

Basal medium

plus 5% peptone Log phase 0.30

Basal medium
plus 5% peptone Late log phase 0.61

Basal medium
plus 5% peptone Stationary phase 0.80

aRatio of viable cell counts after suspension for 5 min.
in distilled water and suspension for 5 min. in the growth
medium.

It was necessary to check the validity of cell counting

procedures which utilized Burk's salts solution as diluent.

It was determined, however, that while dilution in distilled

water tubes reduced viability of fungoid cells by approximately

50 per cent, the use of Burk's salts solution as diluent did

not reduce viability when compared to basal medium plus pep-

tone.

While fungoid cells were sensitive to osmotic rupture in

distilled water (Table VIII), the presence of small quantities
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of salts in the suspending fluid sufficed to prevent lysis of

most fungoid cells. When these cells were resuspended in Burk's

salts solution instead of distilled water, 70 to 90 per cent

of the fungoid cells remained viable as compared to the controls.

Accumulation of Intracellular Membrane

Electron microscopy revealed that azotobacter cells grown

in various concentrations of peptone possessed a remarkable

amount of internal membrane when compared to that of cells

grown in basal medium. Pockets of membranous material were

generally organized in the form of polar mesosomal-like in-

vaginations (Figure 11), but occasionally irregular masses

of plasma membrane accumulated near the cell surface (Figure

12). In addition, some cells displayed prominent vesicular

inclusions (Figure 13), which appeared to be organized.

Although the presence of membranous inclusions in bacterial

cells is not limited to gram-positive organisms (24, 105) as was

once thought, the occurrence of these bodies in gram-negative

bacteria is still considered a rare event. Membranous networks

are generally observed in gram-negative organisms under growth

conditions which lead to degradation of the cell wall (105).

Under such conditions of stress, they still do not achieve the

prominence observed in gram-positive organisms. It is probable
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Fig. 11--Electron micrographs of A. vinelandii showing

whorled mesosomes (arrows). (a) X 42,000, (b) X 35,000.
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that the accumulation of internal membrane in Azotobacter

vinelandii represents an additional symptom of the "peptone

Fig. 12--Electron micrograph of _A. vinelandii grown in
5% peptone showing accumulation of internal membrane (arrow) .
X 39,000.

effect."r This observation is compatible with the belief that

cell wall function in this organism is sensitive to inhibition

by peptone. Apparently, cell wall biosynthesis in inhibited

during the formation of fungoid cells, while cell membrane

material may continue to be synthesized.
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Fig. 14--Electron photomicrograph of lysed azotobacter
cell grown in the presence of 2% peptone. Extensive internal

membranous network (arrows) is evident. X 22,000.

support the findings of Oppenheim and Marcus (86). These cells

are typical of those grown in the presence of 2 per cent pep-

tone, but they possess extensive membranous inclusions similar

to those previously observed only in cells grown in the absence

of fixed nitrogen.

Identification of the Pleomorphism-
Inducing Principle

As evident from the preceding discussion, the addition

of peptone to the medium has pronounced but predictable ef-

fects on the growth and morphology of Azotobacter vinelandii.

O
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During the initial phase of growth inhibition, osmotically

fragile fungoid cells were produced, presumably due to inhi-

bition of cell wall synthesis. Eventually the fungoid forms

divided by budding and segmentation, giving rise to more con-

ventional bacillary forms which were not as fragile as their

parent cells.

Experiments were designed in an attempt to isolate and

identify the constituent(s) of peptone responsible for this

phenomenon. In the first set of experiments peptone was frac-

tionated by the scheme indicated in Figure 5, and each fraction

was tested for its ability to induce pleomorphism. For rea-

sons previously indicated, basal medium containing 5 per cent

peptone was used as the standard to which various fractions

were compared.

The results of these tests are shown in Figure 5. Pep-

tone control medium containing 5 per cent peptone was found

to have an activity of 5-10 units of pleomorphism-inducing

activity per ml. All activity was lost upon complete igni-

tion of peptone, indicating that the active principle was

organic in nature. In addition, the active component was not

absorbed by activated charcoal. The activity was found ex-

clusively in the dialysate and in the water-soluble fractions
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after extraction with ether at pH 6.8 or 1.2 or after extrac-

tion with pyridine. Some of the activity was lost upon pyri-

dine extraction and this could not be recovered by recombining

the two pyridine fractions.

The ether-insoluble fraction at pH 1.2 retained full

activity and was fractionated by ultrafiltration. All activity

was found in the filtrate (effluent) of the UM-2 membrane,

suggesting that the pleomorphism-inducing factor had a molec-

ular weight of less than 1000 daltons.

The concentrated effluent was used as starting material

for gel filtration on Sephadex G-15. After the void volume

of 32-mi had passed through the column and was discarded, fifty

1-ml fractions were collected and assayed for their capacity

to induce pleomorphism. The activity was present in a single

peak spread over 6-ml (in tubes number 35 through 40). When

portions of each fraction were spotted on filter paper and

sprayed with ninhydrin (Nutritional Biochemicals Corporation),

tubes number 20 through 45 showed ninhydrin positive spots.

The six active fractions were pooled although no immediate

attempt was made to characterize this fraction.

Based on the data obtained from solvent fractionation,

ultrafiltration, and chromatographic separation of peptone,
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it seemed probable that the active principle was associated

with the amino acid fraction of peptone. The single experi-

ment which was most beneficial in determining the nature of

the active principle involved the hydrolysis of (NH4 ) 2 S04-

precipitated residue of dialysis (Figure 5). The data indi-

cate that the residue of dialysis showed no activity. When

this inactive residue was hydrolyzed with HC, however, the

activity of the hydrolysate was approximately 5 times greater

than 5 per cent peptone. In fact, media containing undiluted

hydrolysate completely inhibited growth, but when this hydrol-

ysate was diluted five-fold, formation of pleomorphic azoto-

bacter paralleled that in 5 per cent peptone.

The above data suggest that the active factor is mono-

meric and probably consists of one or more single amino acids,

since the residual material of peptone contains primarily pro-

teinaceous material. If this were the case, by determining

the concentration of each free amino acid in various active

fractions, it should be possible to prepare chemically-defined

media which induce pleomorphism. Accordingly, the following

active fractions were analyzed for their amino acid composi-

tion:

(1) the original dialysate
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(2) the effluent from ultrafiltration

(3) the pooled sephadex fractions

(4) the sulfate precipitated hydrolyzed residue

Amino acid analyses of these fractions are shown in Table

IX. The values obtained for the dialysate or the ultrafiltrate

were assumed to be representative of free amino acid content

of aqueous solutions of 5 per cent peptone, while those ob-

tained from hydrolysates of (NH) 2SO4 precipitates were thought

to represent amino acid content of residual proteins.

It is apparent from the analysis of pooled sephadex frac-

tions that the active fractions contained the lower molecular

weight amino acids, while partially excluding the larger ones.

The 1-ml of effluent placed on the column was ten times as

concentrated as shown in Table IX and the active fractions

were eluted over 6-ml. Thus, the degree of separation can

best be observed by realizing that if all amino acids had

eluted together, the concentration of each amino acid in the

pooled fraction would be roughly twice that shown for the

effluent in Table IX. These data are not conclusive, but

they indicate that the active principle probably consisted

of one or more of the lower molecular weight amino acids.

The acid-hydrolyzed residue had five times the activity

of 5 per cent peptone. If pleomorphism depended merely on
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TABLE IX

AMINO ACID ANALYSES OF VARIOUS FRACTIONS OF PEPTONE

Visking Membrane Active Fractions (NH4 ) 2504
Amino Pooled from Precipitate

Acid Diltsate or Sephadex Hydrolyzed

Ultr fil rat Separation with HCl

Lys 420a trace 170

His 100 30 40

Arg 920 180 220

Trp 100 none detected 40

Asp 190 70 410

Thr 200 280 130

Ser 250 430 230

Glu. 370 90 630

Pro 130 180 1110

Gly 300 660 1560

Ala 420 790 560

Val 360 540 200

Met 160 110 90

Ile 270 490 120

Leu 700 1290 170

Tyr 270 none detected 40

Phe 420 none detected 120

amg/L of a 5% solution of Difco peptone.

1
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the presence of one or more amino acids, it was expected that

these would be more concentrated in the more active fractions.

As shown in Table IX, only four amino acids were more concen-

trated in the hydrolyzed residue than in 5 per cent peptone.

Aspartic and glutamic acid were concentrated roughly two-fold

and proline ten-fold, and glycine was concentrated five-fold.

Media were prepared by adding either a single amino acid

or a combination of amino acids to the basal medium based on

the free amino acid composition of 5 per cent peptone. The

results of these tests gave unambiguous proof that the fungoid-

inducing component of peptone was glycine. Normal growth and

cell morphology were observed in all cultures containing single

amino acids except those containing 300 mg of glycine per liter;

in these, no growth was observed. However, when the glycine

content was reduced to 50-75 mg per liter, virtually 100 per

cent fungoid cells were observed after 24 hours of incubation.

If all the amino acids in Table IX except glycine were added

to the growth medium in the concentrations indicated, no fun-

goid forms were produced. But if 300 mg of glycine per liter

were also added, then fungoid forms were produced. As in prev-

ious studies, fungoid cells reverted to the morphology of cells

grown in nintroge-free media in approximately 48 hours. From

the above observations it is apparent that while glycine is the
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sole constituent of peptone which induces fungoid formation

in the cells of Azotobacter vinelandii, its inhibitory ef-

fect is influenced by other amino acids in the medium. The

effect of glycine on the morphology of bacteria is well es-

tablished (39, 41, 128, 129, 145), but the results presented

in Table X indicate that the effect of glycine on azotobacter

is very critically dependent upon the concentration employed.

Fungoid cells appeared predictably when 75 mg of glycine per

TABLE X

THE EFFECT OF GLYCINE ON THE MORPHOLOGY AND GROWTH
OF AZOTOBACTER VINELANDII

Glycine
mg/I

Effect a

3 None

30 None

38 Growth normal; cells slightly elongated, no true
fungoid cells noted

50 Lag period lengthened; fungoid cells observed during
first day of culture

75 Same

150 Growth greatly inhibited; never got turbid; a few
fungoid cells observed

300 No growth

aDeviation from morphology and growth rate observed in
control cultures; checked daily for two weeks.
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liter were added to the medium, but there was little or no

effect from half of this concentration, and four times as

much inhibited growth completely. This may account for the

failure of previous investigators (35) to detect the presence

of fungoid cells of Azotobacter induced by glycine. The fact

that the morphology of Azotobacter can be altered by relatively

low levels of glycine accounts for the observation that this

organism becomes pleomorphic in ordinary nutrient agar or 5

per cent peptone while most other bacteria are not affected.

When Azotobacter cells were grown in basal medium to a

density of approximately 108 cells per ml, washed, and re-

suspended in fresh medium containing high concentrations of

glycine (0.02-1.OM), spheroplasts were formed, and these lysed

rapidly in medium containing no osmotic stablizer. In fact,

more than 50 per cent of these spheroplasts were lysed, even

when 10 per cent glucose or 20 per cent sucrose were added to

the medium.

In summarizing the "peptone effect," it is apparent that

fungoid morphology in azotobacter is a result of growth in

concentrations of glycine just below the lethal threshold.

Under these conditions the effects on growth and morphology

are only transient, and the organism eventually recovers.
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Physiology of Glycine-induced Pleomorphism

Accumulation of Wall Precursers

The mechanism of action of glycine on cells of Staphylo-

coccus has been studied by Strominger and Birge (129). When

mid-log phase cells of Staphylococcus aureus strain Copenhagen

were suspended in growth medium containing 0.5M glycine for

90 minutes, it was found (129) that the cultures accumulated

26 moles of acetylamino sugar ester per liter (compared to

0.5,moles per liter in the control cultures). On isolation

and identification of these UDP-containing cell wall precur-

sors which had accumulated in the presence of glycine, it was

evident to these investigators (129) that glycine was compet-

ing with L-alanine (see Figure 2) for the attachment site on

the N-acetylmuramic acid moiety of peptidoglycan. The above

method was used to determine if Azotobacter also accumulated

acetylamino sugar esters in the presence of glycine. The

reference curve for quantitative determination of N-

acetylglucosamine is shown in Figure 15.

The action of 0.05M glycine on A. vinelandii is to des-

troy cell integrity to the extent that spheroplasts (Figure

16) are formed within 10 hours. It was found, however, that

this level of glycine failed to induce detectable levels of

cell wall precursors after 3 hours of incubation (Table XI).
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Fig. 15--Reference curve for quantitative analysis of

N-acetylamino sugar.

For comparison, cultures of Staphylococcus aureus 655 HT,

grown to half-maximal growth in BHI and transferred to fresh

medium containing 0.5M glycine, accumulated acetylamino sugar

esters within 2 hours. These data must not be interpreted to

mean that the mechanism of action of glycine in Azotobacter

is different from that suggested for Staphylococcus (129).

Although accumulation of wall precursors has been demonstrated

in some gram-negative organisms (39, 72), it is not uncommon

that these bacteria build-up little or no detectable
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A,

Fig. 16--Phase contrast photomicrograph of A. vinelandii

spheroplast grown in basal medium plus 0.05M glycine. X 3,500.

acetylamino sugars when grown in the presence of cell wall in-

hibitors. Since it is considered likely that wall precursors

do accumulate in gram-negative bacteria under these conditions,

TABLE XI

ACCUMULATION OF N-ACETYLAMINO SUGARS IN EXTRACTS OF
AZOTOBACTER VINELANDII 12837 AND

STAPHYLOCOCCUS AUREUS 655 HTa

Staph. aureus 655 HT A. vinelandii 12837

BHI BHI + Basal Basal medium +

0.5M glycine medium 0.05M glycine

0.13b 1.8b 0 0

aAll cultures were grown in glycine-less medium to half-

meximal growth and cells were resuspended in the appropriate
medium.

bgmoles of acetylamino sugar per liter of culture.
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just as they do in gram-positive bacteria, the failure to de-

tect them may merely reflect the relatively small amount of

peptidoglycan in gram-negative organisms.

Uptake of C1 4 -Glycine

Studies were designed to determine the fate of glycine

during pleomorphic growth of Azotobacter vinelandii. Filtrates

of stationary phase cultures grown in the presence of 75 mg

of glycine per liter showed a decrease in material reactive

with ninhydrin of approximately 70 per cent compared to the

uninoculated controls. The quantitative ninhydrin test mea-

sures free amino nitrogen content and is not specific for

glycine. However, since cultures initially contained glycine

as the sole source of combined nitrogen, it is apparent that

the level of free glycine in the medium was substantially

reduced after three days of incubation. The reference curve

for quantitative determination of free amino nitrogen, using

glycine as standard, is shown in Figure 17.

Amino acid analyses were performed on culture filtrates

of azotobacter cells grown in the presence of 75 mg of glycine

per liter. The data obtained from these experiments indicated

that the organism did not excrete detectable amounts of amino

acids into the medium. In addition, the data shown in Table XII
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Fig. 17--Reference curve for quantitative ninhydrin test.

confirm the previous observation that the level of glycine

was significantly reduced when cultures were grown with gly-

cine as the sole source of organic nitrogen. However, when

azotobacter was grown in medium containing the full complement

of free amino acids found in 5 per cent peptone at their appro-

priate concentrations (Table IX), the concentration of glycine,

as well as the other amino acids, remained essentially con-

stant, even though fungoid morphology was evident.

It is evident from the data in Table XIII that the majority

of glycine which was lost from culture media containing 75 mg

of glycine per liter (lmM) was recovered in intracellular
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TABLE XII

DEPLETION OF GLYCINE IN FILTRATES OF PLEOMORPHIC CULTURES
OF AZOTOBACTER AS DETERMINED BY AMINO ACID ANALYSES

Concentration of Glycine (mg/i)
Medium

Day0 Day1 Day 2 Day 3

Basal medium
plus 75mg/I 75 70 56 23
glycine

Basal medium
plus free amino
acids of 5% 300 300 315 323
peptone (glycine=
300mg/1)

protein; radioactively labeled glycine was found almost ex-

clusively in the TCA precipitable fraction. On the other hand,

cell envelopes from neither the progeny of fungoid cells nor

spheroplasts were significantly labeled. This indicates that

induction of pleomorphism by glycine does not require incor-

poration of this amino acid into the cell wall of affected

cells. These data (Table XIII) also support the fact that

incorporation of glycine into cellular fractions is inhibited

by the presence of other amino acids, presumably due to in-

hibition of some transport mechanism. Nevertheless, it is

doubtful that this is the reason why glycine is relatively
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TABLE XIII

INCORPORATION OF C'4 -GLYCINE BY CULTURES OF AZOTOBACTER

Per Cent Radioactivity in Each Fraction

Basal Medium Plus Basal Medium
Basal Medium Free Amino Acids Plus 3.75g/1

Fraction Plus 75mg/1 of 5% Peptone Glycine
Glycine (Glycine = 300 (0.05M)

mg/1 Glycine)

Uninoculated
control 100 100 100

Spent medium 54 100 98

Cell envelope 40.01 . . 40.01

Cytoplasmic

fraction 40 . . trace

TCA ppt. 37 . . trace

TCA non-ppt. 2 . . trace

less inhibitory to growth of Azotobacter when in the presence

of the other amino acids. Glycine is active as a growth in-

hibitor and inducer of pleomorphism even when there is no ob-

servable uptake of glycine from the culture medium.

Effect of Glycine on Active vs. Resting Cells

Many of the inhibitors of cell wall synthesis which in-

duce the formation of spheroplasts act only on metabolically
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active cells. It is widely known, for example, that cells

which are undergoing division and synthesizing protein are

far more susceptible to the action of penicillin than are

resting cells. On the other hand, enzymes such as lysozyme

and chelators such as EDTA are equally effective against both

active and resting cells. If the action of glycine is to com-

petitively inhibit the formation of new peptidoglycan, it

seems probable that this inhibitor, like penicillin, would act

only on cells which have some capacity for growth. This assump-

tion has been borne out by some investigators, but there are

others who claim that glycine is also effective against metabol-

ically resting cells (145).

The data obtained from this investigation indicate that

glycine induces spheroplasts in Azotobacter only when the organ-

ism is metabolically active. Four-day-old cultures of A.

vinelandii grown in basal medium and containing spherical

vacuolated cells were washed six times to get rid of residual

glucose and resuspended in sterile Burk's salts solution. These

cell suspensions were further incubated for two to three days,

at which time the vacuoles of reserve material were greatly

diminished in size. Although no tests were performed to mea-

sure the capacity of these cells to consume oxygen or synthe-

size protein, it is accepted that cells prepared in this manner
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have a very low endogenous metabolism. When these cells were

washed and suspended in Burk's salts solution plus 0.05M

glycine, no spheroplasts were produced as observed by phase

contrast microscopy. On the other hand, in control cultures

which were washed and resuspended in basal medium plus 0.05M

glycine, spheroplasts were clearly evident within 24 hours.

The effect of glycine was also tested on cells in which

protein synthesis was inhibited. In these experiments cells

were grown in N-free medium and harvested at half-maximal

growth. They were subsequently washed and resuspended in

medium containing streptomycin sulfate (Nutritional Biochem-

icals Corporation), which is a known inhibitor of protein

synthesis. It was initially determined that, using this inocu-

lum size of approximately 108 cells/ml, the addition of 10,ctg/ml

of streptomycin to basal medium completely inhibited growth.

Cells suspended in medium containing 0.05M glycine but no strep-

tomycin formed spheroplasts as usual, but when 10 ,igg/ml strep-

tomycin was also added, no morphological changes were observed.

These data indicate that induction of spheroplasts in Azoto-

bacter by glycine requires that some protein synthesis occur.

Effect of Inoculum Size

When cultures of Azotobacter were grown in the presence

of 75 mg of glycine per liter, the degree to which cell
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morphology was altered was dependent upon the size of inocu-

lum used. If fungoid morphology was due to cellular growth

without cell division, it was reasonable to assume that cells

in heavily inoculated cultures, having only one or two gene-

ration times before reaching maximal cell density, would not

attain the length of true fungoid cells. The data in Table

XIV suggest that as the size of the inoculum is increased,

the effective concentration of glycine is diluted over a larger

population. The length of affected cells is reduced and re-

covery occurs more rapidly.

Competitive Neutralization of Glycine Toxicity

It has been previously shown in this investigation that

300 mg/1 of glycine is inhibitory to growth of azotobacter

when glycine is the only amino acid added to the basal medium.

In the presence of the other amino acids found in 5 per cent

peptone, 300 mg/1 glycine permited growth and the formation

of fungoid cells. Knowledge of which amino acid(s) was respon-

sible for this competitive neutralization of the toxic effects

of glycine might lead to some understanding of the mechanism

of action of glycine. Media containing two amino acids were

prepared by adding 300 mg/1 glycine and other individual amino

acids in their appropriate concentration. Control medium
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TABLE XIV

EFFECT OF INOCULA SIZE ON GLYCINE-INDUCED
PLEOMORPHISM IN AZOTOBACTERa

No. Viable Cells/mib Effectc

18-24 hr. lag period; virtually all

3 x 106 true fungoid cells (10OA or more in
length) during lag phase; morpholog-
ical recovery by 48 hr.

6 x 106 Same

3 17Similar to above but many fungoid
3 x lO0 cells were shorter and less swollen

Some true fungoid cells present but

6 O17 cells rarely 104 or more in length;
somewhat shortened lag period; re-

covery generally by 36 hr.

1.5 Same

Essentially no lag period; few true

8 fungoid cells present, though cells

3 x 10 noticeably longer than those grown

in N-free media; morphological re-

covery by 24-30 hr.

aAll cultures were grown in basal medium and transferred

to basal medium plus 75 mg/l glycine.

bConcentration of cells immediately after inoculation.

cDeviation in growth and morphology from cultures inocu-

lated with 3 x 106 cells/ml.

contained the full complement of free amino acids in peptone.

It was found that under these conditions the addition of meth-

ionine (160 m/1) or aspartic acid (190 mg/1) neutralized the



103

inhibitory effect of glycine to the extent that in these cul-

tures growth and formation of the fungoid family of cells was

similar to that of cultures grown in control medium. In addi-

tion, alanine (420 mg/1) and isoleucine (270 mg/l) were ef-

fective in overcoming growth inhibition, but to a lesser

extent.

If the effect of glycine on the growth and morphology

of Azotobacter, like Staphylococcus, is due to competitive

inhibition with the L-alanine moiety in peptidoglycan, it is

reasonable that by increasing the concentration of alanine,

this inhibition could be reversed. It is interesting that

methionine and aspartic acid, and to a lesser degree isoleu-

cine, were also capable of neutralizing some of the toxicity

of glycine, but the nature of this protection requires further

investigation. It is certainly possible that the mechanism

of action of glycine on Azotobacter is more complicated than

that reported in Staphylococcus.

Concluding Remarks

The intent of this investigation was to study the nature

of peptone-induced pleomorphism in Azotobacter. It was in-

itially determined that the appearance of various pleomorphic

forms was predictable; each type being related to the fungoid

family of cells. It was further shown that this pleomorphism
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was due to growth in concentrations of glycine just below

the lethal threshold. Attempts to determine the mechanism

of action pointed out several interesting physiological as-

pects of glycine-induced pleomorphism, but these studies were

non-conclusive.

Undoubtedly glycine, alone, cannot account for all the

pleomorphism observed in Azotobacter, but it is evident that

the presence of glycine in the growth medium accounts for an

important family of morphological types. Giant cells, fila-

mentous forms, budding and branching cells, gonidia-like struc-

tures, and gonidangia-like forms as described by previous in-

vestigators (12, 35, 74, 132, 150) were readily observed

in cultures containing peptone or glycine.



CHAPTER IV

SUMMARY

The rigid peptidoglycan layer of the cell wall is respon-

sible for maintaining the structural integrity of bacteria.

Antibiotics such as penicillin exert their anti-bacterial ef-

fect by inhibiting synthesis of peptidoglycan, and enzymes

such as lysozyme destroy cell integrity by hydrolyzing specific

bonds in the interior of this macromolecule. Defective cells

can no longer withstand the high turgor pressure within the

cell because they are no longer protected by a rigid wall,

and tend to become fragile and spherical or irregular in shape.

While all bacteria are pleomorphic under certain conditions

of culture, some lose integrity under conditions which do not

normally affect other bacteria. This is exemplified by the

pleomorphic growth of Azotobacter in nutrient agar or peptone-

containing medium.

The purpose of this investigation was to study the nature

of peptone-induced pleomorphism of Azotobacter. The first

phase of study dealt with the effects of peptone on the growth

and morphology of A. vinelandii. Many diverse forms were

105
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observed in peptone-containing media, but it was shown that

all cell types were related to the "fungoid" family of pleo-

morphic cells. Cultures of Azotobacter grown in the presence

of 5 per cent peptone consisted almost entirely of elongated,

swollen, and osmotically fragile cells during the long lag

phase of growth. After approximately 24 hours of incubation

these cells became filamentous and divided by budding or seg-

menting. After 48 hours virtually the entire population had

reverted to a more conventional cocco-bacillary form and os-

motic stability approached that of the control cultures grown

in N-free medium. It was concluded that fungoid morphology

results from loss of structural integrity of the cell wall

and from inhibition of septum formation and subsequent divi-

sion. Although electron microscopy revealed no detectable

lesions in the walls of fungoid cells, it was evident that

large quantities of internal membrane accumulated in peptone-

grown cells. This may have resulted from the continuation of

membrane biosynthesis under conditions which were inhibitory

to synthesis of cell wall.

Fractionation of peptone revealed that the active prin-

ciple probably consisted of one or more amino acids. Experi-

ments in which synthetic media were prepared according to
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the amino acid analyses of several active fractions, indicated

that glycine was the active component. Glycine induced pleo-

morphism over a narrow concentration range; at higher levels

growth was completely inhibited. It was concluded that peptone-

induced pleomorphism in Azotobacter is due to growth of the

organism in concentrations of glycine just below the lethal

threshold.

Although Azotobacter failed to accumulate detectable

levels of cell-wall precursors in response to glycine treat-

ment, it was shown that glycine acted only on metabolically

active cells. In addition, incorporation of glycine into cell

wall of Azotobacter was not required for induction of pleo-

morphism. Methionine and aspartic acid, and to a lesser degree

alanine and isolecuine, were found to competitively inhibit

glycine toxicity.

Induction of pleomorphism by glycine may account for some

of the extreme morphological variation which has been reported

in Azotobacter.
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