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ABSTRACT

In the presence of an exogenous carbon source, mature cysts
of the genus Azotobacter germinate and become rod-shaped vegetative
cells„

Gemination is a sequential process in which the central

body enlarges in size and loses its refractility0 •Eventually the
individual layers of the cyst coat become detached, the coat is
broken open, and the new vegetative cell emerges.,

It was found

that'not all carbon compounds which support vegetative grovith promote
the conversion of dormant cysts to vegetative cells0

Glucose,

fructose, galactose, ethanol, n-propanol, and n-butanol were found
to be the most effective carbon sources for complete conversion..
Combined nitrogen stimulated conversion in the presence of glucose0
■Several chemical and physical changes associated with cyst
gemination and outgrowth were investigated.,

Although glucose con

sumption was linear for the first 20 hr, cysts began active cell
multiplication about 10 hr after being placed in Burk^nitrogenfree gemination medium supplemented with 0„8$ glucose o

The total

nitrogen content was constant for the first ^ hr and then increased
during the gemination process „ • Synthesis of RNA began in the late,
gemination phase and preceded both DNA and protein synthesis by
about

k.

hr„

Calcium and magnesium ions Were, released into medium

during germination,,

Sensitivity to deleterious agents increased

during the gemination process0

Once the integrity of the cyst

coat was destroyed the resistance of the geminating cysts to
desiccation and heat treatment was rapidly losto

The immediate ‘uptake of oxygen by cysts placed in a suitable
environment suggested an operative electron transport system in
these cellso

A comparative study revealed that both cysts and vege

tative cells possessed the a-j b-t, and c-type cytochrome systems.,
However9 a relatively small amount of the cytochromes was detected
in the cysts., ■The Qq

values (^1 0^ per mg dry wt per hr) of cysts,

germinating cysts9 and vegetative cells were 25, 56, ahd 225,
respectivelyo

Cysts contained succinic dehydrogenase, cytochrome

oxidase and diaphorase at much lower amounts than vegetative cells„
It is suggested that cyst formation, in contrast to spore formation,
does not involve extensive destruction of the respiratory systems..
The cyst is essentially a small spherical copy of the vegetative
cell exhibiting lower metabolic activities permitting"survival in
an unfavorable physiological environments
In order to determine the site of respiratory enzyme activity,
cells in various stages of conversion from cysts to the vegetative
state were exposed to"potassium tellurite, and tellurite deposition
was subsequently observed in the electron microscope„

Mature cysts

did not react with the tellurite and no metallic deposits were
observedo ■In cells showing almost complete conversion to the typical
rod-shaped vegetative state, tellurite was deposited mainly at the
intracytoplasmic membraneo

The tellurite deposition enhanced the

appearance of this structure., ■ Spot tests revealed the existence
of metallic tellurium as the product0

Experiments involving the

reduction of tetranitroblue tetra.zolium salt gave similar results 0

x

The complete mesosome structures were observed in vegetative cells
which were exposed to potassium tellurite„

During germination^ pro

trusions were observed from the cell wall when osmium was used as a
fixativeo
Localization of cytochrome oxidase was demonstrated by using
alpha-naphthol and n-benzyl-p-phenylenediamine0

Electron-dense

deposits were observed in both glutaraldehyde fixed and unfixed vege
tative cellso

In unfixed cellss large granules surrounded by a

limiting membrane were seen inside the cytoplasm,.

These structures

were somewhat similar to the lysosome structures found in higher
organisms□

INTRODUCTION

t

At least three different types of resting cells are produced

in bacteria:

endospores, conidia, and cysts0

Endospores are a

characteristic developmental stage of spore-forming rods of the genera
a

Bacillus and Clostridium, as well as one coccus, Sarcina ureae.

The

conidia of actinomycetes are formed by segmentation of the ends of
aerial mycelial strands. ■ These resting cells are able to surviVfe
unfavorable conditions, and, under appropriate circumstances, -will
germinate to give rise to new vegetative cells.
Cysts, which occur in the genera. Azotobacter. Myxococcus, and
Sporocytophaea are specialized resting cells in which the entire cell
rounds-up and develops a thick, highly refractile coat.

Like endo

spores, the cyst can remain dormant for long;periods, and subsequently
germinate to give rise to a vegetative cell.

The dormant-forms,

which differ from the vegetative cells in morphology' and composition,
are more resistant to an unfavorable-environment and are less active
r
* |
•
>
metabolically. By comparison with the extensive studies of endo
spores, however, little information concerning the morphological and
physiological factors involved in encystment|and germination in
Azotobacter has been elucidated.
The exact location of the respiratory system in bacteria,
equivalent to Mitochondria in higher organisms, still remains unknown.
Two general approaches for. the investigation of this problem, were
proposed by Marr (i960):

(l) analytical morphology involving bio

chemical studies of the cell fractions, and (2) direct cytochemistry

2
consisting of localization of the sites of enzyme activity in the
intact cello

In order to obtain information concerning the nature of

the respiratory enzyme chain in bacteria, an electron microscopic
study was made of the sites of reactiom

These were observed in the

natural states by means of incorporated chemicals, such as tellurite,
tetrazolium, and the Nadi reagents,, •Recently, Hanker, Seaman, Weiss,
Ueno, Bergman, and- Seligman (196^) synthesized several osmiophilic
reagents which when used with cells demonstrate the loci of cytochrome
oxidase activity, by electron microscopy0
The work reported herein was attempted for the following
reasons:

(l) to elucidate the nutritional requirements specifically

responsible for conversion of the dormant cysts to' active vegetative
cell; (2) to compare the dormant cyst and the vegetative cell,
cytologically and physiologically; (3) to demonstrate the loci of
oxidative enzyme activities, by the combination of cytochemistry
and electron microscopy,,

/

REVIEW OF LITERATURE

General Cytology of Azotobacter Cells

!

Azotobacter cells are gram-negative, nonspore-forming, encap
sulated, and peritriously flagellated«

Typical vegetative cells are

ellipsoidal or peanut-like cells, measuring 2 to "6 y. in length and

0„5 to 3

in width,, • Since the azotobacter are obligate aerobic
v

nitrogen-fixing organisms, they can obtain their entire nitrogen
requirement from the .atmosphere,,
Jones (1920) reported the presence of thick-walled resting
cells in a culture of the genus Azotobacter, and upon placement in
fresh medium, these resting cells would revert to rod-shaped vegeta
tive cellso

Batchinskaya (1935) observed the formation of a double

layered capsule around the aging cells of Azotobacter0, The author
thought that the inner layer was composed of soft slime and that the
outer layer served as an envelope for the inner l a y e r W i n o g r a d s k y
(1938) extended this idea by using the stains, violamine and .versuvine0

The central portion of the cyst stained brown or black,

whereas, the inner layer (intine) stained yellow, and the outer layer
of the capsule (exine) stained black0

Vela and Wyss (196^) intro

duced a stain for Azotobacter cysts which permitted observation of
cytological structures corresponding to those structures seen in
the report of Winogradsky,,

The advantages of this staining method

were that the preparation could be observed as a "wet mount" and the
cyst and vegetative cells could be differentiated more easily.

3

4
The application of electron microscopy to Azotobacter cells
during the stationary phase was performed by Carr (1958)»

He

observed an abundance of adherent extracellular materials which
appeared to be a highly dense component consisting' of fibrous strands»
Hofer (1944) clearly demonstrated with the electron microscope that
cells of the genus Azotobacter are peritrichous and that they possess
an unusually large number of fl.agella0

By using the shadowing and

negative staining techniques, Baillie, Hodgkiss, and Norris (1962)
illustrated flagellation of the azotobacter in electron micrographs,*
Peritrichous flagellation was observed in the cyst-forming species,
A„ chroococcum, A 0 bei.ierinckii, and

k a

vinelandii0

Extensive morphological studies were carried out by Socolofsky
and Wyss (l96l)0

Under the phase microscope, the center of the cyst

was observed to be dense and sometimes containing refractive granules0
Electron micrographs of ultra-thin sections of cysts indicated that
the cyst structure consisted of an outer rigid coat (exine), which
enclosed an inner coat (intine)»

The center of the cyst is a central

body and may contain lipid granules0

The central body is essentially

a small spherical copy of the vegetative cell (tSocolof-sky and Wyss,

196l; Wyss, Neumann, and Socolofsky, 1961; Parker and Socolofsky,
1966)0

Tchan, Birch-Anderson, and Jensen (1962) obtained similar

results with A. chroococcumo

They described the cyst as being

surrounded by a multi-layered envelope consisting of exocystorium,
an outer dense, and an inner less-dense layer0

The cell inside the

cyst coat revealed essentially the same structure as the vegetative
cellso

Azotobacter has been reported to possess several Aodes of
reproduction and exhibits a -wide variety of morphological forms,,
Besides the normal reproduction by binary fission,' A, chroococcum has
been reported to produce regenerative bodies or gonidia0 •They, are
formed inside giant cells and may be released after disruption of the
cell wall,

This was reported by Bis set and Hale (1953) and confirmed

by Peterson'(1961)„

Dondero and Zelle (1953) observed the develop

ment of two unusual cell types, conjugation cells and large bodies,
in A, agile which^were reportedly due to a genetic effect rather than
environmental conditions ,

Smit (195^) found a variety of A, agile
Den Dooren de Jolng (1938)

that appeared exclusively as giant cells,,

gave a very detailed description of the many bizarre cell types of
Ao chroococcum, including enormously swollen cells that arise in
media with combined nitrogen, especially of an organic nature„
De Regel (1932) interpreted the swollen cells of A, chroococcum as
involution forms incapable of reproduction, while Eisenstark, Ward,
and Kyle Cl950) found that similar cells of A, agile germinated with
regeneration of normal cells0
Van Schreven (1962) observed that both the morphology and
reproduction of A, chroococcum were influenced greatly by nutrition
and by the characteristics of the strains,

When the growth was not

entirely suppressed by penicillin, filamentous cells and spheroplasts were formed (Van Schreven,. 1966),

Gonidia were sometimes

formed inside the spheroplasts and also inside giant cells.

Under

certain conditions, groups of gonidia present in a cell fused and
formed one or more normal looking cells inside the mother cell.

6
Th& function and characteristics of giant and dwarf cells and gonidia
still remain unknowna

Cyst Formation and Germination

Winogradsky (1938) reported that eneystment occurred when
cells of

vinelandii were cultivated for 5 to 6 days in the presence

of ethanol, butanol, acetate, butyrate, or benzoate0 He described
the process for the eneystment as follows:

after 3 days of incuba

tions, young motile rod-shaped vegetative cells became rounded, ovular
forms, which after 4 to 5 days changed to coccoid cells and diminished
in size0 ■Eventually, the coccoid cells became mature cysts0

He also

reported obtaining viable cysts from'cultures stored for two years0
The germination process was described as involving the1 enlargement
of the central body until it breaks out of the surrounding capsule <.
It then begins to elongate into an ovoid shape, and finally into the
typical rod-shaped vegetative cells0
• Socolofsky and W^ss (1961) confirmed the earlier work of
Winogradsky with the aid of the electron microscope«

They reported

that after growing on an encysting medium for 24 to 36 hr, the rod
shaped vegetative cells rounded-up to an oval o r ■spherical form and
a bark-like coat (exine) was then deposited around the cells0

The

mature cysts were observed during the 5th and 6th day of inoubation0
During this final period, the central body decreased in size, and the
intine increased in electron density0
lffyss et alo (l96l) and Tchan et al0 (1962) followed the pro
cess of germination with electron micrographs0

Tfyss gt £ l 0 (l96l)

reported that the first noticeable change, of the cyst during

7
germination "was an enlargement of the central body and displacement
of intine materials,,

Lipid granules and small electron dense bodies

began to disappear,, and the peripheral bodies noted in young vegetative
cells became discernable,,

During germination the exine appeared

much more fragile than in the intact cyst, however, it still retained
a "horse-shoe" appearance after release of the vegetative cells„
During the last stage of germination, the cells assumed a typical
rod-shaped appearance and extensive cell multiplication could be
seen once more0

The electron micrographs of Tchan et al„ (19&2)

indicated that central body was displaced to an eccentric form in
the cyst coat during the early stages of germination,, •The central
body became slightly pointed and in some cas$s appeared to have multi
layered inclusions in the pointed region,,

Although the significance

of these inclusions was unknown, their position and presence mainly
in germinating cysts suggested that they may have some function in
the production of enzymes used for rupturing the cyst coat„
■Socolofsky and Wyss (1962) demonstrated with quantitative
experiments that cysts retained almost 100$ viability during 12 days
of desiccation,,

Only 1$ of vegetative cells survive one day of the

desiccation treatment„

Azotobacter cysts are also more resistant

than vegetative cells to other deleterious agents, such as ultra
violet (UV) and gamma radiation, heat, and sonification„

These

authors have shown a direct relationship between the acquisition
of the cyst coat and the acquisition of the characteristic cyst
resistance,,
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The relationship between cyst formation and poly-betahydroxybutyric acid (PHB) accumulation in Azotobacter was investi
gated by Stevenson and Socolofsky (l966)„

Those substrates (glucose

and butanol) promoting the highest polymer content also promoted

95# to 100# eneystment,,

Manipulation of the carbon and nitrogen

supply in the medium indicated that both the maximal PHB content and
the extent of cyst formation could be controlled0
Wien Azotobacter cells are infected with phage, they produce
an induced enzyme which specifically dissolves capsular polysaccharide
(Eklund and Wyss, 1962; Barker, Eklund, and Tffyss, 1966)0

Cells grown

in the presence of this enzyme were retarded in their eneystment, and
the cysts formed did not have the same integrity as nbrmal cysts
(Pope,-Eklund, and Wyss, 1963)=

The electron micrographs indicated

the intine appeared to be absent and the exine was not completely
formedo

The Wyss group of investigators suggested that the deposition

of capsular polysaccharide is a prerequisite'for the formation of
intact cystso
Layne and Johnson (l96^a) reported the formation of a resis
tant form of Azotobacter when the cells were cultivated in nitrogenfree mineral salts medium deficient in one or more mineral salts„
The electron micrographs indicated that their resistant cells lacked
double-layered coats, which generally are found in typical cysts„
They maintained that either their cysts did not develop a capsule or
that it was so fragile it was lost during fixation of the cells for
electron microscopy,,

Layne and Johnson (1964b) further reported that

cysts formed in a mineral deficient medium were much more resistant

tc desiccation and sonication than were vegetative cells, while the
temperature sensitivity of these cysts was essentially the same as
that of young vegetative cells0
-Eneystment of A 0 vinelandii in a liquid medium was reported
by Stfevenson and Socolofsky (1966b)o ■ Cultures exhibited 90$ eneystment
■When 0o6$ calcium carbonate was added to the Burk's basal salts with

1$ glucose as the carbon sourceo

Electron micrographs revealed the

cysts possessed the typical intine and exine components,,

Cells grown

in the medium without calcium carbonate exhibited only a loose
aggregation of capsular materials„
■ Sodium citrate was found to effect the extensive disruption
of cyst coats„.of A„ vinelandii and filtration of the citrate-treated
cysts through Millipore microfiber glass prefilter yielded viable
central bodies (Parker and Socolofsky, 1966)„

Electron micrographs

showed the central bodies to have a cell wall and a cell membranes
Free central bodies germinated into typical vegetative cells„ ■Results
of resistance studies indicated that the central body was a contracted
vegetative cell encased in a protective coat„
to account for the resistance of the cyst„

The cyst coat appeared

The lethal effect of the

combination of ethylenediaminetetraacetate (EDTA) and tris(hydroxymethyl) aminomethane (Tris) was investigated by Goldschmidt
and Wyss (l966)„

The authors reported that the EDTA and nitrogen

compounds form complexes which strongly chelate metal ions„

When

these complexes are absent Azotobacter cyst could be ruptured by
chelation without being killed,,
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Nutritional Requirements of Azotobacter Cells

. A germinating bacterial spore passes through a series of
developmental stages before becoming a vegetative cello ■The germination
process 'was divided into two basic phases by Levinson and Hyatt (1963)=
The first phase is called germination and the second phase is called
"postgerminative development "

In the first phase, spores lose heat

resistance, refractility, and become stainableo

The subsequent develop

ment of this spore' into a vegetative cell is encompassed in the second
phase,,

Keynan and Halvorson (1965) have divided the processes into

three sequential stages! . activation, germination, and outgrowth»
Activation is a process which conditions the spore to germinate under
appropriate conditions,,

Germination results in a cell which has lost

the typical characteristics of spores0

Outgrowth is a process of

synthesis of new macromolecules and results in the emergence of a new
vegetative cello
Azotobacter cells can utilize as an energy source a variety
of carbon compounds including alcohols, organic acids, mono-, di-,
and trisaccharides and a few polysaccharides (Jensen,- 195^)°

The

butanol-grown cyst can be germinated to the vegetative cell stage by
using sucrose as a carbon source (l/fyss et al„, 196l; Tehan et alM

1962)0 In addition to utilizing free nitrogen,, Azotobacter cells have
been reported to use only a limited number <5>f relatively simple
nitrogen compounds (Horner and Allison, -19^4 )o

Nitrate, nitrite,

urea, adenine, asparagine, aspartic, and glutamic acids were utilized0
Whereas, guanine, allantoin, cytosine, and urea were only used to a
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slight degree0

Proteolytic enzymes were reported to be lacking in

Azotobacter (Green and Wilson,

1953) °

Molybdenum j phosphorous, sulphur, potassiums, calcium, mag
nesium, and iron have been reported to be essential nutrients of
Azotobacter under ■certain conditions (Jensen, ■195*1")° - Recently
Jakobsons* Zell, and Wilson. (19^2) suggested that if sucrose, mannitol,
or ethanol were used £s the carbon source and free nitrogen as the
source of nitrogen, the addition of calcium was required for maximal
growth of Azotobactero

The importance of cations in maintaining the

integrity of the rigid cyst coats was suggested by Socolofsky and.Tifyss
(l96l)o

They were able to rupture the cyst coats with-EDTA and

suggested that divalent cations removable by' EDTA possessed the ability
to coordinate or bind material in the exineo

Carbon Metabolism of Azotobacter Cells

Most species of Azotobacter do not form acid products but
appear to oxidize carbohydrates completely to carbon dioxide and water
'(Jensen, 195*0 °

Jensen suggested that the acid forming strains of

Azotobacter, possess a metabolic block that prevents the further
conversion of acid intermediates resulting in accumulation of acid in
the medium., ■Another possible explanation was advanced by Cohen and
Johnstone (1963)-

With sufficient carbohydrate an acidic extracellu

lar polysaccharide accumulates, thereby lowering the pH of the culture
medium<> ■These authors suggested that in those strains that do not
lower the pH, there may be no polymerase thus permitting the interme
diates to be completely oxidized with no acidity resulting.,

It has been shown by Mortenson and Wilson (1954) that glucose
could be converted to 6-pho-sphogluconate by cell-free extracts of
A. Vinelandii„

This finding implies that either the pentose phosphate

(PP) pathway or the Entner-Doudoroff (ED) pathway, or both were opera
tive in this organism. -Recently, JohnsonSobek, and Clifton (196© ) »
and Sobek and. Clifton (1962) suggested that glucose may be utilized
via the concurrent operation of the Embden-Meyerhof and PP pathways
in Ao agileo

More recently,-Still and Wang (1964) reported that the

ED pathway appeared to be the major glucose pathway in Ao vinelandii.
The terminal carbohydrate metabolism of Azotobacter was shown to pro
ceed through the tricarboxylic acid (TCA) cycle (Repaske and Wilson,

1953)»

The glyoxylate cycle has been reported to be operative in

Azotobacter during growth on acetate (Kennedy and Dilworth, 1963)0

Terminal Respiratory Systems

Weibull (1953) indicated that the locus of the respiratory
enzymes of B. megaterium was in the cell membrane. •The protoplast
membrane, obtained by osmotic lysis, exhibited the same spectral
maxima of cytochromes as the intact cells before and after reduction
with hydrosulfite.

Bacterial spores and vegetative cells have been

reported to use different electron transport systems„ ■The vegetative
cells of Bo cereus effected electron transport through the cytochromerich particles and the main system in the spore through a soluble
flavoprotein oxidase .(Doi and Halvorson, 1961).

Quantitative differences in the cytochrome content between the
vegetative cells and the niicro-cysts were observed in M. xanthus
(Dttorkin and Niederpruem, 19&I-). Difference spectra of the cell-free
particles of vegetative cells and micro-cysts were qualitatively
identical, showing the presence of b- and c-type cytochromes and flavoprotein.

The a-type pigments were clearly present in the extracts of

vegetative cells and were suggested by the spectrum of the micro-cyst
particleso
■ In cell-free extracts of Azotobacter. the terminal oxidase
systems have been demonstrated to be in the particulate fraction
(Wilson and Wilson, 195^5 Cota-Robles, Marr, and Nilson, 1958)Robrish and Marr (19&2) disrupted. Azotobacter cells by osmotic shock
and recovered the respiratory enzymes.

They were associated with large

particles consisting of cell wall and cell membrane fragments, and an
internal membrane appearing either as vesicles or tubules in electron
micrographs of ultra-thin sections.
There have been several reports that vegetative cells of
Azotobacter possess a typical cytochrome pattern (Bruemmer et alo.

1957; TissiSres and Burris, 1956).
1-

Recently, Jones and Redfean (1966)

investigated the nature’and intracellular distribution of the respira
tory system of A. vinelandii„

The respiratory chain was almost com

pletely located in the particulate fraction and consisted of flavin,
ubiquinone, and cytochromes c^, c^, b^, a-j_, and

&2°

Ubiquinone was

found to be present in a six-fold molar excess over that of the
individual cytochrome components. •A simple procedure was described
by Shethna, Wilson, and Beinert (1966) for the simultaneous separation

]A
and purification of several electron transport components from
A 0 vinelandiio

Non-heme iron pfotein, c-type cytochromes, flavo-

protein, and ubiquinone were founds

The presence of a non-heme iron

protein suggested the operation of an alternative electron transport
system in Azotobaeter,,
An assay to facilitate the study of the cytochrome oxidase
associated with electron-transport particle of Azotobaeter was studied
by Aston and Jurtshuk (1966).

This assay consisted of p-phenylene-

diamine and tetramethyl-p-phenylenediamine oxidation as an index of
cytochrome oxidase activity,, ■Maximum rates were obtained by the
addition of both the dyes and ascorbate,.

Localization of Respiratory Enzyme Activities

The exact location of the respiratory enzyme systejn in bacteria ,
comparable to that of the mitochondria of other cells, has not been
elucidated,,

Results of cellular fractionation studies on Azotobaeter

have suggested that the respiratory enzymes are associated with the
intracytoplasmic membrane fraction (Pangborn, Marr, and Robrish,

1962)0 Recently, another procedure has been adopted in order to reveal
the location of the respiratory enzyme system using the combined
techniques of cytochemistry and electron microscopy,,

Tellurite Reduction■Sites
Reduction of potassium tellurite has been used for many years
as a method for differentiating Corynebacterium and Mycobacterium
from other types of bacteria,, .The differentiating qualities of tellurite
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are based both on the ability of certain bacteria to reduce tellurite
yielding a black coloration and its toxicity to many microorganisms„
In general, the deposition of reduced potassium tellurite, as black
amorphous or crystallized metallic tellurium in bacteria, is observed
via the light microscope as well as the electron microscope»
The reduction of potassium tellurite by a strain of Fusobacierium polymorphum was examined by Takagi, Ueyama, and Ueda (1963a)<>
It was observed that reduced metallic tellurium was deposited in the
immediate environment of the cytoplasmic membrane and intracytoplasmic
membrane system,.

Tucker, Thomas, Appleman, and Bils (1964) reported

that crystals of elemental tellurium were deposited in or on the
protoplast membrane in their electron micrographs of thin sections of
Streptococcus fecium protoplasts„
whole cells of

However, similar studies, using

faecalis revealed no detectable crystalline tellurium

despite the -known presence of this element in these cells,,
■ Extensive investigations have been carried out to examine
the deposition of reduced tellurite in' connection with the presence of
the intracytoplasmic membrane system by the use of. ultra-thin sections,,
Van Iterson and Leene (1964a) reported the reduction product of tellu
rite was found on or in the membranes of particular organelles, which
may be regarded as the mitochondrial equivalents in Bacillus subtilis„
These organelles are sometimes seen connected to the plasma membrane„
The second location is in thin, rod-like elements at the cell
periphery, possibly the sites from which the flagella emerge„

In the

gram-negative organism, Proteus vulgaris, the reduced tellurite was
found in bodies contiguous with the plasma membrane but different in

structure from those described in the gram-positive B„ subtilis
(Van Iterson and Leene, 1964b).,

Van Iterson (1962) observed many mem

branes in- Rhodospirillum rubrum and A„ vinelandii, but these "were of a
different character.,

Neither the tubular vesicles nor the concentric

lamellar organelles were detected.,'
Kawata and Inoue (1965) studied the tellurite reduction site
in Listeria monocytogenes by employing negative staining and thin
sectioning., •Potassium tellurite was mainly reduced to metallic tellu
rium crystals on and near the inner layer of the cytoplasmic membrane
but not in the intracytoplasmic membrane system.,

Takagi, Abe, and Ueda

(1965) observed similar results with clostridia,,

Tetrazolium Reduction:Sites
The reduction of tetrazolium salts to the colored formazans
has been widely used .in histochemistry for the demonstration of'
dehydrogenase systems catalysing the oxidation of succinate and reduced
nicotinamide-adenine dinueleotide (NADH^),,
Vanderwinkel and Murray (l9'
62) using 2 ,3 ,5 -triphenyl-2Htetrazolium chloride (TTC), found in B„ subtilis "white spaces" near
the mesosomesc

This was probably caused by dissolution of the formazan

which would indicate the sites of the oxidative-reductive system of
the cell0

Kubai, Ziegler, and Ris (1961) showed small deposits of

reduced nitro-blue tetrazolium (NBT) associated with cytoplasmic and
plasma membranes0 ■They concluded that the enzyme systems associated
with mitochondria in animal and plant cells are associated with the
plasma membrane and cytoplasmic extensions in A„ vinelandiio

Takagi et al„ (1963b) investigated reduction sites of tetrazolium salts in F„ polymorphum by means of electron microscopy.. ■They
found the formazans of TTC to occur in the cytoplasm0

On the contrary

NBT formazans were shown to be deposited very close to the cytoplasmic
membrane and the intracytoplasmic membrane system..

Malatyan and

Biryuzova (1965) reported that the mitochondrial analogues of
B c mycoides differed structurally from those of E 0 coli based on the
results indicating the sites of tetrazolium reduction

Takagi et al»

(1965) demonstrated that NBT and TTC-formazans "were formed on or near
the intracytoplasmic membrane system and the cytoplasmic membrane in
clostridiao

It was proposed that the sites of formazan deposition

were electron-transparent spaces.,, Ittyasalso noted by these authors
that the cell wall was detached from the cytoplasmic membrane because
of deposition of formazans0

Kawata and Inoue (1965) found that the

dehydrogenase system of the tetrazolium salts (TTC, NBT) was asso
ciate's mainly with the intracytoplasmic membrane system in Listeria„
A new tetrazolium compound was introduced by Sedar and Burde
(l965a)o

The advantages of’this compound, 2 92 ',5 95 ,-tetra-p-

nitrophenyl-3 s3 ’- (3 »3 '-dimethoxy-4 ,4 *-biphenylene)-ditetra zolium
chloride (TNBT), included insolubility in common organic solvents used
in electron microscopy, and the lack of lipid affinity,,

Utilizing

TNBT,- Sedar and Burde (1965b) observed"enzyme activity in membranous
organelles associated with the cytoplasmic and septal membranes, the
nuclear area, and the plasma membrane in B„ subtilis0

Further studies

were performed by Leene and Van Iterson (l965a,b) using TNBT in
B 0 subtilis and P 0 vulgaris <>

They reported that treatment with TNBT
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led to loss in contrast and in cellular detail,,

The TNBT products are

less specifically precipitated in the chondrioids (mesosomes), and
granules are found scattered everywhere in the cytoplasm of B„ subtilis»
On the other hand, there appeared to be a relationship between the
sites of the deposition of formazan and the sites of reduction products
of tellurite in Proteus Q

Cytochrome Oxidase Reaction-Sites
Erhlich discovered the Nadi reaction in 1855 > s0 named because
of its two components, alpha-naphthol and N ,Nidi-methyl-p-phenylenediamine„

The rapid production of indophenol blue was demonstrated by

placing these reagents in the presence of aerobic microorganisms„
This catalytic, effect was attributed to an enzyme called indophenol
oxidaseo

It is now generally believed that indophenol oxidase is

identical with cytochrome oxidase, and the Nadi reaotion has been
widely used for the demonstration of cytochrome oxidase in tissue
sectionso

The Nadi reaction can be inhibited by heating the cells or

by incorporating Respiratory poisons, potassium cyanide, sodium azide,
or 2,6-dichlorophenol in the reaction mixture (Lipetz, 1965)0

By

using two amine reagents, p-amino-p*-methoxy-diphenylamine and
p-aminodiphenylamine, Avers, Lin, and Pfeffer (1965) demonstrated
cytochrome oxidase activity in the mitochondria of yeast„
For the combination of cytochemistry and electron microscopy,
it is important to find reagents which'contain groups capable of
reacting selectively with osmium tetroxide0

The resulting "osmium

black" complex which is produced at the site of the reaction, is
electron dense, insoluble in lipids, and is not changed when the

•sample is embedded in resins (Han&er et al0, 196^)0

This idea was

developed by Hanker et al«- (196^) when they synthesized several
reagents containing mercapto, thioearbamyl, and diazothioether groups
as the osmiophilic reagents,,

Another hew reagent, n-benzyl-p-phenylene-

diamine, reacts readily with osmium tetroxide in the following manner:
alpha-naphthol compounds serving as substrates release free alphanaphthol enzymatically, which is coupled in situ with phenylenediamine
to form quinoneimine group which is the osmiophilic (Seligman,
personal communication, 1966)B

Osmium tetroxide may be deposited

selectively at the tissue-binding sites of other metal ions by binding
osmium tetroxide to tissue bound metal ion through a multidentate
ligand (Hanker, Deb, Wasserkrug, and Seligman, 1966)„

MATERIALS AND METHODS

Culture and Medium

Azotobaeter vinelandli 12837 was used in all experiments„
Burk's nitrogen-free medium (Wilson and Knight, 1952) was used
routinely,,

The- carbon sources were dissolved individually with

distilled water and sterilized by autoclaving at 121 C for 15 min.
The carbon substrates were added aseptically to Burk's nitrogenfree or the nitrogen-containing basal salts solution after cooling,,

Cell Production
I
Cysts were produced on the surface of a 1.8$ agar medium
with 0.2$ n-butanol inPyrex petri dishes (Corning Glass Works, Corning,
Nofo) at 33 C0

After 6 days of incubation, the cells were harvested

from the surface of the plates and suspended in Burk's salts solution.
About 4-0 to 4-5 ml of media were poured into the 1G0 mm -(diameter) x
15 mm (height) petri dishes.

Vegetative cells were produced in a

liquid medium with 0.8$ glucose as the substrate.

The cultures were

incubated at 33 C for 24- hr with agitation,

Viable Cell Counts

The conventional dilution and smear plate techniques were
used for determination of viable cell counts employing 0 .8$ sucrose
as the carbon source.

Physiological saline was used for diluent
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solution and triplicate plates were made of each dilution sampleD
The plates were incubated at 33 C for M

to 72 hr before counting,,

• Estimation of Degree of Conversion

The extent of conversion of dormant cysts to vegetative
cells ■ was determined both by observation' of smears stained for '5
min by the procedure of Velna and Wyss (1964-)
contrast microscopy,,

and by phase-

Those cells which were stained green or were

completely phase-dark* were counted as having converted,. ■At'least

200 cells were counted per 5 fields„

The percentage of conversion

was calculated from the average of three counts,,

Dry Cellular •Weight Determination

The concentrated cell suspensions were placed in previously
weighed containers, then dried at 110 C for

2k -

hr„

They were allowed

to cool in a desiccator over CaClg and then weighed on an analytical
balance to determine the dry weight of the cells„

Optical Density and pH Determination

The optical density of cell suspensions was measured in a
Bauseh and Lomb Spectronic 20 colorimeter at 600 mp„ . The pH of the
cultures was determined with a Beckman Zeromatic pH meter„

Total Nitrogen Determination

The total nitrogen content of cells was determined
utilizing the method of Johnson (Umbreit, Burris , and Stauffer 9 1964)
Samples of 0-1-X ml 'Mere digested in a Pyrex tube -with X-0 ml of
5 N H^SO^ (containing 150 mg of copper selenite per liter) for 12 hr
or more-

Then 1-2 drops of 30$

^ 2 ^ 2

were added anc^

over a sand bath until the solution became clear»

tube heated

The samples -were

cooled and washed into a volumetric flask with small portions of dis
tilled water- • Subsequently 1-2 ml of 5 =5 N KOH mixed with 1*4 ml of
modified NessXer8s solution was added10 ml-

The volume was adjusted to

After 10 min the optical density was measured in the

colorimeter at 520 mpu

Calcium and Magnesium Determinations

In this experiment, Burk*s salts nitrogen-free medium was
filtered through a Millipore HA type filter to remove undissolved
salts-

The cysts were germinated with 0-8$ glucose- ■ Samples were

taken at various time intervals during the germination process, and
the calcium and magnesium released from the cells were determined
on duplicate samples by a Perkin-Elmer Model 3^3 atomic absorption
spectrophotometer fitted with a Beckman Total Consumption Burner
(Willis e, 1960a.sb ) o

Both EDTA and SrClg were used to overcome

certain anionic and cationic interferences-

Protein and Nucleic Acid. Determinations

A three ml portion of the cell suspension was ruptured by
400 pg of EDTA and 100 pg of lysozyme (General Biochemicals, Chagrin
Falls, Ohio) before analysis,,

Protein was determined by the method

of Lowry, Rosebrough, Farr, and Randall (l95l)°

Crystalline bovine

serum albumin (Armour Laboratories, Kankake, Illinois) was dissolved
in distilled water and used for the standard protein determination.
Nucleic acid determinations were performed as described by
Deken-Greson (1959)=

Eight ml of the cell suspension were precipitated

with one volume of 10$ perchloric acid at 0 C,

After removal of lipid,

the residue was washed with ether and air-dried.

All nucleic acid

extraction^ were made on these lipid-free dry powders, •RNA was
determined colorimetrically at 660 mp by the orcinol reaction (Dische,
1955) and DNA by the Ceriotti (1952) reaction at 490 mp.

Determination of Glucose by Enzymatic Reaction

The changes in the glucose concentration' in the medium were
determined by "Glucostat" reagent (Worthington Biochemical Corporation,
Freehold, N,J.), a coupled enzyme system composed of glucose oxidase
and peroxidaseo

The reagent was prepared by dissolving the contents

of the "Chromogen" vial in 60 ml of distilled water, and dissolving
the contents of the "Glucostat" vial in distilled water and adjusting
the volume of the combined solution to 90 ml.

The test was performed

utilizing a series of tubes containing the unknown samples and a
glucose standard.

To 9o0 ml of reagent, 1 ml of the sample (0,05 to

0„3 Mg of glucose) was added and the mixture was allowed to react 10
min at room temperature„

At

the end of this period one drop of

^ N HCl was used to stop the reaction..

The absorbancy was determined

in Beckman model DB spectrophotometer at ^J-00 mjio

Resistance Experiments

The resistance of the cells to dryness was determined accord
ing to the method of Socolofsky and Ifyss (1962)0

Cell suspensions

were impinged on the surface of HA type Millipore filters„

The

membranes were then transferred to a dry absorbent pad in a petri
dish and placed in an incubator at 33 C„

After 72 hr incubation,
t■

the cells were washed from the membranes by vigorous agitation in
100 ml ,of 0„85$ NaCl solution, and the number of viable cells was
determinedo

Heat resistance was determined by heating the cell

suspensions for 15 min at 60 C 0 ■ Sensitivity to UV radiation or sonic
vibration was determined by exposing the cells to a period of 15
sec of radiation or 5 min sonicationo

Manometric Methods

Cysts were suspended in 0„2 M Tris buffer (pH 7=2) and soni
cated for 5 Win 'with a Branson Sonifier Model LS 75 (Branson Instru
ments, Inc„, Stafford, Connecticut) operated at 7 to 8 amp to kill
any vegetative cellso
with Tris buffera

Cysts and vegetative cells were washed twice

Oxygen consumption and carbon dioxide evolution

were measured, manometrically by the direct method (Umbreit, et al. „

1964)o

Oxygen uptake was measured at 30 0 ip single side-arm vessels

using air as the gaseous phase0 Three ml of the final mixture con
tained; 2i8 ml of Burk's nitrogen free basal salts solution (pH 7»2),
0.1 ml of a cell suspension which would give an OD of 1 at 600 mji
in Bausch and Lomb Spectronic 20 when diluted to 1:100, 0ol ml of
substrates (100 piole), and 0.2 ml of KOH in the center well.

Res

piratory quotient (RQ) values were determined in double side-arm
flask on cell suspensions that had produced at least 150 }il of C0g.
A 0o2 ml of 2 N H^SO^ was added to one of the double side arms for
the acid tip. ■ Standardization procedures and equilibration periods
of 15 min were used.

■Preparation of Cell-Free Extracts and Differential Centrifugation

A portion of 2 to 5 g

of the cell paste was suspended in

3 ml of Tris buffer-(pH 7»2) and mixed until a homogenous suspension
was obtained.

This suspension was added dropwise to 100 ml of cold

(-10 C) acetone while stirring vigorously.
pension has been

After the entire sus

added, the stirring was stopped and the suspension

was allowed to settle for 15 min.

The supernatant was decanted and

the sediment was filtered with suction through a Whatman No.
paper in a Buchner funnel.

$0

filter

The material collected on the filter was

washed with 2 to 25 ml portions of cold acetone.

The disrupted cells

were spread on a watch glass and allowed to air dry.

Prepared samples

were stored at -20 C and used in subsequent experiments for determina/

tion of enzymatic activities.
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After disruption of the cells by cold acetone treatment,
and addition of Tris buffer, the mixture was intermittently soni
cated 0

This was accomplished using 10 min periods of sonic treatment

in a Branson sonifier0

The residual material was centrifuged at

7,000 rpm (4,000 x g.) for 15 min to remove the intact cells and large
debriSo

The supernatant fluid (Supernatant Fraction I) was then

centrifuged at 20,000 rpm (32,000 x g) for 15 min at 4- C with a
Spinco Model L ultracentrifuge yielding a tan to brown particulate
fraction and a Supernatant Fraction H „

The latter fraction was

further centrifuged at 4-0,000 rpm (l44-,000 x g) for 120 min giving
a red gelatinous sediment termed Particulate Fraction II „

The upper

half of the supernatant fluid was removed and named the Soluble
Fraction.,

Each of the particulate fractions was suspended in Tris

buffer (pH 7=2), and was subjected to ultrasonic vibration for 5 sec
to resuspend the material0 A diagrammatic representation of the
procedures is presented i n F i g „ lo

Determination of Difference Spectra for-Intact.Cells and Cell-Free
Extracts

Absorption spectra were obtained with a Cary Model 14- record
ing spectrophotometero

Difference spectra were obtained by adding

a few grains of potassium ferricyanide as an oxidizing reagent and
sodium dithionite as the reducing reagento

When the difference spectra

of intact cells were measured cells were suspended in Tris buffer
containing 5$ (w/v) methyl cellulose0

The particles were solubilized

Cys'bs and Vegetative Cells

Treat •with acetone (-10 C),
and then suspend in Tris
buffer (pH 7°2)

Sonic vibration for 10 min;
4,000 x £ for 15 min

Precijitate

Supernatant fraction I

32,000 x g , 15 min

1

Particulate Fraction I
(Large Particles)

Supernatant Traction.II

144,000 x

Particulate Fraction II
(Small Particles)

120 min

Soluble Fraction

Fig0 1 0 • Scheme for disruption and fractionation of A 0 vinelandii
cysts and vegetative cells0

by the addition of sodium cholate to a final concentration of 1$.
A cuvette containing the particles reduced with sodium dithionite
was bubbled with carbon monoxide for 30 sec for the determination of
carbon monoxide-binding pigments.

Measurement of Enzyme Activities

Measurement of succinate-2-(p-iodophenyl)-3-(p-nitrophenyl)5-phenyltetrazolium (INT)-reductase activity was conducted by the
method of Pennington (1961).

Duplicate samples were shaken gently for

15 min at 33 C in the following medium (final vol 1.0 ml) in 12 ml
glass stoppered tubes:
sodium succinate, 50 mM.

Tris buffer (pH 7*^)> 50 mM; INT, 0,1$;
One ml of 10$ trichloroacetic acid was added

to stop the reaction and the formazan precipitated was extracted with
^ ml of ethyl acetate and was measured at" ^90 mp.
Cytochrome c-oxidase activity was determined by colorimetric
microdetermination of Straus t
- (195^)«

The reaction mixture contained

0.25 ml of 0 .1$ alpha-naphthol solution in 22$ ethyl alcohol, 0.35 ml
of 0 .1$ dimethyl-p-phenylenediamine hydrochloride solution, 0.15 ml
of 0.02$ cytochrome c (Nutritional Biochemicals Corporation,
Cleveland, Ohio) solution, and distilled water to make a final volume
of 1.5 ml.

After a 2 min incubation at 37 C, the formation of

indophenol blue was stopped by adding 0.5 ml of a chloroform-alcohol
mixture.

The indophenol blue whiSh developed was completely extracted

by a chloroform-alcohol mixture.

The color intensity of the indophenol

blue was determined spectrophotometrically at 5^0 mu.

Diaphorase activity was determined spectrophotometrically
(Dworkin and Niederpruem,

1 9 6 k )

by changes in the absorbancy at 600
i

ra^i, with 2 ,6-dichlorophenolindophenol (DPI) as the hydrogen acceptor
and NADHg as the hydrogen donor<>
NADH^,, 0.02 jimole of DPI, 1.6 x 10

The cuvette contained 0.1 pmole of
-3

M KCN,

0 ok

^imole of phosphate-

buffer (pH 7„G) and 0.5 mg of cell particle proteinQ

Potassium Tellurite and Tetrazolium Salt Reduction

After varying periods of germination, the cells were removed
from the germination medium, centrifuged, arid washed with Burk*s
basal salts solution.

Centrifuged cells were treated with chemical

reagents for eytochemical studies.

Potassium tellurite was added

to a final concentration of 0.05$ in Burk's salts solution with 0 .8$
glucose.

After addition of the tellurite salts, the cultures were

incubated without shaking for 2 hr and then centrifuged.

For the

tetrazolium salts reduction experiments, cells in different stages
of germination were exposed to 0.05$ TNBT ’(Nutritional Biochemicals
Corporation) for 60 min, with 5$ sodium' succinate in Burk's salts
solution.

After treatment with the reagent the cells were centrifuged

and suspended in the various fixatives for electron microscopy.
Metallic tellurium was detected by the spot test of Feigl and Del'Acqua

(1966)o

Cytochemical Method for Cytochrome Oxidase Activities

Cells in various stages of germination -were fixed in 3$
glutaraldehyde (pH ?°3) buffered in 0,1 M phosphate for 2 hr at
5 C,

The cells -were spun down and suspended over night (about 16

hr) in a phosphate buffer with 10$ sucrose at 5 C to remove the
glutaraldehyde» Fixed cellular samples were incubated for 30 to

60 min at 33 C with shaking in a'mixture containing 1 ml of test
reagent and
glucose,

$ 0

ml of Burkes salts solution (pH 7°3) with 0,8$

The product of the enzyme activity appeared as blue coloro

The cytochrome oxidase test reagent consists of alpha-naphthol and
n-benzyl-p-phenylenediamine <> •Reagents are prepared as follows:
one g of alpha-naphthol was boiled in 100 ml distilled water and
25$ KOH was added dropwise until .the alpha-naphthol was. dissolvedo
The reagents could be stored in the dark for at least one months
solution of

lf>

A

n-benzyl-p-phenylenediamine was prepared by dissolv

ing the solid in the distilled water by boilings

This material

could be stored in the dark for 7, to 2 weeks,. The test reagent
was prepared by combining an equal volume of the alpha-naphthol
and the n-benzyl-p-phenylenediamine and filtering the mixture through
Whatman No, 1 filter papers

A solution of 10

was used to inhibit the cytochrome oxidase.

-3

M potassium cyanide

Unfixed, heat

inactivated (80 C for 20 min) and glutaraldehyde-fixed cells were
processed in the same manner.

Samples, were taken from the reaction

mixture at various time intervals and examined for deposition locus
of pigments by light and electron microscopy.

Phase Microscopy

A Bausch and Lornb phase-contrast microscope was used for
phase microscopy,,

Photographs -were taken by a 35 ram Leica M 2 camera

■with a Mikas micro-attachment (l/3 x).

Negative Staining for Electron Microscopy

Suitable specimens were prepared directly from the cultures
by first mixing with an equal amount of
acid solution (pH 7 ,,2),,

2 $

(w/v) phosphotungstic

After being kept at room temperature for

5 min, a drop df this mixture was placed on a copper grid coated
with collodion and carbon, and the excess fluid was blotted from
the edge of the grid with filter paper,.

The films were dried in

air and then examined in the electron microscope„

Electron Microscopy

Two different fixation procedures were employed,,
system involved a 60 min exposure to 2$ unbuffered KMnO^o

The first
After

fixation the cells were washed twice in distilled water before dehy
dration o

The second system involved overnight exposure to 1$ osmium

tetroxide in Veronal buffer (pH 6„2), according to the method of
Kellenberger, Ryter and Sechaud (1958)•

The osmium tetroxide fixed

cells were washed twice in Veronal buffer, then stained for 2 hr
at room temperature in 0„5$ uranyl acetate made up in a Veronal
buffer»

Dehydration of the cells was performed by transfer■through
a graded series of water-alcohol mixtures0

One change each of

25$, 50$, 75$, and 90$ alcohols were made at 15 min intervals.,

Between

each change the cells were packed by centrifugation and the superna
tant was decantedo

After two changes each' of absolute alcohol and

propylene oxide, the cells were placed in lJl Maraglas Epoxy Embedding
Media (MEEM)-propylene oxide mixtures (Freeman and Spurlock, 1962) for
30 min„

Next they were preembedded in pure MEEM for 1 hr in room

temperature then kept in the refrigerator (5 C) over night<> Finally,
the cells were embedded in freshly prepared MEEM in small polyethylene
"BEEM" capsules (Better Equipment for Electron Microscopy, Inc0,
Bronx, N cYo) and then the plastic polymerized at 60 C for 72 hr<>
Ultra-thin sections were cut on a Porter-Blum MT-1 ultra
microtome using DuPont diamond knives■> Sections were mounted on ^00mesh copper gridse

Before examination the grids were stained with 2$

KMnO^ for 5 min, thoroughly washed in 0o5$ citric acid solution,
and rinsed in distilled water.,

The citric acid solution was made

from a 5$ stock solution just before useD • Sections were examined in
a RCA-3G electron microscope with an accelerating voltage of 50 kv 0

RESULTS

Definition of Terms

At the beginning of this ■work it was necessary
and delineate some of the terms employed»

l o

define

The mature (dormant) cysts,

germinating cysts, and vegetative cells are terms which refer to
morphological and physiological states of the organisms,,

The mature

cyst has been considered to be that form of the organism which has
a distinctive cytological appearance, and is resistant to a variety
of deleterious agents (Socolofsky and I'fyss, 1962; Stevenson and
Socolofsky, 1966)0

The germinating cyst-was visualized as represent

ing a transition state from the mature cyst to vegetative cell state„
The vegetative cells, previously extensively characterized, are the
actively growing, rod-shaped cells0

They exhibit high metabolic

activity and no pronounced resistance properties (Socolofsky and
% s s 9 1962)0
The terms germination, outgrowth and conversion were con
sidered to refer to the process involving the transformation of the
mature cyst to the active vegetative cello

1

Germination is the

first event of this sequential transformation

During this process

the cysts lose light refractility, and resistance properties
(Socolofsky and %ss , 1962)0

Kramer (1966) showed protein synthesis

was not required for germination0 Outgrowth following germination
was established to be the period in which the central body emerges
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from the coat and resumes vegetative multiplication.,

The term con-

:version is defined as including both germination and outgrowth,,

Nutritional Requirements for the Conversion of Cysts to Vegetative Cells

Nutritional factors which promote'the conversion of dormant
cysts to active vegetative cells have been studied,,

Several alcohols,

a variety of sugars, and a. few organic acids were shown to influence
the conversion,.

All of these, however, were substrates for vegetative
I
cell multiplications Cysts will’not germinate without exogenous

nutrient sources,' although appropriate quantities of lipid material
may have accumulated in the mature cyst.
The effect of several carbohydrates on cyst conversion is
shown in Table 1„

It is apparent that some of these substrates are

more effective in promoting extensive germination and outgrowth than
are others 0

Glucose, fructose, and galactose were found to be

excellent carbon sources for the conversion.

Cultures incubated in

sucrose, maltose., and mannitol exhibited 25 to 50$ conversion after

12 hr incubationo

However, lactose, arabinose, sorbose, raffinose,

melibiose, trehalose, starch, and glycogen, which serve as carbon
sources of vegetative growth (Jensen, 195^0 j had no effect on cyst
conversion.
Various C^ to

alcohols were tested for their ability to

stimulate conversion (Table 2).

Ethanol, n-propanol, and n-butanol

were equally effective; the percentage of conversion varied between
85 to 95$ after 12 hr of incubation.

Iso-butanol supported 10$

Table 1.
Effect of carbohydrates on the conversion
of dormant cysts of A„ vinelandii to
vegetative cells

Substrates'*"

Burk’s salts solution
without substrate

Conversion

0

Glucose

98

Fructose

98

Galactose

90

Sucrose

50

Maltose

50

Mannitol

25

Non-stimula tory
carbohydrates ^

0

^"Conversion mixture contained 0„5-0o8$ substrate,
Burk’s basal salts solution (pH 7°3)j and 6 day old
cysts grown on 0„2$ n-butanol«> Conversion was
determined after 12 hr incubation oh a shaker at
33 C by the Vela and Wyss stain techniqueo
•?
Lactose, arabinose, sorbose, raffinose, melibiose,
trehalose, starch, and glycogeno

Table 2.
Effect of
to
alcohols on the conversion
of dormant cysts of A. vinelandii to
vegetative cells

Substrates^"

Burk's salts solution
without substrate

Conversion
$

0

Ethanol

90

n-Propanol

95

n-Butanol

85

iso-Buta-nol

10

Non-s tiihula to ry
alcohols^

0

'Conversion mixture contained 0.2j> substrate9 Burk's
basal salts solution (pH 7°3)» and 6 day old cysts
grown on 0 .2$ n-butanol. Conversion was determined
after 12 hr incubation on shaker at 33 C by the
Vela and Wjrss stain technique.
)
'Methanol, iso-propanol, s-butanol, t-butanol,
n-amyl alcohol, diethylcarbinol, and iso-amyl
alcohol.

conversion, whereas methanol and all other structural isomers of C
to

alcohols were non-stimulative..
Organic acids and miscellaneous compounds which could be

used for vegetative growth of Azotobaeter cells were tested for
their effect on cyst conversion (Table 3)°

Succinate, glycerol,

and benzoate stimulated 60 to 85$ conversion, and pyruvate slightly
stimulated the conversion..

Various other substances were non

stimulatory or only slightly stimulatory for conversion.,

Effect of Combined Nitrogen Sources on Cyst Conversion

The effect of combined nitrogen sources on conversion of
cysts to the vegetative state was investigated (Fig„ 2)0

In this

experiment the encysted cells were germinated in Burk's salts solu
tion supplemented.with 0„8$-glucose as the carbon source and various
combined nitrogen sources„

After various periods of growth, the

cells were removed from the medium and the percent of conversion
of cysts was determinedo
stimulated the conversion,.

Nitrate and ammonium ions slightly
Casein hydrolysate induced rapid con

version,.. After only 4 hr of incubation, 38$ of the cysts in the
casein hydrolysate tiere converted to vegetative cells as compared
to only 2$ in the glucose alone„

Biochemical Changes Associated with Cyst Conversion

Several biochemical changes associated with cyst germination
and outgrowth have been studied (Fig,, 3)°

Tn the top portion of this

Table 3°
Effect of organic acids and miscellaneous
compounds on the conversion of dormant cysts
of A P vinelandii to vegetative cells

Substrates^

Conversion

*
Burk's salts solution
without substrate

0

Monocalcium succinate

80

Glycerol

80

Sodium benzoate

60

Sodium pyruvate

5

Non-stimulatory
compounds^

o

Conversion mixture contained 0ol$ substrate,
Burk's basal salts solution (pH 7°3)s and 6 day
old cysts grown on 0„2$ n-butanolo Conversion
was determined after 12 hr incubation on shaker
at 33 C by the Vela and Vfyrss staining technique0

2

Sodium acetate, sodium oxalate, 1 ,2-propylene
glycol, iso-inositol, catechol, beta-hydroxybutyrate, alpha-ketoglutarate, RWA, DNA, and
p-aminobenzoa te„

Fig. 2.

Effect of different kinds of nitrogen sources on the
conversion of dormant cysts to vegetative cells 0
Tests were conducted on a 50 ml cyst suspension
containing approximately 10® cysts/ml in Burk*s
basal, salts medium (pH 7.3) with' 0.8$ glucose as the
carbon source. At zero time, 0.05$ KNO^, 0.05$
and 0 .05$ casein hydrol’
y sate were added to the appro
priate flaskso
A control suspension was made in
an analogous manner without carbon or nitrogen
sources. All suspensions were aerated on a shaker.
At intervals a loopful of each cell suspension was
removed and placed £>n a microscope slide, and the
percent of conversion was estimated.

i
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Figo 3°

Changes in viable count, pH, optical density, total
nitrogen, and glucose content of the medium during
the process of cyst germination and outgrowth.,
Cysts were grown on Burk's nitrogen-free basal
salts .solution with 0 „8$ glucosp as the carbon
sourceo
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figure it is apparent that as the cysts germinate the optical density
of the cyst suspension at first decreases, then after 4 hr it increases
appreciably and levels off at about 12 hr„

When cysts -were placed in

a nitrogen-free salts medium fortified •with glucose, a decrease in pH
was noted from 7„2 to 6 after 4 hr„
about 608 0

Subsequently, it increased to

During this period acidic materials were apparently

liberated by the germinating cysts 0

The bottom portion of the figure

depicts several other measurements of cyst conversion,,

Viability

counts indicated that active multiplication of the germinating cysts
started at about 10 hr„

Glucose consumption was linear from the

commencement of germination through 24 hr„

The total nitrogen

content of the germinating cyst culture tlas relatively constant for
I

the first 4 h r 9 and then proceeded, in a linear fashion from 6 to
24 hr o

Changes in RNA, D M ,

and Protein during the Process of Cyst

Germination and Outgrowth

Figure 4 shows the changes in the amount of several important
cellular macromolecules during cyst germination and outgrowth,,

The

protein content per cell decreased slightly until 8 hr after being
placed in the germination medium, and then increased rapidly until l 6
hr,,

The amount of RNA and DNA per cell remained aonstant during

first 4 hr after the cells were placed in the germination medium,
and protein synthesis was initiated about 8 hr after the cells were
placed in the gemination medium,,

Fig,

Changes in the amount of RNA, DNA, and protein per
cell during the processes of cyst germination and
outgrowth, Cysts were grown on Burk’s nitrogenfree basal salts,medium with 0,2$ n-butanol as the
carbon source, Cysts were germinated in Burk's
nitrogen-free salts medium with 0 ,8$ glucose as
the carbon source0 Cell suspension was ruptured
by EDTA and lysozyme before chemical analysis.
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Respiration in Dormant Cysts, Germinating Cysts, and Vegetative Cells

Respiration studies were made to examine the characteristics
of mature cysts of A. vinelandii in comparison to' the vegetative cell
Although cysts respired immediately when placed in Burk’s salts
solution fortified with suitable carbon source, they exhibited only a
small fraction of the respiratory activity of vegetative cells, as
shown in Fig 0 5°

When cysts were incubated in the absence of glucose

their endogenous respiration was low.

The immediate uptake of oxygen

by cysts placed in a suitable environment suggested the presence of
an operative electron transport system in these cells.
With glucose as the substrate,the vegetative cells
Qq

(pi

of Og

had

a

per mg dry wt per hr) of225,the germinating cysts

(4 hr) had 56, and the dormant cysts had 25 (Table ^-)*

Respiratory

quotients were 0.95 Tor vegetative cells, 0,98 for germinating cysts,
• ■ 1'
i
and It,05 for the dormant cysts.
^

1
Effect of Respiratory Poisons on the Cyst

J

The effect of various inhibitors on oxygen uptake by cysts
was

tested in

the presence of glucose. Therespiratory activity of

the

cysts was

markedly sensitive to cyanideand azide /(Fig.6 and 7 ).

The oxygen consumption was inhibited 80$ with 10“^ M potassium
cyanide and 50$ "with sodium azide, suggesting the operation of cyto
chrome components in the respiration of the cyst cells.

10

-hi

Cyanide at

M caused an almost 3-fold increase in aerobic endogenous oxygen

uptake.

Azide at 10

-if-

M had a similar effect.

Figo 5c

Respiratory activity of cysts and vegetative cells
■with glucose as the substrate. Vegetative cells
■were grown on Burk's nitrogen-free salts -with 0.8$
glucose as the carbon source. Cysts were grown
on Burk's nitrogen-free basal salts medium with
0 .2# n-butanol as the carbon source. Warburg
vessels contained 3 ml of the final mixture
including! 2.8 ml of Burk's basal salts medium
(pH 7°3)j 100 pnole of glucose and 0.1 ml from a
cell suspension which gave an 0D of i when diluted
U l O O . The glucose 'was added after 15 min equilibra
tion time. ■The temperature was 30 C with air as
gaseous phase.
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Table k„
Comparison of respiratory activity of dormant
cysts, germinating cysts, and vegetative cells
of A 0 vinelandii

RQ

Cells

Dormant Cysts
Germinating Cysts
Vegetative Cells

{k

hr)

25

lo 05

5 k

0.98

2 2 5

0.95

Cysts -were grown on Burk's nitrogen-free basal
salts solution -with 0 „2$ n-butanol as the carbon
source.. Cysts -were germinated in Burk's nitrogenfree basal salts solution with 0 „8$ glucose.
After k hr and 2 k hr the cells were harvested and
used as germinating cysts and vegetative cells,
respectively.,
The respiratory activity 9
is represented as pi
Og per mg dry wt of cell per hr, and RQ as pi CC>2
production per pi Og uptake. The temperature was
30 C„

Figo 60 •Effect of the respiratory inhibitor, KCN,
on oxygen uptake by cysts of A. vinelandii,
Warburg vessels contained 3 ml of the final
mixture including: 2„7 ml of Burk's basal
salts medium (pH 7°3)» 100 ^imole glucose
appropriate concentrations of KCN, and 0,1 ml
from a cell suspension which gave an 0D of 1
when diluted 1 :100 „ The glucose was added
after 15 min equilibration with KCNc The
temperature was 30 C with air as gaseous phase,,
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Fig 0 7 .

Effect of the respiratory inhibitor, NaN„,
on oxygen uptake by cysts of A. vinelaridli.
Warburg vessels contained 3 ml of the final
mixture including: 2.7 ml of Burk's basal
salts medium (pH 7°3)» 100 pnole glucose,
appropriate concentrations of NaN-j, and 0.1
ml cell suspension ■which gave an 0D of 1 when
diluted 1 :100o The glucose was added after
15 min equilibration with NaN-j. The incubation
temperature was 30 C with air as gaseous phase.
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Disruption'of Cells

A comparison of the solubilization of protein and nucleic
acids released by intermittent sonic vibration of acetone-treated
and untreated cysts is illustrated in Table 5»

A preliminary

experiment indicated the cell extracts from mature cysts could not
be prepared by the usual methods of sonication or mechanical grind
ing-

However, fragmentation of the cysts could be accomplished by

treating them with acetone and sonicating- • The sonicates were
centrifuged at 3*000 rpm for 15 min-

The supernatants were decanted

into absorption cuvettes and protein and nucleic acids were estimated
by the increase in the optical density at 260 and 280 m^i.

Cysts

receiving no acetone treatment showed no significant release of
protein or nucleic acids, whereas, the acetone-treated cysts were
easily disrupted after 15 min sonication-

However, about 27$ of the

total amount of the nucleic acids and proteins released by sonica
tion was liberated from acetone dried cysts when suspended only in
a buffer solution-

1

!

Difference Spectra

Experiments were performed to determine the difference in ,
absorbancy of cell suspensions of cysts and vegetative cells in
which the respiratory carrier systems were fully oxidized and in
which they were fully reduced-

A difference spectrum from 600-400

mji (reduced vs. oxidized) of both intact cysts and vegetative cell

{

Table 5°
Comparison of solubilization of protein and nucleic acid during intermittent sonic
treatment of cysts and acetone-dried cysts

Time of exposure (min)
Preparation

0

P

N

A

Cysts

Acetone-dried
cysts

0.08

10

5

0.009

P

M

P

20

15

NA

P

M

P

M

0.05

0.003

0.05

0.003

0,06

0,003

0.08

0,005

0.15

0.018

0.18

0.027

0.2-4-

0.033

0.2k

0.033

Cell suspensions were adjusted to give a reading of OD of 1 in Bausch and Lomb Spectronic
20 at 600 mjie The "P" and " M " indicate the solubilized protein and nucleic acid fractions 9
respectively. The amount of protein and nucleic acid is given as mg per ml.

suspensions of A* vinelandii is shown in Fig0 8*

A broad absorption

maximum exists at 595-605 mp and other absorption maxima can be seen
at 575, 558, 553, 530?and

k

25 mp*

These absorption peaks indicate

the presence of a-, b-, and c-type cytochromes*
The demonstration of cyanide- and azide-sensitive cellular
respiration in cysts and vegetative cells of A* vinelandii suggested
that a respiratory chain involving cytochrome systems may be opera
tive *

When sodium dithionrle was used as the reducing agent, the

difference spectrum of the Particulate Fraction II (small particles)
of vegetative cells showed typical absorption peaks indicating a-,
b-, and c-type cytochromes at 603, 5&0 , 5535 5305 523) and 510
(Fig* 9)=

The absorption at 523 ^

and c-type cytochromes*

mj i

resembled the beta bands of b-

A marked Soret peak was exhibited at 418 mji*

The spectrum of cyst material was qualitatively identical with that
obtained from the vegetative cells*

Figure 9 also illustrates the

difference spectrum of Particulate Fraction'll (small particles)
of the cysts*
and IKL8 mp.*

Absorption peaks were seen at 603, 5^0, 500-530,
Therefore, mature cysts appear to contain the same

cytochrome system as vegetative cells but to a much lesser extent*
An attempt was made to determine more specifically the
a-type components by determining the spectra of the CO-binding hemoprotein*

The difference spectra (reduced plus CO vs* reduced) of

the vegetative cell and cyst cell-free Particulate Fraction II are
presented in Fig* 10*
and ^18 mji*
particles and

Maxima were observed at 575> 538, ^50-500,

The minima were noticed at 4^2 and 558 mji for vegetative
k 2 b

mji in cysts*

Fig0 8 0

Difference spectra (reduced vs„ oxidized) of intact
cellso Cuvettes (3ral) contained either cysts (0„5
rag protein) or vegetative cells (0o6 mg protein) in
0 o2 M Tris buffer (pH 7„Z ) containing 5$ methyl
cellulose, and were reduced with sodium dithionite*
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Fig„ 9°

Difference spectra (reduced vs0 oxidized) of cellfreO particles of vegetative cells'and cysts of
A 0 vinelandiio Cell-free particles (Particulate
Fraction II, Small Particles) "were prepared by acetone
drying and sonication0 Cuvettes (3 nil) contained 2
either cyst particles (l„5 mg protein) or vegetative
cell particle (l„8 mg protein) in 0„2 M Tris buffer
(pH 7o2)0 The^particles were solubilized with sodium
cholate at a U p final concentration and were reduced
with sodium dithionite<>
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Difference spectra (reduced plus CO vs0 reduced)
of cell-free particles of vegetative cells and
cysts of A, vinelandii. Cell-free particles
(Particulate Fraction II, Small Particles) were
prepared by acetone drying and sonication. Cuvettes
( 3 ml ) contained either cyst particles (1,5 rag
protein) or vegetative particle (l,8 mg protein)
in 0,2 M Tris buffer (pH 7o2)„ The particles
were solubilized with sodium cholate at a 1$ final
concentration, and were reduced with sodium
dithionite prior to bubbling with carbon monoxide
for 30 sec.
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Solubiliz ati on of Cytochromes

Alexander and Wilson (1956) reported for the azotobacter that
most of the respiratory pigment was observed in the particles with
little or none in the supernatant after centrifuging 14-4,000 x £ 0
However9 in the present study some cytochromes were found in the
soluble fraction after acetone treatment and sonication of vegetative
cells and

o f s t s a

The absorption bands in the soluble fraction of

vegetative cells and cysts are shown in Fig0 11<.

An absorption

spectrum similar to that observed in Particulate Fraction II was noticed
in the vegetative cell soluble fraction0

Broad absorption maxima,

which correspond to a-, b-, and c-type cytoohromes, were observed
in the soluble fraction of the cyst„

Comparison of Oxidative Enzyme Activities

Enzyme activities were determined utilizing the Particulate
Fraction II of dormant cysts, germinating cysts and vegetative cells0
The results aref shown in Table 6 fr Succinic dehydrogenase, cytochrome
oxidase, and diaphorase activities were present at a lower rate in
the particulate fraction of mature cysts0

Succinic dehydrogenase

activity in the mature cysts was about 3 ^ of that observed in the
vegetative cells„

Germinating cyst activity increased to about

48$ of the activity of vegetative cells,,

The cytochrome oxidase and

diaphorase activities were less than 10$ of the values observed in the
vegetative cells0
germination phase0

There was a very small increase during the

Fig0 11„ .Difference spectra (reduced vs. oxidized) of
cell-free Soluble Fraction of A. vinelandii.
Cell-free soluble fractions -were prepared by
acetone drying and sonication0 Cuvettes (3 ml)
contained either cyst soluble fraction (2„46 mg
protein) or vegetative cell soluble fraction
(2ol0 mg protein) in 0o2 M Tris buffer (pH 7°2)0
• Samples were reduced with sodium dithioniteo
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Table 6„
Comparison of some oxidative enzyme activities of sub-cellular
particles obtained from dormant cysts, germinating cysts, and
vegetative cells of A„ vinelandii

Succinic
dehydrogenase

Cytochrome c
oxidase

Diaphorase

Dormant cysts

0„13

0„01

0„02

Germinating cysts

0 o19

■ 0 o05

0o03

Vegetative cells

0„38

0„1^

loO^

Cells

Cysts were grown on Burk's nitrogen-free basal salts solution with
0<,2$ n-butanol as the carbon source» Cysts were germinated in Burk's
nitrogen-free.basal salts solution with 0 o8$ glucose., After h hr
and Z k hr the cells were harvested and used as germinating cysts and
vegetative cells, respectively =, All cell samples were treated with
acetone and sonication and fractionated according to Fig„ 1„ ■ All
enzyme activities were determined in Particulate Fraction II and are
given as ^ O D per mg of protein per min.
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Effect of Deleterious*Agents on Azotobaeter Cells during Conversion

The influence of various physical factors on germinating
cysts has been studiedo ■ Cysts "were germinated in a medium for
varying periods of time and exposed to standard conditions of ultra
violet radiation, sonication, heat or desiccation,, ■As shown in
Figo 12, susceptibility to ultraviolet radiation and sonic vibration
is acquired more slowly during germination than is susceptibility to
the desiccation and heat procedures,,

After

k

hr germination, only

10$ of the cells challenged with desiccation and 0„25$ challenged
with heat survived,,

However, 90$ survival of cells exposed to UV

radiation and 80$ survival of cells treated with sonic vibration
(
were observed„

Changes in Calcium and Magnesium Content in Medium during Germination
and Outgrowth of Cysts

In order to find out if there was any apparent relationship
between resistance of the cysts and the calcium content of these
cells during germination, the release of calcium from the germinat
ing cysts of A„ vinelandii was determined,,

In Fig„ 13, the content

of calcium and magnesium in the medium is plotted against the
germination time,.
the first 8 hr„

Calcium was released rapidly into the medium during
After that the rate of loss of calcium and magnesium

leveled off, the rate of heat resistance decreased correspondingly
(Fig„ 12)o

Figo 120 ■Effect of the deleterious agents, heat, desiccation,
sonic vibration, and UV radiation, on Azotobaeter
cells during the conversion of dormant cysts to active
vegetative cells, Cell suspensions were heated for
15 win at 60 C s desiccated on the surface of millipore
filters for 72 hr at 33 C s exposed 15 see UV radia
tion, or exposed to 5 win of sonication0
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Fig„ 13<.

Changes in calcium and magnesium content in the
medium during germination and outgrowth of
Azotobaeter cysts0 Cysts were grown in Burk's
basal salts solution with 0o2^ n-butanol as the
carbon source.. The optical density of cysts
suspension was adjusted to 1,0 at 600 mji in
germination medium,.
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Observation of Azotobaeter Cells during Gemination and Outgrowth
by Phase Microscopy

In the phase-contrast microscope dormant cysts appeared
as refractive bodies (Fig0 l4a) while germinating cysts exhibited a
darkened appearance (Fig„ 14b and c),

These phase-contrast micro

graphs depict the stages involved in cyst germination and outgrowth„
The mature cysts lose their refractive appearance after being placed
in suitable germination medium (Fig, l4c)0

Young vegetative cells

emerge from the cyst coat after 10 to 12 hr, and extensive vegetative
cell multiplication then ensues (Fig, l4g)„

These cells were actively

motile and exhibited all of the characteristics of the typical vege
tative cells» ■ In the 48 hr culture (Fig„ l4h)9 lipid had accumu
lated and cells with an irregular shape were seem

Acquisition of Flagella during Conversion of Mature Cysts to
Vegetative Cells

An investigation was carried out to determine the approxi
mate time required for the germinating cysts to become flagellated^
Negative staining procedures utilizing phosphotungstate were employed,.
Vegetative cells of Azotobaeter have been shown previously to be
peritrichously flagellated (Hofer, 1944)»
flagellation (Fig, 15a)°

The cysts did not exhibit

Figure 15b shows an unflagellated vegeta

tive cell emerging from the cyst coat 10 to 12 hr after the cyst
was placed in a gemination medium.

The cyst coats remained in the

Figo' 1^=

Cysts of A„ vinelandil in progressive stages of
germination and outgrowth viewed with a darkcontrast phase miproscope0 The cells were
incubated at 33 C with shaking in a Burk's basal
salts solution with 0„8$ glucose as the carbon
source (x 2,200)0
a.
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Fig. 15 o

Electron microgrtffShs of Azotobacter cells negatively
stained with phosphotungstate ( x 30>000)°
a)

Mature cysts exhibiting no flagella□

b)

Unflagellated vegetative cell emerging from
a cyst coat.

c)

Cyst coats remaining after emergence of the
vegetative cells„ No flagella were observed
in or around the cyst coats.

d)

Flagellated young vegetative cell.
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medium (Fig- 14c) and no flagella were observed in or around the cyst
coatso •A flagellated young vegetative cell released from the cyst is
shown in Fig0 I5d-

Ultra-structures of the Dormant and Germinating Cysts

An electron micrograph of an ultra-thin section of dormant
cysts is shown in Fig- 16-

The cyst structure consists of an outer

rigid coat termed the exine and an inner coat-

The central body,

located in the center of the cyst, contains various lipid granulesThe central body is essentially a small spherical copy of the
vegetative cell, and displays a cell wall and cell membrane-

Cyto-

logically, the first indication of cyst germination is the enlargement
of the central body-

The exine coat is gradually torn apart and

the young vegetative cell emerges from this structure (Fig0 17)°
Eventually, typical vegetative cells are observed once more
(Fig- 18b).
An early stage of cyst germination is shown inFig- 17This cell was fixed in osmium tetroxide and displays a less welldeveloped exine coat than a potassium permanganate-fixed cell (Fig- l6)„
the double-layered structure of the intine was much more obvious in
the osmium-fixed cells-

Fungus head-like structures, observed as an

outpouching (op) from the cell wall are seen in this preparationA premature mesosonje structure (m) is also illustrated in this elec
tron micrograph-

Fig0 16 „

An electron micrograph of ultra-thin section of
A„ vinelandii cysts grown on solid medium with
0 o z W n-butanol as the carbon source»
The cyst
structure consists of outer rigid coat, exine
(ex), and the inner layer, intine (in)0 The
central body (cb) is located at the center of
the cyst„ Lipid granules (ig) may be seen in
the central body..
Potassium permanganate fixed and stained
(x JK>,000).
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Figo 1 7 o

An electron micrograph of a germinating cyst,,
Lipid granules (lg) and a portion of a mesosomelike structure (in) are apparent in the central
body (cb)° A cell wall (cw) is observed,, The
outer coat exine (ex) appears to be fragmenting,.
An intine layer (in) appears to be dissolving,,
Outpouchings (op) of an undetermined origin from
the cell wall-cell membrane complex may be seen.
Osmium fixed by the Kellenberger-Ryter-Sechaud
technique; uranyl acetate stained (x 50 9000)»
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Fig„ l8o

Electron micrographs of A 0 vinelandii cells
exposed to 0 „05$ potassium tellurite for 2 hra)

Germinating cysts exhibiting a slight
reduction activity near the cytoplasmic
membrane (arrow)„

b)

taesosome structure appearing quite electron
dense owing to deposition of reduced
telluriteo
The inset, shows that the fine
multilayered ring structure in the higher
magnification„

Potassium permanganate fixed and stained;
a) x 25 *000 ; b) x 25 *000; the inset x 50 ,000 o
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Potassium Tellurite Reduction Sites

An investigation was conducted to determine the site of
respiratory enzyme activity in 1Azotobacter cells during germination
and outgrowth., . Cells in various stages of conversion to the
vegetative state were washed and exposed to 0 „05$ potassium tellurite
for 2 hr»

The mixture of cells and tellurite, colorless at first,

gradually turned black»o This tendency was more marked when the time
of incubation was extendedo

Upon centrifugation, the cell pellet

appeared black, and the supernatant fluid was clearo ■ The control
culture of heat killed cells (80 C for 20 min) remained clear in both
the cell pellet and the supernatant, fluido
of the reduced tellurite

w a s

This suggested that most

present in the cell material«

Reduc

tion of potassium tellurite required a longer reaction time than of
tetrazolium salts and Nadi reagents.,

It was found that a 1 to 2 hr

reaction period was necessary before an amount of the reduced
tellurite sufficient for electron microscopy was deposited..
The manner of deposition of reduced potassium tellurite,
as black amorphous or crystalline tellurium in pells, was followed
by electron microscopyo ■ In mature cysts, there was no active and
specific site for reaction,.

As shown in■Fig„ 18, germinating cysts

\

only exhibited a slight reduction activity near the cytoplasmic
membrane0

In young vegetative cells the mesosome structure became

electron-dense owing to the deposition of reduced tellurite
(Figo l8b)„ A spot test revealed that metallic tellurium was the
end product of the reduced potassium tellurite<>

Figo 19„

Electron micrographs of cells showing almost complete
conversion to typical rod-shaped vegetative state„
The cells, after harvesting, were exposed to 0.05$
potassium tellurite for 2 hr..
a)

The reduced tellurite was deposited mainly on
the membranes of the central organelles, and
minutely, near the cell membrane„

a-^)

Higher magnification of the reduced tellurite
deposited at the intracellular organelles,,
•An amorphous type tellurium was seen,,

b)

A portion of cell is shown in here, delimited
externally by triplicate cell wall (cw) adjacent
to Which is found a triplicate cytoplasmic
membrane (cm)t, Tellurite reaction enhanced the
appearance of intracytoplasmic membrane (icm)„

Potassium permanganate fixed and staiped;
a) x 30*000; a^) ;x 60,000; b) x 60,000o

6&

In cells showing almost complete conversion to the typical
rod-shaped vegetative stage (Fig„ 19a and b) reduced metallic
tellurium was observed to deposit and aggregate mainly at the intracytoplasmic membrane (Fig„ 19a and a^)»

The tellurite reaction

enhanced the appearance of intracytoplasmic membrane (icm) structures
as shown in Fig„ 19bo

Control cells did not exhibit this pronounced

staining of the membrane systerns„
■

Figure 20 demonstrates the appearance of germinated and out

growing cells fixed in 5$ unbuffered glutaraldehyde„

These cells,

exhibiting deposition mainly around the oell periphery, lack contrast
because they were not stained with an electron denfee material8

Reduction Sites of Tetrazolium Salt

With a phase microscope, actively growing cell suspensions
incubated for periods of 20 to 30 min in Burk’s basal salts solution,
containing 0„05$ TNBT and 0<,5$ succinate showed visible reduction of
the TNBT to brown colored formazans0 ■When sodium malonate was added
to the reaction medium with succinate, before the addition of TNBT,
there was no visible formation of formazans., . During the dehydra
tion procedure for electron microscopy, even the most stable TNBTformazan (Sedar and Burde, 1965a) was found to dissolve readily in
ethyl alcohol and propylene oxide.,

Therefore, the site of TNBT-

formazan deposition probably appears as an electron-transparent
area in the ultra-thin section of the cells0

Fig0 20„

Ultra-thin sections of cells fixed with 5$
unbuffered glutaraldehyde„ The reduced
tellurite incorporated appears as slender
.rod-like inclusions around the cell
periphery (x 25 j000)o
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The cells in Fig, 21 -were incubated "with 0,05$ TNBT and
in the presence of 0,5$ succinate as substrate for 60 min,

The

transparent regions (arro-ws) correspond to the location of TNBTformazans deposits0

Those regions were related usually to the cyto

plasmic and intracytoplasmic membrane,

A large number of pocket-like

structures are seen in TNBT treated cells,
■ As shown in Fig, 22 under higher magnification, TNBT treated
cells exhibit an unusual appearance in the nuclear materials.
Often the nuclear material was clumped and contained fine filaments,
Th« TNBT appears to retard the cellular division, and results in
an accumulation of nuclear materials inside the cell.

This finding

lends support to the recent report that the tetrazolium compounds
inhibit bacterial reproduction (Korn and Kushnarev, 1965)0

Reaction Sites of Cytochrome Oxidase

When cells were treated with the reagents, -alpha-naphthol
and n-benzyl-p-phenylenediaraine, the activity of cytochrome oxidase
within the cells was indicated by the formation of a blue coloration.
Mature cysts, and germinating cysts did not exhibit significant reac
tion with the cytochrome oxidase reagents.
After about 90 min of treatment, a. number of distinct extru
sion structures appeared at the surface of unfixed cells.
readily observed with the light microscope.

These were

As the incubation

period lengthened some of the evaginations became enlarged, and others
were reduced in size until they disappeared eventually.

These

Fig0 21o

Ultra-thin section of cells after treatment
■with Q„05# TNBT for 60 min0 ■Electron-transparent
spaces are observed, at the cytoplasmic membrane,
and deep inside the cytoplasm (arrow)„ The
pocket-like (p) structures are seen around the
periphery of cello The nucleoid material (n)
exhibits an unusual appearance0
Osmium fixed; uranyl acetate stained;

x 40,000„
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Fig„ 22o •A higher magnification electron micrograph of an
Azotobacter cell,- after exposure to 0 i 0 5 % TNBT
for 60 min 0 ■An intracytoplasmic membrane (icm),
cell wall (cw), cell membrahe, and lijpid granules
(lg) are observed in this cello The nucleoid
material (n) exhibits an unusual appearance in
cells treated with TNBTC
Osmium fixed5 uranyl acetate stained;

x

75 ,Q0 Qo
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structures were further studied under the electron microscopeo

As

is shown in Fig, 23a, these granules were seen in many instances to
be projecting from the cells„

The site of deposition of the electron-

dense pigments is located at the periphery of the cell and appears
to be connected to the cytoplasmic membrane (Fig, 23b),

Activity

at the site of the intr a cytoplasmic membrane is also shown.
The cytqchrome oxidase reaction revealed another structure
inside the cytoplasm,,

As shown in Fig, 23a, large electron opaque

granules were found in the cytoplasm,,

These structures, clearly

seen in the Fig„ 24, are surrounded by a limiting structure that
probably serves to isolate the enclosed materials from the remainder
of cytoplasm,,

The limiting membrane does not have the 3 layered

appearance of a typical unit membrane, however, the structures are
somewhat similar to lysosomes, known to be the center of hydrolytic
enzymes in the cells of higher organisms,
In order to localize the reaction products of the cytochrome
oxidase reagents, cells of Azotobacter were pre-fixed in 3$
glutaraldehyde buffered with 0„1 M phosphate (pH 7„3) and treated
with the reagents as described previously.

The glutaraldehyde-

fixed cells, shown in Fig, 25, most convincingly reveal the presence
of indophenol blue pigment, shown in Fig, 26,

After the reaction

with these reagents, the color of cultures turned to blue within 30
min and deep blue afterward.

This blue color was located in the

cells, and not in the supernatant.

As shown in Fig, 26, the deposits

of indophenol blue pigments were located at the periphery of the

Fig0 23o

Electron micrographs of 'unfixed Azotobaeter cells
treated with alpha-naphthol and n-benzyl-p-phenylenediamine for 90 min0
a)

b)

Extruded structures (arrows) at the surface of
cell are shown., The electron-dense granules
structure are also noticed in this cello
-X 4-0,000,,
Electron-dense pigments deposited at the
periphery of cell, connecting to the cytoplasmic
membraneo A large deposit is situated on an
intracytoplasmic membrane (icm)„ The nucleoid
materials are dispersed inside the cytoplasm..
x 50 ,000o

Osmium fixed; uranyl acetate stainedo

Figo

2 k

o

An electron micrograph of -unfixed Azotobacter cell,
exposed to the alpha-naphthol and n-benzyl-pphenylenediamine for 90 min„ The cytochrome oxidase
activity is apparently indicated by dark electrondense granules (arrows)» Granules (g) surrounded by
a membrane structure are revealed inside the cyto
plasm,, The structures are similar to the lysosomes
which are known to be a center of degradative enzyme
activity in the cells of higher organisms„
Osmium fixed; uranyl acetate stained; x 100,000o

Fig„ 25o

An electron micrograph of Azotobacter cells,
pre-fixed in 3$ glutaraldehyde buffered with
0,1 M phosphateo
Osmium fixed; uranyl acetate stained; x 5 0 s000o

Figa 260

m
’
'
’ _J" A-J- ’
--is,
ore-fixed in 3% elutaraldehvde buffered
■with Ool -M phosphate showing the location
of cytochrome oxidase activities0 The
deposition of the indophenol blue of alphanaphthol and n-benzyl-p-phenylenediamine is
indicated by electron-dense deposits0
a)

The deposits are seen located at the
periphery of the cello

b)

Similar deposits are seen in the lipid
accumulated vegetative cello

c)

High magnification of photomicrograph
showing an electron-denSe deposits
The relation to the cytoplasmic membrane
system is noticedo

Glutaraldehyde-osmium fixed; uranyl acetate
stained; a) x 20a000; b) x 25}000;
c) x ^5 >000o

s4ii

cells and the relation of the deposit to the cytoplasmic membrane is
shown in Fig„ 26c«
Cells were treated with cytochrome reagents and the inhibitor,
KCN in a concentration of 10

M for further confirmation of the

presence of cytochrome oxidase activity,,

The fine structure of cells

so treated, was studied and the result (Fig0 27) indicates that deposi
tion of the material in the area of the cytoplasmic membrane was
greatly inhibited0

Fig 0 '27o

An electron micrograph of vegetative-cell, inhibited
by the respiratory poison, KCN (lO”^ M)s and reacted
with alpha-naphthol and n-benzyl-p-phenylenediamine
for 60 min 0 A minimal degree of cytochrome oxidase
activity is observed and resulted in the deposition
of only a few electron-dense materials (arrows)0
Glutaraldehyde-osmium fixed;, uranyl acetate stained;
x 85s000o
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DISCUSSION

Cytology of Cyst Germination and Outgrowth

During the life cycle of the genus Azotobacter, rod-shaped
vegetative ceils may be converted to spherical cysts (Socolofsky
and T/fyss, 1961)0

In Fig, 28, a diagrammatic representation depicting

the various stages in cyst formation and germination, is shewn,

A

first indication of germination is the losS of refractility by the
mature cysts just after'being placed in a germination medium.

The

next step in this sequence is the enlargement of the central body,
and a swelling of the entire cyst structure.

This suggests that,

in the early stages of the germination process, there is a change
in the permeability of the cyst.

After 8 to 12 hr of incubation,

most of the cysts have completed the germination phase and the central
body has been released from the coat, elongated, acquired flagella,
and initiated vegetative growth.

Under the appropriate conditions

the vegetative cells begin the encystment process, •During this phase
the'cjells round-up, lose the flagella, accumulate lipid, begin to.
acquire an outer coat, and eventually form the mature cyst,
• Electron microscopy has been used to observe the germination
process.

One can observe the enlargement of the central bodies and

displacement of the intine material (Fig, 17),

The exine coats

are gradually torn apart and the young vegetative cells emerge from
these structures 10 to 12 hr after being placed in a germination
medium (Fig, 18),

Vegetative cells of Azotobacter have been shown
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Fig„ 280

Diagrammatic representation of the stages of
encystment and germination,, •If transfers are
made to a fresh medium at frequent intervals
the formation of cysts may be omitted.,
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to be peritrichously flagellated (Baillie et al o , 1962) 0

Electron

micrographs of negatively stained cells revealed that the mature ard
germinating cysts did not exhibit flagella (Fig„ 15a) «

Young vegeta

tive cells diverging from the cyst coat'were not flagellated (Fig0 15b) ,
however,-actively growing vegetative bells exhibited flagellation
(Fig0 1 5 d )0

Thus, the time of flagellation apparently occurs after

the emergence of the cell from the cyst coat but before the first
cellular division..
■ When comparing the two fixative agents employed, osmium
tetroxide and potassium permanganate, it was' found that the differen
tiation of the exine structure in osmium-treated cells was not as
specific as with the permanganate fixation,.

On the other hand, the

intine material was clearly illustrated using osmium tetroxide0
Numerous protrusions (outpouchings) from the cell wall were observed
when osmium tetroxide was employed to fix the germinating cysts
(Fig0 l?)o

In addition, the same structure was observed when the

mature cyst was sonicated and fixed with osmium tetroxide (Kramer,

1966) 0

This structure was not revealed in permanganate-fixed

Azotobacter cells0 -Similar structures, denoted as "finger-shaped"
elements', were observed in a study with E. coli (Bayer and-Anderso^i,

1965)0

In a study on Po vulgaris« mary protrusions from the cell

wall were noticed by Abyam, Koffler and Vatter (1965)°

Each of

the protrusions of the above organisms seemed to have a common
morphological similarity, but the actual function of these struc
tures still remains unknown<>
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Criteria of Cyst Germination and Outgrowth

Two kinds of resting conditions, designated "constitutional1*
and "environmental" dormancy exist in spores (Allen, 1965)0

Resting

cells undergoing constitutional dormancy, such as most of the
bacterial endospores and the ascospores of some Ascomycetes, will
not develop even if placed in favorable environmental conditions
without an activation process,, ■A" typical activation process consists
of a heat shock,,
The term, germination, as used in reference to endospores,
refers to the loss of heat resistance and light refractility,,
Subsequent development of the germinated spore involves the out
growth phase (Keynan and Halvorson, 1965)*

In comparison to that

recorded for endospores, little work has been reported on cyst
germination,,

The conversion of dormant cysts to active vegetative

cells is a sequential process which comprises both the germina
tion and outgrowth phases,,

The criteria of germination used in

the present work involve alterations in the microscopic appearance,
changes in stainability, and loss of desiccation resistance,,
Outgrowth has been considered to be the development of vegetative
cells from germinated cysts0 After tljie vegetative cell form has
been reached, normal cell division and growth take place„

Nutritional Factors Affecting Gyst Conversion

The inorganic salts solution which is routinely used for
the growth of Azotobacter is inadequate for the complete conversion

T

of dormant cysts to vegetative cells„ •An exogenous carbon source
is required even though appreciable amounts of lipid material
may be available as an endogenous carbon source in the cysts0
Either the endogenous cyst reserves are inadequate to supply the
energy needed for germination or the rate at which endogenous .
respiratory processes break down these reserves is too slow to
permit germination,,
Although Azotobacter cells were reported to exhibit great
versatility in the utilization of nitrogen-free organic compounds
as sources of carbon and energy (Jensen, 195^)» it was found that
not all of the carbon compounds which jjjjpupport vegetative cell
growth are effective carbon compounds for conversion of-dormant
cysts to vegetative cells„

Glucose, fructose, and galactose and

the normal C_, C , and C. alcohols were found to'be the.most effective
^
J
^
carbonsources for the

conversion,,

It appears that most structural

isomers of these alcohols are noneffective owing to enzyme speci
ficities „

Thus, Azotobacter cysts are inactive because of unfavorable

conditions of their environment, but will'resume development at
once if transferred to favorable surroundings»• .
It is known that nitrogen fixation by Azotobacter cells is
f
depressed by the addition of a combined nitrogen source (Wilson,
1952)o

Inthis study it was observed combined nitrogen stimulated

conversion of cysts to vegetative cells in the presence of glucose„
However, combined nitrogen alone will not support germination,,

Physiological Factors Associated with Cyst Germination and Outgrowth

The mature cysts pass from dormancy during the first period
of the germination process. ■An enormous increase in metabolic
activity occurs in the second period of the germination process,
resulting in a shift of the metabolic pattern to the more active
vegetative metabolism0 -Eventually, outgrowth takes place, and
vegetative reproduction occurs.
Changes in several parameters were observed during cyst
germination and outgrowth (Fig. 3)°

A. decrease was noted in both

the OD and the pH during the early stages followed by increases
in these determinations as outgrowth proceeded.

Glucose consumption

and the rate of nitrogen fixation were almost linear from the
initiation of germination.

The viable counts showed a lag in cell

multiplication. ■ The decrease in pH during cyst germination may be
associated with the liberation of acidic polysaccharides (Cohen
and Johnstone, 1963) anc^ organic acids.

It is suggested that the

organic acids are formed because of incomplete oxidation of the
substrate.

The drop in OD is due to the loss of refractility by

the cysts.

This loss may be due to dissolution' of the cyst

coat and oxidation of any lipid granules.

Active cell division

starts about 12 hr after being placed in a fresh medium, although
the substrate is utilized from the commencement of germination
through 20 hr.

The total nitrogen content of germinating cysts

was relatively constant.

This may indicate that appreciable nitro

gen fixation takes place during the period of outgrowth (Kramer,
I.966).

It is quite evident from Fig 0

k

that an increase i n :RNA

synthesis begins in the late germination phase and precedes an
increase in both DNA and protein synthesis by about

k

hr„

A similar

phenomenon has been found also in bacterial spore germination
(Woese and Forros i 960) s and fungus spore germination (Yanagita, 1957)»
Protein synthesis is not necessary for germination of cysts,
because the germination process apparently involves the activation
of enzymes already present (Kramer, 1966)0

Further investigation

is required for a more detailed description of the physiological
events.taking place in the early period of germination,, ■In the
endospore, it has been reported that the activation of the dormant
spore can be induced by heating (Evan and Curran, 19^3) °

It was found

in the present studies that a heat treatment did not enhance
germination of the cysts„

Loss of Resistance during Cyst Germination

An investigation was carried out to determine the resistance
of ceils during conversion to the vegetative stateo

The immediate

loss of heat and desiccation resistance was observed during cyst
germination (Fig 0 12)0

It is obvious that the swelling of cysts

and disruption of cyst coats is associated with changes in the
physical resistanceo

Metabolic changes from dormant to active

stages also make the cell susceptible to heat and dryness<, However,
loss of resistance to UV radiation and sonic vibration decreased more
slowly than the corresponding desiccation and heat resistances,,
This may be due to the fact that the cyst coat provides some degree
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of protection to the cells undergoing UV radiation and sonic treat
ment even though, it is being loosened and removed by the germination
process,.

On the other hand, the resistance of the germinating

cysts to desiccation and heat treatment is rapidly lost once the
integrity of this coat is altered by processes occurring early in the
germination procedure-

Cation Loss during Cyst Germination

During sporulation and germination in Clostridium- there
appears to be a correlation between the content of cellular
calcium and dipicolinie acid in the cells and the degree of thermo
resistance (Wooley and Collier, 1965)0

Powell ani Strange (1953)

showed that dipicolinie acid was released as the calcium salt from
aerobic spores during germination-

During the first 6 hr of cyst

germination calcium and magnesium were lost simultaneously
without indication of the release of dipicolinie acid (Fig- 13)o
It was noted that the killing rate by heat and desiccation increased
in a parallel fashion during the same period (Fig- 12)-

During

this germination phase the exine structure loses its extensive
organization and is gradually torn apart by the emerging central
body-

This increase in calcium content at this time may be

associated with the liberation or solubilization of calcium ions
involved in the binding of the exine coat.

After 8 hr the rate of

I
cation loss decreased, apparently a result of the intensive multiplication of the cells-

Respiratory Studies of Dormant Cysts» Germinating Cysts, and
Vegetative Cells

The respiration rate of Azotobacter is reported to be
exceptionally high (Lee and Burris, 19^3),

The Q_

2
ranges from 200 to h 00 (pi 0^ per mg dry wt per hr),
organisms have such a high rate or respiration,,

of this bacterium
Few other

The mature cysts

were found to possess approximately one-ninth and germinating cysts
one-fourth the Qn

values of vegetative cells.

In spite of a

2
structural similarity, the Azotobacter cyst's appear to be quite
different from micro cysts of Myxococchs (Dworkin and Niederpruem,

196^)0

In the case of endospore forming organisms, the Q.

values

2
were reported to be 60 to 100 for vegetative cells, 50 for heat
activated spores, and less than 5 for spores in the presence of glucose
(Church and Halvorson, 1957)-

There were no marked differences in RQ

values of cysts and vegetative cells of Azotobacter suggesting both
types probably utilize the same method of carbohydrate dissimilation.
The cyst is essentially a small spherical copy of the vegetative cell
possessing a lower metabolic activity permitting survival under un
favorable physiological conditions.
Unlike endospores, Azotobacter cysts utilize oxygen immediately
after being placed in the germination medium.

The endogenous res

piration of Azotobacter is known to be very low as compared to other
bacteria (Johnson, et al,, 1958)»

Tt is increased by the addition

of low concentrations of respiratory poisons, which are believed to
uncouple respiration and oxidative phosphorylation.

The supply of

90
phosphate acceptors may regulate the rate of endogenous respiration
of Azotobacter cysts„

This effect of uncoupling agents on endogenous

respiration has also been reported in studies of fungus spore res
piration (Cochrane, Cochrane, Collins, and Serafin, 1963)0
Spores of B 0 cereus have been reported to use different
electron transport systems than the vegetative cells (Doi and
Halverson, 196l)c

Observed have been a flavoprotein system in

spores and a cytochrome system in vegetative cells 0

Microcysts of

Myxococcus use both cytochromes and flavoproteins for a terminal
electron transport system (Dworkin and Niederpruem, 1964)=

Quanti

tative differences in the terminal electron transport system of the
vegetative cells and microcysts were reported in M„ xanthus b y Dworkin
and Niederpruem (196^)0

There have been several reports that vegeta

tive cells of Azotobacter possess a typical cytochrome pattern
(Bruemmer

et alo, 1957* TissiSres and Burris, 1956, and Jones and

Redfearn, 1966); however, the electron transport systesm in cysts
hav® not been investigated,.
Azotobacter vegetative cells were fbund to be easily dis
rupted by sonication, however, the cysts exhibited a high resistance
to the sonic vibration..

Dworkin and Niederpruem (196^) reported a

similar resistance in the microcysts of Myxococcuso

The rigis multi

layered exine and the thick intine coat obviously afford protection
against disruption by mechanical agents„
To compare the respiratory mechanisms of vegetative cells
and cysts, an assay of the activities of the acetone dried cell-free

extracts and whole cells was performedo

The results Indicated that

the difference spectra of particles of the vegetative cells and
cysts were qualitatively identical, and revealed the presence of a-,
b-, and c-type cytochromes (Fig0 8 , 9? and 10)o

There was no indication

of flavoprotein in all spectra<> ■Some cytochromes were located in the
soluble fraction:(Fig<, l l )0

This observation is similar in most

respects to that reported by others for- Azotobacter vegetative cells
(Bruemmer et alD, 1957j and Jones and Redfearn, 1966)„

It is possible

that acetone treatment effected the disruption of the cyst coats and
exposed the central bodies for sonic disruption,,

In addition, the

acetone and the sonic treatment used to obtain cell-free extracts may
have disrupted and solubilized some of the enzymes in the particulate
fraction,,

Repaske (195*0 observed a similar solubilization of succinic

dehydrogenase from particulate fraction in A 0 vinelandiio

Oxygen

uptake was inhibited by KCN and NaN^ (Fig0 6 and 7) indirectly giving
evidence for the presence of a cytochrome oxidaseo •Azotobacter cysts
appear to possess the most complete electron transport system among
the three types of resting cells In the bacteriao - Succinic dehydro
genase, cytochrome oxidase and diaphorase activities were all found
in the cyst in reduced amounts0

These enzymes were also reported to

exist in the microcyst of Myxococcus (Dworkin and Niederpruem,, 19&J-) „
During the

k

hr of germination phase little increase was noted for

the enzyme activities0

However, significant increases were observed

during the outgrowth phaseo

Cytochemistry of Cyst Germination and Outgrowth

The function and the manner of formation of "mesosomes"
(Fita-James, i960), "chondriods" (Ryter and Kellenberger, 1958),
"plasmalemmo somes" (Ed-wards and Stevens, 1963), or "intracytoplasmic
inclusions"

(Echlin, 1964) remain unknowno

•Murray-(l962) reported

that under unfavorable growth conditions mesosomes are formedo
Voelz (1965) explained that a low oxygen concentration in the
medium induced the formation of mesosomes in Myxococcus cells0
Tchan el al„ (1962) observed the mesoSome-like structure, which
they called a cytoplasmic membrane intrusion, in the germinating
Azotobacter cyst„

Infoldings of the cytoplasmic membrane were

observed routinely in Azotobacter cells (Fig„ 19)o -When the cells
were exposed to tellurite, incomplete mesosomes were seen more
often than the complete circular arrangement of the mature mesosome,,
■Whether the formation of the mesosome is restricted to a certain
area of cell is still uncertainD

As shown in Fig0 18, the mesosome

of Azotobacter appeared to be concentrically multi-layered and intrudes
into the cytoplasm,, ■Although five layers were observed in the meso
some of the Myxococcus cell (Voelz, 1965), only three electron-dense
layers were observed in Azotobacter cells„
According to Barnett and Palade- (195?) potassium tellurite,
added to living cells, will accept electrons from respiratory
enzyme systems,, ■A tellurite-reducing enzyme was isolated from
Mycobacterium by Terai, Kamohara, and Yamamura (1965)=

This enzyme

was referred to as tellurite reductase and appeared to be located

in the soluble fraction of the cells0 ' In Bacillus, the plasma membrane
did not gain in electron opacity owing to tellurite reduction, but the
reaction products appeared to be restricted to small areas associated
with the flagella or with the development of cross wall (Leene and
Van Iterson, 1964a)„

However, Abram, Vatter, and Koffler-(1966) found
i

no correlation between the origin of flagella and the location of
reduced tellurite in the same organism,,
pin the gram-negative organism/ Proteus, the increase in con
trast with tellurite reduction appeared associated with details in
the cytoplasmic fine structure■(Leene and Van Iterson, 1964b)„
These authors observed neither vesiculp-tubular nor concentric
lamellar organelles in A„ vinelandii, but noticed many membranebound vesicles (Van Iterson9 1963)0

These vesicles were thought

to be the particles obtained by differential centrifugation after
osmotic shocko •Robrish and Marr-(1962) published electron micrographs
of similar fractions of A„ agllis in which respiratory enzymes were
recovered in'a particle fraction,,

This material was composed of

membranous structures of different shapes and sizes and was prepared
by centrifugation of the material, after osmotic shock,, - Wyss et al„
(1962) reported the presence of numerous electron-dense peripheral
bodies in Azotobacter cells which they suggested may be caused by
an invagination of cytoplasmic membrane>

They noted it would be of

interest to see whether or not these membranes and related organelles
were the site of respiratory enzyme system activity,.

In the present -work, there was strong evidence that the
reduction sites of tellurite in Azotobacter cells were associated
mainly with the intracytoplasmic membrane systemo ■Germinating cysts
revealed an activity around the cytoplasmic membrane„

However, there

were no specific reduction sites in the dormant cyst„

The final

reduction product of tellurite could be tellurium oxide (TeO), metallic
tellurium or organic compounds0

Van Iterson (1965) predicted that

reduced,tellurite might be present in organic compounds because of
the failure to recognize metallic tellurium in election diffraction
patterns of reduction products„

On the other■hand, the deposits of

reduced tellurite in Azotobacter cells appeared to consist mainly
of amorphous tellurium since a spot test was used to reveal the
existence of metallic tellurium0
Sites of succinic dehydrogenase activity have been demonstrated
by se^feral authors with the formazans produced from tetrazolium
compounds (Sedar and Burde ,, 1965a ; Leene and Van Iter son <, 1965a),
The most commonly used formazans are MBT, TTC, and TNBT,

However,

thfe HBT and TTC formazans are very soluble in solvents used for
electron microscopy and are lipid soluble making the actual intra
cellular localization of these materials difficulty

Kawata and Inoue

(1965) concluded the sites of NBT and TTC reduction were associated
with the transparent areas resulting from the washing out of these
formazans during dehydration0

According to Sedar and Burde (1965a)3

the TNBT is a more desirable tetrazolium reagent for electron micro
scopy because of its reduced solubility in cellular lipid and solvents

used for dehydration,,

However, the TNBT-formazan was observed to be

soluble in the dehydration reagents wh,en used with Azotobacter cells
and transparent areas which were observed in these cells after thinsectioning were concluded to have resulted from a release of the TNBTformazan during dehydration treatment (Fig„ 22)„

No transparent areas

were obs'erved in control cells without TNBT treatment0

It is therefore

concluded that tellurite has better properties than tetrazolium for
the localization of respiratory enzyme activity in Azotobacter■cells0
Localization of the site of cytochrome oxidase activity,
utilizing a combination of cytochemistry and electron microscopy,
poses a difficult problem because the enzyme is inactivated by fixa
tives which ■siould be helpful in preserving the cellular fine-structureQ
On th,^ other hand, a satisfactory chromogenic indicator for the
demonstration of cytochrome oxidase must have certain properties:
(l)

it should not inhibit the enzyme activity;.(2)

it should not

be readily auto-oxidizable in atmospheric oxygen; (3 )

it should

furnish upon oxidation, a water and lipid insoluble, highly pigmented
product (Crawford and Nachlas, 1958)°

Azotobacter cells reacted

with cytochrofee oxidase reagents revealed the fact that the respiratory
activities wehe located at the cytoplasmic and intracytoplasmic
membranes (Fig„ 23b)0 Extrusions appeared in the cell wall surface
of unfixed cells (Fig0 23a)»

These structures were perhaps caused by

the pressure eXerted by the accumulated pigmeritfin localized areas,
t
or by the chemical reaction between cytochrome oxidase reagents and
the component of the cell wallo

Cells fixed in glutaraldehyde

retained appreciable enzyme activity although the entent of deposi
tion of the material was not so great (Fig. 26).
to be associated with the cell membrane»

(10

-4

The activity appeared

The respiratory poison9.KCN

X
M ) , apparently stopped the cytochrome activity since there were

no significant pigment deposits inside the cells.
In a few instances, large granules surrounded by a limiting
membrane were seen in the cytoplasm of unfixed treated cells (Fig.
24).

These structures had a faint resemblance to lysosome structures

found in higher organisms 0

In animal tissue it has been shown that

basic dyes and metallic cations specifically stain lysosomes in vivo
and in vitro in fresh unfixed materiala

The specificity of this

reaction seems to depend upon binding of the cationic molecules of
the dye to anionic sites in the matrix of lysosomes, which probably
consist of phosphate groups of structural phosphatides (Koenig,
1965)°

Lysosome structures have thus far not been demonstrated in
«t
bacterial cells. ■ Since cytochrome oxidase reagent, n-benzyl-pphenylenediamine, is an organic cation, there may be some relationship

between the appearance of the bodies in Azotobacter and the phenomenon
observed by Koenig.

Still another possibility exists. Azotobacter

cells accumulate large lipid granules during some phases of the growth
cycle (Stevenson and. Socolofsky, 1966).

It is possible the phosphate

groups in these lipid granules react with the cytochrome oxidase
reagent in a manner similar to that described by Koenig (1965)°
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