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CHAPTER I 

INTRODUCTION 

When Beirjerinck (1) first isolated members of the genus 

of nitrogen-fixing bacteria Azotobacter in 1901, study began 

on a unique organism which is in many ways distinctly dif-

ferent from the other microorganisms comprising the typical 

soil microflora. The vast amounts of research devoted to 

the Azctobacter have not been concerned with using this 

organism to depict the normal mode of living of other soil 

bacteria; rather, a study of the Azotobacter inevitably leads 

to problems concerning the individuality of the genus, 

Bergey's Manual of Determinative Bacteriology (5) in-

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

genus of the Azotobacteraceae. The group is described as 

consisting of gram-negative obligately aerobic large rods 

or cocci which have the capability of fixing atmospheric 

nitrogen when provided with a suitable energy source. In 

fact, optimum growth is obtained in a nitrogen deficient 

medium. The cello are peritrichously flagellated and may 

occur in both soil and water. Most strains also form special 

resting cells called cysts. BergeyT s Manual of Determinate ve 
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Bacteriology lists three species: A. ehrojococcum; A, agilis; 

A. indicus. A. agilis is also referred to as A. vineland.il. 

Upon initial investigation, that property of Azotobacter 

which best serves to distinguish it from other aerobic free-

living bacteria is the ability to fix atmospheric nitrogen. 

Other than Azotobacter, the only heterotrophic bacteria that 

unquestionably utilize atmospheric nitrogen non-symbiotJ.cally 

are some members of the genus of anaerobic sporeformers 

Clostridium, represented by Clostridium pasteiirianurn (39).. 

It has been reported in subsequent investigations that, rep-

resentatives of other groups of microorganisms are able to 

utilize free nitrogen. They include some species of Aerobacter} 

Bacillus, Pseudomonas, and Serratia, as well as several of 

the blue-green algae and a number of photosynthetic bacteria 

(33). 

In addition to free nitrogen, it is reported (5) that 

only a limited number of relatively simple nitrogen compounds 

seem available to Azotobacter. Studi.es by Horner and Allison 

(16) using A. chroococcum indicate that only ammonia and 

compounds readily convertible to ammonia, such as nitrite, 

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

nitrogen when free nitrogen is excluded. Peptone, uracil, 

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



nitrous oxide are unavailable, and hydroxylamine is toxic 

even in small concentrations (37). The toxicity of hydroxy1-

amine is interesting because subsequent investigation has 

implicated this compound in the pathway whereby free nitrogen 

is converted into ammonia, a compound which can be readily 

added to alpha ketoglutarate to form the primary amino acid, 

glutamic acid. This apparent inconsistency can be explained, 

however, by the fact that in nitrogen-fixation, hydroxylamine 

probably appears as a short-lived enzyme-bound intermediate 

and not in the free form (6). The presence of ammonium salts 

in the growth medium has an immediate inhibitory effect on 

nitrogen-fixation (16, 33}, indicating the azotobacter's 

preference for combined nitrogen. The inhibition caused by 

nitrate on the nitrogen-fixing mechanism is more complicated 

in that the utilization of nitrate depends on previous adap-

tation, Nitrate is used to the exclusion of atmospheric 

nitrogen in pre-adapted strains of A. vinelandli (33). Other 

studies indicate that some free nitrogen is utilized in nitrate 

medium when the organism is not previously adapted (14, 16). 

An apparent nutritional requirement for the growth, of 

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

vator of the nitrogen-fixing enzyme system (4). Molybdenum 

is not, however, specific for nitrogen-fixation since it 
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also promotes growth with nitrate but not with ammonia (?). 

Vanadium is the only trace element which has been shown to 

be capable of replacing molybdenum in nitrogen-fixation (15). 

Utilization of the metals molybdenum and vanadium is rare in 

biological systems, probably indicating the unique nature of 

the nitrogen-fixing system. 

A second distinctive characteristic of the A.zotobacter 

involves its respiratory activity. The efficiency of oxygen 

utilization reaches a peak in A. vinelandil, which has an 

oxygen quotient of 4000, the highest observed in any kind 

of living matter (25). Furthermore, Azotobacter shows a 

great versatility in the utilization of nitrogen-free organic • 

compounds as a source of energy. With the many alcohols, 

organic acids, sugars, and cyclic compounds available for 

azotobacter metabolism, it is easier to mention some of the 

non-utilizable compounds. Those include methanol, xylose", 

rhamnose and mannose (17). 

Although its unique nitrogen-fixing capability and res-

piratory activity are sufficient to indicate the singularity 

0:E> Azotobacter in nature, probably the most perplexing prob-

lem to bacteriologists concerns its morphological heterogeneity, 

Jensen (17) noted that it has been impossible to obtain a 

culture of Azotobacter containing only one morphological form. 



Although much research has been attempted to determine the 

nature of this variability, probably the only unequivocal 

statement concerning azotobacter morphology is that the 

organism shows extreme pleomorphism. The epitome of morpho-

logical complexity is reflected, in the work of Lohnis and 

vSmith (26) who investigated the possibility of a complicated 

life cycle in Azotobacter involving some thirteen forms. 

Evidence exists which clearly demonstrates the heterogeneity 

of pure cultures of Azotobacter, but as yet no single work 

has been able to correlate the inconsistent findings of 

various investigators. This inconsistency is perhaps best 

noted in studies dealing with the tiny granules often found 

extracellularly as well as intracellularly in old cultures 

of Azotobacter. Almost approaching the resolving limit of 

the light microscope, these granules have been assigned the 

role of dwarf reproductive cells by several investigators. 

Bisset and Hale (2) found these "gonidia" incapable of inde-

pendent growth, but under some conditions could revert to 

normal Azotobacter. Lawrence (21) demonstrated that some 

particles found in old cultures could pass through a three 

micron filter membrane and grow into normal Azotobacter' cells, 

Jones (1$, 19)') employing stained preparations of Azoto-

bacter cells, found non-stainable vacuolated regions of the 



cell which he ascertained to be food reserve and tiny stain-

able bodies believed to function in some reproductive capacity, 

When filtered and sub-cultured, however, these particles did 

not develop into Azotobacter cells. In an extensive cvto-

logical study, Eisenstark, McMahon and Eisenstark (9) employed 

electron and phase contrast microscopy and the Robinow nuclear-

staining technique to examine a pleomorphic strain of Azoto-

bacter. These investigators found the tiny intracellular 

corpuscles to stain specifically for DNA, thus implicating 

them as nuclear bodies which the authors interpreted as in-

ternal "gonidia." In the same study (9), Eisenstark e_t al. 

found at least four different cell types to be predominant 

depending upon the age of the culture. At twenty-four hours 

the cultures consisted almost entirely of large plump rods., 

while three-day-old cultures contained mostly small rods. 

After two to three weeks growth, the culture was pleomorphic, 

with the most predominant form being branched elongated 

"fungoid" cells, and the second most numerous type being 

tiny motile coecoid cells. By the end of the second mouth, 

the culture was composed almost exclusively of these very 

motile minute cocci. 

Van Schreven (32, 33) observed cell forms similar to 

those described by Eisenstark, McMahon and Eisenstark. in his 
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studies on the effect of the growth medium on the morphology 

and reproduction of A. chroococcum. These forms included 

the tiny motile cocci, especially apparent when cultures 

were grown in the presence of small quantities of penicillin. 

Van Schreven also indicated that these minute cells were 

"gonidia" which functioned in some unknown reproductive ca-

pacity. Recently Krasil'Nikov (20) reported that the flagel-

li.fo.rm outgrowths found in some Azotobacter were associated 

with cells that contained coarse granules resembling organ-

ized forms. Krasil'Nikov generally observed these granules 

only in pre-encysting cells, thus leading one to question 

whether these forms were the same corpuscles reported by pre-

vious investigators (2, 9, 1&, 19, 21, 26, 32, 33). 

The extent of morphological variation and the possibility 

of independent reproductive units in Azotobacter may possibly 

be traced to an unusual genetic behavior which is not under-

stood at this time. In reviewing the works of previous 

investigators, Jensen (17) notes that Azotobacter does not 

seem to mutate like other bacteria, in that the few mutagenic 

changes which have been reported are characterized by being 

very unstable and rapidly reverting to the wild type. 

Although the aforementioned evidence seems' to support 

the presence of independent reproductive units in Azotobacter, 



several authors reject this possibility. Lewis (22, 23) 

filtered old cultures of Azotobacter which contained the 

granular forms and found no viable cells in the filtrates. 

Furthermore, this investigator used stained preparations 

of Azotobacter to show that the internal granules were in-

clusions of volutin rather than nuclear material (24). Also 

rejecting the concept of reproductive "gonidia" in Azoto-

bacter, Gray (13) reported the tiny cells to be contaminants 

which were difficult to eliminate from cultures. He iden-

tified these contaminants as species of Pseudomonas and 

Achromobacter. Thus the significance of a filterable stage 

Azotobacter and in fact all modes of reproduction other 

than simple binary fission have questionable status. Some 

authors have even reported "conjugation" and cell fusion in 

Azotobacter (26), while others have rejected this concept ($) 

Nevertheless, there exists one form of the azotobacter 

cell which has been, the subject of less ambiguous experimen-

tation. Vast studies on the unique-Azotobacter cyst have 

revealed significant information as to the role of this rest-

ing cell in the life cycle of the organism. .Jones (1$) was 

probably the first investigator to observe and report on 

these thick-walled cells which he called "arthrosperes." 

The cyst, a resting cell having a low endogenous metabolism 
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in comparison to the vegetative cell, occurs in cultures 

which are about seven days old when short-chained organic 

compounds like butanol are used as the chief carbon source. 

An accurate physical description of the cyst has been deter-

mined by various authors (40, 41). The following morpho-

logical regions are found in the cyst. 

1. The central body—a darkly staining or electron 

dense centrally located area, analagous to the vegetative 

cell. 

2. The intine—a layer of capsular material immedi-

ately surrounding the central body, which is relatively less 

dense than the rest of the cyst. 

3. The exine—an outer lamellar structure of the cyst, 

appearing very dense. 

4. Inclusions—considered to be lipid (normally poly 

beta hydroxy butyric acid), found dispersed in the central 

body. 

Vela and Wyss (34) have developed a polychromatic cyst stain 

useful in differentiating these areas. 

Various requirements must be met in order for encyst-

ment to occur. In addition to the requirement of the growth 

medium for the appropriate short-chained organic source of 

carbon, extracellular polysaccharide, constituting a capsule, 
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is necessary as a precursor to the intirie and exine (10). 

Stevenson and Socolofsky (30) report that cyst formation is 

also dependent upon the accumulation of poly beta hydroxy 

butyric acid, probably to be used for the cyst's endogenous 

metabolism. Various metals have also been reported to be 

instrumental in cyst formation, including calcium, copper, 

and magnesium (12, 29? 31). Divalent metals probably help 

to maintain the integrity of the exine, for when Socolofsky 

and Wyss (23) treated cysts with chelating agents such as. 

EDTA, the compact lamination was lost and the integrity of 

the cyst destroyed. 

The distinguishing characteristic of the cyst is its 

ability to protect the cell from various deleterious effects. 

Vela and Wyss (35) have shown soil azotobacter to be more 

resistant to the effects of gamma irradiation than labora-

tory cultures, and have implicated the cyst as the protective 

agent. Socolofsky and Wyss (29) have shown the cyst to be 

responsible for confirming resistance of the azotobacter to 

irradiation, mechanical stress, and desiccation. They re-

late this resistance to the laminated nature of the cyst 

exine. However, Socolofsky and Wyss indicate that the cyst 

is only slightly more resistant to the effects of heat than 

is the very susceptible vegetative cell. On the other hand, 
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Garbosky and Giambiagi (11) as well as Bisset (3) have demon-

strated that certain isolated strains of Azotobacter are 

resistant to very high temperatures, up to 100°C. for five 

minutes. Heat resistance in these strains was found to be 

a property of the vegetative cells but not of the cysts. 

Garbosky and Giambiagi related the heat resistance of certain 

vegetative cells to the presence of intracellular corpuscles, 

while Bisset described vacuolated spore-like structures. 

It is not surprising, however, that Azotobacter is gen-

erally considered to be like the majority of other bacteria 

in regard to its sensitivity to heat. Nature seemingly has 

provided the microorganisms with only one truly thermoduric 

structure, the endospore. In the bacteria, this heat resist-

ant form is found only in the family Bacillaceae and possibly 

in some Staphylococcus. 

The effect of heat on bacteria and, in fact, on all 

living cells is to increase the rate of chemical reactions. 

However, when sc limiting high temperature is reached, this 

accelerated metabolic activity is accompanied by coagulation 

and destruction of cellular proteins. If the thermostability 

of an enzymatic protein is such that its molecular specificity 

is destroyed at a particular high temperature, thus inactivat-

ing the enzyme, a certain metabolic pathway may be interrupted. 
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If this pathway is critical to the life of the cell, then the 

rate of destruction becomes greater than the rate of repair 

and death occurs. It has been suggested that thermophilic 

bacteria, those organisms which have an optimum growth tem-

perature between 55.°C. and 60°C., must have heat-stable 

respiratory enzymes. However, some thermophiles are known 

which do not have particularly thermostable enzymes. Thus 

it may be that thermophily is a result of rapid replacement 

of enzyme protein inactivated at high temperatures rather 

than a result of heat-stable respiratory enzymes. Both of 

these factors may be at work in any particular thermophile. 

Another factor which bears on the bacteriocidal effect of 

high temperatures is that moist heat markedly increases de-

naturation of protein over dry heat (27). 

Because the bacterial endospore does not actually grow 

at high temperatures, it cannot be considered a thermophile. 

Nevertheless, the spore has been shown to resist extremely 

high temperatures, over 100°C. for extended periods of time 

(36). The principal which protects the endospore from high 

temperatures, as well as from other deleterious effects, is 

most likely dependent upon various complex factors. The 

thermodurability of the spore is probably closest related to 

the fact that it has a very low water content. In this 
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dehydrated state, cellular protein is less susceptible to 

heat inactivation. Other factors responsible for the heat 

resistance of the endospore may include its low metabolic 

activity and the protective spore coat. A final distinctive 

characteristic of the spore is that one of its major constit-

uents, dipicolinic acid, has not been demonstrated in any 

vegetative cell. (27). The dipicolinic acid probably acts 

in binding other cellular material. 

Although the Azotobacter cyst is like the endospore, .in 

that both resting cells demonstrate low metabolic activity, 

definite distinctions can be shown. First, the transition 

from vegetative cell to resting cell is accomplished in dif-

ferent ways. The cyst is probably formed when the capsule, 

which surrounds the cell, complexes with divalent metallic 

ions to form the protective exine. The spore is formed by 

the condensation of old cellular material coupled with the 

de novo synthesis of new spore constituents. The spore, 

which is produced inside of the vegetative cell, is generally 

liberated when the vegetative cell dies. Second, the prod-

ucts of these two opposing modes of development are different 

physiologically as well as morphologically. For example, the 

spore is considered to be more resistant to the effects of 

irradiation and mechanical stress than the cyst. More 
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pertinent, to this study, however, is the relative heat sen-

sitivities of the spore and the cyst. The thermoresistance 

of the endospore is well documented and will not be discussed 

here. The cyst, morphologically and physiologically distinct 

from the spore, is generally riot considered capable of con-

firming resistance of the azotobacter to heat. Nevertheless, 

the status of thermal resistance of the azotobacter cyst and 

even of certain vegetative cells remains questionable. 

The purpose of the current study is to determine some-

thing of the nature of the heat resistance in Azotobacter, 

if in fact this is found to exist. An attempt is made to 

determine the specific physiological, state associated with 

heat resistance as well as to resolve this resistance quan-

titatively. 
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CHAPTER II 

METHODS AND MATERIALS 

Preparation of Media 

The basic growth medium used in this study was Burk's 

nitrogen-free salts solution (5) supplemented with an appro-

priate source of carbon, usually glucose. The salt composi-

tion of this chemically defined medium is shown in Table I. 

TABLE I 

COMPOSITION OF BURK'S NITROGEN-FREE SALTS SOLUTION 

Component Amount 

KHgPO^ .2 grams 

K^HPO^ « . . . grams 

]VIgSÔ  • 7H9O .2 grams 

CaSO^ .085 grams 

FeS0i/+*7H20 .005 grams 

NagMoO^^^O . .0003 grams 

Distilled water 1 liter 

Burk's liquid nitrogen-free medium consisted of Burk's 

salts supplemented with .1 per cent glucose. Agar plates 

were obtained by adding 2 per cent Difco agar to Burk's 
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medium and pouring approxiruately 25 ml into petri dishes. 

Cysts were grown on BurkT s nitrogen-free agar plates in 

which glucose was substituted by .3 per cent N~butano1, 

All media were sterilized by autoelaving at 121°C. for 

fifteen minutes. 

Isolation of Test Organism 

The strain of Azotobacter used in this study was ob-

tained by direct isolation of untreated garden soil from 

Dallas, Texas. The organism was isolated and passed in the 

laboratory on Burk's nitrogen-free medium with glucose for 

several transfers. Stock cultures were maintained on Burk's 

agar slants and transferred once every two weeks to fresh 

medium. All isolated colonies were inspected microscopi-

cally to check for purity before sub-culture was made. 

Optical Density (O.D.) Determination 

In experiments which utilised optical density as an 

index to the size of the population, absorbancy was measured 

on a Klett-Summerson Photoelectric Colorimeter, model $00-3• 

The waveband of transmitted light was isolated using a 540 

filter. The instrument was calibrated with sterile liquid 

Burk's medium, representing zero absorbancy. 
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Procedure for Heat Treatment 

Initially, 40 ml of liquid Burk's nitrogen-free medium 

with glucose were inoculated with a loopful of cells from 

the stock culture. The liquid cultures were incubated at 

30°C. on a constant temperature rotary shaker for varying 

lengths of time. At the designated time in the growth cycle 

of the organism, 3 ml aliquants were transferred into clean 

sterile test tubes. In some experiments, these cells were 

centrifuged, washed three times by centrifugation, and re-

suspended in 3 ml sterile distilled water. The tubes were 

then placed in a constant temperature water bath which had 

previously been adjusted to the appropriate temperature. In 

one set of experiments, the cultures were heated at a con-

stant temperature for various lengths of time. In another 

series, cultures were heated simultaneously for ten minutes 

in separate water baths which were adjusted to different 

temperatures. Depending on the age of the culture to be 

heated, it was sometimes necessary to- dilute the cells in 

sterile distil.led water so that the concentration of treated 

cells was approximately 10^ cells per ml. After the desig-

nated period of exposure, the tubes were removed from the 

water bath and quickly submerged in ice water. The size of 

the population was then determined by the viable cell count 
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method. It was necessary in each experiment to have a tem-

perature control. Rise in temperature was monitored by-

placing a thermometer in a tube culture prepared for that 

purpose. Although it took several minutes for the culture 

to reach temperature, zero time was designated as the time 

at which the test tubes were first placed in the water bath. 

For example, a culture which was submerged in a 65°C. water 

bath for twenty minutes was actually heated at that tempera-

ture for something less than twenty minutes. Nevertheless, 

time of exposure would be reported as twenty minutes at 

65°C. This short "heating up" period does not change the 

significance of the results because all cultures were treated 

similarly and relative heat sensitivities could be compared. 

Viable Cell Counts 

The viable cell count method was used to determine the 

size of bacterial populations. Although the reliability of 

this method for study of Azotobacter has been questioned (1), 

it has been used extensively. Ten-fold dilutions were made 

of the cultures by transferring 1 ml of a bacterial suspen-

sion to test tubes containing 9 ml sterile distilled water. 

The suspensions were shaken well by hand to insure even dis-

persal of cells. One-tenth of a milliliter of each dilution 

was pipetted in triplicate onto Burk's agar plates and spread 
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evenly over the surface of the agar with glass spreaders. 

The average number of colonies per plate was determined 

after forty-eight hours growth in a 30°C. incubator and was 

used to indicate the concentration of viable cells in the 

undiluted sample. 

Preparation of Cysts 

Initially, Burk's agar plates with glucose were inocu-

lated with cells from the stock culture. This involved, 

spreading a loopful of organisms over the entire surface of 

the agar plate. After about thirty-six hours, when the 

plates were covered with growth, the organisms were trans-

ferred to Burk's agar plates containing .3 per cent N-butanol 

as the sole carbon source. The cells were transferred and 

spread over the surface of the butanol plates with flame 

sterilized platinum wire spreaders. The extent of encyst-

ment was determined microscopically, utilizing the cyst 

stain developed by Vela and Wyss (4). In heat sensitivity 

studies, it was necessary to prepare cyst suspensions. This 

involved pipetting approximately 5 ml of sterile distilled 

water over the surface of Burk's butanol plates which con-

tained almost 100 per cent cysts, and scraping the cells off 

the agar surface. This suspension was washed three times by 



24 

centrifugation, resuspended in sterile distilled water and 

7 
diluted to a concentration of approximately 101 cysts per ml. 

Desiccation Studies 

Desiccation studies were used to detect the presence 

of cysts, as defined by tile criterion established by Stevenson 

and Socolofsky (3)- The procedure utilized techniques similar 

to those employed by Socolofsky and Wyss (2). Bacterial, 

suspensions were filtered using .45 micron millipore mem-

branes, and the filter membranes dried by placing them in 

sterile petri plates in an incubator at 30°C. Filters were 

removed at two-day intervals. These were suspended in dis-

tilled 'water and shaken violently, using both a magnetic 

stirrer with stirring rod and a rotary shaker to remove the 

cells from the membrane. Viable cell counts were then per-

formed to determine the number of organisms able to withstand 

each specific period of desiccation. 
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CHAPTER III 

RESULTS 

In order to determine the heat sensitivities of Azoto-

bacter in different stages of growth, it was initially-

necessary to obtain an accurate profile of the growth re-

sponse of the organism under the prescribed experimental 

conditions. Azotobacter was inoculated into side arm flasks 

containing liquid Burk's medium with glucose. These flasks 

are designed specifically to permit optical density measure-

ments In a Klett colorimeter without transfer of the culture, 

At specific times during the growth cycle of the organism, 

optical density (O.D.) was measured versus a Burk/s control 

and viable cell counts were performed on the cultures. The 

results of this growth curve are shown in Figure 1. 

The graph (Figure 1) can be used to correlate the opti-

cal density of a culture with the number of organisms per ml 

present at a specific time after inoculation. Therefore, 

measurement of O.D. reflects the state of the organism in 

its growth cycle. Of interest is the fact that the plot of 

optical density is displaced approximately twelve hours to 

the right of the curve which represents the concentration of 

26 
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Fig. l--Growth cycle of Azotobacter using viable cell 
number and optical density as indexes of the size of the 
population. (Note: these are discontinuous functions.) 

viable cells. Viable cell number increases logarithmically 

for the first twenty-four hours, after which the curve begins 

to level off. This corresponds to an increase of 10^ to 

3 x 10° viable cells per ml. Although there is a slight rise 

in the absorbancy of the culture during the initial twenty-

four hour period after :i noculati on , a logarithmic increase 

in optical density does not begin until the culture has 

reached early stationary phase when cell number has already 
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reached a maximum. Once the optical density begins to in-

crease rapidly, the graph reveals a sharp rise in absorbancy 

until thirty-six hours after which it levels off at a con-

stant O.D. before showing a slight decrease at seventy-two 

hours. This decrease in absorbancy at seventy-two hours is 

not accompanied by a decrease in viable cell number. 

The next experiment, which was designed to reveal the 

relative heat sensitivities of young and old cultures of 

Azotobacter,was dependent upon the results of the growth 

curve. Physiologically—young cells were obtained from cul-

tures in the middle of their log phase of growth. This 

corresponded to fifteen-hour cultures which had an optical 

density of 40 Klett units and a viable cell concentration 

of about 3 x 10^ cells per ml. Physiologically—-old cells 

were taken from three-day-old cultures which were in the 

stationary phase of growth. The optical density of the old 

cultures was 750 Klett units which corresponded to a concen-

d 
tration of 3 x 10 viable cells per ml. 

When young and old cells were washed, diluted to a con-

centration of 10^ cells per ml, and heated at various tem-

peratures for ten minutes, it was found that the old cultures 

could withstand considerably higher temperatures than could 

the young cells of middle log phase. Figure 2 illustrates • 

this difference. 
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Fig. 2-~Heat sensitivity of old and young cultures of 
Azotobacter. 

Figure 2 indicates that while the young log phase cells 

repeatedly showed the same heat sensitivity with less than 

one survivor per million cells at 65°C., some cells of three-

day- old cultures were able to resist temperatures of 90°C. 

In a related experiment, cultures were treated in the same 

manner as in the previous study except that the cells were 

not washed prior to heat exposure. Results indicate that 

young unwashed cells were equally as sensitive bo heat as " 
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the young washed cells. Likewise, old unwashed cells showed 

the same heat resistance as did the old washed cells. 

Table II summarizes the results of the preliminary investiga-

tion of the heat sensitivity of' Azotobacter. Young and old 

cultures are compared on the basis of the temperature re-

quired to kill 99-9 pe.r cent of the population when cultures 

are heated for ten minutes. This heat exposure can be ex-

pressed as the lethal dose (L.D.)^ Q. 

TABLE II 

EFFECT OF TEMPERATURE ON YOUNG AND 
OLD CULTURES OF AZOTOBACTER 

Age of Treated Cells L.D. 99.9 

Fifteen-hour-old log phase cells 
(washed or unwashed) 46°C. 

Three-day-old stationary phase cells 
(washed or unwashed) 65°C. 

Microscopic examination revealed a distinct difference 

between the young susceptible cells and the old, more resist-

ant cells. Micrographs of these morphologically different 

cells taken under phase contrast are shown in Figure 3. 

Seen in Figure 3a, are the "typical" plump Azotobacter 

cells found to be associated normally with the rapidly divid-

ing log phase cells which were about fifteen-hours-old. These 

were extremely heat labile. Seen in Figure 3b, are the older 
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heat tolerant cells obtained from three-day-old cultures. The 

older cultures, appearing surprisingly homogeneous, consisted 

of cells which were round and vacuolated. 

* 

'*•6# f 

° ° 

(a) "Typical" Azot>obacter log phase cells (x 
(b) Vacuolated stationary phase cells (x 300C 
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In subsequent studies, young and old vegetative cel3_s 

were heated at a constant temperature (65°C.) and their sur-

vival noted with respect to the length of exposure. Results 

of this experiment are shown in Figure 4. 

Surviving 
Fraction 

10" 
•1 
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Old Cells 

0 o 
J2. -0 
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10 

10 - 6 

Young Cells Plus Old Cells 

11" n ^ 
"XT 

0 

Young Cells 

5 10 20 40 

Time of Exposure 
(Minutes) at 65°C. 

-0 

80 

Fig. 4—Sensitivity of young and old vegetative cells 
heated at 65°C. for varying lengths of time. 

Figure 4 indicates that young cultures, which were com-

prised entirely of the more typical vegetative cell, died so 

rapidly that no viable organisms could be found after ten 
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minutes at 65°C. Three-day-old cultures, containing only the 

rounded vacuolated cells, showed an initial rapid decrease in 

viability so that only one cell out of a thousand survived 

the first five minutes of heating, but continued heating 

showed no subsequent decrease in viability. Medium aged 

twenty-hour-old cultures, which contained both young and old 

cells, died in a manner similar to the three-day-old cultures 

but with fewer resistant forms. 

The next study was designed to indicate two things: 

1. To determine the resistance of the newly isolated 

Azotobacter to higher temperatures. 

2. To make sure that the experimental conditions were 

not merely selective for heat resistant individuals in a 

non-resistant population. 

The data shown on Figure 5 compare the effects of heating 

at $0°C. on the viability of two different cultures. One 

culture was inoculated from survivors of a previous heat 

treatment of 65°C. for eighty minutes. The other culture 

was inoculated from stock culture cells which had riot under-

gone previous heat treatment. 

Figure 5 indicates that cultures inoculated from sur-

vivors of a previous heat treatment give death curves similar 

to those observed with the stock culture. Furthermore, the 

data does demonstrate a difference in the relative heat 
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Fig. 5—The effect of heat ($0°C.) on the survivors of 
a previous heat treatment and stock culture cells. (Note: 
no survivors were found, in the young cultures after five 
minutes at $0°C. This plot, with no recorded points, indi-
cates that less than one out of 10" of the young cells 
survives the initial five minute period of exposure.) 

sensitivities of young and old cells at 80°C. No survivors 

were found in the young cultures after five minutes at S0°C. 

On the other hand, the curve representing the response of the 

older cells shows an initial rapid decrease which levels off 

sharply after five minutes. 
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The effect of various temperatures for a constant 

length of time on cyst suspensions was determined and compared 

to the heat sensitivities of young and old vegetative cells. 

surviving 
Fraction 

0 Young Vegetative Cells 

0 Old Vegetative Cells 

X Cysts 

Temperature Degrees Centigrade 
For Ten Minute's 

Fig. 6—Heat resistance of the Azotobacter cyst. 

Figure 6 indicates that cyst viability initially de-

creases fairly rapidly as the temperature of the culture is 

increased to 65°C. However, increasing the temperature from 
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65°C. to 90°C. does not affect the viability, thus account-

ing for the leveling off of the cyst death curve at 65°C. 

Results of a separate study, in which old vegetative 

cell cultures were subjected to desiccation, revealed that 

no survivors were found by the fourth day of drying. This 

represents a decrease in viability from 3 x 10? cells per ml 

at day zero to less than one cell per ml at day four. 



CHAPTER IV 

DISCUSSION 

Although extensive investigation has been focused on 

the genus Azotobacter, only a few contrasting studies have 

been concerned with the possible existence of heat resistant 

forms. Socolofsky and Wyss (4) have shown that both the 

vegetative ceils and cysts of Azotobacter are very sensitive 

to the effects of heat. On the other hand, Garbosky and 

Giambiagi (2) as well as Bisset (1) have demonstrated the 

presence of thermoresistant vegetative cells in specific 

strains of Azotobacter. This controversy may be traced to 

the failure of previous investigators to recognize that heat 

resistance in this genus may be dependent upon the physio-

logical state of treated cells, as well as upon the properties 

of individual strains. By considering the physiological con-

ditions of cells In different stages of growth, the current 

study presents new evidence to support the presence of heat 

resistance in Azotobacter. 

The results of the growth curve (Figure 1) were used to 

determine the stage of growth of each treated culture. It 

can be seen in Figure I that the optical density (O.D.) does 
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not rise until the culture has reached stationary phase, 

and cell numbers have reached a maximum. This lag period of 

some twelve hours is probably due to the production of dense 

extracellular polysaccharide, including the capsule, which 

does not occur until the nutrients have been depleted from 

the medium. Capsular material represents the formation of 

cellular food reserve and to a lesser extent, the build-up 

of metabolic waste products. The decrease in absorbancy at 

seventy-two hours probably indicates that the azotobacter 

are being forced to use their reserve food supply. 

It was found that old vegetative cultures of the newly 

isolated Azotobacter were considerably more heat tolerant 

than the young vegetative cells. Some of the older cells 

were able to resist temperatures of 90°C. for ten minutes, 

while the young cells did not survive exposure to a tem-

perature of 65°C. This indicates that heat resistance in 

Azotobacter may be a property of the physiological state of 

the cells. Figure 3 shows the morphological difference be-

tween the young heat sensitive cells and the older heat 

resistant cells. The most obvious distinction is seen in 

the vacuoles which are present only in the old cells. These 

vacuoles may consist of poly beta hydroxy butyric acid, as 

this compound has been shown to constitute similar vacuoles 
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in other strains of Azotobacter ($)• The presence of these 

vacuolated forms, more than the age of the culture, seemed 

to determine the degree of heat resistance. As soon as the 

vacuolated forms appeared in the culture, even in late log 

phase, the population showed some degree of heat tolerance 

over the young cells. The possible role of these vacuoles 

in heat resistance has not been determined. 

It was desirable to determine the physiological dif-

ferences between the young and old cells which accounted 

for their different heat sensitivities. It was considered 

possible that the dense extracellular polysaccahride was 

serving as an insulating layer in the old cells. This 

material did not appear until stationary phase, when heat 

resistant forms were found. However, washed cells showed 

the same heat resistance as did the unwashed cells. This 

indicates that the extracellular material which could be 

removed by washing was not responsible for confirming heat 

resistance in the old cells. The capsule is more closely 

associated with the cell than is the other extracellular 

material and could not be ruled out as the protective agent 

at this time. 

It was also possible that the greater heab tolerance 

of old azotobacter cultures might be due to the very low 
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respiratory rate of stationary phase cells. Consequently, 

the next experiment involved heating the young and old cul-

tures at a constant temperature and noting their survival 

response with respect to the length of exposure. If the 

greater heat tolerance of the old cells was in fact due to 

a lower respiratory rate> the older cultures would still be 

expected to die logarithmically. Results shown on Figure 4 

are not compatible with this possibility. The old cultures 

showed an initial rapid decrease in viability after five 

minutes but were unaffected by continued treatment. This 

indicates that there may be two physiologically different 

populations acting in the same culture: one quite sensitive 

to heating at 65°C., the other resistant at this temperature. 

The above statement became the focal point of subsequent 

investigation. It was unusual that cultures inoculated 

from isolated colonies, constituting a clone, would die as 

if two completely different physiological forms were present. 

This is reminiscent of the manner in which cultures of 

Bacillus die when a certain percentage of the population 

consists of spores. Since there is no basis for believing 

that Azotobacter has the capability of producing endospores, 

and because no such structures were observed, in the newly 

isolated strain, it was necessary to look for another factor 

governing heat resistance in the designated cells. 
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The capsule was ruled out as the protective agent. If 

this were the case, it would be expected that since a capsule 

was observed surrounding all of the old vegetative cells, 

these cells would all have the same thermoresistance. How-

ever, only one out of a thousand cells survived the first 

five minutes at 65°C,, and these were still viable after 

eighty minutes, thus ruling out the capsule as the protec-

tive agent. 

Twenty-hour-old cultures, which were comprised of young 

and old cells, died in a manner similar to the older cultures 

but with fewer resistant forms. This confirmed the fact 

that a certain small percentage of the old vacuolated cells . 

were resistant to 65°C. Due to the nature of these findings 

it was essential to insure that the stock cultures were in-

deed pure. Due to the pleomorphism in Azotobacter, this is 

not an easy task. After attempts were made to ascertain 

that the stock culture was representative of cells from a 

single colony, the above experiment was repeated and the 

results verified. 

Because previous results had indicated the presence of 

two physiologically different populations acting in the same 

culture, an attempt was made to insure that the experimental 

conditions were not selective for a heat resistant population. 
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Because the survivors of a previous heat treatment die almost 

exactly like stock culture cells, the possibility of select-

ing for an hereditary characteristic was ruled out. In the 

same study, the presence of two physiologically different 

populations was reconfirmed. There were fewer survivors 

after five minutes at $0°C. than there were at 65°C., but 

those individuals which remained viable after the first five 

minutes were not put under subsequent stress by continued 

heating. 

At this point it was necessary to investigate the remote 

possibility that the resistant cultures actually contained 

a small percentage of C3̂ sts which were unexpectedly heat 

resistant. It was likely that if the one survivor per 

thousand cells at 65°C. was a cyst, these could have easily 

been missed in microscopic examination. The possibility 

that cysts were present was unlikely for two reasons. 

Firstly, the asotobacter cultures were grown in liquid nitro-

gen-free Burk's medium with glucose as the sole carbon source, 

a medium not considered conducive to cyst formation. Secondly, 

heat resistant cultures were obtained in as little as twenty-

four hours. Under optimal conditions, cyst formation normally 

requires at least five days (3). 
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If the--* cysts were the. active agents in heat resistance, 

they would have to be considerably more resistant than the 

old vegetative cells in order to fit in with previous find-

ings. However, the cysts were shown (Figure 6) to respond 

to heat treatment in a manner different from either the old 

or young vegetative cells. Because the cysts, at best, 

showed a resistance equal to the old vegetative cells at 

65°C., they cannot be considered as the agents responsible 

for the survival of the vegetative cultures after exposure 

to that temperature. To confirm the hypothesis that the 

surviving fraction of old vegetative cells was indeed not 

cysts, it was found that when old vegetative cells were sub-

jected to desiccation, no survivors were found by the fourth 

day of drying. If a certain percentage of the resistant 

culture had consisted of cysts, these would have been resist-

ant to desiccation, by definition, according to the criterion 

established by Stevenson and Socolofsky (5). 

The death curve observed in the cysts was similar to 

that of the old vegetative cells in the temperature range 

from ambient to 65°C. Temperatures higher than 65°C. caused 

a decrease in the viability of the old vegetative cells, 

while the percentage of surviA'*al of cysts remained constant 

at the same temperatures. There seems to be a common factor 
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which protects the cysts and vegetative cells equally up to 

a specific temperature. When this critical temperature is 

surpassed, a second factor must be instrumental in confirm-

ing the greater heat resistance of the cysts. Furthermore, 

the cysts have been shown to be like the old vegetative cells 

in that there appears to be two physiologically different 

populations acting in pure cultures of each. One of the 

cyst populations is fairly heat labile; the other, showing 

the same viability at 90°C. as at 65°C., is the heat resist-

ant population. 

The fact that heat resistant forms exist in the gerius 

Azotobacter is demonstrated. The critical question developed 

from this study is, "What is the nature of the factor or 

factors which confirms heat resistance on the designated pop-

ulations of old vegetative cells and cysts respectively?" 

This resistance is apparently due to neither a physical insu-

lator such as the capsule, a low respiratory activity, nor 

genetic selection. The answer to the above question must 

also indicate why only certain individuals in pure cultures 

Azotobacter are heat resistant. It is possible that the 

same factor which governs the extreme pleomorphism in Azoto-

bacter may be responsible for the physiological heterogeneity 

of pure cultures in this study. When the progeny of a single 
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bacterial cell includes individuals which are morphologically 

and physiologically different from the parent cell, a genetic 

change is implicated. When this change is not faithfully 

inherited by subsequent generations, and when the organism 

shows the extreme variability as dees Azotobacter, a unique 

genetic behavior may be involved. 
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CHAPTER V 

SUMMARY 

An attempt has been made to demonstrate that in com-

parison to the young cells of a newly isolated strain of' 

Azotobacter, a certain percentage of old vegetative cells 

show heat tolerance, and a certain percentage of cysts show 

heat resistance. Apparently, two physiologically different 

populations are acting in "pure" cultures of both the old 

vegetative cells and of the cysts; one heat sensitive popu-

lation and a second heat resistant population. Heat tolerance 

seems to be a property of old vegetative cultures whenever 

the round vacuolated cells appear, but a possible functional 

relationship between these cells and heat resistance has not 

been demonstrated. Although all cells of the old cultures 

are vacuolated, only a small percentage of these cells are 

able to withstand high temperatures. The resistance of the 

designated population of old vegetative cells is attributed 

neither to a protective capsule, a lower respiratory rate, 

genetic selection, nor the presence of cysts. The cysts are 

shown to have a heat resistance similar to old vegetative 
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cells at temperatures below 6$°C., but are more resistant 

to higher temperatures. 

Determination of the mechanisms which confirm heat 

resistance upon the designated populations of vegetative 

cells and cysts respectively, may reveal another unique 

property of the genus Azotobacter, The pleomorphism of the 

organism is well documented. In this case, at least, mor-

phological similarity is accompanied by physiological 

heterogeneity. 
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