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The classification of the Azotobacteraceae to the level 

of genus and species has been uncertain since the studies of 

Beijerinck in 1901. This dissertation represents an effort 

to establish a system of classification more complete than 

the one now in use. In this study, both qualitative and 

quantitative taxonomy were used in order to establish a 

well founded classification scheme. Qualitative methods 

included certain important morphological and physiological 

characteristics, isoenzyme patterns, and immunological 

reactions. Quantitative methods included numerical taxonomy 

(based on total morphological and physiological character-

istics) and numerical analysis of protein profiles. All 

the data from these experiments were subject to comparison 

with other genotypic and phenotypic data. 

Because protein is the bridge between the genotype 

and the phenotype of an organism, it was determined, for 

the purpose of this study, that analysis of protein was 

essential to accurate classification. Isoelectrofocusing 

was used for this purpose because it is a most powerful 

tool for protein analysis. It can distinguish even a one-

charge difference in the molecules of two similar proteins. 



Protein homology studies were conducted by mixing two 

cell-free extracts and then separating the different classes 

of protein by thin-layer isoelectrofocusing. The formula 

used to calculate protein homology was % PH = % C/T = % 

(A+B-T)/T, where A is the number of protein bands in species 

A, B is the number of protein bands in species B, C is the 

number of protein bands common to both species A and B, and 

T is the number of total protein bands of the mixture. This 

formula was originally derived from the definition of simi-

larity and was experimentally proved to be correct in this 

study. Bacteria classified in the Azotobacteraceae studied 

by protein homology showed that they could be divided into 

three groups. The first group includes A. chroococcum, 

A. proteus, and A. vinelandii. The second group has only 

A. macrocytogenes and the third group A. indicus, B. indica, 

and B. lacticogenes. These grouping data agreed with those 

from biphasic taxonomy based on percent guanine and cytosine 

content of DNA (% GC) and percent morphological and physiol-

ogical similarity (% MP). 

One of the most important and interesting findings in 

this study was the classification of the Azotobacteraceae 

by the use of acidic proteins. One family and three group-

specific proteins were identified by thin-layer isoelectro-

focusing gels. These data agreed with those determined by 

alkaline discontinuous polyacrylamide gel electrophoresis. 



These data also showed a good correlation with those based 

on cultural characteristics and ecological habitats. 

The "family"~specific protein called "A" has an iso-

electric point (pi) of 3.75 and a molecular weight (MW) of 

12,000 daltons. Each of the three "group"-specific proteins 

called "Z", "M", and "B" has a pi in between 4.0 and 4.5 and 

a MW of approximately 15,000 daltons. Based on these and 

other data presented in this study, these proteins are 

thought to function in electron transport relating to 

nitrogenase. 

The finding of three groups in the family Azotobacter-

aceae was supported by other data from isoenzyme activity 

stains, anatomy of protein profiles by molecular sieve chrom-

atography and isoelectrofocusing, immunological reactions by 

immunoagglutination, immunoprecipitation, immunoabsorption, 

and immunoaffinity chromatography, and qualitative and 

quantitative analysis of morphological and physiological 

characteristics. 

Therefore, the Azotobacteraceae is a heterogeneous 

family which should be divided into three groups as in the 

seventh edition (1957) of Bergey's Manual of Determinative 

Bacteriology. This study assumes, then, that the grouping 

in the new Bergey's Manual (the 8th edition, 1974) is im-

proper . 
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CHAPTER I 

INTRODUCTION 

Nitrogen fixation is a metabolic process that is 

fundamental to production of the world's supply of protein 

food. The existence of bacteria capable of converting 

atmospheric nitrogen into protein nonsymbiotically has 

been known for nearly a century. In 1895, Winogradsky 

first isolated and definitively described the anaerobic 

nitrogen-fixing bacterium, Clostridium pasteurianum. The 

techniques used by Winogradsky in the isolation of Clostridia 

depended on the removal of oxygen in the culture by aerobic 

microorganisms, after which growth of anaerobes occurred. 

These studies indicated that there were aerobic nitrogen-

fixers in the pure cultures of anaerobic Clostridia. In 

1901, Beijerinck applied the same techniques in his search for 

nitrogen-fixing aerobic bacteria and isolated two species 

which he called Azotobacter chroococcum and Azotobacter agile. 

The microorganisms of the family Azotobacteraceae are 

characterized by their ability to fix molecular nitrogen, 

their aerobic metabolism, and their Gram-variable staining 

as well as by marked pleomorphism. By their ability to 

reduce acetylene to ethylene, the ability of bacteria to 

fix nitrogen can be detected accurately. Therefore, the 

problem of classification of the family on the basis of 



nitrogen fixation has now been solved. On the other hand, 

it is still difficult, even by the use of deoxyribonucleic 

acid (DNA) base content (percentage of guanine plus 

cytosine, % GC) and DNA hybridization (percentage of DNA 

homology), to classify the family to the level of genus 

and species (De Ley and Park, 1966). 

The purpose of this study is to search for methods 

which could clarify problems in the classification of the 

Azotobacteraceae. The following sections present a review 

of the literature and a survey of the techniques which have 

been applied in efforts to solve the taxonomy problems. 

1. Azotobacteraceae and Their Taxonomic Status 

1.1. Past and Present Taxonomic Status and Their 
Discrepancies 

Following the isolation of Azotobacter by Beijerinck 

in 1901, the taxonomic position of these bacteria became 

a subject of much controversy (Dalton, 1974; Thompson and 

Skerman, 1979). Beijerinck (1901) named A. chroococcum 

after cyanophyton of the family Chroococcaceae because he 

thought that the two were similar in morphological charac-

teristics. Prazmowski (1912) assumed that Azotobacter 

might be a common ancestor from which two families of 

eubacteria, the Coccaceae and the Bacteriaceae had evolved. 

This assumption was based on the fact that Azotobacter is 

rod-shaped in young culture and coccoid in old. Bisset 



(1955) took a similar stance based on cytological observa-

tions, assuming that A. chroococcum had a relationship with 

Rhizobium and the Bacillaceae. 

Since the discovery of Azotobacter by Beijerinck in 

1901, eighteen species of the genus had been described 

(Rubenchik, 1960). These include: (1) A. chroococcum 

Beijerinck, 1901; (2). A. agile Beijerinck, 1901; (3) A. 

vinelandii Lipman, 1905; (4) A. beijerinckii Lipman, 1905; 

(5) A. woodstownii Lipman, 1905; (6) A. vireum Lohnis and 

Westermann, 1909; (7) A. hilgardii Lipman, 1909; (8) A. 

smyrnii Lipman and Burgess, 1915; (9) A. indicum Starkey 

and De, 1939; (10) A. unicapsulare Batshinskaja and 

Kondratjeva, 1941; (11) A. galophilum Sushkina, 1945; 

(12) A. nigricans Krassilnikov, 1949; (13) A. fluorescens 

Krassilnikov, 1949; (14) A. araxi Panosjan, 1950; (15) A. 

lacticogenes Kaufmann and Toussaint, 1951; (16) A. insigne 

Derx, 1951; (17) A. macrocytogenes Jensen, 1955; and (18) 

A. acidum Roy, 1958. Although there are many species of 

Azotobacter reported in the literature (Buchanan et al., 

1966), a critical review finds that many of them are either 

inadequately described or are clearly minor variants of the 

type species. Thus, some researchers have listed far fewer 

than eighteen species. Rubenchik (1960) proposed that the 

genus Azotobacter includes only three species: A. chroococ-

cum, A. agile, and A. vinelandii. Norris and Chapman (1968) 



proposed that six species are valid members of the genus 

Azotobacter; (1) A. chroococcum Beijerinck, 1901; (2) A. 

agile Beijerinck, 1901; (3) A. vinelandii Lipman, 1904; 

(4) A. beijerinckii Lipman, 1904; (5) A. insignis (insigne) 

Derx, 1951; and (6) A. macrocytogenes Jensen, 1955. 

Azotobacter agile and A. vinelandii have many features 

in common: growth in synthetic media supplemented with 

fixed-nitrogen sources, formation of soluble pigments, 

active movement, etc. These two species differ in certain 

respects: cyst formation, polymorphism in old cells, 

fluorescent pigment, and the ability to oxidize Kreb's 

cycle intermediates (Schuter and Wilson, 1955). Moreover, 

these two species are antagonists (Khudyakova, 1950) . Per-

haps this is why Vinogradsii (1952) recommended the inclu-

sion of A. agile in a new genus Azomonas, and Tchan (1953), 

in a genus Azotococcus. However, these suggestions have 

found no support from other workers (Jensen, 1954). 

Derx (1950) proposed the creation of a new genus, 

Beijerinckia, to include A. indicus. The reasons for the 

inclusion of certain species in a new genus Beijerinckia 

are (1) formation of acid upon growth in glucose media, 

(2) high acid resistance, (3) lack of cyst formation, and 

(4) other morphological and cultural properties. Because 

taxonomic studies show that A. lacticogenes is morphologi-

cally and physiologically very similar to A. indicus, 



differing from the latter only in motility, Jensen (1954) 

insisted that both species should be in genus Beijerinckia. 

Generally, bacterial identification follows the nomen-

clature in Bergey's Manual of Determinative Bacteriology. 

In the first edition of the manual (1923), the genus Azo-

tobacter was described as consisting of six species: A. 

chroococcum Beijerinck, A. agilis Beijerinck, A. vinelandii 

Lipman, A. beijerinckii Lipman, A. woodstownii Lipman, and 

A. vitreus Lohnis and Westerman. These remained unchanged 

for fifteen years (Table I). In the fifth edition of the 

manual (1939), one genus and two species (A. chroococcum 

Beijerinck and A. agile Beijerinck) were described. In the 

sixth (1948) and the seventh (1957) editions of the manual, 

one genus and three species were described: A. chroococcum 

Beijerinck, A. agile Beijerinck, and A. indicus Starkey and 

De. One uncertain species was described as Azotomonas 

insolita in the sixth edition, but this was placed in the 

family Pseudomonadaceae in the seventh edition. In the 

current edition (1974) four genera and twelve species were 

included. These four genera are Azotobacter, Azomonas, 

Beijerinckia, and Derxia. The twelve species are Azotobac-

ter chroococcum, A. beijerinckii, A. vinelandii, A. paspali, 

Azomonas agilis, A. insignis, A. macrocytogenes, Beijer-

inckia. indica, B. mobilis, B. fluminensis, B. derxii, and 

Derxia gummosa. 



De Ley and Park (1966), using DNA base content (% GC) 

and DNA-DNA hybridization, concluded that three groups 

(Azotobacter, Beijerinckia, and Derxia) and three sub-

groups in Azotobacter (chroococcum-beijerinckia-vinelandii, 

macrocytogenes-insignis, and agilis) can be discerned. 

Although their researches approached phylogenetic classif-

ication, the % GC content of DNA as a taxonomic tool has 

its shortcomings (Kerridge, 1973) . The % GC of Derxia 

gummosa (70.4%) and of Beijerinckia fluminensis (56.2%) are 

far apart (at the two ends of the % GC scale of the family 

Azotobacteraceae), but the % DNA homology of Derxia gummosa 

(16%) and Beijerinckia fluminensis (19%) with Pseudomonas 

putida as the reference are close to each other (De Ley 

and Park, 1966; De Ley et al., 1966). Therefore, their 

conclusion based on the % GC content of DNA conflicted with 

their other taxonomic data from % DNA homology. 

1.2. Suitable Organisms as Tools for Taxonomic Studies 

1.2.1. Morphological Characteristics 

Azotobacter are rods or cocci showing considerable 

variation in shape and size, sometimes almost yeast-like 

(Norris and Chapman, 1968) or fungoid (Vela and Rosenthal, 

197 2). The ultrastructure of Azotobacter was studied in 

detail by Vela et al. (1970). The use of dyes to distin-

guish between species of the genus Azotobacter was achieved 

by Callao and Montoga (1960). In Gram staining, the cells 

are usually shown as negative, but some strains are variable 



and may even be positive (Bisset et al., 1957). Flagellar 

staining reveals that three types of flagellation, perit-

richous, lophotrichous, and monotrichous, have been observed 

in Azotobacter and Azoinonas but no flagella have been ob-

served in A. beijerinckii (Bergey's manual, 1974). Due to 

copious capsular slimes, the flagellation of A. beijerinckii, 

A. indicus, B. indica, and B. lacticogenes has not been seen 

in this study. In the eighth edition of Bergey's manual 

(1974), the flagellation of Beijerinckia and Derxia are not 

mentioned. 

In strains of A. chroococcum and A. vinelandii, vege-

tative cells give rise to specialized resting cells called 

cysts. In 1913, Jones first described these large resting 

cells and referred to them as 1arthrospores'. Morphologi-

cally, the cyst is a spherical cell with a dense outer 

wall, the exine; a less dense but much thicker inner wall, 

the intine? and a thick contracted cytoplasm, the central 

body. An improved staining technique for visualization of 

Azotobacter encystment was developed by Vela and Wyss 

(1964). In this process, a red to brown color is imparted 

to the exine, a light green to the central body, while the 

intine remains colorless. The radiation resistance of 

Azotobacter was studied in detail by Vela and Wyss (1965) 

and Vela and Peterson (1969). Cyst formation is a criter-

ion used by Bergey's manual (1974) for differentiation of 

the Azotobacteraceae. 
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The cyclic morphogenetic processes in Azotobacter were 

studied first by Loehnis and Smith (1923). Bisset and Hale 

(1953) observed five cell types in the life cycle of Azoto-

bacter: (1) bluntly rod-shaped or oval cells; (2) spherical 

cells in short chains or clumps; (3) smaller rod-shaped or 

spherical cells; (4) resting cells with contracted cyto-

plasm and a double countoured cell wall (cysts); and (5) 

large, often irregularly swollen or filamentous cells 

(yeast-like or fungoid cells). Page and Sadoff (1976) 

studied physiology of transformation of Azotobacter vine-

landii. Cysts can be induced by growth of the bacteria in 

Burk's medium containing 0.3% n-butanol, while fungoid 

cells can be induced in medium containing nitrogen, espe-

cially peptone (Vela and Rosenthal, 197 2). Species of 

Azomonas and Beijerinckia do not form cysts. 

Poly-3-hydroxybutyrate (PHB) is a specialized reserve 

of carbon and energy which accumulates in a variety of 

microorganisms including Azotobacter, Bacillus, Chromo-

bacterium, Micrococcus, Pseudomonas, Rhizobium, Rhodospir-

illum, Spirillum, Vibrio, and many other bacteria (Dawes 

and Senior, 1973). The accumulation of PHB within 

Azotobacter has been described as fat bodies due to the 

ability of these inclusions to take up Sudan black stain. 

Ward and Daves (1973) developed a disk assay method for 

poly-3-hydroxybutyrate. The occurrence of this storage 

polymer has been observed in several species of the family 



Azotobacteraceae and has long been used as a taxonomic aid 

to identify bacteria. Yet Stockdale et al. (1968) showed 

that PHB content could not be used as a reliable taxonomic 

criterion because strain differences were as great or 

greater than species differences. 

The regulation of tricarboxylic acid (TCA) cycle and 

poly-B-hydroxybutyrate (PHB) metabolism in Azotobacter 

beijerinckii was investigated by Jackson and Dawes (1976). 

They confirmed that the regulation of PHB metabolism in 

A. beijerinckii was the partition of acetyl-CoA between the 

initial enzymes of the tricarboxylic acid cycle (citrate 

synthase) and polymer PHB metabolism ($-ketothiolase). The 

g-ketothiolase level increased as oxygen concentration was 

decreased. 

Production of fluorescent pigments has long been known 

as an important taxonomic criterion. In 1901, Beijerinck 

first described the existence of a greenish yellow pigment 

in Azotobacter agile which resembled that in fluorescent 

bacteria. Johnstone and Fishbein (1956) found a white 

fluorescent pigment in A. agile whereas A. vinelandii pro-

duced a green fluorescent pigment. Additional studies with 

iron and molybdenum in growth media showed that molybdenum 

enhanced synthesis of fluorescent material in both species 

while iron appeared to quench the fluorescence. It is 

assumed that the pigment belongs to the flavin group, but 

it is not riboflavin nor fluorescein (Johnstone, 1955). 
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1.2.2. Physiological Characteristics 

1.2.2.1. Antibiotic Sensitivity 

Soon after the discovery of antibiotics, it became well 

known that some antibiotics affect Gram positive bacteria 

more than Gram negative, bacteria. Neither morphology nor 

the usual cultural characteristics will differentiate 

Bacillus anthracis from! non-motile strains of B. cereus. 

The "string of pearls" reaction, however, clearly separates 

virulent B. anthracis fjrom nonvirulent B. cereus and other 

aerobic spore formers. This reaction was first described 

by Jensen and Kleemeyeri (from Joklink and Smith, 1972) who 

showed that the incubation of a culture of B. anthracis on 

an agar medium containing penicillin caused the development 

of sporules which resemjbled a string of pearls. Penicillin 

resistance was one of the morphological and physiological 

characteristics (MP) used by Sneath (1957) in his numerical 

taxonomy. Finegold et jal. (1967) used five kinds of anti-

biotics to classify Grapi-negative anaerobic bacilli. They 

found a correlation between groupings by the antibiotic 

sensitivities and the mprphological and physiological 

criteria. Further, Friedman and MacLowry (1973) used 

antibiotic susceptibility patterns to computerize and 

identify Enterobacteracpae. 

Various antibiotics affect Azotobacter to varying 

degrees (Rubenchik, 19610) . Different researchers have 
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different opinions on the sensitivities or resistances of 

bacteria to antibiotics. 

In my experiment, A. chroococcum AC 16 is more sensi-

tive to penicillin than A. vinelandii 12837. Azotobacter 

chroococcum AC 16 is also more sensitive to Chloromycetin 

than A. vinelandii 12837. Azotobacter chroococcum AC 16 

and A. vinelandii 12837 have approximately the same sensi-

tivities to streptomycin, aureomycin, and terramycin. The 

antibiotics, especially peniciliin, cause morphological 

changes such as elongated, egg-shaped, and thread-like 

cells. Encystment is not observed. Slime formation is 

decreased but pigment formation is increased. 

1.2.2.2. Carbon Sources and Carbon Metabolism 

Azotobacter can utilize a great number of carbon com-

pounds to serve as building blocks and energy sources. 

Different strains of the same Azotobacter species may 

differ in their abilities to utilize carbon compounds. 

Rabotnova (from Rubenchik, 1960) showed that sucrose, 

mannitol, and calcium lactate are the best carbon sources. 

The ability to utilize carbon sources is predetermined by 

the nitrogen source in the growth medium. Rubenchik (1960) 

showed that none of six A. chroococcum strains were able 

to utilize lactate when atmospheric nitrogen was the only 

nitrogen source. In four of these strains, normal growth 

occurred after adding ammonium sulfate. Further, some 

Azotobacter strains could utilize amino acid-carbon, but 
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only in the presence of an appropriate nitrogen source 

such as ammonia. 

The carbon metabolism is unusual in that several 

metabolic pathways operate concurrently in the same cell 

(Mortenson and Wilson, 1954). The four routes of glucose 

catabolism currently recognized (Mandelstan and McQuillen, 

1973) are (1) Embden-Meyerhof pathway (EM); (2) pentose 

phosphate pathway (PP); (3) Entner-Doudoroff pathway (ED); 

and (4) phosphoketolase pathway (PK). Using specifically 

labeled carbon-14-glucose, the distribution of the carbon 

atoms of glucose in intermediates and products of different 

metabolic pathways can be established and this enables 

deductions to be made concerning the occurrence and quan-

titative significance of these pathways. In the EM path-

way, the carbon of CC>2 comes from carbons #3 and #4 of 

glucose; in ED pathway, from carbons #1 and #4 of glucose; 

and in PP and PK pathways, from carbon #1 of glucose. By 

the use of isotopic techniques, Still and Wang (1964) 

suggested that the ED pathway is the most prominent in 

Azotobacter. Unfortunately, two key enzymes in this path-

way, 6-phosphogluconic dehydratase and 2-keto-3-deoxy-6-

phosphogluconic aldolase were not detected. Both the tri-

carboxylic acid cycle and the glyoxylate cycle are present 

and operative in the same organism. 
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1.2.2.3. Nitrogen Fixation and Nitrogen Metabolism 

Nitrogenase (EC 1.7.99.2) is the conventional name 

given to the enzyme complex responsible for the reduction 

of dinitrogen (N2) to ammonia (NH^). It was first isolated 

from the anaerobic, Clostridium pasteurianum, by Carnahan 

et al. (1960). Preparations from aerobic Azotobacter vine-

landii and A. chroococcum could be handled in air but when 

further purified into its soluble components, it became 

very oxygen-sensitive (Bulen and LeComte, 1966). Conse-

quently, all purifications of the nitrogenase complex are 

performed strictly in the absence of oxygen. The nitrogen-

ase from these sources was resolved into two protein com-

ponents: Iron (Fe) protein (MW 60,000) and Molybdenum-iron 

(MoFe) protein (MW 200,000). Eady and Postgate (1974) and 

Winter (1976) have published excellent reviews of the bio-

chemistry and physiology of nitrogenase. 

When Azotobacter is growing on two sources of nitrogen, 

there is a lag period of thirty minutes between the exhaus-

tion of the combined nitrogen source and the beginning of 

growth on nitrogen gas (Strandberg and Wilson, 1967). This 

diauxie phenomenon indicates that nitrogenase is an inducible 

enzyme. Cultures growing on nitrogen as the only nitrogen 

source have high activities of nitrogenase, unadenylated 

glutamine synthetase (EC 6.3.1.2), and glutamate synthase 

(EC 2.6.1.53) and low levels of glutamate dehydrogenase 

(EC 1.4.1.4). If small amounts of ammonium salts are added 
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continuously, initially only part is absorbed by the 

organism. After a few hours, complete absorption of ammonia 

against an ammonium gradient, coinciding with an increased 

growth rate of the bacteria, occurs. The change in the 

extracellular ammonium level is paralleled by the intra-

cellular glutamine concentration which in turn regulates 

the glutamine synthetase activity. An increase in the 

degree of adenylation correlates with a repression of 

nitrogenase synthesis and an induction of glutamate de-

hydrogenase synthesis. This ammonium utilization and 

metabolism has been studied thoroughly by Kleiner (1975, 

a, b) and Knowles and Smith (1970). 

Burk and Horner (from Rubenchik, 1960) have investi-

gated utilization of nitrogen sources and arranged them in 

the following series: ammonia is better utilized than urea; 

urea, better than nitrite; and nitrite, better than nitrate. 

Fedorov (from Rubenchik, 1960) grew A. agile in media con-

taining one of the following amino acids: glycine, alanine, 

aspartic acid, glutamic acid, and leucine. The results 

showed that amino acids were poorly utilized, but Wilson and 

Burris (from Rubenchik, 1960) showed that aspartic and 

glutamic acids were well utilized. 

Recently, Yoch and Pengra (1966) showed that the nitro-

genase system is repressed by ammonia and is not affected 

by amino acid-nitrogen. They also showed that both free 

and fixed nitrogen were used simultaneously by anaerobic 
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nitrogen-fixing bacteria such as Klebsiella pneumonia. The 

amino acids that served concomitantly with nitrogen as a 

source of nitrogen were: aspartic acid, serine, threonine, 

leucine, and histidine. Of these amino acids, it was shown 

that only aspartic acid is readily taken up by the cells. 

Of the amino acids not serving as immediate nitrogen source, 

isoleucine was not taken up by the cells. 

2. New Approaches to Bacterial Taxonomy 

The goal of classification is to group together organ-

isms having similar properties and to separate them from 

those which are dissimilar. A natural system of classifica-

tion should be a general arrangement intended for use by all 

taxonomists. Essentially, there are only three ways to 

approach natural classification: (1) examining the fossil 

record; (2) determining the nucleotide sequences of the 

DNA; and (3) investigating the overall similarity of the 

characteristics of the organisms. Unfortunately, it is often 

very difficult to approach taxonomy by using any of these 

methods. 

In the first place, it is difficult to get bacterial 

fossils 3,000 to 4,000 million years old. The oldest cell-

like fossils have been found by electron microscopy of thin 

sections of the Fig Tree sediments (Schopf and Barghoorn, 

1967). In contrast, the difficulty of determining a taxon-

omic scheme by means of the nucleotide sequences of the DNA 
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is due greatly to problems arising from limited techniques. 

Since by using today's methods the determination of the DNA 

base sequences of one piece of genome takes at least one 

whole year (Sanger and Coulson, 1975), it is obviously im-

practical to use this method. For example, the bacterial 

virus 0X 174 has been shown to have 5,375 nucleotides in 

its DNA (Fiddes, 1977). Thus, the analysis of the millions 

of nucleotides in bacterial DNA would be extremely diffi-

cult. Taxonomists can only hope that by improvement of tech-

niques, it will be possible to determine the sequence of the 

nucleotides of the DNA accurately and more quickly in the 

near future. 

In 1757, Adanson proposed that all observable charac-

ters of organisms are of equal weight in classification 

schemes. Adanson's views on the construction of taxonomic 

groups remained in relative obscurity until 200 years later 

when Sneath (1957) carried out the computer-based classifi-

cation of photobacteria. This approach to classification 

is now called "numerical taxonomy" (Sneath, 1957; Liston, 

1963; Sokal, 1966; Lapage et al., 1973) which is defined as 

a "numerical evaluation of the affinity or similarity 

between taxonomic units and the ordering of these units 

into taxa on the basis of their affinities." The affinity 

or similarity between strains is defined as the ratio of 

the number of characters in common to total number of char-

acters compared. Austin and Colwell (1977) listed fifteen 
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useful formulas for use in studying living organisms by 

numerical taxonomy. Unfortunately, classification by this 

method is time-consuming and requires a high degree of 

technical skill on the part of researchers. 

Because all of the above "standard" methods of classif-

ication present problems for researchers in terms of the 

time and technical skill needed for successful analysis, 

several "alternative" taxonomic methods have been developed. 

These alternative taxonomic methods are described in the 

following. 

2.1. Base Composition of DNA and DNA Hybridization 

Deoxyribonucleic acid (DNA) base compositions (% GC) 

are becoming widely used in taxonomy (Hill, 1966), and these 

data are included in the eighth edition of Bergey's Manual 

(1974). Essentially, the DNA samples showing different base 

compositions can be assumed to have different base sequences 

but samples showing the same base composition cannot be 

assumed to have the same base sequence. Therefore, two 

organisms with identical DNA base composition may differ 

greatly in genotype and phenotype; but theory dictates that 

they will be more similar to each other than to organisms 

which differ in base composition. For example, Gram-

negative rods such as Proteus and Gram-positive cocci such 

as Micrococcus may have % GC = 50. On the other hand, 

similar or closer species may differ geratly in DNA base 

contents, for example, the % GC of Staphylococcus, a genus 
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of gram-positive cocci, is 30 - 75. The % GC of bacteria 

in the family Azotobacteraceae is distributed from 54 (A. 

agilis) to 70 (Derxia gummosa). 

Methods of determining % GC involve the use of (1) 

chemical analysis by chromatography, (2) denaturation 

temperature, (3) buoyant density, and (4) spectral analysis 

by UV absorption. 

The discovery of the reassociation of single-stranded 

DNA molecules from different biological sources to form 

hybrid duplexes has laid the foundations of an entirely 

new approach to bacterial taxonomy. The in vitro experi-

ments on DNA-DNA reassociation permit an assessment of the 

overall degree of genetic homology between two bacteria. 

Further, since duplexes also can be formed between a single-

stranded DNA and a complementary RNA strand, analogous DNA-

RNA reassociations are of particular taxonomic interest. 

For example, Palleroni and his colleagues (1973) found that 

certain species of Pseudomonas can only be distinguished by 

DNA-RNA hybridizations. In addition to this, the % GC of 

D. gummosa (70.4%) and of B. fluminensis (56.2%) are far 

apart at opposite ends of the % GC scale of the Azotobacter-

aceae (Figure 29, data based on De Ley and Park, 1966). On 

the other hand, the % DNA homology of D. gummosa (16%) and 

of B. fluminensis (19%) with P. putida as a reference 

strain are quite close to each other on the % DNA homology 

scale of the Azotobacteraceae (Figure 29, data based on 
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De Ley and Park, 1966). These discrepancies indicate a 

need for further studies. 

2.2. Gene Transfer and Biological Hybridization 

Biological hybridization involves the integration of a 

piece of DNA derived from the donor with the genome of the 

recipient by the process of genetic recombination. This 

procedure tests for a far finer level of genetic homology 

than does the in vitro hybridization because the integration 

of any particular segment of DNA from the donor depends on 

the extent of its homology with the DNA of the recipient in 

that small, specific region of the chromosome where recombi-

nation must occur. These discoveries of gene transfer and 

biological hybridization have been the most important events in 

the development of molecular biology and modern biochemistry. 

Jones and Sneath (1970) described the importance of 

genetic transfer on bacterial taxonomy in detail in their 

review article. Three types of genetic materials may be 

transferred: bacteriophage DNA, plasmid DNA, and episomic 

DNA. Three ways by which these genetic materials are trans-

ferred are transformation, transduction, and conjugation. 

The first description of an Azotobacter bacteriophage 

was that of Smalii (from Rubenchik, 1960) in 1936. Later, 

Monsour et al. (1955) isolated an A. agile bacteriophage 

which was highly specific, neither attacking A. chroococcum 

nor A. agile. 
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Jones and Sneath (1970) showed that Azotobacter is 

a species "between" Pseudomonas and Rhizobium. Further, 

Sen and Sen (1965) showed that bacteriophage transduction 

and multiplication could occur between A. chroococcum and 

A. vinelandii and that bacteriophage of A. chroococcum can 

lysis A. agile, but not vice-versa. Recently, Bishop et 

al. (1977) developed a new technique for isolation of 

bacteriophage from A. vinelandii. 

2.3. Metabolic Pathway 

The types of compounds that can be used for growth are 

characteristic to given organisms, as are the types of 

products of metabolism that are often excreted into the 

growth medium. To classify Azotobacteraceae by the utili-

zation of carbon sources is similar to classification of 

Enterobacteraceae by the end products of fermentation. In 

this regard, however, De Ley (1962) divided Pseudomonas 

into two groups: those which metabolize glucose via the 

Entner-Doudoroff pathway and those which metabolize glucose 

via the Embden-Meyerhof pathway. Still and Wang (1964) 

showed that all Azotobacter metabolize glucose mainly via 

the Entner-Doudoroff pathway. 

Studies on metabolic pathways for the oxidation of 

aromatic compounds (Hardison et al., 1969) showed that A. 

chroococcum, A. vinelandii, and A. beijerinckii are able 

to utilize benzoate and p-hydroxy-benzoate while A. agilis 

and Beijerinckia species are not. Obviously, these are 
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taxonomically significant biochemical properties of the 

Azotobacteraceae. 

The presence of the tricarboxylic acid cycle (TCA) in 

Azotobacter has interested several researchers. Azotobacter 

agile grows on acetate and oxidizes it easily, but it does 

not grow in other TCA intermediates nor does it oxidize 

them immediately. Stone and Wilson (1952) showed that in-

tact, living A. vinelandii cells failed to oxidize citric 

acid, oxidizing other TCA intermediates after a lag phase 

and that cell-free extracts rapidly oxidized all TCA cycle 

intermediates. Schutter and Wilson (1955) investigated 

various A. agile and A. vinelandii strains and revealed that 

cells of these species exhibit different adaptability to 

succinate oxidation. 

Dickerson and Almassy (1976) and Dickerson (1980) 

studied the evolution of bacterial metabolism and con-

structed a metabolic phylogenetic tree. From the point of 

view of energy metabolism, Azotobacter vinelandii is closer 

to Pseudomonas fluorescens than to Rhodospirilium rubrum. 

The value of these conclusions is not yet clear. 

2.4. Amino Acid Sequence of Protein 

The protein molecules that determine the structures 

and functions of every living thing are arranged as intri-

cately folded chains of amino acid units. The primary 

structure of each protein—the sequence in which its amino 

acid units are linked together—is governed by the sequence 
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of nucleotides in the DNA of the genetic material. The 

proteins of an organism are therefore the immediate mani-

festation of its genetic endowment. By the use of computer 

analysis of amino acid sequences of similar proteins in 

different organisms, the relations among species can be 

established (Dayhoff, 1969). The cytochrome proteins are 

especially useful in this determination of relationships 

among bacteria (Dickerson, 1980) . Cytochrome of 

Azotobacter vinelandii, Pseudomonas aeruginosa, and P. 

fluorescens is a polypeptide consisting of 82 amino acids. 

There are differences in 16 amino acids between P. aerugin-

osa and P. fluorescens, 33 between P. aeruginosa and A. 

vinelandii, and 34 between P. fluorescens and A. vinelandii 

(data based on Dickerson, 1980). Also, Tanaka et al. (1976) 

established a complete amino acid sequence of azotoflavin 

isolated from Azotobacter vinelandii. It is a single poly-

peptide chain consisting of 179 amino acids and containing 

a single cysteine residue at position 69. Flavoproteins 

from non-photosynthetic bacteria have a molecular weight 

of 15,000 and are classified as group I, while those from 

photosynthetic bacteria have a molecular weight of 22,000 

and are classified as group II. With a molecular weight of 

20,000, azotoflavin is a group II, photosynthetic flavo-

doxin. In the author's opinion, this is a most promising 

approach to classification. 
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2.5. Protein Profile of Cell-Free Extract 

As mentioned before, protein is a link between the 

genotype and phenotype of an organism. The use of the 

protein profiles to classify organisms has become the most 

popular method since the introduction of electrophoretic 

techniques. Hundreds and thousands of papers have been 

published which used these highly effective techniques to 

describe complex protein mixtures (Chang et al., 1962; 

Cann, 1966; Garber and Rippon, 1968; Grimont et al., 1977). 

Svensson (1961) developed a new, effective electrophoretic 

technique, isoelectrofocusing, for separating proteins. 

O'Farrell (1975) used two-dimensional electrophoresis 

to separate proteins extracted from E. coli. The first 

dimension was determined according to molecular weights by 

sodium dodecyl sulfate electrophoresis and the second to 

isoelectric points by isoelectrofocusing. This technique 

has been used to resolve more than 1,000 different compo-

nents from crude extracts of E. coli. A protein derived in 

this way might constitute only 1 x 10 to 1 x 10 parts 

of the total proteins which can be detected and quantified 

by autoradiography (Bonner and Laskey, 1974; Laskey and 

Mills, 1975). Ames and Nikaido (1976) applied this same 

technique by using two-dimensional electrophoresis to sep-

arate membrane proteins extracted from E. coli and S. 

typhimurium. About 150 different proteins were visualized 

in this study. Furthermore, Rodwell and Rodwell (197 8) 
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used two-dimensional gel electrophoresis to study cell pro-

teins of Mycoplasma. They showed that strains of Mycoplasma, 

which are indistinguishable by DNA hybridization methods, 

may have large differences in protein constituencies. 

Recently, Sokal and Sneath (1963) suggested that protein 

patterns might be suitable for quantitative numerical anal-

ysis. A computerized approach developed by Whitney et al. 

(1968) consists of identifying homologous bands and calcu-

lating percentage similarity values. Kersters and De Ley 

(1975) and Swings et al, (1976) described improved methods 

for the identification and grouping of bacteria by polyacryl-

amide gel electrophoresis of soluble proteins. Their methods 

include: constant growth condition, high speed centfifuga-

tion of the extract, standard condition of electrophoresis, 

the addition of internal reference proteins (e.g., ovalbumin 

and thyroglobulin) for normalization, densitometer scanning, 

and a choice of easily recognizable peaks for compensation. 

By applying the above methods, Jarvis and Wolff (1979) 

showed that lactic streptococci grouped by gel electrophoretic 

protein patterns correlated well with results obtained by 

DNA-DNA hybridization and with numerical taxonomy based on 

morphological and physiological characteristics. Further, 

a direct comparision of homologous protein bands has been 

achieved by using flat bed electrophoresis (Berghe et al., 

1979). This technique allowed the comparison of mycobacteria 
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with different generation times and provided a large number 

of characteristics for numerical analysis. 

Qualitative study using enzyme stains and starch gel 

electrophoresis was performed by Norris (1964). He showed 

that classification according to esterase isoenzyme patterns 

was closely correlated with serological classification. In 

the next year, Lund (1965) used polyacrylamide gel electro-

phoresis (PAGE) to study esterase patterns of group D 

streptococci. He reported that the patterns of esterases 

found in S. faecalis differed from those in S. faecium and 

S. durans. London and Kline (1973) used aldolase as an 

evolutionary marker to classify the lactic acid bacteria. 

Baptist et al. (1969) applied starch gel zone electro-

phoresis of enzymes and numerical analysis to bacterial 

taxonomy. The enzymes they studied were: malate dehydro-

genase, isocitrate dehydrogenase, 6-phosphogluconate 

dehydrogenase, glucose 6-phosphate dehydrogenase, glutamate 

dehydrogenase, catalase, phosphoglucomutase, and tetrazolium 

oxidase. Nine years later, Baptist et al. (1978) applied 

the same zymogram technique to classify the genus Bacillus. 

Brill et al. (1974) developed a new technique to stain 

nitrogenase components and other nonheme iron proteins in 

polyacrylamide gels. The molybdenum-iron and iron compo-

nents of nitrogenase in crude cell-free extracts of nitrogen-

fixing bacteria, Azotobacter vinelandii, can be detected as 

pink bands on treatment of the polyacrylamide gel with a, 
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a-dipyridyl and mercaptoacetic acid. This technique is 

useful in studies of mutant strains lacking nitrogen-fixing 

activity. It might also be of value in the analysis of 

other nonheme iron proteins. 

Catalase (EC 1.11.1.6) activity has been one of the 

most important biochemical tests used by microbiologists 

(Cowan, 1965). In 1974, Gregory and Fridovich developed a 

new technique to detect catalase activity on polyacrylamide 

electrophoresis gels. Fox (1976) applied this technique to 

differentiate Micrococcus luteus and M. varians. The cata-

lase activity staining on polyacrylamide gel was shown to 

be a restricted yet reliable assay in the intrageneric but 

not intraspecies differentiation of yellow-pigmented micro-

cocci . 

Pyruvate kinase (EC 2.7.1.40) regulates metabolic 

pathways at the phosphoenolpyruvate branchpoint in bacter-

ia, including Azotobacter vinelandii (Liao and Atkinson, 

1971). It is a tetramer of molecular weight about 240,000 

which can be resolved by SDS-PAGE, gel filtration and 

ultracentrifugation (Waygood and Sanwal, 1974). Pyruvate 

kinase from various tissues of rats was separable into 

seven subunits of pl-isoenzymes by thin-layer isoelectro-

focusing gel with Ampholine carrier ampholytes (Muroya 

et al., 1976). 

The application of isoelectrofocusing in taxonomy is 

a brand new technique. Matthew and Harris (197 6) used 
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isoelectrofocusing and found that 8-lactamases might be 

universally produced by bacteria. The chromosomal 6-

lactamases appeared to be specific for genus, species, and 

sub-species. Bacteria that produced identical 3-lactamases 

had identical properties in some morphological and physiol-

ogical characteristics. In recent years, Sayed and Hatten 

(1976) used thin-layer isoelectrofocusing to study Myco-

plasma proteins; Butler (1977) used it to study Azotobacter 

vinelandii, and Hatten and Brodeur (1978) used it to study 

Brucella abortus. 

2.6. Immunobiology and Immunochemistry 

The differences between two similar protein species 

can be distinguished by biological methods such as the 

serological reactions involving antigen (Ag) and antibody 

(Ab). By the use of this technique as one of his many 

powerful tools, Anfinsen (1973) found the principles that 

govern the folding of protein chains. Several in vitro 

and in vivo serological reactions are available and useful 

in identifying antigens and/or antibodies. The relative 

sensitivities (in terms of antibody nitrogen detected) of 

different reactions (Barrett, 1978) are fluid precipita-

tion such as the ring test, 20 - 30 ug; gel precipitation 

as the Ouchterlony plate, 3 - 1 5 ug; Immunoelectrophoresis, 

50 - 200 ug; bacterial agglutination, 0.01 ug; complement 

fixation, 0.01 - 0.1 ug; passive hemagglutination, 0.001 -

0.03 ug; and radioimmunoassay, 0.001 ug or less. 



28 

Norris (1960) used the Ouchterlony double diffusion 

technique to study antigens of the Azotobacteraceae and 

found that A. vinelandii and A. chroococcum were close to 

A. agilis and that A. macrocytogenes was quite different 

from the former three species. Further, Norris and Chapman 

(1968) stated that all the species of Azotobacter shared at 

least one common intracellular antigen, Azotobacter agilis 

and A. vinelandii shared several common capsular antigens. 

There was considerable cross-reaction between different 

isolates of A. chroococcum and A. beijerinckii. Ting (1975) 

and Chang (1976) studied the serological relationship of 

members of the genus Azotobacter by using agglutination and 

immunodiffusion. They found that all the species of Azoto-

bacter shared several common antigens and that A. macrocyto-

genes was quite different from the other species. 

Shah et al. (1973) described mutant strains of A. 

vinelandii according to their cross-reactions with anti-

bodies prepared against the components of nitrogenase. 

Rennie (1976) used fluorescent antibodies (FA) prepared 

against the molybdenum-iron and iron components of nitro-

genase from K. pneumoniae to detect these protein components 

in toluene-treated whole cells of other nitrogen-fixing 

microorganisms, including A. vinelandii. This cross-reaction 

can be used to indicate the degree of relatedness between 

nitrogenase proteins from nitrogen-fixing microorganisms 

of various origins. Nicholas et al. (1979) used the 
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Ouchterlony immunodiffusion technique to study the relation-

ship between Azotobacter nitrogenase and bacterial nitrate 

reductases. Their results indicated that during evolution 

both component I of nitrogenase and bacterial nitrate 

reductases could well have been derived from a common 

ancestor protein. 

Application of isoelectrofocusing to immunoglobulins 

was performed first by Awdeh and his colleagues in 1968. 

The use of this technique to distinguish between structur-

ally similar immunoglobulins was studied in detail by 

Williamson (1971) and Pink and Skvaril (1975). 

Analysis of immunoprecipitation on electrophoretic 

polyacrylamide gel was first achieved by Hofstra and Dakert 

(1979). They discovered that the major outer membrane pro-

teins of Gram-negative bacteria played a role as common 

antigens of the family Enterobacteraceae. 

The application of affinity chromatography to the 

separation and characterization of antibodies and antigens 

(Tanwilson et al., 1976; Ikeda and Steiner, 1976) has 

provided a significant advance to immunobiology and immuno-

chemistry. An active biological substance, e.g., antibody 

or antigen can be purified by its reversible biospecific 

interaction with a complementary binding substance, e.g., 

antigen or antibody which is immobilized on an insoluble 

support such as sepharose. This technique is particularly 

useful for purifying plasma proteins, many of which have 
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similar sizes and electrical properties that isolation is 

extremely difficult by any other method. It is useful, too, 

for membrane proteins which are insoluble and often present 

in relatively small amounts. 

3. Purpose of the Experiment 

The microorganisms of the family Azotobacteraceae are 

characterized by their ability to fix molecular nitrogen, 

by their aerobic metabolism, and by their Gram-variable 

staining as well as by marked pleomorphism. Although the 

definition of the family is so clearly delineated, the 

classification of the Azotobacteraceae to the level of 

genus and species has been uncertain since the early studies 

of Beijerinck in 1901. In the seventh edition of Bergey's 

Manual of Determinative Bacteriology (1957), only one genus 

(Azotobacter) with three species (A. chroococcum, A. agilis, 

and A. indicus) was described. In the eighth edition of 

the same manual (1974), there are four genera and twelve 

species on the list (Table I). Literature reviews (Table 

II) show that different researchers gave different classif-

ication schemes. In addition, the same researcher at 

different times might give different classification opinions 

(Table II). These conflicting opinions point the difficulty 

in classifying the Azotobacteraceae. 

One problem is that there is a discrepancy between 

classifications of the Azotobacteraceae based on guanine 
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plus cytosine content and that based on DNA homology. The 

DNA-DNA hybridization studies cannot be used to distinguish 

among some similar species, for example, Pseudomonas 

(Palleroni, 1973) and Mycoplasma (Rodwell and Rodwell, 

1978). On the other hand, Jarvis and Wolff (1979) have 

shwon that grouping lactic streptococci by protein patterns 

correlated well with results obtained by DNA-DNA homology 

and by numerical taxonomy. As a result, analysis of protein 

profiles of the Azotobacteraceae has been chosen as the 

prefered method for this study. 

It is well known that the protein profile is the link 

between the genotype and phenotype. It is also well known 

that isoelectrofocusing is a most powerful tool for protein 

analysis because it can distinguish even a one charge dif-

ference in the molecules of two very similar proteins. 

Therefore, thin-layer isoelectrofocusing is used in this 

study. Further, two very similar protein species can be 

distinguished by using serological reactions. The use of 

immunoglobulins to differentiate the structures of protein 

antigens is the same as that of enzymes to substrates. In 

order to establish a well founded classification scheme, 

immunochemical methods will be included, also. 

The objectives of this study are 

1. To classify the Azotobacteraceae by 

a. Isoelectrofocusing protein profiles, 

b. Electrophoretic protein profiles, 
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c. Immunological reactions, 

d. Numerical analysis based on protein profiles, 

e. Numerical analysis based on morphological 

and physiological characteristics. 

2. To compare the different classification methods. 

3. To establish a well-founded classification scheme 

which is suitable for all taxonomists. 

4. To separate total soluble proteins for computer 

analysis and comparison. 

5. To develop techniques for the determination of 

protein homology. 
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CHAPTER II 

MATERIALS AND METHODS 

I. Organisms and Growth Conditions 

Nineteen strains of nine species of bacteria classified 

in the family Azotobacteraceae (Table III) were used in this 

study. They were kept in frozen cultures in Burk's Nitrogen 

Free Media (NFM) (Newton, etal., 1953) containing 1% glucose 

and 10% glycerol as adjuvants (Lapage, et al., 1970). Bac-

teria other than Azotobacteraceae used were Escherichia 

coli B/r, E. coli K 12, Klebsiella aeruginosa, K. pneumonia, 

Pseudomonas aeruginosa, P. fluorescens, and Rhodospirilium 

rubrum. They were kept in frozen cultures in Tryptic Soy 

Broth (TSB, Difco, Detroit, MI) containing 10% Glycerol. 

All of these stock cultures were stored at -20 C. 

One ml of Azotobacter stock culture was innoculated 

into 50 ml of Burk's Nitrogen Free Medium (NFM) in a 500-ml 

Erlenmeyer flask and incubated on a rotary shaker at 150 rpm 

at 28 C. When this seed culture reached mid-logarithmic 

phase of growth (mid-log phase, approx. 24 hr), a 2-ml 

sample was transferred to 200 ml of the same medium in a 

1,000-ml flask and incubated under the same conditions. 

Cells were collected from this working culture at late log 

phase (approx. 48 hr) by centrifugation at 5,000 x g for 15 

min. Collected cells were washed in phosphate buffered 

saline (PBS, 0.01 M. phosphate, pH 7.2, containing 0.9% 

35 
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NaCl) three times and then in deionized distilled water 

(DDW) three times by centrifugation. The washed cells were 

stored at -20 C in a freezer until used. 

Azotobacteraceae grown in Burk's NFM containing acetate 

or glycerol instead of glucose as the carbon and energy 

source, were subjected to the same treatment. 

Bacteria other than Azotobacteraceae, E. coli B/r, 

E. coli K 12, K. aeruginosa, K. pneumonia, and P. aeruginosa 

were grown in TSB at 37 C, and P. fluorescens and R. rubrum 

in TSB at 26 C. They were then subjected to the same treat-

ment described above. 

2. Morphological and Physiological Characteristics of the 
Azotobacteraceae 

Sixty-five characteristics were investigated. The 

morphological characteristics consisted of (1) Gram stain, 

(2) cell shape, (3) cell capsule slime, (4) colony trans-

luescence, (5) colony gummy slime, (6) colony surface struc-

ture, (7) pigment color and solubility, (8) ultraviolet 

fluorescence, (9) flagellation, (10) cyst formation, and 

(11) deposition of poly-g-hydroxybutyrate (PHB). The phys-

iological characteristics were (12) production of catalase, 

(13) production of oxidase, (14-24) antibiotic sensitivi-

ties, (25-56) carbon source utilizations, and (57-65) 

effects of combined nitrogen (fixed-nitrogen) sources. 

All the morphological characteristics were examined as 

usual in the laboratory. Some specific tests for the 
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physiological characteristics of the bacteria were done as 

follows. The catalase test was performed by adding one drop 

of hydrogen peroxide (3% H202) to one loopful of Azotobacter 

cells on a glass slide. The oxidase test was performed with 

the Difco oxidase disk (code number 1633-33) which contains 

N,N-dimethyl-p-phenylene diamine, according to the direc-

tions given. Antibiotic sensitivity tests were performed 

using Difco antibiotic disks. Each disk contained one of the 

following antibiotics: 5 units (U) of bacitracin (6122-91), 

5 U of penicillin G (6182-91), 100 U of polymycin B (6192-91), 

30 micrograms (meg) of vancomycin (6293-91), 30 meg of 

nalidixic acid (6793-91), 30 meg of novobiocin (6243-91), 

5 meg of rifampin (6821-91), 5 meg of erythromycin (6152-91), 

5 meg of kanamycin (6291-91) , 10 meg of streptomycin (6203-

91), or 10 meg of tetracycline (6222-91). The antibiotic 

disks were placed on the previously inoculated Burk's NFM 

agar plates. The plates Were kept at room temperature for 

one hour before they were incubated at 30 C (Wick, 1964). 

Difco Differentiation Disks (code number given in 

parenthesis after each carbohydrate), containing one of the 

following: arabinose (1601-35), dextrose (1602-35), galac-

tose (1604-35), inulin (1606-35), lactose (1607-35), levu-

lose (1608-35), maltose (1609-35), mannitol (1610-35), 

mannose (1611-35), melibiose (1612-35), raffinose (1613-35), 

rhamnose (1613-35), salicin (1615-35), sorbitol (1616-35), 

sucrose (1617-35), trehalose (1618-35), or xylose (1619-35), 
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were used in the carbon source utilization tests. Disks 

containing aromatic compounds or metabolic intermediates of 

the tricarboxylic acid cycle (TCA) were prepared by adding 

20 ul of solution containing an aromatic compound or a TCA 

intermediate (concentration was 100 or 500 ug/ul) to a fil-

ter paper disk (Whatman #3, 0.5 cm in diameter). These 

differentiation disks were placed on the previously inocu-

lated agar plates which contained Burk1s NFM without carbon 

source. The inoculated plates were incubated at 30 C for 

1-3 days. 

The effects of combined nitrogen sources on the growth 

of the Azotobacter were determined by adding 1 or 10 mg 

of the nitrogen compound to be tested to Burk's NFM plates 

with 1% glucose as the carbon source. 

3. Numerical Taxonomy of the Azotobacteraceae 

The general methods used were those of Sneath (1957). 

Some modifications for characterization of the Azotobacter-

aceae are described as follows. In the antibiotic tests, 

the sign (+) means sensitive which indicates no growth 

within a 30 mm diameter zone (arbitrary interpretation) and 

the (-) means resistant, i.e., growth to the margin of the 

paper disk. Carbon sources utilization and the effect of 

combined-nitrogen source tests, the positive (+) means good 

growth and the negative (-) means no growth or poor growth. 

Similarity based on the morphological and physiological 
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characteristics is determined by the coefficient of simple 

matching (SgM)• This formula has been shown to be best for 

use in numerical taxonomy of microorganisms (Austin and 

Colwell, 1977). 

The Simple Matching Formula is 

SSM = (a+d)/Ca+b+c+d) 

where 

a = No. of characters positive in both Strains 1 and 2, 

b = No. of characters positive in Strain 1 and negative in 

Strain 2, 

c = No. of characters negative in Strain 1 and positive in 

Strain 2, 

d = No. of characters negative in both Strains 1 and 2. 

An example is given below. 

Morphological character A. 

B. 

C. 

D. 

E. 

Physiological character F. 

G« 

H. 

I. 
J. 

Strain 1. 
+ 

+ 

+ 

+ 
+ 

Strain 2, 
+ 

+ 
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By the use of the simple matching (SgM), we get a = 4, 

b = 2, c = 2, and d = 2. Therefore, the coefficient of 

SSM = (4+2>/(4+2+2+2) = 0•60 = 60%. 

A similarity matrix for 19 strains of the Azotobacter-

aceae was constructed by using the computer and a standard 

matrix program (Sneath, 1957). A dendrogram showing morph-

ological and physiological similarity relationships among the 

Azotobacteraceae was drawn from the average similarity 

coefficients obtained from these determinations according 

to the methods previously described by Sneath (1962). 

4. Extraction and Analysis of Proteins 

Four extraction procedures were used: (1) zwitterionic 

buffer glycine-Tris, (2) nonionic detergent Triton X-100 in 

10 M urea containing 3-mercaptoethanol, (3) ionic reagent 

ethylendiamine tetraacetate (EDTA) in Tris buffer, and (4) 

deionized distilled water. The protein concentration was 

determined by the Coomassie brilliant blue method (Bradford, 

1976). Absorption readings at 595 mu were taken with a 

digital double-beam Spectrophotometer UV-210 (Shimadzu 

Seisakusho Ltd, Kyoto, Japan). 

4.1. Zwitterionic Buffer Glycine-Tris 

Extraction of cell-free soluble proteins by using 

glycine-Tris (hydroxymethyl) aminomethane buffer was 

carried out according to the procedures of Berghe and 

Pattyn (1979) with modification as follows. The extraction 
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buffer contained 125 mM glycine, 25 mM Tris, 10 mM 

g-mercaptoethanol, and 5 mM MgC^. The pH of the buffer 

was adjusted to 8.0 with 0.1 N HCl. One gram of wet cells 

was suspended in 2 ml of the buffer solution. The cells 

were disrupted by treatment with a sonifier (Model W 185D, 

Heat Systems-Ultrasonic, Inc., Plainview, NY) at 50 watts 

power for five 30-second periods with a one-minute interrup-

tion in an ice-water bath. The treated cells were centri-

fuged at low speed (4,000 x g) for 15 min to get rid of cell 

debris. The supernatant was centrifuged again at high speed 

(100,00 x g) for 60 min to get rid of insoluble particles, 

e.g., ribosomes. The supernatant obtained from the second 

centrifugation was used for isoelectrofocusing (IEF) and 

polyacrylamide gel electrophoresis (PAGE) immediately after 

centrifugation as suggested by O'Farrel (1975). Proteins 

applied to IEF or PAGE were adjusted to 2 mg/ml with bovine 

serum albumin (BSA) as a reference. If the viscosity of 

the extracted solution was too high, a 0.05 volume of 1 M 

MnCl2 was added to the extract to precipitate nucleic acids 

(Korkes, et al., 1951) and a Sephadex G-200 column was used 

to take out polysaccharides (Radola, 197 6). If the protein 

concentration was too low, dialysis against Sephadex G-200 

or sucrose powder was used to concentrate the solution. 

4.2. Nonionic Detergent Triton X-100 in Urea 

The preparation of urea-denatured proteins was carried 

out according to O'Farrell (1975) and Sayed and Hatten 
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(1976). One gram of washed wet cells was suspended in 

2 ml of solubilizing mixture (lysis buffer) containing 10 

M urea, 4% (v/v) Triton X-100, 4% (v/v) 3-mercaptoethanol, 

and 2% (w/v) Ampholine (pH 3-10). After 6 cycles of freezing 

and thawing, the suspension was mixed with an equal volume 

of sonication buffer (125 mM glycine-25 nM Tris, pH 8.0) 

and subjected to disruption by sonication as described 

above. Immediately after high-speed centrifugation 

(100,000 x g, 60 min), the supernatants were analyzed by 

isoelectrofocusing on thin-layer gels. The major steps 

used are outlined in Table IV. 

4.3. Ionic Manipulation by Chelating Agent EDTA in Tris 
Buffer 

The methods used were those of Lugtenberg, et al. 

(1975) with minor modifications, as follows. The collected 

cells were suspended in 50 mM Tris buffer (pH 8.5) containing 

2 mM EDTA and sonicated as usual. The disrupted cell mater-

ial was centrifuged at low speed (1,200 x g) for 20 min to 

get rid of cell debris. The supernatant was then centri-

fuged at high speed (100,000 x g) for 2 hr to collect the 

membrane pellet. The membrane pellet was suspended in 2 mM 

Tris-HCl buffer, pH 7.8, to a concentration of 10 mg pro-

tein per ml solution. A solution of 100 ug trypsin per ml 

of 20 mM Tris-HCl buffer, pH 7.2, was mixed with an equal 

volume of the above membrane suspension, and incubated at 

37 C for 20 min. Centrifugation was again carried out 
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(100,000 x g, 4 hr) and the pellet isolated. It was then 

resuspended in 20 mM Tris-HCl buffer, pH 7.8, containing 

20 mM g-mercaptoethanol and 5 mM MgC^. The major steps 

used are outlined in the flow diagram in Table V. 

4.4. Deionized Distilled Water 

The preparation of water-soluble proteins was carried 

out according to Hatten and Brodeur (1978). One gram of 

cells washed in phosphate buffered saline (PBS, 0.01 M, 

pH 7.2, containing 0.9% NaCl) was suspended in 2 ml of 

deionized distilled water (DDW). The cells were disrupted 

by sonication as described above. The treated suspension 

was centrifuged at 100,000 x g for 60 min. The supernatant 

was used for isoelectrofocusing and electrophoresis immed-

iately after centrifugation, and it was also used as the 

antigen for the induction of antibodies. 

The separation of azotoflavin from nitrogenase was 

carried out using water and ultracentrifugation as described 

by Benemann, et al. (1969) with a minor modification. 

Table VI shows the major steps used in this study. 

5. Thin-Layer Gel Isoelectrofocusing 

The thin-layer isoelectrofocusing gels used were the 

LKB Ampholine Polyacrylamide Gel Plates (pH ranges 3.5 to 

9.5 and 4.0 to 6.5, LKB-Produkter AB, Bromma, Sweden). 

Description of the gel compositions is as follows. 
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Gel concentration, 

T = (g Acrylamide + g Cross-linker) / (100 ml Solution) = 5% 

Degree of cross linkage, 

C = (g Cross-linker) / (g Acrylamide + g Cross-linker) = 3% 

Additive concentration, 

A = 10% (v/v) Glycerol 

Ampholine concentration (Amp, w/v), 

Gel pH range 3.5 to 9.5, Amp = 2.4% 

Gel pH range 4.0 to 6.5, Amp = 2.2% 

Gel Dimension, 

D = 245 x 110 x 1 mm. 

The running procedures were described by Radola (1969 

and 1976) with modification as follows. The electrode 

solutions for the Ampholines of pH range 3.5 to 9.5 were 

1 M H-jPÔ  for the anode and 1 m NaOH for the cathode, and 

those for the pH range 4.0 to 6.5 were 0.1 M glutamic acid 

in 0.5 M H^PO^ for the anode and 0.1 M 3-alanine for the 

cathode. Samples were applied by the use of sample applia-

tion papers (Whatman No. 3 Filter Paper, 10 x 5 mm) that 

absorbed approximately 15 ul of the protein solution. 

Unless specified differently, the protein concentrations 

used were adjusted to 2 mg/ml. Twenty-four samples were 

placed on the sample application area of the gel (approx. 

2.5 cm from the cathode electrode strip). A constant power 

of 24 watts was supplied to this running system. Initially, 
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the voltage and the current were 480 volts and 50 mA, 

respectively. Finally, the voltage was increased to 1,200 

volts and the current was decreased to 20 mA. Sample 

application papers were applied at the end of a 30-min pre-

run, and were removed at the end of a 30-min running time. 

A 30 min postrun was required. The pH gradients were deter-

mined by the use of pH papers (EM Lab Inc., Hew York, NY) 

at the end of the isoelectrofocusing which was approximately 

90 min. It was necessary to refocus the zones for an addi-

tional 10 min when the pH was measured. The isoelectro-

focusing protein patterns were detected by the following 

methods: (1) Coomassie brilliant blue staining, (2) iso-

enzyme activity staining, (3) densitometer scanning, and 

(4) protein homology study. 

5.1. Coomassie Brilliant Blue Staining 

The fixing solution was made by adding trichloroacetic 

acid (57.5 g) and sulphosalicylic acid (17.5 g) to distilled 

water (500 ml). The destaining solution was made by mixing 

500 ml of ethanol and 160 ml of acetic acid, and diluting 

to 2,000 ml with distilled water. The staining solution 

was 0.46 g Coomassie brilliant blue R-250 (LKB-Produkter 

AB, Bromma, Sweden) in 400 ml of destaining solution. The 

preserving solution was 10% (v/v) glycerol in destaining 

solution. 

The focused plates were immediately placed into the 

fixing solution for 60 min. After fixing, the plates 
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were washed by placing them in the destaining solution for 

10 min. After washing, the gels were placed in the staining 

solution at 60 C for 20 min, then destained with several 

changes of destaining solution at 37 C until the background 

was transparent. The destained plates were immersed in the 

preserving solution for one hour and dried at room tempera-

ture until the gels became sticky on the surface. Finally, 

each plate was covered and sealed with a plastic sheet. 

5.2. Isoenzyme Activity Staining 

5.2.1. Catalase (EC 1.11.1.6) 

For the identification of catalase, the substrate 

solution used was 0.02 M Ho0o in 0.05 M KH^PO.-K„HPO. 
2 2 2 4 2 4 

buffer, pH 7.0. The staining solution was made up of the 

following: 2.0 ml of 0.05 M KH2P04-K2HP04 buffer, pH 7.0; 

0.25 ml of diaminodiphenyldihydrochloride (Benzidine 

Dihydrochloride, Sigma Chemical Company, St. Louis, 

Missouri), 4 mg/ml; and 0.1 ml of horseradish peroxidase 

(Sigma Chemical Co.), 1 mg/ml. The procedure followed 

was that described by Gregory and Fridovich (1974). The 

focused gels were soaked in staining solution for 45 min 

in the dark at 23 C, Then the gels were rinsed twice with 

deionized distilled water and bathed in substrate solution 

at 23 C until staining was complete. An achromatic zone 

bordered by dark edges or a chromatic zone marked by a 

dark sharp band indicated the presence of catalase activity. 

This staining reaction proceeeds as follows. 
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H 2 ° 2 
(1) Reduced Benzidine peroxidase> Oxidized Benzidine 

(monomer) (polymer) 

Benzidine autoxidizes to oxidized and polymerized benzidine 

in the presence of hydrogen peroxide and peroxidase. The 

reduced monomeric benzidine is colorless and the oxidized 

polymeric benzidine is yellowish brown. 

/ o \ o tt a Catalase «TT « . — 
( 2 ) 2 * 2 2 

If catalase is present in large amounts, hydrogen peroxide 

is decomposed to water and oxygen, and no hydrogen peroxide 

is available for benzidine autoxidation. Therefore two 

zones are observed: an achromatic zone due to the high 

activity of the catalase and a chromatic edge due to the 

diffusing oxygen which only partly oxidizes benzidine. If 

catalase is present in small amounts in a sharp band, a 

chromatic band formed by oxygen diffusing from the enzyme 

to the benzidine reagent is observed. 

5.2.2. Pyruvate Kinase (EC 2.7.1.40) 

Pyruvate kinase activity was studied by the method of 

Harris and Hopkinson (1976). The incubation mixture was 

made up of the following reagents (all chemicals used were 

from Sigma Chemical Co., St. Louis, Missouri): 

(1) 0.5 M Tris-HCl buffer, pH 7.40, containing KC1 

and MgSO^ (6.05 g Tris, 0.5 g KC1, and 0.5 g 

MgSO^ made up to 100 ml with deionized distilled 

water) 
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(2) 2 mg phosphoenolpyruvate (PEP-K salt) 

(3) 3.6 mg adenosine 5'-diphosphate (ADP-Na2 salt) 

(4) 1.25 mg NADH (nicotinamide adenine dinucleotide, 

reduced) 

(5) 2 mg fructose 1,6-diphosphate (FDP-Na-8 E^O) 

(6) 3 ul lactate dehydrogenase (LDH, 2750 units/ml) 

Reagents (2), (3), (4), (5), and (6) were added to the 

buffer solution (1) in the order listed. The Celagram 

(cellulose acetate for electrophoresis; Shandon Southern 

Instruments, Inc., Sewickley, Pennsylvania) was soaked in 

the mixture on a glass plate. The focused gel was covered 

with the above soaked Celagram and then incubated at room 

temperature for 2-3 min. The Celagram with or without gel 

was examined under a UV light for detection of blue-violet 

fluorescence. The reactions are as follows. 

Reaction 1. 

PEP + ADP pY r u v ate Kinase} p Y R UvATE + ATP 
FDP 

AG° = -7.5 Kcal/mole 

Reaction 2. 

PYRUVATE + NDAH + H + L D H -> L-^ACTATE + NAD 

AG° = -6.0 Kcal/mole 

If cell-free extracts contain pyruvate kinase, reactions 

1 and 2 occur spontaneously from left to right due to the 

thermodynamically favorable kinetics of the reactions. 

In reaction 1, fructose 1,6-diphosphate is a stimulator 



49 

to "turn on" the action of pyruvate kinase. In reaction 2, 

when DADH is oxidized to NAD+, a blue-violet fluorescence 

appears on the white background of the Celagram. 

5.3. Densitometer Scanning 

The densitometer used was a Quick Scan (Helena Lab, 

Beaumont, Texas). The Coomassie brilliant blue-stained 

isoelectrofocusing gels were scanned by visible light 

under automatic adjustment to give a constant optimal 

setting or slit opening. Ten major peaks evenly distrib-

uted between pi's 3.5 and 7.5 were used for comparison. 

5.4. Protein Homology 

Two methods were used in this study: (1) overlay 

method, and (2) mixed proteins method. Both methods used 

10 major protein bands as compensators (Kerster and De 

Ley, 1975). In the overlay method, one thin-layer gel was 

overlaid on another, and then the number of common protein 

bands was counted. The formula used to calculate the per-

centage of similarity or protein homology was 2C/(A+B), 

where A = the number of protein bands in strain A, B = the 

number of protein bands in strain B, and C = the number of 

common protein bands between strains A and B (Rodwell and 

Rodwell, 1978). In the mixed proteins method, an equal 

volume of two protein solutions of the same concentration 

(e.g., 1 mg/ml) was mixed immediately before the isoelectro-

focusing separation. The formula used to calculate the 
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percentage of similarity or protein homology is as 

follows. 

Percent Protein Homology, 

C X 100% / T = (A+B-T) X 100% / T 

where, 

A = Number of protein bands in strain A, 

B = Number of protein bands in strain B, 

C = number of common protein bands between strains A and B 

= A + B - T, and 

T = Number of total protein bands in the mixture of extracts 

from strains A and B. 

For example, in an isoelectrofocusing gel with 40 protein 

bands in sample A, 50 in B,- and 60 in mixture of two, one 

would get A = 40, B = 5 0 , and T = 60. The number of common 

protein bands between these two strains i s A + B - T = 4 0 + 

50 - 60 = 30. Therefore, the protein homology of the two 

strains A and B is 30/60 = 0.5 = 50%. 

6. Polyacrylamide Gel Electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) can be 

divided into two systems based on gel concentration and 

buffer used. If only a running gel is used, it is contin-

uous (one gel concentration and buffer). If a stacking gel 

is used and is different from a running gel in concentra-

tion and/or buffer, it is discontinuous. In the discontin-

uous system, an alkaline electrophoresis was used and in 
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the continuous system, a sodium dodecyl sulfate electro-

phoresis was used. 

6.1. Alkaline Disc Polyacrylamide Gel Electrophoresis 

Gel preparation and the running procedures followed 

were those described by Maizel (1971). The apparatus used 

was the electrophoresis chamber Model 220 (Bio-Rad Lab, 

Richmond, California). The running (resolving, lower) gel 

was 7.5% (w/v) acrylamide and bis-acrylamide (ratio 37.5 

to 1, w/w) and the stacking (upper) gel was 3% (w/v) acryl-

amide and bis-acrylamide. The running gel buffer was 3 M 

Tris-HCl, pH 8.9, and the stacking gel buffer was 0.5 Tris-

H^PO^, pH 6.7. A 25 ul sample of protein (5 mg protein/ml) 

was mixed with an equal volume of sample buffer (made of 

25 ul stacking buffer, 175 ul 1^0, 1 drop glycerol and 2 ug 

bromophenol blue). The electrode buffer was 50 mM Tris-

384 mM glycine. The electric power was started with 2 mA 

per sample of protein and increased to 3 mA when the track-

ing dye, bromophenol blue, became a sharp band. The gel 

was stained with Coomassie brilliant blue R-250 and de-

stained with a mixture of methanol, acetic acid, and 

water (100/70/830, v/v/v). 

6.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis (SDS-PAGE) 

Gel preparation and the procedures followed were also 

those of Maizel (1971). The apparatus used was the electro-

phoresis chamber Model 150 A (Bio-Rad Lab, Richmond, 
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California). The gel tubes used were 0.5 x 8.0 cm, with a 

gel volume of 2 ml. Gel concentrations were 7.2% (w/v) 

acrylamide bis-acrylamide (ratio 37.5/1, w/w) in 1 M sodium 

phosphate buffer containing 0.2% sodium dodecyl sulfate 

(SDS). Equal volumes of sample solution (50 ul containing 

500 ug proteins) and sample buffer (50 ul of 1 M phosphate 

buffer containing 25% glycerol, 1% SDS, 2% 3-mercaptoethanol 

and 0.01 mg/ml bromophenol blue) were mixed and heated in a 

boiling water bath for 1 min. The electrode buffer was 0.1 

M phosphate buffer (16.2 g Ha2HPO^, 11.9 g NaE^PO^, and 

distilled water to 2 liters) containing 0.1% (w/v) SDS. The 

electric power was 3 mA per tube. Running time was approx-

imately 15 hr or the time required for bromophenol blue to 

approach the bottom of the tube. The electrophoretically 

separated proteins were stained with Coomassie brilliant 

blue R-250 at room temperature for 4-5 hours and destained 

with a mixture of methanol, acetic acid, and water (10/7/83 

v/v/v) at 37 C until the background became clear. 

7. Molecular Sieve Chromotography (Gel Filtration) 

The soluble proteins of bacteria of the family 

Azotobacteraceae were separated into several fractions by 

chromatography on Sephadex G-200 columns by the procedure 

described by Andres (1964) and Rodbard and Chramback (1970) 

with minor modifications. Sephadex G-200 (Pharmacia Fine 

Chemicals, Inc., Piscataway, New Jersey) has a particle 
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size of 40-120 um, a bed volume of 30-40 ml/g dry gel, and 

a molecular sieve range of 5,000 to 800,000 daltons. The 

column was 40 x 1 cm, and the total volume (Vt) was 30 ml. 

The eluting buffer (eluent) was 50 mM Tris-150 mM glycine 

containing 5 mM M g C ^ and 20 mM 3-mercaptoethanol at a pH 

of 8.0. The flow rate was adjusted to 0.15 ml/min. The 

volume of the protein sample applied was 1/50 of the total 

gel volume (V^ = 30 ml); that is,0.5 ml sample solution 

(10 mg protein/ml) plus 0.1 ml Blue Dextran 2,000 (1 mg 

Blue Dextran-2,000/ml). The void volume (VQ) of Blue 

Dextran-2,000 and the elution volume (Ve) of bromophenol 

blue were previously determined to be 10 ml and 30 ml, 

respectively. Therefore, a 20 ml eluate was collected in 

7 tube fractions, each containing approximately 3 ml. The 

protein molecular weights were determined by plotting the 

fraction numbers against the logarithm of the moleculcar 

weights with bovine serum albumin (BSA) and egg albumin 

(EA) as references. Eluates, concentrated or unconcen-

trated, were subjected to thin-layer gel isoelectrofocusing. 

8. Antigens and Antibodies 

8.1. Cell Antigens 

The washed bacterial cells were resuspended in approx-

imately 20 ml of sterile saline (0.9% NaCl) and placed in 

a boiling water bath for one hour. These heat-killed cells 
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were collected by centrifligation at low speed, and resus-

pended in saline to an opacity corresponding to the number 
O 

3 tube of the MacFarland scale (approx. 5-9 x 10 cells/ml). 

Prepared and standardized cell suspensions were stored at 

-20 C in the freezer until used. 

8.2. Protein Antigens 

Water soluble proteins prepared as described in section 

4.4 were used as antigens for induction of antibodies, and 

for immunological reactions of immunoprecipitation, immuno-

absorption and immunoaffinity chromatography. 

8.3. Preparation of Antisera (Induction of Antibodies) 
O 

A heat-killed cell suspension (5-9 x 10 cells/ml) 

or a water soluble protein solution (5 mg/ml) was emulsi-

fied in Freund's complete adjuvant (Difco) in equal volumes 

immediately before use. Antisera were prepared by injecting 

2 ml of the emulsified suspension subcutaneously in the 

flanks of New Zealand white rabbits. One week later, a 

booster injection of 2 ml of the same suspension in an 

equal volume of Freund's incomplete adjuvant (Difco) was 

again given by the same route. Blood was drawn by cardiac 

puncture and allowed to clot at room temperature for 1 hr 

and then centrifuged at low speed for 20 min. The sera 

separated from the clots were divided into several tubes 

and stored at -20 C until used. 



55 

8.4. Isolation of Immunoglobulins (Ig) 

Immunoglobulins were prepared according to the methods 

of Kekwick (1940) described in Lefkovits and Pernis' (1979) 

Immunological Methods. The immunoglobulins were precipi-

tated at 4 C with an equal volume of saturated (NH^^SO^ 

solution buffered at pH 7.3. The precipitated immunoglobu-

lins, removed by centrifugation at 20,000 x g for 30 min, 

were dissolved in half the original volume of phosphate 

buffered saline (pH 7.3) and precipitated again with satu-

rated (NH^^SO^ and recentrifuged as before. After repeat-

ing 3 cycles, the pellet was finally dissolved in 0.01 M 

phosphate buffered saline (PBS, pH 7.3) for use in immuno-

precipitation and immunoabsorption or in 0.1 M NaHCO^ buffer 

(pH 8.3, containing 0.5 M NaCl) for use in immunoaffinity 

chromatography. The excess salts were removed by dialysis 

against PBS or NaHCO^ buffer until all sulfate had been 

removed as indicated by the barium chloride test. 

9. Immunoagglutination 

The agglutination assays on rabbit sera were performed 

according to McLeod and Balish (1978) and Pitt and Erdman 

(197 9) with microtiter equipment (Cooke Engineering, 

Alexandria, Virginia). The amount of undiluted antiserum 

used in the first well was 0.025 ml. The antisera were 

serially diluted in a 2-fold series. Cell antigens con-

sisting of 0.025 ml of cell suspension containing 
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g 

approximately 5-9 x 10 cells/ml were then added directly 

to each well in the tray. The tray was covered with para-

film, placed in a 37 C water bath for 4 hr, and then in a 

4 C refrigerator overnight. Agglutination titers were ex-

pressed as the negative logarithm to the base 2 (-log,,) of 

the highest antiserum dilution showing heavy flocculation 

which was not shown in the agglutination control. 

10. Immunoprecpitation and Immunoabsorption 

The procedures of immunoprecipitation and immunoabsorp-

tion used were those described by Hofstra and Dankert (1979) 

with modifications as follow. The water soluble protein 

antigen was adjusted to 2 mg/ml and the immunoglobulin was 

adjusted to 1 mg/ml, as determined by the Coomassie 

brilliant blue method with bovine serum albumin as refer-

ence. Equal volumes (2 ml) of antigen and immunoglobulin 

were mixed and incubated at 37 C for 4 hr, and then at 4 C 

for 24 hr. A reaction mixture of antigen and immunoglobulin 

was centrifuged at 10,000 x g for 20 min (Hofstra and 

Dankert, 1979). The precipitate was washed once with de-

ionized distilled water and stored at -20 C until used for 

isoelectrofocusing. In immunoabsorption test, two ml of 

antigen sample of another species was then added to the 

supernatant (4 ml), incubated and centrifuged as before. 

The absorption sequences followed are as outlined in Figure 

27. Both precipitates and supernatants were subjected to 
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isoelectrofocusing. The decrease or disappearance of anti-

genic proteins in the focused thin-layer gels was carefully 

examined. The uses of both precipitates and their counter-

part supernatants in thin-layer gel isoelectrofocusing were 

used for double check of the reactions of antigens and 

antibodies. 

11. Immunoaffinity Chromatography 

The procedures followed were described by Ikeda and 

Steiner (1976) and Tanwilson et al. (1976). Two grams of 

CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals, 

Piscataway, New York) were washed and allowed to swell on a 

sintered glass filter with 1 mM HCl for 15 min. This was 

subsequently equilibriated and suspended in a coupling buf-

fer (0.lMNaHC03 buffer, pH 8.3, containing 0.5 M NaCl) . The 

immunoglobulins (35 mg) were dissolved in the coupling buf-

fer as described in Section 8 .4 . The immunoglobulin solution 

was mixed with the above gel suspension in a shaker for 2 hr at 

room temperature and then washed with excess coupling buffer. 

The remaining active CNBr-groups were then blocked with Tris-

glycine buffer (100 mM-100 mM, pH 8 .5 , containing 0.5 NaCl) for 

2 hr at room temperature. The excess blocking reagent and the 

non-covalently absorbed immunoglobulins were washed away with 

the following two buffers in 3 repeated cycles: (1) acetate 

buffer (0.1 M, pH 4.0-4.5, containing 0.5 M NaCl), and (2) 

borate buffer (0.1 M, pH 8.0-8.5, containing 0.5 M NaCl). 
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The immunoglobulin absorbent gel was packed in a small 

column (10 ml plastic pipette) , and, then equilibriated and 

washed with 3 volumes of starting buffer (0.1 M phosphate 

buffer, pH 7.0, containing 0.5 M NaCl and 0.5% Tween 80). 

The protein antigens (35 mg) were transferred to the start-

ing buffer by overnight dialysis and were concentrated to 

1.5 ml (about 1/5 of the bed volume, 7.0 ml). The protein 

antigens were then applied on the top of the packed column 

and eluted with starting buffer. The flow rate was adjusted 

2 

not to exceed 0.15 ml/cm /min. Up to 21 ml (3 times the bed 

volume) of the eluate were collected and stored at 4 C until 

isoelectrofocusing analysis. This was the unabsorbed anti-

gen portion. The columns were then further eluted with 

desorbing buffer (0.1 M glycine buffer containing 0.5 M 

NaCl, pH 2.5-3.5) and the desorbed antigens were immediately 

returned to the neutral condition by adding one drop of 2 M 

to each collecting tube. Up to 14 ml (2 times the bed 

volume) of desorbing eluate were collected; then concen-

trated to about 1.4 ml, and stored at 4 C until used in 

isoelectrofocusing. 
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TABLE III 

CULTURES OF BACTERIA OF THE FAMILY AZOTOBACTERACEAE 
AND SOME OTHER GRAM NEGATIVE BACTERIA 

USED IN THESE STUDIES* 

Species/Strains Abbreviation 

Azotobacter beijerinckii Delft Derx AB 
A. chroococcum AC 16 !! AC 16 
A. chroococcum Wag 2 AC W2 
A. indicus ai 
A. macrocytogenes St. M AM St. M. 
A. macrocytogenes 2 A M A M 2 A M 
A. macrocytogenes 8702 AM 8702 
A. proteus AP 
A. vinelandii A AV A 
A. vinelandii AT AV AT 
A. vinelandii AV 15 [ " AV 15 
A. vinelandii OP AV OP 
A. vinelandii S4 AV S4 
A. vinelandii S5 ! . ! AV S5 
A. vinelandii" S6 AV S6 
A. vinelandii 7489 AV 7489 
A. vinelandii 12837 . av 12837 
Beijerinckia indica BX 
B. lactogensis 
Escherichia coli B/r * EC B/r 
E. coli K 12 T" ] [ ] EC K 12 
Klebsiella aeruginosa KA 
K. pneumonia * ] KP 
Pseudomonas aeruginosa 1369 PA I TAQ 
P. fluoresces , . ] pp 
Rhodospirilium rubrum RP 

*Nomemclature used in the 7th ed. (1957) of Bergey's 
Manual of Determinative Bacteriology. 
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TABLE IV 

MAJOR STEPS USED IN PURIFICATION OF THE SOLUBLE PROTEINS 
FOR THIN-LAYER ISOELECTROFOCUSING GELS 

AZOTOBACTER in BURK'S NITROGEN-FREE MEDIUM 

Late log phase 

Centri fugation 
4,000 x g, 15 min 

Wash in phosphate buffer 

PELLET 

Lysis buffer 

Freezing and thawing, 6 cycles 

Sonication buffer 

Sonicate at 4 C, 5 x § 30 sec 

Centrifugation 
100,000 x g, 60 min 

1 

I 

PELLET 

(discard) 

SUPERNATANT 

(discard) 

1 
SUPERNATANT 

1 M MnCl2/ 0.05 ml/ml supernatant 
Centrifugation, 100,000 x g, 60 min 

SUPERNATANT 
1 

PELLET 

(discard) 

Column chromatography 

ELUATE 

(Protein concentrated to 2 mg/ml) 
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TABLE V 

MAJOR STEPS USED IN THE EXTRACTION OF ENVELOPE PROTEINS 
BY THE USE OF ETHYLENEDIAMINE TETRAACETATE (EDTA) 

AZOTOBACTER 

Lysis buffer 
50 mM Tris-HCl, pH 8.5, 
containing 2 mM EDTA and 
20 mM 3-ME 

Incubation at 37 C for 20 min 
Sonication at 4 C for 5 times 

@ 30 sec 

SONICATE 

Low speed centrifugation 
1,200 x g, 20 min 

SUPERNATANT 
(Envelope suspension) 

1 
PELLET 

(Cell debris) 

High speed centrifugation 
100,000 x g, 2 hr 

I 
SUPERNATANT 

(Soluble proteins) 

I 
PELLET 

(Envelope) 

ISOELECTROFOCUSING 

ELECTROPHORESIS 

I 
SUPERNATANT 
(Discard) 

Trypsin treatment 
100 ug trypsin per 10 mg protein 
in 20 mM Tris-HCl, pH 7.2 

Incubation at 37 C for 20 min 
Centrifugation at 100,000 x g for 

4 hr 

PELLET 

20 mM Tris-HCl, pH 7.8 
containing 20 mM 2-ME 

SDS-PAGE 
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TABLE VI 

MAJOR STEPS USED IN SEPARATION OF AZOTOFLAVIN FROM 
NITROGENASE BY THE USE OF ULTRACENTRIFUGATION 

AZOTOBACTER 

Deionized distilled water 
Sonication 

SONICATE 

Centrifugation 
30,000 x g for 15 rain 

SUPERNATANT PELLET 
(discard) 

Centrifugation 
100,000 x g for 1 hr 

SUPERNATANT PELLET 
(discard) 

Centrifugation 
100,000 x g for 8 hr 

SUPERNATANT 
(S-8) 

containing 
Azotoflavin 
Ferridoxin 
Cytochrome (LMW*) 

PELLET 
(P-8) 

containing: 
Nitrogenase 
Cytochrome (HMW**) 

*LWM: Low Molecular Weight. 

**HMW: High Molecular Weight. 



CHAPTER III 

RESULTS 

1. Morphological and Physiological Characteristics of 
the Azotobacteraceae 

Results of sixty-five morphological and physiological 

characteristics of bacteria classified in the family 

Azotobacteraceae are summarized in Table VII. The growth 

of Azotobacter in Tryptic Soy Agar (TSA) was found to vary 

in the different species. Species of A. chroococcum (AC) 

and A. vinelandii (AV) grew in TSA as well as in Burk's 

nitrogen free medium, and showed cytological differences 

in these two media (Figure 1). Species of A. macrocytogenes 

(AM) grew well in both TSA and Burk's nitrogen-free medium, 

but showed no significiant differences in cell morphology 

in these two media (Figure 1). Species of A. indicus (AI), 

B. indica (BI), and B. lacticogenes (BL) did not grow well 

in TSA, but did grow in Burk's nitrogen-free medium (Figure 

1) . 

There are three types of pigments seen in the differ-

ent species of the Azotobacteraceae: (1) a cinnamon to 

brown pigment which is not water-soluble found in A. 

chroococcum; (2) a yellow to green pigment which is water-

soluble produced by A. vinelandii; (3) a milky white to 

colorless pigment, not water-soluble, seen in A. indicus 

and Beijerinckia species. The pigments which fluoresce 

63 
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under ultraviolet light are also of three major types: (1) 

light green to dark violet in A. vinelandii; (2) white in 

A. macrocytogenes; and (3) no fluorescent pigment in A. 

chroococcum, A. indicus, B. indica, and B. lacticogenes. 

The ability to form cysts varies among the different 

species of the Azotobacteraceae. All strains of A. chroococ-

cum and A. vinelandii have the ability to form cysts except 

strains A and OP in which the ability has been reduced by 

mutation. None of the strains of A. beijerinckii, A. 

indicus, A. macrocytogenes, or Beijerinckia species examined 

have the ability to form cysts. Species which do not form 

cysts may nevertheless have one or more large fat bodies 

containing poly-g-hydroxybutyrate (Figure 1). These obser-

vations agree with those of Stockdale and his colleagues 

(1968) and those presented in Bergey's Manual (1974). 

Oxidase tests varied to a great extent in different 

growth media. All strains were weakly positive in Burk's 

nitrogen free media but were strongly positive in TSA 

except for A. indicus and B. indica. All strains were 

calatase positive. 

Antibiotic sensitivity tests, sensitive (+) and resis-

tant (-) were used to differentiate bacterial species and 

strains. As many other bacteria, Azotobacter gave rise to 

L-form cells with certain antibiotic treatments. In 

general, most Azotobacter are resistant to drugs which 

inhibit the formation of cell walls, the function of cell 
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membranes,and the synthesis of DNA, but are sensitive to 

RNA and protein inhibitors (Table VII), 

Tests for the metabolism of carbon compounds showed 

that rhamnose could be utilized well by A. chroococcum, but 

not by A. vinelandii and other azotobacters. Acetate and 

succinate were utilized well by A. chroococcum, A. macro-

cytogenes, and A. vinelandii but not by A. indicus, B. 

indica, and B. lacticogenes. Citrate, on the other hand, 

was utilized well by A. indicus, B, indica, and B. lactico-

genes, but not by the others. Further studies on the tri-

carboxylic acid cycle, the glyoxylate cycle, and poly-£5-

hydroxybutyrate metabolism might explain the variable 

abilities to utilize acetate and citrate. 

Tests for the utilization of fixed nitrogen compounds 

showed that ammonia and urea were utilized to some degree, 

but glycine was not utilized by any of the strains tested. 

These results agree with those described in Rubenchik 

(1960). Species of A. indicus, B. indica, and B. lactico-

genes do not grow well in peptone and Tryptic Soy Agar. 

2. Numerical Taxonomy of the Azotobacteraceae 

Taxonomic similarities of the Azotobacteraceae based 

on morphological and physiological characteristics (MP) and 

calculated by coefficients of simple matching, S g M = 

(a + d)/(a + b + c + d), are tabulated in a matrix in Table 
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VIII. The similarity relationships among the Azotobacter-

aceae are shown in Figure 2. 

There are three groups in the family (Figure 2): (1) 

A. chroococcum and A. vinelandii (including S4, S5, and S6) ; 

(2) A. macrocytogenes; and (3) A. indicus, B. indica, and 

B. lacticogenes. A. vinelandii S4, S5, and S6 comprise a 

subgroup within the first group. Protein profiles (Figures 

3 - 6 ) indicated also that S4, S5, and S6 are the inter-

mediates between the first and second groups. Azobacter 

proteus is another intermediate between the first and second 

groups. Azotobacter beijerinckii is an unusual species which 

is an intermediate among the first, the second, and the 

third groups (Figure 2). The percentages of the MP simi-

larities within the second group and within the third group 

are very high (99%); but those within the first group are 

gradually changed from .100% to 81% (Table VIII and Figure 2). 

3. Isoelectrofocusing Protein Profiles 

3.1. Detection of Cell-Free Proteins by Coomassie Brilliant 
Blue Stain 

The cell-free proteins extracted by a Tris-glycine 

buffer (pH 8.00) were separated on thin-layer gel isoelec-

trofocusing and were stained by Coomassie brilliant blue. 

In Figure 3, the proteins of azotobacter species were 

focused at pH 3.5 to 7.5 with straight, sharp lines. The 

use of a Tris-glycine buffer to extract cell-free proteins 
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has been widely accepted for protein profile studies because 

of the zwitterionic nature of glycine. A solution without 

buffer capacity or with a narrow range buffer capacity, for 

example, water, EDTA in Tris, and Triton X-100 in urea, was 

not suitable for extraction of cell-free proteins from sev-

eral strains of bacteria in the Azotobacteraceae, although 

each extraction solution has its usefulness and advantages. 

Cell-free proteins extracted by water (Figure 4), by EDTA 

in Tris buffer (Figure 5), and by Triton X-100 in urea 

(Figure 6) showed either skewing or tailing in some strains 

of the Azotobacter because the buffer capacity is suitable 

only for one or the other strains but not for all strains. 

It is interesting to classify the Azotobacteraceae into 

three groups by using water-soluble protein profiles in 

isoelectrofocusing gels (Figure 4). The first group, in-

cluding A. chroococcum and A. vinelandii, has straight 

protein bands. The second group, including A. macrocyto-

genes, has V-shaped, skewed bands. The third group, in-

cluding A. indicus, B. indica, and B. lacticogenes, has 

bell-shaped skewed bands. This phenomenon is also found 

in proteins extracted by Triton X-100 in urea (Figure 6). 

Qualitative analysis of acidic proteins shown in 

Figures 3, 4, 5, and 6 indicates that there are three 

groups in the family Azotobacteraceae: (1) A. chroococcum 

and A. vinelandii; (2) A. macrocytogenes; and (3) A. indi-

cus , B. indica, and B. lacticogenes. 
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By densitometer scanning of the gels stained by 

Coomassie brilliant blue (Figure 7) , it can be determined 

that the protein profiles of the Azotobacteraceae are 

generally very similar to one another. Details will be 

given in the next section and in Section 5, Protein Homology. 

3.2. Detection of Leading Proteins by Densitometer 
Scanning 

The leading proteins called in this study are acidic 

proteins with isoelectric points (pi's) of 3.5 to 4.5 (arbi-

trary interpretation). Proteins extracted by a Tris-glycine 

buffer (pH 8.0, Figure 3) show that all species and strains 

of the Azotobacteraceae have a specific acidic band (marked 

A) which shows the highest concentration in A. vinelandii and 

A. chroococcum, and a lower concentration in A. macrocyto-

genes and A. indicus. There are three groups shown in 

Figure 3: the "Z" group includes A. chroococcum, A. vine-

landii , and "S" subgroups; the "M" group is comprised of 

all strains of A. macrocytogenes; and the "B" group con-

tains A. indicus, B. indica, and B. lacticogenes. Proteins 

extracted with water (Figure 4) show a family-specific pro-

tein band that is marked in "A" and three group-specific 

proteins that are marked in "Z", including "S" subgroup, 

"M", and "B". By the use of EDTA (Figure 5), a family-

specific protein "A" and three group-specific proteins "Z", 

"M", and "B" are also easily distinguished, but these are 

not exactly the same as those extracted by water and by a 
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Tris-glycine buffer. Using a mixture of Triton X-100 and 

urea (Figure 6), there is still also a family-specific 

protein (marked "A") plus three group-specific proteins 

(marked "Z", "M", and "B"). 

Densitometer scanning of the leading proteins extracted 

by a Tris-glycine buffer is shown in Figure 7. Four major 

leading bands are marked in numbers 1, 2, 3, and 4. Band 

number 1 is present in all species of the Azotobacteraceae 

and Escherichia coli• Band number 2 is only present in 

bacteria of the family Azotobacteraceae (see also Figures 

23 and 24). A detailed description of band number 2, the 

family-protein, will be given in section 7. It is inter-

esting to note protein peaks numbered 3 and 4 in the 

Azotobacteraceae. If the peak of band number 3 is higher 

than that of band number 4, the bacteria will be classified 

as group I and will include A. chroococcum, A. proteus, A. 

vinelandii, and the "S" subgroup. If the peak of band 

number 3 is lower than that of band number 4, the bacteria 

will be classified as group II or A. macrocytogenes. And 

if the peak of band number 3 is equal to that of band num-

ber 4, and both are in very low concentration, the bacteria 

will be classified as group III which includes A. indicus, 

B. indica, and B. lacticogenes. Description of this 

interesting finding will also be given in section 7. 
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3.3. Detection of Isoenzyme Activity 

Isoelectrofocusing (IEF) of catalase (EC 1.11.1.6) 

of the Azotobacteraceae is shown in Figure 8. There are 

four isoenzymes of catalase, all of equal sized subunits 

as shown by electrophoresis (Sund et al., 1967). There 

are, however, more than 14 isoelectrofocusing protein bands 

when the gel is stained with Coomassie brilliant blue (LKB 

information note 2117). 

There were at least three achromatic bands of isoelec-

trofocusing isoenzymes of catalase from bovine liver and 

from P. fluorescens detected by isoelectrofocusing and 

stained by the benzidine method. The number of isoelectro-

focusing isoenzymes of catalase from bacteria of the family 

Azotobacteraceae is also at least three, shown as bands in 

Figure 8. The sharp, narrow bands of isoenzymes gave the 

catalase activity stain (benzidine method), which was less 

sensitive than the brilliant blue Coomassie stain. By 

catalase activity staining on isoelectrofocusing gels, 

three groups in the Azotobacteraceae could be described. 

The first group, consisting of A. chroococcum, A. proteus, 

and A. vinelandii, has one achromatic band at pi = 4.7, 

and two chromatic bands at pi's = 4.8 and 5.0. The second 

group, consisting of A. macrocytogenes, has two achromatic 

bands at pi's = 4.6 and 4.8, and one chromatic band at pi 

= 4.9. The third group, consisting of A. indicus, B. indi-

ca, and B. lacticogenes, has one achromatic band at 4.9 and 
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two chromatic bands at pi's = 4.7 and 5.2. Bacteria such 

as P. fluorescens have also at least three achromatic bands, 

which pi1s are 4.5, 4.7, and 4.8. 

The isoelectrofocusing of pyruvate kinase (EC 2.7.1.40) 

of bacteria of the family Azotobacteraceae and of P. fluor-

escens is shown in Figure 9. At least four isoenzymes of 

pyruvate kinase from rabbit muscle (control) were detected 

on thin-layer isoelectrofocusing gels (pi's = 4.8, 5.2, 5.4, 

and 6.2). By using the most prominent isoenzymes of pyru-

vate kinase, the bacteria in the Azotobacteraceae could be 

divided into three groups (Table IX): (1) the A. chroococcum, 

A. proteus, and A. vinelandii group, with pi's = 5.3 - 5.4, 

(2) the A. macrocytogene group, with pi's = 5.0 - 5.2, and 

(3) the A. indicus, B. indica, and B. lacticogenes group, 

with pi's = 5.4 - 5.8. 

4. Anatomy of Protein Profiles by Molecular Sieve 
Chromatography and Isoelectrofocusing 

Cell-free soluble proteins were separated into several 

fractions by using molecular sieve chromatography on 

Sephadex G-200 columns (Figures 10, 11, and 18). Proteins 

from fraction number 1 were those with a molecular weight 

(MW) of above 50,000 daltons; fraction number 3, with a MW 

of between 30,000 and 40,000 daltons; and fraction number 5, 

with a MW of between 10,000 and 20,000 daltons (Figures 10 

and 18). Comparisons among proteins with the same range of 



72 

molecular weights on thin-layer gels of isoelectrofocusing 

or electrophoresis give more meaningful information. In 

Figure 11, it is obvious that A. chroococcum and A. vine-

landii have similar protein profiles in all fractions; 

therefore, they could be classified as a single group. It 

is obvious that A. macrocytogenes 8702 and A. macrocytogenes 

St. M. have similar protein profiles in all fractions and 

could be classified as one group (Figure 11). The protein 

profiles of A. indicus, B. indica, and B. lacticogenes are 

not shown in Figure 11. They are quite different from the 

above two groups, as evidenced by the leading protein pro-

files shown in Figures 3 - 7 and the isoenzyme patterns 

shown in Figures 8 - 9. 

5. Protein Homology 

5.1. Overlay Method 

The schematic diagram of prteins extracted by Tris-

glycine buffer, pH 8.00 and separated by isoelectrofocusing, 

is shown in Figure 12. The numbers of common proteins be-

tween two compared species are recorded in Table X. The 

similarity coefficients were calculated based on Table X, 

by using the formula, 2C/(A+B), are recorded in Table XI. 

Further, by the method of Sokal and Sneath (1963) to com-

pute average coefficients, the similarity relationships 

among bacteria in the Azotobacteraceae are shown in Figure 

13. In Figure 13, it is obvious that the Azotobacteraceae 
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could be divided into three groups: (1) A. chroococcum, 

A. proteus, and A. vinelandii; (2) A. macrocytogenes; and 

(3) A. indicus, B. indica, and B. lacticogenes. Further, in 

Figure 13, A. vinelandii is shown to be a heterogeneous 

group because the coefficients decline gradually from 80% to 

70%. Furthermore, A. vinelandii S4, S5, and S6 are shown as 

intermediates between groups (1) and (2). 

5.2. Mixture of Two Protein Extracts 

Protein homology, achieved by mixing two protein ex-

tracts and separating them by thin-layer gel isoelectro-

focusing, is shown in Figure 14. In this study, A. vine-

landii 12837 was used as a reference strain for mixing with 

each of the other strains. The use of densitometer scanning 

and ten major proteins as compensators to calculate the 

homology percentages is illustrated in Figure 15. Ten major 

proteins were chosen from pi's = 3.5 to 7.5. Homologous 

proteins can be determined in densitometer scanning (Figure 

15) by direct comparison between two protein profiles and 

by indirect comparison via a mixed protein profile. Densi-

tometer scannings of the isoelectrofocusing protein profiles 

of mixtures of two species are shown in Figure 16. The 

percentages of protein homology (% PH) calculated by form-

ula, (A + B - T)/T, are given in Table XII. 

The use of a mixture of two protein extracts, thin-

layer gel isoelectrofocusing, densitometer scanning, and 

ten major proteins as compensators for studying homology 
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offer a sensitive and reproducible method. The formula for 

protein homology, % PH = % C/T = % (A + B - T)/T proved to 

be correct in these studies. It will be further discussed 

later. 

In Figure 15, there are 26 protein peaks between pH's 

3.5 and 7.5 in A. vinelandii 12837, 22 peaks in A. chroococ-

cum 16, and 26 peaks in the mixture of the two. By the use 

of the formula given in materials and methods, A is equal 

to 26, B is 22, and T is 26. Therefore, the number of 

common proteins C is equal to A + B - T or 26 + 22 - 26 = 

22 (Table XII). This theoretical number (C = 22) could be 

obtained experimentally by using uncommon proteins (UC = 4, 

these are numbers 2, 9, 15, and 23 in the mixture of A. 

chroococcum 16 and A. vinelandii 12837, Figure 15), 

abstracted from total proteins (26 - 4 = 22). 

6. Polyacrylamide Gel Electrophoresis 

6.1. Alkaline Discontinuous Polyacrylamide Gel Electro-
phoresis 

Results of the protein profiles of the Azotobacteraceae 

on alkaline discontinuous polyacrylamide gel electrophoresis 

are shown in Figure 17. There are three groups in this fam-

ily: (1) A. chroococcum, A. proteus, and A. vinelandii; (2) 

A. macrocytogenes; and (3) A. indicus and B. indica. Bac-

teria in the first group have at least six acidic proteins 

in common (Figure 17). The two strains of A. macrocytogenes 
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tested have similar profiles as do two organisms assigned 

to different genera, A. indicus and B. indica (Figure 17). 

The nature of the alkaline discontinuous polyacryla-

mide gel electrophoresis is similar to that of isoelectro-

focusing. The latter separates proteins according to the 

isoelectric points of proteins with the aid of Ampholines; 

the former separates proteins according to the acidic and 

basic properties of proteins through the aid of buffer solu-

tion only. It can be seen from molecular sieve chromatography 

(Figures 10 and 18) that the proteins numbered 1 to 6 in 

Figure 17 are those with a molecular weight of about 10,000 

to 20,000 daltons and with an isoelectric point of about 

3.5 to 4.5. These proteins are very useful for the classif-

ication of the Azotobacteraceae. 

6.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis 

Water soluble proteins of the Azotobacteraceae sep-

arated by sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis are shown in Figure 20. By using a schematic 

diagram (Figure 20), A. chroococcum and A. vinelandii could 

be seen as one group, A. macrocytogenes as another, and A. 

indicus and B. indica as still another. This grouping 

method is based on molecular weights of the extractable 

soluble proteins. 

Cytoplasmic soluble proteins and loosely bound membrane 

proteins could be extracted directly by ultrasonic treatment 



76 

in a buffer (e.g. Tris-EDTA), while those firmly bound to 

the membrane could only be removed by further treatment 

with trypsin. The former is shown in Figure 19 and the 

latter in Figure 21. Both figures show that there are 

three groups in the family Azotobacteraceae. 

In Figure 21, proteins labeled by symbols "a" might be 

equal to the major outer membrane proteins studied by 

Laemmli (1970), Neville (1971), Hunning et al. (1973), 

Schnaitman (1974) , and Lugtenberg et al. (1975). The outer mem-

brane protein patterns in the Azotobacteraceae could be very 

useful for classification as indicated in Figure 21. 

7. Characterization of One Significant Protein of the 
Azotobacteraceae 

A significant protein band on thin-layer gel isoelec-

trofocusing (Figure 3) was found in all species and strains 

of the family Azotobacteraceae. This "family"-protein has an 

isoelectric point of 3.7 to 3.8 and a molecular weight of 

12,000 daltons (Figure 10). This protein was found in high 

concentration when bacteria of the family Azotobacteraceae 

were grown in nitrogen-free media and there was no signif-

icant change in its concentration when the bacteria were 

grown in media containing fixed-nitrogen (Figures 22 and 

24). Cells of A. macrocytogenes, A. indicus, B. indica, 

and B. lacticogenes contain this "family"-protein in rela-

tively low concentrations (Figures 3, 4, 5, and 6). Gram 
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negative bacteria: E. coli B/r, E. coli K 12, K. aerugin-

osa, K. pneumonia, P, aeruginosa, P. fluorescens and Rhodo-

spirillus rubrum either do not contain this protein or do 

so in very low concentrations (Figures 23 and 24). After 

ultracentrifugation at 100,000 x g for 8 hours, this "fam-

ily "-protein was still suspended in supernatants (Figure 

24). The supernatants are the nitrogenase free portion 

and the precipitates contain all the nitrogenase activity 

(Figure 24). Further, the catalase activity stain (Figure 

8) showed that this protein (pi = 3.7 - 3.8) is not a 

catalase (pi =4.6 - 5.2). Additional description of this 

protein will be given in Chapter IV, Discussion. 

8. Immunoagglutination 

Whole-cell antigens were studied by using immuno-

agglutination on microtiter plates for detection of cell 

surface structures. These components include glycoproteins, 

lipoproteins, lipopolysaccharides, and polysaccharides. 

The agglutination titers of antiserum produced in animals 

injected with cells from A. vinelandii 12837 reacted with 

cells of A. macrocytogenes 8702, were very low (TableXIII). 

Table XIII shows that antigen A. proteus and antigen A. 

vinelandii 15 have very low titers to antiserum A. vine-

landii 12837 as well as to antiserum A. vinelandii OP. The 

explanation for these low titers is that A. proteus and A. 

vinelandii 15 are alike in cell surface structures. For 
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example, both produce a light brown pigment, a small amount 

of slime, and a spreading colony when grown in Burk's 

nitrogen-free medium. However, the cell shapes and sizes 

of A. proteus and A. vinelandii are quite different. 

9. Immunoprecipitation 

The reactions between various antigens and immunoglob-

ulins elicited by A. vinelandii 12837 were detected either 

directly by using precipitates (Figure 25) or indirectly by 

using supernatants (Figure 26) in thin-layer gel isoelectro-

focusing (IEF). The numbers of precipitating antigens of 

A. vinelandii 12837, A. vinelandii OP, A. chroococcum 16, 

and A. macrocytogenes 8702 in thin-layer gel IEF were 13, 

11, 10, and 7, respectively (Table XIV). The similarity 

coefficients using A. vinelandii 12837 as reference (100%) 

were 85% for A. vinelandii OP, 77% for A. chroococcum 16, 

and 54% for A. macrocytogenes 8702 (Table XIV). 

The protein antigens in isoelectrofocusing gels were 

recognized by the use of the supernatants by decreasing 

their concentration due to combining antigen with immuno-

globulin and allowing the complex to precipitate out. The 

numbers of detectable antigens were 18 for antigen A. vine-

landii 12837, 16 for antigen A. vinelandii OP, 14 for anti-

gen A. chroococcum 16, and 10 for antigen A. macrocytogenes 

8702 (Table XIV). The similarity coefficients using antigen 

A. vinelandii 12837 as reference (100%) are 89% for antigen 
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A. vinelandii OP, 78% for antigen A. chroococcum 16, and 

56% for antigen A. macrocytogenes 8702 (Table XIV). 

Similarity coefficients calculated from both precipi-

tates and supernatants were generally in agreement with each 

other (Table XIV). There was a discrepancy between these 

two methods used, i.e., the presence or absence of antigenic 

proteins of pi's between 3.5 and 4.5 in thin-layer gel iso-

electrofocusing (Figures 25-26, Table XIV). Further studies 

by using densitometer scanning or auto-radiography are needed 

to prove whether proteins of pi's 3.5 to 4.5 are antigens or 

not, because they are acidic, leading proteins and have some 

taxonomic importance as described in section 3.2, chapter 3. 

10. Immunoabsorption 

Figure 27 shows the immunoabsorption sequences used, and 

the isoelectrofocusing protein patterns of precipitates and 

supernatants of the first and the second immunoabsorption. 

In the first absorption, there were 13 antigenic pro-

teins detected in a supernatant of a mixture of immunoglob-

ulin A. vinelandii 12837 and antigen A. macrocytogenes 8702 

in isoelectrofocusing gel (Figure 27 and Table XV). Simi-

larly, there were 22 antigenic proteins detected in a 

supernatant of a mixture of immunoglobulin A. vinelandii 

12837 and antigen A. vinelandii OP in isoelectrofocusing gel 

(Figure 27 and Table XV). These results (13 and 22, Table 

XV) were somewhat different from those obtained from 
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iiranunoprecipitation tests in section 9 (10 and 16, respec-

tively, Table XIV). The reliability and reproducibility of 

these results will be given in discussion. 

In the second absorption (Table XV), there were 13 

antigenic proteins (Figure 27, Number 5S) from the mixture 

of supernatant Number 4S (supernatant from a mixture of 

immunoglobulin A. vinelandii 12837 and antigen A. macrocyto-

genes 8702) and antigen A. vinelandii 12837; and there were 

only 4 antigenic protein (Figure 27, Number 7S) from the 

mixture of supernatant Number 6S (supernatant from a mixture 

of immunoglobulin A. vinelandii 12837 and antigen A. vine-

landii OP) and antigen A. vinelandii 12837. These results 

indicated that A. vinelandii OP were much closer to A. vine-

landii 12837 than A. macrocytogenes 8702 to A. vinelandii 

12837. 

The numbers of antigenic proteins detected by the 

first and the second absorption in mixtures of immunoglob-

ulin A. vinelandii OP and antigen A. macrocytogenes 8702 

(the first), then antigen A. vinelandii OP (the second); 

and in mixtures of immunoglobulin A. macrocytogenes 8702 

and antigen A. vinelandii OP (the first), then antigen A. 

macrocytogenes 8702 (the second), were the same (both 14 

for the first absorption and 5 for the second absorption, 

Table XV). However, the protein patterns of these two 

tests were somewhat different (Table XV). 
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11. Immunoaffinity Chromatography 

Immunoglobulins against antigens A. vinelandii 12837, 

A. chroococcum 16, A. macrocytogenes 8702, and A. vinelandii 

OP, and a control immunoglobulin, were separately absorbed 

onto columns of CNBr-activated Sepharose. Proteins extracted 

from Azotobacter vinelandii 12837 used as the antigens were 

applied on top of each column and were eluated with the starting 

buffer (pH 7.0) and then with desorbing buffer (pH 3.0). 

Eluates from both buffers were examined by isoelectrofocusing 

gels (Figure 28). The protein pattern from neutral eluates 

(pH 7.0) from all five columns were too similar to be dif-

ferentiated. The protein patterns from acidic eluates (pH 

3.0) were somewhat different from one another (Figure 28 and 

Table XVI). There were 9 desorbing antigenic protein bands 

from column immunoglobulin A. vinelandii 12837, 9 from col-

umn immunoglobulin A. chroococcum 16, 8 from column immuno-

globulin A. vinelandii OP, 7 from column immunoglobulin A. 

macrocytogenes 8702, and 5 from column normal immunoglobulin. 

These results show that A. chroococcum 16 is closer to A. vine-

landii 12837 than any other species . On the other hand, there is 

a greater difference between A. macrocytogenes 8702 and A. vine-

landii 12837 than between any other species . One specific pro-

tein band, pi = 4.00, was missing from the eluate of desorbing buf-

fer , pH 3.0, from column immunoglobulin A, macrocytogenes 8702. 

This indicates that at least one of the leading, acidic proteins 

of A. vinelandii 12837 is not present in A. macrocytogenes 8702. 
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TABLE VII 

SOME IMPORTANT MORPHOLOGICAL AND PHYSIOLOGICAL CHARACTERISTICS 
OF BACTERIA CLASSIFIED IN THE FAMILY AZOTOBACTERACEAE 

Species • AB AC AC AI AM AM AM AP AV AV AV AV AV AV AV AV AV BI BL 

Strain * 16 W2 St 2 87 A AT 15 OP S4 S5 S6 74 12 

M AM 02 89 837 

1. Gram stain - - - - - - - - - - - - - - - - - - -
2. Cell: Shape 

Rods {length > 2x width) + + + + + + + + + + + + + 
Coccobacilli + + + + + + 

3. Cell: Capsular slime + + + + + + + + + + + + + + + + + + + 

4. Colony: Transluscence + - + + + + + + + 
5. Colony: Gum + - + + + + + + + 
6. Colony: Surface-smooth + - + + 4- + + - + + + + - - + -J- + + + 

7. Pigment (white light) 
Green-water soluble + + + + + + + + + 
Brown-water soluble + + 
Mi Iky-white + + + + + + + + 

8. Fluorescent pigment 
(ultraviolet light) 
Green + + + + + + + + 
White + + + 
None + + + + + + + + 

9. Flagellation 
None or unknown + + + + 
Polar + + + 
Peritrichous + + + + + + + + + + + + 

10. Cyst - + + - - - - + + - + + + + + - -

11. Poly-beta-hydroxybutyrate + +- + + + + + + 4- + + + + + + + + + + 
12. Catalase + + + + + + + + + + + + + + + + + + + 
13. Oxidase (TSA) - + + - + + + + + + + + + + + + + - -

14. Bacitracin (5U) - - - - - - - - - - - - - - - - - - -
15. Penicillin (5U) - + -
16. Vancomycin (30 meg) + + -
17. Polymycin B (100U) - - - - - - - - - - - - - - - - - - -

18. Nalidixic acid (30 meg) - + + + + + -

19. Novobiocin (30 meg) 
20. Rifampin (5 meg) + + + - + + + - + + + + + + + + + - -

21. Erythromycin (5 meg) - + + + - + + + + + + + + + + + + - -
22. Kanamycin (5 meg) - + + - + + + + + + + -!- + + + + + - -
23. Streptomycin (10 meg) - - + - + + + - + + + + + + + + + - -
24. Tetracycline (10 meg) + + + + + + + + + + + + + + + + + + + 

25. Arabinose (Difco Disk) + 
26. Cellobiose (2 mg/disk) + 
27. Dextrose (Difco Disk) + + + + + + + + + + + + + + + + + + + 
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Species -

Strain 

AB AC AC AI AW AM AM AP AV AV AV AV AV AV AV AV AV BI 

16 W2 St 2 87 A AT 15 OP S4 S5 S6 74 12 

M AM 02 89 837 

BL 

28. Galactose (Difco Disk) + + + + + + + 4* + + + + + + + + + + + 
29. Insulin (Difco Disk) + - - + - - - - - _ _ + + 
30. Lactose (Difco Disk) - - - + - - - _ - _ _ + + 
31. Levulose (Difco Disk) + + + + + + + + + + + + + + + + + + + 

32. Maltose (Difco Disk) + + + + + + + + + + + + + + + + + + + 
33. Mannose (Difco Disk) - - - + - - - _ _ _ _ _ + + 
34. Melibiose (Difco Disk) + + + + + + + + + + + + - - - + + + + 

35. Ribose (2 mg/disk) •f + _ _ _ _ + 
36. Raffinose (Difco Disk) + + + + + + + - + + + _ + + + + 
37. Rhamnose (Difco Disk) + - + - - - - + + + + + + + + + - -

38. Salicin (Difco Disk) + _ _ + _ _ _ _ _ _ + + 
39. Sucrose (Difco Disk) + + + + + + + + + + + + + + + + + + + 
40. Starch (2 mg/disk) + + - - - - - " - - - - - - - - - -

41. Trehalose (Difco Disk) + + + _ + + + _ + _ + + 
42. Xylose (Difco Disk) + - + + + + " - + + + - - - + + - -

43. Butanol (0.5% in Agar) + + + + + + + + + + + 
44. Erythritol (2 mg/disk) - - + - - - - - - - - _ - _ - + + 
45. Ethanol (2 mg/disk) - - - + - - - - _ - - - _ _ _ - - + + 
46. Glycerol (2 mg/disk) + + + + + + + + + + + + + + + + + + + 

47. Inositol (Difco Disk) - _ -r + - _ _ + + + + + + + + + + + 
48. Manitol (Difco Disk) + + + + + + + + + + + + + -f + + + + 
49. Propanol (2 mg/disk) - - - - - - - - _ _ - _ _ + + 
50. Sorbitol (Difco Disk) - + + + + + + - + + + + + + + + + + + 

51. Benzene (2 mg/disk) 
52. Phenol (10 mg/disk) 

53. Acetate (10 mg/disk) + + + _ + + + + + + + + + 4. + + + 
54. Citrate (10 mg/disk) + - - + + + + - _ - _ _ _ - - _ + + 
55. Formate (10 mg/disk) + + + + + + + + + + + + + + + + + + + 
56. Succinate (10 mg/disk) + + + + + + + + + + + + + + + - -

57. Ammonium (1 mg/disk) + + + + + + + + + + + + + + + + + + + 
58. Nitrate (10 mg/disk) + + + - - - - - + + + + + + + + + _ 

59. Nitrite (10 mg/disk) + + + - - - - - + + + + + + + + + 
60. Urea (I mg/disk) + + + + + + + + + + + + + + + + + + 

61. Asparagine (10 mg/disk) + + + _ + + + + + + + + + + + + + 
62. Glutamine (10 mg/disk) + + + - + -f- + + + + + + + + + + + _ _ 
63. Glycine (1 mg/disk) - - - - " - - - - - - - - - - - - - -

64. Peptone (1% in Agar) + + + _ _ _ + + + + + + + + + + 
65. Tryptic Soy Agar + + + -1- + 4- + + + + + + + + + + - -

Note: Antibiotic Tests: "+" means sensitive, resistant. 
Carbon Source Tests: "+" means growth, no/poor growth. 
Nitrogen Source Tests: M+" mean;; growth, " —" no/poor growth. 

For abbreviations of species and strains, see Table IV. 
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TABLE XIII 

IMMUNOAGGLUTINATION OF SOME SPECIES IN THE AZOTOBACTERACEAE 

Titer Expressed as -Log2 

Antigen Antiserum 

AV12837 AVOP 

A. chroococcum AC 16 >10 >10 

A. chroococcum Wag 2 >10 >10 

A. macrocytogenes 8702 4 1 

A. proteus 6 1 

A. vinelandii AV 15 7 1 

A. vinelandii OP 6 >10 

A. vinelandii 12837 >10 >10 

Antisera used in the first well of the microtiter 
plate were undiluted. Therefore, -log 2 1 = -log2 2 = 0, 
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TABLE XIV 

DETECTION OF PROTEIN ANTIGENS OF BACTERIA CLASSIFIED IN THE 
AZOTOBACTERACEAE BY USING IMMUNOPRECIPITATION AND 

THIN-LAYER ISOELECTROFOCUSING 

pi 
Ig AV + Ag AV Ig AV + Ag OP I g AV + Ag AC Ig AV + Ag AM 

pi pi 
PPT SUP PPT SUP PPT SUP PPT SUP 

3.80 + + + + 
4,00 + + + 
4.10 + + 
4.20 + + + + 
4.30 + + + + 
4.40 + + + + + + + 
4.60 + + + + 
4.70 + + + + 
4.80 + + + + + + + + 
4.90 + + + + + + + + 
5.10 + + + + + + + + 
5.20 + + + + + + 
5.30 + + + + + + 
5.50 + + + + + + + + 
5.60 + + 
5.70 + + + + + + + + 
5.90 + + + + 
6.00 + + + + + + + + 

TOTAL 13 18 11 16 10 14 7 10 

% S 100 100 85 89 77 78 54 56 

AV — A. vinelandii 12837, OP = A. vinelandii OP, AC=A. chroococcum 
16, AM = A. macrocytogenes 8702. ~ 

PPT = protein antigens in precipitate portion. 

SUP = protein antigens in supernatant portion. 
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TABLE XV 

IMMUNOABSORPTION AND ISOELECTROFOCUSING FOR DETECTION OF 
COMMON ANTIGENS AMONG BACTERIA CLASSIFIED 

IN THE AZOTOBACTERACEAE 

pi 

Ig AV + Ag AM Ig AV + Ag OP Ig OP + Ag AM Ig AM + Ag OP 

pi 

+ Ag AV + Ag AV + Ag AV + Ag AV 

pi 
1st 
Abs. 

2nd 
Abs. 

1st 
Abs. 

2nd 
Abs. 

1st 
Abs. 

2nd 
Abs. 

1st 
Abs. 

2nd 
Abs. 

4.00 + + 
4.10 + + 
4.20 + + + + 
4.30 + + + + 
4.40 + + + 
4.50 + + + + 
4.60 + + 
4.70 + + + + 
4.80 + + 
5.00 + + + + 
5.10 + + + 
5.20 + + + + 
5.30 + + + + 
5.40 + + + + 
5.60 + + + 
5.70 + + + + 

+ 

5.80 + + + + 
5.90 + + + 
6.10 + + + + 
6.20 + + + 
6.30 + + + + 
6.40 + + + + 
6.60 + + + + 
6.80 + + + + 
7.10 + + + + 
7.20 + + 

TOTAL 13 13 22 4 14 5 14 5 

For abbreviations of species and strains, see Table XIV, 
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TABLE XVI 

COMMON ANTIGENS AMONG THE AZOTOBACTERACEAE DETECTED 
BY THE USE OF CNBr-ACTIVATED SEPHAROSE AFFINITY 

CHROMATOGRAPHY AND ISOELECTROFOCUSING 

Antigen Immunoglobulin Columns 
a v JLZO^/ 

Pi AV 12837 AC 16 AM 8702 AV OP Normal Ig 

4.00 + + - + -

4.40 + + + + -

4.60 + + + + -

4.70 + + + + 

5.00 + + - - -

5.40 + + + + + 

5.50 + + + + 

5.60 + + + + + 

5.80 + + + + + 

For abbreviations of species and strains, see Table XIV. 
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Fig. 1—Cell morphology of the Azotobac-
teraceae. Above: (1) Azotobacter chroococcum 
grown in nitrogen free medium; normal cells. 
Below: (2) A. chroococcum grown in fixed 
nitrogen medium; fungoid cells (five indicated 
by arrows). All photomicrographs are magnified 
1,000 times. 
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Fig. 1—Continued. Above: (3) A. vine-
landii 12837 grown in nitrogen free medium; 
normal cells. Below: (4) A. vinelandii 12837 
grown in fixed nitrogen medium; fungoid cells 
(five indicated by arrows). 
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Fig. 1 Continued. Above: (5) a 
^ o c g o s e n e s grown in nitrogen free Eedium; 
jnall cells. Below: (6) A. macrocytocrenes 
grown in fixed nitrogen medium; large cells. 
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Fig. 1—Continued. Above: (7) Azotobacter 
indicus grown in nitrogen free medium; big 
lipoid bodies. Below: (8) Beijerinckia lacti-
cogenes grown in nitrogen free medium; big 
lipoidbodies. 
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Fig. 2—Dendrogram showing morphological 
and physiological similarity (% MP) relation-
ships among bacteria in the Azotobacteraceae. 
Abbreviations of species and strains are 
listed on Table III. 
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Fig. 7—Densitometer scanning of proteins 
extracted by Tris-glycine buffer, separated by 
isoelectrofocusing and stained by Coomassie 
brilliant blue. For abbreviations of species 
and strains, see Table III. Four acidic, 
leading proteins are marked numbers 1-4. 
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Fig. 8—Isoelectrofocusing of catalases 
(EC 1.11.1.6) from bacteria classified in the 
Azotobacteraceae contrasted with P. fluorescens 
and catalase from bovine liver; CT. For 
abbreviations of species and strains, see 
Table III. 
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Fig. 9—Isoelectrofocusing of pyruvate kinase 
(EC 2.7,1.40) of bacteria classified in the 
Azotobacteraceae contrasted with P. fluorescens 
and pyruvate kinase from rabbit muscle; PK. 
For abbreviation of species and strains, see 
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small box, minor isoenzyme; bar, weak minor 
isoenzyme; double X, diffusing isoenzyme. 
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plot for determination of molecular weights 
of proteins. Below: a cell-free extract 
of AVOP separated first by MSC into seven 
fractions and then by IEF on thin-layer 
gels. Abbreviations: BSA = bovine serum 
albumin; EA = egg albumin; MW = molecular 
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Fig. 17—Protein profiles of bacteria in the 
Azotobacteraceae and P. fluorescens on alkaline 
discontinuous polyacrylamide gel electrophoresis. 
For abbreviations of species and strains, see Table 
III. Three groups are indicated by numbers and signs. 
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Fig. 19—Sodium dodecyl sulfate PAGE protein 
profiles of bacteria in the Azotobacteraceae, 
which were extracted by EDTA in Tris buffer. 
Above: electrophoresis gels. Below: schematic 
diagram showing protein patterns. For abbrevia-
tions of species and strains, see Table III. 
For abbreviations of proteins: letters a, b, and 
m stand for "group" specific proteins; STD = stan-
dard; BSA =bovine serum albumin; EA =egg albumin; 
G3PDH = glyceraldehyde 3-phosphate dehydrogenase; 
TPI = Triose phosphate isomerase, and HG = hemo-
globin. 
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Fig. 20—Sodium dodecyl sulfate 
polyacrylamide gel electrophoretic 
protein profiles of bacteria in the 
Azotobacteraceae; proteins were 
extracted by deionized distilled 
water. Above: electrophoresis 
gels. Below: schematic diagram 
showing the protein patterns. 
Letters a, b, and m indicate "group" 
specific proteins. For abbreviations 
of species and strains, see Table III, 
For abbreviations of proteins, see 
Figure 19. 
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Fig. 21—Envelope protein 
profiles of bacteria in the 
Azotobacteraceae. Above: elec-
trophoresis gels. Below: schematic 
diagram showing protein patterns. 
For abbreviations and symbols, see 
Figure 19. 
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12 12 12 12 OP OP OP OP EC 
837 837 837 837 Glu Gly Ace TSA B/r 
Glu Gly Ace TSA TSA 

Fig. 22—Effects of growth 
media on protein profiles of 
bacteria in the Azotobacteraceae. 
For abbreviations of species and 
strains, see Table III. Other 
abbreviations: Glu = glucose, 
Gly = glycerol, Ace = acetate, 
and TSA = Tryptic Soy Agar. 
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Fig. 23—Protein profiles of some 
Gram-negative bacteria in thin-layer 
isoelectrofocusing gel. Abbreviations 
and symbols: -N = nitrogen free medium, 
+N = medium with fixed nitrogen, AV = 
AV 12837, EC = E. coli, PA = P. aerugin-
osa, and PF = P. fluorescens. The bars 
Indicate acidic, leading protein bands. 
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Fig. 25—Direct detection of immunoprecipitation by 
using the precipitate from a mixture of antigen and 
immunoglobulin in isoelectrofocusing gel. Abbreviations: 
12837 = A. vinelandii 12837; OP = A. vinelandii OP. 
The ratio (1:1 or 1:2) indicates tTie ratio of immunoglob-
ulin (Ig) to antigen (Ag). 
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Fig. 26—Indirect detection of 
immunoprecipitation by using the 
supernatant of a mixture of antigen 
and immunoglobulin in isoelectro-
focusing gel. Abbreviations: 12837 = 
A. vinelandii 12837; AC = A. chroococcum; 
AM = A. macrocytogenes 8702; OP = A. 
Vinelandii OP; BI = Beijerinckia indica. 
The sign (+) indicates plus immunoglobulin 
12837. 
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Fig. 27—Detection of immunoabsorption by using iso-
electrofocusing gel. Above: the absorption procedures. 
Below: thin-layer isoelectrofocusing. Numbers indicate 
the immunological reactions. The pi = isoelectric point, 
S = supernatant of a mixture, and P = precipitate of a 
mixture. For abbreviations of species and strains, see 
Figure 26. 
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Fig. 28—Immunoaffinity chromatography and 
isoelectrofocusing. Abbreviations: pH 7.0 = 
eluate from starting buffer (pH 7.0); pH 3.0 = 
eluate from desorbing buffer (pH 3.0); 12837 = 
A. vinelandii 12837; AC = A. chroococcum 16; 
AM = A. macrocytogenes 8702; OP = A. vinelandii 
OP. 1. to 4. = eluates collected from a column 
containing (1) Ig 12837, (2) Ig AC, (3) Ig A#, 
or (4) Ig OP, respectively. 5. = eluates collected 
from a column containing normal immunoglobulin. 



CHAPTER IV 

DISCUSSION 

1. Numerical Analysis of Protein Profiles: Protein 
Homology 

A bacterium might contain three million nucleotide 

pairs in its deoxyribonucleic acid (DNA) genome. The 

"triplet" theory states that in translation three nucleo 

tides code for one amino acid. An average size bacterial 

protein might contain 330 amino acids. Therefore, a 

bacterium may have approximately 3,000 proteins (= 3,000,000/ 

3 x 330) . This estimation indicates that identification of 

bacteria by numerical analysis of a given protein profile 

may be somewhat simpler than the determination of the 

nucleotide sequence of the deoxyribonucleic acid (DNA) 

molecule. 

Numerical analysis of protein profiles has been widely 

used in recent years, but it has only been applied to pro— 

teins separated by polyacrylamide gel electrophoresis (PAGE) 

(Jarvis and Wolff, 1979; Berghe, et al., 1979) and its re-

producibility is low (Kersters and De Ley, 1975; Swings et 

al., 1976). Isoelectrofocusing (IEF) has higher resolving 

power and higher reproducibility than PAGE. In this pro-

cess, the cell-free proteins extracted by a Tris-glycine 

buffer and separated by thin-layer IEF show numerous sharp 

and straight lines (Figure 3). The use of glycine in a 

127 
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Tris buffer used for obtaining cell-free proteins can pre-

vent skewed bands and tailing protein zones. This is very 

important for the proper numerical analysis of protein 

profiles. 

By the use of the overlay method (one thin-layer gel 

on top of another), the common proteins can be counted 

(Table X). Therefore, the similarity between two strains 

(Table XI) and the average similarity among all strains 

(Figure 13) can be calculated. The similarities based on 

protein profiles generally agree not only with numerical 

taxonomy based on morphological and physiological charac-

teristics (compare Tables VIII and XI; Figures 2 and 13), 

but also agree with DNA-DNA homology (Figure 29). All 

show that the Azotobacteraceae is a heterogeneous family 

with three major groups. The first group consists of 

Azotobacter chroococcum, A. proteus, and A. vinelandii. 

The second group consists of A. macrocytogenes. And the 

third group consists of A. beijerinckii, A. indicus, 

Beiierinckia indica, and B. lacticogenes. Within each of 

these groups are many strains of organisms isolated and 

identified during many years. 

An improved method has been designed for increasing 

the reliability and reproducibility of protein homology. 

This method consists of three major steps: (1) two pro-

tein extracts are mixed together immediately before separa-

tion, (2) the mixture is separated by isoelectrofocusing, 
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and (3) protein homology is calculated by the formula 

derived directly from the definition of similarity, i.e., 

the ratio of common proteins (C) to total compared proteins 

(T). This technique is very similar to that used for 

determining nucleic acid homologies (DNA-DNA or DNA-RNA 

hybridization), although the principles involved are very 

different, i.e., protein homology shows two proteins 

behave similarity in electrophoretic field while DNA 

homology shows complimentarity of H+ bonds in two poly-

nucleotides. Since the mixing of two proteins is similar 

to the direct contact of two nucleotides, the use of iso-

electrofocusing in determining protein homology is similar 

to that of chromatography in determining DNA homology. Iso-

electrofocusing has a high resolving power which may even 

distinguish a one charge difference between two very similar 

proteins. Accuracy and reproducibility can be increased by 

densitometric scanning and by comparison of the major pro-

tein peaks. Internal reference proteins (Kersters and De 

Ley, 197 5) can be omitted because one of the two protein 

extracts in the mixture is used as reference. The formula 

used in this study is not only theoretically accurate but 

also experimentally correct. Suppose that species A has 

number of protein bands A, species "B" has number of pro-

tein bands B, and these two species have number of protein 

bands C in common. Therefore, species "A" has common pro-

tein bands C plus species specific protein bands a. 
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Similarly, species B has common protein bands C plus 

species specific protein bands b. When two protein extracts 

are combined together, the total protein bands (T) are equal 

to common protein bands (C) plus two species specific pro-

teins, a and b. Therefore, the common protein bands can be 

calculated by using the formula, C = A + B - T. This 

formula has been proven experimentally (Figure 15) in the 

research described here. 

Protein homology studied by this method shows that 

the Azotobacteraceae is a heterogeneous family (Table XII) 

with a tendency toward division into three groups (Figure 

30). This result agrees with that of biphasic taxonomy 

(Figure 30) based on DNA base content (% GC) and numerical 

taxonomy (% MP). The first group, including A. chroococcum, 

A- Proteus, and A. vinelandii, shows a protein homology of 

approximately 90%. The second group, consisting only of 

A. macrocytogenes, shows a homology of approximately 80% 

with respect to AV 12837 proteins. The third group, in-

cluding A. indicus, B. indica, and B. lacticogenes, shows 

a homology of approximately 70% also with respect to AV 

12837 proteins. This classification scheme also supports 

that of qualitative taxonomy based on metabolism protein 

profiles and natural ecological habitats of the Azotobac-

teraceae (section 2, Discussion). This evidence indicates 

that the classification of the Azotobacteraceae in Bergey's 

Manual of Determinative Bacteriology (eighth edition, 1974) 
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should be abandoned and replaced with one which includes 

these facts. 

2. Acidic, Leading Protein Patterns on Thin-Layer Gel 
Isoelectrofocusing (IEF) and Polyacrylamide Gel 
Electrophoresis (PAGE) 

Cell-free proteins of the Azotobacteraceae were shown 

to have specific and unique patterns at pH's between 3.5 

and 4.5 on thin-layer isoelectrofocusing gels (Figures 3-6) 

and also on electrophoresis gels (Figures 17-18). These 

acidic proteins of the lower molecular weights gave patterns 

quite different from those of Escherichia coli, Pseudomonas 

aeruginosa, P. fluorescens, and Rhodospirillum rubrum 

(Figures 23-24). All Gram negative bacteria examined had 

a protein band at pi = 3.5 albeit some with higher concen-

trations than others. Only bacteria classified in the 

family Azotobacteraceae had a protein band at pi = 3.75 

(marked "A", Figures 3-6). This specific "family"-protein 

band was found in a high concentration in A. chroococcum, 

A. proteus, and A. vinelandii and in a low concentration 

in A. indicus, A. macrocytogenes, B. indica, and B. lactico-

genes. By molecular sieve chromatography, this "family 

protein was found to have a molecular weight of approxi-

mately 12,000 daltons (Figure 10). Centrifugation at 

100,000 x g for 8 hours showed that this "family"-protein 

was a low molecular weight protein (Figure 24). In view 

of these data (low pi and low molecular weight), the 
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"family"—protein would appsar to be 3. non—hems iron protein 

(e.g., azotoflavin or ferridoxin) which may be relevant to 

the electron transport system (Benemann, et al., 1969; Yoch, 

et al., 1969). 

The "species"-specific proteins are marked "Z", "M", 

and "B" in Figures 3-6. In experimentation, all strains of 

A. chroococcum, A. proteus, and A. vinelandii (except S4 

and S5) were shown to have a "Z" band at pi = 4.0. Azoto-

bacter vinelandii S4 and S5 showed a very specific protein 

band "S" at pi = 4.1 which is between bands "Z" and "M". 

Many of the morphological and physiological characteristics 

of strains S4 and S5 examined were found to be similar to 

A. agilis described in Bergey's Manual (1974). Therefore, 

A. vinelandii S4 and S5 may be one species intermediate 

between A. vinelandii and A. macrocytogenes as indicated 

by the protein patterns observed in these studies. All 

strains of A. macrocytogenes had an "M" band at pi = 4.3 

and could be classified in a second group. Azotobacter 

indicus and other species in the genus Beijerinckia had 

a "B" protein band at pi = 4.5, and could be classified in 

a third group. Further study by alkaline discontinuous 

polyacrylamide gel electrophoresis (Figure 17) showed that 

there were three groups in the family Azotobacteraceae 

when examined by these procedures. More importantly, these 

distinctions show that the three groups contain the same 
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species indicated in the three groups established by protein 

homology. 

Classification by acidic proteins is very interesting 

because this classification scheme correlates well with the 

pH requirements of the organisms, of growth media needed 

for optional growth and of the ecological habitats of these 

bacteria. The spent growth media from cultures of A. 

chroococcum and A. vinelandii have a final pH of 6.0 to 7.0; 

those of A. macrocytogenes 5.0 to 6.0; and those of A. indi-

cus 4.0 to 5.0. The ecological habitats of A. chroococcum 

and A. vinelandii are in the neutral to alkaline range of 

conditions; those of A. macrocytogenes weakly acidic and 

those of A. indicus strongly acidic. This correlation is 

very important to the taxonomy of the Azotobacteraceae. 

The specific proteins associated with the different 

species of the Azotobacter have the following common 

properties: (1) a molecular weight of approximately 15,000 

daltons as determined by molecular sieve chromatography 

(Figure 10), (2) a pi of between 4.0 and 4.5 as determined 

by isoelectrofocusing, (3) no catalase activity as deter-

mined by the staining reaction described by Gregory and 

Fridovich (1974) , and (4) no nitrogenase function as deter-

mined by ultracentrifugation according to Benemann et al. 

(1969). All the strains of A. vinelandii studied show 

these characteristics and can be distinguished from the 

others by these criteria. 
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3. Isoenzyme Patterns on Thin-Layer Gel Isoelectrofocusing 

Catalase isoenzyme patterns determined by electrophor-

etic gels are useful for the intrageneric but not intra-

species differentiation of mammalian species (Holmes, 1972) 

as well as bacterial species (Fox, 1976; Baptist et al., 

1978). Yet the use of isoelectrofocusing together with the 

catalase isoenzyme activity stain has never been studied 

before. The number of catalase isoenzymes detected by 

electrophoresis is four (Sund et al., 1967), but by iso-

electrofocusing it is at least fourteen (LKB information 

note 2117) when the gel is stained with Coomassie reagent. 

However, the numerous sharp, narrow bands detected by thin-

layer isoelectrofocusing gels make isoenzyme activities of 

each separate band quite hard to see. Therefore, the 

number of isoenzyme bands indicates in this study only the 

most prominent isoenzymes observed. 

Strains of A. chroococcum, A. proteus, and A. vine-

landii have an achromatic band of catalase at pi = 4.7 

while strains of A. macrocytogenes have two achromatic 

bands at pi = 4.6 (minor) and 4.8 (major). Organisms 

classified as A. beijerinckii, A. indicus, and B. indica 

have one achromatic band at pi = 4.9. These results 

correlate with the biochemical and physiological charac-

teristics of the Azotobacteraceae. An azotobacter with 

an achromatic band at pi = 4.7, produces catalase strongly; 

an azotobacter with an achromatic band at pi = 4.8 (major), 
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produces catalase medially; and an azotobacter with an 

achromatic band at pi = 4.9, produces catalase weakly. 

These isoenzyme patterns also correlate well with other 

characteristics (for example, slime and pigment produc-

tions) of the Azotobacteraceae. 

Pyruvate kinase is an enzyme found at the phosphoenol-

pyruvate branch point in the metabolic pathway from glucose 

to acetyl-coenzyme A. This enzyme regulates the formation 

of pyruvate and poly-g-hydroxybutyrate. Pyruvate kinase 

separates into four isoenzymes by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (Waygood and Sanwal, 

1974) and seven by isoelectrofocusing (Muroya et al., 1976). 

Due to sharp, narrow bands on thin-layer isoelectrofocusing 

gels, only the most prominent isoenzymes observed are given 

in this study. 

Pyruvate kinase isoenzyme patterns again reveal three 

groups distributed in the family Azotobacteraceae (Figure 

9). The first group, including A. chroococcum, A. proteus, 

and A. vinelandii, had one major band at pi = 5.3 and one 

minor band at pi = 5.4. The second group, including all 

strains of A. macrocytogenes, had one major band at pi 

= 5.0 and one minor band at pi = 5.2. The third group, 

including A. beijerinckii, A. indicus, and B. indica, had 

one major band at pi = 5.4 and one diffuse band at pi 

approximately 5.8. 
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Groupings based on pyruvate kinase isoenzyme patterns 

can also be correlated with cyst production and poly-3-

hydroxybutyrate (PHB) accumulation. Azotobacters classified 

in the first group have the ability to form cysts. Azoto-

bacters classified in the second group do not have the 

ability to form cysts but produce a small amount of PHB 

while azotobacters classified in the third group also do 

not have the ability to form cysts but store large amounts 

of PHB (Figure 1). 

Pyruvate kinase isoenzyme patterns, like catalase 

isoenzyme patterns, are useful for interspecies differen-

tiation of the Azotobacteraceae. On the other hand, Lanhan 

et al. (1980) showed that pyruvate kinase isoenzyme patterns 

could not differentiate two species of Acholesplasma. 

4. Anatomy of Protein Profiles by Molecular Sieve 
Chromatography and Thin-Layer Isoelectrofocusing 

Although it has high resolving power for separating 

cell-free extracts into thousands of proteins, two-

dimensional electrophoresis has some disadvantages when 

attempting to compare the many proteins of different 

species of bacteria. Therefore, in this study, molecular 

sieve chromatography and thin-layer isoelectrofocusing 

were used for determining the anatomy of protein profiles 

of the Azotobacteraceae. Proteins separated by molecular 
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sieve chromatography are grouped according to the molecular 

weight of each protein. 

It is difficult to distinguish protein profiles among 

A. chroococcum, A. vinelandii, and A. macrocytogenes by 

one-dimensional isoelectrofocusing gels. Thus, for improv-

ing separation, molecular sieve chromatography was applied 

before isoelectrofocusing. In Figure 11, it is clearly 

shown that A. macrocytogenes strains St. M and 8702 are 

very similar to each other in all chromatographic fractions. 

In the same figure, it is also clearly shown that A. 

chroococcum AC 16, A. vinelandii AT, and A. vinelandii 

12837 are very similar to one another in all chromatographic 

fractions. The protein patterns of A. indicus, B. indica, 

and B. lacticogenes are quite different from the above two 

groups (Figures 3-6). Therefore, it is rational to assume 

that there are three groups in the family according to 

these data and it is obvious that these are the same three 

groups indicated by the other criteria used in this study. 

The combination of molecular sieve chromatography 

and isoelectrofocusing for determining the anatomy of pro-

tein profiles has several advantages: (1) the comparison 

of many protein samples with the same range of molecular 

weights simultaneously on one-dimensional thin-layer gel 

isoelectrofocusing, (2) the elimination of polysaccharides 

and polynucleotides from crude extracts by allowing them 



138 

to pass through a chromatographic column, and (3) saving 

of time and money. 

5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

Proteins can be separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) according to 

their molecular weights. Based on qualitative analysis of 

proteins extracted by Tris-buffer (Figure 19) and water 

(Figure 20) and separated by SDS-PAGE, one can assume that 

there are three groups in the family Azotobacteraceae. The 

first group (marked "a", Figures 19 and 20) consists of A. 

chroococcum and A. vinelandii. The second group (marked 

"m", Figures 19 and 20) consists of A. macrocytogenes, and 

the third group (marked "b", Figures 19 and 20) consists 

of A. indicus and B. indica. This classification based 

on polyacrylamide gel electrophoretic protein profiles 

correlates well with that based on isoelectrofocusing, and 

is also supported by the studies based on the morphological 

and physiological characteristics of the Azotobacteraceae• 

Classification based on envelope proteins (Figure 21) 

showed that A. chroococcum, A. proteus, and A. vinelandii 

were in one group. There were only a few envelope proteins 

(4 to 6 bands) shown on sodium dodecyl sulfate polyacryl-

amide gels. In addition, A. macrocytogenes and A. indicus 

have the same envelope protein patterns on polyacrylamide 

gels the only difference being the quantity of the protein 
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bands in the different strains studied. However, these 

differences may be due to the power of the extraction solu-

tion. Otherwise, classification based on envelope proteins 

agrees with that based on immunoagglutination (section 6, 

Discussion). 

6. Immunological Reactions 

In this study, four types of immunological reactions 

were examined. Immunoagglutination was used for detecting 

cell surface structures, i.e., components of the cell wall 

and cell membrane. As reflected in the data on Table XIII, 

it was found that strains of A. macrocytogenes were quite 

different from strains of A. vinelandii. Furthermore, A. 

chroococcum AC 16 and Wag 2 were very similar to A. vine-

landii. Therefore, three groups in the family Azotobacter-

aceae could be seen: (1) A. chroococcum and A. vinelandii, 

(2) A. macrocytogenes, (3) A. indicus. 

The other three immunological reactions used were: 

immunoprecpitation, immunoabsorption, and immunoaffinity 

chromatography. These were used for detecting soluble 

antigenic proteins by thin-layer gel isoelectrofocusing. 

All data (Tables XIV-XVI) showed that A. chroococcum was 

closer to A. vinelandii and that A, macrocytogenes was 

somewhat different from A. vinelandii. Therefore, the fam-

ily could also be divided into three groups based on anti-

genic soluble proteins: (1) A. chroococcum and A. 
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vinelandii, (2) A. macrocytogenes, (3) A. indicus. Bacteria 

in the third group, including B. indica and B. lacticogenes, 

were not tested in these immunological reactions. However, 

if a researcher could judge from the antigenic proteins 

(Figures 3-6), bacteria in the third group were obviously 

different from those in the other two groups. 

Antigenic proteins detected directly by precipitation 

and indirectly by failure to precipitate gave similar immuno-

precipitation reactions. The disagreement between these two 

tests in this study was due to the acidic proteins, which 

did not precipitate but were present in decreasing amounts 

in the supernatant portion (Figures 25-26). 

Immunoaffinity chromatography revealed several impor-

tant facts. The acidic proteins (pi's = 3.5 to 4.5) were 

not good antigenic proteins. The reason was that these 

proteins were eluted with the starting buffer (pH 7.0) and 

were not present in the desorbing buffer (pH 3.0). Anti-

genic proteins were found at pH 4.5 to 5.5 (Figure 28). 

These antigenic proteins were overlapped with the acidic 

portion of immunoglobulins in electrofocusing gels. How-

ever, there was at least one significant difference between 

A. vinelandii and A. macrocytogenes in the acidic proteins 

at pi = 4.0, which is the group specific protein of A. 

vinelandii. Immunoglobulin prepared against A. vinelandii 

12837 reacted with the acidic protein antigens of A. 
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vinelandii OP and A. chroococcum 16, but did not react with 

antigens of A. macrocytogenes. 
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TABLE XVII 
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For abbreviations of species and strains, see Table III. 
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cent guanine and cytosine (% GC), 
percent DNA homology, and percent 
protein homology of the Azotobac-
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capital stands for genus name; 
the second capital for species 
name; and the others (letters and 
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III. 
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Fig. 30—Protein homology and biphasic taxonomy of 
the Azotobacteraceae. For abbreviations of species and 
strains, see Table III. 



CHAPTER V 

SUMMARY 

There is considerable discrepancy between the seventh 

edition (1957) and the eighth edition (1974) of Bergey's 

Manual of Determinative Bacteriology in the classification 

of the Azotobacteraceae. In this study, both qualitative 

and quantitative taxonomic methods were used to resolve 

this discrepancy. 

Because protein is the link between the genotype and 

the phenotype of an organism, it was determined that the 

study of protein is essential in deriving an adequate 

classification. Because isoelectrofocusing is an exact 

technique for protein analysis, it was also determined that 

its use could give much data for a taxonomic study. By the 

use of protein homology, this study found that the Azoto-

bacteraceae could be divided into three groups. The first 

group included A. chroococcum, A. proteus, and A. vine-

landii. The second group included A. macrocytogenes, and 

the third group included A. indicus, B. indica, and B. 

lacticogenes. Grouping by protein homology showed similar 

patterns to grouping by biphasic taxonomy and DNA homology. 

Further study by the use of acidic leading proteins 

showed that the three groups in the Azotobacteraceae could 

be established using different criteria. All bacteria 
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classified in the Azotobacteraceae had a family-specific 

protein band (called "A") as seen in isoelectrofocusing 

gels. In addition, each group had a group-specific protein 

band, i.e., "Z", "M", or "B". Groupings by acidic leading 

proteins showed results similar to those derived by using 

cultural characteristics, ecological habitats and other 

protein characterizations. 

Other qualitative and quantitative data also showed 

that there are three groups in the Azotobacteraceae. These 

included morphological and physiological characteristics, 

isoenzyme patterns, anatomy of protein profiles by molecular 

sieve chromatography and isoelectrofocusing, and immunologi-

cal reactions by immunoagglutination, immunoprecipitation, 

immunoabsorption, and immunoaffinity chromatography. 

Based on all the data presented in this study, the 

conclusion shows that the Azotobacteraceae is a hetero-

geneous family divided into three groups as the old Bergey's 

Manual suggested, but not as the new one does. 
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